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Preface

This volume focuses on one of the most innovative and exciting topics in bio-
medical engineering, and in biomechanics in particular: the new research domain
of cellular and biomolecular mechanics, which practically only exists as a defined
sub-field of biomechanics for the last 10 years or so.

Several factors contributed to our ability as biomechanists to now look at
mechanical processes at the cellular and subcellular scales. First, there are the vast
advances made in the field of microscopy, including fluorescence microscopy with
specific staining of cellular and subcellular structures (some of which can be
stained while cells are kept alive), as well as confocal microscopy which allows
looking at cells in three-dimensions (3D). Second, there has been huge progress
with mechanical testing methods at the cellular and subcellular levels, which
today, other than classical cytoindentation and pipette aspiration, now include
atomic force microscopy as well as magnetic and optical tweezers. Third, the
progress in computational modeling, supported by the ever-increasing computer
power, presently allows complex simulations that consider chemo- and mechano-
communication between hundreds and thousands of cells, or calculation of
mechanical loads within and around individual cells, where these cannot be
measured directly. The abilities to observe living cells at high spatial and temporal
resolutions and in 3D, to measure their mechanical properties or even mechanical
properties of their components, and to model their behavior in computer simula-
tions altogether allowed the major breakthroughs described in this book, in regard
to basic cell science as well as applications in understanding disease processes or
enabling design of better tissue engineering constructs. Accordingly, chapters in
the book fall under the following categories: fundamental concepts and basic
research, experimental methods in cell mechanics, computational modeling
methods and applications, and the mechanobiology of cancer. Cancer in particular
has been chosen as a paradigm for a disease that demonstrates the kind of progress
allowed by cell mechanics research in understanding pathophysiological processes
that not long ago were thought to have nothing in common with mechanics,
whereas now, mechanics emerges as a key factor in the cell scale processes during
the cascade of the disease
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The research groups who contributed to this book, from 7 different countries -
mostly in the USA and Europe - are all very well known internationally for their
fundamental contributions to the field of cellular mechanics, and the book as a
whole therefore represents the state-of-the-art of research in cell mechanics. The
book also nicely demonstrates how cell mechanics research interacts with other
recent scientific breakthroughs, including nanotechnology, tissue engineering and
multiscale computation. Faculty and students with interest in these fields should
find this book an excellent source of information indicating where cellular and
biomolecular mechanics research brought us so far, and what are some of the open
questions that wait to be answered.

Prof. Dr. Amit Gefen
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Part I
Fundamental Concepts



Cytoskeletal Mechanics and Cellular
Mechanotransduction: A Molecular
Perspective

Hamed Hatami-Marbini and Mohammad R. K. Mofrad

Abstract Cells are highly complex structures with unique physiology and bio-
mechanical properties. A multiscale multiphysics methodology is required to
properly understand the intrinsically coupled mechanobiology of the cell and
describe its macroscopic response to externally applied stresses. This indeed is
both a challenge and an excellent research opportunity. This chapter reviews the
latest advancements in this field by bringing together the recent experimental and
theoretical studies on the cytoskeletal rheology and mechanics as well as the
dynamic response of the cell to environmental stimuli. The experimental obser-
vations along with computational approaches used to study the mechanical
properties of the individual constituents of the cytoskeleton are first presented.
Various computational models are then discussed ranging from discrete filamen-
tous models to continuum level models developed to capture the highly dynamic
and constantly changing properties of the cells to external and internal stimuli.
Finally, the concept of cellular mechanotransduction is discussed as an essential
function of the cell wherein the cytoskeleton plays a key role.

1 Introduction

Cells, the basic building blocks of all living things, are dynamic and ever changing
systems composed of numerous components with distinct mechanical, chemical
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and biological properties. They perform a variety of biological functions many of
which directly depend on their shape and structural stiffness. Cells respond to
external mechanical stimuli and interact with their surroundings by changing their
morphology and biological signaling which ultimately lead to functional adapta-
tion and/or pathological conditions. The integrity and particular shape of a cell are
maintained by the interplay of cell membrane with cytoskeleton, which forms the
majority of cell’s mass.

Cytoskeleton is a three-dimensional dynamic network through which water,
solutes and small organelles diffuse while resisting weak osmotic fluid flows and
serving as scaffolds for weak contractions. Cell can exhibit a range of material
properties from a viscous fluid to an elastic gel depending on the length of its
filamentous constituents and the degree of their cross-linkings in the solution. It
behaves elastically in response to quick deformations while showing a viscous
fluid-like behavior in slow deformations. A wide range of computational and
experimental investigations have been conducted to understand the rheology and
mechanics of the cytoskeleton and its main constituents. Current models show
remarkable disparity largely due to the varied length scales and/or biomechanical
issues of interest. Therefore, there is no unified and general model describing
cytoskeleton rheology yet.

The three main building blocks of the cytoskeleton are actin microfilaments
(MFs), microtubules (MTs), and intermediate filaments (IFs), each of which is a
polymer comprised of protein subunits. Microfilaments and microtubules are both
made of a chain of globular proteins but intermediate filaments are composed
of long fibrous subunits. G-actin, the globular protein subunit forming the mi-
crofilaments, consists of two domains separated by a nucleotide binding cleft.
G-actins bind together through their nucleotide clefts to form the filamentous actin
(F-actin) that is basically two chains loosely wrapped around other, see Fig. 1.

Fig. 1 Schematic representation of an actin filament and a microtubule
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The polymerization of actin occurs though the hydrolysis of the Adenosine-50-
triphosphate (ATP) of the actin subunit to adenosine diphosphate (ADP) plus an
inorganic phosphate. This process yields a microfilament with distinguishable
polar ends; the negative end is the exposed nucleotide cleft and the positive end is
the one with the buried cleft. The polymerization prominently happens at the
plus end. ATP is an unstable molecule, consisting of adenosine (formed by adenine
ring and a ribose sugar) and three phosphate groups, which hydrolyses to ADP and
phosphate. The conversion of ATP to ADP releases energy of about 30 kJ/mol.
The subunits of a microtubule are called tubulin heterodimers; a-tubilin and
b-tubilin, which bind guanine nucleotides. Fibrous proteins such as Keratin
assemble to build different types of intermediate filaments. Unlike MFs and MTs,
IFs do not bind to nucleotides.

The components of the cytoskeleton are constantly changing in order to
accommodate cell dynamic processes such as cellular movement and division.
The assembly and disassembly of microfilaments allow a cell to change its shape
and to accommodate cellular movement. White blood cells are prefect examples
where cells remodel microfilaments to move through capillary walls and enter
damaged tissues. In order to change its shape, a cell uses various proteins such as
capping, branching, and severing ones to regulate microfilament dynamics. For
example, treadmilling is a dynamic process within the cell where the net rate of
addition and removal of actin subunits from two ends of a microfilament are
equal. The formation and morphology of actin cytoskeleton network is regulated
by a variety of actin binding proteins (ABPs). ABPs are essential part of
eukaryotic cells and play very important functions ranging from regulating
assembly and disassembly of F-actins to controlling actin network dynamics and
structure. A plethora of actin monomers along with a large number of actin-
monomer-binding proteins are required for the rapid growth of actins in motile
cells and also for sudden reorganization of actins in response to intra- and extra-
cellular stimuli. These proteins are also essential for maintenance of cell struc-
ture integrity as they interconnect different cytoskeletal elements together. They
connect actin to microtubules, actin to intermediate filaments or even actin to
both of them (e.g., plectin). Another group of ABPs are molecular motor protein
myosins which are necessary for the cytoskeleton dynamic behavior. They
bind to actin filaments and move along them to do work within the cell by
generating tensile forces. Myosin converts the chemical energy of the ATP into
mechanical energy to move along the cytoskeletal substrate. For example,
two-headed myosin II generates tension and contraction inside the cytoskeleton,
Fig. 2.

The structure of the myosin consists of two identical heavy chains and two
pairs of light chains. There are three distinguishable domains in each heavy
chain, the head, neck and tail. The globular head domain contains binding sites
for actin and is formed due to the folding one half of a single heavy chain. The
other halves of the heavy chains twist around each other and form a helical
fibrous structure. A pair of light chains exists in the neck domain (the connection
between the head and the tail) in order to stiffen and stabilize this domain.

Cytoskeletal Mechanics and Cellular Mechanotransduction: A Molecular Perspective 5



The energy required for myosin movement along the actin filaments is directly
linked to ATP hydrolysis. The nucleotide binding sites are at a distance of about
3.5 nm from actin binding sites. Therefore, the presence of the gamma phosphate
sensor and the relay helix is essential within the myosin. Myosin distinguishes
between ATP- and ADP-bound states using the gamma phosphate protein sensor.
In muscle cells, the myosin head moves 5–10 nm with respect to the sarcomere
due to the lever arm rotation of about 70� in each power stroke, the large
sweeping movement of the myosin head. This process starts by myosin head
being released from the actin because of the ATP binding to myosin. The ATP is
hydrolyzed quickly to ADP plus inorganic phosphate. The myosin head rotates
from the sarcomere midline and attach to the actin filament through ADP at
a further location. Upon attachment, the ADP and inorganic phosphate are released.
This causes the myosin lever arm to rotate and slide the myosin head toward the
sarcomere midline.

Cytoskeleton is a random fibrous material undergoing constant arrangement and
re-arrangement by actin cross-linking filaments such as a-actinin as well as myosin
motor molecules. Therefore, the overall mechanics of the cytoskeleton is derived
from both physical and mechanical properties of its microstructure. Physical
properties include relative position of bio-polymer constituents, network fiber
density, cross-linker types among many others. The strength, elasticity, plasticity,
and creep behavior of individual filaments are examples of mechanical proper-
ties. Here, various theoretic and experimental attempts in order to analyze and
understand the mechanics and micro- and macro-rheology of the cytoskeleton and
its main ingredients are discussed. The structure of this chapter is as follows. First,
recent experimental and computational studies to characterize the response of
individual cytoskeletal filaments are reviewed. The chapter proceeds by presenting
the main advances in modeling the macroscopic behavior of cells under external
loads using experimental techniques as well as computational continuum- and
micro-level models. The mechanics of stress fibers where motor molecules play a
very important role is then discussed. Finally, the cellular mechanotransduction
(a mechanism by which cells convert mechanical stimuli into chemical activities)
along with its importance in physiological processes is reviewed. In subjects where

Fig. 2 Schematic of a bipolar myosin filament interacting with two actin filaments. The ± signs
indicates the polarity of actin (myosin moves toward the plus end)
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recent specialized reviews are available, the reader is referred to those references
to avoid repetition.

2 Biophysical Properties of Actin Filaments

The linear aggregation of globular G-actin subunits with diameter of about 2–3 nm
forms filamentous actin chains with diameter of about 7–9 nm and length of up to
*100 lm. The actin fibers, discovered first in 1942 [1], are polar structures and
undergo constant polymerization and depolymerization which are regulated by
ionic strength and the presence of capping, branching and severing proteins. The
function of actin filaments derives from their mechanical properties; therefore, a
proper understanding of actin properties is essential. Due to the large persistence
length, the length over which the thermal bending becomes appreciable, F-actin is
considered as a semiflexible polymer and is among very few of such polymers that
can be visualized by video microscopy. Theoretically, it can be shown [2].

htðsÞ � tðsþ rÞis ¼ expð�r=2LpÞ

where Lp denotes the persistence length, t(s) is the tangent vector, r is the distance
from initial position s along a filament and his denote averaging over s. The
persistence length of actin filaments are reported to be from 5 to 25 lm depending
on the experimental techniques that are used to take the measurements [3–9]. For
example, using fluorescence microscopy and by measuring the correlation function
(defined as the dot product of tangent vectors of isolated filaments), Lp is measured
to be about *17 lm [9]. The persistence length of a filament is defined as the ratio
of its bending stiffness to thermal energy, i.e. Lp = j/KBT where KB is Boltzmann
constant, T is the temperature in Kevin, j = EI denotes the bending rigidity, E is
the Young’s modulus and I is the second moment of inertia. Therefore, actin’s EI
and subsequently its Young’s modulus can be determined from persistence length
measurements. Actin filament Young’s modulus is about 1 GPa; however, they are
soft and have small bending stiffness mainly because of very small cross-sectional
dimensions of about few nanometers. It is noted that thermal fluctuations caused
by the thermal energy introduce an entropic elasticity to the F-actin mechanics.
This is a mechanism which maximizes the system entropy through increasing the
number of available configurations for the filaments [10]. Several experimental
and computational techniques have been used to examine the mechanical prop-
erties of actin filaments directly. For example, in order to directly measure the
stiffness of *1 lm long single actin filaments, a nano-manipulation technique is
developed based on attaching filaments to microneedle and observing their
deformation under a microscope [11]. In this method, the time resolution is at
submillisecond and the resolution of forces and displacements are at subpico-
newton and subnanometer, respectively. The elastic modulus of *1.8 GPa was
reported by modeling actin filaments as homogenous rods with cross sectional area
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of A * 25 nm2 based on the results of computer simulations. Moreover, the sil-
icon-nitrade microfabricated levers have been used to stretch single actin filaments
to characterize their longitudinal elasticity [12]. Single actin filaments are initially
non-linear and highly compliant; however, as the tensile forces increase, they
become linear and very stiff. In these experiments, no viscoelastic behavior has
been observed for actin filaments and the stiffness of *34.5 ± 3.5 pN/nm has
been found. Fitting the worm-like chain model to the results gives a persistence
length of *8.75 lm. Besides methods mentioned so far, laser traps have also been
used to estimate the flexural rigidity (EI) of actin filaments [13]. In this approach,
the ends of fluorescently labeled filament are attached to two microsphere handles
which are manipulated using laser traps.

Another important factor in elasticity of actin filaments is the presence of
various actin binding proteins and ionic conditions [14–16]. The F-actin elasticity,
which is highly correlated with its helical microstructure, is changed due to any
factor affecting its microstructure and stability. The metal ions and actin binding
proteins strongly influence the functional and structural properties of G-actin
monomers and subsequently F-actins. It is actually observed that actin filaments
can transition from rigid to flexible due to variations in the bound divalent cations
and/or the nucleotides [17, 18]. Pure actin filaments are stiffer than those decorated
with myosins since myosin induces more flexible states in actins [5, 17, 19]. The
above actin dynamic rigidity has been suggested for the stereocilia of the inner ear
and as a possible cause of the noise induced hearing loss [20, 21].

Bound divalent cations do not have the same influence on torsional and flexural
rigidities of actin filaments. The torsional motion of a single F-Ca2+-actin and a
single F-Mg2+-actin under optical microscope shows that torsional rigidities of
filaments are of the same order of magnitude as their flexural stiffnesses. While the
flexural rigidity does not depend on the species of the bound divalent cation,
quantitatively the F-Ca2+-actin torsional rigidity is three times larger than that of
F-Mg2+-actin [16].

Mechanical and structural properties of actin filaments have also been studied
using atomistic and molecular dynamics (MD) simulations [22–26]. From MD
simulations the persistence lengths of F-ATP and F-ADP (F-actins that are com-
posed of ATP-bound and ADP-bound G-actins) are, respectively, estimated to
about 16 and 8.5 lm which agree with experimental measurements [23]. The main
drawbacks of all atom MD simulations are the limited accessible time scales (on
order of hundreds of nanoseconds) and length scales (of about tens of nanometer)
which inhibit studying long filaments and the F-actin interactions with motor
protein myosin. Coarse graining is one way to get around this problem and to
increase the scales of the problem. In coarse grained models, certain features of a
system are included in the model based on the properties and details obtained from
its atomistic description. The crystal structure of filamentous actin is essential for
these simulations; however, no high-resolution crystal structure of filamentous
actin is currently available. The available molecular structures are obtained from
X-ray diffraction of whole muscle and electron microscopy [27–31]. The inter-
ested reader is referred to the review done by Egelman [32] to learn more about the
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low-resolution actin structural studies. The F-actin helical structure is composed of
13 actin molecule per 6 turns and a repeat of about 36 nm [33]. Holmes and
colleagues solved the first crystal structure of G-actin in 1990 and proposed the
F-actin atomic model, which has been widely accepted and commonly known as
Holmes model [33, 34]. This is however a low resolution structure from which the
detailed interaction between F-actin and actin biding proteins is described.
Recently, Oda et al. obtained a high resolution fiber diffraction data by using an
intense magnetic field and placing the crystal structure of G-actin molecule in the
best possible orientation in the F-actin helix [35, 36]. They achieved a very good
fit to the fiber diffraction pattern.

3 Structural Properties of Microtubules

Cytoskeleton consists of a network of microtubule filaments with important
biological functions but different than those of actin filaments. They provide
structural supports for extended cells like axons and cilia, control the directional
migration of polarized interphase cells and transmit and generate forces, for
example the mitotic spindle. Microtubules while stabilizing the structure, they
serve as tracks for intracellular vesicle transport in neuronal axons. In cell
division, they along with motor molecules form complex networks, the mitotic
spindle, around chromosomes and separate chromosomes through their constant
polymerization and depolymerization combined with the activity of a variety of
microtubule-based motor proteins [37]. Microtubules are hollow cylinders with
outer diameters of about 25 nm and inner diameters of about 17 nm, see Fig. 1.
They are tens of nanometer to tenths of millimeter long filaments often spanning
the whole cell. Microtubule Young’s modulus is the same as in the F-actin;
however, they are much stiffer due to their tubular structures. This large flexural
rigidity is essential to enable microtubules to play their functional role, i.e., to
resist the compressive and tensile forces of the motor proteins while maintaining
the cell shape. They are created from the polymerization of a- and b-subunits of
tubulin which are bound to a guanosine triphosphate (GTP) molecule. Shortly
after assembly the GTP is hydrolyzed to guanosine diphosphate (GDP), which
remains bound at the same site and very prone to depolymerization. Therefore,
microtubules are very dynamic polar structures undergoing constant depoly-
merization and polymerization [38]. The fast dynamics of microtubules causes
considerable dispersions (beyond the usual systematic measurement errors) in
their properties reported in literature. This inconsistency is usually associated to
the polymerization conditions and growth velocity which is believed to yield a
defective crystalline microtubule lattice [39, 40]. There has been a great research
effort to elucidate the unique properties of microtubules. Here only some of main
structural and physical features of microtubules are reiterated; the interested
reader is referred to recent reviews illustrating the mechanics of microtubules
[41–44].
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The mechanical properties of individual microtubules can be determined either
using an active method or a passive approach. In active approach, the mechanics is
derived from probing the structure via applying a direct force using optical
tweezers, atomic force microscopy, osmotic pressure, and hydrodynamics flow
among others [45–53]. For example, in hydrodynamic flow method, the flexural
rigidity can be obtained from the quantitative analysis of equilibrium bending
shapes of microtubules which are adhered to a glass coverslip and are subjected to
hydrodynamic flow. Using motor proteins is another way to apply active forces on
microtubules and measure their properties while they are interacting with the
molecular motors [54–56]. Here, a portion of a microtubule filament is chemically
clamped to a substrate and the conformational changes caused due to the inter-
action with motor molecules are measured.

Passive methodologies are those approaches in which the flexural rigidity of
these filaments is derived from observation of their structural features, which are
directly related to their mechanics. For example, observing conformational changes
induced by thermal energy is proved to be a powerful tool to study the mechanics
of biopolymers [57]. The method rests on the following two principles; (1) the
amount of bending of filaments due to thermal fluctuations is directly related to
their bending rigidity and (2) the result of equi-partition theorem, i.e. for a system
in thermal equilibrium, each independent mode has on average an energy given by
KBT. Therefore, the dynamics and mechanics of microtubules can be studied from
direct measurements of their shape fluctuations in three dimension using light
microscope images [58, 59]. The analysis of images using automated image
analysis algorithm yields the variation in curvature from which the filament
bending rigidity is obtained. The accuracy of this method strongly relies on the
filament tracking method, which is limited by uncertainties resulting from noise in
images. This passive method has also been used to derive the properties of other
biopolymers including actin filaments [9].

It is noted that passive and active experiments probe the linear response
regime and nonlinear regime, respectively. The images of rapid thermally agitated
bending modes only allow consideration of longest modes due to rapid decrease of
signal-to-noise [57]. However, one is able to apply locally high forces along the
filament length to study both the filament nonlinear response and its possible local
defective structure. In the above the properties of the individual filaments were
discussed; nevertheless, microtubules in vivo are surrounded by cytoskeletal net-
work which affect their effective properties [60]. Figure 3 shows how the presence
of the cytoskeletal network around the microtubule reinforces its behavior under
compressive loading by prohibiting long wavelength buckling.

4 Intermediate Filaments

Intermediate filaments (IFs), a large family of about 60 proteins, are also present
in cytoskeleton and play distinct functions in the mechanics and structure of
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cytoskeleton. The proteins found in these filaments are divided into five groups
based on their gene structure, primary structure, assembly properties, and their
development regulated tissue-specific expression patterns [62]. Unlike actins and
microtubules, IFs are made of filamentous proteins with no enzymatic activity.
Intermediate filaments are actually coiled coil bundles of protofilaments which are
obtained from staggered in arrays a-helical domains, see Fig. 4. They have no
vectorial transport role because of their non-polarity and show different properties

Fig. 3 Schematic plot representing the effect of the surrounding elastic cytoskeleton on the
bucking behavior of microtubules in living cells [61]

Fig. 4 Schematic plot for the structure of an intermediate filament

Cytoskeletal Mechanics and Cellular Mechanotransduction: A Molecular Perspective 11



from those observed for F-actins and microtubules. For example, they have long-
term stability and little solubility in salts. It is believed that intermediate filaments
provide structural stability to the cell and have a supplementary function to other
components of the cytoskeleton when the cell is under mechanical stress. The IF’s
mechanics and structure have been the subject of different research efforts
[62–66]. The atomic force microscopy was used to estimate the IF persis-
tence length to be few micrometers and also their bending modulus of about
300 MPa by elastically deforming single filaments [63, 67]. With few excep-
tions, IFs are very flexible in bending with remarkable extensibility up to three-
folds [66, 68].

5 Rheology and Mechanics of Cytoskeleton Network

In the previous sections, some of main structural and biochemical features of
cytoskeleton network constituents were reviewed. The three main ingredients of
the cytoskeleton, i.e., filamentous actins, microtubules and intermediate filaments,
bundle together and form a dynamic network with unique properties and promi-
nent role in a variety of essential cell functions including but not limited to
adhesion, migration and mechanotransduction. The complete understanding of the
behavior of this complicated structure requires investigating the properties of its
individual ingredients and more importantly determining and indentifying their
interactions with each other in the resulting network. This section discusses both
computational and experimental models that have been proposed over the past
years regarding the cytoskeletal rheology and mechanics.

Many of artificial polymers can be categorized as being flexible, i.e., the
polymer persistence length is much smaller than its contour length and therefore it
turns many times in the solution and looks like a relatively compact disordered
coil. The theory for the behavior of network formed by these flexible polymers,
where the persistence length is small compared with both the length of the polymer
and the entanglement distance in the solution, has been very well developed [2].
As the persistence length becomes larger and comparable to (or larger than) the
contour length, the dynamic of the filament changes. These filaments are called
semiflexible and the properties of the networks formed by these fibers are less
developed.

Cytoskeleton is a highly heterogeneous and consists of semiflexible filaments
with interconnection lengths of the same order as fiber persistence length. It is also
an active and dynamic structure undergoing constant remodeling in response to
external and internal stimulants. The biophysical properties of cytoskeleton have
been studied and measured in living cells; however, we are far from understanding
their physical origins due to the complexity and heterogeneity of the cytoskeleton
microstructure. For example, F-actin networks subjected to oscillatory shear
deformation show negative normal stresses as large as shear stresses [69]. This
phenomenon does not appear in the behavior of flexible polymer networks; their
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response is like most materials where the tendency to expand in the direction
normal to the applied shear forces yields positive normal stresses. Another unique
property of actin networks is the observation of both stiffening and softening.
Unlike simple polymer gels, networks of semiflexible filaments nonlinearly stiffen
in order to resist large deformations and maintain the network integrity [70, 71].
A reversible stress-softening behavior in compression, essential in preventing
catastrophic fracture of actin networks, has also been reported [72]. Flexible and
rigid polymers exhibit only monotonic stiffening in compression. The origins of
these unique macroscopic behaviors are under study and there is no comprehensive
theory yet.

5.1 Experimental Studies

The cytoskeletal network has viscoelastic properties and shows characteristics of
both elastic solids and viscous fluids. Oscillatory external stresses are used to
determine its effective elastic modulus as well as the amount of stored mechanical
energy. The mechanical response of actin networks is non-linear and strongly
depends on the stress and experimental conditions. Depending on the length scales
at which the measurements are taken, the network can show very different prop-
erties [73, 74]. The inclusion of length scale of observation is essential for ana-
lyzing and developing models for the mechanics of cytoskeleton and any other
semiflexible networks [75].

Experimentally, the behavior of the cytoskeleton is determined either by moni-
toring the Browning movements of inherent or introduced particles (passive
method) or by direct application of external forces (active measurements). Passive
microrheology, fluorescence correlation spectroscopy and dynamic light scattering
are among passive experimental measurements developed to measure the probe
and measure the mechanics of actin solutions [76]. Active rheology measurements
methods, where the system properties are probed by applying localized forces,
include atomic force microscope, optical traps, microplates, micropipette aspira-
tion, magnetic traps among many others [76]. These methods can be used to
identify the properties of the network at various length scales. For example, while
the bulk rheology of the network is estimated from two-particle microrheology
method, the short-length fluctuations are isolated in one-particle microrheology
[73, 77, 78].

5.2 Computational Studies

The biomechanical models developed for the mechanics of a cell are either based
on the continuum level and macroscopic observations (phenomenological models)
or derived from its nano-structure (micromechanics models). In the former, it is
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assumed that cell behaves as a continuum material for which a constitutive model
based on the experimental observations can be chosen to describe its behavior. The
cytoskeleton has been modeled as a simple viscoelastic continuum, porous gel and
soft glassy material [77]. These continuum-level models may only be used to
describe cell behavior if the length scale of interest is much larger than the
dimensions of the cell microstructure. In micromechanics methods, the main
microstructural features of the system, which are usually studied and characterized
separately, are included in the model.

There are instances where a cell behaves at macroscopic length scales which
are two to three orders of magnitudes larger than its microstructural characteris-
tic lengths. The behavior of erythrocytes/neutrophils in micropipette aspiration
and magnetocytometry induced deformations are among cases where contin-
uum models successfully describe the overall mechanical properties [79–84]. In
micropipette aspiration, the cellular elasticity and viscosity are measured by
pulling on cells, such as monocytes, erythrocytes (red blood cells) and leukocytes
(white blood cells). In magnetocytometry, magnetic microbeads tightly bound to
the cell are used to apply controlled forces to a single cell. In these situations, the
scales of observed deformation are such that a continuum model can be developed
to capture cell response. The cell environment consists of ionic water solution and
charged macromolecules that are influencing its biomechanical and biochemical
properties. For example, it is observed that the cell volume changes under osmotic
loadings due to changes in ion concentrations. While many of continuum level
models neglect the interactions of these different phases and consider the cell as a
single-phase material, multi-phasic models have been developed to take into
account the interactions among solid, fluid and free ions in the cytoskeleton [85].
Most of the work in this area as well as the first multi-phasic model have been
developed in order to study the articular cartilage and chodrocyte cells. Few notes
are in-place about the range of applicability and accuracy of continuum-level
modeling of the cell behavior. In these models, the small but important Brownian
motions of cytoskeleton due to thermal fluctuations are neglected. Moreover, the
infinite number of time scales, a characteristic feature of power-law rheology of
the cell response, is replaced with a limited number of time constants [86]. Finally,
although we have the freedom to incorporate inhomogeneous as well as isotropic
properties for the representative continuum domain through selecting proper
constitutive laws (i.e., force displacement relation), these models often cannot be
related to and derived from the cell microstructure. Therefore, the continuum-level
methods are highly specific to experimental observations and usually cannot be
generalized [87].

It is clear that one of the main missing features in continuum-level models is the
consideration of the fibrous and discrete structure of cytoskeleton. In discrete
models, the cytoskeleton microstructure is represented by a network of randomly
cross-linked fibers. A complete review of these models has been presented in [90].
Since actin filaments are heavily cross-linked on the scale of their thermal per-
sistence length, their common modes of deformation are bending, twisting and
stretching. Therefore, cytoskeleton is classified as being a semiflexible network
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whose behavior is strongly non-affine. The behavior of a semiflexible network and
its relationship to the mechanical properties of its constituents are much more
complicated than what it is for a flexible network. The accepted models for flexible
networks [2] are not appropriate to study the mechanics of semiflexible networks.
There have been various research efforts to develop a unified and general model to
describe the elasticity and unique features of semiflexible gels such as large shear
moduli, nonlinear response and power-law scaling of the cytoskeletal rheology,
[75, 91–96]. The cytoskeletal filaments resist bending and exhibit thermally
induced fluctuations due to Brownian forces. A filamentous protein is therefore
considered as an elastic rod with bending and stretching rigidities resulting from
both elastic and entropic effects. The langevin equation can be employed to
describe the hydrodynamics drag force of the filaments through the solvent. The
presence of cross-linker in semiflexible gels causes significant change in network
properties resulting from two distinct single-filament responses, i.e., bending and
stretching modes. If individual filaments only rotate and uniaxially deform under
uniform loadings and the macroscopic strain distribute uniformly throughout the
domain (affine deformation), the behavior of the network can be modeled by affine
network models [10]. These models are not valid where the behavior is non-affine
and bending motions of the filaments become important. The reader is referred to
recent papers for a detailed discussion on affine versus non-affine behavior [91, 92,
95]. A new methodology has recently been proposed by Hatami-Marbini and Picu
to solve boundary value problem on dense random fiber networks by determining
the statistics of their behavior and accounting for all possible configurations at the
desired length scale using Stochastic Finite Element Method [75]. In this meth-
odology, the nodal displacements of the network subjected to far-field loadings are
obtained by minimizing the potential energy of the entire network. Then a regular

Fig. 5 Schematic plot
showing F-actin network
divided into a regular mesh of
characteristic dimension d.
The size of square elements,
d, denotes the length scale of
observation. The plot also
shows the in vitro
visualization of the actin
cytoskeleton [88, 89]
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mesh of square elements of size d (see Fig. 5) is overlaid on the network.
Calculating the average stress and strain distribution over each square element,
these elements are replaced with homogeneous continuum domains with correlated
elastic moduli. Therefore, the respective equivalent continuum domain has the
main features and correlations of the network microstructure. A note is in place
about the fiber cross-links in cytoskeleton. In mechanical models for F-actin
network, the fibers are often assumed to be permanently hinged or rigidly cross-
linked. Nevertheless, these cross-links undergo constant disassociation in cyto-
skeleton and have variable strength depending on the ABPs’ structures and
properties. For instance, filamin, an approximately 150 nm long V-shape ABP,
preferentially cross-link actin fibers. It is composed of b-sheets which are
unfolding under load and induce a sawtooth force displacement curve for this ABP
cross-link [97–101]. Therefore, the cross-links between filaments are not simple
rigid structural element and are rather very important to the overall network
stiffness and elasticity. This is an important detail which is conveniently ignored in
many network models.

As it is stated earlier, cytoskeleton is an active biological system responding to
external stimuli through actin–myosin interactions which lead to formation of
stress fibers. The interplay of multiple phenomena including myosin contraction,
actin network elasticity, the internal and external constraints imposed on the
cytoskeleton creates the stress distribution inside the cell. The plethora of actin
binding proteins controls the organization, i.e., local microstructure and connec-
tivity, of actin filaments which are assembled and disassembled in response to
various kinds of signals resulting from cell locomotion, cell division and extension
[102–104]. The mechanical stability of the cell is due to dynamic arranging and
rearranging of cytoskeletal filaments via crosslinking molecules. For instance,
Arp2/3 complex forms 70� branching networks, fimbrin and a-actinin put F-actins
in parallel bundles, and filamin and spectrin form three-dimensional actin net-
works. Filamin and spectrin are protein complexes consisting of multiple actin-
binding domains which arrange actin filaments into dense meshworks. Other types
of ABPs are those which are used as a physical support or scaffold and are less
‘‘directly’’ involved in regulating actin structure. Myosins are a member of this
category of ABPs.

There are over 15 different types of myosins using actin filaments to move their
specific cargo inside the cell. Myosins are molecular motors which produce
movement through ATP hydrolysis and can generate forces on order of pico-
Newtons inside the actin network or bundles. The mechanical properties and
structure of cytoskeleton is greatly influenced through the contribution of forces
generated by myosin so their effect in cell mechanics cannot be overlooked. The
effect of motor molecules may be included in the filamentous network models for
the cytoskeleton. In these models, internal forces exerted by myosin motor mol-
ecules induce a state of pre-stress condition inside the system, see Fig. 6. These
networks, whose elasticity is controlled by myosin, are often called active net-
works and their behavior is different than that of passive networks. It has been
shown experimentally that these active myosin stresses stiffen the network by two
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orders of magnitude [105]; however, a mathematical and theoretic model of active
network has not yet been developed.

The stress field in the cytoskeletal network depends on the contractile
machinery called stress fibers. They are formed by the actin–myosin interactions
and are characterized by the repeating units of myosin proteins. The movement of
myosin motors in the stress fibers causes actin filaments to contract and slide past
one another. The dynamics of stress fibers has not yet been well understood and is
currently under study. However, it is known that their elasticity is a function of
myosin spacings and changes over time. Cellular functions such as wound healing,
proliferation, shape stability, and apoptosis depend strongly on how the force is
acted upon the cell. Forces transmit into and out of the cell cytoskeleton through
these bundles at the basal surface, where it interacts with the surrounding extra-
cellular matrix, and where cytoskeletal contractility is resisted. At these interaction
sites (called the focal adhesion), stress fibers often form [106, 107]. They also from
along the direction of external forces, e.g., it is seen that stress fibers form and
orient with the direction of fluid flow in the endothelial cells under shear stress
[108, 109]. The mechanical properties of stress fibers can be non-uniform because
of the variations in myosin spacings along the length of stress fibers. Moreover, the
direction and strength of stress fibers depend on stress field within the cell. Forces
are transferred and propagated directly and in a band-like structure from cyto-
skeleton stress fibers to discrete sites on the nuclear envelop [110, 111]. Stress
fibers enable cells to focus myosin contractility along a specific direction of
resistance; therefore, cells can stiffen directionally to protect themselves against
excess stress and strains in this particular direction. Moreover, cells explore the
matrix rigidity and migrate in the direction of increasing rigidity through stress
fibers [112]. Cell locomotion is believed to depend on and even be controlled by
changes in substrate rigidity. In particular, cell response on culture surfaces is
dictated by substrate rigidity: actin stress fibers are oriented along the stiffest
direction of the microfabricated substrates [113].

In literature, stress fibers have often been simulated by continuum models. These
models predict the diffusion of stress away from the points of matrix attachment, as
opposed to the directed and focused stress propagation observed in experiments.

Fig. 6 Schematic network
models for a passive
networks and b active
networks subjected to
external loadings. In active
networks, myosin molecular
motors control network
elasticity and induce a state
of pre-stress inside the
network
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A recent study, however, showed that in translating the discrete microscale actin–
myosin interaction to the continuum scale, these models are missing the perpen-
dicular component of the myosin force acting on the actin filaments [111, 114, 115].
Inclusion of this correction in the model recovers the directed and focused nature of
the stress fibers. Moreover, the stress fiber arrangements for simple cell–matrix
attachments predicted by this model match those observed in experimental studies.
It is noted that key aspects of the interactions are missing in coarse graining and
in approximating discrete macromolecular interactions by a continuum model.
Therefore, a multi-scale approach retaining the discrete nature of the macromo-
lecular interactions and keeping material properties in the discrete macromolecular
scale is required. Such a model requires taking into account the discrete nature of
the cytoskeleton as well as the effects of hydrodynamic interactions on the behavior
of individual filaments [114, 115].

It has been shown that the elastic modulus of stress fibers in living endothelial
cells is approximately 10–15 kPa which remains constant over large strains up to
12% [116]. This stiffness is a function of myosin II since disturbing its activity by
adding myosin inhibitor blebbistatin causes a 30% loss of the modulus [117]. The
elastic modulus of fibroblast cells also decreases due to the application of this
myosin inhibitor [118]. This further confirms the importance of the tension gen-
erated by myosin to the overall cellular stiffness. Despite considerable experi-
mental and computational efforts to study basic physical principles of cell
contractility due to myosin II motors, our understanding is still limited. It is not yet
clear how contractility and pattern formation changes with microscopic parameters
such as the number of myosin motors, the number of cross-linkers and the density
of actin filaments. It is known that the motor activity inside the cell is a controlled
process which results in formation of stress fibers in cells on flat substrates and the
contractile rings during cytokinesis [119–121]. The contractile rings, which are
composed of actin, myosin II, septins and GTP-binding hetero-oligomers, generate
a furrow which partitions one cell into two. There have been some efforts to
describe these rings using continuum-level hydrodynamics models whose accuracy
have been confirmed by in vitro studies [122, 123]. In these models, the actin
network is modeled as an active viscoelastic polar gel which is forced out of its
equilibrium state because of the ATP hydrolysis. These studies suggested that the
assembly and disassembly of cytoskeletal structures can be tuned via varying the
concentration of local myosin II. Furthermore, F-actin cross-linkers such as filamin
A and a-actinin must be present for the contraction of F-actin networks induced by
myosin II at physiological ATP concentrations [124]. In other words, the myosin
cannot generate large forces if actin filaments are not cross-linked. The depen-
dence of contractility on the number of cross-linkers and myosin motors per actin
filament has been studied by constructing well-controlled model system of purified
actin, myosin, and a-actinin [125]. The results of recent theoretical studies show
that the force generated by myosin is not sufficiently large for ring contraction
during cytokinesis unless the actin filaments are heavily cross-linked [126].

The study of reconstituted biopolymer networks is an excellent way to model
and understand the important mechanical features of the living cell cytoskeleton
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[105, 123, 125]. These reconstituted networks of filamentous actin combined with
myosin motors are a new class of active materials whose mechanical properties
can be adjusted and tailored by enzymatic activity [127]. It has been observed that
molecular motor proteins can either stiffen or weaken the F-actin solution
depending on the density of F-actin cross-linkers. While the presence of actin
cross-linker provides sites for mechanical anchorage and accommodates internal
tension, active filament sliding occurs in their absence because of myosin activity.
The protein myosin permits active control over the mechanical behavior of F-actin
network solutions. For instance, the stress relaxation time of actin solutions will
shorten upon addition of molecular motor myosins due to their interaction with
actin filaments. The interaction of single polymer chains with surrounding polymer
yields an effective viscoelastic behavior. The viscoelasticity of actin–myosin
networks can be modulated using the ability of the myosin to supersede reputation
with sliding motion. Myosin II replaces the thermally driven transport of indi-
vidual polymers (snake-like movement described by reputation model) with active
filament sliding motion. In the reputation model, a tube represents the topological
constraints of neighboring polymers on the movement of a single chain [2].
A modified tube model has been proposed to model the dynamics of polar actin
filaments with active, motile centers generating a longitudinal motion [128].
Molecular dynamics simulations have also been used to investigate the rheology
and the structure of F-actin solutions interacting with molecular motors [129].

6 Cellular Mechanotransduction

In the previous sections, we focused on the mechanical properties of the cyto-
skeleton. It was mentioned that the highly dynamic mechanics of the cell is derived
from its constantly changing cytoskeletal structure in response to external stimuli.
A cell actively responds to the mechanical signals it receives from the environ-
ment. This implies that cells are capable of sensing the mechanical force and
transducing these signals to the biological response. The mechanism by which a
cell converts mechanical signals to biochemical signal is called cellular mecha-
notransduction [131]. This process has been the subject of intensive studies with
the aim of understanding both its mechanism and its implications. Here, for
completeness, we present a brief introduction to this phenomenon and refer the
reader to the related references for a thorough discussion [130–133].

The changes in biochemical activities (e.g., changes in intracellular calcium
concentration or activation of diverse signaling pathways) within the cell in
response to the mechanical stress modify cell internal structure and adjust its
mechanical properties. Therefore, the biological functions of a cell is highly
influenced and even controlled by the mechanical forces and the way they are
transduced into biochemical signals. In this process, many structures and com-
ponents such as myosin motor molecules, cytoskeletal filaments, ion channels,
integrin and nuclei are involved. Several cellular phenomena are found to be
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influenced by mechanical stress: (1) the membrane strain controls the opening and
closing rate of a stretch- or flow-sensitive ion channel, which allows influx of
calcium and other ions [134–137]; (2) Hemodynamic forces caused by blood flow
deform and align endothelial cells along the arterial walls to maintain a nearly
constant shear stress [138–140]; (3) Chemical and mechanical cues closely reg-
ulate the assembly of focal adhesions through which cells probe the stiffness of its
environment and adjust its response, e.g., cells migrate in the direction of
increasing substrate stiffness [112]; (4) The external forces induce conformational
changes in cytoskeletal elements which in turn alter and activate signaling path-
ways, e.g., applying tensile forces to cultured neurons or vascular muscle cells
increases the microtubule polymerization [141, 142]. It is also seen that mecha-
notransduction has a central role in the functions of some of our senses such as
hearing and balance, which are resulting from electrochemical responses to sound
waves, pressure, and gravity [143].

Abnormality in the cellular mechanotransduction can have serious pathological
consequences [130, 131, 144]. The development and maintenance of the muscle
tissues and even physiological processes, e.g., the blood flow and the blood pres-
sure, all depends on the ability of cells to sense and respond to changes in their
physical environment. For example, the morphology and physiology of the heart
and vasculature are affected by the pressure and shear stresses generated from the
flowing blood. Since mechanotransduction regulates and influences many cellular
functions including protein synthesis, secretion, adhesion, migration, and apoptosis,
diseases could arise because of any inherited or acquired defects in the cellular
mechanotransduction. The loss of bone mass in a microgravity environment and
atherosclerosis, a condition where arterial walls thicken as the result of the build-up
of fatty materials and calcification, are two examples of such diseases [145, 146]. In
atherosclerosis, the fluid shear stress is disturbed at bifurcations, which in turn
causes the remodeling of the vascular system. Many other diseases such as the
hearing loss, the muscular dystrophy, the glaucoma, the premature aging, and even
the cancer can be related to the malfunctioning of the cellular mechanotransduction.

7 Summary

There have been much learnt about the molecular bases of cytoskeletal mechanics
during the past few decades. The mechanics of the cytoskeleton depends highly on
its ever varying and dynamic microstructure. Cell maintains its stability and opti-
mizes its response to various external and internal excitements by constant
arrangement and re-arrangement of its actin filamentous reinforcements. This
dynamic process requires actin cross-linking filaments such as a-actinin as well as
myosin motor molecules. In this chapter, the most important and recent experi-
mental and theoretical studies are brought together and are concisely reviewed to
shed light on the cytoskeletal rheology and, in turn, on the dynamic response of the
cell. The experimental observations along with computational approaches used to
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study the mechanical properties of the individual constituents of the cytoskeleton
were first presented. The chapter then reviewed various computational models
ranging from discrete filamentous models to continuum level models developed to
capture the highly dynamic and constantly changing properties of the cells to
external stimuli. It is seen that depending on the cellular phenomena under study,
either type of the modeling methodology may prove to be the correct and better-
suited one. Intuitively, it is expected that while continuum models better describe
whole-cell deformations, the details of the filament organization and their inter-
action with myosin motor molecules are critical and important in cases where the
scales of interest become very small, e.g., the scale of an AFM tip. Finally, in the
last section, the mechanotransduction was introduced as being an essential function
of the cell which controls its growth and proliferation among others. A wide
spectrum of pathologies, e.g., atherosclerosis, is caused because of any disturbance
in this process.
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Forces During Cell Adhesion
and Spreading: Implications
for Cellular Homeostasis

Shawn P. Carey, Jonathan M. Charest and Cynthia A. Reinhart-King

Abstract Cells adhere and spread by exerting forces against the cell membrane
and against the extracellular matrix. Intracellular forces drive the membrane
outward during spreading and stabilize cell shape in adherent and migrating cells.
A balance of intracellular force with exogenous forces is required for maintenance
of basic cell functions and cellular homeostasis. Here, we provide a multi-scale
overview of the cellular machinery and intracellular forces at play during cell
spreading and adhesion, including description at the molecular, cellular and tissue
levels. We describe the cellular machinery required for force generation, explain
aspects of its regulation, and show how the machinery operates to direct a cell to a
homeostatic target. The biochemical and biophysical events that dominate the
process of isotropic cell spreading are examined and the process of spreading is
explained as a series of distinct phases, each with their own force signature. In
addition, we consider how intracellular force affects mechanical cellular homeo-
stasis and maintenance of tissue structure and function. The disruption of cellular
mechanical homeostasis is described in the context of two prominent disease
states: cancer and atherosclerosis.

1 Introduction

Current research has brought much attention and interest to the role of cell
mechanics in cellular homeostasis and physiological function. Cell adhesion and
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spreading is a primary mechanism through which mechanical (and sometimes
chemical) homeostasis is achieved. These processes are crucial in both develop-
ment and the maintenance of normal tissue structure and function. As such,
improper cell adhesion and spreading has been implicated in a multitude of disease
states, including cancer and atherosclerosis. Here we will take an in-depth look at
the processes of cell adhesion and spreading, with a specific emphasis on the role
of cell mediated-force: first describing the subcellular machinery employed during
adhesion and spreading, then describing the cellular level changes of a single cell
through the process, and finally examining how disruption of cell adhesion and
spreading can lead to disease.

2 Biological Machinery Required for Force Generation

2.1 Internal Cellular Machinery

Cellular forces are primarily generated in the cytoskeleton. The cytoskeleton is
essential for maintaining cell shape and organization, imparting specific
mechanical properties to cells. There are three primary cytoskeletal components:
microfilaments, microtubules, and intermediate filaments. While each component
serves separate functions in the cell, there are several commonalities:

• Each component is composed of repeating subunits that polymerize to form
polarized filamentous structures.

• Polymerization of most components requires the binding of either ATP or GTP
to its subunits.

• Each polymerized component has characteristic mechanical properties that are
directly determined by the structure of its subunits.

• Polymerized structures associate with various other structural and signaling
proteins for purposes such as stabilization, regulation, or linkage to other parts
of the cell.

• Each component has associated motor proteins that facilitate relative axial
movement in a stepwise fashion dependent upon ATPase activity, contributing
to the generation of cellular forces.

Here we focus primarily on microfilaments and microtubules, as they are the
primary cytoskeletal filaments associated with cellular force generation.

2.1.1 Actin and Myosin

Actin is the primary component of the cytoskeleton required for the generation of
cellular forces imposed externally and is by far the most studied in the context of
the regulation of cell spreading and adhesion. In a cell, actin can generate forces
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through two primary mechanisms: (1) simply through polymerization or (2)
through coupling to its associated motor protein, myosin.

Actin Structure and Dynamics

Actin can exist in two distinct forms within the cell: globular actin (G-actin) or
filamentous actin (F-actin). G-actin is a *43 kDa protein that can bind ATP and
polymerize to form microfilaments known as F-actin. The nucleation of F-actin
filaments is controlled and accelerated by certain chaperone proteins such as Arp2/3
among others. An F-actin filament is polarized and has a positive (+) end and a
negative (-) end. Both ends are highly dynamic but have different on/off rates;
growth of filaments occurs primarily at the positive end, as it has a much higher on
rate. Actin filaments are highly cross-linked and bundled by proteins such as a-
actinin to increase their structural integrity. Actin dynamics and the two mecha-
nisms through which it can generate force are summarized in Fig. 1. Figure 1a, b
depicts the polymerization of actin which can drive membrane extension. Fig-
ure 1c depicts actin’s interaction with myosin which can drive filament sliding and
the generation of contractile force.

Actin-Interacting Proteins

The cellular actin network owes its highly dynamic nature to the actin-interacting
proteins that facilitate its assembly, stabilization, and disassembly. The protein
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Fig. 1 Actin filament-based force generation. a Filament dynamics: filament polymerization and
depolymerization occur at opposite ends resulting in filament ‘‘treadmilling’’. b Force generation
through cortical branching at the cell membrane: Arp2/3 mediates microfilament branching and
formins mediate actin polymerization at the cell membrane producing protrusive forces.
c Myosin-mediated contraction of microfilaments: myosin mediates the contraction of anti-par-
allel overlapping microfilaments, the mechanism at the core of cell contractile force generation.
Outer arrows indicate direction of filament displacement, inner arrows indicate direction of
myosin motor displacement
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complex Arp2/3 facilitates actin filament nucleation, enables branching by
attaching to a filament and nucleating a new filament and aids in network stabil-
ization. Filament polymerization can be enhanced by the family of proteins known
as formins and the protein VASP [1]. Formins act as ‘‘processive caps’’ by
attaching the (+) end of the filament to the plasma membrane while simultaneously
enabling further polymerization and protecting the filaments from other capping
proteins [2]. Complementary to these proteins are ADF/cofilin, which disassem-
bles actin from its (-) end [1]. Another group of important actin-interacting
proteins are those that link actin to transmembrane adhesion molecules (discussed
in later sections of this chapter). The linkages between actin and the membrane
involve a large, multi-component complex of proteins that facilitate transmission
of chemical and mechanical signals between the intracellular and extracellular
space. Talin is largely implicated as one of the critical structural proteins linking
f-actin filaments to transmembrane integrins [3, 4]. These transmembrane
complexes are particularly important as they allow actin-generated forces to be
transmitted to the cell’s environment.

Measurement of Actin-Generated Forces and Mechanical Properties

During cell adhesion and spreading, forces generated by actin polymerization can
be exerted directly against the cell membrane. McGrath and colleagues showed
that actin polymerization is capable of exerting forces on either curved or flat
surfaces, based on their data which shows that the force of actin polymerization
can propel micron-sized synthetic disks through solution [5]. These findings
implicated that actin polymerization can exert force on a substrate regardless of its
curvature. This is particularly important in the context of cell generated forces, as
actin polymerization forces are primarily exerted on the highly fluid cell
membrane.

Only relatively recently has the force of actin polymerization been quantita-
tively measured [1, 6]. The force generated by a branching actin network was first
investigated by Fletcher and colleagues in 2005 [6] using atomic force microscopy
(AFM). An AFM cantilever tip was coated with ActA (an actin-interacting protein
from Listeria monocytogenes that facilitates polymerization), placed into cell
extract, and an actin network was allowed to form (Fig. 2a). The AFM cantilever
tip was then used to measure the displacement of, and force exerted on, the
growing actin network. The data is depicted using a force–velocity (Fv) curve as
shown in Fig. 2d.

Fv curves are used to depict the force profile in biological systems because
experimentally, force in biological systems is often measured using optical
methods to track displacement against an opposing force. These opposing forces
can be provided by objects such as a micron-sized bead in a viscous suspension
[5], or an AFM cantilever tip as was the case in these experiments [6, 18]. These
measurements of actin polymerization from Fletcher and colleagues [6] revealed
two distinct phases of force generation: a load-independent phase and a stalling
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phase. The load-independent phase indicated that the network was capable of
growing at a relatively constant rate over a fairly large range of forces, about
0–300 nN. The stall force (the force at which velocity reaches zero) measured for
the network of actin filaments is on the order of hundreds of nano-newtons.
Additional studies have used AFM to measure the force exerted by actin poly-
merization in a protruding lamellipod [18] (Fig. 2b). Data from these experiments
illustrates that actin polymerization is the driving mechanism of protrusive force
generation in cells, and is critical to cell spreading.

Microfilament rigidity is also critical to the ability of actin fibers to provide
stable cellular structure and effectively transmit force. One measure of the stiffness
of a given cytoskeletal filament is its persistence length, which represents the rough
distance over which a filament may be considered completely rigid. Persistence
lengths of actin filaments have been measured by observing their deformation
under thermal fluctuations or various loading conditions [19–22]. Early studies
concluded that the persistence length of an actin filament is around 17 lm [19].
Later studies examined filaments under different conditions (nucleotide binding,
phalloidin binding, etc.) and found the persistence length could vary from 7 to
20 lm [22]. Additionally, actin-interacting proteins such as cofilin have also been
shown to influence filament persistence length [21]. The cell’s ability to modulate
microfilament persistence length is important in fine-tuning force generation.
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Fig. 2 Methods of measuring cellular level forces. a Actin polymerization force against an AFM
cantilever tip causes tip displacement. b Integrin ligands are attached to an AFM cantilever tip,
then brought into contact with the cell surface. The tip is then displaced away from the cell until
the ligated integrins are torn from the membrane. c Lamellipod protrusion force against an AFM
cantilever tip causes tip displacement. d Reprinted by permission from Macmillan Publishers Ltd:
Nature Cell Biology [6], copyright 2005. Normalized Fv curve of actin polymerization obtained
through method depicted in a [6]. e Single-cell rupture forces for various integrins using the
experimental setup depicted in c. Ranges are given when more than one value has been reported
[7–17]
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Myosin Structure and Dynamics

The myosins are a family of motor proteins associated with actin. Actin–myosin
complexes generate the cellular forces used in cell contractility and migration. The
majority of myosins are (+) end motors, meaning that they move along actin
filaments towards the (+) end. There are several different types of myosins and
each participates in specific cellular functions. In this chapter, we will be primarily
concerned with non-muscle myosin II (NMII), as it is most often implicated in the
generation of cellular-level forces [23]. Myosin ‘‘heavy chains’’ consist of one or
more head, neck, and tail domains. Head domains bind actin and require ATP to
detach. As such, if ATP is depleted within a cell, its myosin molecules remain
attached to actin and cannot move. The neck domain contains binding sites for
myosin ‘‘light chains’’ (calmodulins) that regulate the head domain. Activation of
myosins such as NMII requires phosphorylation of its light chain domain. The tail
domain facilitates the interaction of myosin proteins with each other, forming
myosins with more than one head and allowing the formation of myosin filaments
(a common example of this type of filament can be found in the A-band in the
sarcomere of skeletal muscle). Functionally, myosins also strengthen the actin
network by cross-linking actin fibers. Studies of myosin molecule interactions with
actin fibers using optical trapping techniques indicated that a single myosin
molecule is capable of exerting forces on the order of *3.5 pN while producing a
displacement of about 11 nm [24].

2.1.2 Microtubules

In comparison to actin, microtubules are much larger, more rigid [19], and slightly
less dynamic. Although their role in cell adhesion and spreading is less understood,
it is known that they contribute to the mechanical properties of cells and are
involved in the establishment of cellular homeostasis. Like actin, microtubules
have specific associated motors that contribute to force generation. However, we
will not specifically discuss the microtubule-associated motor proteins (kinesins
and dyneins) as they function primarily for transport within the cell and are not
directly involved in the generation of cellular-level, adhesion-related forces.

Microtubule Structure and Dynamics

Microtubule subunits are heterodimers made up of the globular proteins a-tubulin
and b-tubulin. Their structure is complex: a/b-tubulin dimers first polymerize lon-
gitudinally to form protofilaments. The protofilaments then line up side by side to
form curved sheets that eventually wrap into a tube consisting of 13 protofilaments in
circumference. Both a- and b-tubulin require GTP in order to form a dimer and
polymerize into full microtubules. Nucleation and stabilization of long microtubules
is mediated by c-tubulin and its associated proteins (known as the c-tubulin ring
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complex, or c-TuRC). In the cell, microtubules generally originate from the
microtubule organizing center (MTOC), which is found near the centrioles.

Like actin, microtubules are polarized and have both a positive end (which is
highly dynamic) and a negative end. Assembly and disassembly occurs primarily
at the microtubule (+) end. The assembly rate is lower than the disassembly rate,
primarily because disassembly can occur in a ‘‘catastrophic’’ fashion. Conforma-
tional changes of the subunits occur when the b-tubulin in the a/b-tubulin
heterodimer hydrolyzes its bound GTP to GDP, creating a ‘‘kink’’ between the
a- and b-tubulin. This kink can cause unstable microtubule ends to disassemble by
peeling apart.

Measurement of Microtubule-Generated Forces and Mechanical Properties

Similar to actin dynamics, both microtubule polymerization and depolymerization
are known to generate force. Early studies of microtubule polymerization forces
analyzed the buckling of microtubules against an immobile barrier to calculate an
Fv curve [25]. These studies found an exponential decay relationship in the Fv

curve, closely resembling modeling predictions. Subsequent attempts to observe
microtubule assembly dynamics used more advanced techniques such as optical
traps, enabling molecular-level resolution [26]. Methods to measure microtubule
persistence length are similar to those used to examine actin filaments. As men-
tioned earlier in this chapter, microtubules have a much higher rigidity than actin
filaments. This is evidenced in the relatively high persistence length of microtu-
bules, which is on the order of about 5 mm (as compared to actin filaments, at
around 10–20 lm) [19]. This also fits well with observations that microtubules
generally support compressive loads within the cell [27, 28].

2.1.3 Intermediate Filaments

Intermediate filaments are the third major class of cytoskeletal elements. As a part
of the cytoskeletal network, they contribute to cellular shape and structural
integrity, and are largely considered cellular ‘‘shock-absorbers’’ to mediate and
mitigate external mechanical stresses [29]. The class of cytoskeleton proteins
known as intermediate filaments is really a collection of various proteins, each
with different tissue specificities, but a conserved filamentous structure. Depend-
ing on the specific filament type, intermediate filaments can have persistence
lengths ranging from 200 nm (keratin) to 1,300 nm (vimentin) [30]. Therefore
intermediate filament proteins are far softer and more flexible than microtubules
and actin filaments. While it is not known if intermediate filaments plan an active
role in adhesion and spreading, it is clear they play a mechanical role in the cell by
acting as a stress-buffering system. A more extensive review of the structure and
mechanical properties of intermediate filaments can be found in the following
extensive reviews [29, 30].
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2.2 Cell–Environment Connection Machinery

The ability of cells to generate forces through the intracellular machinery described
above is critical for a variety of essential cellular functions. Intimately tied to the
generation of forces is the ability of a cell to attach to its matrix in order to transmit
and stabilize these intracellular forces.

Early studies showed that cell–matrix adhesions are crucial for cell survival
[31, 32] and established the concept of ‘‘anchorage dependence,’’ referring to the
need for a cell to attach to a substrate to survive. Landmark studies using the then
newly-purified ECM protein fibronectin revealed the presence of a physical
transmembrane link between the specific constituents of the ECM and the cyto-
skeleton. For example, treatment of transformed cells with fibronectin caused
‘‘increased cell-to-substratum adhesion of treated cells, cell spreading and flat-
tening, and elongation of cell processes’’ [33] as well as reorganization of cyto-
skeletal F-actin [34]. It was observed that extracellular matrix macromolecules
such as fibronectin aggregate into filaments and serve as ligands for specific
transmembrane receptors, which cluster and serve as docking stations for intra-
cellular cytoskeleton proteins such as actin [35–37]. Shortly thereafter, the phe-
nomenon of cellular ‘‘shape sensing’’ was identified as the basis for density
dependent cell growth inhibition and anchorage dependence [38]. This concept has
since grown significantly and implications of this work are important for our
understanding of cell adhesion, spreading, and homeostasis.

2.2.1 Integrins

The transmembrane receptors that mediate the dynamic physical interactions
between cytoskeleton-extracellular matrix were first purified in 1986 and were
termed integrins [39, 40]. Integrins are heterodimeric (a- and b-subunits), trans-
membrane proteins with highly conserved extracellular and cytosolic domains.
These transmembrane macromolecules are being studied in a wide number of
human health-related fields, including development, cancer, hematology, and
immunology. In the past three decades, the integrin family has expanded to include
a number of homologous adhesion receptors whose most basic function is to bind
to insoluble extracellular matrix protein ligands. However, their role is more
complex, as they mediate both physical and chemical interactions through their
involvement in focal adhesions. Additionally, their signaling functions are bi-
directional, capable of both ‘‘inside-out’’ and ‘‘outside-in’’ signaling.

Integrin Specificity

Integrins bind to specific extracellular matrix glycoproteins to allow a cell to adhere,
spread, and migrate. The combination of integrin subunits imparts specificity.
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Certain cells and their integrins adhere only to specific matrix proteins. Inherent in
this is ligand-specific ‘‘outside-in’’ signaling. While integrins bind specific
sequences in matrix proteins, integrins do not demonstrate singularity. That is, a
given integrin (an a/b combination) can potentially bind with several different
extracellular matrix ligands. For example, the a5b1 integrin can act as the adhesion
receptor for both fibronectin and collagen. Therefore, adhesion and spreading of a
given cell-type are mediated through cell-type specific integrins ligating their
corresponding matrix proteins.

Integrin Avidity, Affinity, and Activation

Also important in cell adhesion and spreading is a cell’s ability to control and
modulate integrin function. This ultimately determines how tightly a cell can
adhere to a substrate in its microenvironment. Studies with leukocytes and
platelets provided evidence that some cells can change their adhesiveness in
response to microenvironmental factors [41]. Changes in cellular adhesiveness
or ‘‘avidity’’ do not occur through recruitment of receptors to the membrane,
but rather through increased integrin affinity (through integrin activation)
and valency (governed by density of receptor and ligand on surfaces).
Regulation of integrin affinity through intermolecular interactions and intra-
molecular allostery is an elegant demonstration of the bi-directionality of
integrin signaling.

• ‘‘Inside-out’’ signaling:

– Short cytoplasmic integrin tails (primarily of the b-subunit) interact with
membrane-associated intracellular proteins.

– The ligand-binding site is restructured through long-range allosteric confor-
mational changes that result in increased integrin affinity (or ‘‘activation’’).

• ‘‘Outside-in’’ signaling:

– Subsequent ligand binding causes conformational changes that are transmitted
back to the cell to regulate diverse responses [42].

This ‘‘activation’’ process can also run in reverse, beginning with integrins
binding to extracellular ligands and resulting in the presentation of cytoskeletal
adapter protein binding sites. Integrin avidity can also be impacted by valency:
increased integrin clustering, increased membrane diffusivity of b subunits [43].
As is often the case with integrins, movement of integrin receptors laterally within
a membrane can be initiated both extracellularly (as a result of extracellular ligand
availability) and/or intracellularly (through F-actin-mediated relocation of inte-
grins) [44]. Integrin organization within the plasma membrane has several
implications in terms of both signaling and internal cytoskeletal organization,
which will become more apparent in later sections.
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Mechanical Characterization of Integrin Interactions

Even though integrins themselves are incapable of generating force, they are
essential components in transmitting cell-generated forces to the environment. To
achieve this, integrins must be capable of withstanding relatively high levels of
mechanical stress. Studies to determine the amount of force integrins can with-
stand before failing are vast [45], although they generally fall into two categories:
whole cell studies and single integrin studies. AFM has been a useful tool in
characterizing integrin binding affinities. Using AFM in this setting allows a
substrate to be brought into contact with the cell surface and then removed with
known displacement and force (Fig. 2c). Using this technique on the single cell
level has revealed a rupture force (force at which the ligand unbinds from the
receptor) on the order of 30–80 pN, given a loading rate of 1 nN s-1 [45]. A more
comprehensive review of using AFM to measure cellular binding interactions
appears in a recent paper by Helenius et al. [45].

Optical traps (or ‘‘optical tweezers’’) have also been used extensively to mea-
sure adhesion molecule load bearing [45]. This method involves using micron-
sized beads coated with integrin ligands. These beads can be controlled using
optical techniques and used to exert force on a cell once in contact with its
adhesion receptors. Galbraith and colleagues used this method to investigate how
forces exerted on integrins mediate focal complex formation, a concept we will
discuss in more detail in Sect. 4 [44, 46].

2.3 Cell–Cell Connection Machinery

Just as cells have transmembrane integrins to connect their internal machinery to
their environment, they also have transmembrane machinery specifically for
establishing connections with other cells. These molecules follow the same theme
of exhibiting a high degree of specificity in their function, enabling cells to sense
their environment. Cell–cell contact also regulates the extent of spreading and cell
force generation [47].

The primary mediators of cell–cell adhesion are the cadherin family of proteins.
Cadherins are glycoproteins with a single transmembrane domain. There are
several types of cadherins, E-, N-, and P-cadherin, and their distribution is tissue-
specific. Their extracellular domains (N-terminal) bind other cadherins in a
homotypic manner (i.e. a E-cadherin molecule will bind only other E-cadherins)
that is Ca2+-dependent. The cytoplasmic domains (C-terminal) link to the actin and
microtubules of the cytoskeleton with the help of a- and b-catenin. Dimerization of
cadherin molecules is also required for cell–cell adhesion. E-cadherin is the pro-
totypic cadherin and has been implicated in several signaling pathways relating to
the establishment of cell polarity, actin polymerization, and Rho activation.

Another family of cell–cell connection molecules is the immunoglobulin (Ig)
superfamily. This family includes molecules such as N-CAM, ICAM, VCAM,
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PECAM and several others. Like the cadherins, they are transmembrane glyco-
proteins, however they bind in a heterotypic manner and are not dependent on Ca2+

for their ligation. Expression of these molecules is tissue-specific and can be
induced by certain cytokines.

Yet another group of transmembrane glycoproteins involved in cell–cell con-
nections are the selectins. This family has several members (E-Selectin,
P-Selectin, L-Selectin). Expression is cell type specific and in some cases can be
induced by exposure to growth factors such as TNFa. These heterotypically bind
sugar moieties on the surface of other cells in a Ca2+-dependent manner.

The cell–cell adhesion molecules, once engaged, are most commonly found
clustered in the membrane, similar to the way integrins cluster. Cell–cell junctions
mediated by cadherins linked to actin and myosin filaments are collectively known
as adherens junctions (AJs). Like matrix adhesions, these sites include proteins
such as vinculin, tropomyosin, and a-actinin (many of the same components as
focal adhesions). A second type of cell–cell junction is the desmosome. This type
of cell junction consists of a cytoplasmic plaque (made up of plakoglobin and
desmoplakins) that links keratin fibers (intermediate filaments) to desmoglein and
desmocollin, which are both cadherins. These adhesions are thought to contribute
to a cell’s shape and rigidity. They may also be able to transmit shear forces from
one cell to its neighbors.

Cell–cell connection machinery provides yet another pathway through which
cells can sense their environment to reach their homeostatic target. In the context
of cell spreading, this target takes the form of contact inhibition, a phenomena in
which cells will stop spreading if they come into contact with neighboring cells.
Such interactions are crucial to normal tissue function, but are disrupted in certain
disease states as will be described in Sect. 5.

3 Subcellular Connections and Dynamics

3.1 Matrix Adhesions

As described in the previous section, a cell possesses machinery for internal force
generation through cytoskeletal polymerization and machinery for exerting force
against its extracellular matrix. Coupling of these two separate but related
mechanisms to generate force enables cell–matrix adhesion and cell spreading.
Here we discuss the regulation of this coupling and how it translates into a means
for cells to sense their environment.

3.1.1 Initiation and Formation

Cell–matrix adhesion formation begins with the ligation of an adhesion receptor.
This initiates an ‘‘outside-in’’ signal—usually through conformational change of
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the adhesion receptor—that alerts the cell to its new connection. Adhesion-asso-
ciated scaffolding and signaling proteins are then recruited to the new adhesion
site. These recruited proteins often serve multiple purposes ranging from physical
reinforcement to propagation of chemical signals and regulation of the adhesion
lifetime. Important to their function, the activities of these proteins are transient;
the regulatory events governing matrix adhesions and cytoskeletal reorganization
require the molecules involved to be intrinsically dynamic. The development and
maturation of matrix adhesions is often dependent upon the exertion of forces at
the adhesion site.

Focal adhesions are commonly found in cells spread out on a 2D substrate and
their formation is based around the ligation of integrins to their specific substrate
in the ECM. Focal adhesions are molecular assemblies containing clusters of
multiple scaffolding and signaling proteins [48, 49] which are typically elongated
adhesions that are greater than 1 lm2 in area. Focal adhesions mature from focal
contacts, which are small dot-like adhesions, typically after the application of
force [50]. One of the first proteins to be recruited by a ligated integrin is talin.
Talin binds directly to the b-subunits of integrins and serves as a platform for both
linking to the cytoskeleton via actin filaments and binding to other recruited
proteins such as paxillin (also an integrin-binding protein) and vinculin [51].
Together, talin and paxillin recruit focal adhesion kinase (FAK). FAK has multiple
functions within the cell, including contributing to focal adhesion turnover,
transduction of signals to regulatory proteins, and phosphorylation of other focal
adhesion proteins [3]. Src, a membrane-associated tyrosine kinase, forms a com-
plex with FAK that aids in further signal propagation [3]. The transient formation
of this complex and its subsequent intracellular signaling play a role in deter-
mining the lifetime of the focal adhesion. Contractile force imposed at adhesion
sites and changes in cell shape cause the clustering of additional ligated integrins
and their respective linkages to the cytoskeleton [44]. This force contributes to the
maintenance and stability of adhesion sites required for cell adhesion and
spreading.

3.2 Mechanosensing at the Cell–Matrix Interface

The inside ? outside ? inside mechanosensory ability of cells is a critical con-
troller of not only cell adhesion and spreading, but also of endogenous cellular
force generation, tissue homeostasis, and quiescence [52]. Moreover, the ability of
a cell to respond to external mechanical stimuli depends on highly-interconnected
and coordinated networks of regulatory signaling that are integrated in the same
pathways that regulate cell adhesion. In their role as signaling and structural
transmembrane complexes, integrin-mediated complexes have mechanosensing
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function and are capable of translating externally applied forces into cellular
phenotypic changes.

Although no single sensory molecule has been identified specifically for the
purpose of mechanotransduction (as has been identified for chemical stimuli, for
example), mechanical stimuli in the cellular microenvironment including exoge-
nous forces, physical properties of the ECM, and forces exerted through cell–cell
adhesions have a significant effect on cell behavior. It has been shown that cells
can sense external forces through a number of mechanisms, including primary
cilia, stretch-modulated ion channels, nuclear lamina, the cytoskeleton, and matrix
adhesions [53–55]. Cellular adhesion, spreading, and force generation rely pri-
marily on cytoskeletal dynamics and matrix adhesions as a mechanism to sense
and respond to externally applied mechanical forces.

The ability of cells to sense the stiffness of their environment, while an
emerging field, is becoming a classic biological example of cellular mechano-
transduction resulting in differential cell spreading. Stiffness sensing relies upon
‘‘active tactile exploration’’ of the cellular microenvironment. That is, cells use
cytoskeletal contractility to exert contractile forces through matrix adhesions,
assessing the resulting substrate strains to determine the appropriate cellular
response. While this phenomenon was originally observed and identified in the
context of cell morphology, motility, and adhesion strengthening [56, 57], ongoing
work has shown that mechanosensing of matrix stiffness is intimately involved in
directional cell migration [58], cell differentiation [59], tissue development and
maintenance [60–65], disease progression [66, 67], and tensional homeostasis [66, 68].

The maturation and development of matrix adhesions into focal adhesions
during cell spreading and adhesion is directly affected by substrate stiffness. Initial
cell adhesions to the ECM through integrins initiate integrated feedback and
feedforward signaling cascades that actively regulate cell adhesion and cell force
generation [69]. Mechanosensing is a driving force for this response, and it has
been shown that stable focal adhesions, as evidenced molecularly by an adhesion-
localized increase in tyrosine phosphorylation and behaviorally by decreased
membrane ruffling and rate of spreading, only develop on sufficiently stiff sub-
strates [56]. Cells perceive stiffness by interpreting the reactive tensile force that
results from contracting the ECM through adhesions; less stiff (more compliant)
substrates resist less tension, and thus, do not promote the cytoskeletal tension and
protein kinase phosphorylation that are required for focal adhesion maturation and
stability [44, 48].

Cells use adaptive matrix adhesions to integrate mechanical cues from their
microenvironment. Through recruitment of adapter proteins and signaling mole-
cules to sites of initial matrix adhesions, cells can perceive and respond to
exogenous forces as well as physical properties of the extracellular matrix. In the
following sections we will demonstrate how cells utilize integrated biochemical
and biophysical pathways to adhere, spread, change shape, and migrate by pro-
viding analysis of the phases of cell spreading.

Forces During Cell Adhesion and Spreading 41



4 A Spreading Cell

Thus far, we have laid the groundwork for understanding the dynamics of cell
adhesion and spreading by describing the cellular structures (cytoskeleton and
integrin-mediated adhesions) involved. Given this information, the specific pro-
cess of cell spreading can be dissected. Cell adhesion and cell spreading are
fundamental biological processes essential for establishing connections between a
cell’s internal machinery and its environment. The establishment of these con-
nections, or lack thereof, will dictate cell behavior by enabling a cell to sense and
respond to its environment. These connections are therefore critical for achieving
cellular homeostasis.

Cells have been shown to spread either isotropically, where they flatten against
a surface like pancake batter on a pan, or anisotropically, where the cells send out
membrane extensions unevenly in multiple directions [64]. In earlier work, we
showed that when ligand density is decreased, anisotropic spreading is favored;
however, when ligand density on a substrate is saturated, isotropic spreading is
favored [64]. While there remains much to be understood regarding the mecha-
nisms driving isotropic versus anistropic spreading, our data seem to indicate that
the need for a cell to ‘‘search’’ for ligand to bind to, when ligand is sparsely coated
on a surface, triggers a cell to send out increased extensions, which favors
anisotropic spreading. The rate and directionality of filopodia extension depending
on the microenvironment may be one determinant of the mode of spreading.

Although most cell types display both modes of spreading, current literature has
primarily focused on isotropic spreading [70–76]. Spreading studies, in general,
are useful model systems for simplifying the more complex process of cytoskeletal
organization, and isotropic spreading is the simplest form of that model. Spreading
can be thought of as a series of cytoskeletal movements that drive membrane
protrusion. Given this simplification, spreading becomes a relatively pure system
for understanding the forces and factors regulating cytoskeletal reorganization.
Once these aspects of spreading are understood, this knowledge can be applied to
our understanding of a more complicated cell processes like migration or cell
division, where multiple cytoskeletal processes, like adhesion, de-adhesion, ruf-
fling, blebbing, and retraction, occur.

Here, we will dissect the process of cell adhesion and spreading, by describing
the changes undergone by a single cell from initial contact to a fully spread state
and the establishment of homeostasis. To do this however, we must first make
some assumptions:

• The cell is healthy, anchorage-dependent, and spreads isotropically (equally in
all directions).

• The substrate exhibits sufficient adhesion molecule ligands on its surface. These
ligands can take the form of ECM proteins such as fibronectin, laminin, colla-
gen, etc.
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Thus, the specific phases of spreading described here may not apply to all cell
types, but because all eukaryotic organisms, including yeast, utilize similar
cytoskeletal proteins and dynamics, one might anticipate that cell spreading
generally occurs in unique phases. Isotropic spreading is focused on here because
it much simpler mechanistically. Anisotropic spreading involves the same mech-
anisms, except they are spatially biased.

4.1 Defining the Phases of Spreading

Much of what is known about the individual phases of cell spreading is largely
based on the work of only a few labs in recent year. Sheetz and colleagues were
the first group to define the distinct phases involved in cell spreading [72, 73].
These phases were identified by comparing the spread area (A) of isotropically-
spreading mouse embryonic fibroblasts on fibronectin-coated substrates with time (t).
Examining a plot of ln(A) vs. ln(t) revealed three distinct rates of area increase, each
following a different power law (and thus a different ‘‘rate’’ of spreading, dA/dt).
Generally, cells exhibit an initially slow rate of spreading, followed by a period of
rapid spreading, before finally reaching a fully spread state with minimal change in
area. Upon examining cellular traction forces over the same duration, a biphasic trend
emerges: traction forces remain low for a period of time before abruptly rising to
higher levels later on, once a constant area is achieved. An example of this behavior
can be seen in Fig. 3. The time course over which spreading occurs can vary
depending on cell type. However, the phases of spreading as identified [72, 73] occur
over the course of roughly an hour, as seen in Fig. 3.

Fig. 3 Identifying the phases of spreading (a, reprinted with permission from the Journal of
Applied Physiology) double logarithmic plot of cell area over time for two different mouse
embryonic fibroblasts [73]. b Average contractile force of a single spreading mouse embryonic
fibroblast over time [76] (Reproduced under Creative Commons Attribution License). Dotted
lines indicate boundaries between phases. E, I, and L indicate early, intermediate, and late phases
of spreading respectively
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Integrating these observations with knowledge of cytoskeletal structure and
function provides some information regarding the intracellular dynamics involved
in spreading. As described earlier in this chapter, a major function of the cyto-
skeleton is to establish and support cell shape, structure and integrity. Multiple
groups of proteins (such as small GTPases) actively regulate cytoskeletal
dynamics (actin/microtubule (de)polymerization, myosin activation/inhibition,
etc.). These regulatory proteins directly control cell shape, structure, and integrity
by regulating the cytoskeleton. A cell’s degree of spreading—and more broadly,
its morphology—at any given time is thus the collective combination of all active
cytoskeletal ‘‘states’’ or activity [72, 73]. Precise spatial and temporal activation of
cytoskeletal states gives rise to cellular processes (membrane blebbing, ruffling,
lamellipodia or filopodia extension, contraction, etc.) that are then coordinated or
biased to achieve global movements such as adhesion, spreading, migration, etc.
[76]. Investigation of the molecular players involved in each phase of cell
spreading should provide valuable insight into the relative roles that each of these
molecules play in regulating more complex processes like migration.

4.2 Phases of Spreading

4.2.1 Early Phase Spreading

Key Events

The early phase of spreading can be thought of as containing two key events: first
is the initial physical contact between the cell and substrate, followed by the initial
sensing of the substrate surface ligands. In most cases, cells initially exhibit a
spherical or ‘‘balled-up’’ morphology while in suspension.

Initial Physical Contact with Substrate

The dynamics of the initial physical contact between the cell and substrate is
governed primarily by the material properties of both entities [74, 75]. Very
early spreading and the initial forces experienced by a cell can be analogously
compared to a viscous liquid droplet (the cell) contacting a surface (the sub-
strate). This very early spreading is primarily a passive process, dependent upon
the mesh-like structure of the cortical actin network of the cell and the stiffness
of the cell membrane [74, 75]. The cortical actin network can increase cell
rigidity and decrease initial passive spreading. As such, disruption of the cortical
actin network (through disrupting either actin polymerization [74], or non-muscle
myosin-IIA (NMIIA) contractility [77]) significantly increases the rate at which
early spreading occurs by decreasing the amount of force required to deform the
cytoskeleton-supported cell membrane. Another material aspect important in
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early contact with the substrate is surface charge. The surface of a cell is nor-
mally negatively charged due to carbohydrate modifications of surface proteins.
As such, the early adhesion dynamics between cell and substrate depend on the
thermodynamic balance of charges on each. Predictive models of these cell–
substrate interactions in terms of such thermodynamics have been developed
[78, 79].

Initial Sensing of Substrate Surface

Coincident with the initial physical contact of the cell and its substrate are the
formation of the initial connections between cellular adhesion receptors (pre-
dominantly integrins) and substrate-bound extracellular matrix proteins. Mem-
brane-bound adhesion receptors are brought into further contact with the
substrate via active cytoskeletal protrusion events in early spreading. These
events include either membrane blebbing or filopodia extension [76]. These first
connections are significant events because they serve as both anchoring points
for the cell facilitating adhesion, and as nexuses to transmit information
regarding the composition of the cell substrate. This ability arises from the
specificity of its adhesion receptors (e.g. specific integrin subunit pairs bind only
specific ligands).

Implications of Early Phase Events

The establishment of initial cell–substrate adhesions characterizes the early phase
of spreading, and will ultimately induce a transition to the next phase of spreading.
Activation of integrins, via binding to their extracellular ligands, initiates multiple
signaling events that can influence cytoskeletal dynamics and the maturation of the
initial adhesions.

Transduction of integrin-mediated signals typically requires the intracellular
binding of paxillin and talin, which recruit focal adhesion kinase (FAK) and Src.
FAK and Src form a complex together to initiate a cascade of signaling that results
in stimulation of the Rho GTPases Rac1 and Cdc42. Activity of this FAK-Src
complex also mediates suppression of active RhoA (RhoA bound to GTP) levels,
which in turn decreases the activity of Rho-associated kinase (ROCK), thereby
decreasing cell contractility [3, 80]. Paxillin and talin also serve to link the ligated
integrin to the cytoskeleton. Together, increased activity of Rac1 and Cdc42 serve
to stabilize the F-actin network of the cell and promote its growth through
increased polymerization [80], which is the driving mechanism of the next phase
of spreading described below [72, 73, 76].

The density of ligand available on the substrate has been shown to affect the
duration of this early phase of spreading [44, 76, 81]; cells initiate spreading
more quickly on a surface containing higher ligand density. Likely, a cell
exposed to an increased density of initial ligand will exhibit increased early
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integrin activation that results in activation of Rac1 and Cdc42. At the end of
early phase spreading, the cell has transformed from being a spheroid in sus-
pension, to being a flattened cylinder with roughly the same radius on the 2D
substrate.

Cell-Generated Forces During Early Phase Spreading

Studies have shown that a cell at this early stage is capable of exerting con-
tractile forces on the substrate [76, 81]. Contractile forces at this stage, however,
are of significantly lower magnitude as compared to later stages of spreading.
The generation of early phase contractile forces, shown to be caused by NMIIA
[77], is enabled by the linkage of ligated integrins to the cytoskeleton via talin
[4]. These weaker contractile forces are to be expected, as RhoA activity is
suppressed by the formation of initial adhesions and that the cell’s small
adherent spread area can only minimally activate ROCK to induce myosin
contractility [82]. Our own work has shown that cells are capable of exerting
force in these early stages of spreading, even without the detectable presence of
actin stress fibers or the clustering of vinculin, one of the earliest recruited focal
adhesion-associated proteins [64]. Collectively, these data indicate that to exert
force against its substrate, a cell does not need formal focal adhesions to have
formed.

Summary: Early Phase spreading is characterized by:

• Passive deformation and disruption of the cortical cytoskeleton occurs, depen-
dent on the stiffness and tension of the cell membrane.

• The formation of initial adhesions between integrins and extracellular matrix
proteins, which initiates signaling events through Rac1, Cdc42, and RhoA.
Integrin ligation alters the balance of active cytoskeletal processes.

• Weak contractile forces exerted against the substrate, likely due to minimal
integrin binding and the lack of focal contacts.

4.2.2 Intermediate Phase

Key Events in Intermediate Phase

The cell enters the intermediate phase of spreading once Rac1 and Cdc42 have
been activated beyond a threshold, essentially reached through ligation of adhesion
receptors to the substrate [72, 73, 76, 80]. This increased activation of Rac1 and
Cdc42 shift the dominant active cytoskeletal state from a primarily stagnant cor-
tical network to polymerization of the cortical actin. Therefore cell area rapidly
increases during the intermediate phase of spreading.
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Implications of Intermediate Phase Events

Increased peripheral actin polymerization results in an increase in protrusive
forces, causing a rapid increase in cell area. Rac1- and Cdc42-induced actin
polymerization drives an increase in cell area by exerting protrusive forces directly
on the membrane [1]. During intermediate phase spreading, VASP localizes near
the tips of cortical protrusive processes [76]. This helps drive expansion of cell
area because VASP binds both F-actin and adhesion molecules in the cell mem-
brane [83, 84]. A number of additional actin-interacting proteins including the
Arp2/3 complex, formins, and cofilin also play a role in actin polymerization and
the protrusion of the cell membrane during spreading. Formins act as ‘‘processive
caps’’ by attaching the (+) end of the filament to the plasma membrane while
simultaneously enabling further polymerization and protecting the filaments from
other capping proteins. The Arp2/3 complex enables branching of the actin net-
work, providing increased stabilization between filaments. To support the
expanding cortical actin network, depolymerization of older actin filaments must
occur. Depolymerization is mediated by the cofilins, which aid in the dissociation
of ADP from G-actin. In the next phase of spreading, actin-interacting proteins
(formins, Arp2/3, VASP, and talin) also play a large role in shaping the ability of
microfilaments to exert and transmit force. The retrograde flow of actin has been
shown to be inversely related to the speed of edge protrusion and driven by a
combination of NMIIA activity and membrane resistance to actin polymerization
[70, 85, 86].

The increase in cell area, which is a hallmark of this intermediate phase of
spreading, also causes several other notable changes to occur in the cell. One of the
more obvious changes is the increase in the number of integrin-mediated adhe-
sions. As spread area increases, more of the cell surface comes in contact with the
substrate, and more integrin receptors become ligated. Integrin ligation initiates
the formation of a positive feedback loop via Rac1 and Cdc42 [80]. Just as occurs
during early phase spreading, initial integrin ligation activates these regulatory
small GTPases. The intermediate phase of spreading also includes an increase in
cytoskeletal tension. Studies of cells on isolated adhesive islands of ECM revealed
that cells with a greater spread area exhibit higher levels of cytoskeletal tension
[87]. Increased cytoskeletal tension translates to increased intracellular force
transmitted to the cell–matrix adhesions, which balances the internally-generated
forces across the cell. Increased tension at adhesion sites activates additional
signaling pathways inducing activation of RhoA, a key molecular regulator of
contractility [82].

Increased protrusion forces also induce the recycling of adhesion sites. As
spreading occurs and new adhesion sites are formed, mature adhesion sites (now
located towards the center of the cell body) begin to disassemble due to prolonged
FAK activation and decreased RhoA activity [70, 88]. Recall that the initial
ligation of integrins causes deactivation of RhoA and a number of other events
through FAK activation [3]. Integrins from disassembled adhesion sites are now
recycled to new sites at the cell periphery [86]. The recycling of integrins has been
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linked to ROCK signaling [89] which can become decoupled from RhoA activity
[82] (such that RhoA activation does not activate ROCK). Through this pathway,
adhesion site disassembly leads to the majority of adhesion sites being located at
the expanding cell periphery.

Cell-Generated Forces During Intermediate Phase Spreading

As described earlier, cell-generated forces in intermediate phase spreading are
predominantly protrusive. These protrusive forces are driven by actin polymeri-
zation directly against the membrane and are facilitated by specific actin-
interacting proteins [1]. Protrusive forces have been measured using a variety of
tools. The first direct measurement of these forces was in 2006 by Prass et al. [18].
They measured the deflection of an AFM cantilever tip against the advancement of
a trout keratocyte lamellipod and used that measurement to calculate the force
exerted by the lamellipod. Using this technique, the mean force produced by
lamellipodial protrusive forces was determined to be just over 1 nN [18]. The
normalized Fv curves obtained in their experiments exhibited the same qualities as
the Fv curve for simple actin polymerization as measured by Parekh et al. [6] in
Figure 2d, illustrating that such lamellipodial protrusive forces are generated
through actin polymerization.

As in early phase spreading, there appears to be weak contractile force gen-
eration during this phase due to minimally active ROCK [82]. Together, the
increase in cell area, recycling of adhesion molecules, and increased tension
induce onset of the third, ‘‘late’’ phase of spreading. The shift is driven primarily
by the increased activation of RhoA and its downstream effector ROCK, induced
by the cell reaching a critical spread area [71, 82].

Summary: Intermediate Phase cell spreading is characterized by:

• ‘‘Steady state’’ phase of actin polymerization [76], resulting in the generation
of protrusive forces at the cell periphery and generation of new adhesion
sites.

• Increased cytoskeletal tension.
• Recycling of adhesion receptors from initial locations to the cell periphery.

4.2.3 Late Phase

Key Events in Late Phase Spreading

Similar to the Intermediate Phase of spreading, the onset of Late Phase spreading
is induced by an increase in the levels of activated small GTPases involved in
contractility. Once the cell’s spread area reaches a critical spread area (as deter-
mined by substrate properties such as ligand density, stiffness, etc.) [71, 81], RhoA
activates its effector ROCK, resulting in NMIIA phosphorylation. This increase in
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phosphorylated NMIIA produces the hallmark event of late phase spreading:
cytoskeletal contractility.

Implications of Late Phase Events

The resultant increase in RhoA activation and its coupling to ROCK [82] leads to
the activation of myosin light chain kinase (MLCK) which in turn activates
NMIIA via phosphorylation. Increased NMIIA activation mediates contraction of
the cytoskeleton and transmission of the subsequent generated force to the sub-
strate. As in intermediate spreading, the key characteristic event, cell contraction,
promotes several changes in the cell. Most notably, contractile forces imposed at
sites of cell–matrix adhesion induce reorganization of adhesion molecules and
reinforcement of adhesion sites.

First, the increased force on ligated integrins promotes integrin clustering in the
membrane and the maturation of focal adhesions [90]. Clustering of integrins and
activated RhoA leads to bundling and cross-linking of the associated actin and
myosin network into stress fibers. RhoA also serves to inhibit actin fiber disas-
sembly by cofilins and promote its assembly via formins (the ‘‘processive caps’’
described earlier in this chapter) [91].

Contractile ‘‘pulses’’ of the cytoskeleton are also observed in Late Phase
spreading. These contractile pulses have been proposed as a way for cells to
‘‘sense’’ substrate stiffness [70, 76].

Cell-Generated Forces in Late Spreading

Late phase spreading is characterized by a rapid increase in cell-generated con-
tractile forces [71, 76]. The degree of cell contractility (and the magnitude of
generated forces) is affected by substrate stiffness, ligand concentration, cell area,
focal adhesion size, and a variety of other factors [71, 76, 81]. The contractility
observed in late phase spreading is transmitted through integrin adhesion to the
cell substrate as tractional stresses exerted tangential to the substrate. Multiple
techniques have been developed to measure cellular traction stresses, including
traction force microscopy (TFM). TFM measures the cell-mediated displacement
of fluorescent beads in a deformable substrate of known stiffness to determine
forces exerted by a cell that creates these displacements. Studies using TFM have
revealed that endothelial cells can exert traction forces almost as high as 2,500 nN
[81, 92]. Cells can therefore exert much greater force through contractile mech-
anisms in late spreading compared to polymerization-driven mechanisms in early
spreading.

Summary: Late Phase spreading is characterized by:

• NMIIA-dependent contractility.
• Formation of actin–myosin based stress fibers linked to mature focal adhesions

(Fig. 4).
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5 Physiologic Environmental Factors Sculpt Cellular
Spreading and Homeostasis

5.1 Regulation of Cell Shape by the Extracellular
Microenvironment

During active and quiescent cell states, the multi-molecular intracellular
machinery that is required for force responsiveness and generation is not static.
Rather, the cytoskeleton and cell–matrix adhesion complexes are continually being
assembled and disassembled, enabling the cell to generate protrusive and con-
tractile forces. These forces contribute to the maintenance of cellular homeostasis
in a potentially dynamic microenvironment, and during cell migration and the
formation of tissues [49, 93–95]. In the previous section, this coordination was
demonstrated through the phenomenon of isotropic cell spreading, which is gen-
erally considered a relatively homogeneous process. Physiologically, however,
there are many environmental factors that influence cell spreading and determine
the homeostatic shape of a cell. For example, the cellular microenvironment can
affect cell contractility, kinetics of spreading, spread area, cell polarization
(intracellular components), and isotropy of shape and cell elongation. Notably,
while these parameters generally define cell morphology, cell shape is much more
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Fig. 4 A summary of the phases of isotropic cell spreading. Top panel Flowchart of spreading
events; activated and inactivated Rho GTPases are indicated by green and red boxes, respec-
tively; orange boxes indicate the events that directly lead to initiation of the next phase of
spreading by crossing the threshold indicated in the teal boxes. Middle panel Total internal
reflection fluorescence (TIRF) microscopy images of the spread area of a mouse embryonic
fibroblast over time [76] (Reproduced under Creative Commons Attribution License). Bottom
panel Cartoon rendition of cell spreading events, viewed from the side
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significant than a mere description of the size and appearance of a cell. Over the
past 30 years, several landmark studies in which the geometry of cells was pre-
cisely controlled have proven that cell shape, as determined by cell–matrix
adhesions and the cytoskeleton, has a critical role in cell survival and differenti-
ation as well as in tissue development, architecture, and function in vivo [38,
96–99]. Identifying the environmental factors that contribute to defining cell shape
in vivo will enable better understanding of cell and tissue homeostasis as well as
the causes and effects of deregulated cell shape in disease.

5.2 Cell Migration: ‘‘Shape Change with a Bias’’

Cell migration is a dynamic process that occurs through the biochemical and
biophysical orchestration of cell–matrix adhesions and cell shape polarization,
which itself is a coordination between intracellular contractile and protrusive
forces [100–103]. Thus, in the context of cell adhesion and spreading, cell
migration can be considered ‘‘shape change with a bias’’. Indeed, the extracellular
stimuli that drive cell shape regulation often direct cell migration in tissue
development, maintenance, and disease [95, 104, 105]. Such microenvironmental
factors can influence migratory characteristics including rate of migration (speed)
and directional persistence in a coordinated manner. Highly-polarized stimuli,
such as chemical or mechanical gradients, will typically increase the directional
persistence of a migrating cell while generally isotropic stimuli, such as uniform
chemokinetic factors or ECM stiffness, will alter the migratory behavior (speed) of
a cell with no apparent directional bias. While a complete discussion of the
mechanisms of cell migration is beyond the scope of this chapter, we will discuss
how integration of exogenous stimuli drives endogenous cellular force generation,
thus enabling cells to adaptively control their shape and, as necessary, migrate to
achieve cellular homeostasis.

5.3 Tissue Specificity

Mesenchymal, connective, muscle, epithelial, and endothelial cells are each
exposed to unique microenvironmental factors in vivo that define distinctive cell
and tissue morphologies and functions [106–111]. It would be impossible to pro-
vide a comprehensive survey of instances where a cell’s microenvironment defines
its cellular homeostasis within one chapter, as research in this field is vast and
entirely tissue-specific. However, to capture the importance of the microenviron-
ment in regulating cellular shape and force generation, two specific tissue types will
be discussed: epithelial and endothelial tissues. The environmental factors that
contribute to the unique homeostasis of the cells in each tissue will be explored. We
will provide evidence that, through mechanosensing, the microenvironment
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mediates endothelial and epithelial cellular force generation, which, when
orchestrated with matrix adhesions, manifest in cell shape regulation. Finally, this
shape regulation, when spatiotemporally coordinated, can lead to cell migration,
which has implications in tissue development and disease progression.

5.4 Overview of Cellular Homeostatic Perturbations and
Disease

Cell shape changes and migration, which are required for embryogenesis, tissue
maintenance, and wound healing, are also involved in pathogenesis upon disrup-
tion of cellular homeostasis. Perturbations in cell spreading can cause cells to
undergo changes in gene expression and phenotype that drive it from its quiescent
state. Normal disruption of homeostasis is transient and can be beneficial as it
guides cell differentiation and migration during development or wound healing.
However, sustained disruption of homeostasis or aberrant cell response to
homeostatic microenvironmental conditions can drive disease. If the homeostatic
perturbation is sustained and/or excessive, it can initiate and preserve overactive
intracellular signaling loops that cause tissue-specific phenotypic changes and
promote pathogenesis. For example, changes in ECM stiffness, which are typically
a sustained perturbation, can cause deregulation of cell-generated forces, which, as
we will discuss, can significantly impact the normal structure and function of cells
and tissues. Additionally, if the ability of a cell to respond to environmental cues is
abnormal, its behavior in its native environment may be disrupted. For example,
transformed cells can have defective mechanosensing machinery, which prevents
them from sensing and responding to their mechanical environment appropriately.

5.4.1 Epithelium and Cancer: An Example of Cell Forces Correlating
with Disease

Epithelial tissues exist in several unique shapes, including spherical cysts (i.e.
thyroid, other glands) and elongated tubular structures (i.e. ducts in mammary
epithelial tissue) [112]. Regardless, the most striking characteristics of epithelial
tissues in vivo are their apical–basal polarity and tight cell–cell adhesions [113,
114]. Notably, the tissue stroma has been strongly implicated in establishing these
traits. Further, the properties and composition of both the cellular and ECM
components of the stroma evolve through development and significantly affect
tissue organization and function at all epithelial generations [108, 115]. It has been
shown that cytoskeletal tension, controlled through Rho and ROCK-mediated
contractility, drives basement membrane remodeling required for normal tubulo-
genesis in mammary epithelium [116, 117]. Additionally, several studies have
demonstrated that proper epithelial development and maintenance depends on a
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dynamic balance between cell–cell and cell–matrix adhesions [95, 118]. Guo et al.
[63] found that cell–cell adhesions compete directly with cell–matrix adhesions to
provide cells with mechanical input and thus, maintain tensional homeostasis. If
physical signals from the ECM are stronger than those from cell–cell interactions,
cells migrate away from each other, while if cell–cell adhesions dominate, cells
associate and assemble into tissue structures. This balance of epithelial cell
adhesions—to the basal lamina through integrins or to other cells through
E-cadherins—plays a critical role in establishing epithelial tissue polarity. The
nature of cell adhesions promotes polarization of the membrane and cytoskeletal
molecules across the apical and basal cell surfaces [113].

Basal Lamina Stiffness Drives the Malignant Phenotype
Through a Cellular Force Pathway

The stroma of epithelial tissues stiffens naturally during both tissue morphogenesis
and aging [119]. Naturally occurring tissue stiffening is due to the accumulation of
advanced glycation end products which crosslink the matrix as well as increased
matrix deposition. It is also well-known that tumors are stiffer than the sur-
rounding stromal tissue. This stiffening is likely a result of increased interstitial
tissue pressure and solid stress due to tumor expansion [120], an increase in the
intracellular stiffness of malignant cells [121], excessive RhoA-based cell con-
tractility [122, 123], and fibrosis [105]. Furthermore, patients presenting clinically
with fibrotic tumors typically have a poor prognosis [124]. Because of the highly
interconnected feedforward/feedback nature of mechanosensing, matrix stiffness
can initiate and maintain chronically-elevated mechanoresponsive signaling cas-
cades that can lead to malignant transformation of epithelial cells.

Stiffness sensing is an important component of a cell’s mechanosensing arsenal,
and it has been identified as a major determiner of epithelial cell shape and
epithelial tissue homeostasis. Epithelial cells probe the stiffness of the surrounding
ECM and respond through the adhesion and cytoskeletal dynamics discussed
throughout this chapter [112]. As discussed in earlier sections, matrix stiffness
induces focal adhesion formation and stability through an increase in tension at
these adhesion sites. This phenomenon is especially important in epithelial tissues,
where the balance between cell–cell and cell–matrix adhesions is controlled pri-
marily by properties of the underlying basal lamina [112, 115]. Thus, epithelial
tissue architecture is governed in part by the stiffness of ECM and cellular force
generation, and increases in stiffness can induce dissociation of cell–cell adhesions
[63]. Such deregulation of cell–cell adhesions supports an increased preference for
cell–matrix adhesions through integrins, which is critical for cancer progression. In
fact, inhibition of b1 integrins in breast cancer cells arrested cell growth and
promoted cellular apoptosis in 3D cultures and in vivo [125], underscoring the
necessity of cell–matrix adhesions and cell spreading in cell survival.

During malignancy and invasion, cells exhibit a more aggressive phenotype,
and it is thought that cell force generation is an important element of this

Forces During Cell Adhesion and Spreading 53



phenotype [126]. Notably, epithelial cell traction forces increase with matrix
stiffness [127], which can manifest in basement membrane reorganization, cell
shape changes, and migration commonly associated with cancer [115, 117, 128].
Indeed, the expression and activity of the small GTPases Rac and Rho, which are
classically linked with cellular contractility, are enhanced in tumors, and elevated
Rho expression is clinically associated with cancer progression [122, 129, 130].
Further, Wozniak et al. [116] have implicated Rho-based cell contractility in
response to matrix stiffness as the determining factor that drives mammary epi-
thelial cells toward either tubulogenesis on soft substrates or cell proliferation on
stiff substrates. Rac and Rho have complementary roles in maintaining cell shape
and cell force generation. Cancer cells, which typically exhibit loss of spatio-
temporal control over Rac and Rho activation, show disrupted cell polarity, cell
shape, and cell force generation [131, 132].

Taken together, the deregulation of cell adhesions, increase in cell force gen-
eration, and cell shape changes that occur in response to basement membrane
stiffness provide substantial evidence that normal levels of ECM stiffness preserve
epithelial tissue architecture (Fig. 5). Several groups have shown that a sustained
increase in stromal stiffness disrupts normal cellular and tissue structure and
function both in vitro and in vivo, in a manner that is characteristic of cancer.
Paszek et al. [66] demonstrated that increased stiffness causes integrin clustering,
focal adhesion assembly, disruption of E-cadherin junctions, Rho-mediated con-
tractility, and FAK/ERK activation in non-transformed mammary epithelial cells.
These subcellular effects resulted in disruption of acini structure and promoted a
highly invasive phenotype. Moreover, Provenzano et al. [67] showed that sustained
ERK activation due to matrix stiffness promoted initiation of, and progression
through, the cell cycle as well as expression of clinically-relevant proliferation-
signature genes, which is consistent with the characteristic over-proliferative
behavior of malignant cells. Most recently, it was reported that stiffening of the
mammary stroma with lysyl oxidase (a natural collagen crosslinker) facilitates
tissue morphology breakdown and invasiveness both in vitro and in vivo [133].

The matrix stiffness-induced intracellular changes shown by Paszek et al. and
Provenzano et al. may enable epithelial to mesenchymal transition (EMT), which
is generally characterized by fundamental changes in cell adhesion and motility
[95, 134]. Specifically, cells having undergone EMT exhibit a loss of E-cadherin
expression in favor of N-cadherin expression. These cell–cell adhesions are much
weaker, and an increase in cell–matrix adhesions is needed to satisfy the cells’
need for mechanical input and tensional homeostasis.

In addition to triggering malignant transformation, stiffness-induced Rho-
mediated cell contractility and changes in cell adhesion, when coupled with pro-
teolysis, may also contribute to metastatic migration [135]. This ‘‘shape change
with a bias’’ is likely enabled by defective mechanosensing components (discussed
in the next section), and allows tumor cells to navigate aggressively away from the
primary tumor. While a more thorough discussion of the mechanisms of cell
migration is outside the focus of this chapter, Friedl and Wolf [103] provide an
excellent review.
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Defective Mechanosensing Components Prevent Epithelial Cells
from Responding Appropriately to Mechanical Stimuli

The ability of cells to respond to their environment is critical for maintenance of
cellular health and homeostasis. However, the intracellular signaling pathways that
are involved in sensing and responding to external stimuli are complex and involve
a vast number of molecular players. Gain-of-function mutations in Ras that result
in its constitutive activation were among the first discovered oncogenic mutations
and represent one of the most prevalent molecular mechanisms for transformation
[136]. Overactivation of this molecular intermediate has many downstream effects,

Fig. 5 Normal ECM stiffness promotes epithelial cell quiescence and epithelial tissue structure. a
Spatiotemporally-localized activation of Ras, Rac, and Rho downstream of FAK phosphorylation
contributes to epithelial cell polarity and maintenance of tensional homeostasis under normal ECM
conditions (left side of figure). Specifically, Rac acts to stabilize cell–cell junctions through
recruitment of cortical actin (dashed gray region on left), while activated Rho and ERK phos-
phorylate MLC and drive cell contractility (dashed gray region on right). Both cell-generated and
perceived extracellular forces are represented by white arrows. b In response to a stiff extracellular
matrix (right side of figure), the cell re-establishes its tensional homeostasis by contracting more
aggressively (positive feedback pathway within green dashed region), which enables stress fiber
formation and promotes cell–matrix adhesion through integrin clustering. The impact of stiffness-
induced Rho activation on intercellular cadherin junctions is twofold (destructive signaling pathway
within red dashed region). Rho directly suppresses (thick black inhibition arrow) the laterally-
localized Rac activation that stabilized cadherin junctions and, through cell contractility, destabi-
lizes already existing intercellular junctions. ECM stiffness promotes a general loss of cellular
polarity, which drives the epithelial cells toward an invasive mesenchymal phenotype. Together, the
subcellular and cellular-level responses in green and red are indicative of a malignant phenotype and
the resulting disruption of normal tissue architecture is represented in the confocal immunofluo-
rescence images, with notable events highlighted by white arrowheads. Confocal immunofluo-
rescence images reprinted with permission from Elsevier [66]
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one of which is decreased sensitivity to the mechanical properties of the sur-
rounding ECM. Transformed cells typically exhibit increased cell contractility [66,
134], which is driven by altered RhoGTPase signaling in breast cancer [123]. This
defective mechanosensing capability was modeled in vitro by transfecting mam-
mary epithelial cells with a constitutively active isoform of Rho. This modification
eliminated the stiffness-sensing ability of these cells, causing elevated cell con-
tractility, increased cell spreading, and enhanced cell–matrix adhesion regardless
of matrix stiffness [66].

Mechanical Properties of the ECM Influence Angiogenesis in Cancer

Normal development and maintenance of endothelial tissues also depends on
mechanosensing, balance of cell–cell and cell–matrix adhesions, and coordination
of contractile and protrusive cytoskeletal dynamics. Interestingly, there is signif-
icant evidence that blood vessels associated with tumors, and specifically those
that develop within tumors through angiogenesis, are leaky, dilated, and disor-
ganized, and that the cells that reside in these blood vessels are highly prolifera-
tive, drug-resistant, and exhibit increased sensitivity to growth factors [137, 138].

The process of neovessel formation through angiogenesis is an essential part of
development, wound healing, and pathogenesis [139]. There is evidence that
proteolytic activity accompanies angiogenic network formation in vivo, suggesting
that matrix composition affects both the initiation and progression of neovessel
formation [140]. Furthermore, because sprouting involves directional migration, it
requires polarization, which is thought to arise from both biochemical and bio-
physical means. The ECM plays a significant role in establishing the cell polari-
zation that accompanies endothelial network formation. Through force generation
and mechanosensing, cells detect and respond to intrinsic properties of the ECM as
well as changes in these properties.

During angiogenic network formation, cell–cell adhesions can directly compete
with cell–matrix adhesions [63] to enable the self-assembly of cells into networks
structures. This balance supports the formation of networks in more compliant
ECM, where to satisfy their tensional homeostasis, endothelial cells increase cell–
cell interactions and connectivity [62, 64]. Our own laboratory has showed that
when EC-matrix adhesivity is low, either through insufficient matrix stiffness or
reduced ligand availability, capillary-like network formation results (Fig. 6) [47].
Alternatively, when EC-matrix adhesions are strong and stable on stiffer sub-
strates, the cells are less likely to organize into networks. While this phenomenon
was identified in vitro, it has significant implications in tissue development and
maintenance in vivo, particularly in driving endothelial sprouting and network
formation during tumor angiogenesis. Specifically, these results suggest that
increased intratumoral stiffness may cause the destabilization of endothelial cell–
cell adhesions, resulting in excessive vascular permeability [138].

Additionally, we have acquired separate data to show that ECs are capable of
mechanosensing adjacent cells over a distance during network formation. That is,
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ECs can communicate through compliant substrates using a form of stiffness
sensing in which cells sense directionally-biased increases in matrix stiffness due
to the contractility of nearby cells [64]. From these results, a novel model emerged
wherein cell-generated contraction forces induce a tension gradient in the sur-
rounding ECM that activates the adhesion and migratory machinery of a second
cell in a highly localized and polarized manner, resulting in durotaxis. Thus,
durotaxis, first demonstrated by experimentally perturbing the substrate in the
vicinity of a cell [58], is presumed to contribute to the cell spreading and migration
that is characteristic of angiogenesis [47]. This result supports the finding that a
balance between ECM stiffness and cellular traction forces determines the mor-
phological features of endothelial networks [141].

Recently, it was shown that tumor-derived capillary endothelial cells exhibit
some degree of stiffness-insensitivity similar to that which was described in epi-
thelial cells [137]. These cells express high basal levels of Rho activity, thus
preventing them from dynamically responding to the mechanical properties of
their surrounding ECM. As expected, these cells exert higher traction forces, take
on distinct cell morphologies, and assemble into tubular networks regardless of the
mechanics of the underlying substrate or presence of other cells. However, normal
mechanosensing endothelial cell behavior was restored upon ROCK inhibition.
These results provide further evidence of the importance of both ECM stiffness
and mechanosensitivity in maintaining normal tissue architecture and function.

Fig. 6 Matrix stiffness influences endothelial network formation. Compliant (low stiffness) gels
(E B 1 kPa) promote cell–cell interactions and network assembly as evidenced by EC clusters,
cords, and lacunae. Stiff gels (E C 2.5 kPa) prevent proper endothelial network formation by
restricting endothelial cells from deforming their ECM to communicate with other cells as well as
by encouraging cell–matrix adhesions. This phenomenon is important in cancer because the
ability of tumor-associated ECs to satisfy their tensional homeostasis through balance of
mechanical inputs is critical for normal vascular function. Increased intratumoral stiffness may
cause destabilization of cell–cell adhesions, resulting in vascular permeability. Notably, it was
recently reported that ECs extracted from a primary tumor may exhibit some degree of stiffness-
insensitivity, shown by a stiffness-independent increase in basal Rho activity, traction force
generation, and tubule formation. It is thought that this mechanism enables tumor-associated ECs
to form networks, although leaky, in vivo
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5.4.2 Endothelium and Atherosclerosis: An Example
of Cell Shape Correlating with Disease

Forces in the Endothelium Determine Normal Tissue Structure and Function

In addition to matrix stiffness, there are a multitude of other forces that are present
in the normal endothelial environment in vivo that influence cell adhesion and
spreading, and thus, endothelial cell homeostasis and angiogenesis. Endothelial
cells in vivo display a bi-axial hallmark of polarity (apical–basal and upstream–
downstream) in forming a monolayer that lines the interior of blood vessels. Here
we will describe two significant mechanical cues inherent in the endothelial
environment. The first is cyclic strain, which results from both the elasticity of
blood vessels and the pulsatile nature of blood flow. The second is shear stress,
which is exerted upon the endothelium as viscous blood flows over the adherent
endothelial monolayer. Both of these mechanical cues influences the balance and
localization of cell–cell and cell–matrix adhesions and alters cell shape to promote
quiescence and thus aid in the maintenance of normal tissue function. In vivo,
vessel circumference dynamically changes as a result of blood flow. This change
in vessel circumference translates to cyclic strain along the axis perpendicular to
the direction of fluid flow. This stretching induces a change in cell shape,
accompanied by a re-distribution of matrix adhesions and stress fibers perpen-
dicular to the axis of stretch. Critical to stress fiber maintenance and re-organi-
zation is the activity of the small GTPase Rho, without which cells are unable to
properly orient stress fibers [80, 142]. Rho activity mediates actin dynamics
required for cytoskeletal adaptation to maintain endothelial cell homeostasis. It is
hypothesized that stress fibers form perpendicular to the direction of cyclic strain
to reduce the net intracellular tension induced by stretch. The maintenance of
stress fibers in this orientation through cytoskeletal adaptation has also been
implicated in feedback to cellular signaling pathways that contribute to homeo-
stasis [143]. Disruption of the physiological norm due to alterations in cyclic strain
therefore has the potential to contribute to disease progression, particularly in
increasing susceptibility to atherosclerosis development.

Fluid shear stress imposed by blood flow acts directly on the apical surface of
endothelial cells, and similar to cyclic strain, contributes significantly to the
geometrical anisotropy and cellular alignment observed in EC monolayers
throughout the vasculature [143–145] (Fig. 7a). Because fluid shear stress (FSS)-
induced endothelial cell shape change is associated with cytoskeleton rearrange-
ment [146, 147] and is tyrosine kinase-dependent [109], the Rho family of small
GTPases and cell-generated forces have been heavily implicated in this cellular
response [148]. Furthermore, the establishment and maintenance of the charac-
teristic polarized morphology of ECs is adhesion-dependent and requires spatio-
temporally-localized activation of intracellular signaling machinery [148, 149].
One of the earliest observable cellular responses to FSS acting on the apical
surface is integrin activation on the basal surface due to an allosteric change that
increases integrin affinity [150]. This activation and subsequent adhesion of
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integrins results in rapid focal adhesion remodeling in the direction of the FSS
[149], with increased FAK activation at the site of new focal adhesions [151].
Several groups have shown that regulation of intracellular signaling activity by
shear stress occurs downstream of new integrin-ligand binding [150, 152–154],
further emphasizing the importance of FSS-enhanced cell–matrix adhesion and
focal adhesion turnover. Together, these localized biomolecular events contribute
to the maintenance of the polarized cell shape shown in Fig. 7a.

In an elegant study by Wojciak-Stothard and Ridley [155], it was shown that
cellular response to physiological shear stress occurs through regulation of Rho-
based cellular contraction and Rac1-driven protrusion. The authors demonstrated
that within 5 min of exposure to shear, endothelial cells exhibit rapid depolar-
ization and contraction, produced by elevated RhoA-GTPase activity and actin
stress fiber formation. Shortly thereafter, RhoA activity returns to basal levels as
Rac1 activity increases, driving lamellipodial protrusion from the downstream side
of cells in the direction of fluid flow. As cells achieve a spread and aligned
morphology, Rac1-driven protrusion subsides while RhoA-based contractility and
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stress fiber formation increases, reestablishing tensional homeostasis with the
underlying substrate. Several studies have confirmed that appropriate alignment
and spreading in response to FSS depends upon dynamic regulation of RhoA
activity [150, 155, 156] as well as local Rac1 activation within protruding
lamellipodia [157, 158]. These FSS-induced effects are observed in the previously
discussed middle and late stages of cell spreading, where Rac1 and RhoA have
been implicated, respectively. Moreover, EC traction forces—which represent the
biophysical manifestation of biomolecular events such as cell–matrix adhesions,
intracellular signaling, and cytoskeletal dynamics—were increased and localized
along the upstream and downstream edges of the cell in response to FSS, enabling
cell shape change and realignment in flow [159].

One of the atheroprotective roles of FSS in vivo is to enable appropriate and
efficient tissue maintenance and repair through control of cell shape and polarity.
Investigating the time course of shear stress-regulated cell shape, Remuzzi et al.
[146] showed that bovine aortic endothelial cells lose their polarized morphology
20 h after removal of flow. After 72 h in this static condition, FSS-conditioned
cells reverted back to control (unstressed) levels of spreading, but still contained
some aligned cytoskeletal components [146]. These results indicate that shear
stress imposed by hemodynamic blood flow is essential for maintaining physio-
logical endothelial cell morphology and illustrate how the loss or disruption of
flow could have significant implications in pathology. Tissue vessel architecture
relies not only upon moderation of cell–matrix adhesions, but also FSS-dependent
maintenance of intercellular junctions, which preserve the barrier function of
endothelial tissues [160, 161]. EC junctions, like cell–matrix adhesions, are inti-
mately involved with the cytoskeleton, and are in fact regulated by localized Rac
and Rho activity, which act antagonistically to stabilize and perturb EC junctions,
respectively [155, 162].

Endothelial cell migration is not observed in quiescent blood vessels, but has
been observed in disease states. As previously discussed, cell migration can be
seen as cell shape change with a bias, and indeed, the forces that determine
endothelial cell spreading and shape also contribute to EC migration. Cell
migration during in vivo wound healing, in particular, is fluid shear stress-directed
[163, 164]. In vitro, both EC orientation and migration increase in response to
physiological fluid shear stress in a scrape wound assay [165]. Likewise, Vyalov
et al. [164] demonstrated that the healing response of wounded endothelial mon-
olayers exposed to reduced shear stress in vivo is abnormal and insufficient. Thus,
fluid shear stress likely plays a dual role in improving the efficiency of wound
healing. First, FSS continually maintains ECs in a highly polarized state, thus
equipping them to migrate immediately upon disruption of an adjacent cell–cell
contact or other injury. This polarized morphology enhances the directional per-
sistence of EC migration through Rac-induced alignment of the cytoskeleton and
FSS-oriented cell spreading [166]. Second, as previously discussed, FSS causes
increased Rho activation and thus, traction force generation, at the leading edge
and rear of a cell, suggesting that FSS promotes a migratory phenotype [159].
Moreover, there is evidence that the biochemical composition of the basement
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membrane provides additional cues that influence stress fiber formation, cell
spreading, and migration that follow injury in vitro [167].

Mechanical Properties of the Basement Membrane and ECM

It is becoming increasingly apparent that, in addition to fluid shear stress, the
mechanical properties of endothelial ECM contribute to its adhesion and spread-
ing, and thus, the establishment and maintenance of cellular homeostasis. Matrix
mechanical properties affect all generations of the vascular system, from quiescent
ECs lining large arteries to branching ECs during angiogenesis. The fibrillar nature
of the ECM allows it to impart mechanical forces on cells through its intrinsic
mechanical properties and transmitted forces, like those due to cyclic strain, in
established blood vessels [143, 168, 169].

Perturbation of Normal Endothelial Mechanical Homeostasis and
Cell Spreading

Atherosclerosis is a vascular disease characterized by the development of plaques
or lesions within blood vessels involving proliferation of the vascular smooth
muscle layer, thrombus formation, and accumulation of inflammatory mediators
[170]. Atherosclerosis progression depends on multiple factors including genetic
predisposition, dietary factors and lipid metabolism [170]. In the past two decades
it has become apparent that the loss of endothelial mechanical homeostasis (due to
factors including aberrant cyclic strain or fluid shear stress) also plays a significant
role in the progression of cardiovascular disease. The cellular and molecular
processes involved are highly complex and are strongly influenced by mechanical
forces and cell shape.

Physiological FSS is atheroprotective, as it contributes to the maintenance of
endothelial cell polarity, orientation, cell–cell adhesions, and thus, homeostasis
[143, 171]. Regions of the vasculature that are most prone to early atherogenesis are
often exposed to disrupted flow. Disruptions primarily occur at points of vascular
branching or bifurcations, where flow may become oscillatory (change direction)
[172]. Additionally, the architecture of these bifurcations can result in altered
magnitude and direction of the cyclic strain exerted on the endothelial layer, which
can also be proatherogenic [143] (Fig. 7b). Interestingly, cell shape is one of the
most obvious phenotypic differences between endothelial cells in atheroprone
versus atheroprotective regions: endothelial cells in these atheroprone areas tend to
be square in comparison to the elongated morphology seen in straight portions of
the vessel. The ramifications of changes in cell shape in response to flow, including
cytoskeletal and adhesion dynamics that permit minimization of flow resistance,
have been under active investigation for a number of years [173–175].

Notably, there also is direct evidence that endothelial cell contractility and
shape mediated through Rho signaling also contributes to endothelial permeability.
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This suggests a mechanism of cross-talk between fluid shear stress and EC con-
tractility through the Rho pathway to affect cell structure and function.

6 Summary

Cells modulate their cytoskeleton to generate forces, which, when coordinated
with cell–matrix and cell–cell adhesion regulation, enable cell shape change.
This force is born in the molecular-level forces generated by actin polymeriza-
tion and actin–myosin interactions that drive the membrane outward during
spreading and stabilize cell shape of spread cells. Attention has been paid to the
early process of spreading because it is a tractable, simplified model of the multi-
step integrated process of migration. Moreover, cell adhesion, the extent of
spreading and cell shape have been shown to determine cell fate and function
and drive several other adaptive cellular processes such as migration, growth and
proliferation. Therefore knowledge of the biochemical and biophysical mecha-
nism involved in inducing or controlling spreading will lead to greater insight
into the factors controlling cellular homeostasis. While multiple examples exist
where cell shape and spreading become disrupted during disease, as in cancer
and atherosclerosis, there remains much to be learned about the inside-out and
outside-in signals present during cell spreading and adhesion that help establish
cellular homeostasis.
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The Physical Mechanical Processes
that Shape Tissues in the Early Embryo

Lance A. Davidson

Abstract The morphology of a multicellular organism and its internal organs is
determined by interactions between an organism’s genome and the physical
properties of living matter. Recent successes in sequencing the genome have
revived interest the generation of physical shape, or morphogenesis, the physical
properties of living matter, and how biological and biophysical processes shape
that living matter during development. One of the goals of modern developmental
biology is to understand how tissues are shaped and how physiological function is
initiated. Remarkable advances in cell and molecular biology have led to a wealth
of data on the molecular mechanisms required during early development. More
recently, developmental biologists have been turning to biophysical and bioengi-
neering approaches to understand how embryos as well as organs are shaped by
these molecular mechanisms. These studies are finding hints that mechanical
processes may be playing novel roles in developing embryos in addition to their
direct roles in shaping tissues. Many early molecular pathways regulating cell
differentiation and embryonic morphogenesis are reused as tumors grow and
metastasize and during the regeneration of injured or damaged tissues. These
discoveries have attracted cancer biologists and tissue engineers to join develop-
mental biologists in studying the mechanical processes that drive morphogenesis.
In this review we will present a short primer for the engineer on developmental
biology and embryonic morphogenesis and then describe experimental and theo-
retical approaches to investigate the physical principles of morphogenesis.
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1 From Genome to Phenotype: Understanding the Physical
Mechanisms of Morphogenesis

To understand the linkage between information in the genome and the phenotype
of the organism we need to understand the physical mechanisms that shape tissues
during morphogenesis and organogenesis. Classical embryologists from the late
1800s and early 1900s posed many questions about these processes but did not
have tools to investigate them. Recently, the field has returned to these questions
and made significant advances by developing new biophysical tools to mechani-
cally manipulate tissues in vivo such as micromechanical testing [26, 66, 152, 176,
177, 179], laser-ablation [58, 146], and magnetic tweezers [33]. In addition to
these experimental approaches sophisticated computer simulation techniques have
been developed to help interpret the complex and often counter-intuitive findings
that arise when studying physical processes in embryos [20, 30, 39, 75, 118].
Continued elucidation of the physical mechanisms of morphogenesis requires
simultaneous development of new techniques and re-investigation of classical cell
and developmental phenomena.

1.1 Three Roles that Mechanics may Play During Development

Ongoing investigations of morphogenesis as well as studies of single cell motility
and cell shape change suggest three distinct roles for mechanics during develop-
ment. First, mechanics can play a direct role through force-production and
mechanical resistance to shape the body and organs. However, this direct role must
account for both passive and active responses of tissues to applied forces as well as
biological principles guiding tissue self-assembly. Cells within embryonic tissues
are not shaped solely by externally applied forces but are responsible for gener-
ating forces that drive movements as well as maintaining the tissue mechanical
properties such as the viscoelastic modulus that guide and mechanically constrain
those movements.

A second role for mechanics may be to provide feedback on the progress of
morphogenesis to enhance the robustness of these processes. Variable maternal
contributions, environmental conditions such as temperature, and stochastic vari-
ation in gene expression can all work to destabilize the events of morphogenesis.
In the worst cases these variations lead to birth defects. Evolutionary biologists
and systems biologists have suggested redundant molecular mechanisms could
adjust the activity of signaling pathways or gene expression of developmental
processes to ensure morphogenetic movements succeed. We would suggest me-
chanosensing and dynamically adaptive mechanics may also play key roles in
ensuring successful development. Mechanical adaptation could occur at over a
range of scales from self-correcting changes in tissue anatomy to alterations in the
levels of actin cross-linking. Circuits for mechanosensing may be mediated by
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classical signal transduction pathways such as those observed at focal adhesions in
cultured cell studies [128] but could be mediated directly through mechanical
adaptation by physical changes in tissue anatomy or cell shapes. Experimental
tests of this role for mechanics will require new biophysical and molecular tech-
niques to measure and control cell and tissue mechanics and anatomy.

Another possible role for mechanics in providing positional information during
patterning is coming to light from studies on the role of the physical cellular
microenvironment in stem or progenitor cell differentiation. Evidence for such a
role for mechanics during morphogenesis comes from studies on the induction of
mesodermal cells in fruit fly [14, 33, 38]. Epithelial cells at the posterior end of the
fly embryo require stimulation by mechanical strain to choose the mesodermal cell
fate. Reductions in strain block mesodermal differentiation pathways and ectopic
application of strain can drive a much larger number of cells down the mesodermal
lineage. Another line of evidence comes from studies on factors that control stem
cell differentiation [36, 37, 69]. These studies have found the stiffness of a pro-
genitor cell’s mechanical microenvironment can direct cell fate down a range of
pathways toward bone, muscle, neuron, or adipose identities. The challenge comes
in integrating these two lines of evidence. The first challenge is that stem cells
appear to respond to stiffness that mimic those seen within adult tissues [36],
however, the mechanical microenvironment within early mammalian embryos
before overt differentiation takes place is unknown. Very little work has been done
to reveal the spatial heterogeneity of cellular microenvironments but some studies
on frog embryos from our own group have found large increases in tissue stiffness
parallel development [179]. Furthermore, spatial variation in the mechanical
microenvironment is present as tissues begin the process of specification and
differentiation. For instance, Zhou et al. [179] found that cells within the dorsal
side of the somite face stiff neural ectoderm whereas cells within the ventral leaflet
face soft endoderm. Such variations in the microenvironment of the forming
somite may play a role in directing neural-facing somitic cells toward dermo-
myotome fates and endoderm-facing somitic cells toward sclerotomal fates. Thus,
spatial variations in the stiffness of embryonic tissues could provide positional
information to guide cell differentiation in developing tissues.

In order to discuss the roles of physical mechanics in shaping the embryo this
chapter will first review the historical background of the problem, topics in
developmental biology that set the stage for the morphogenesis, and current efforts
to understand the physical mechanics of morphogenesis using developmental, cell
biological, and biophysical techniques.

2 Historical Perspective on the Role of Mechanics
During Morphogenesis

The direct role of physical mechanics in shaping embryonic tissues has been
recognized for more than a century [145] and has been the subject of considerable
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theoretical modeling. Following suggestions that biological life was the
consequence of chemical and physical processes [60] many embryologists began
investigating the physical mechanics of morphogenesis. Before the successes of
the modern chemical-molecular approaches, embryologists developed many
mechanically-based hypotheses to explain the physical basis of epithelial mor-
phogenesis. For instance, in his textbook on embryology Morgan [97] reviewed
several of the earliest proposed mechanisms for driving epithelial buckling during
gastrulation of the chordate Amphioxus. Amphioxus embryos gastrulate from a
single cell layered hollow blastula and it was suggested that the forces driving
invagination and involution in Amphioxus could originate in three different regions
of the embryo [121]: (1) the epithelium could be pushed in by extrinsic forces, (2)
the epithelium could be sucked in by a decrease in pressure within the blastocoel,
or (3) increased pressure within the plate could force the center of the plate inward.
Rhumbler demonstrated the physical plausibility of the third hypothesis with an
analog model consisting of a set of elastic steel bands bent into rings and
assembled with solid bars and string into the form of an Amphioxus blastula. By
pulling a string strung through one half of the rings, representing the prospective
ectoderm, the other half of the rings buckled, imitating the gastrulation move-
ments. Later, Butschli [15] envisioned a driving force located within the buckling
Amphioxus epithelium. He assembled a model of the blastula out of a strip of
blotter paper and a thin strip of gelatin, forming a ring by connecting the two
strips. Butschli’s model mimicked the movements of invagination when a disk of
filter paper soaked in hot water was placed next to the gelatin half. Based on
observations from these qualitative models, Butschli argued against an earlier
hypothesis by His [56], who proposed that increased growth in the center of the
epithelium could cause the epithelium to roll inward. From observations on
swelling gelatin sheets, Butschli recognized that differences in growth from one
region to another would only cause local thickening of the epithelium, and that
buckling required that growth on the basal surface (i.e. facing the blastocoel)
exceeded growth on the apical surface (i.e. facing the sea water) of the epithelium.
Spek [138] extended the one layer gelatin model of Butschli to include two layers
of differentially swelling gels, agar and gelatin. Spek found that his model could
mimic Amphioxus gastrulation as long as the basal half of the bilayered gel swelled
more than the apical half. Based on better histology and with the recognition that
subcellular structures could generate force, Lewis [85] developed analog
mechanical models fabricated from brass bars to represent shared cell–cell
boundaries, and rubber bands to mimic the apical and basal faces of the epithe-
lium. Lewis’ mechanical epithelia buckled only when there was a difference in
tension between the two faces.

Over the last 30 years the simulation of epithelial bending using physical
analogs has given way to numerically based computer simulations. These
numerical simulations have begun to address more complex morphogenetic
movements such as those driving elongation of the vertebrate axis. Models such as
those developed by Odell et al. [104], Davidson et al. [30], and more recently by
Miodownik and co-workers [24] are direct descendents of models of epithelial
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sheets constructed by Lewis. Simulating the directed cell rearrangements that
accompany vertebrate axis elongation requires detailed descriptions of the physical
mechanics along with sets of rules that reflect the observed biological processes.
For instance, rules are needed to dictate how cells establish polar behaviors, the
nature of those behaviors, and how cells physically exchange cell–cell bonds when
they exchange neighbors [28]. Several groups have succeeded in simulating axis
elongation using different sets of mathematical equations and logical rules [11–13,
18, 105, 161, 174, 175, 180]. The general goal of these efforts have been to
demonstrate the physical plausibility of those mechanical principles. As more
experimental data becomes available simulations will more often be used to
interpret kinematic and mechanical data, test the validity of particular hypotheses,
and predict the physical requirements and critical rules required by those
hypotheses. Such predictive and interpretive simulations will be needed soon since
experimental tools used to study the mechanics of single cells (see reviews by [34,
109, 165]) are being adapted by cell biologists, biophysicists, and bioengineers to
study 3-dimensional multicellular systems and morphogenesis.

3 Engineering Lessons: From Egg to Embryo

Early development is marked by establishment of dynamic domains of gene
expression and growth factor signaling that begin the process of specifying cell
identities and by large scale movements that re-position cells to build the basic
body plan of the embryo. Initial domains of gene expression can be established by
several processes, the earliest being the localization of determination factors in the
egg within the mother. Proteins, mRNA, and even organelles such as mitochondria
can be localized within the egg as it matures. This is a common strategy to
establish a pre-pattern within invertebrate and vertebrate embryos, however, the
role of such pre-pattern in mammals such as mouse and human have been debated
and remains an open question (see review [43]). Once the egg is fertilized the
unequal inheritance of these factors is made possible by asymmetric cell divisions
during cleavage stages. All early embryos undergo rounds of rapid cell division
where the number of cells increases and localized factors can be partitioned to
regions where daughter cells have inherited greater or lesser amounts of these
factors. In some cases such as the fruit fly Drosophila melanogaster, early rounds
of cell division occur without completion of cytokinesis, however, determination
factors are still not free to diffuse and contribute to gene expression patterns that
initiate formation of the dorsal–ventral and anterior-posterior axes of the embryo.
In embryos without localized factors or where localized factors establish some but
not all axes subsequent interactions between the early embryo and external cues
are thought to ‘‘break-the-symmetry’’ of the egg. For instance, the sperm entry
point in amphibian embryos or the site where mammalian embryos first contact the
uterine wall may provide cues that polarize the formation of additional axes in the
embryo. In the case of amphibian embryos the sperm entry point establishes
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the plane of left–right symmetry and the site of the primary lip where the anterior-
most cell identities are established and gastrulation begins.

Once asymmetries are established in the embryo, gene regulatory networks and
growth factor signaling cascades enable cells and tissues to acquire specific
identities (Fig. 1). As the start of morphogenesis approaches, cells and tissues must
establish identities that allow cells to adopt regional behaviors and tissues to
spatially pattern mechanical properties. The number of cells within a tissue-type
and the position of interfaces between tissues can play key roles in the course of
later morphogenetic movements. Incorrect numbers of cells may produce too large
or inadequate levels of force. Improperly positioned boundaries between tissues
may alter the boundary conditions in such a way that subsequent tissue movements
fail, for example, due to buckling. The pathways involved in cell–cell signaling
and the factors and networks that control gene transcription are remarkably diverse
and involve complex cell biology well beyond the simple diffusion–reaction
processes that were originally suggested [79]. Rather than providing a summary
we refer interested readers to recent reviews on the systems-biology of patterning
[25, 78, 102, 112]. Cell identities and tissue boundaries generated at these early

Fig. 1 Programming mor-
phogenesis. The flow chart on
the left breaks down the key
steps involved in initially
patterning cell identities,
establishing tissue bound-
aries, installing cell behaviors
and mechanical properties,
and tissue movement. As
cells move into new locations
their microenvironment
changes and another round of
patterning, boundary forma-
tion, mechanics, and move-
ment begins
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stages are far from static and continue to shift as cell and tissue movements alter
both the chemical and physical microenvironments in the embryo.

The tissue engineer can learn several lessons from the processes that shape the
early embryo. The first of these, is that the processes that establish cell identities in
embryos can inform the tissue engineer about the in vitro treatments that could be
used to create specific cell types from progenitor or stem cells isolated from
patients. By recapitulating the same steps of induction by growth factors, or by
controlling gene expression to match those regulating specification of cell identity
in the embryo the researcher or tissue engineer can produce cells that are only
found in vivo during terminal stages of differentiation. However, in most cases the
microenvironment of lab-cultured cells is lacking cues found in vivo, for instance,
the supporting cells are missing or the complex extracellular matrix (ECM) is
incomplete or missing completely. The tissue context or microenvironment of the
cell in vivo can play a major role in the cell’s capacity to carry out its physio-
logical function and to maintain the size and structure of the organ of which it is a
functioning part. In the jargon of developmental biology, the capacity of the cell to
differentiate and functional can depend on autonomous factors such as the events
that occur within the cell and non-cell autonomous factors that can include cues
from the microenvironment that may include local and long-range signaling by
growth-factors and ECM, organization of tissue polarity such as the presence of
apical-basal polarity, and mechanical cues such as shear flow, cyclic strain, or
compressive stress. These non-cell autonomous factors can result from mechanical
processes that move blocks of cells and tissues within the embryo. These move-
ments play critical role in creating complex organs composed of cells from dif-
ferent origins by exposing cells to complex microenvironments along the
trajectory of their movements and bringing cells that originated distantly from
each other into close proximity. Together these processes create a wide variety of
structures and organs by generating diverse cell identities and complex
microenvironments.

One of the key consequences of cell and tissue patterning events is the initiation
of cell and tissue movements that shape the body plan. Targets of the gene regu-
latory and growth-factor signaling networks generate early spatial patterns of gene
expression or protein activity of ‘‘effector proteins’’ such as cadherins and integrins
as well as molecules that modulate the cytoskeleton such as the Rho-family of
GTPases. These factors act within target cells to initiate programs of cell behavior
which guide the assembly of local tissue blocks and the movement of these blocks
to construct the body plan of the embryo. The precise biophysics and biomechanics
that convert molecular scale regulation of effector proteins into cell behaviors are
poorly understood [41] and the subject of ongoing research [90, 106].

We turn now to review the morphogenetic processes that shape embryonic
tissues and leave the topics of gene regulation and grow-factor signaling. We direct
readers interested in more in-depth reviews of the diverse forms of cell motility to
Dennis Bray’s and John Trinkaus’ books [10, 147], readers interested in more in-
depth accounts on comparative forms of gastrulation to Claudio Stern’s book [140],
readers interested in more in-depth reviews of cell biology to a textbook on
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Molecular Cell Biology [4], and readers interested in more in-depth review of
biophysics to Joe Howard’s book on the mechanics of the cytoskeleton [57].

4 Converting Blueprints to Structures:
How Cell Shape Change, Directed Cell Rearrangement,
and Large Scale Tissue Movements Sculpt the Basic
Vertebrate Body

From the engineer’s perspective morphogenesis is a self-organizing mechanical
process in which locally coordinated movement or shape change by individual
cells direct deformation of the very tissues they inhabit. Cells can engage in a
vast array of different behaviors to bring about directed cell rearrangement or
change their shape. In the literature there is often little distinction made between
the movement and shapes cells adopt actively and movements and shape changes
adopted in response to applied stresses. For instance, as tissues bend and fold
cells within them often adopt wedge shapes; the narrowest dimension of the cell
faces the concave surface and the widest dimension faces the convex surface.
However, cells are just as likely to adopt these shape passively as actively.
Likewise, cell rearrangements are usually attributed to active cell traction forces
but may be driven passively in response to shear stresses generated by more
distance cells. To begin to address the question of whether cells are active or
passive participants developmental biologists have coined the term autonomy.
The autonomy of a particular cell behavior suggests that processes such as gene
expression or signal transduction must operate within the cell exhibiting the
behavior, e.g. cell autonomous, or whether processes outside the cell are driving
the local movements, e.g. non-cell autonomous. Thus, non-cell autonomous
processes influencing a cell’s shape or behavior could include the effect of gene
expression and signal transduction events in more distant cells. These events
may be responsible for forces generated by neighboring cells or forces produced
a great distance away. Non-cell autonomous processes could also include
establishment of mechanical constraints such as boundary conditions or bulk
properties of the tissue. In the sections below we will focus on tissue movements
that are driven cell autonomously but will return to the role of non-cell auton-
omous processes later.

5 Cell-mechanics: Cell Behaviors Drive
Embryonic Tissue Movements

In the follow sections we will review two distinct autonomous cell behaviors, apical
constriction and mediolateral cell intercalation, which contribute to the bending of
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epithelial sheets and elongation of mesenchymal tissues, respectively. We
conceptually break large-scale tissue movements down into sets of cell behaviors
(Fig. 2). A variety of different cell behaviors can contribute to the same tissue
movement. For instance, both apical constriction and basolateral cell shortening can
contribute to the same tissue movement; in fact, they can even work together to bring
about epithelial bending [30]. Similarly, a variety of cell behaviors operating locally
within mesenchymal tissues can induce convergence and extension. It can be helpful
to think of cell behaviors as force-generators and tissue movements as the defor-
mations they generate. Just as multiple patterns of applied stress can produce the
same deformation so too different patterns of cell behaviors can produce the same
large scale tissue movements. One of the goals in studying the cellular mechanics of
morphogenesis is to identify specific molecular pathways and the specific cell
behaviors they regulate during the large-scale tissue movements of morphogenesis.

Fig. 2 Integrating events at multiple scales. a Processes at a variety of scales from the molecular
to the cell- and tissue-level need to be coordinated to generate embryonic form. Mechanical
forces are generated on molecular scale but mechanical resistance and boundary conditions may
arise at any scale. Feed-back from large-scales may influence events on the molecular scale
through mechanotransduction and cell-signaling. b Example of the processes thought to be
involved in Xenopus gastrulation. At each level multiple processes may shape processes at the
next larger scale
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In the sections below we will review two key cell behaviors, mediolateral cell
intercalation and apical constriction, that contribute to morphogenetic movements of
convergent extension and epithelial bending, respectively.

5.1 Mediolateral Cell Intercalation by Mesenchymal Cells
Causes Convergence and Extension

Mediolateral cell intercalation is a form of directed cell rearrangement that is
responsible for the large-scale tissue movements of convergent extension that
sculpt the basic vertebrate body plan of the frog [68]. In the frog Xenopus laevis,
mesodermal cells are initially patterned as a ring of tissue in the early spherical
embryo. Mesoderm cells form a compact tissue of mesenchymal cells that are
connected with neighbors through transient adhesions. Mesenchymal cells do not
have a strict apical-basal polarity like epithelial cells but often adopt some form of
polarity after they associate with laminar sheets of ECM [48]. Mesoderm cells in
the frog intercalate between their neighbors in an orchestrated manner causing
shape changes in the surrounding tissues that approach 10–20% strain per hour.
The onset of cell intercalation is accompanied by dramatic changes in the cell
biology of mesodermal cells; prior to the onset of gastrulation cells barely rec-
ognize fibronectin substrates, adhere tightly to their neighbors, and show no bias in
their shape or protrusive activity [119]. After gastrulation begins cells gain the
ability to spread on fibronectin [119], loosen their attachment to neighbors [19,
178], and intercalate between mediolateral neighboring cells driving them apart in
the anterior-posterior direction. This last process, known as mediolateral cell
intercalation, spreads throughout the mesoderm medially, laterally, and posteriorly
from the vegetal alignment zone (VAZ) in the early gastrula to include all of the
mesoderm by the neurula stages [35, 80, 130]. Three to four rounds of mediolateral
cell intercalation and the local stress this rearrangement creates drives dorsal
tissues to elongate against the viscoelastic resistance of the embryo in a process
known as convergent extension. Convergence and extension provides the frog
embryo with a definitive vertebrate anatomy consisting of a head, elongated body,
and tail. At the conclusion of convergence and extension the frog body plan
includes forming blocks of muscle and a basic architecture ready for subsequent
steps of organogenesis. Similar patterns of mediolaterally directed cell intercala-
tion are thought to contribute to large-scale tissue movements in mouse [169],
chick [150], and zebrafish embryos [172].

Proteins within the planar cell polarity (PCP) pathway are key regulators of
mediolateral cell intercalation in frog and other vertebrates [157, 158]. New
molecular components of the PCP pathway and their effects on mediolateral cell
intercalation are identified every month and highlight linkages between signal
transduction elements [170], cytoskeletal effectors [86], cell-adhesion [163], and
ECM [47]. PCP components prickle and strabismus (van gogh) appear to reg-
ulate the assembly and use of the ECM during mediolateral cell intercalation
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[47]. The roles of PCP and the ECM during convergence and extension is
complicated since ECM is assembled by [29] by the same cell behaviors that
drive mediolateral cell intercalation [31]. The PCP pathway in mesoderm cells
regulates key effectors that regulate the actin cytoskeleton. Principle among
these factors are the Rho-family GTPases [107], associated GTPase effectors
(GEFs; [76, 144]) and GTPase activator proteins (GAPs; [61]). PCP regulation
extends to elements of the actin-polymerization machinery [113] via formins and
profilin [86, 124]. Balanced function of non-muscle myosin II, the main force-
generating motor within the actin cytoskeleton, is also required for gastrulation
and neurulation [123, 134, 160]. Cell protrusive activity, cellular mechanics, and
the bulk forces generated by cell rearrangement are obvious targets of the PCP
pathways yet we have only the most limited understanding of the mechanical
role of the actin cytoskeleton in orienting cells or how the actin and myosin II
drive cell intercalation.

Many researchers have induced developmental defects in convergent extension
by perturbing the embryo’s cytoskeleton. For instance, perturbing cytoskeletal
myosin II in the frog [134] or myosin phosphatase in Zebrafish [160] disrupts
convergent extension. Since the cytoskeleton underlies the mechanical properties
of cells and force-production we must conclude that mechanics plays a major role
in convergent extension. However, it is unclear how signaling pathways control
the cytoskeleton within embryos to produce specific cell behaviors and how these
processes regulate the mechanical properties of the embryo or how a cell’s
capacity to generate force is controlled. Recently, several groups working with
Drosophila embryos have adapted quantitative approaches similar to ours to
investigate the mechanical consequences of disrupting actomyosin contractility
during germband elongation [120] and dorsal closure [111]. Furthermore, these
new approaches have begun to identify new roles for mechanics in initiating
morphogenetic movements and activating mesodermal genes [115]. Future work
will be needed to test whether vertebrate homologs of the Drosophila genes are
controlled in the same manner.

5.2 Apical Constriction in Epithelial Sheets Induces Bending

Apical constriction within epithelial sheets is a form of cell shape change that is
responsible for folding and bending embryonic epithelial sheets to shape the neural
tube, the tubular archenteron, and later branched epithelial organs [82, 117, 125].
Epithelia are sheets of cells connected into a tensile array at their apical ends. This
tensile array provides mechanical continuity with forces transmitted through apical
cell–cell junctions, lateral cell–cell adhesions, and basal attachments to neigh-
boring cells or ECM [42]. The tight association of epithelial cells is reflected in the
types of cell behaviors and tissue movements exhibited by epithelial tissues. Given
their attachments to their microenvironment epithelial morphogenesis is more
commonly driven by cell shape changes rather than directed cell rearrangement.
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Cell contraction is a major contributor to the forces that regulate cell shape [165].
As groups of cells contract in epithelia they can narrow their apices to form wedge
or bottle-shaped cells. Coordinated contraction has been proposed to drive a wide
variety of morphogenetic events such as sea-urchin gastrulation [99], Drosophila
ventral-furrow formation [84], and neurulation in vertebrates [135, 136]. Fur-
thermore, cell contraction in single epithelial cells occurs during epithelial-to-
mesenchymal transitions in gastrulating amniotes [131], dorsal closure in Dro-
sophila [146], and wound healing in X. laevis [27]. Historically researchers have
focused on apical constriction, but recent studies suggest a role for general cellular
contractility, not restricted to the cell apex, in guiding several morphogenetic
events [73, 165].

Cell and tissue contraction may be driven by a number of different cellular
mechanisms including: (1) whole cell contraction, (2) apical-basal contraction, (3)
circum-apical or circum-basal contraction, and (4) apical cortex contraction. Each
of these cellular mechanisms depend critically on remodeling of the F-actin
cytoskeleton (for instance see [83, 91, 146]). These developmentally programmed
events form the basis of our understanding of the role of contraction and provide
clues to the molecular mechanisms.

Studies on the molecular basis of epithelial morphogenesis focus on
answering three basic questions: What triggers a cell to change shape? How is
cell shape change guided by the cytoskeleton? and, How do cells transfer force
to their surrounding to effect tissue movement? Many cases of epithelial
morphogenesis appear to use a common molecular mechanism, the actomyosin
‘‘purse-string’’, to generate cell shape change [122] but add specialized
molecular and biophysical mechanisms to transduce that force to surroundings.
For instance, contractile cells along the midline of the vertebrate neural plate
simultaneously contract their apices and adhere to underlying ECM producing
short pyramidal cells at the ‘‘floorplate’’ of the neural tube [126, 127]. In
contrast, contractile cells in the primitive streak of chick or mouse embryos
contract their apices and extend protrusions from their basal ends producing
large ‘‘bottle-shaped’’ cells before they ingress into the mesodermal layer [131].
Little is known about what triggers contraction but evidence is abundant that
actomyosin is a principle generator of cell shape change and that the cell
biological and biomechanical micro-environment dictates the course of tissue
movement.

5.3 The Role of the Mechanics in Patterning and
Establishing Cell Identity

New roles for mechanics have come to light from recent studies of cellular
mechanics in cultured cells and within developing Drosophila embryos [34, 165].
These studies have revealed that mechanical cues within the microenvironment are
capable of generating spatial information for the specification of cell types including
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triggers for apoptosis, the differentiation of progenitor cells, pathways for special-
ized cell migration, and progression of cancer. The molecular pathways that sense
mechanical properties within the microenvironment and the programmed cellular
responses are termed mechanotransduction. Thus, as mechanotransduction joins
other biophysical and biochemical processes that pattern gene expression and
physically shape tissues we must consider the control of mechanical properties
during these processes.

Due to the relative simplicity of epithelia in early embryos of the fruit fly
Drosophila, a growing set of experimental studies are elucidating the mechanical
principles of Drosophila epithelia (Hutson and Ma 2008) and beginning to probe
the connection between genetics, cellular mechanics, and morphogenesis during
ventral furrow formation [91], germ band elongation [7, 8, 120], dorsal closure
[111, 146], and eye formation [51]. These approaches have not yet been applied to
the mechanics of vertebrate epithelial tissues where the general principles of cell
connectivity or how cells transmit force remain open questions.

5.4 Genetic Studies Provide Clues About
the Cytoskeletal Regulators of Cell Behaviors and
Mechanics of Morphogenesis

Many proteins associated with the actomyosin cytoskeleton have been identified
in genetic screens in Mouse, Drosophila, C. elegans, and cell-culture systems but
the precise biophysical details of contraction within embryonic tissues are not
well understood. However, the regulation of F-actin dynamics, and control over
myosin II contractility during early epithelial morphogenesis in Drosophila
appear nearly identical to the pathways that regulate F-actin dynamics and
myosin II contractility during cell migration. Pulsed contractions of actomyosin
within the apical cortex are thought to drive morphogenetic movements of
ventral furrow formation [91, 173], as well as closure of the amnioserosa in
Drosophila [146]. Pulsed contractions typically occur within the actin-rich apical
cortex, however, actomyosin dynamics within the circum-apical belt, along baso-
lateral membranes, as well as microtubule dynamics along the apical basal axis
of epithelial cells are all believed to play a role in generating forces of cell shape
change within epithelial cells. Myosin contractility during ventral furrow for-
mation is regulated through the Rho family of GTPases via Rho Kinase in a
manner not unlike control of myosin II at the rear of migratory cells [168].
Without exception, these events can be inhibited by drugs such as blebbistatin,
Y-27632, and ML-7 which inhibit myosin II mediated retrograde flow and
retraction of the trailing edge in migratory cells. However, whereas cues that
initiate new protrusions or redirect actin polymerization are known in migratory
cells, there is less understanding of the cues that initiate these events during
apical constriction in Drosophila [115].
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6 Integrative Studies of Cell Mechanics and Morphogenesis

Questions concerning the role of cell mechanics during morphogenesis require
attention to both cell autonomous mechanics and the non-cell autonomous
mechanical properties of the surrounding tissues. Numerous studies point to
interactions between cellular mechanics and nearly every aspect of the cell biology
[62]. Many of these interactions are mediated by the cell’s ability to sense its
mechanical microenvironment. Mechanosensing of cellular substrates such as
protein-conjugated polyacrylamide gels and arrays of microscopic posts reveal
effects of substrate stiffness separate from the effects of the chemical composition
of the substrate [5, 87, 98, 143]. Precise control of cell substrate geometry has
revealed how cell shape controls cell behavior [17, 65, 166]. Such studies have
shown that substrate stiffness is a major regulator of cell migration, cell shape and
spreading, cell adhesion, proliferation and apoptosis, and gene expression [36, 109,
110, 159, 171]. Interestingly, the cellular microenvironment is shaped by the
resident cells raising the likelihood of complex feedback loops where cells mod-
ulate their environment which then modifies the cells and so forth. Given the
possibility of feedback and that cell behavior and cell identity can be guided by the
mechanical environment there has been a critical need for tools capable of mea-
suring mechanical properties and forces generated by tissue-, cellular-, and
molecular-structures within the embryo.

Our group has focused on embryos of the frog X. laevis to investigate funda-
mental mechanical principles of morphogenesis. Xenopus embryos exhibit several
large-scale morphogenetic movements during early development and the tissues
involved are accessible to a wide variety of mechanical measurements [26, 152,
162, 179]. The frog model has a number of practical advantages for mechanical
measurements. First, like most amphibians, eggs are fertilized external to the
mother. Eggs contain all nutrients needed by the embryos until they begin to feed
allowing access to embryos before cell divisions begin and allowing isolated cells
and tissues to develop as they would if they remained in the embryo. Embryos in
early cleavage stages can be injected with synthetic mRNA, DNA plasmids,
proteins, or any other desired reagent [133]. Injections of mRNA at the single cell
stage can result in even protein expression throughout the embryo while injections
into single cells at the two-cell, four-cell, or later cleavage stages allow the
preparation of embryos with patchy or mosaic expression. A second advantage of
amphibian models is that they do not require complex environmental controls
since they develop normally over a range of temperatures from 14 to 28�C and
have no special CO2 or O2 requirements. Another advantage is that unlike cultured
cells there is no strict requirement for sterile handling; amphibian embryos are
typically cultured in media containing antibiotic and antimycotic. These are all
practical aspects of amphibian models in general, however, Xenopus eggs and
embryos have been the focus of cell biologists for many decades [67]. Xenopus
eggs have been favorite model systems for cell biologists since their eggs provide
abundant raw material and colonies of frogs are easy vertebrates to keep near
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research labs. Thus, current and historical use of Xenopus to address cell biology
questions provides a rich set of established methods and biochemical tools. A
number of groups are working to develop new biophysical tools for mechanical
analysis of developing embryos and to integrate these with traditional cell bio-
logical and embryological methods.

While amphibian embryos or embryonic tissues are highly adaptable to direct
biophysical measurements, alternative model systems such as Mouse, Chicken,
Zebrafish, Drosophila, and C. elegans embryos offer complementary advantages.
For instance, human development is more closely represented in the mouse model
system but mouse embryos are difficult to obtain and maintain in culture.
Historically, chicken embryos have been amenable to microsurgical manipulation
and develop at the center of a large sheet of extra-embryonic tissues in a fashion
more similar to human development than the style of developing amphibians.
Recent efforts are working to establish genetic models for studying amphibian [70]
and avian [116] embryonic development, however, the lack of advanced genetic
tools such as UAS-GAL4 driver systems, CRE-LOX, or abundant lines of mutant
animals hamper the effectiveness of both avian and amphibian model systems.

Recent studies in Drosophila have spurred interest in the mechanics of epi-
thelial morphogenesis. Early development in Drosophila is coordinated by large
scale reorganization of an epithelial sheet that surrounds a syncytial yolk mass. In
the first few hours of development several distinct morphogenetic movements of
this epithelial sheet provide the opportunity to investigate epithelial bending,
convergent extension, wound-like closure, and involution. Epithelial bending
occurs during ventral furrow formation and invagination of the posterior mid-gut
[142]. Convergent extension occurs during the early and late phases of germband
elongation [63]. The dorsal closure of lateral epidermal cell sheets over extra-
embryonic tissue of the amnioserosa [164] appears similar to tissue movements
that accompany wound healing in vertebrate tissues [92]. Organogenesis at the end
of the early phase of Drosophila development is marked by involution of an
epidermal cell sheet to form the larva’s salivary glands and trachea [88].

Complex regulation of the actomyosin cytoskeleton appears to underlie each of
these movements in Drosophila. For instance, contractile actomyosin assemblies
in the apical cortex of ventral cells appear to drive ventral furrow formation [91]
and similar process are likely to drive posterior midgut invagination and segment
folding. More localized contractility of actomyosin bundles at discrete cell–cell
boundaries drives the early phase of germband elongation [7, 8, 40, 120]. Sto-
chastic actomyosin contractions in the amnioserosa and a contractile actomyosin
belt at the margins of the lateral epidermis produce forces that integrate to drive
dorsal closure [137, 146]. Actomyosin contractility plays a key role in organo-
genesis as prospective salivary gland cells first form an invagination and then
involute as a sheet into the forming gland [167]. In all instances these movements
are made possible by imbalances in directed forces and the mechanical resistance
of surrounding tissues. Sorting out the autonomous processes of force-production
from the non-cell autonomous processes of mechanical resistance are challenging
[59, 89]. In addition to the biophysical challenges, the use of embryos lacking
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actin-binding or modulating proteins or carrying mutant forms may generate
defects in both autonomous and non-cell autonomous processes. Advanced genetic
tools using heat-shock controlled mutations, UAS/GAL4 driven constructs, or
mosaic expression have been used to address the role of actomyosin in controlling
cell behaviors and their mechanical environment but do not yet provide the precise
control of cell behaviors and the cellular environment provided by cell culture
systems. Genetic and biophysical approaches combined with live-cell imaging are
revealing the pathways that pattern and control cell behaviors and revealing uni-
versal principles of epithelial morphogenesis.

Cell culture studies reveal how the biophysical events of cell movement and
cell shape change depend critically on a dynamic actin cytoskeleton. Most cell
movements depend on dynamic assembly and disassembly of the F-actin net-
work [77] and actomyosin contractility [72, 168]. The dynamic cytoskeleton
generates forces to shape and propel cells through their environment [81].
Biophysical principles have emerged that connect F-actin dynamics to cell shape
change, cell protrusions, and cell traction [21, 49, 114]. For instance, the flow of
moving F-actin networks over sites of cell adhesions appear to generate traction
forces that direct cell movement [16]. Ultimately it is the mechanical properties
of F-actin, microtubules, intermediate filaments and their associated proteins and
motors that control these cellular processes. Mechanical properties such as
stiffness are strongly dependent on the 3D conformation of the cytoskeleton, how
filaments are bundled or cross-linked, and whether active motors, such as myosin
II, remodel the polymer networks [46, 64, 71]. Many of these molecular factors
are principle targets of gene regulatory networks that control the identity and
function of differentiating cells [132]. Biophysical analyses of biopolymers
suggest how the cytoskeleton may regulate mechanical properties and force
production by multicellular tissues but these hypotheses have not yet been
extensively tested.

7 Quantifying Mechanical Properties and
Force-production in Shaping Tissues

Quantitative approaches to investigating the mechanics of morphogenesis have
been challenging. The mechanical properties of paper, agar, gelatin, brass, and steel
materials were crucial to the success of Rhumbler, Butschli, Spek, and Lewis’
mechanical models. There has been much work on measuring the elastic modulus
of many tissues and materials of adult organisms (e.g. [9, 44, 45, 149, 155]) as well
as the properties of single cells (e.g. [1–3, 6, 139]), however, measurements of
embryonic tissues, cultured tissue lines, or epithelia have been more rare. Consider
our understanding of a relatively simple echinoderm embryo. Echinoderms, like
humans, are members of the phylum Chordata. During gastrulation, one of the
earliest morphogenetic movements in the echinoderm, a simple epithelial mono-
layer bends to form a pit that is then reshaped into a tube. Due to their relative
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simplicity they have been the subject of biomechanical analysis. The mechanical
properties of echinoderm oocytes and fertilized eggs have been studied extensively;
Cole [22, 23] first compressed eggs with calibrated microneedles to determine the
stiffness of the cell cortex of oocytes and eggs. Hiramoto [52] updated the apparatus
and refined the analytical methods to measure changes of the cortical stiffness
properties over the first cell cycle in several Japanese species of sea urchin.
Hiramoto confirmed his results with three other methods: (1) applying pressure to
the cortex with a micropipette [55]; (2) compressing eggs in a centrifuge micro-
scope [53]; and (3) pulling beads against the cortex with a calibrated magnetic field
[54]. Studies on the mechanics of late blastula sea urchin embryos used parallel
plate compression [32] and found stiffness varied twofold from one clutch to
another [151]. These studies on sea urchin embryos evaluated the altered
mechanical properties of embryonic tissues after molecular perturbations of the
cytoskeleton and the ECM and found the ECM contributed much of the bulk
modulus to these marine invertebrate embryos.

While cell and tissue mechanical properties play key roles during embryonic
morphogenesis, ultimately cell and tissue movements require the generation and
transmission of force. There have been only a few direct measurements of the
forces driving morphogenesis [95, 96, 129, 154]. While these studies provided
some indication of the magnitude of forces driving morphogenesis, the force-
driving role of individual cells is less clear. One study on vertebrate embryos by
Waddington [153] attempted to mechanically stall the process of mesoderm
movement during gastrulation in the newt. Waddington used small steel balls
manipulated by external magnetic field and found approximately 3 Pa was suffi-
cient to stall mesoderm. We can estimate from these studies how molecular-scale
processes may be involved in the production and transmission of force by active
cells. For instance, molecular motors like myosin and kinesin are capable of
generating forces between 2 and 5 picoNewtons [93, 141, 148]. Motors anchored
at low densities could easily generate such low stresses or pressures. For instance,
two motor molecules properly coordinated with cytoskeletal elements aligned
perpendicular to a surface of one square micron, could generate stresses equal to
4–25 pN/lm2 (1 pN/lm2 = 1 Pa). Thus, only two molecules of kinesin per square
micron could generate the stall stress used by Waddington.

Another analysis of force production during gastrulation in invertebrate spe-
cies by Moore [94] estimated the forces required to maintain primary invagi-
nation in the starfish embryo from the osmotic pressures needed to stall
invagination. Moore found that pressures from 36 to 76 kPa could block further
extension of the archenteron. In contrast to sparsely spread motor molecules,
swelling of proteoglycans exocytosed from cells are capable of generating sev-
eral orders of magnitude greater stresses [100]. Thus, high levels of force pro-
duction sufficient to drive invagination of the starfish archenteron could be
achieved by either densely concentrated motor proteins or swelling gels.
Considerable effort will be needed to develop biophysical tools to measure force-
production by embryonic cells and tissues and dissect the molecular and ana-
tomical factors responsible.
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8 Connecting Quantitative Models of Morphogenesis
to Experimental Measurements

Given the challenges of measuring force-production by embryonic tissues many
have turned to multi-scale modeling as a tool to investigate the mechanics of
morphogenesis. Researchers have increasingly turned to computer modeling to
make sense of the complex cell and tissue movements observed during inverte-
brate (e.g. [39]) and vertebrate morphogenesis (e.g. [18]). Modeling serves several
distinct functions: (1) to help interpret biomechanical experiments, (2) to dem-
onstrate the plausibility of hypotheses, and (3) to identify key physical parameters
that are crucial to the success of morphogenetic movements. As genetic studies
integrated with biomechanical analyses models will be key in testing the multiple
roles of mechanics. Most models of morphogenesis until now have been concerned
with testing the direct role of mechanics in shaping tissues but more complex
models incorporating gene regulatory networks, cell–cell signaling via growth
factors, and mechanotransduction will be needed. One of the goals of these models
will be to illustrate and test cellular and molecular mechanisms that lead to
redundancy, robustness, and mechanical adaptation during morphogenesis. Models
will need to be flexible enough to test both deterministic events of morphogenesis
as well as the stochastic and variable aspects. Closer collaborations between
modelers and experimentalists will provide insights for interpretation of current
experiments and guide future experiments that will lay bare developmental pro-
grams that ensure robust self-assembly of tissues and make possible the emergence
of complex structures.

9 Conclusion

Research elucidating the physical and chemical mechanisms of morphogenesis
will change the way congenital birth defects are viewed and studied. Congenital
birth defects such as neural tube and chronic heart defects are present in nearly 1 in
130 live births and are principle causes of infant mortality in the first year of life
[101]. Birth defects also cause immense personal suffering and have a high cost to
society [156]. A major aim of modern developmental biology is to understand the
root causes of these defects and provide tools for genetic counseling. Systematic
efforts are underway to identify mutations in the mouse that parallel human
congenital birth defects [181]. One of the major clusters of these mutations encode
genes that interact with actin [50]. While actin mediates many cellular processes it
is also a key element in the biomechanical processes of morphogenesis and
organogenesis. Efforts to characterize the mechanical role of the cytoskeleton in
controlling tissue mechanics and morphogenesis will provide valuable insights
into biomechanical lesions that may be responsible for congenital birth defects and
aid the identification of new factors that contribute to birth defects.
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The significance of basic research on morphogenesis extends beyond its
immediate impact to provide fundamental physical principles for future tissue
engineers [103], and to understand the role of tissue mechanics in oncogenesis [74,
109]. Current engineered tissues must be biocompatible at the chemical, cellular,
and tissue level. At the tissue level, engineered constructs are currently designed to
match the mechanical conditions of their environment. At the cellular level, the
mechanical environment seen by engineered cells plays an important role in con-
trolling differentiation [36]. Thus, while there is widespread recognition of the
importance of cell and tissue mechanics during morphogenesis there are few tools
and little information on how local tissue microenvironments develop. For instance,
recent work has found that the mechanical properties of tumors and surrounding
healthy soma regulate the progression of metastasis [108]. During development and
oncogenesis, and within engineered tissues, mechanics is regulated by factors such
as Rho-GTPase through the actin cytoskeleton: modulating cell migration, cell
mechanics, and assembly of the ECM [109]. By using model systems researchers
studying the biomechanics of tissue formation may allow future tissue engineers to
control aspects of tissue mechanics and characterize the consequences of alterations
to tissue mechanics on cell behaviors that are outside the reach of conventional cell
culture and tissue models. Future studies will provide novel insights into the
coordination between bulk tissue mechanics and the fine scale cytoskeletal control
of cell behaviors that are highly relevant to the regulation of cell behaviors in the
diverse fields of oncology and tissue engineering.
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Mechanobiology of Primary Cilia
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Abstract Within many mechanosensitive tissues and organs such as vascular
endothelium, renal and liver epithelium, and bone, the cells residing within them
are exposed to fluid flow. The process by which flow-induced mechanical loads are
sensed by these cells and transduced into a biochemical signal is mostly unknown.
The primary cilium is a rod-like, microtubule-based structure that projects from
the cell surface into the extracellular environment. By possessing (1) mechanical
characteristics that allow it to deflect under fluid flow, and (2) a number of
receptors, channels, and signaling molecules, the primary cilium is uniquely suited
to function as a cellular ‘‘flow sensor’’. In our review of the primary cilium and its
role in sensing of fluid flow, we consider ciliary mechanobiology from both bio-
logical and mechanical perspectives. The first part of this chapter focuses on
comparing and contrasting ciliary flow sensing mechanisms in kidney epithelial
cells, cardiovascular endothelial cells, bile duct epithelial cells, nodal cells, and
bone cells. We demonstrate that ciliary sensation of fluid flow can involve
molecular mechanisms that are shared across diverse cell types, yet can also
uniquely differ between cell types as well. The second part of this chapter focuses
on ciliary mechanics. In particular, we review the contribution of various ciliary
components to the mechanical behavior of the cilium, and efforts to mechanically
model cilium deflection under flow.
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1 Introduction

A number of tissues and organs critically depend on extrinsic and/or intrinsic
mechanical signals for proper development, maintenance, and/or function. In most
cases, the molecular mechanisms utilized by the cells within these tissues and
organs to sense mechanical loads and transduce them into biochemical signals
(i.e., the mechanisms involved in the process of cellular mechanotransduction) are
unknown. A better understanding of these mechanisms is central to understanding
the causes of diseases, disorders, and syndromes in which aberrant mechano-
transduction contributes to their onset and/or progression [38].

The capacity for tissues and organs to be regulated by mechanical loads is
dependent on the generation of one or more cell-level physical signals that alter
cellular function. Within many mechanosensitive tissues and organs, the cells
residing within them are exposed to fluid flow. For example, lumen-lining cells
such as tubular kidney epithelial cells, epithelial cells of the liver, and endothelial
cells lining blood vessels are subjected to flow of luminal fluid, bile, and blood,
respectively. Within bone, cells residing within the mineralized matrix are sub-
jected to interstitial fluid flow arising from loads imparted to the bone tissue [57,
81]. During development, flow of extra-embryonic fluid is transiently generated in
the node, a structure on the surface of the mammalian embryo that appears during
gastrulation [52]. Fluid flow subjects cells to variety of potential regulatory sig-
nals, such as enhanced transport of nutrients and/or signaling molecules [12],
streaming potentials [92], and fluid shear stress. Given the vastly different func-
tions of the cells described above, it is perhaps rather remarkable they all share the
capacity to sense and respond to fluid flow utilizing a mechanism mediated by a
common organelle, the primary cilium (or in the case of nodal cells, a primary
cilium-like structure termed the nodal cilium). The primary cilium is a rod-like,
solitary (i.e., each cell possesses one), non-motile (except for some nodal cilia, as
will be discussed later), microtubule-based structure that projects from the surface
of the plasma membrane into the extracellular environment. By extending into the
extracellular space and possessing mechanical characteristics that allow flow-
induced bending, it is uniquely suited to serve a mechanosensory role by deflecting
under fluid flow. In addition, given that a number of receptors, channels, and
signaling molecules localize within the cilium, it is biochemically suited to
function as a cellular ‘‘flow sensor’’.

In this chapter, we review primary cilia mechanobiology with a focus on
sensation of fluid flow. In our review, we take both biological and mechanical
perspectives. The first part of this chapter focuses on comparing and contrasting
ciliary flow sensing mechanisms in kidney epithelial cells, cardiovascular endo-
thelial cells, bile duct epithelial cells, nodal cells, and bone cells. We demonstrate
that sensation of fluid flow via the primary cilium can involve molecular mech-
anisms that are both shared across these diverse cell types, but can also uniquely
differ between cell types as well. The second part of this chapter focuses on ciliary
mechanics. In particular, we review the contribution of various ciliary components
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to the mechanical behavior of the cilium. In addition, we review both experimental
and theoretical efforts to characterize the mechanics of cilium deflection under flow.

1.1 Architecture, Formation, and Maintenance

1.1.1 Primary Cilia are Microtubule-Based Structures Distinct
from Motile Cilia

We begin this chapter with a discussion of the architecture of primary cilia and the
processes involved in their formation and maintenance. For more in depth infor-
mation regarding these processes, the reader is directed to several excellent
reviews [6, 10, 65, 88]. As briefly discussed earlier, the primary cilium is an
antenna-like structure that projects from the surface of the plasma membrane into
the extracellular environment. They are found on nearly every cell in the mam-
malian body [10]. Primary cilia are distinct from motile cilia (found, for example,
on the surface of epithelial cells), particularly in regards to their motility, the
number of cilia that cells possess, their molecular structure, and their function. For
example, motile cilia are generally found in large groups, and beat in an orches-
trated manner to facilitate fluid or cell movement [10]. In contrast, primary cilia
are solitary and non-motile. Like motile cilia, primary cilia are microtubule-based
structures with axoneme cores. The axonemes of primary cilia, which originate
from basal bodies (microtubule-organizing centers that are derived from centri-
oles), are surrounded by a plasma membrane that joins with the plasma membrane
of the cell body. The molecular architecture of the axonemes of primary cilia
differs from that of motile cilia. In particular, the axonemes of motile cilia are
made up of nine sets of microtubule doublets and a central pair of singlet
microtubules. Thus, they are often described as having a 9+2 microtubule archi-
tecture. In contrast, while primary cilia also possess an axoneme composed of nine
microtubule doublets, they do not posses the central pair (Fig. 1). Thus, they are
described as having a 9+0 microtubule architecture. In addition, primary cilia are
missing several molecular components found in motile cilia such as inner and
outer dynein arms, and radial spokes [61].

1.1.2 Primary Cilium Formation and Maintenance Relies
on Intraflagellar Transport

Primary cilia lack protein synthesis machinery, thus they require a coordinated
process called intraflagellar transport (IFT) for delivery of ciliary components
[35, 65]. Ciliary proteins such as receptors and channels are synthesized in the cell
body, and transported along the axoneme by IFT. Proteins that are to be incor-
porated into the cilium assemble into complexes termed IFT particles [88], and are
then transported along the axoneme. Transport occurs in a bidirectional manner,
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with different molecular motors responsible for transport in different directions.
Anterograde transport occurs via kinesin 2 [9], a heterotrimeric protein that is
composed of three subunits, two of which have a motor function (Kif3a and
Kif3b), and a third which does not. Retrograde transport occurs by cytoplasmic
dynein 1B [55]. During ciliogenesis, axoneme elongation occurs distally from the
basal body via addition of axoneme subunits at the ciliary tip [6].

1.2 Physiological Function of Primary Cilia

In recent years, primary cilia have become the focus of intense research efforts to
elucidate their functions [10]. These efforts have revealed that these organelles are
involved in remarkably diverse processes. For example, during embryonic
development, nodal cilia have been found to be critical for the establishment of
left–right asymmetry [52]. In addition, disruption of the IFT component polaris has
been found to result in defects in skeletal patterning and endochondral bone for-
mation [25], and other developmental abnormalities such as arrest in development
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Doublet MTs

Singlet MTs

Radial Spokes

Membrane

Primary Cilium                  Motile Cilium

9+0 Axoneme                      9+2 Axoneme

Fig. 1 Molecular architec-
ture of the primary cilium
(left) and motile cilium
(right). The primary cilium
axoneme is composed of nine
doublet microtubules. The
motile cilium axoneme addi-
tionally possesses a central
pair of singlet microtubules.
Figure adapted from [10]
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at mid-gestation, pericardial sac enlargement, and defects in neural tube closure
[47]. Mutations in ciliary-associated genes have also been found to result in a
broad range of non-developmental pathologies (see [6] for review). For example,
ciliary dysfunction has been linked to polycystic kidney disease (PKD) and growth
of cystic lesions in the liver and pancreas [10, 88]. It has also been associated with
mental impairment, blindness, obesity, and diabetes, particularly in association
with Bardet–Biedel syndrome (BBS), a genetic disorder linked to mutations in
proteins that localize to the ciliary/centrosomal complex [6].

Although the specific role of primary cilia in regulating the diverse processes
and pathologies described above has yet to fully elucidated, their function as
sensory organelles of chemical and physical stimuli has been established [38]. For
example, in addition to functioning as mechanosensors of fluid flow, they have
been implicated in mediating sensation of tonicity [19] and temperature [34]. With
regards to chemical stimuli, primary cilia have been shown to mediate sonic
hedgehog signaling through a mechanism that involves the departure of Ptc1 from
cilia upon Shh binding, and subsequent accumulation of Smo within the cilium
[63]. Receptors for somatostatin and PDGF, which regulate cell proliferation, have
also been found to localize to the cilium [23, 69]. Although the mechanisms by
which cilia mediate the sensation of such diverse stimuli are still largely unknown,
it is not unreasonable to believe that chemical signal transduction at the primary
cilium involves common signaling components including those involved in ciliary
mechanotransduction, which are reviewed in the next section.

2 Primary Cilia Mechanotransduction: Signaling Mechanisms

In this section, we compare and contrast ciliary signaling mechanisms involved in
the sensation of fluid flow in kidney epithelial cells, cardiovascular endothelial
cells, bile duct epithelial cells, nodal cells, and bone cells. These cells share a
common trait in that they all possess the capacity to sense fluid flow via a
mechanism involving the cilium, yet these cells have vastly different functions.
Thus, perhaps it is not surprising that while these cells use some shared molecular
machinery in transducing flow via the cilium, there are also key differences in their
mechanosensing mechanisms.

2.1 Renal Primary Cilia

2.1.1 Renal Cilia Passively Bend Under Fluid Flow

We begin our review of ciliary mechanotransduction signaling pathways in kidney
epithelial cells, since it is in these cells that a mechanosensory function for the
primary cilium was first ascribed. Due to their wide distribution throughout the
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kidney and their projection from the cell surface, a sensory role for cilia within the
kidney had long been speculated [3]. The first experimental evidence that they
were mechanically suited to sense luminal flow was provided by Roth et al. [66]
who used a flexible substratum technique to view perfused kidney epithelial cells
in side view. In this technique, cells were grown on flexible substrates and folded
cell-side out. The cells residing on the creased edge were then loaded into a flow
chamber and placed under a microscope such that they could be viewed from the
side (Fig. 2). When exposed to flow, Roth et al. observed that the renal cilia bent
passively, and recoiled following cessation of flow, indicating that primary cilia
were ideally suited to serve a mechanosensory function by passively bending
under flow. Schwartz et al. [70] later demonstrated that a range of physiologically
relevant levels of flow were sufficient to deflect renal cilia, and noted that such
deflections would result in the generation of membrane tension that could serve to
open stretch-activated ion channels.

2.1.2 Bending Renal Primary Cilia Induces Extracellular Ca2+-Dependent
Intracellular Ca2+ Release

The first direct evidence linking primary cilium deflection and biochemical signaling
was provided by Praetorius and Spring [59, 60] who demonstrated that ciliary
bending was sufficient to induce intracellular Ca2+ fluxes. In particular, these authors
demonstrated that bending the cilium in MDCK cells, either by micropipette suction
of individual cilia (Fig. 3), or by exposure to flow, resulted in a substantial increase in
intracellular Ca2+ concentration [Ca2+] [59]. Under both flow and micropipette
bending, the intracellular Ca2+ mobilization was eliminated in the presence of
Ca2+-free media, Gd3+ (a putative blocker of mechanosensitive ion channels), or
thapsigargin (which depletes intracellular Ca2+ stores), indicating that the intracel-
lular Ca2+ flux was mediated by extracellular Ca2+-dependent intracellular Ca2+

release. Interestingly, intracellular Ca2+ mobilization induced by poking of the apical
membrane with a micropipette was not abrogated by removal of extracellular Ca2+,
indicating that renal epithelial cells possess both cilium-dependent and

Fluid Flow
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Flow
Chamber
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Fig. 2 Schematic of the
flexible substrate technique of
Roth et al. [66] for viewing
cilium deflection under fluid
flow from the side. Cells are
cultured on flexible sub-
strates, which are folded in
half cell-side out, and posi-
tioned in a flow chamber so
that the folded edge is paral-
lel to the direction of flow
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cilium-independent mechanosensory mechanisms that can result in intracellular Ca2+

mobilization via distinct signaling pathways. In addition, these data suggest that the
intracellular Ca2+ flux induced by ciliary bending was not due to deformation of the
surrounding apical membrane [59], but rather deformations at or near the cilium. The
hypothesis that ciliary bending is responsible for transducing luminal fluid flow in
kidney was further supported by subsequent investigations by these authors indi-
cating that pharmacological removal of the primary cilium by treatment with chloral
hydrate abolished flow-induced increases in intracellular Ca2+, despite the cells
having normal intracellular microtubule organization [60].

2.1.3 Polycystin-1 and Polycystin-2 Mediate Flow-Induced Signaling
Responses in Kidney

A link between renal flow sensing, primary cilia, and polycystic kidney disease
(PKD) was established by Nauli et al. [48]. Autosomal dominant polycystic kidney
disease (ADPKD), which is characterized by the formation of renal cysts, involves
polycystin-1, a large, integral membrane protein [41] encoded by the gene Pkd1,
and polycystin-2, a Ca2+-permeable cation channel [18, 79] encoded by the gene
Pkd2. In particular, mutations in either Pkd1 or Pkd2 results in ADPKD [50]. Prior
to the studies of Nauli et al. the importance of primary cilia in the etiology of PKD
had been established through several studies [4, 54, 89], such as investigations
indicating that PC1 and PC2 are associated with the cilium, and the discovery that
the Oak Ridge Polycystic Kidney (orpk) mutant mouse, which develops cystic
lesions in the kidney, possessed a mutation in the gene that encoded for polaris,
which is required for proper cilium formation [24, 76, 90].

Nauli et al. found that PC1 and PC2 co-distribute in renal cilia, and that kidney
cells from transgenic mice lacking functional PC1 and wildtype cells treated with
blocking antibodies against PC2 did not exhibit an increase in intracellular Ca2+

Intracellular Ca2+ Stores

Ca2+
Ca2+

Ca2+

Nucleus

Primary
Cilium

Micropipette

Fig. 3 Experimental setup of
Praetorius and Spring [59] in
which individual renal cilia
were bent by micropipette
suction. Pipette bending was
demonstrated to induce
release of Ca2+ from intra-
cellular stores via a mecha-
nism involving extracellular
Ca2+ and Gd3+-sensitive
channels
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when exposed to flow [48]. These data provided a molecular link between the
apparent extracellular Ca2+-dependent intracellular Ca2+ release and ciliary
bending previously observed by Praetorius and Spring. Given the function of PC2
as a Ca2+-permeable channel, the large extracellular domains of PC1, and the
evidence that PC1 and PC2 could heterodimerize [11, 22, 48, 72], Nauli et al.
proposed that PC1/2 form a mechanosensing complex in which bending of the
cilium results in conformational changes in PC1, which subsequently activates
PC2 [48] (Fig. 4). These authors also suggested that abnormal mechanosensing
due to dysfunction in this complex may contribute to PKD pathogenesis.

Several investigations have identified additional signaling mechanisms
involved in renal ciliary flow sensing that involve PC1 and/or PC2 and which may
also be involved in the onset and progression of PKD. For example, Low et al. [41]
demonstrated that the cytoplasmic tail of PC1 interacts with the transcription
factor STAT6, and that PC1 can undergo proteolytic cleavage such that the PC1
tail translocates to the nucleus and activates STAT6-mediated gene expression.
These authors also demonstrated that cessation of flow causes nuclear transloca-
tion of STAT6 from the cilium. Interestingly, they observed that expression of the
human PC1 tail in zebrafish embryos resulted in the formation of kidney cysts,
suggesting that overexpression of the cytoplasmic tail of PC1 is sufficient to
induce the formation of renal cysts [41]. Besschetnova et al. [5] demonstrated that
increased levels of cyclic adenosine monophosphate (cAMP) and subsequent
activation of protein kinase A (PKA) increased ciliary length and anterograde
intraflagellar transport. When exposed to flow, intracellular cAMP levels and
ciliary length were decreased. These findings lead these authors to propose the
presence of a negative feedback loop whereby flow leads to cilium bending-
induced decreases in cAMP and subsequent shortening of the cilium and decreased
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mechanosensitivity. Interestingly, this response was blocked when PC1 and PC2
were reduced, suggesting that in PKD, disruption of this negative feedback
loop may contribute to its pathology. Kottgen et al. [34] found that TRPV4, a
member of the transient receptor potential (TRP) superfamily of cation channels,
localizes to renal primary cilia and interacts with PC2. Further, these authors found
that depletion of TRPV4 abolished flow-induced increases in intracellular Ca2+

[34]. Interestingly, they also found that morpholino-mediated knockdown of PC2,
but not TRPV4, was sufficient to induce renal cysts in zebrafish larvae, suggesting
that the disruption of renal flow sensing is not sufficient to induce renal cyst
formation, and that PC2 may be involved in multiple processes that contribute to
PKD pathology. For example, Siroky et al. [71] demonstrated that collecting
duct principal cells obtained from the orpk mutant mouse exhibit abnormal
PC2 localization and elevated levels of unstimluated apical Ca2+ entry. These
findings suggest that in addition to being involved in flow sensing, PC2 may
have other regulatory functions, such as mediating apical Ca2+ entry under tonic
pressure [71].

2.2 Endothelial Primary Cilia

The capacity for endothelial cells lining blood vessels to sense fluid shear stresses
arising from blood flow has been established, and the physiological role of fluid
shear stress as an important regulator of endothelial cell function is well recog-
nized. Abnormal mechanosensation has been implicated in vascular diseases such
as hypertension and atherosclerosis [29]. For example, within regions of the
vasculature that are susceptible to atherosclerotic plaques, there is a correlation
between endothelial cell dysfunction and shear stress level and/or temporal profile
[83]. The mechanisms by which endothelial cells transduce shear stresses arising
from blood flow have yet to be fully revealed. However, given the role of primary
cilia in mediating flow sensation in kidney cells, perhaps it is not surprising that a
similar role for cilia has been speculated in endothelial cells.

2.2.1 Endothelial Primary Cilia Formation and Length are Flow Dependent

The presence of primary cilia in the vasculature was established by Bystrevskaya
et al. [8] who detected them in adult and embryonic human aortic endothelial cells.
Interestingly, unlike renal cilia which are found throughout most of the kidney, the
presence of ciliated endothelial cells within the vasculature appears to be more
limited (\25%) [58, 78]. In vivo investigations have revealed that the presence or
absence of primary cilia is correlated with the level of fluid shear and/or temporal
shear profile. For example, in chick embryonic endocardium, the presence of cilia
was found to be inversely related to the presence of Kruppel-like factor 2 (KLF2),
a marker of high shear stress [77]. Within the aortic arch and common carotid
arteries of the adult mouse, primary cilia were found to preferentially distribute to
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atherosclerosis-prone regions that are expected to experience disturbed blood flow
[78] (Fig. 5). Interestingly, in mice deficient for apolipoprotein-E (which develop
atherosclerosis spontaneously), ciliation was also found to frequently occur on or
around lesions. Consistent with the notion that endothelial ciliation is responsive to
blood flow-induced fluid shear stress, Iomini et al. [30] demonstrated that the
primary cilia of cultured human endothelial cells disassembled when exposed to
steady fluid flow. There is evidence that the absence of cilia desensitizes endo-
thelial cells to fluid shear [26], suggesting the presence of a negative feed back
loop in which cilium-induced bending leads to ciliary disassembly and reduced
mechanosensitivity, similar to the mechanism proposed to occur in kidney [5].

2.2.2 A Potential Link Between Endothelial Primary Cilia
Mechanosensing and Cardiovascular Defects in
Patients with PKD

PKD is associated with the early presentation of hypertension and associated
cardiovascular defects [1]. Given the role of PC1 in mediating primary cilia flow
sensing in kidney, Nauli et al. [49] investigated whether primary cilia and PC1
may serve a similar role in endothelial mechanotransduction. These authors
demonstrated that PC1 colocalized with primary cilia in cultured embyronic aortic
endothelial cells, and that cells obtained from mice with disruptions in polaris and
PC1 failed to exhibit flow-induced increases in intracellular Ca2+ and nitric oxide
synthesis. Similar to kidney [59], the mechanosensory function of endothelial
primary cilia was specific to flow, as increases in intracellular Ca2+ and NO in
response to mechanical perturbation of the apical membrane were not abrogated in
cells with dysfunctions in polaris or PC1. Interestingly, these authors also found
that shear stress induced proteolytic cleavage of PC1, similar to kidney [41], which
they speculated could play a role in desensitizing cells to further increases in shear
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Fig. 5 Schematic demon-
strating the distribution of
endothelial cilia (represented
as short black line segments)
within the aortic arch. Cilia-
tion occurs in regions of
expected low or disturbed
flow. Figure adapted from
[78]
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[49]. More recently, AbouAlaiwi et al. [1] showed that PC2 localizes to endo-
thelial cilia within the mouse femoral artery, and that mouse endothelial cells with
disruptions in PC2 fail to exhibit flow-induced increases in NO. These authors also
showed that endothelial cells obtained from ADPKD patients lack ciliary PC2 and
are insensitive to fluid flow, suggesting that abnormal endothelial mechanosen-
sation of blood flow may underlie vascular defects associated with PKD [1].

2.3 Nodal Cilia

2.3.1 Nodal Cilia are Structurally Related to Primary Cilia

In this section, we shift our focus to the role of ciliary flow sensing during
mammalian embryonic development. In particular, we will review the role of cilia
in generating and sensing extra-embryonic fluid in cells of the node (a transient
triangular indentation that appears on the embryo surface during gastrulation), the
physiological role of this fluid generation, and mechanisms involved in flow
sensing as they relate to the specification of left–right asymmetry. The solitary
cilia on nodal cells are structurally similar to primary cilia in that the axonemes
have a 9+0 microtubule arrangement [52]. However, unlike primary cilia, some
nodal cilia are motile [52], thus they are often considered a distinct class of cilia in
addition to primary cilia and motile cilia.

2.3.2 The Establishment of Left–Right Asymmetry Requires the Generation
and Sensation of Flow by Nodal Cilia

Given that left–right defects were observed in humans with immotile cilia syn-
drome [2, 52] (left–right defects are also found in mouse embryos with immotile or
abnormal cilia [43, 47, 80]), Nonaka et al. [52] investigated the role of nodal cilia in
establishing left–right asymmetry. These authors found that the movements of
nodal cilia consisted of a vortical motion that generated a leftward flow of fluid,
referred to as nodal flow, and that embryos with disruption of nodal cilia and nodal
flow exhibited left–right randomization. The physiological role of nodal flow in
left–right axis determination was clearly demonstrated in subsequent investigations
by Nonaka et al. where embryos were loaded in flow chambers and rightward flow
applied. They found that superimposition of rightward flow such that the intrinsic
leftward flow was reversed resulted in reversal of left–right asymmetry [51].

The importance of nodal cilia in generating nodal flow for proper left–right
specification was established in the studies described above; McGrath et al. estab-
lished a potential mechanism for the sensation of nodal flow soon thereafter. These
authors observed that left–right dynein, an axonemal dynein that is required for
nodal cilia motility, localizes to a subset of nodal cilia [46], and that in the presence
of nodal flow, an asymmetric intracellular calcium signal appeared at the left margin

Mechanobiology of Primary Cilia 109



of the node [46]. These observations led these authors to develop the two-cilia model
where left–right asymmetry is established via a mechanism in which nodal cells
expressing left–right dynein and possessing motile cilia generate nodal flow, and cells
not expressing left–right dynein and possessing non-motile cilia sense and transduce
this flow, resulting in asymmetric intracellular Ca2+ signaling (Fig. 6).

Although it is unknown whether the asymmetric signaling resulting from nodal
flow is mediated by chemotransport (e.g., sensation of one or more signaling
molecules transported to the left side of the node), or mechanical loading (e.g.,
mechanosensation of fluid shear stress), as noted by Nauli and Zhou [50], there are
several reasons to believe that nodal cells transduce nodal flow via a mechano-
transduction mechanism involving bending of the cilium and PC2. PC2 is
expressed in both motile and non-motile nodal cilia, and McGrath et al. [46] found
that embryos lacking functional PC2 failed to exhibit a perinodal Ca2+ response.
Consistent with a role for PC2 in transducing nodal flow, mice with disruption of
Pkd2 exhibit laterality defects [56]. Interestingly however, PC1-deficient mice do
not exhibit laterality defects [50], suggesting that if nodal flow is transduced via a
mechanism involving ciliary bending and PC2, the mechanism by which this
occurs is not identical to that in kidney.

2.4 Cholangiocyte Primary Cilia Integrate Chemical and
Physical Signals

We now shift our attention to the role of ciliary flow sensing in liver health and
disease, with an emphasis on cholangiocytes, epithelial cells that line the lumen of

Ca2+

Ca2+

Ca2+
Ca2+

Ca2+

Nucleus

Non-motile
Cilium

Nucleus

Motile
Cilium

Leftward Fluid Flow

Left Peripheral Nodal Cell                        Central Nodal Cell

Fig. 6 Two-cilia hypothesis for the generation and sensation of nodal flow. Central nodal cells
possess motile cilia and generate leftward nodal flow via vortical ciliary motions. Left peripheral
nodal cells possess non-motile cilia and sense flow via ciliary bending and subsequent intra-
cellular Ca2+ mobilization
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intrahepatic bile ducts. Cholangiocyte primary cilia extend into the lumen [28] in a
manner such that their lengths are proportional with duct diameter [28]. The
physiological significance of cholangiocyte primary cilia is still being elucidated,
however, there is evidence suggesting that they play a key role in the onset and/or
progression of liver disease. For example, polycystic liver disease occurs in
combination with PKD [44]. In addition, nephronophthisis and BBS, which also
result from mutations in ciliary-associated proteins, are associated with hepatic
fibrosis [44].

2.4.1 Integration of Mechanical and Chemical Signals in
Cholangiocytes via a Mechanism Involving Primary Cilia,
PC1, PC2, cAMP, and AC6

Cholangiocytes are exposed to passive movement of fluid within the bile duct
[44]. The physiological function of cholangiocyte cilia in sensing this flow was
investigated by Masyuk et al. [45] who found that in perfused intrahepatic bile
duct units, luminal flow induced intracellular Ca2+ mobilization in a manner that
was dependent on primary cilia, PC1, PC2, extracellular Ca2+, and intracellular
Ca2+ stores, identical to kidney. These authors also investigated whether sensa-
tion of fluid flow involved cAMP, which has been implicated as a key signaling
molecule in biliary epithelia [45]. When exposed to flow, no alteration in
intracellular cAMP levels was detected. However, when cells treated with for-
skolin, a non-specific cAMP agonist, were exposed to flow, forskolin-stimulated
levels of cAMP were significantly reduced in a PC1- and PC2-dependent manner.
Interestingly, these authors found that adenylyl cyclase 6 (AC6), a Ca2+-inhib-
itable isoform of adenylyl cyclase (the enzyme which catalyzes the synthesis of
cAMP from ATP) localized to cholangiocyte cilia, and that inhibition of AC6
abrogated flow-induced decreases in cAMP in cholangiocytes treated with for-
skolin. These observations led these authors to propose a model in which
receptor-mediated activation of AC6 is reduced by flow-induced ciliary bending,
entry of extracellular Ca2+ via PC1/2, and subsequent inhibition of ciliary AC6
by this Ca2+ influx [45]. In this model, the cilium functions as a cellular nexus
where chemical and mechanical signals are integrated. The capacity for the
cilium to function similarly in other flow-sensitive cells (and in particular, in
cells which demonstrate synergistic signaling in response to mechanical and
chemical signals [73]) is an exciting possibility.

2.5 Bone Cell Primary Cilia

In the cells reviewed thus far, flow sensing via the primary cilium involved intra-
cellular Ca2+ mobilization. We now review mechanisms mediating ciliary flow
sensing in bone cells, which recent evidence suggests does not involve this
response.
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2.5.1 Bone Cell Cilia Bend Under Flow and Mediate Flow
Sensation Independent of Extracellular
Ca2+-Mediated Intracellular Ca2+ Release

The capacity for bone to adapt its structure to its mechanical environment has been
recognized for over 200 years [84]. When bone is mechanically loaded (such as
under habitual loading), pressure gradients are generated that drive interstitial fluid
within the lacunar–canalicular system (LCS) [57, 81]. The LCS is fluid-filled
network of voids in which osteocytes reside called lacunae that are interconnected
to one another via channels called canaliculi [36, 37]. This fluid movement is
reversed when the load is removed, resulting in flow that is dynamic in nature [31].
A variety of responses have been documented in cultured bone cells exposed to
dynamic fluid flow (see, for example, [38]), one of which is an intracellular Ca2+

flux [31] that depends on intact intracellular Ca2+ stores [91]. Given that bone cells
possess primary cilia [14, 86] and that flow-induced intracellular Ca2+ signaling is
mediated by primary cilia in kidney, we speculated that primary cilia may have a
mechanosensory function in bone.

In our lab, we first sought to determine whether bone cell cilia were physically
suited to serve a mechanosensory function by deflecting under flow. Using the
flexible substratum technique [66] to view cells in side view, we found that bone
cell primary cilia passively bent in response to sub-physiological fluid flow, and
recoiled following flow cessation [42] (Fig. 7). In addition, we found that primary
cilia mediate the capacity for bone cells to sense and respond to flow, as indicated
by the loss of flow-induced transcriptional changes in osteopontin, OPG/RANKL,
and COX-2 and release of PGE2 in cells with disrupted cilia [42]. Interestingly
however, disruption of bone cell primary cilia did not abrogate flow-induced
intracellular Ca2+ mobilization, whereas in renal cilia, under identical experi-
mental conditions, this response was significantly reduced [42]. This indicated that
primary cilia mediate flow sensing in bone cells independently of extracellular
Ca2+-dependent intracellular Ca2+ release [42].

2.5.2 Bone Cell Primary Cilia Transduce Flow via AC6 and cAMP

Building on the findings described above, we next investigated whether the
primary cilium-dependent responses to flow in bone cells were mediated by a
mechanism regulated by modulation of cAMP production rather than intracellular
Ca2+ release. We found that bone cells exposed to flow exhibited a rapid decrease
in intracellular levels of cAMP which was abrogated by cilia inhibition [38].
Interestingly, we also found that AC6, a Ca2+-inhibitable isoform of adenylyl
cyclase, preferentially localized to bone cell cilia, similar to cholangiocytes
(Fig. 8), and that inhibition of AC6 eliminated flow-induced decreases in cAMP.
Inhibiting Gd3+-sensitive channels, but not emptying intracellular Ca2+ stores, also
abrogated this response. This suggests that bone cell primary cilia may transduce
fluid flow via a mechanism involving Ca2+ entry through Gd3+ sensitive channels
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Fig. 8 MLO-Y4 bone cells immunostained for acetylated alpha tubulin (left, red) and adenylyl
cyclase 6 (middle, green). Adenylyl cyclase six colocalizes with the cilium (right, merge)

Fig. 7 Bone cells imaged
under side view and exposed
to a pulse of *0.03 Pa steady
flow. The primary cilium can
be seen extending from the
apical surface (arrowhead)
before (top) and during (bot-
tom) application of fluid flow
(from left to right). For fur-
ther details regarding experi-
mental methods see [42]

Mechanobiology of Primary Cilia 113



at the cilium in response to flow-induced bending, Ca2+-mediated inhibition of
AC6, and subsequent decreases in intracellular levels of cAMP [38].

The findings described above clearly demonstrate that primary cilia mecha-
notransduction of fluid flow can involve different combinations of molecular
machinery that may be shared among diverse cell types (Fig. 9 gives a schematic
summarizing the pathways reviewed thus far). An intriguing question that arises by
comparing and contrasting the mechanisms described in this section is whether the
Gd3+-sensitive ion channel(s) mediating primary cilia flow sensing in bone include
molecules implicated in other tissues, such as PC1/2, which localizes to bone cell
primary cilia [85], and/or TRPV-4 [34]. Another interesting question is whether
flow-induced decreases in cAMP occur in kidney cells. Indeed, several animal
models of PKD exhibit high levels of intracellular cAMP, possibly due to
hyperactivity of Ca2+-inhibitable ACs arising from low levels of Ca2+ [16, 38].

3 Ciliary Mechanotransduction: Mechanics

The mechanics of the primary cilium dictate how external forces translate into
local cellular deformations that ultimately regulate cellular function. For example,
as a primary cilium bends under fluid flow, the convex surface of the bent cilium
experiences membrane tension, which may act to activate Ca2+-permeable cation
channels such as PC2. Despite the potential importance of ciliary mechanics in
regulating cellular mechanosensation, little is known of the mechanical properties
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TRPV-4), or whether flow-
induced decreases in cAMP
occur in kidney cells via a
mechanism involving AC6

114 R. Y. Kwon et al.



and behavior of primary cilia. In this section we discuss efforts to mathematically
model the mechanics of the primary cilium. In addition, we explore the structure of
the cilium in more detail, with a focus on structural elements that appear to
positively contribute to its mechanosensory function.

3.1 Mechanical Models

3.1.1 The Primary Cilium can be Modeled as a Cantilevered Beam

The bending behavior of the primary cilium was first modeled mathematically by
Schwartz et al. [70]. These authors modeled the primary cilium under fluid shear as
a cylindrical cantilevered beam subjected to a fluid drag force perpendicular to its
long axis:

d2u
ds2
þ k2 cos u ¼ 0

where s is the distance along the beam, uðsÞ is the angle of slope of the bent beam
at each point s, and k is a constant dependent on a variety of factors such as applied
load, and beam material properties, size, and shape. The fluid drag force per unit
length (w) was calculated by assuming laminar flow around a cylinder as

w ¼ 4pqm2d

Re½2:002� 1nðReÞ�

where q and v are the density and velocity of the fluid respectively, d is the cilium
diameter, and Re is the Reynolds number.

Using the model described above Schwartz et al. accurately predicted the
bending profile of kidney epithelial cilia observed experimentally under various
physiological flow profiles. In addition, these authors were able to measure the
flexural rigidity (EI) of the primary cilium (3.1 ± 0.8 9 10-23 Nm2). They found
that the flexural rigidity was approximately one order of magnitude less than that
of motile cilia, indicating that compared to motile cilia, primary cilia are much less
rigid structures. Given that the model, which assumes the cilium has a fixed base,
accurately predicted experimentally obtained bending profiles under flow, Sch-
wartz et al. concluded that the cilium is firmly supported at its base.

3.1.2 Primary Cilium Length Regulates Mechanosensitivity

As discussed earlier in this chapter, there is a evidence suggesting the existence of
a negative feedback loop in which primary cilia shorten their lengths under flow,
resulting in less ciliary deflection and decreased mechanosensitivity [5, 30].
The dependence of ciliary bending on length has been explored using mechanical
models. For example, using the cantilevered beam model described above,
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Schwartz et al. demonstrated that within a given flow field, longer cilia will
experience greater fluid drag and will bend more relative to shorter cilia. The
relation between cilium deflection and length was further explored in the model of
Liu et al. [40] who modeled flow around an array of primary cilia using a modified
Stokes equation with a Darcy term. Interestingly, these authors demonstrated that
due to hydrodynamic interactions between cilia, expected increases in fluid
velocity and drag force were diminished relative to the case in which these
interactions were ignored [40].

3.1.3 The Mechanical Properties of the Ciliary Membrane Dictate
Transmittal of Forces Under Different Flow Profiles

Rydholm et al. recently investigated ciliary bending behavior and flow-induced
calcium signaling in kidney epithelial cells under different flow profiles. Interest-
ingly, these authors observed a time delay of *20 s from application of flow to the
calcium flux. In addition, they found that high frequency flows did not elicit any
calcium response. In order to gain insight into these findings the authors developed
a finite element model of the primary cilium [67]. The ciliary axoneme was
modeled as a cylindrical elastic beam that was fixed at its base. The axoneme
surface consisted of a viscoelastic membrane that was continuous with the cell body
plasma membrane. Utilizing this model, Rydholm et al. found that under flow, the
stress in the ciliary membrane increased at a much slower rate than that of the
axoneme itself. This may explain the lack of response under high frequency flow,
since under such a flow profile the stress in the membrane may not reach sufficient
levels to activate mechanosensitive channels. In this case, the primary cilium could
act as a low pass filter by transferring loads to membrane channels under steady
flow but not under flow in which rapid fluctuations in flow rate occur. These authors
also observed that near the tip, the bending profile of the cilium observed experi-
mentally differed to that predicted by the model. This suggests that unlike in the
model, flexural rigidity may not remain constant along the length of the cilium. This
could be due, for example, to increased disorganization of the circumferential
arrangement of microtubule doublets towards the tip of the cilium [53, 87].

3.2 Structural Components

3.2.1 The Ciliary Axoneme is Optimally Suited to Resist Bending

In this section, we shift our attention from mathematical modeling of ciliary
mechanics to a more in depth examination of ciliary structural components and
their contribution to the mechanical properties and behavior of the cilium. The
cilium possesses a unique molecular architecture that appears to increase or
reinforce its structural integrity and thus facilitate its capacity to serve a
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mechanosensory role. For example, we previously saw that the ciliary axoneme
consists of a circumferential arrangement of nine doublet microtubules. Each
individual doublet consists of one complete tubule containing 13 protofilaments
and another adjoining incomplete tubule consisting of 10 protofilaments [13].
Since hollow cylindrical structures maximize bending resistance while minimizing
mass, the structure of the individual doublets as well as the circumferential
arrangement of the doublets can be both be considered optimal configurations that
allow for a stiff structure. Interestingly, the complete tubule of the doublet is
elongated in the radial direction of the axoneme which would further enhance
ciliary resistance to bending [74]. Non-tubulin protein structures within the axo-
neme may also contribute to the mechanical integrity of the cilium. For example,
Tektin A, B, and C, which share structural features with intermediate filament
proteins, form protofilaments that associate with microtubules within the axoneme
that my provide mechanical resistance to deformation [39]. In particular, the
Tektin protofilaments appear to be ideally positioned to stabilize the partition
between the two tubules.

3.2.2 The Ciliary Necklace May Act to Sensitize Membrane Associated
Channels at the Base of the Cilium

While much of our attention thus far has been paid to the axoneme, the ciliary
membrane may also play a key role in regulating mechanosensitivity. The ciliary
membrane is continuous with the plasma membrane of the cell body but there are
physiological differences between the two [64]. For example, the ciliary membrane
does not precipitate pyroantimonate to the same extent as the cellular membrane,
indicating that the ion-binding properties of the two differ [68]. Gilula and Satir
[17] observed a unique feature of the ciliary membrane which they termed the
ciliary necklace. The ciliary necklace is an intra-membrane structure consisting of a
complex of membrane-associated particles located at the base of cilium. The par-
ticles are arranged in three strands and in scalloped rows, with each scallop coupled
to a microtubule doublet. The physiological function of this structure has yet to be
fully elucidated, however it is worth nothing that immunostaining studies have
established the presence of ion channels and receptors localized at the base of the
cilium [62, 93]. The ciliary necklace may function to increase membrane tension in
this region, sensitizing membrane-associated proteins to cilium deflection.

3.2.3 The Base of the Primary Cilium Contains a Number of
Stabilizing Structural Elements

As described previously, experimental observations of ciliary deflection in con-
junction with mechanical models suggest that the base of the primary cilium is firmly
anchored to the cell body. A number of structural elements extend from the basal
body that may function to support this anchorage. For example, surrounding the
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circumference of the basal body are conical structures known as basal feet, which
function as points of attachment to cytoskeletal microtubules and thus allow the
cytoskeletal microtubules to stabilize the base of the primary cilium. The number of
basal feet is known to differ depending on whether the cilium is motile or non-motile.
In motile cilia, only one basal foot is present and is orientated in the direction of
motion [7]. In primary cilia, several (1–5) basal feet are present, orientated laterally in
all directions. The variable number of basal feet in primary cilia suggests that within
individual cells, the number of basal feet is not fixed, and it may be possible for a cell
to reorient and possibly add basal feet in response to mechanical stimuli. Altering the
number and/or orientation of basal feet could greatly impact the capacity of the
cilium to transmit loads to the ciliary base and/or cell body.

Striated rootlets are collections of filamentous structures that radiate from the
proximal end of the basal body into the cytoplasm. The exact function of these
structures is unknown. However, based on their location, orientation, and structure,
it has been hypothesized that similar to basal feet, striated rootlets anchor the basal
body/primary cilium complex to the cell by interacting with the cytoskeleton [33].
Interestingly, the occurrence and orientation of striated rootlets depend on whether
the cilium is motile or non-motile, similar to basal feet. For example, motile cilia
have only one striated rootlet which is aligned in a direction running from the basal
body to the nucleus [20]. In contrast, primary cilia have numerous striated rootlets
which are orientated in all directions [21]. An intriguing change in the striated
rootlets has been observed in post-menopausal women, appearing shortened and
aligned perpendicular to the longitudinal axis of the cell [27]. An interesting
question is whether these changes occur in other tissues/organs such as bone, and if
they do, whether they result in aberrant mechanosensing, which has been impli-
cated in contributing to post-menopausal osteoporosis [32].

3.2.4 Microtubule Acetylation May Affect Ciliary Stiffness

The microtubules of the ciliary axoneme undergo a variety of post-translational
modifications such as acetylation [82]. While it is unknown whether acetylation
changes the mechanics of microtubules (and hence primary cilia), the presence of
microtubule associated proteins (MAPs) has been found to coincide with acety-
lation. The binding of MAPs to microtubules has been demonstrated to substan-
tially increase their flexural rigidity [15, 75]. This suggests that cells may possess
the capacity to reversibly stiffen primary cilia (and thus tune its mechanical sen-
sitivity to its environment) via microtubule acetylation.

4 Conclusions

In recent years, the primary cilium has generated an extraordinary amount interest
due to investigations identifying it as a chemo- and mechanosensing organelle that
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mediates a remarkably diverse range of developmental processes and post-
development disorders. A growing body of evidence indicates that the primary
cilium is uniquely suited to serve a mechanosensory role due to its physical
structure, its mechanical behavior under flow, and the localization of a number of
receptors, channels, and signaling molecules at or near the cilium. The role of
ciliary mechanics in regulating cellular mechanosensitivity is almost completely
unknown. Future experimental investigations elucidating the mechanical behaviors
of the cilium under load, and subsequent mathematical modeling of these
behaviors, are critical to better understanding the relationship between ciliary
mechanics and cellular mechanotransduction. In addition, future investigations
elucidating signaling mechanisms involved in ciliary mechanosensing in a variety
of tissues and organs are critical to advancing our understanding of how cellular
mechanotransduction occurs. Such investigations may have a broad impact beyond
the field of mechanobiology. In particular, given the evidence suggesting that the
primary cilium serves as a cellular nexus where mechanical and chemical signals
are integrated, and the likelihood that signal transduction at the primary cilium
involves common signaling components, such studies would likely provide key
insights into ciliary signaling and its role in a broad range of processes.
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Mechanical Response of Living Cells
to Contacting Shear Forces

Alison C. Dunn, W. Gregory Sawyer, Malisa Sarntinoranont
and Roger Tran-Son-Tay

Abstract Cells adjacent to implanted devices often experience stress in the form
of shearing forces from relative motion with those devices. Cell response to
contacting shear, specifically in the reorganization of the cytoskeletal actin fibrils,
is not yet fully understood. Many techniques such as atomic force microscopy and
micro-pipette aspiration are currently used to deform or stress cells in a controlled
way. Assessments are typically measured changes in mechanical, fluid, or bio-
chemical properties. Novel micro-friction measurements between a living cell
monolayer and a hydrogel material with fluorescence microscopy analysis provide
insight into the mechanotransduction of stresses, actin fibril densification in the
contacted zone, and the time scales involved in the cellular stiffening response.
This type of measurement is sensitive enough to cause an in situ response without
killing the cells, and could be used to understand more about the nature of cellular
response to applied stresses and wound healing.

1 Introduction

Since the first doctors treated the human body, they have recognized the fragility
and sensitivity of cells and tissues, both in their destruction and in active healing.
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Cells actively respond to applied stresses of many types, whether chemical,
physical, environmental, etc. This is particularly true of implanted prosthetic
devices, which either support or replace biological organs. Often, the implantation
of these devices causes a disruption in the local environment, whether damaged
cells, re-routed circulatory system flows, or load support changes. Even now, no
implant is guaranteed against rejection.

Cells respond to these newly implanted devices in a variety of ways: immune
response, revascularization, and survival mechanisms of the adjacent cells. How
do the cells sustain themselves against an applied force? How can the response be
quantified and correlated to immune response or survival mechanisms? This paper
will briefly review methods used to apply contacting forces to cells in order to
characterize the mechanical properties, and then focus on micro-friction mea-
surements with fluorescent microscopy analysis in order to quantify the shear
response by actin filament reorganization in the cytoskeleton of corneal epithelial
cells [1] (Fig. 1). Using a hydrogel counterface provides contemporary relevance
because of the increasingly common use of hydrogel materials in medical devices.
The example data provided here is the friction coefficient and cellular response
from the relative motion between a silicone-based hydrogel contact lens and a
monolayer of cells. Methods of applying forces to surfaces has been artfully
reviewed by others in the past, with the exception of contacting applied shear
stresses [2, 3]. Surface properties such as friction, adhesion, and limited
mechanical response have been measured with macro-friction instruments and
atomic force microscopy (AFM). Bulk properties like viscosity and complex
modulus (elastic and loss) are measured with rheological techniques or single-cell
methods like micro-pipette aspiration. Indirect shear stresses have been provided
in fluid flow instruments. Physiological stresses by controlled tension and com-
pression of the substrate, micro-bead tracking, or magnetic or laser trapping
provide specialized information regarding the response of organelles or the
cytoplasm. Micro-friction measurements are uniquely suited to stress living cells
and produce a physiological response because the cells are not isolated, sacrificial,

Fig. 1 Schematic of the structure of an epithelial cells (left) including the structural elements
such as the actin filaments (blue), microfilaments (light blue), and microtubules (lining the bottom
plasma membrane). The location of epithelial cells in the multilayered corneal structure (right)
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or disguised among other types of cells in a bulk tissue. This review distinguishes
micro-friction measurements among the types mentioned above, but is limited to
quantitative friction measurements and the qualitative analysis of cytoskeletal
actin densification in the peripheral regions to the friction track.

The difficulties presented by the above techniques are dictated by the fragility
of living cells and the tight ranges of applied load and speed which have a mea-
surable effect without causing traumatic cell necrosis. Macro-scale instruments
tend to be overly destructive while nano-scale forces do not elicit a detectable
spectroscopic change in the cytoskeletal actin density.

Mechanotransduction of information and specifically forces is not yet fully
understood, but could be aided by controlled application of shearing forces in the
form of micro-friction experiments. From this, the forces can be correlated to
pressure and elastic mechanical properties such as elastic modulus, shear modulus,
and Poisson ratio. Also, the time response of transduction between cells and actin
filament reorganization could follow from this work.

2 Overview of Contacting Force Measurements on Biological
Samples

2.1 Macro-tribology

Shear forces have been applied to biological entities from cells to tissues in order
to assess properties related to mechanics, surface science, lubrication, and
chemical changes. The first friction tests on biological materials were designed to
mimic classical friction tests on engineering materials (steel, ceramic), which are
carried out at high loads and speeds not typically seen in biological situations. The
traditional setup for a friction tests is four steel balls rotating on a flat plate [4].
Forces are measured with strain gauges, or more recently by multiaxial load cells
[5]. The friction coefficient l is defined as the frictional force Ff divided by the
normal applied force, Fn as shown in Eq. 1. Motion is provided by a motor-driven
stage geared to produce a rotary, linear reciprocating, or other motion path. The
results of such a test are reliable at fairly high loads and with known force
application materials (steel, in this case).

l ¼ Ff

Fn

: ð1Þ

However, this setup is too aggressive to meet the requirements of low load
applications and measurements. Thus, tribometer designs have evolved to more
closely mimic in vivo loading conditions of bone, tissue, or cellular surfaces.

The first modification to the standard tribometer design was to change the
materials. Soft fixed tissues with a particular surface of interest have been glued to
the ball or pin with cyanoacrylate [6]. This is fairly common for crude soft tissue
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testing, but it becomes hard to justify when more sensitive techniques are both
necessary and available. Chemical changes and substrate mechanics, for example,
can be hard to distinguish from the voltage noise floor of such an instrument. Even
more, the sample may experience unintended shear forces on the non-glued sur-
face, as only the back side is fixed by the glue. This method is limited to fixed
tissues. The water content of these porous tissues is variable and tunable
depending on the method of fixation and subsequent treatments, such that mea-
sured friction coefficients could be tunable as well [7].

The second modification that experimentalists often make is to tailor the trib-
ometer geometry to the application for which they need to quantify the friction
response. For example, friction of catheters has been quantified by a mechanism
which runs the catheter between rollers; normal load is applied by tensioning the
catheter tube between the rollers, and friction force is determined by load cells
attached to the rollers [8]. This method may be sensitive enough to differentiate the
types of materials used in catheters, but for testing of surface modifications, water-
based applied lubricants, the noise levels of the measured signal from the load cell
may overwhelm the frictional differences.

In these modified friction testing setups, the temperature and hydration at the
point of contact are difficult to match to biological conditions [9]. In more sen-
sitive instruments, sample hydration can be achieved through the use of submer-
sion baths, dosing of lubricant at known intervals, and an uptake and diffusion
scheme, all coupled with an environment chamber and temperature control
(humidity as regulated by temperature).

When these instruments are started in motion, measurement handling is of
critical importance. For example, it is possible that the steady-state friction
coefficients of a certain type of tissue sample do not differ, but the transient
response between the static friction point and the steady-state friction coefficient
exhibits a rate-dependent change [10]. The three modes of lubrication as defined
by the Stribeck curve [11] are boundary lubrication, hydrodynamic lubrication,
and a mixed regime of the two. Boundary lubrication is typically characterized by
slow sliding speeds, low lubricant viscosity, and high applied loads. The lubricant
is located between the two surfaces, but not necessarily between all asperity
contacts. Hydrodynamic lubrication is characterized by a separation between the
surfaces due to increased lubricant viscosity, higher sliding speeds, and lower
applied loads. Confusion of the types of friction and lubrication phases (boundary,
mixed, and hydrodynamic) can lead to incorrectly designed experiments and
inappropriate interpretation of results.

2.2 Shear Flow and Rheological Techniques

Prokaryotic cells can exist as both anchorage-dependent cells such as corneal
epithelial cells, and suspended cells such as white blood cells. Shear flow tech-
niques are abundant and versatile in the ability to apply a known shear stress to a
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monolayer of cultured cells on a particular substrate, and to analyze a response.
Dangaria and colleagues [12] found that cells can respond to such a shear flow in
as little as 30 s. Dr. Chien [13] gives a compact overview of laminar and pulsatile
flows used to apply shear stress.

Rheological techniques can be used to assess the mechanical properties
of suspended cells and other biological components. The most popular technique
for measuring the mechanical properties of a single blood cell is the micropipette
technique [14, 15] which is widely used in the study of mammalian cells. This
manipulation technique has been used for studying liquid drops, cells, and
aggregates, as well as to investigate the effects of diseases and treatments [16, 17].
Two typical types of experiment, aspiration and recovery, are usually performed to
determine the mechanical properties of individual cells. For example, passive
leukocytes (white blood cells) are aspirated at a constant pressure into a micro-
pipette. The length of the aspirated cell is measured over time to generate an
aspiration curve. Assuming that cells behave as liquid drops, the viscosity values
can be derived from the slope of the aspiration curves [18]. As for recovery, white
blood cells are drawn by a small suction pressure into a micropipette, held, and
quickly expelled out. Again, assuming that cells behave as liquid drops, the
changing length of the cell as it recovers its spherical shape is recorded as a
function of time, t, and is described by a polynomial [19]. Rheology can also be a
more general term applied to the study of viscoelasticity in the cytoskeleton while
the cells are subject to an external fluid shear flow [20].

To allow direct observation of suspended cells during shear stress application,
a modified cone-plate viscometer, called a rheoscope, has been developed in
which the cone and plate counter-rotate. The advantage of the rheoscope is that
both suspended and anchorage dependent cells can be observed and studied
under flow [21–23]. A particle midway between the cone and plate is subjected
to a well defined shear stress field and remains nearly stationary in the laboratory
frame of reference so that it can be studied without the help of high speed
cinematography.

2.3 Atomic Force Microscopy (AFM)

Measuring forces by the displacement of a flexure of known stiffness is one of the
best ways to get high precision and resolution on the micro- and nano-scale. This
is the method used by the AFM which measures forces between a sharp silicon
probing tip attached to a cantilever spring and a sample surface. Topographical
images are obtained by probing the sample with a tip in tapping or scanning
modes, and measuring the deflection of the cantilever. Typically, the deflection is
measured using a laser spot reflected from the top of the cantilever onto an array of
photodiodes. Probe spring constants range 0.001–100 N/m, and displacements
from microns down to *0.1 Å are measured by the deflection array. Typical
forces between the probe tip and the sample range from 10-11 up to 10-6 N.
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It is presently one of the prime tools for imaging, measuring and manipulating
matter at the nanoscale.

Valuable results of the evolution of cellular structures have been done using
AFM, as well as adhesion probing [24–26]. Some groups have attached a single
cell to the tip of the probe and suspended specific proteins down to the surface in
order to measure the binding properties [27]. This method can provide complex
shear modulus G*(x) of single cells by applying oscillatory indentations to the cell
with a microtip attached to a cantilever flexure of known stiffness and then
measuring the resulting force [28]. A popular technique used in the estimation of
the rheological properties of cells with AFM and rheometers is the dynamic
(oscillatory) testing method. These testing methods can provide information not
only on the cell plasma membrane but also on the intracellular contents. The
dynamic testing method consists of imposing an applied force on a marker (cell or
body) and measuring its displacement, or vice versa. The force/indentation rela-
tionship is a characterization of the cell (cellular component) properties. These
methods are usually done under small oscillatory deformations so that the simpler
linear viscoelastic theory can be applied [29]. This technique stems from foun-
dational studies of the effect of pressure on cell membranes [30, 31].

Another dynamic technique similar to AFM and micro-tribology is the ‘cell
poking’ technique [32, 33]. It measures the force required to indent the surface of a
cell, or the relaxation time of the cell membrane after perturbation by the glass
stylus (indenter). It provides similar information about both the mechanical
properties of adherent cells and the internal cytoskeleton based on a linear vis-
coelasticity theory.

Errors in these methods are typically introduced by tolerances of the AFM
flexure beam(s). A single beam flexure made of silicon can rotate as well as
translate in two axes. The measured deflection should be carefully resolved in
order to get accurate force values and understand their meaning.

2.4 Substrate Strain and Other Techniques

While AFM is typically a single-cell technique, bulk deformation of a single cell
or layer of cells by other techniques can probe the internal reorganization of
cellular components and average properties of the cellular layer. Shear stress is in
fact necessary for homeostasis of bearing tissues [34], and specifically for fibro-
blasts to develop properly [35]. However, guided cell motion along prescribed
nano-etched tracks in the substrate may be dominated by cell–cell interactions
rather than adherence to the substrate by individual cells at a given time [36].
Sniadecki et al. [37] have used magnetic posts to deform the substrate of a layer of
cells in order to compare the sensitivity of mouse fibroblasts to external forces and
the subsequent traction response by the cells themselves. Moving from measure-
ments on the cell surface to those inside, magnetic or laser trapping of intercellular
particles (cytometry) is emerging as a versatile technique [38–40].
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2.5 Custom Micro-tribology

Many of the techniques above operate on isolated cells or fixed tissues that retain
some of their mechanical properties; this cannot illustrate the active response of a
confluent layer of cells adhered to each other and to a substrate. Due to the fragile
nature of cells, they must be stressed in such a manner that they do not die
immediately, become completely rigid, or undergo apoptosis. Most traditional
force applications do not work in this situation because the forces must be on the
order of 0.5 mN or lower, depending on the cell substrate and degree of adhesion.

Custom micro-tribometry is a highly appropriate way to probe the response of
cells to a mechanical applied force (both normally loaded and shear). The probe
can be chosen to contact as few as tens of cells up to hundreds, and then can be
assessed by a variety of optical techniques, and even by more sensitive techniques
such as AFM. Due to the custom nature of the contact zone, this technique can be
applied to small tissues samples, cell multi-layers, or confluent single layers of
cells. Comparisons between fixed samples, added solutions, treatments, etc., are
easily achieved.

These cantilevered flexures along with the accompanying instrumentation have
been described in detail as related to biotribology, gas surface interactions of hard
coating’s and carbon nanotube film properties by a number of authors [41–46].

3 Micro-tribology on Living Cells

3.1 Capabilities and Motivation

Micro-friction studies are suited to applications requiring controlled application
and measurement of small forces, but this technique has been used extensively to
understand the surface force interactions on soft hydrogel polymers [43, 47].
Aqueous test conditions, adhesion, and meniscus effects on the measurement
probe all contribute to the complex nature of the experiments, and must be
quantified and subtracted as necessary. For example, the force of the meniscus
pulling the probe tip toward the sample should not be an addition to the prescribed
force; the measured force while the pin is submerged (but not yet in contact with
the sample) can be subtracted.

Epithelial cells are of particular interest due to their functionality and quantity;
the epithelium is one of four primary body tissues, and its functions include
secretion, absorption, protection, sensation detection, and selective permeability.
The response of these cells to mechanical stimuli has been investigated in a variety
of ways including cultured substrate stretch and in vivo animal studies. There is a
stiffening of human alveolar epithelial cells when strained in an equibiaxial
fashion as reported by Trepat et al. [48]. In addition, the application of mechanical
pressure to oral epithelia of rats with orthodontic elastic bands causes the cells to
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proliferate more slowly, possibly a mechanism to ensure survival under adverse
conditions [49]. Though the epithelium of human corneas is designed to thrive
under a variety of environmental changes, these cells can be abraded away in
response to contact lens design and materials, as well as tear fluid and immune
response. The data reported provide insight as to how biological surfaces
(cell layers) react to direct contact and sliding against contact lens hydrogel
materials. This differs from prior proof-of-concept experiments carried out by
Dunn et al. [42] with endothelial cells that were tested against glass pins in that the
contacting counter-material is compliant and hydrated. Under similar loads the
contact pressures should be substantially lower, but may not be as low as the
forecasted pressures during blinking.

For this later study, human corneal epithelial cells were cultured in Dulbecco’s
Modified Eagle’s Medium and Ham’s F12 media (DMEM/F12). The cells were
subcultured within special holders for approximately 24 h so that 100% conflu-
ency was reached before friction testing was performed. The cultured cell density
as measured optically was 2,750 cells/mm2.

Cell holders were constructed using a polydimethylsiloxane ring fitted onto a
cover glass of diameter D = 25 mm, which provided a small bath of *2 mL
growth media on top of the cell layer during the culture period and lubrication
during frictional testing. Detailed information on the construction of the cell holders
and methods for culturing cells in the holders can be found in Cobb et al. [41].

Before and after testing, cells were submerged in 10% trypan blue for 1 min
and then observed under a 109 objective in a Leica DMLM microscope using the
DIC/Nomarski mode. Damage is assessed immediately before testing and after
testing to assure that only cells affected by friction tests are included in the
analysis. The hydrogel pins were assessed before and after testing at 209 to assure
that no ripping or bunching of the lens material occurred during setup or transit.
A pristine lens has small surface features that range from 0 to 5 lm in size. Photo
analysis software was used to quantify confluent cell density, amount of cell
necrosis (number of cells), and areas where cells detached.

3.2 Mechanical Design for Small Force Application
and Measurement

The small forces required for meaningful application to cells must be applied and
measured in the relevant scale. This is best done with a flexure of known geometry
and motion measured by high-resolution optical sensors.

Currently, the most appropriate way to apply small direct forces to such a layer
is with a thin-beam dual cantilevered flexure. As the flexure displaces, the distance
change is measured with a high-resolution optical probe. This is then correlated to
a force through the calibrated stiffness of the cantilevered flexure. AFM probe tips
operate in this way, but without the advantage of displacement limited to the
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vertical and horizontal directions. AFM tips can rotate and change the precise
location of contact on the pin tip, whereas the nature of the dual cantilevered
flexure limits the rotation without adding undue resistance. The size of pin on the
microtribometer is an order of magnitude larger than a typical AFM tip, but the
most appropriate scale over which to measure collective cellular response is
precisely that size. As of now, these dual cantilevered flexures can resolve dis-
placements down to\1 lm. Spread over a wide area of contact, pressures applied
can reach an order of magnitude lower than reported values for pressure applied by
eyelids during blinking [50].

The compliant and hydrated nature of soft contact lenses does not allow them to
be clamped in traditional fixation devices or glued with cyanoacrylate. Thus, the
hydrogel must be lightly clamped on the perimeter of the area of interest; this
prevents wrinkling while holding the area still. The flexure assembly and the pin
holder for the hydrogels are shown in Fig. 2. The applied normal loads and sliding
cycles were varied from either 500 lN or 2 mN and 2–20 cycles, respectively. The
experimental apparatus used to run these friction tests was the customized micro-
tribometer previously described. It was modified to achieve submerged sample
capability, lower applied normal loads (100 lN to 1 N), and straightforward data
acquisition and processing.

Kinetic coefficients of friction were calculated, as in more classical friction
measurements, as the ratio of Ft to Fn. Normal force feedback was achieved by
adjusting a vertical piezoelectric cell according to the difference between the
desired average normal load and the average normal load from the previous sliding

Fig. 2 A Schematic (a) and photograph (b) of the pin holder designed to hold a thin circular
section of hydrogel material. Samples are taken from the central region of commercially available
contact lenses. The sample holder is mounted onto a calibrated glass flexure that is used to make
lateral and normal force measurements
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cycle. The sliding for these reciprocating friction tests were provided by a pre-
cision piezo-driven stage with maximum displacement of 600 lm. For a silicone-
based hydrogel sliding against a confluent layer of HCE-T cells, the friction
coefficient started at l = 0.03 and rose to a value of l = 0.05 (Fig. 3).

Although nanoindenters such as that made by Hysitron can apply and measure
these kind of high-resolution light forces, the type of pin and cost of standoffs tips
make it ill-suited to samples submerged in fluid baths.

3.3 Discussion and Applications

Previously it was reported that there exists a threshold normal load of about
0.7 mN above which the endothelial cells would detach [42], presumably, due to
the friction forces across the top interface. One of the challenges with this work
was the difficulty in maintaining low contact pressures on the cell layer; this
motivated the use of a compliant hydrogel pin as the countersurface to the cell
layer. Previous work modeling hydrogels in tribology has used a viscous damped
elastic foundation [43] that was necessary due to the cyclic deformation of a

Fig. 3 a Friction loops for cycles 5, 10, 15, and 20 of a silicone-based hydrogel running on a
layer of human corneal epithelial cells (HCE-T) under a normal load of 500 lN. b Average values
of friction coefficient over the 20 cycles shows a monotonic increase presumably correlated with
a monotonic increase in cell damage c A post-test micrograph reveals gross cell damage in the
center of the wear track and cell death throughout
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hydrogel foundation. Here the hydrogel pin is statically compressed, and a rela-
tively simple elastic foundation solution to the maximum pressure (Pmax), the
average pressure (P0), and the contact half width (a) are given in the following
equations. The radius of the hydrogel pin (R) is assumed to conform to the
stainless steel back support, and the thickness of the hydrogel (t) is on the order of
100 lm. Any additional compliance from the cell layer is neglected in this anal-
ysis, thus the expectation is that the computed pressures represent and upper bound
and the computed areas a lower. The equation for the pressure distribution of the
elastic foundation is given by Eq. 2, where the effective elastic modulus (E0) is
given by Eq. 3, and the symbol d represents the local deformation.

P ¼ E

1� v2ð Þ
d
t

ð2Þ

E0 ¼ E

1� v2ð Þ: ð3Þ

The contact geometry has a maximum central deformation (dmax) approximated
by Eq. 4, which assumes that the half width of the contact area (a) is less than the
radius of the spherical support (R).

dmax ffi
a2

2R
: ð4Þ

The relationship between the deformation and the normal load (Fn) for this type
of a contact can be found by integrating the pressure distribution given in Eq. 2,
and is given by Eq. 5, along with the approximate solution.

Fn ¼
Z2p

0

Za

0

Pr dr dh ¼
Z2p

0

Za

0

E0d
t

r dr dh ffi pE0a4

4tR
: ð5Þ

Using the approximate solution, the contact half width (a), the maximum
contact pressure (Pmax), and the average contact pressure (P0) are given in Eq. 6–8
respectively.

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
4FntR

pE0
4

r
ð6Þ

Pmax ¼
ffiffiffiffiffiffiffiffiffiffi
FnE0

ptR

r
ð7Þ

P0 ¼
1
2

Pmax ¼
1
2

ffiffiffiffiffiffiffiffiffiffi
FnE0

ptR

r
ð8Þ

Using the material and geometry conditions given in Table 1, the maximum
contact pressures at normal loads of 0.5 and 2 mN are 23 and 45 kPa respectively.
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These contacts have corresponding predicted contact widths of 240 and 340 lm
for the 0.5 and 2 mN loads. Using a measured cell density of 2,750 cells/mm2

calculations suggests that *125 cells are under the contact at the 0.5 mN load.
These computations agree favorably with the measured damage zones observed on
the cell layers as shown in Fig. 4.

4 Closure

Here the tribology of a well described epithelial system against a hydrogel pin is
described during sliding. Mechanics of the cell layer have not yet thoroughly been
investigated. The hydrogel pin was soaked in growth media for 5 min prior to
testing to provide equilibrium with respect to swelling and protein adsorption,
which is known to occur rapidly on submerged material surfaces [51–53]. In fact,
material surface properties affect composition and functional activity of adsorbed
proteins, modulating cellular adhesive responses [54–56]. Friction tests were
carried out in complete growth medium that contains 5% serum and the hydrogel
pin used in this study is expected to be coated with serum proteins (e.g. vitronectin,
albumin, and fibronectin). While protein adsorption would be expected to differ if
carried out in the presence of human tear fluid, standard culturing conditions were
used for these preliminary experiments. Future developments will include a light
CO2 gas partial pressure for continued cell viability over long testing times and
provide regulated temperature for uninterrupted culture during testing. Optics will
be added to the micro-tribometer to record the in situ cell response to mechani-
cally-applied forces. Additionally, the contact pressure must be further reduced to
reach clinically relevant levels.

The immunofluorescent stain seen in Fig. 5 can provide some insight as to the
cell cytoskeleton response to applied forces. Regions within the friction testing
zone (black, where many cells were removed), show a higher density of actin
filaments than the control regions outside of the friction testing zone. The cells
began to adapt to a harsh shear environment, though this response is not yet
completely understood or quantified. Information about the rate at which actin
filaments align and densify can be used in understanding the process of wound
healing. Careful future studies may be able to differentiate the cellular response to
applied forces in a variety of conditions such as single-direction shear in the

Table 1 Tribological conditions for cellular testing

Condition Values Application note

Forces 0.5–1,000 uN Applied and monitored using a piezo-electric stage
Pressure 50–5,000 kPa Estimated using material properties and contact zone
Temperature 25–37�C Applied using a heated bath, monitored with a thermocouple
Environment Aqueous Up to 8 mL of test solution
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presence of a strained cell substrate, etc. It has been shown that articular cartilage
development is promoted by use of the surrounding musculature, but the specific
cellular transduction and response methods are yet unknown.

One emerging way to assess cellular stress response is through the use of
spectroscopy [57], though this is complicated by the high number of elements
present in, for example, the proteins of a tear film. Krafft et al. [58] have mapped
nucleic acid intensity bands using Raman spectroscopy in order to image lung
fibroblast cells, and specifically their response to stress, with the major findings
detailing the progress of organelle breakdown in late-stage apoptosis. Chan et al.
[59] have also used Raman spectroscopy to provide a highly reproducible bio-
molecular fingerprint of normal cells vs. adjacent neoplastic (tumor) cells.

One direction that signal transduction may progress is toward more funda-
mental cell responses such as gene expression. Cells could be stressed in a known
manner, and then analyzed via gene micro-array [60, 61]. This would give
information as to how the genetic material in the cell nucleus interprets the applied
forces, and then which response markers are expressed. This, coupled with
knowledge of the protein transport and transduction systems of prokaryotic cells,
could assemble a more complete map of cellular response to applied stress.

When does cellular stress response indicate healing, a survival mechanism, or
apoptosis? The qualitative nature of cell fluorescence microscopy and the com-
plexities of actin fibril formation must be overcome by carefully-designed studies
and new analysis techniques. Quantifying cellular response to shear forces, in the
form of actin fibril orientation or density for example, could help to define
the critical threshold between productive cell stimulation and destructive
stimulation.

Fig. 4 A microscope image of a wear track after five cycles of sliding under a silicone-based
hydrogel at 500 lN of normal load. The dark cells were stained by Typan blue and indicate cells
that have been damaged during the experiment. The analytical solution to the contact problem
and a 550 lm sliding track gives a dashed region of contact area that corresponds to an average
contact pressure of approximately 12 kPa
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Microfabricated Devices for Studying
Cellular Biomechanics
and Mechanobiology

Christopher Moraes, Yu Sun and Craig A. Simmons

Abstract Recognition of the cell as being a mechanical entity has strongly
influenced our conceptual model of biology. Measuring the mechanical properties
of the cell, including stiffness, adhesion, and contractility, and understanding how
cells respond to mechanical factors has prompted the development of a variety of
experimental tools and techniques. Microfabrication-based approaches to study
these phenomena can result in substantial advantages in providing the requisite
capability, utility, precision, and throughput for such experiments. However,
mainstream use of these technologies remains to be realized. This chapter aims to
survey and summarize recent developments in using microfabricated technologies
to address experimental challenges in the fields of cellular biomechanics and
mechanobiology, while critically assessing the advantages and disadvantages of
such techniques over conventional platforms.

1 Introduction

The mechanical behaviour of biological cells dynamically changes in response to
chemical stimulation [1], mechanical forces [2] and cell to cell contacts [3].
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The cytoskeleton provides mechanical support to the cell, reflects cell phenotype
[4–6], has been shown to play a pivotal role in transducing mechanical stimuli in the
environment [7], and may be a critical determinant of cell fate and function [8, 9].
The cytoskeleton is instrumental in regulating processes including programmed cell
death [10]; differentiation [11]; adhesion, polarity, contractility and migration [12,
13]; and gene uptake, protein expression, secretion and metabolic activity [14, 15].
Furthermore, disease progression can be dependent on alteration of the cytoskeleton:
metastatic cancer cells become more compliant to facilitate motility [16, 17]; red
blood cells in patients infected with the malaria parasite become stiff and more
adherent, preventing re-entry into the liver [18]; and red blood cells in patients with
sickle cell anemia have difficulty flowing in capillaries, causing circulatory
problems [19, 20]. Hence, the importance of recognizing the cell as being a
mechanical entity, both in terms of its behaviour in the surrounding environment,
and in being responsive to surrounding mechanical conditions is becoming more
apparent in various biological studies.

This increasing 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 [21, 22]. Biomechanics is ‘‘the
application of the principles of mechanics to study living organisms and their
components’’ [21]. The application of biomechanics at the cellular scale continues
to be ripe with challenges and opportunities. This includes both understanding the
intrinsic mechanical properties of a cell, and determining how the cell mechani-
cally interacts with the external microenvironment. Mechanical behaviour of the
cell is quite complex, and cannot be isolated to a specific structural component, but
rather arises from the collective mechanical interactions of multiple filamentous
proteins [8]. The mechanical properties of cells reflect [4–6] and forecast [8, 9] cell
phenotype, and can be used as a marker for disease progression [23]. 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 [24], progression of certain diseases [25] and
developmental biology [26]. Thus, cytoskeletal changes may indicate or even
trigger pathogenic responses, and the ability to probe the mechanical nature of the
cell could provide insight into how cells receive and integrate regulatory signals
from the surrounding environment.

In contrast to biomechanics, mechanobiology is ‘‘the application or analysis of
the role of mechanical forces in eliciting a molecular response, leading to a quan-
tifiable change in form and/or function’’ [21, 22]. The importance and influence of
environmental mechanical conditions on cell fate and function has been thoroughly
established and is the subject of multiple reviews [27–29]. Mechanobiology is a key
component in pathobiology [25, 30, 31]; development and morphogenesis [32]; and
in many specialized tissues such as bone [33], tendon [34], heart valves [35],
intervertebral disc [36] and cartilage [37, 38]. The ability to precisely manipulate the
mechanical microenvironment to understand the mechanisms and processes by
which mechanical forces regulate cell function will also require novel experimental
platforms and techniques.
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Microfabricated technologies can provide viable solutions to some of the
problems associated with understanding both cell biomechanics and mechanobi-
ology. Applications of these microtechnologies in this field have prompted a few
recent reviews on the subjects [39–41]. In this book chapter, we aim to provide a
categorical summary of how emerging microfabricated technologies can be used to
study various aspects of biomechanics and mechanobiology; and to critically
appraise these technologies in terms of their advantages and disadvantages over
more conventional macroscale techniques.

2 Advantages at the Microscale

Microfabricated systems yield a number of advantages that are applicable in
working with cells. First and foremost, microfabricated features can span the range
of sub-cellular (\1 lm) to tissue ([1 mm) dimensions, making them ideally suited
to study a range of biological systems. The ability to fabricate on this length scale
enables the development of arrayed structures, which can greatly increase
experimental throughput. Given the inherent heterogeneity of biological systems,
the need for higher throughput experimental techniques becomes immediately
apparent [42]. This is particularly true when studying single cells, where ensemble
averaging of population response can wash out single cell dynamics [43]. Likewise
for rare cell populations (such as primary stem cells), in which only a few cells
from a mixed population are relevant to the study at hand. Furthermore, the
synergistic response of cells to multiple environmental parameters necessitates
high-throughput systems to screen for the effects of combinatorial stimuli. Hence,
one of the critical advantages and strong attractions of microfabricated systems in
biomechanics and mechanobiology is the ability to provide increased throughput
to probe more samples under more experimental conditions.

Microfabricated technologies also allow the integration and consolidation of
multiple functional components on a robust, single-piece chip. Actuation and
sensing mechanisms can be integrated directly onto a single chip, and this concept
of having a ‘‘lab-on-a-chip’’ results in extremely portable and versatile systems.
The reduction of pieces of equipment can substantially improve the usability of an
experimental technique, and the ability to fabricate batches of arrays means that
microfabricated systems will eventually be low-cost and disposable.

Control of displacements and features at the microscale allows highly accurate
control over experimental parameters and conditions. For example, replacement of
fluid in a microchannel requires only a few microliters, and laminar flow in the
channels ensures that the resident liquid is expelled without contamination of the
incoming fluid. This also allows for very rapid switching of experimental culture
conditions, enabling the maintenance of a steady-state environment, and highly
accurate control of mass transport, both in terms of time and space. The ability to
reliably fabricate features at the microscale can also greatly simplify experimental
setups and procedures, without relying on sensitive and expensive equipment to
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control environmental parameters over large areas or volumes. Often, this is a
result of favourable physics that arise from operating at the microscale, which can
be used to create conditions not possible at larger scales.

Lastly, materials used in microfabricated systems, such as the ubiquitous
poly(dimethylsiloxane) (PDMS), are generally biocompatible, and easily inte-
grated with most other techniques and equipment used in traditional wetlabs,
including inverted microscopes, fluorescent labeling and imaging techniques, and
autoclave sterilizers, making these technologies relatively simple to incorporate
into a standard wetlab’s infrastructure.

3 Measurement and Biomechanics

Microfabricated techniques to measure the mechanical aspects of cell form and
function can be broadly categorized as either passive measurement of the
mechanical properties of a cell, or measurements of forces actively exerted by cells
on their surrounding environments. Both passive and active measurements are
strongly dependent on cell type and environment. In this section, we first survey
the various microfabricated techniques used to characterize the passive mechanical
properties of a cell. Second, we categorize the large number of micro-scale
approaches to this problem based on the practical advantages gained by designing
and using microtechnologies. We then survey microdevices designed to measure
mechanical interactions with the surrounding environment, including adhesion
strength and traction forces. In general, microfabricated measurement approaches
to these problems can provide substantial improvements in sensing resolutions and
throughput, as compared to more conventional macroscale systems.

3.1 Mechanical Characterization

Biological cells are typically considered to have elastic moduli ranging in mag-
nitude from 1 to 10,000 Pa, and are complex enough that different measurement
techniques produce disparate results on the same cell population [44]. The length
scale of features fabricated using microtechnologies is particularly well-suited to
characterizing single cells (*20 lm in diameter) and improving measurement
throughput in a cell population. Further, the actuation and sensing technologies
available are promising in terms of increasing sensitivity and resolution by precise
application and measurement of forces and deformations.

When a biological cell is modeled as a linear elastic solid, the parameter
typically used to describe its mechanical properties is the Young’s modulus, which
relates applied stresses and cell deformation. Mechanical characterization given
this assumption merely requires the application of a known force and measurement
of a resulting displacement, or vice versa. However, the mechanical behaviour of
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cells is often more complex than a linear elastic solid, and so is often characterized
using a dynamic frequency-dependent shear modulus. This modulus is indepen-
dent of frequency for normal solids, and is linearly proportional to frequency for
liquids. The material behaviour of cells is between the characteristics of solids and
liquids, displaying a non-linear, frequency-dependent response in shear modulus.
This is due to the complicated deformation of various constituents of the
mechanical structure supporting the cell. Mathematical models including the liquid
drop, viscoelastic, and tensegrity based models developed for single cell biome-
chanics have been thoroughly reviewed by others [45, 46], but the issue is briefly
mentioned here to elucidate some of the complexities that arise in designing
systems to characterize these mechanical properties.

The spatial resolution of systems designed to probe cell biomechanics is a
critical design parameter, as some techniques such as platen-based compressive
measurement assume a biological cell to be a homogenous body and characterize
the ‘whole-cell’ deformation in response to an applied force, while others are
capable of spatially resolving mechanical properties in different regions of the cell.

3.1.1 Traditional Tools to Characterize Cell Biomechanics

Standard techniques to probe the mechanics of single cells have been previously
reviewed [45, 47, 48], and the most common are briefly recapitulated here (Fig. 1).
Lumped mechanical properties of single cells can be probed by several methods.
Microplate compression consists of applying a known force to plates sandwiching
an adherent cell, and observing the resulting deflection [49, 50]. Optical stretching
[23, 51] involves using opposed laser beams to apply a stretching force to a cell in
suspension, and the resulting deformation is observed through a microscope.
In micropipette aspiration [52, 53] a controlled suction pressure is applied to a cell
via a micropipette, and the resulting distention of the cell into the pipette can be

Fig. 1 Key experimental techniques in cell biomechanics. a Microplate compression; b optical
stretching; c electrodeformation; d micropipette aspiration; e Use of optical tweezers or magnetic
force on a cell-attached bead; and f atomic force microscopy
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used to calculate the mechanical properties of the cell, using analytical or
computational models. Micropipette aspiration is a versatile technique in that it can
be conducted on both adherent and suspended cells and spatial resolution can be
controlled by changing the pipette diameter, enabling characterization of the whole
cell or of sub-cellular cell segments. Magnetic twisting cytometry [54], gradients
[55] and bead manipulation in an optical trap [56, 57] can be used to measure sub-
cellular material properties, by applying precise forces to beads attached to
receptors on the cell membrane, via a magnetic field or a laser-based optical
tweezer system. Alternatively, atomic force microscopy [58] can be used to create a
‘‘stiffness map’’ of the cell, by rastering a vibrating cantilever across the surface and
observing the deflection of the cantilever resulting from the applied force.

The key limitation to each of these techniques is in equipment complexity. Each of
the experimental setups is challenging to operate, and requires skilled and trained
operators. Peripheral equipment can be expensive and is rarely portable, making
measurements outside a lab environment quite challenging. These techniques are also
typically limited in throughput. Given the heterogeneity inherent in cell biology, and
the number of environmental conditions that influence the cytoskeletal structure and
the mechanical nature of the cell, high-throughput approaches are necessary to
provide a better understanding of mechanical behaviour in various microenviron-
ments. Though an ideal solution to probe single cell mechanics does not yet exist,
microfabricated approaches have been designed to alleviate some of these issues.

3.1.2 Microfabricated Approaches in Mechanical Characterization of Cells

We categorize the surveyed microdevice systems by advantages over currently
available techniques: increased system integration, reduction in experimental
complexity, improved usability, and increases in throughput.

Component integration and miniaturization

Integrating actuation and sensing components into a single chip can reduce the
number of peripheral and external components required to perform a character-
ization experiment. This could lead to more robust, compact, efficient and accurate
systems. To illustrate this point, magnetic bead cytometry is an excellent case
study. Functionalized magnetic microspheres are bound to integrins on the cell
surface. External magnets can then be used to apply a well-characterized force to
the integrins, and to the attached cytoskeleton. Magnetic actuation is particularly
appealing because it is a non-contact method. The force at a distance created by a
magnetic dipole is inversely proportional to the cube of the distance, and hence
small positioning errors in systems in which the magnetic dipole is manually
positioned could result in large errors in applied force. De Vries et al. [59] suc-
cessfully integrated three and four micromagnetic poles on a glass substrate, which
conduct magnetic flux into a sharp tip, precisely patterned in relation to each other.
This scheme allows for 120 pN of force to be delivered to a magnetic microsphere,
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and by adding force vectors for each pole, a force can be applied along any vector
in two dimensions. Though De Vries et al. did not use this system to conduct
mechanical characterization studies, they did manipulate particles within live cells,
and so the principle is sound.

Conducting parallel experiments in such a magnetic scheme would be limited,
as mechanical characterization would require continuous optical monitoring of the
single cell and deforming bead. The requirement for optical observation is a
significant barrier to parallelization in most experiments in cell mechanics.
The integration of electrical displacement or strain sensors directly into the plat-
form would resolve such issues, and one such approach is to design electrostati-
cally interacting silicon surfaces, across which a small voltage is applied.
Measured capacitance between the interlocking comb structures can then be used
to infer separation of the combs. Hence measurement of applied displacements can
be automated, increasing throughput of such characterization systems.

The interlocking structures can also be used as actuators, by applying a voltage
between the combs. This actuation scheme has been employed in a silicon-based
MEMS device capable of applying precisely controlled forces to separate two [60]
and four [61] adjoining plates. A single cell cultured across both plates would
resist the applied uniaxial and biaxial loads, and plate displacement can be tracked
visually to characterize viscoelastic cell response (Fig. 2). Capacitance-based
force sensors can be incorporated into this fabrication process to automatically
track deformations. A similarly themed device makes use of electrothermal
deformation as the actuation strategy, in which electrical current causes heating in
a resistive V-shaped suspended silicon structure, attached to a plunger. On heat-
ing, the actuator bends, and the plunger compresses a cell in a dielectrophoretic
trap [62].

Measurements of cell mechanics using the electrostatic actuation technique
were not reported, possibly because of (1) the difficulties in precisely positioning a

Fig. 2 Silicon-based devices for mechanical characterization of cells. a Separated plates across
which a cell is cultured (Source: Serrell et al. [63], with permission from Springer). b Biaxial
stretching mechanism for a cell cultured in the center of the gap; and c the electrostatic comb
drive required to actuate such a structure (Source: Scuor et al. [61] with permission from
Springer)
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single cell on a single point over a large area; or (2) the need to maintain cells
under conductive liquid media, which leads to current-induced heating, charge
shielding, and electrochemical reactions in the media [64]. More recent finding
that the use of high-frequency actuation voltages in electrostatic actuation elimi-
nates electrochemical reactions does suggest that this problem is solvable [65].
However, in spite of demonstrated maintenance of cell viability, the impact of
such electric fields on biological function is still to be determined. The thermal
actuator developed in [62] was used to compress a cell, but the authors did not
provide results for the mechanical characterization. Thermally actuated systems
may not cause electrochemical problems in cell culture media, but do have a
related disadvantage in terms of maintaining local temperatures, to which cells are
exquisitely sensitive [66]. Furthermore, the size of the actuation structure in the
electrostatic and electrothermal actuation systems requires a large device area,
limiting the scalability and throughput of such systems. In addition, the chal-
lenging and expensive silicon fabrication process typically results in a low-device
yield, further reducing possibilities for increased throughput and parallelization.

Directly applying electrostatic forces to cells in suspension may be more feasible
for mechanical characterization, but analysis is limited to non-adherent cells. The use
of dielectrophoretic forces for biomedical applications such as cell sorting, identifi-
cation and manipulation are covered in other reviews [64], but this idea was first
applied to mechanical characterization in 1984, when Engelhardt et al. [67] charac-
terized the viscoelastic response of erythrocytes placed in a high-frequency electric
field. The original experimental setup consisted of two razor blade electrodes
immersed in culture media, between which the cell was trapped by the dielectropho-
retic forces. More recent studies [68, 69] have used more robust approaches with
electrodes micropatterned directly onto glass substrates to apply the requisite electric
field. However, this method still requires the application of strong electric fields, which
may influence cell biology, and which may be further exacerbated by the requirement
for ionically conductive media. Additionally, analytical methods to relate raw data
(voltage-cell deformation) to the mechanical properties of cells need to be developed.

An alternative approach has been to use an external precision stage to apply a
known displacement to the biological sample and using electrostatic combs
as capacitative sensors [70] or visually observing lateral cantilever deflection
[63, 71–74], to measure the reaction force of the sample. Such systems were used
to determine the viscoelastic response of a cell to an applied step displacement.
Although this approach does reduce the degree of on-chip integration, the use of
the external motion system provides a strong actuation force over a long stroke
length; and eliminates the issue of electrochemical reactions in the culture media.

One key issue that affects all the devices outlined in this section is that of cell
positioning. In all the mentioned devices, a single cell has to be placed in a precise
location in order to measure their mechanical properties. The use of robotic
micromanipulation tools or micropatterning techniques [75, 77] may alleviate this
issue, but does make the experimental process more complicated and challenging.
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Reduction in Complexity

Microfabricated structures can be used to either measure or apply biologically
relevant forces and displacements, attaining high levels of precisions with a
mechanism simpler than a commercial force transducer. Silicon and polymeric
cantilevers are particularly useful as force sensors, as deformation can be visually
tracked and related back to applied force using a simple analytical equation for
cantilever bending.

Integrated sensors to measure post displacement via electrical resistance
changes in an attached strain gauge have been developed [78, 79], and these could
be utilized in high throughput applications. In current approaches to cell biome-
chanics, post deformation is more easily measured optically, and microfabricated
cantilevers are able to provide the size and force resolution necessary for
mechanical characterization of single cells. Though the atomic force microscope
(AFM) is based on a similar concept, the ability to customize microfabricated
posts has enabled parallelization and probing cell mechanics in complex condi-
tions. Sasoglu et al., used a micromanipulator to maneuver an array of PDMS
sensing posts designed to measure the stiffness of an array of cells patterned on
extracellular matrix-coated spots on a glass substrate. Though they successfully
fabricated and characterized a device with suitable accuracy and resolution
requirements [80], and have also developed computer methods for parallel analysis
of the array [81], experiments probing cell mechanics have been proposed but not
performed as yet.

Sun and co-workers [82] leveraged the concept of force-sensing cantilevers to
mechanically characterize oocytes during microinjection. A robotically-controlled
micromanipulator was used to puncture the cell membrane under displacement
control, and deflection of surrounding micropillars was monitored to assess forces
required for injection. The ability to produce large arrays of cantilevers enabled the
authors to observe previously unknown differences in stiffness between young and
old mouse oocytes.

Improved Usability and Throughput

Microfabricated systems can also improve the usability and applicability of more
standard techniques, by using microstructures to precisely control cell position.
For example, optical stretching requires suspended non-adherent cells to be
positioned at the correct location between two focused beams of laser light. Guck
and coworkers used microfluidics to improve the usability of their technology, and
developed a capillary based microfluidic system which integrates fiber optic cables
delivering the laser beams to cells positioned by microfluidic flow [83].
The integrated system can measure the viscoelastic signature of 50–100 cells/h in a
rapid, serial process. In this demonstration, the group was able to compare the
distribution of deformability between a normal epithelial cell line and a cancerous
one, and found significant differences between the two.
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Similarly, AFM is commonly used to measure applied forces under load control
across a cell surface, but is challenging to use with non-adherent cell populations.
Rosenbluth et al. [84] made use of microfabricated wells to physically trap
non-adherent leukocytes, for rapid measurement with an AFM. The microwell
system was able to trap cells in defined locations during the testing process, greatly
speeding up measurements. The AFM applies a compressive load at a point, but
alternatives exist to apply platen-like compressive loads to cells in culture. On the
macroscale, microplate compression techniques [49] are cumbersome and delicate,
but microfluidic compressive testing systems require relatively fewer pieces of
supporting equipment. These devices consist of a thin suspended layer of PDMS in
a multilayer PDMS device [85], pressurized to come in contact with cells cultured
on a surface [86, 87]. Viscoelasticity of the cells under compression can be
determined by observing cell deformation under a microscope after a known
pressure is applied. Kim et al. [88] used such a device to demonstrate differences
in viscoelasticity between cancerous and normal cells.

Micropipette aspiration is another technique which is inherently slow and
requires extensive operator training. In order to eliminate the need for a skilled
operator, Moraes et al. [89] integrated the micropipette into a microfluidic channel,
to allow cells to be localized close to the pipette tip, where a suction pressure
draws them towards the pipette tip. The resulting experimental procedure was
simple enough to be performed by untrained and minimally supervised under-
graduate students as part of a teaching course. The same group has also investi-
gated the use of parallel channels in PDMS for high-throughput micropipette
aspiration of suspended cells [90].

3.2 Force Measurement

Microengineered systems to measure the mechanical interactions between cells
and the substrate to which they are adhered can substantially improve force and
spatial resolution over conventional techniques. In this section we review micro-
fabricated systems to measure cell adhesion and cell-generated traction forces.

3.2.1 Adhesion

Traditional techniques used to measure cell adhesion include atomic force
microscopy, in which a cantilever tip is used to ‘scrape’ a cell off a substrate, while
observing the force required to do so [91], and an extended micropipette aspiration
technique in which a second pipette is used to place a bead in contact with a cell,
and pull them apart using suction at various pressures [92]. Adhesion assays can
also be conducted in parallel plate flow chamber (PPFC) systems [93], in which
cells are allowed to attach onto a substrate, and a shear profile is applied
to determine the fraction of cells remaining on the substrate at each shear level.
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The low throughput of these techniques limits the practical use of these tools in
understanding the effects of multiple environmental parameters on cell adhesion.

Microfabricated approaches provide higher throughput by applying precisely
controlled shear forces to detach cells from a substrate within a microfabricated
channel. Work in the Griffiths and Jensen labs demonstrated a shear device that
enables both short- and long-term culture of cells in PDMS microchannels, with
separated fluid channels to perfuse nutrients and to apply shear stresses to the cells
in culture (Fig. 3a). They determined the fraction of cells remaining adhered as a
function of time and shear magnitude, and demonstrated differences in adhesion
between cells cultured with and without epidermal growth factor. By manipulating
the width of fluidic channels on the same chip, the group was able to use a single
pressure differential to create a variety of shear magnitudes in different regions of

Fig. 3 Microfluidic devices to test adhesion of cells to various substrates. a Varying channel
dimensions enables multiple shear forces to be applied simultaneously on a single chip (Source:
Lu et al. [94] with permission from American Chemical Society). b Use of multiple flow channels
enables higher-throughput testing of adhesion on multiple matrix protein coatings (Source:
Young et al. [95], 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:
Plouffe et al. [101], with permission from the American Chemical Society); and d Channels with
varying shear stress profiles along each channel (Source: Gutierrez et al. [102], with permission
from the American Chemical Society)
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the device [94]. Young et al. [95] used a simpler device (Fig. 3b) with uniform
channels, but leveraged the ability to increase experimental throughput to conduct
experiments involving eight culture conditions simultaneously on a single chip.
They compared adhesion strengths of closely related but functionally distinctive
vascular and valvular endothelial cells, on glass substrates coated with six different
concentrations of the extracellular matrix proteins fibronectin and collagen,
demonstrating matrix and cell-type dependent adhesion patterns.

Adhesion differences between cell types can also be maximized by manipu-
lating the physical features of the substrate on which cells are grown. Kwon et al.
[96] demonstrated the use of nanotopographically patterned substrates integrated
in microfluidic shear channels to selectively control adhesion of cancerous cells.
More complex studies of detachment in microchannels have also been conducted,
including measurement of cell-substrate contact area over time and under shear;
fluorescence-based analysis of focal adhesion formation; and development of
models to calculate the adhesive stresses exerted at each point of contact [97, 98].

The concept of using the fraction of cells remaining under shear as a defining
feature for the subpopulation has also been exploited to enrich rare cell popula-
tions by depleting unwanted, adherent cells [99, 100]. Widening single channels
designed to produce a linearly increasing shear stress profile along the channel
length clearly show the shear level at which cell detachment occurs [101]
(Fig. 3c). More complex devices operating on the same basic principles have been
developed by Guiterrez and Groisman, who integrated valves into the microfluidic
chip, enabling greater precision and automated control of applied adhesion assays
[102] (Fig. 3d).

3.2.2 Traction Forces

Traction forces are typically measured by examining deformations of the sur-
rounding microenvironment. The wrinkling of thin, compliant films in response to
cells exerting traction forces at the surface can be used to determine cell traction
force fields [103]. Automated image tracking procedures can be used to track
deformation fields for textured materials [104] or to image the displacement of
embedded fiduciary markers in the underlying substrate [105], which can then be
deconvolved to calculate traction forces.

Deconvolving displacement vector fields to calculate applied forces is a com-
putationally intensive process. More critically however, each of these techniques
are limited to relatively soft systems, where it is difficult to isolate the effects of
substrate stiffness (and hence cell spreading) on cell behaviour. Microfabricated
silicon cantilevers were able to partially address these issues. Cells cultured on
separated adhesive pads exert mechanical forces as they migrate, which bends the
silicon cantilever along one direction. Tracking cantilever deflection allowed the
use of simple analytical models to calculate traction forces, and altering cantilever
size provided force sensors of different stiffness [106, 107]. This approach was

156 C. Moraes et al.



extended to a two-dimensional substrate by Chen and coworkers, who developed a
bed of polymer microneedles, on top of which cells were cultured. Microneedle
deflection in response to cell-generated traction forces were monitored, and a
simple analytical model (Sect. 3.1.2) can be used to determine the forces required
for those deformations, providing a computationally simple and spatially-defined
‘map’ of force generation [108]. Matrix proteins patterned on the micropost tips
can also be used to test cell traction forces under various matrix protein stimuli,
limit cell adhesion to specific areas, and study traction forces arising from these
decoupled parameters. To improve the usability of this system, image processing
techniques to improve the accuracy and speed of microneedle displacement
measurements have been developed [109]. Several novel biological mechanisms
have been identified using this system of force measurement, and have been
covered thoroughly in recent reviews [40].

The microfabricated polymer cantilever approach has been recently extended to
cells cultured in a three-dimensional culture system. Legant et al. developed a
modified micropost system, embedded within a polymerizable cell-laden hydrogel
biomaterial. As cells in the hydrogel exert contractile forces and the matrix
undergoes deformation, the force with which the hydrogel contracts can be mea-
sured by deflection of the posts [110]. Interestingly, the group found that the force
of contraction increased with stiffness of the post. This suggests that cells ‘feel’ the
increased stiffness of the posts by transmission of mechanical stiffness through the
gel, and undergo increased contractility as a result of the change of stiffness.

This complex behaviour suggests that the line drawn between cell biome-
chanics and cell mechanobiology has shades of gray. There exists a complex and
exquisitely sensitive feedback mechanism between internal forces generated by the
cell, and forces applied to the cell [111]. Hence, although the experiments
described in this section are designed to merely measure passive cytoskeletal
mechanics and the active forces generated, the forces required to probe the system
could change the results, further emphasizing the need for multiple measurements
in a high-throughput format.

4 Manipulating the Mechanical Microenvironment

In this section, we survey microengineered approaches to manipulating mechan-
ical cues in the cellular environment, in order to: (1) control the microenvironment
in ways that are not possible with conventional technologies; and (2) use high-
throughput systems to study the effects of parametric or combinatorial me-
chanobiological stimuli on cell function. Surveyed technologies are categorized
based on the engineering approach taken to manipulating the mechanical cues.
These include spatially-defined surface features; systems to apply stimulation to
cells by direct manipulation of liquids; and systems that interact with cells using
forces applied through a solid structure (Fig. 4).
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4.1 … via Surface 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. The surface topog-
raphy is also a critical component, and both micro- and nano-patterned surfaces play
a key role in modulating cell behaviour. The development of model systems for
these studies would not be possible without microfabricated approaches.

4.1.1 Spatial Control of Adhesion

A variety of techniques are available to pattern two-dimensional culture surfaces,
restricting cell attachment to specific regions (reviewed elsewhere [75, 112]).
Briefly, adhesive proteins can be spatially patterned on a substrate using a number
of different techniques, and the remaining areas are rendered non-adhesive to cell
attachment using a suitable chemical or physical method. One of the most com-
monly used techniques to precisely pattern protein features on a surface is mi-
crocontact printing [113, 114], in which a PDMS stamp with microfabricated
features is used to transfer patterns of proteins onto the desired substrate, much
like a carved-potato stamp. Alternatively, 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 [115]. Alternatively, this method can be used to selectively activate the
surface by plasma treatment, before subsequent deposition of the matrix proteins

Fig. 4 Key experimental techniques in cell mechanobiology: a adhesion patterning; b surface
topography; c fluid shear; d hydrostatic compression; e substrate deformation
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and blocking agents [116, 117]. Removable microfluidic channels can also be used
to deliver adhesive molecules to specific regions on a substrate [118]. These
techniques enable the study of cells that are mechanically confined to specific
regions or allowed to spread; and cells that are shaped such that they generate
different cytoskeletal tension fields in different parts of a pattern. These techniques
can also be coupled with other fabrication paradigms to create more complex
microenvironments, including substrate-bound protein gradients [119] and
designing temporally-manipulated matrix environments [120, 121] with electri-
cally programmable adhesive surfaces [122]. Such approaches are promising in
their ability to determine the temporal aspect of mechanobiology, but have not yet
been used to directly manipulate the mechanical microenvironment.

Controlling available cell spreading area results in the mechanical structure
of the cell being altered. Cells patterned on sub-cellular adhesive regions
remained balled up on the substrate, while cells patterned on larger adhesive
regions spread out over the available area. This geometric control of cell shape
was found to regulate life and death: a large percentage of cells that were not
allowed to spread underwent apoptosis, while spread cells maintained healthy
phenotypes [123]. Regulation of cell spreading area was found to play a critical
role in cell differentiation. Constrained mesenchymal stem cells (MSCs) dif-
ferentiate to adipocytes, while MSCs that were allowed to spread underwent
osteogenesis [11] (Fig. 5).

Pattern shape has also been shown to have a substantial impact on how cells
function. Cells patterned on square islands have been shown to develop increased
traction forces, as opposed to cells patterned on round islands [124], demonstrating
oriented control of cytoskeletal tension. Cell orientation also direct lamellipodia
extension [125] and migration [126], as cells migrate towards the blunt end of a

Fig. 5 Control of cell adhesion area directs stem cell differentiation (Source: adapted from
McBeath et al. [11], with permission from Elsevier). a Cells cultured on patterns of increasing
size cause, b increased osteogenic and reduced adipogenic differentiation, independent of
chemical stimulation
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tear-drop shaped pattern [127]. Differentiation of stem cells is also related to
cytoskeletal tension, as demonstrated in a study by Ruiz et al. [128] in which MSCs
at the edge of multicellular islands undergo osteogenic differentiation, while those in
the center become adipocytes. More recently, Kilian et al. [129] have demonstrated
this phenomena in single cells: high-aspect ratio patterns increased acto-myosin
contractility in the cell, and promoted osteogenic MSC differentiation, whereas
more rounded patterns form fewer stress fibers and differentiate towards an adipo-
cyte lineage. Three-dimensional control of cell adhesion and spreading within a
homogenous material remains to be attained, but shaped microwells have been
successfully used to manipulate cell geometries [130].

The development of sub-cellular micropatterning techniques has enabled
precise control over mechanical constraints applied to cells, and has resulted in a
substantially better understanding of how cells behave in complex environments.
Hence, controlling adhesion on two-dimensional substrates is an indispensable tool
in cell mechanobiology.

4.1.2 Physical Topography

Cells are able to sense physical topography at a number of different scales: cur-
vatures in the underlying substrate [131], micro-scaled ridges and grooves [132],
nanoscale topographies [133], and anisotropic gradients in topography [134].
The effects of physical topography have been shown to be more influential on cell
alignment and function than patterned chemical cues [135], and have been shown
to better recapitulate in vivo cell behaviour [136, 137]. These substantial
mechanobiological effects on cell adhesion, alignment and migration [138] have
been well-established since the 1990s [132], particularly on substrates consisting
of micropatterned grooves of varying heights and widths. As such, we will not
review the standard techniques and methods in detail here, but interested readers
are referred to a number of relevant reviews on the subject [40, 139, 140]. Recent
novel contributions to this existing field include the use of a PDMS platform to
produce a substrate with reconfigurable microtopographies. Compression of a
PDMS substrate results in 550–800 nm high features, spaced *6 lm apart, and
cells repeatably switched orientations in response to the applied topographical cues
[141]. 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 [142]. Cell geometry, action potential conduction velocity and cell-
to-cell coupling in nanopatterned cardiac tissue constructs are extraordinarily
sensitive to the underlying patterns [143]. Likewise, neurons are able to sense
nanometer scaled roughness [144]. 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.
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4.2 … via Fluid Control

Fluid flow is a defining component of the in vivo mechanical environment, and is
particularly relevant to endothelial cells [145], which are exposed to both con-
tinuous and pulsatile shear stresses in vivo. 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 [33, 146]. Hydrostatic pressures are
also known to play a role in cell biology, particularly in cartilage [28] and ocular
tissues [31]. Macroscale equipment used to apply fluid shear stress, such as parallel
plate flow chambers and cone-and-plate systems are reviewed elsewhere, as are
systems to apply hydrostatic forces to cells in culture [147]. Miniaturizing these
systems allows for greater throughput in creating multiple experimental condi-
tions, device usability and portability, and precise control and uniformity in
applied stimulation stresses.

4.2.1 Shear Stress

The use of artificial microfabricated channels is a suitable approach to mimic
many in vivo environments as the reduction in scale enables well-controlled
laminar flow in nth channels. Simple PDMS channels can be used in combination
with passive pumping [148], pressure-driven flows or syringe pumps to apply
shear to cultured cells. For example, Higgins et al. [20] used a single microfluidic
channel to study the behaviour of sickle-type red blood cells in a physiologically
relevant environment. 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 such simple
channel systems up for higher-throughput studies, and one of the key criterion is
the method for driving fluid flow through the system. External connections to
various devices can often hinder scalability, and passive pumping is one technique
which does not require these external connectors. In passive pumping, surface
tension differences between droplets of different sizes at either end of a micro-
fluidic channel drive fluid flow [148]. 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 [149]. Beebe and co-workers
[149] have 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. Syringe pump and pressure-driven flows
are harder to implement in high-throughput systems, but serve adequately for
devices designed for lower-throughput experiments. Careful design of the
microfluidic channels can be used to maintain increased throughput while mini-
mizing the world-to-chip interface connection issues that arise: connections are
typical sources of device failure. Channels with varying widths connected to a
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single fluid delivery source can be used to generate a range of fluid velocities, and
hence applied shear stresses across a single device [94]. Channel bends and curves
can also be used to apply spatially distinctive shear stresses [150]. Carefully
designed channels of increasing width can also be used to apply linearly increasing
shear stresses across a single channel [151].

More complex technologies have also been developed to further miniaturize
such systems. The development of the ‘Quake valve’ [85] enabled the large-scale
integration of multiplexed microfluidic valves on a single chip [152]. Using a
multilayered PDMS microfluidic system, the valves consist of a pressure control
channel which deforms thin PDMS films to block flow in fluidic channels—much
like stepping on a garden hose. 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 could be individually addressed [153]. Such systems have not as yet
been used to explicitly explore the effects of shear stress on cultured cells, but can
do so in principle.

Use of the Quake system of valves still requires an undesirably large number of
world-to-chip interfaces. Technology developed in the Takayama lab may address
this concern: commercially available Braille displays are used to deform the base
of a flexible microfluidic channel [154]. 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 [155].

Microengineered technologies for fluid shear can also improve functionality in a
variety of ways. In situ measurements of shear stresses can be made using MEMS-
based ‘hair’ sensors, incorporated directly into the shear channels [79]. Direct
readouts can also be integrated into the microfluidic devices, for example, Tolan
et al. [156] have developed an integrated luminescence detection system in which
fluorescent reagents react with erythrocyte lysates to simultaneously monitor vari-
ous biochemicals produced by erythrocytes under shear in underlying channels.

4.2.2 Hydrostatic Pressure

Classification of hydrostatic pressure as ‘‘mechanical’’ stimulation is somewhat
contentious: increases in external pressure cause increases 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 con-
centrations are not controlled independently of the applied pressure. The only
presently reported microfabricated system designed to apply hydrostatic pressures
to cells was developed by Sim et al. [157] who used a single pressure source to
create a range of deflections in suspended PDMS membranes 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.
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4.3 … via Solid Deformation

Mechanical cues presented to cells by way of deformations of the external
environment are critical factors in cell regulation. Depending on the stiffness of the
surrounding matrix, cell-generated traction forces generate large or small deflec-
tions, which are then sensed and dictate cell fate and function [158]. Similarly,
cells sense deformations in their surroundings caused by externally applied
deformations, and respond accordingly [28, 147].

4.3.1 Substrate Stiffness

Substrate (two-dimensional) and matrix (three-dimensional) stiffness is generally
manipulated by means of differentially crosslinked polymer substrates. Polyacryl-
amide (PA) systems are perhaps the best established biomaterial substrate for this
purpose, and was first used in the 1990s to study cell locomotion and focal adhesion
formation as a function of substrate stiffness [159]. Engler et al. more recently 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 [160]. More recently,
poly(ethylene) glycol (PEG) has shown promise as a ‘‘blank slate’’ fully custom-
izable matrix material with a considerable range of formulation-dependent
mechanical modulus values [161]. PEG hydrogels are particularly interesting in
terms of microfabrication, as they have been integrated into microfluidic devices,
using molding [162] and photopatterning [163–165] techniques. Direct molding of
PEG hydrogels has resulted in a high-throughput combinatorial screening system for
stiffness, adhesive ligands and chemical cues [166, 167].

In addition to the possible increases in throughput due to miniaturization, two
further advantages are gained in microfabricated environments to study substrate
stiffness. First, micropatterned mechanical gradients can be defined in both two-
[168, 169] and three-dimensional [170] culture systems to study the effects of
non-uniform substrate stiffness. Photopolymerizable hydrogels with varying con-
centrations of crosslinker are flushed into a microfluidic channel, and a standard
gradient generator channel scheme and UV lamp are used to create polymerizable
hydrogel structures with a stiffness gradient [139, 168], in order to study adhesion,
spreading and migration in complex environments.

Second, when working on the length scale of tens of microns, spacing between
hydrogel surfaces and adhesive structures can be used to modulate effective
stiffness experienced by cells. Though not ostentatiously a ‘‘microfabricated
device’’, Yip et al. report a culture technique by which cells cultured on thick
(*1 mm) collagen gels experience lower stiffness than thin (*10 lm) gels firmly
attached to a glass coverslip [171]. As is the case with the fictional princess who is
able to feel a hard pea beneath several mattresses [172], cells ‘feel’ the stiffer
substrate through the thin, compliant hydrogel. This effect is also seen in the
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microfabricated three-dimensional culture platform developed by Legant et al.
(previously reviewed in Sect. 3.2.2), in which PDMS posts of different dimensions
anchor a cell-laden collagen hydrogel. Cell contractility is influenced by posts of
different dimensions, as cells experience the differing stiffness through the matrix
material [110]. This approach to manipulating mechanical stiffness avoids com-
plicating factors in changing concentrations of crosslinking agents, such as an
increase in adhesion sites with increasing crosslink density.

4.3.2 Externally Applied Strains

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
[173]. Cells are sensitive to strain magnitude [174], applied strain field [175] and
stimulation frequency [176]; and response to these mechanical parameters are
modulated by the other features of the microenvironment. Current platforms for
mechanical stimulation [147] are limited in throughput, and are hence unable to
probe combinations of mechanobiological parameters.

A few microfabricated systems have been developed for these applications.
Kurpinski et al. [177] and Wang et al. [178] aligned MSCs and fibroblasts along
topographically patterned stretchable substrates, before applying uniaxial strains in
a macroscale bioreactor. They demonstrated that mechanical stimulation influ-
ences gene expression, protein expression and proliferation differentially depen-
dent on the direction of strain to the aligned patterns. Tan et al. [179] used a
similar topographical patterning approach to align cells along specific orientations,
but applied a pressure differential across circular patterned diaphragms.
The pressure differential caused the diaphragm to bulge, creating non-uniform
anisotropic biaxial strains in different regions of the device. Gopalan et al. [180]
followed a similar approach, except the diaphragms were distended by a loading
post in a manually actuated screw-type system.

Each of these systems were relatively limited in throughput. To address this,
Takayama and co-workers used a commercial Braille display system to apply non-
uniform substrate deformations to cells cultured on thin films (Fig. 6). The films
were distended by the hemispherical-headed pin, applying non-uniform strains.
The automated Braille displays enabled screening for various cyclic loading fre-
quencies 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
[176].

In order to address the need to apply well-characterized uniform strains to
cultured cells, Moraes et al. [174] developed a microfabricated array-based bio-
reactor system, in which a circular loading post is vertically actuated to distend a
culture diaphragm, producing an equibiaxial uniform strain applied to cells on the
diaphragm surface (Fig. 7). By varying geometry of the individual units, a single
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Fig. 6 A Braille display integrated into microfabricated well system, in which the displacement
pin creates biaxial strains on the cell surface (Source: Kamotani et al. [189], with permission from
Elsevier)

Fig. 7 A microfabricated array designed to apply cyclic uniform mechanical strains to cells
cultured on the device surface. a Schematic overview of device operation; and device at (b, d)
rest and (c, e) under load (Source: Moraes et al. [174], reproduced by permission of the Royal
Society of Chemistry)
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pressure source was used to simultaneously produce mechanical strains ranging
from 2 to 15% across the array. Strains were characterized over 100,000 loading
cycles, and negligible changes were observed. This is in contrast to commercially
available equipment, which has been shown to reduce strain levels over several
thousand cycles of loading [181]. The advantage is likely due to mechanical
properties arising from using a thin (\15 lm) microfabricated culture diaphragm.
Using the high-throughput system, the group identified a novel time- and strain
magnitude-dependent relationship in translocation of the b-catenin protein into the
cell nucleus.

Moraes et al. [163] also extended their technology to apply compressive stimuli
to cells in three-dimensional biomaterials (Fig. 8). Cell-laden hydrogels were
photopatterned between similar loading posts and a rigid glass substrate. Raising
the posts simultaneously applied compressive strains ranging from 2 to 25%, and
the group observed a non-linear relationship between matrix and cell deformation,

Fig. 8 Microfabricated array designed to apply cyclic compressive strains to cells cultured
within a photopolymerized three-dimensional biomaterial. (Source: Moraes et al. [163], with
permission from Elsevier)

166 C. Moraes et al.



further emphasizing the need for high-throughput mechanobiological screening
platforms.

5 Discussion and Conclusions

The development and use of microfabricated tools for experiments in biome-
chanics and mechanobiology can have a profound impact on understanding the
relationship between mechanics and cellular form and function. Increases in
experimental throughput and experimental simplicity can substantially improve
our understanding of rare cell populations, and how these cells respond to varied
parameters. Microfabrication also allows designers to combine multiple stimula-
tion and measurement techniques. Sniadecki et al. [182] linked biomechanics and
mechanobiology in developing a system designed to measure traction forces in
response to an externally applied deformation. Combinatorial stimulation with a
variety of mechanical cues is also possible. To date, this has included combining
topography with shear [183] and with substrate strain [177, 179, 180]. Work in
evaluating combinatorial sensitivity of cells to other forms of mechanical cues is
ongoing.

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 have determined that PDMS, used ubiquitously
in microfabricated devices, sequesters small bioactive molecules and releases
small chain polymers into surround media, which is then incorporated into the cell
membrane [184, 185]. 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 acceptable approach. Alterna-
tively, others have investigated using coating films of polyurethane on PDMS
materials, to provide cell adhesion sites and improve biological compatibility
[186]. In general, better characterization of the effects of microdevice materials
and cell culture techniques on biological function is needed, before such tech-
niques 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 is dif-
ficult for experts in microdevice design to thoroughly understand the relevant
biology, 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 interdisciplinary collaborations, or integrative thinkers in
both areas developing tools to understand and answer specific biological ques-
tions. 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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Nanotechnology Usages for Cellular
Adhesion and Traction Forces

Sangyoon J. Han and Nathan J. Sniadecki

Abstract Cell mechanobiology studies have incorporated micro- and nanotech-
nology-based tools to understand the interaction between cells and their sur-
rounding environment. These tools have helped to uncover findings that physical
factors in the extracellular matrix can strongly affect important cell functions like
proliferation, migration, differentiation, and survival. Here, we review the nano-
technologies that have been used for cellular adhesions and traction forces and the
findings that have come at the molecular and protein level.

1 Introduction

Prior to revolutions in the life sciences, there have been innovations in technology
that helped unlock the limitations in scientific understanding. For example,
development of the microscope led to the discovery of cells and automated DNA
sequencing and information storage has both made it possible to map and better
understand the human genome. Likewise, adoption of nanotechnology in cell
biology has led to a new era where it is now possible to control the physical
interactions between a cell and its surroundings. A typical eukaryotic cell has a
diameter that can range between 10 and 100 lm, but the protein structures inside it
are even smaller. Understanding the mechanics of a cell is critical because it plays
a role in orchestrating cell function. It is now possible to use approaches that have
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the same length scale as the structures of interest in a cell to learn how they work
in the overall system. In particular, it has become apparent that spatial domains,
structural compositions, and mechanical forces influence the adhesive binding
interactions between cells and their underlying substrates.

The environment that surrounds a cell is its extracellular matrix (ECM). It is
composed of matrix proteins such as collagen and elastin that serve as tension-
bearing structures. These proteins form strong fibers that are mixed with a gel-like
substance that consists of proteoglycans. By their affinity with water, proteogly-
cans provide resistance against compressive forces as well as regulate cell
behavior through interactions with other enzymes. The structure of the ECM can
also take a sheet-like mesh, referred to as the basement membrane, which consists
of laminin and collagen networks. In addition to these proteins, there are others
such as fibronectin and vitronectin that help cells adhere by having binding sites
for adhesions receptors. Mechanical and structural features of the ECM such as
stiffness, content, and density of available ligands can influence cellular functions
through mechanosensation at integrins [40].

Integrins are heterodimeric, transmembrane receptors that bind to ligands found
in the ECM [48]. In particular, integrins avb3 and a5b1 bind to a short peptide
sequence (Arg-Gly-Asp, RGD) found in ECM proteins. They have a width of 10 nm
and are 10–100 times more abundant on a cell’s surface than other receptor types [2].
Integrins are freely dispersed within a cell’s membrane, but become tightly bound
when they encounter a ligand. A conformational change occurs upon binding within
the cytoplasmic domains of integrins that allow for the recruitment of proteins at the
cytoplasmic side of the membrane. These proteins are known as focal adhesion
proteins and they link integrins to the actin cytoskeleton. At the same time, these
focal adhesion proteins can act as signaling transducers that interpret the cell’s
environment and influence cellular decisions like migration, apoptosis, proliferation,
or differentiation. As more focal adhesion proteins and integrins are recruited, the
size, strength and signaling activity of the structure becomes larger. These aggre-
gated clusters are known as focal complexes and have are approximately a 100 nm in
diameter and contain over a 100 different proteins that associate within the adhesion
site [4, 18, 39]. Focal complexes are transient structures that can vanish or develop
into mature focal adhesions. Although the molecular nature of ligand binding is
relatively well-established, the changes that allow the focal complex to transition
into a focal adhesion remain elusive. Yet, the size, strength, assembly, and disas-
sembly of focal adhesions appear to be key mediator of many cellular functions.

One aspect of focal adhesion maturation is that mechanical forces acting on the
structure are essential for its regulation. Focal adhesions are elongated and localized
at the terminating end of fiber bundles containing actin, myosin, II, and a-actinin,
which are known as stress fibers [81]. Interestingly, the formation and growth of focal
adhesions relies on myosin, II, especially its isoform myosin IIA [33, 101, 102]. It is
increasingly evident that traction forces from the actin–myosin contractile machin-
ery mediate the assembly and disassembly of focal adhesions [36, 88]. Traction
forces are generated by the cross-bridge cycling between myosin and actin and allow
a cell to spread, migrate, and maintain its shape. Since focal adhesions act as points
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where tension in stress fibers are transmitted to the surrounding microenvironment,
they are essential for a cell’s ability to migrate, but also to pull and rearrange proteins
in the ECM or reshape tissue during morphogenesis [59, 74, 75, 96].

While cells can perform many functions by applying traction forces at their
focal adhesions, much interest has been focused on how cells sense and respond to
forces. In vivo, mechanical forces are transmitted to cells through the tissue during
physiological events: For example, hemodynamic shear forces acts on endothelial
cells in the vasculature and fibroblasts experience loads during the movement of
tendons and ligaments. These forces that cells experience are of great importance
in tissue formation, maintenance, and growth [3, 49]. Cells use traction forces to
respond to their surroundings [27, 93]. In particular, cells can sense and respond to
rigidity of a substrate by using traction forces to probe the elasticity and by using
feedback from mechanosignaling at the focal adhesions [27]. The stiffness of the
ECM can change if the tissue has reached a severe diseased state. Increased
stiffness of mammary gland tissue can promote malignancy by increasing focal
adhesions, Rho activity, traction forces, and migration [64, 79]. On the other hand,
the geometry of a cell’s spread area affects differentiation in human mesenchymal
stem cells (MSCs) by driving osteogenesis or adipogenesis [55, 73]. Matrix
rigidity is also found to be a key factor that directs stem cell differentiation [30].
Since both substrate stiffness and spread area of a cell change a state of cellular
function (e.g. differentiation) through Rho-mediated cytoskeletal contractility [8,
73, 86], there has been a growing number of tools developed for studying traction
forces which we highlight in this chapter.

The binding interactions between cells and their surroundings have been
investigated over the last half-century through the development of micro- and
nano-engineered tools and techniques. The first representative example is the
internal reflection microscopy which enabled a closer scrutiny of the cell–substrate
contact area [100]. Chick heart fibroblasts were observed to have non-uniform,
discrete adhesion points at their peripheral regions of contact, whereas the center
of cell was separated from the substrate by a distance up to a few hundred
nanometers [22]. This observation of the existence of focal adhesions was also
later confirmed by electron microscopy [1]. Micropatterning of ECM proteins on a
surface is the second example. By spatially controlling the available area of ligand
on which a cell can spread, it was found that whether a cell proliferates or dies can
be strongly influenced [17]. As mentioned previously, the same technique was
used to discover that cells differentiate into specific lineages depending on
available area [73]. As a last example, optical tweezers trap nanosize objects with
focused light and have been used to study the formation and maturation of focal
adhesions by trapping ECM-coated beads at a cell’s surface where integrins can
bind [19]. It was found that by increasing the trapping force of the optical tweezer,
the adhesion strength between a cell and a bead also grew stronger. This
strengthening of the adhesion site implicates that cells can sense forces at their
integrins and recruit additional focal adhesion proteins to reinforce the connection.
Together, these examples underline that with the advent of new technology, the
fundamental mechanism behind a cell’s behavior can be revealed.
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In this chapter, we review nanotechnology-based tools that have been used for
cell–surface interactions, major discoveries through using the tools, and the needed
areas for new technology. Specifically, we will examine achievements attained by
surface control over the chemical presentation of the ECM and tools for measuring
and analyzing cellular traction forces.

2 Surface Control

Cell adhesion is the essential mechanism that guarantees the structural and func-
tional integrity of tissue. It involves different biochemical signaling pathways that
mediate the integrin-ligand transduction response [111]. However, knowledge has
been somewhat limited by the biochemical composition of a substrate used for cell
culture, which is typically a polystyrene dish. There have been efforts to tailor the
surface chemistry of polystyrene for better attachment of cells by modulating the
ability of the surface of polystyrene to capture soluble ECM proteins in culture
media [23, 43]. It was found that the surface that promotes the best adhesion of
cultured cells had a contact angle of 40� with water, which is relatively hydro-
phobic. By forming a gradient of the wettability on a surface using a nano-film of
metal, it was observed that cells migrated toward regions of higher adhesivity, a
process referred to as haptotaxis [14, 15]. Likewise, cells have been found to
spread to a larger extent when in contact with a hydrophobic surface [44].
Moreover, by adjusting the adhesivity of a surface by applying a hydrophilic
hydrogel coating of poly(2-hydroxyethyl methacrylate), it was found that spread
area, DNA synthesis, and proliferation of cells increased with the degree of surface
adhesivity [34]. These early findings on adhesion, migration, and proliferation
established a framework that has been used to engineer surfaces that control the
geometrical area, spacing, and density of ligands.

Self-assembled monolayers (SAMs) of alkanethiols on gold have become a
model surface to study cell adhesion due to its fine control over protein adsorption
and its ability to spatially pattern regions of adhesion. Alkanethiols have a general
structure of SH(CH2)nX in which the sulfur atom coordinates with a gold atom of
underlying film, n is the length of the hydrocarbon spacers, and X is the terminal
group that is presented on the surface (Fig. 1a). Alkanethiols self-assemble on gold
surface in a side-by-side fashion that is dense, stable, and highly ordered, creating
a semi-crystalline monolayer that is approximately 2–3 nm in thickness (Fig. 1b).
The terminal group (X) and the length of alkyl chain spacer ((CH2)n) can be
tailored to control the surface properties of the monolayer [7]. If the terminal group
is hydrophobic such as methyl or carboxyl, it readily adsorbs a number of ECM
proteins, whereas terminal groups such as poly(ethylene glycol) (PEG) prevent
protein adsorption [83]. Furthermore, the adhesivity of the model surface can be
also tuned by altering the ratio of terminal groups between methyl and PEG.

Using SAMs, different densities and gradients of ECM ligands could be made
to study cell growth and migration. By controlling the adsorption time of carboxyl
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terminal group that had been conjugated with RGD, it was found that more cells
attached to the surface and had larger spread areas [50]. Likewise, on gradients of
fibronectin, it was observed that cells migrated faster in the direction of the highest
gradient [91, 92]. To make the gradients, a cross-diffusion method was used
(Fig. 2), where inert and reactive alkanethiols were simultaneously added to either
end of filtration gel and allowed to diffuse across the gel to produce a gradient of
carboxyl terminal groups on a gold-coated surface. In addition to studying the
haptotactic migration speed of cells, it was also found that cells polarized their
morphological structure in the direction of the steepest gradient. Previously, cells
had been seen to migrate in the direction of steepest gradient of chemo-attractants,
a process known as chemotaxis. Interestingly, when haptotaxis was compared
against chemotaxis by preparing a gradient of fibronectin in a direction

Fig. 2 Cross-diffusion device used for the preparation of the ligand gradients: a top view and
b side view. The polysaccharide matrix is used to diffuse different alkanethiol solutions from
either end to create a concentration gradient on top of a gold strip. Adapted from [66]. Refer to
the electronic version of this chapter, DOI: 10.1007/8415_2010_26, for viewing color version of
this figure

Fig. 1 Typical alkanethiol molecules on a gold substrate form self-assembled monolayers
(SAMs). a Simplified illustration of a single C18 thiol molecule shows a head group (sulfuric
atom), spacer group (alkyl chain), and terminal group. b Alkanethiols form a tightly-packed SAM
on a gold substrate that can be used to study cell adhesion by tailoring the degree of protein
adsorption. Refer to the electronic version of this chapter, DOI: 10.1007/8415_2010_26, for
viewing color version of this figure
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perpendicular to a gradient of VEGF, it was found that directional migration was
influence by both factors, but the influence of chemotaxis was stronger [67].
This result supports that insoluble factors like ligand density gradients have a role
in cell migration, but may not be as dominant as soluble factors.

A powerful advantage of using SAMs has been the ability to incorporate
microscale spatial control by microcontact printing. Here, an elastomeric stamp is
coated with alkanethiols and placed in contact with a gold substrate to form
regions of SAMs (Fig. 3a). The region that did not contact the stamp was treated
subsequently with PEG-based alkanethiols to block cell adhesion. The stamp is
made from a silicone rubber and formed with features as small as 0.2 lm through a
technique known as soft lithography [76, 106]. By having square patterns of
different area on a stamp (Fig. 3b), it was found that spread area determines
whether cells proliferate or undergo apoptosis [17]. Different patterns of small dots
were also used to limit the available ECM area for a cell, but still allow them to
spread to the same area as the square patterns. It was found that whether a cell
proliferations or commits suicide did not depend on the extent of its cell–ECM
contact area but on the extent of its projected spread area. Cell spreading was also
found to control whether stems cells undergo osteogenesis or adipogenesis [73].
Since then, it has been observed that cells patterned onto a wider variety of shapes
such as triangles, pentagons, hexagons, and trapezoids formed lamellipodial
extensions used for migration at the sharp corners of each pattern (Fig. 3c) [11].
Similar patterns have been found to play a role in stem cell differentiation [55].
The work on cell polarity has progressed beyond the use of symmetric geometries

Fig. 3 Microcontact printing of SAMs. a Schematic showing microcontact printing procedure of
alkanethiol molecules. Reproduced from [105]. b Cells attached and spread on printed islands of
square patterns (shown in phase image at right) with several different areas. Adapted from [17]. c
Patterned cells on various shapes have more actin filaments at the sharp corners. Green actin, blue
nucleus. Reproduced from [11]. d Cells (middle column) were plated on anisotropic adhesive
ligands (left column). Polarity vectors from nucleus–centrosome locations were plotted as angular
distribution (right column). Reproduced from [99]. Refer to the electronic version of this chapter,
DOI: 10.1007/8415_2010_26, for viewing color version of this figure
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by patterning anisotropic shapes (X, C, K and arrows), which all had the same
projected area for the cells (Fig. 3d) [99]. It was found that cells defined their
polarity by positioned their centrosomes in the direction of greatest adhesivity.
These works suggest that projected spread area determines cell fate in both growth
and differentiation and adhesive geometry determines cell polarity and migration,
but there may be cross-interactions between the two.

Microcontact printing typically confines a cell from migrating, but using
electrochemistry, however, it is possible to switch a non-adhesive surface to an
adhesive one by electrically desorbing PEG-terminated SAMs from a surface. This
approach has been used to patterned cells of two different cell types to look at co-
culture interactions [109]. The switchable SAMs also allowed cells to migrate out
of confined region after a voltage pulse, providing a nondestructive alternative to
scratch-wound assays to study cell migration [53]. With this electrochemical
approach, it was possible to study the effect of cell polarization on the direction of
migration. Fibronectin was printed onto a substrate in an asymmetric, teardrop
shape (Fig. 4a, top left) [54]. Before release, the lamellipodia of the cells pref-
erentially formed at the blunt end, but with a lesser degree at the sharp end
(Fig. 4a, bottom left). After release, the cells migrated in the same direction as
their blunt ends (Fig. 4a, right), suggesting that asymmetry of lamellipodia
extension induced biased migration. Building from this work, the persistence of
biased migration was studied with arrays of teardrop patterns formed in a ring
(Fig. 4b, top) [57]. When blunt ends of the teardrops were adjacent to the sharp
ends of the next pattern, cells preferentially migrated in the direction of the blunt

Fig. 4 Cells show directed migration on micropatterned surfaces. a A 3T3 fibroblast patterned
by a teardrop shape (top left) showed ruffling activity of lamellipodia (arrowhead, bottom left)
and migration in the direction of the blunt end upon release of confinement (right). Adapted from
[54]. b Arrays of teardrop patterns direct cell migration. NIH 3T3 fibroblasts migrate from the
blunt ends to the sharp ends of the next island (top). In contrast, cells migrate from the sharp end
to the blunt end of an adjacent island (middle). Cells on continuous rectangular islands (bottom)
showed no preferential orientation of cell migration. Adapted from [57]
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ends. However, when the sharp ends were adjacent to blunt ends, the direction of
migration was reversed (Fig. 4b, middle). These works demonstrate that direc-
tional migration depends on the polarity of the cell, but also on the availability of
ECM in the direction of lamellipodia formation.

Cell polarization from geometric anisotropy and migration along the polarized
direction implicates that cells are polarized before migration. Since haptotaxis was
observed on gradients of ECM ligand, cells might be polarized in a confined, but
gradient condition. This question was evaluated using microfluidic networks and
SAMs [82]. To prepare the surface, SAMs were deposited as patterned strips using
an arrangement of parallel microfluidic channels (Fig. 5A, a,b). A Y-shaped
microfluidic serpentine channel was placed on top of the treated surface and active
RGD peptide and inactive RDG peptide were flowed over the SAMs from two
entrance ports to form a diffusion-based gradient (Fig. 5A, c). The remaining
unexposed regions were also blocked in a solution of nonadhesive peptides, ren-
dering square patterns in which there was a gradient in adhesivity (Fig. 5A, d).
Cells formed focal adhesions predominantly in the direction of the gradient
(Fig. 5A, e). Interestingly, despite the presence of a gradient, the geometric effect
of sharp corners persisted in these cells, which indicates that nanoscale geometries
may have a stronger effect than adhesive gradients.

Instead of using continuous confinement of a certain pattern shape, micro-
contact printing at the length scale of focal adhesions can provide more insight into

Fig. 5 Various micropatterning approaches. A Micropatterning combined with microfluidics
creates a pattern with gradient (a–d). Vinculin heat maps (e) of stacked images of cells on
gradient islands and uniform islands show focal adhesion density distribution. Reproduced from
[82]. B Myofibroblasts plated on arrays of islets of different lengths (a, b 20 lm, c, d 10 lm, e, f
6 lm, and g, h 2 lm). Green F-actin, red vinculin, blue fibronectin, right column image a-SMA.
Reproduced from [42]. C Dip-pen nanolithography was used to form symmetric (a) and asym-
metric (c) nanoarrays. Images of the patterns were observed under lateral force microscopy (a, c).
Fibroblasts attached to asymmetric nanoarrays (d) showed polarized cytoskeletal structure
whereas those on the symmetric pattern showed no polarity. Green Golgi apparatus, red actin,
blue nuclei. Refer to the electronic version of this chapter, DOI: 10.1007/8415_2010_26, for
viewing color version of this figure
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how cells sense and respond to the ECM environment. Cells plated onto substrates
micropatterned with arrays of fibronectin islets were used to verify the hypothesis
that only large focal adhesion can support high tension from stress fibers [42].
Incorporation of a-smooth muscle actin (a-SMA) into stress fibers was the hall-
mark used to indicate a high cytoskeletal tension. Cells plated on the long islets
arrays formed ‘‘supermature’’ focal adhesions and only those cells showed stress
fibers that had a-SMA (Fig. 5B, a,d). In contrast, cells grown on the small islet
arrays showed no a-SMA incorporation in their stress fibers (Fig. 5B, e,h). Fur-
thermore, when the cells were stretched mechanically, their focal adhesions grew
in size, allowing a-SMA to be recruited to the stress fibers, but this response only
occurred for adhesions that were stretch above a critical size to support the higher
cytoskeletal tension.

Dip-pen nanolithography (DPN) is another approach to patterned adhesive
islands on which cells can form focal adhesions. DPN uses an atomic force
microscope tip that is inked with SAMs or proteins to deposit these molecules at
defined locations on a surface [61]. Although there have been few studies that used
this powerful tool to study cell–ECM interaction, one was conducted on how
asymmetric peptide nanoarray affect cell polarization [47]. Cells were plated on
either symmetric arrays having 3 lm pitch and 500 nm RGD peptide spots
(Fig. 5C, a) or asymmetric arrays consisting of two regions—high density (3 lm
pitch) and low density (6 lm pitch) regions with the same 500 nm spot size
(Fig. 5C, c). Cells on the asymmetric array were observed to be polarized toward
the higher density region as evidenced by the relative position of Golgi apparatus
with respect to the nucleus (Fig. 5C, d). Cells on the symmetric arrays showed non-
uniform distribution of their Golgi, indicating they were not polarized (Fig. 5C, b).
Although this polarization result is in agreement with the result found in ligand
gradients using microfluidics, the DPN study demonstrated that nanotechnology
affords the opportunity to conduct more quantitative studies by tailoring the spatial
pattern—ligand size, spacing between adhesive islands, aspect ratios, and shapes.

Efforts to study how individual integrins interact with each other in mechano-
sensing have led to the development multidomain colloidal gels to control spacing
between individual integrin receptors. The colloidal gels are made from a large
polymer molecule that has a brush-like structure (Fig. 6A, a) [51]. Poly(methyl
methacrylate) (PMMA) forms the backbone of the molecule and polyethylene oxide
(PEO) forms the side chains. A portion of the ends of the side chains are func-
tionalized with RGD peptides to allow cells to adhere, but those side chains without
peptides block cell adhesion. The diameter of the brush-like molecule was
approximately 32 nm and the spacing between RGD peptides varied between 14 and
25 nm, which depended upon the number of peptides bound to the molecule
(Fig. 6A, b). The nanoscale spacing between RGD peptides allowed for control over
integrin clustering, independent of the overall RGD surface density. For colloidal
gels with small spacing between RGD peptides, the clustering of integrins permitted
the cells to remain attached to the surface when subjected to a centrifugal detach-
ment force. This result indicates that integrin clustering is more essential for the
mechanical stability of cell adhesion than ligand surface density. Similar colloidal
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gels were used to study how integrin clustering affects cell migration [71]. Cells
were plated on PEO gel substrates that either permitted or restricted clustering and
had either high or low density of RGD peptide (Fig. 6B). As expected, cells on
substrates that had high RGD surface density had increased motility. However,
migration speeds were significantly reduced if the integrins were restricted from
clustering. Furthermore, ligand clustering reduced the average ligand density
required for cell migration and also allowed more stress fibers to form. In contrast,
non-clustered integrin did not allow full spreading or motility, but only weak
adhesion. Together, the studies using colloidal gels implicate that integrin clustering
enables recruitment of cytoplasmic regulatory and structural proteins at focal
adhesion to activate signaling pathway that regulate cell motility and traction forces.

Patterning gold nanodots is a technique that corroborates the findings that used
colloidal gels to investigate integrin clustering, but affords a higher degree of
spatial control and precision in the placement of the adhesion sites. Each gold
nanodot has a diameter of 6–8 nm whereas that of the integrin head domain is 9 nm
[107], resulting in only a single integrin binding to a deposited gold particle. Arrays
of gold nanodots were made by self-assembled polymer micelles, which contained
a single gold particle at their center (Fig. 7A, top). The micelles form a monolayer
on a substrate that begins the seeding process for the gold particle arrays. When the
micelle-coated substrate is exposed to oxygen plasma, the polymer capsule is
removed and only the naked gold particles are left on the surface (Fig. 7A, bottom).
By using different diameters of micelles, the spacing between the particles could be
varied between 30 and 140 nm [95]. Examples of gold nanodot patterns with 50 and
90 nm inter-particle spacing are shown in Fig. 7B. Gold particles are biofunc-
tionalized with RGD-containing peptide, and rest of the region on a substrate is
covered with PLL-g-PEG to prevent integrin adhesion to the glass. Taking

Fig. 6 Multidomain peptide colloidal gel system. A Schematic of RGD-comb structure (a)
shows RGD peptides attached on short PEO side chains that are tethered to the PMMA backbone.
RGD islands (b) are formed in a quasi-2D configuration at the water–polymer interface.
Reproduced from [56]. B On a film of star polymers, ligands (shaded oval) are tethered with
controlled density and degree of spacing to control integrin clustering. Adapted from [71]
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advantage of the nanoscale control over ligand spacing, it was found that cells on
substrates with adhesive spacing greater than 73 nm showed poor adhesion and
spreading, whereas cells on smaller spacings spread as well as they do on glass
surfaces coated uniformly with RGD peptide [5]. Cells on nanodots with 58 nm
spacings (Fig. 7C, a) were observed to have focal complexes that were well formed
because b3 integrin and focal adhesion kinase (FAK) co-localized with each other.
On the other hand, cells on 73 nm spacing (Fig. 7C, b) had poor spreading because
b3 integrin and FAK failed to co-localize. These results demonstrate that the dis-
tance between ligands can restrict the ability for integrin to cluster together and thus
prevent the maturation of an adhesion. Interestingly, integrin clustering was found
to be more important than the amount of ligand deposited on a surface. Cells spread
better on hybrid arrays of 2 9 2 lm2 squares, where each square consisted of
58-nm spaced gold dots, than on uniform arrays of 73-nm spaced dots that had more
ligand content. The influence of ligand spacing on focal adhesion formation was
further confirmed by a study where integrins that formed on 108-nm spaced

Fig. 7 Gold dots for controlling integrin interactions and clustering. A Gold clusters (bottom) are
formed via oxygen plasma treatment by degrading copolymer micelles completely (top).
Reproduced from [95]. B Nanopatterned glass substrates have hexagonally arranged gold par-
ticles with inter-particle spacings of 50 nm (left) and 90 nm (right). The illustration on the bottom
shows the schematic of a nanopatterned substrate with gold particles coated with RGD peptide for
integrin adhesion and space between the gold dots filled with PLL-g-PEG for integrin blocking. C
Cells on 58-nm spaced RGD-coated nanodots (a) showed b3-integrins (green) colocalized with
focal adhesion kinase (FAK, red) whereas cells on 73-nm spaced nanopattern (b) showed poor
spreading and no colocalization with FAK. Reproduced from [5]. D Schematic (a) and SEM
images (b–d) of cells on a gradient of nanodots across an 8-mm long substrate (e). Reproduced
from [6]. Refer to the electronic version of this chapter, DOI: 10.1007/8415_2010_26, for
viewing color version of this figure
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nanodots showed rapid turnover of focal adhesions and reduced amounts of zyxin at
the focal adhesions, which is a protein that is recruited to the adhesion complex
upon mechanical force [16, 62]. In addition to cell spreading, studies on cell
polarization have benefitted from this nanopatterning technique. A gradient of
nanodot spacings from 50 to 80 nm (Fig. 7D, e) was used to find that cells reorient
their polarization towards closer spaced patterns and are able to sense spatial dif-
ferences as small as 1 nm in spacing [6]. Cells on gradients of gold dots also
showed membrane protrusions toward individual gold particles at the nanometer
scale, which suggests that membrane protrusion activity is essential for restruc-
turing the polarity of a cell (Fig. 7D, b,d).

3 Force Measuring Tools

Use of surface control techniques at the nanoscale has helped to reveal the
structure and underlying mechanisms that influences cell adhesion, polarization,
and migration. However, the same intracellular proteins involved in adhesion are
also essential for actin–myosin generated traction forces that are transmitted at
focal adhesions. For this reason, traction forces can strongly contribute to cellular
responses such as adhesion strength, cytoskeletal morphology, and cell motility.
During cell migration, for example, cells need to pull themselves forward to move.
Traction forces had been hypothesized to drive cell migration due to actin–myosin
cross-bridges, but they had been difficult to measure at the nanoscale. Develop-
ment of deformable substrates has provided approaches to observe and quantify
cellular traction forces by the extent of physical distortion in a substrate.

The first method for measuring traction forces was to use a thin film of silicone
rubber that wrinkled under the load from traction forces exerted on them [45].

Fig. 8 Silicone rubber
membrane wrinkles due to
the traction forces from
several chick heart
fibroblasts. Reproduced
from [45]. Bar 100 lm
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This wrinkling substrate was made by briefly exposing silicone fluid to a flame that
crosslinked only the surface of the silicone, creating a skin of 1 lm thickness.
When cells were plated on the surface, they spread out and pulled tangentially on
the rubber sheet, producing visible wrinkles in the rubber (Fig. 8). This result was
significant in that traction forces could be observed and compared for the first time.
Wrinkling membranes were used to confirm that signaling pathways such as the
small GTPase RhoA or Ca2+/calmodulin pathways regulate traction forces through
stress fiber formation and focal adhesion formation [20, 46]. Despite the immense
significance of this technique to the field, it provided a limited measurement
because it could only be used to assess cells by the number of wrinkles they
produced and not the exact amount of force. Some improvements have been made
to provide a semi-quantitative measurement of the traction forces using wrinkling
membranes [12, 13]. The mechanics of wrinkling however is nonlinear in its
relationship between force and deformation so it is inherently inaccurate to find an
exact force measurement. Moreover, wrinkles are formed rather chaotically so
there is limited temporal and spatial resolution possible to measure forces acting at
individual focal adhesions [25].

The first, non-wrinkling, but still deformable substrate was made by crosslinking
the silicone rubber in a glass chamber using a glow discharge device (Fig. 9a) [60].
Small beads that were a micrometer in diameter were embedded on the elastomer
surface. As a cell produced traction forces, the position of the beads on the silicone

Fig. 9 Traction force microscopy (TFM) is used to measure cellular forces. a Silicone rubber-
based traction force microscopy has latex beads embedded on the surface of silicone film to report
the distortion from traction forces. Reproduced from [60]. b A fibroblast on a compliant poly-
acrylamide (PA) gel. Reproduced from [80]. Bar 10 lm. c Traction forces of a fibroblast migrating
in the direction of the arrow were measured by the displacement of fluorescent nanobeads (0.2 lm
diameter) which are seen as white dots embedded in the gel. Reproduced from [77]. Bar 20 lm.
d Regular array of micropatterned dots on an elastomeric substrate shows contraction of a fibroblast
(indicated by arrowheads). Reproduced from [8]. Dots pitch 2 lm, bar 6 lm. e A fibroblast plated
on a soft region of a gel migrated towards the rigid region. Reproduced from [69]. Bar 40 lm. f 3D
forces of a cell are measured by the displacement contour slice along the depth of a gel. Color bar
Magnitude of total 3D displacement. Reproduced from [72]. Refer to the electronic version of this
chapter, DOI: 10.1007/8415_2010_26, for viewing color version of this figure
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rubber changed due to deformation of the film. From the bead displacements, the
force vectors of cells could be measured. At first, the local traction force was
assumed to be linearly related to bead displacement. This incorrect assumption was
later rectified by using elasticity theory about the deformation of a compliant film
[24]. This technique was only able to measure traction forces for highly contractile
cells and so a limited range of cultured cells were able to be studied. Nonetheless,
there were interesting findings on the migration of fish keratocytes using this early
elastic film. These cells are highly motile and had been studied extensively to
understand the mechanisms and mechanics of cell migration. Using the non-wrin-
kling silicone films, small bead displacements were observed at the leading edge of
the cells and larger bead displacements at the rearward region.

The introduction of polyacrylamide gel to measure traction forces was a
breakthrough in addressing the limitations of silicone film substrates by providing
a way to control the stiffness by varying the mixing ratios between the acrylamide
monomer and bisacrylamide cross-linker (Fig. 9b) [80, 104]. The technique
measured the movement of fluorescent nanobeads embedded in the gel and was
referred to as traction force microscopy (TFM) (Fig. 9c). The displacement vectors
are calculated by subtracting the positions of beads as they are deformed by a
cell’s traction forces from their original, undeformed positions once the cell has
been removed. The traction stress field is then calculated from the displacement
vectors using elasticity theory [10, 58]. Since the beads are randomly seeded into
the gels, there can be uncertainty in solving for the appropriate traction forces at
regions of low bead density. To address this, orthogonal arrays of fluorescent
beads were made by electron beam lithography and then patterned onto an elas-
tomeric substrate (Fig. 9d) [8]. Due to the even distribution of the bead markers,
the number of possible solutions for the traction force vector field for a measured
displacement field was significantly reduced.

Despite some of the difficulties in analyzing traction forces using TFM, it has
become widely used to study cells during migration and contraction. The traction
stress distribution of migrating fibroblasts was found to have high forces at the
leading edge of a cell whereas the middle and posterior of a cell had lower forces
(Fig. 9c) [25]. This non-uniform distribution of forces indicates that cells are
pulled forward by contractile forces at the front of a cell. The role of high forces at
the leading edge were also found to determine the change in direction during
migration [77]. Since the gels can have finely controlled stiffness, this has led to an
important finding that cells sense and respond to the rigidity of the ECM [27].
Cells on soft gels have less spread area, increased rates of motility and lamelli-
podia extension, small focal adhesions, and less phosphorylation of focal adhesion
proteins as compared to those on rigid gels [80]. Building from this finding, gels
were created that contained both soft and rigid regions that were adjacent to each
other [69]. Cells were able to migrate from the soft region to the rigid region
(Fig. 9e). However, cells refused to cross from the rigid region into the soft region
because they had higher traction forces and more spreading on the rigid side. This
phenomenon of directed migration due to substrate rigidity is called durotaxis. It
was later found that durotaxis, like haptotaxis and chemotaxis, is sensitive to
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gradients in substrate stiffness [52]. In addition, ECM stiffness has been found to
affect the contractile development of cardiomyocytes [31], differentiation of stem
cells [30], and invasiveness of breast tumor cells [64, 79].

TFM has also been used to study the effect of ligand density and the
involvement of traction forces in spreading. The spread areas of cells were tightly
influenced by the ligand density on a surface, but had different increasing rela-
tionships depending on cell type and ECM ligand type [29, 38, 84]. Interestingly,
traction forces also increased with spread area and ligand density, indicating that
traction forces play a role in a cell’s ability to extend its structure and maintain
stable contact with a surface [84, 85]. These findings are in agreement with those
from previous studies using surface adhesivity control, where cell spreading and
adhesion strength were enhanced with increased ligand density [5, 44, 50]. Since
integrins need high ligand density in order to cluster, it is likely that ligand density
allows focal adhesions to stabilize in such a way that multiple integrins work
together to support a larger degree of traction force. Furthermore, focal adhesion
size, a measure of the degree of recruitment of cytoplasmic proteins and integrins,
was found to increase with the local traction force acting at an individual adhesion
[8]. In light of these findings, it is likely that the high force required to detach cells
on colloidal gels and gold nanodots is because these surfaces promote integrin
clustering so that large focal adhesions are able to form [71, 89].

TFM has elucidated the two-dimensional (2D) distribution of cellular contrac-
tility, but cells often reside in a three-dimensional (3D) context. Cell motility in 3D is
slower and the molecular composition of focal adhesions are smaller as compared to
those in 2D [21, 32, 110]. Thus, traction forces of cells are expected to be different in
3D environments. Some early works into measuring traction forces in 3D have been
implemented using TFM, but have not found dramatic differences are compared to
traction forces in 2D [9, 72]. One approach was to overlay a second TFM gel on top
of a cell to look at tangential traction forces on the dorsal and ventral surfaces [9].
It was found that the strength of these traction forces were similar to those observed
in 2D culture. To analyze traction forces that were normal to a surface, the distortion
of beads in a gel underneath a cell were measured in all three directions using
confocal microscopy [72]. Interestingly, the normal displacements were similar to or
slightly greater than tangential displacements for the cells (Fig. 9f). The forces that
cells generate in 3D imply that they can use them to explore or remodel their
microenvironment using both normal and tangential forces. Although these works
provided an early framework to analyze 3D traction forces, there are still many
challenges and obstacles to create a feasible and analyzable assay to study the
physical interactions of cells in 3D [26, 32].

Continuous, deformable substrates such as silicone membranes or TFM gels have
an inherent disadvantage in that a local force at a focal adhesion can cause a wide
distortion of the substrate, which can in turn cause weaker, secondary forces that act
externally at adjacent focal adhesions. Thus, the continuous nature of the substrates
makes it difficult to isolate the local force at each focal adhesion. The need for tools
to measure the local traction force in an independent manner brought about the
development of the microfabricated cantilevers [28, 35, 36, 97]. The first cantilever
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used for a traction force study was a horizontal cantilever which was fabricated on a
silicon wafer using surface micromachining fabrication (Fig. 10a) [35]. The canti-
lever is deflected laterally when a cell pulls on the tip of the cantilever. The local
traction force can be determined by multiplying the displacement of the tip by the
stiffness of the cantilever. Interestingly, a migrating cell showed much larger force at
its tail than those found at the front [35]. This result is similar to traction forces of
keratocytes measured on silicone rubber [60], but somewhat different from findings
by TFM [25, 77]. Nonetheless, the study with this micromachined device provided
deeper understanding that forces at the front of the cell need to overcome those at the
rear in order for a cell to migrate [90].

One of the limitations of the horizontal cantilever was a fixed, single location of
force sensing which only allowed for a force measurement across a straight-line
trajectory of a migrating cell. Unlike TFM, it did not provide a 2D map of traction
forces acting at all adhesions of a cell. To address this issue, vertical arrays of
elastomeric cantilevers were developed through a soft lithography and replica
casting with a silicone rubber [28, 97]. Cells could spread out by attaching to the
tips of individual posts (Fig. 10b) [63, 97]. Like the horizontal cantilever, posts
deflect independent of each other and thus could report the local traction force
based upon the stiffness of the posts. The use of this array of vertical cantilevers
has helped confirm that RhoA signaling and focal adhesion size affect the strength
of traction forces, as seen previously with wrinkling silicone membranes and TFM
[97]. Moreover, the stiffness of a post can be easily tuned by tailoring dimensions
of a post, so traction forces of a cell could be tested in response to different
stiffness. As seen with 2D TFM, traction forces increased with the stiffness of the
posts in an array, which indicates that the displacement at a focal adhesion is
constant, but the local force increases in accordance to the stiffness of the

Fig. 10 Microfabricated cantilevers for traction force study. a MEMS-based horizontal canti-
lever force sensor. The end of the cantilever is positioned below the square opening in the surface
of the substrate. Reproduced from [35]. Bar 10 lm. b Scanning electron micrograph of a smooth
muscle cell attached on tips of vertical post arrays. c Microcontact printing can be used to confine
cell spreading. b and c reproduced from [97]. Scales bars 10 lm. d Platelets in a clot (green)
deflect the microposts (red). Reproduced from [65]. e Two cells patterned in a bow-tie shape
apply a tugging force against each other. Green b-catenin, red DAPI, blue DiI. Reproduced from
[68]. Bar 10 lm. f Cell on nanopost arrays showing force vectors (red). Reproduced from [108].
Bar 20 lm. Refer to the electronic version of this chapter, DOI: 10.1007/8415_2010_26, for
viewing color version of this figure
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environment [27, 41, 88]. It is worth noting that in 3D, TFM has shown that the
magnitude of bead displacements were constant for different gel stiffness [72].
It may be likely that a cell has an integrin-associated mechanosensory feedback
system that regulates the overall strain that actin and myosin produce within a cell.

One advantage of using silicone rubber for the posts is its availability to be
functionalized by microcontact printing [98]. Cells can be patterned on the posts
with different sized square patterns to pattern single cells, pairs of cells, or mono-
layers (Fig. 10c) [68, 78, 87, 97]. It has been seen that cells with more spreading
exerted higher traction forces than those that are less spread, which agrees with
findings from TFM studies. Confinement of spread area on a force sensor can allow
one to rule out the effect of spread area and focus on the influences of other factors on
traction forces. For example, cells have been observed to exert more force on stiffer
substrates, but at the same time, they also spread more on stiffer environments so the
effect on traction forces may be confounded by cell spreading [29, 69, 84, 85, 88].
Techniques to isolate the roles of cell spreading and stiffness would be beneficial to
understand how cells regulate their adhesion strength and traction forces. Micro-
contact printing can also be used to examine intercellular forces of cells in a
monolayer or adjacent to one another (Fig. 10e) [68, 78]. It has been seen that cells
transmit tugging forces through their adherens junctions and the length of the
junctions can determine the strength of force that can be withstood.

As the contractile and adhesion biomechanics of different cell types become of
wider interest, post arrays with micrometer dimensions may not provide enough
spatial resolution. In particular, platelets are amongst the smallest cells in the human
body and have adhesion and contractile properties that are essential for clotting and
vascular healing. The contractility of aggregated platelets on different ligands have
been tested with the microscale post arrays (Fig. 10d) [65]. Moving forward,
measuring the contractility of individual platelets would be valuable for evaluating
the strength of platelet–platelet versus platelet–ECM interactions. One approach
that could be helpful is nanopost arrays. Nanoposts have sub-micrometer dimen-
sions and can be fabricated using projection lithography and reactive ion etching
[108]. Cells plated on these posts showed similar spreading area and morphology as
those found on continuous substrates (Fig. 10f). Further development of nanoposts
might also elucidate the contractile mechanics of cells during migration and
spreading. In particular, the lamellipodium and lamellum regions at the leading edge
of a cell have different molecular players involved in their extension and contraction
[102]. It would be beneficial to use the improved spatial resolution of nanoposts to
examine the different strengths of traction forces at each of these regions.

4 Conclusions

Cells respond to many aspects of their surrounding ECM—from chemical pre-
sentations such as adhesivity, ligand density, and nanoscale ligand spacing to
mechanical presentations such as stiffness and spreadable area. Surface
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characterization techniques have provided a platform to find that cell adhesion
requires integrin clustering, focal adhesion strengthening, and stress fiber forma-
tion. At the same time, studies with force measurement tools have revealed that
myosin-based traction forces are necessary for the stability of cell adhesions. As
new nanotechnology-based tools are developed, however, it is worth noting that a
cell contains a complex network of interactions that combine receptor signaling,
protein conformational changes, ion gradients, and transport along the cytoskel-
eton, which are all integrated to determine the activity of a cell. Particularly for the
cell–ECM interactions, there is a reciprocal relationship between the cell and the
ECM that involves mechanical forces. Specifically, the structure of the ECM can
affect the adhesion, morphology, contractility and motility of cells, and at the same
time, those cellular activities can also cause the restructuring of the surrounding
ECM. When developing and applying new technology, one should consider sec-
ondary causes and maintain a degree of guarded skepticism when interpreting the
results from the data. Moreover, it would be a vast improvement if there were
approaches to study the different chemical and mechanical factors independently
and in combination with each other.

We have highlighted the tools for studying the adhesions and traction forces of
cells in response to changes in the microenvironment. It is worth noting that there
are tools that can be used to applying nanoscale forces to a cell, which help
understand the sensation and response involved in mechanotransduction [93]. These
tools use magnetic forces, optical forces, or atomic force microscopy to test the local
adhesion strengthening and cytoskeletal connection to focal adhesion [19, 37, 70,
89, 94, 103]. One common finding from these tools was that in response to external
force, cells strengthen the connections between their adhesions and the ECM by
recruiting additional focal adhesion proteins. Interestingly the same adhesion
strengthening occurred in response to internally generated traction forces, which
implicates that cells respond to forces acting internally or externally. A number of
questions on the molecular nature of mechanosensing, focal adhesion maturation,
cytoskeletal connectivity, membrane extension, and release of adhesions remain
unaddressed. The tools to address these questions are emerging and with them will
likely be the answers to important questions in stem cell and cancer biology.
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The Mechanical Environment of Cells
in Collagen Gel Models

Global and Local Effects in Three-dimensional
Biological Hydrogels
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Abstract It is becoming increasingly clear that cells behave differently in two-
dimensional (2D) culture than in three-dimensional (3D) tissues, and that 3D
culture models and new tools for probing them are needed for advancing our
knowledge of mechanobiology. Cells physically interact with their surrounding
extracellular matrix; they are able to sense the local stiffness, tension, and
deformation within the matrix and, in turn, are able to remodel the matrix and
generate forces with long-range effects. In tissues with sufficiently high cell
density, the cells interact and generate coordinated forces which can be regulated
by controlling the macroscopic mechanical boundary conditions. Understanding
this dynamic reciprocity between the cells, matrix, and external environment is
critical for determining how the cells sense, transduce, and respond to their
mechanical surroundings. However, even in simplified models of 3D tissues,
quantification of local (non-linear viscoelastic) mechanical properties is prob-
lematic, and the transfer of strain and stress to the cells is complicated by non-
affine, non-uniform deformation of the cell/matrix composite. This review focuses
on methods for characterizing and modulating the mechanical environment of cells
cultured within reconstituted collagen gels, the most extensively utilized in vitro
models of native 3D tissue.
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1 Introduction

The mechanical environment surrounding cells guides the development, remod-
eling and pathogenesis of tissues in vivo. For example, blood vessels remodel with
hypertension, muscles atrophy when a limb is placed in a cast, and skin contracture
is reduced with splinting following injury. The need for more quantitative study of
the effects of mechanical cues on cell behavior, i.e., mechanobiology, has lead to
the development of a broad range of tools as highlighted in this volume. Although
our knowledge of the mechanisms behind mechanotransduction have increased
dramatically in recent years, the majority of the powerful new methods used to
study cells are applicable only to two-dimensional (2D) cultures.

Cells have repeatedly been shown to behave differently in 2D culture than in
three-dimensional (3D) models and tissues [100, 102]. For example, the ‘‘pan-
cake’’ cell shape characteristic of 2D culture is not found in 3D gels, rather stellate,
bipolar, or rounded cells are observed. Further, cell proliferation and protein
biosynthesis are generally suppressed in cells entrapped in protein-based gels
relative to culture on 2D tissue culture surfaces, and cell motility, an important
means of reorganization of the surrounding matrix, is not limited to in-plane
migration. In some cases, contradictory responses to mechanical stimuli are
observed 2D and 3D systems. For example, in 2D motility is maximal on higher
stiffness substrates in contrast to faster tumor cell movement in 3D matrices of
lower protein concentration (and lower stiffness) [139]. In cyclically stretched 2D
systems, adherent cells generally align along directions of minimal stretch [68],
whereas cells cultured within uniaxially stretched 3D protein gels generally align
in the direction of stretch along with the fibrous proteins [113]. As a final example,
breast epithelial cells develop like tumor cells when cultured on 2D surfaces, but in
3D basal lamina protein gels (Matrigel) they revert to normal growth behavior
[101].

Reasons for discrepancies in cell behavior between 2D and 3D environments
are undoubtedly complex and include differences in stiffness (3D models are
generally compliant compared to standard 2D culture) [100], the alignment [54]
and microstructure [43] of fibrous structures in protein-based 3D systems, con-
centration of ligands available for binding, specialized cell–matrix adhesions [28],
and more symmetric adhesions over surface of cell [44]. Differences may arise due
to ‘‘dimensionality’’ itself as the cells are surrounded by fluid in 2D and simply
adhered to the surface of a material in contrast to being entirely encased in the
material in 3D. Imagine the difference of walking on a carpet compared to trying
to walk through a massive tangle of yarn. To separate these effects which con-
found the study of mechanobiology, controlled manipulation of the physical
environment of cells cultured within 3D tissue models is necessary while keeping
the biochemical environment constant. This review focuses on methods for
modulating the mechanical environment of cells cultured within reconstituted
collagen gels, the most highly utilized in vitro model systems for the study of cell
behavior in 3D.
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Collagen is the major structural protein in connective tissues. Self-assembly of
acid soluble collagen at 37�C to form a ‘‘stiff’’ gel was first observed approxi-
mately 40 years ago [53, 64]. Under these conditions collagen molecules and
aggregates of molecules spontaneously assemble. Reconstituted collagen gel
models populated with cells were developed by Bell et al. [10] in the late 1970s
and utilized for the basis of tissue engineered skin and blood vessels. Although
successful for wound healing treatments (Apligraf�, Organogenesis Inc.), collagen
gels have not been successfully utilized for substitution of blood vessels or other
load bearing tissues as collagen gels neither obtain the stiffness and strength of
mature tissue nor the native collagen hierarchy, even with long-term mechanical
conditioning (months). Primarily, these biopolymer gels are utilized as model
systems to study cell behavior such as cell contraction and migration in simulated
‘‘developmental’’ or ‘‘healing’’ environments (depending upon boundary condi-
tions) [50].

Cells cultured within collagen gels are surrounded by ‘‘native’’ extracellular
matrix (ECM) proteins and can remodel their surrounding fibrous matrix. This
remodeling is modulated by local and global physical cues, and it results in
changes to the mechanical properties. This ‘‘dynamic reciprocity’’ between the
cells and matrix resembles that which occurs in vivo [50]. Remodeling of ECM
(reviewed by Daley et al. [29]) is a key aspect of tissue development and fibrosis,
is critical for ‘‘functional tissue engineering,’’ and is a major advantage of utilizing
the collagen gel model system. Synthetic polymeric hydrogels fail to capture this
fibrillar structure and remodeling, although synthetic hydrogels can be engineered
to degrade with ECM production by the cells filling in the gaps [62]. Structural
guidance and anisotropy can also be engineered into collagen gels by alignment of
collagen fibrils via pre-processing (magnetically or mechanically) which provide
additional physical cues that are difficult to incorporate into synthetic systems.

Despite many studies of the mechanics of collagen fibrillation [119] and the use
of collagen gels for understanding cell–matrix behavior in 3D [108], issues remain
in the use of this popular in vitro model for the controlled study of mechanobi-
ology. This brief review is not meant to cover the ‘‘3D mechanobiology’’ literature
exhaustively, rather we aim to clarify the terminology of the field and highlight
how collagen gels can be used both in short- and long-term studies for different
purposes, and how changes in global boundary conditions can be used to alter local
cell behavior.

In the next section, we introduce the creation of collagen gel models with
detailed discussion of the effects of collagen concentration, cell density, collagen
sources, and extraction methods on the gel. Then in Sect. 3, the structure and
physical properties of collagen gels are discussed. We describe methods for
altering the mechanical environment using various static and dynamic boundary
conditions in Sects. 4 and 5, respectively. The local environment of the cell within
the fibrous matrix and calculation of cell-generated forces are discussed in Sect. 6.
Finally, Sect. 7 provides a general discussion and look to the future use of 3D
collagen gel model systems.
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2 Composition and Creation of ECM Models

2.1 Creation of a Cell-populated Collagen Gel: The Basics

Cell-populated collagen gels are created by mixing together concentrated solutions
of purified collagen, cells, and media. The solution is ‘‘cast’’ (poured into a mold),
allowed to ‘‘gel’’ (fibrillate by self-assembly), and cultured under a variety of
mechanical and chemical environments. Typically, they are cultured either
attached to a dish/surface or gently released from the surface following gelation
and allowed to culture free floating (see Sect. 4). Compaction of the gel by the
resident cells is most striking in free floating gels where traction forces generated by
migration of the cells results in reorganization of the gel and expulsion of unbound
water which reduces the gel volume by an order of magnitude and increases the
collagen density. The compaction process is often termed contraction of the gel,
although it is best to reserve the term contraction for cell contractile behavior
which utilizes muscle-like cell machinery (see grey terminology box below).

Typically, cell-populated collagen gels are produced by rapidly combining
stock solutions of purified monomeric collagen (collagen extraction discussed in
Sect. 2.4), cells, and concentrated cell culture medium. The stock collagen solu-
tion is stored in chilled weak acid to avoid premature fibrillation thus NaOH
(typically 0.1 M) is used to neutralize pH of the solution. Concentrated medium
(e.g., 59 DMEM) and serum are utilized to obtain a normo-osmotic solution with
the desired serum concentration for culture. For example, for 10 ml of an initial
solution with 2 mg/ml collagen, 0.5 million cells/ml, and 10% serum, stock
solutions of the following volumes can be utilized: 4 ml of 5 mg/ml collagen, 5 ml
of 1 million cells/ml with 20% serum, and 1 ml of 59 concentrated medium (the
NaOH volume is minimal) [13]. The solution is quickly pipetted into a culture dish
with desired shape, placed in a warm stable location, and allowed to gel for 30–
60 min before further manipulation.

Compaction and Concentration Terminology

Compaction: short-term cell-mediated reorganization of protein fibers in a
hydrogel where the majority of the fluid is expelled resulting in a dramatic
reduction of gel volume.
Contraction: active exertion of tension on the protein matrix by stationary
cells (distinct from forces imposed during migration during compaction).
Stock concentration: concentration of in the stock solution before forming a
hydrogel.
Initial concentration: protein concentration in the cast hydrogel which
including dilution by media and cells.
Final concentration: protein concentration at end of culture duration (post
compaction, remodeling, stretching, etc.)
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2.2 Effects of Protein Concentration

The initial concentration of the protein alters both the mechanics of the gel and the
ligand presentation (number of sites for cell adhesion). Typical concentrations
range from 0.3 to 5 mg/ml collagen (although some report up to 30 mg/ml) [37,
58, 94, 142]. These hydrogels typically contain\1% protein and are[99% water
since water is 1,000 mg/ml and the gels typically contain\10 mg collagen per ml
solution. For comparison, most native connective tissues have hundreds of mg/ml
protein and 70–80% water; a table of values for gels and various tissues can be
found in [100]. When comparing studies, one must be careful to differentiate
between stock concentration, initial concentration, and final concentration (see
terminology text box), as many groups use ‘‘final’’ concentration for the protein
concentration in the gel after it is cast, before the start of culture. The cells within
the gels interact with the collagen fibrils (Fig. 1a) and remodel, crosslink, and
synthesize ECM proteins. Thus, after standard culture duration ([6 h) the initial
protein concentration does not represent the local environment of the cell accu-
rately which confounds the study of mechanobiology as the stiffness and collagen
(and thus ligand) density change over time. Further, the protein concentration is
higher around the cell due to local densification (see Fig. 1b).

Interestingly, the degree of compaction decreases with an increase in initial
concentration, and the average final concentration of a collagen gel is actually
higher for gels with lower initial concentration [58, 94, 142]. For example, Zhu

Fig. 1 a Scanning electron micrograph of a human fibroblast within a collagen gel demonstrat-
ing the multiple adhesions to the collagen fibers. Note the small size of the fibers and pores
relative to the cell size and the penetration and entanglement of cell extensions and collagen
matrix. Reprinted from Ref. [108] with permission from Elsevier. Bar, 10 lm b Confocal
reflectance image of the collagen network surrounding a fibroblast cultured within a collagen gel
after 4 h in culture showing the local densification produced by fibroblast-mediated compaction.
Low passage neonatal human dermal fibroblasts (5 9 104 cells/ml) and 2% FBS were utilized;
shear storage modulus *50 Pa. Image width = 180 lm. Image generously provided by
Dr. Sherry Voytik-Harbin
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et al. [142] varied the initial collagen concentration from 0.75 to 2.5 mg/ml and
after 21 days compaction by human fetal lung fibroblasts measured final collagen
concentrations of *50 mg/ml to *8 mg/ml, respectively; Helary et al. [58] found
similar a monotonic relationship between initial and final collagen concentration
for human dermal fibroblasts (0.66–3 mg/ml initial concentration resulting in 37–
11 mg/ml final concentration, respectively). Evans and Barocas [37] found this
pattern only with initial cell density [0.15 million cells/ml; they also found the
final mechanical properties could not be predicted by the final collagen concen-
tration alone (see Sect. 3.2) although they only cultured the gels for 24 h. Collagen
degradation occurs during culture due to matrix metalloproteinase (MMP) secre-
tion, although total collagen after substantial culture duration ([2 weeks) is rel-
atively constant [142] even with a high initial cell density (2 9 106 cells/ml) [1].
The collagen in the gel inhibits collagen synthesis by the resident cells [25] but
some collagen is secreted along with other proteins and polysaccharides, notably
fibronectin and hyaluronic acid.

2.3 Effects of Cell Density and Activity

The cells entrapped within collagen gels (Fig. 2a) have striking dendritic mor-
phology not observed in those cultured on the surface of collagen-coated cover-
slips (Fig. 2b). The morphology of the cells is also dependent upon the cell
density, an indication that the cells actively interact and can sense the traction and/
or soluble factors from adjacent cells (compare Fig. 2c, d with low and high cell
density, respectively).

A wide range of initial cell densities are utilized in collagen gels depending
upon the application from \104 [10] to [106 cells/ml [1]. As with stock, initial,
and final protein concentrations, definitions of cell density can differ between
studies in a similar manner. At low initial density (e.g., 104 cells/ml) the cells do
not initially interact with each other as there is, on average, approximately 500 lm
between cells (assuming even distribution of cells and cuboidal volume elements).
At high density (e.g., 106 cells/ml with approximately 100 lm between cells) the
cells can sense their neighbors and interact even at short culture durations; a more
extended cell morphology can be observed 1–4 h after casting than seen in cells
seeded at low density. In general, the final cell density is determined by the extent
of gel compaction by the cells as proliferation is very slow in 3D gels compared to
standard (stiff) 2D culture. For example, it is commonly reported that fibroblast
cell doubling time is on the order of a week in a standard density collagen gel
compared to 12–14 h on tissue culture plastic. Grinnell [50] suggests that prolif-
eration is inhibited by increased collagen fibril-cells contacts; however, in com-
pliant 2D systems the regulation of cell proliferation is strongly controlled by
matrix stiffness [32] and recent studies demonstrate that cell proliferation increases
with initial collagen concentration (at high concentrations, which correlates to
initial stiffness) [56, 58]. Alternatively, Simmons and colleagues [138] recently
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report that valvular interstitial cells proliferated more rapidly on compliant
matrices (thick collagen gels) than stiff matrices (thin gels on glass). Regardless,
the cell density increases with culture duration as the cells compact the matrix
resulting in increased cell–cell interactions and collective behavior even with low
initial density and slow proliferation. Thus, if it is desired to study how an indi-
vidual cell is affected by its local mechanical environment in a 3D gel, e.g., the
effect of matrix stiffness on migration speed [118], low cell density and short
culture duration should be chosen. Although collagen gels are used for these types
of ‘‘single cell’’ studies, models with higher initial cell density are utilized in the
majority of research, and the collective response of the cells to chemical and
physical stimuli are studied with extended culture duration.

Not surprisingly, the extent and rate of compaction is strongly affected by cell
density. In their seminal paper, Bell et al. [10] demonstrated dose-dependent
increases in free gel compaction from 104 to 105 fibroblasts/ml, with differences

Fig. 2 Fluorescent images of human fibroblasts cultured within collagen gels (a, c, d) show
dendritic shapes compared to the flat, extended morphology of cells on collagen-coated glass (b).
Cells within gels cultured at low density (105 cells/ml) have shorter extensions when gels are
unrestrained (a) than when anchored (c). The cells more closely resemble the stiff glass control
when cultured at high density (106 cells/ml) where they interact heavily (d). All cells stimulated
with PDGF for robust development of stress fibers in a short time period (1 h for a and b and 4 h
for c and d) and visualized by phalloidin staining of the actin cytoskeleton. Scale bars indicate
25 lm; images in same row have same magnification. Images generously provided by Frederick
Grinnell and reprinted from Mol Biol Cell, 13, Tamariz, E. and Grinnell, F. Modulation of
fibroblast morphology and adhesion during collagen matrix remodeling, 3915–3929, 2002 (a and
b) and from Ref. [51] (c and d) with permission from the American Society for Cell Biology
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being most prominent at low cell densities and little difference in final compaction
at higher cell densities (4 9 104 to 1 9 105). Allen and Schor [4] observed a linear
increase in the initial (2 h) rate of compaction with cell density from 5 9 104 to
5 9 105 fibroblasts/ml. In collagen gels rigidly attached to an isometric force
transducer (a.k.a. culture force monitor), the force during compaction has been
shown to increase monotonically with cell density although the relationship can be
complex [31]. These trends have been confirmed in further systematic studies by
others [37, 58, 94, 106]. Further, a high degree of compaction which occurs with
free gel boundaries and low initial collagen concentration leads to higher final cell
density but also apoptosis [142]. If higher initial collagen concentration or an
anchored configuration is used, lower levels of apoptosis are observed, apparently
due to the cells’ ability to generate tension against the matrix. However, due to the
complex interaction between the cells and collagen (including increasing collagen
density with compaction), more work is needed to determine if cells alter their
behavior (phenotype) as the cell density increases during compaction due to sol-
uble factors, cell contact, or mechanical factors.

2.4 Collagen: Types, Sources, and Extraction Methods

Collagen constitutes one quarter of the total protein mass of animals and is thus the
most abundant protein in vertebrates [3]. Procollagen is secreted from the cell and
is soluble under physiological conditions and able to diffuse through intercellular
space. The ends are enzymatically cleaved, leaving triple-helical rod-like tropo-
collagen monomer [3]. Collagen monomers fibrillate outside of the cell laterally
then aggregate further laterally and longitudinally to form interconnected
branching fibrillar networks. The creation of collagen gels exploits this self-
assembly process (described in Sect. 3.1), and the ability to recapitulate this native
process in vitro provides rationale for utilizing collagen gels as models of tissue
development and healing.

However, when adopting a collagen gel model for mechanobiology, it is
important to understand that all collagen is not equal. Most obviously, there are
many types of collagen (29 at last count [47]) which are tissue specific, e.g. type II
predominates in cartilage, type IV is found in basal lamina and blood vessels, and
large amounts of type III (relative to type I) are observed in healing wounds and
developing skin [3, 47]. Of these, type I collagen is the major collagen type found
in skin and bones, and it accounts for about 90% of the collagen present in the
body. Accordingly, type I is most often used for creating collagen gels and is the
focus of this review. Yet it is important to note that the collagen type will likely
alter gel physical and biochemical properties, and what is sold as ‘‘type I collagen’’
may include a significant portion of other collagen types, most likely type III when
young animals are utilized. Further, the animal source, method of extraction,
purity, and processing of the collagen all have major impacts on the fibrillation and
resulting mechanics of collagen gels.
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Purified type I collagen is most often obtained from tendons due to its high
collagen content and relative purity, although reticular dermis is also a popular
source. For lab research, collagen is often obtained from rat tail tendons (RTT)
which are abundant in many laboratory settings and are readily soluble under
acidic conditions (processing described below). But for commercial scale, calf
hide (dermis), bovine Achilles tendon, or porcine skin are most often used.
Collagen undergoes crosslinking over an animal’s life-time, thus, unlike tail ten-
dons from young rats, the extraction efficiency using dilute acid alone is very low
for mature bovine tissues and enzymes are often utilized. Dilute acid extracts only
recently synthesized collagen as aldimine type inter-molecular crosslinks can be
dissociated by dilute acids, but not the keto-imine type which form with age. Thus,
the age of the animal is an important determinant of the quality and amount of the
collagen and an important consideration of choice of collagen source [141].

To extract the collagen, tendons are dissected from surrounding fascia, washed
in cold neutral salt solution, frozen, minced with ice to keep cold, and finally
suspended in weak acid (e.g., 1–10 mM HCl) for a few days at 4�C. The collagen
slurry is then filtered (e.g., through a 1 mm nylon screen) to separate the ‘‘soluble’’
(acid-extractable) and insoluble fractions (see Zeugolis et al. [140, 141] for a clear
flow chart of the entire process). The acid-extracted collagen fraction is purified by
repeated salt precipitation and centrifugation then dialyzed (*8,000 Mw cut-off
filter) against weak acid (0.01–0.05 M). To obtain a usable solution of collagen
from the insoluble fraction, the insoluble fraction is treated with pepsin under
acidic conditions for a few days, filtered, then purified by salt precipitation, cen-
trifugation, and dialysis as described above to yield pepsin-extracted collagen. It is
important that all steps, including mincing, centrifugation, and storage, are per-
formed cold (4�C) to preserve the native (triple-helical) structure of the collagen
molecules. The remaining insoluble residue cannot be used to form collagen gels
as defined herein; it contains large aggregates of crosslinked collagen fibrils.
Despite apparently similar processing, the purity of the resulting ‘‘monomeric’’
collagen solutions can be variable and may contain a substantial fraction of
oligomers (more with acid-soluble than pepsin-soluble collagen) which signifi-
cantly alters fibrillation kinetics [42].

Acid- and pepsin-extracted collagen are both commonly utilized for creating
collagen gel models. They are often used interchangeably, yet there are substantial
differences in the fibrillation kinetics and the resulting physical properties. Pepsin
cleaves the telopeptide region of collagen, which, in addition to allowing high
extraction efficiency ([90% from calf tendon as opposed to\5% of wet weight for
dilute acid alone [75]) also alters the ability to form a collagen gel by self-
assembly. The telopeptide region is important for the rate and extent of fibrillation
and crosslinking both in vivo [24] and in vitro [75]. For example, the strength of
gels made from acid-extracted collagen is [10-fold higher than for pepsin-
extracted collagen [75], and the stiffness of gels made from acid-extracted col-
lagen [110] are significantly higher than that of gels made from pepsin-extracted
collagen [96]. On the nano-scale, extruded collagen fibers (similar to gels) created
from acid-extracted collagen contain thick quarter-staggered fibrils, whereas
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pepsin-extracted collagen fibers have both thin non-banded and thick banded
fibrils [141]

Acid-extracted, pepsin-extracted, and relatively unprocessed ‘‘fibrous’’ collagen
extracted from skin and tendons from cows and pigs are available packaged either
in dilute acid or freeze dried for long-term storage. Acid-extracted versions include
‘‘DM6 Bovine Dermal Collagen Acid Soluble’’ from Devro Medical (3 mg/ml, pH
2). Pepsin-extracted bovine dermal collagen products (*3 mg/ml in *0.01 N
HCl) include ‘‘Purcol’’ from Advanced Biomatrix (previously named ‘‘Vitrogen
100’’ from Inamed/Cohesion/Collagen Corporation), ‘‘Collagen from Calf Skin’’
from Sigma–Aldrich, ‘‘Collagen 04902’’ from Stem Cell Technologies (Canada),
‘‘DM1 Atelo’’ from Devro (USA), and ‘‘Porcogen’’ from Sunmax (Taiwan), the
latter being porcine-derived. Freeze-dried pepsin-extracted bovine dermal collagen
products are supplied by Kensy Nash (US), Koken (Japan), and Symatese Bio-
materiaux (France). Freeze-dried non-purified collagen products are also available
including ‘‘Calf Skin Collagen’’ from Sigma–Aldrich, ‘‘Bovine Achilles Tendon
Collagen’’ from Fluka, and ‘‘Bovine Achilles Tendon Collagen’’ from Yi Erkang
(China). As they are largely unprocessed, they are less expensive though they must
be purified as described above to obtain acid- and pepsin-extracted type I collagen
for making collagen gels. The subsequent processing and storage of collagen for
distribution can also alter the collagen material without changing its composition,
e.g., by rendering it insoluble with poor temperature control during freeze drying
[140]. More recently, recombinant human collagen has become available, devel-
oped in large part to avoid interspecies disease transmission but also to reduce lot-
to-lot variability and provide higher purity, albeit at a high cost [95].

Further, other proteins, such as the components in serum, are generally con-
sidered necessary for the cells to adhere to the matrix, actively generate forces, and
remodel the collagen. The need for serum is shown quantitatively using culture
force monitoring [31, 71], although some researchers report compaction of gels by
fibroblasts in the absence of serum [6, 66]. Thus, serum proteins further complicate
the biochemical environment, and simple ‘‘one-component’’ collagen gels gener-
ally contain a small fraction of other collagen types, e.g., ‘‘Semed S’’ contains
*5% type III collagen. Some consider this a benefit since native collagen fibers
are heterotypic to varying extents [47]. Finally, it is important to remember that
even with the purest collagen material, cells will create their own surrounding
matrix when allowed to culture for sufficient time which complicates the com-
position of the gel.

Collagen Source Terminology

Acid-extracted collagen: collagen fraction that can be extracted by dilute
acid alone; a.k.a. ‘‘telo collagen’’ as the non-helical telopeptide regions
remain intact. It is also called ‘‘acid-soluble,’’ but this terminology is not
specific since pepsin-extracted collagen is also soluble in weak acid.
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Pepsin-extracted collagen: the collagen fraction that can be extracted by
pepsin treatment in dilute acid (*0.5 M). Also termed pepsin-soluble
collagen and atelocollagen since pepsin solubilization cleaves the telopep-
tide region.
Soluble collagen: both ‘‘acid-extracted’’ and ‘‘pepsin-extracted’’ collagen are
termed ‘‘soluble’’ collagen in the literature. Both are extracted by weak acid
and are insoluble under physiologic conditions.
Insoluble collagen: collagen that is not soluble in dilute acid; most appro-
priately used to refer to residue remaining following acid extraction with or
without pepsin treatment. Raw collagen before extraction is sometimes
referred to as ‘‘insoluble’’ although a small fraction of this collagen is sol-
uble in acid and should be termed ‘‘fibrous collagen.’’

3 Characterization: Structure and Physical Properties
of Collagen Gels

3.1 Collagen Self-assembly and Architecture

The in vitro progression of collagen fibril formation is similar to the native process
in the extracellular environment, and thus collagen gels have been used exten-
sively to study this process [11, 39, 69, 105, 119]. Acid-soluble collagen self-
assembles into fibrils and bundles of fibrils (fibers) by an entropy-driven process;
that is, collagen molecules exclude water and lower surface energy by aggregating
[119]. The monomers (*1.5 nm diameter and 300 nm long) first form aggregates
of 5–17 molecules, so called subfibrils 4–5 nm in diameter and 2–3 molecules
long, which further simultaneously assemble both linearly and laterally into fibrils
(20–300 nm wide). These fibrils bundle into fibers to form a 3D interpenetrating
and interconnected fibrillar network [23, 119, 137]. The sigmoidal shape of
standard turbidity and rheometric measurements with time during gelation sug-
gests that a nucleation-and-growth mechanism consistent with percolation theory
governs collagen fibril assembly [39].

The monomer backbone of the fibrils is stabilized by noncovalent, hydrophobic
bonds and electrostatic interactions which results in a physical gel. The importance
of noncovalent interactions has been demonstrated by the modification of the self-
assembly process by the addition of ions, alcohols and other substances [23].
Further, covalent bonds (crosslinks) can form between the helical crosslinking sites
and nonhelical monomer ends; however, these crosslinks are sparse compared to
those contributed by cell-mediated crosslinks. Further, in pepsin-extracted collagen
the nonhelical (telopeptide) region is removed thus this crosslinking mechanism is
lost resulting in a slowing of aggregation and wider fibers [119]. Incubation of self-
assembled collagen solutions for long periods (up to 150 days) increases
mechanical and thermal stability [30] possibly due to an increase in the number of
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crosslinks that form spontaneously over time. In the absence of cells, the fibrils
mainly interact by entanglement resulting in a physical gel rather than crosslinked
gel, despite the lack of thermal reversibility characteristic of physical gels [39].

Cells entrapped in the matrix further condense and bundle the fibrils into larger
structures and provide additional stabilization methods, most notably lysyl-oxidase-
mediated crosslinks [61]. Contraction by fibroblasts gives rise to bundles of
collagen fibrils; the collagen network becomes heterogeneous and large fibril
bundles (*5 lm fibers) appear from initial small fibrils (*50 nm) with time in
culture (Fig. 3). Condensation of collagen is observed around cells locally (shown
clearly in Fig. 1b) creating local heterogeneity with contraction [98]. Yet even
without cells, the initial gel is shown to be very inhomogeneous both in structure
and local mechanical properties [83].

The parameters of the 3D fibrillar network (fiber diameter, spacing, length, etc.)
are dependent upon the initial collagen density, pH, and temperature [110]. In
general, lower temperature and pH lead to larger fibers as they affect the balance
of forces (hydrophobic, electrostatic, and hydrogen bond) between fibrillating
collagen monomers and fibrils. Lower temperature weakens attractive hydrophobic
forces favoring lateral fibril and fiber growth [105]. Despite the wide range of
these variables studied in acellular preparations, the pH and temperature ranges are
quite limited when utilizing cells.

Electron microscopy is the most common imaging modality for characterization
of the collagen fibrillar network structure, although confocal reflectance micros-
copy and second harmonic generation (SHG) with two-photon microscopy are
proving to be useful techniques for visualizing the fibril architecture in the
hydrated state [105, 110]. The latter techniques allow direct visualization of the
evolution of collagen fibrils with gelation and have the advantage of being non-
invasive (Fig. 4). Recently, SHG and two-photon excited fluorescence (TPF) have
been combined and correlated with mechanical properties; SHG reflects fibril,
monomer and a-chain configurations whereas TPF is created by fluorescent
crosslinks which offers superior correlation to mechanical properties than either

Fig. 3 Scanning electron micrographs of the collagen gel fibrous structure showing the
aggregation and decrease in pore size which occurs with fibroblast-mediated compaction over one
(left), two (middle) and three (right) weeks in floating culture. Initial concentrations:
3.4 9 104 cells/ml human dermal fibroblasts; 5% FBS; 0.66 mg/ml collagen. Images generously
provided by Dr. Christophe Helary; see [58] for methods. Scale bars 5 lm
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modality alone [105]. With standard SEM and TEM, the fibrillar network collapses
with drying and application of vacuum [4], thus the fiber spacing, pore structure,
and interconnections between fibers are difficult to quantify accurately with these
techniques. Fiber diameters observed by SHG have recently been reported to be an
order of magnitude larger than observed by SEM [105]. Despite the processing
limitations, electron microscopy remains the standard for measuring fibril size due
to its high spatial resolution (*5–10 nm). For comparison, the lower limit of
confocal is *200 nm [100], the Rayleigh resolution limit for SHG images is
*415 nm [105], and the effective lateral resolution is *1 lm in many standard
confocal systems. Estimating pore size remains even more problematic than fibril
size; from a combination of modeling and microscopic measurements, pore sizes
in collagen gels appear to be on the order of 5–10 lm [81].

3.2 Mechanical Properties

3.2.1 Micromechanics of Acellular Gels

Due to the similarity of the collagen self-assembly process in vitro and in vivo, the
mechanics of acellular collagen gel models have been studied extensively for a

Fig. 4 Time-lapse confocal reflectance images showing the evolution of collagen fibrillation
(1 mg/ml collagen at 37�C). The first fibers can be visualized at 1.5 min with more fibers
evolving with time and clear interconnections at longer times. Bright spot at center is due to
reflection off of optical elements. Scale bar 50 lm. Reprinted from Ref. [137] with permission
from the Biophysical Society
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better understanding of native collagen fibrillogenesis and self-organization, e.g.
[119]. As with matrix architecture, and due to this architecture in large part, the
mechanical properties of collagen gels are dependent upon a number of parameters
including collagen density, pH, and temperature, but one must not forget the
profound effects of cell remodeling. Even with low cell density and short culture
duration (minutes to hours) cells profoundly alter their local environment leading
to pronounced densification of the surrounding gel which undoubtedly alters
mechanical signaling. With higher cell density and longer term culture (hours to
days), the cells alter the global properties dramatically with greater than 10-fold
compaction, reorganization (bundling of fibrils), and crosslinking of fibers. Thus,
when describing mechanobiology in collagen gels, it is useful to consider sepa-
rately short-term (hours) and long-term (hours-days) studies. In the short-term, the
initial properties of the gel are similar to those of an acellular gel and are critical as
cells apply traction to migrate through and reorganize the matrix—processes
which are mechanically regulated. Over the long-term, it is useful to characterize
the mechanics of the gel both to better understand the mechanical environment of
the cell and to assess the cell-mediated remodeling and resulting changes in the
functional mechanical properties of the more tissue-like material. In this section
we first examine the general features of collagen gel mechanics gleaned from
combined uniaxial stretch, confocal imaging, and modeling. Changes in the
mechanics with cell-mediated remodeling are then considered. Finally, we discuss
more general mechanical characterization of gels with a focus on terminology,
methods, and the effects of initial parameters to aid the reader in selection of a test
and comparison between studies.

As mentioned previously, in the short-term collagen gels can be considered
physical gels with few crosslinks and [90% water. In terms of bulk behavior, a
collagen gel can be considered an entropic spring such as an elastomeric polymer,
being extended from its highest entropy state and losing organizational entropy
(and excluding water) when stretched [100]. Although collagen monomers are not
rigid as originally thought and have been shown to be flexible in bending [119],
they are very long and axially stiff (*1 GPa) compared to globular proteins (e.g.,
albumin) and thus do not uncoil when loaded, but rather rotate and bend. In their
pioneering work combining confocal reflectance imaging with uniaxial stretching,
Voytik-Harbin and colleagues [109, 110, 133] describe the collagen fibril matrix to
be an interconnected network of tensile elements (collagen fibrils connected by
hinges). In response to low levels of loading, the fibrils within a gel reorient, slide,
bend and buckle, rather than becoming extended themselves. This non-affine fibril
behavior (discussed in Sect. 6.1) leads to an increase in density and consolidation
of fibrils locally, high distensibility, low stiffness, and surprisingly large decreases
in transverse dimensions (‘‘Poisson’s ratio’’ [2). Models predict bending pre-
dominates over slipping at intersections of collagen fibrils, at least for confined
compression [20], and this is supported by confocal reflectance imaging obser-
vations of buckling of fibrils perpendicular to uniaxial tensile direction [111]. The
relative proportion of each mechanism of fibril deformation likely depends upon
collagen concentration and crosslinking. Whether slipping or bending, collagen
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fibrils align in the loading direction and as the applied strain increased a ‘‘scis-
soring’’ effect of the ‘‘hinged’’ fibrils resulting in a reduction in angle between
fibrils [111]. Understanding failure mechanisms in collagen gels is even more
complex than analysis of sub-failure mechanics, and little is known. Observed
correlations between tensile strength and fibril length in acellular gels suggests that
the strength of self-assembled collagen is dependent on the presence of end-to-end
crosslinks between molecules [119], although in non-aligned gels failure is likely
due to inter fibril slippage between fiber entanglements.

While study of acellular collagen gels with combined stretch and imaging
modalities provides substantial insight into collagen fiber kinematics, small fibrils
and bundles (\200 nm) surrounding the cells cannot be observed, and with cell
compaction the mechanical environment surrounding the cells changes substan-
tially. Utilizing quantitative measurements and mathematical modeling, Evans and
Barocas [37] show that the equilibrium modulus after 1 day of reorganization by
cells in culture cannot be explained by final collagen concentration; gels that start
at a low collagen concentration remain less stiff than higher initial-concentration
gels. The initial cell density is an important determinant of final properties due to
extreme densification near cells (Fig. 1b) leading to a heterogeneous final gel
structure that can be modeled more accurately as stiff inclusions within a soft
matrix than by standard composite models of stiff fibers in parallel with a soft
matrix. The effects of both non-affine and non-uniform deformation on transfer of
stress and strain to embedded cells are discussed in Sect. 6.

Mechanics terminology

Strain: deformation normalized to the sample dimensions; typically change in
length divided by initial length. Less than 10% strain is considered ‘‘infini-
tesimal’’ or small strain.
Stiffness: slope of stress–strain curve typically referred to as Young’s modulus
E, for linear elastic materials; often defined in low and high stress regions for
nonlinear (J-shaped) stress–strain curves.
Storage modulus: elastic part of the dynamic stiffness, typically defined in shear
as G0 which can be related to E assuming linear elastic behavior.
Loss modulus: shear loss modulus, G00, which indicates the proportion of the
viscous behavior of the gel.
Compliance: inverse of stiffness, also functional measure for tubes (e.g., %
change in diameter per change in pressure).
Strength: the maximum stress the gel can withstand, generally peak force
normalized to initial cross-sectional area and termed ultimate tensile strength
(UTS).
Elasticity: stress and strain are uniquely related thus loading and unloading
curves are identical regardless of time and strain level.

The Mechanical Environment of Cells 215



3.2.2 Terminology

Due to the complex network behavior described above, collagen gels do not
behave as linear elastic solids but rather non-linear viscoelastic materials. To avoid
confusion when describing the properties of collagen gels, it is important to utilize
precise terminology especially considering the broad range of backgrounds of
researchers utilizing collagen gel models. A grey text box with definitions of the
terms most commonly used is provided. The most common misunderstandings are
between stiffness and strength, between linearity and elasticity, and between
plastic deformation and long-term viscoelastic behavior. Stiffness and strength are
entirely separate concepts. Stiffness can be broadly defined as the change in stress
for a given change in strain. Due to non-linearity in the stress–strain response
different moduli are often reported for the ‘‘low stress’’ region and for the ‘‘high
stress’’ region, e.g., maximum tangent modulus (MTM). A gel with a low modulus
is often termed ‘‘soft.’’ The ‘‘Young’s modulus’’ (E) obtained from uniaxial testing
can be related to the shear modulus (G) obtained from shear testing using the
Poisson’s ratio (m, ratio between axial and transverse strain) by E = 2(1 ? m)G,
with the caveat that this relationship assumes linear elasticity only remotely jus-
tified at small strain. Strength relates only to the maximum force per unit material
(usually initial cross-sectional area) that the gel can withstand before breaking.
Although these definitions are very basic, ‘‘strong’’ is often incorrectly used to
describe a ‘‘stiff’’ gel. Elasticity refers to deformation that is reversible, that is, the
unloading curve follows the loading curve. Elasticity does not imply linearity or a
minimal level of stiffness, it precludes viscous behavior and plastic deformation.
Due to the mobility of the collagen fibrils, collagen gels do not have particularly
good elastic return (to original dimensions) following loading, thus elastic supports
are generally needed for use in mechanobiological studies involving cyclic loading
as discussed in Sect. 5. The proportion of the applied deformation that is not
recovered following stretch is often termed plastic deformation or permanent set,
but may also be due to long time-constant viscoelastic (i.e., time dependent)
behavior. Plastic deformation may arise from sliding, reorientation, and buckling
of fibers into new configurations; however, if allowed to equilibrate in a stress-free
state for long enough, rehydration can often provide a sufficient restoring force to

Elastic return: ability to regain initial (prior to stretch) dimensions.
Hysteresis: energy lost between loading and unloading. Calculated as difference
between loading and unloading curves.
Plastic deformation: non elastic return, note different mechanism than metals
since fibrous—can often return with rehydration but with long time constant.
Viscoelasticity: time-dependent properties due to both elastic and viscous
behaviors being present.
Preconditioning: cyclic loading before representative stress–strain behavior is
recorded; it is necessary for repeatable stress–strain curves.
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recover much of the original configuration if the deformation was not excessive.
Due to the high water content, collagen gels also exhibit other viscoelastic
behavior including stress relaxation when held at constant strain, creep under
constant or cyclic load, and hysteresis between loading and unloading. Gels are
also loaded with sequential rapid ramps separated by relaxation periods to obtain
both an instantaneous modulus (E0) and an equilibrium modulus (E?). When
cyclic loading is utilized, the stress–strain relationship is complex (literally), and
the complex modulus can be separated into a storage modulus (real part, G0 in
shear) and loss modulus (imaginary part, G00 in shear). To obtain stable stress–
strain behavior in tensile or compressive testing, cyclic preconditioning for 3–8
cycles is needed. Finally, due to their fibrous nature, collagen gels can exhibit
anisotropy, i.e., different behavior along different directions. Although not often
taken advantage of in studies of mechanobiology, the anisotropy of collagen gels
represents a major advantage over other polymer systems towards understanding
mechanical regulation of cell migration and orientation in three dimensions.

3.2.3 Mechanical Testing Methodologies

Many mechanical testing methods have been employed to study collagen gel
mechanics, each with its own benefits and limitations. The choice of method depends
and test parameters depend upon what information is needed. The strain or stress
magnitude, strain rate, and test duration should be based on expected external and
internal (cell-generated) loading, but the most relevant ranges of values are under
debate. Methods used to characterize bulk and local gel properties are highlighted
below. A table of values for key mechanical parameters is provided in Table 1.

Shear rheometry: Due to the high sensitivity of commercial instruments (seven
orders of magnitude of torque) and the low stiffness of collagen solutions during
and immediately after fibrillation, rotational rheometers have been utilized
extensively to study collagen fibrillation kinetics and the bulk viscoelastic prop-
erties of collagen gels (see Table 1). Specifically, collagen fibrillation has been
shown to start with a lag phase during nucleation in which turbidity and shear
modulus are constant (with G00[ G0), followed by a growth phase in which tur-
bidity and G0 rapidly increase (with G0 crossing over G00), and finally reaching a
plateau where the available collagen monomers are fully incorporated into
assemblies [39]. Strain, stress, and frequency sweeps over a range of values can be
performed relatively easily without having to manually handle the gels, and most
commercial rheometers are equipped with Peltier plates to accurately control
temperature. From strain sweeps, the response is roughly linear under small strain
(\5%) [105]. Typically the applied strain is very small (\1%) and the frequency
set to 1 Hz to avoid slippage. Upon gelation, the storage modulus greatly exceeds
the loss modulus (G0[ 10G00) for collagen networks [137], thus the gel is con-
sidered predominantly elastic (rather than viscous). Due to the high water content
the gels are often assumed incompressible and m = 0.5 is used to calculate
Young’s modulus. The mechanics of cell-populated collagen gels are not often
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studied by rheometry as extended culture within a rheometer is problematic in
terms of sterility, metabolite availability, and cost of machine time. It is also
difficult to utilize a rotational rheometer to study gels remodeled by cells in
standard culture dishes due to slipping of gels not polymerized in situ and non-
uniform strain in the parallel-plate configuration (strain is zero at the center and
maximum at the outer edge for parallel plates, whereas a cone-and-plate config-
uration would compress the sample unevenly). Specialized microrheometric
methods have been developed for cell-populated gels as described below under
‘‘Local Property Characterization.’’ As seen in Table 1, there is approximately a
1,000-fold difference between shear and tensile moduli which may be attributed to
the difference in strain applied in the two modalities. At low strains fiber motility
and rearrangement precludes substantial transfer of tension to the larger bundles of

Table 1 Mechanical properties of collagen gels from rheometry, uniaxial loading, and biaxial
loading

Test method Metric
(units)

Typical
range

Min/max
values

Collagen
(mg/ml)

Strain (%) Comments

Shear
rheometry

G0 (Pa) 0.3–50a–i 0.1a/290g 0.4–5.0a–i 0.1–5%a–i See 1
G00 (Pa) 1–29a–i 0.02a/44g

Uniaxial
Acellular Elow (kPa) 0.5–33j–z 0.32k/60n 1–4j–z (0.3,

200p)
5–50%j–z

(2%j,
70%l)

See 2

MTM (kPa) 42–1,805p 42p/1,805p

Cell-
populated

Elow (kPa) 100z–500r 25z/2,100w 0.32–2j–z

(0.065q)
26–38%q,t

MTM (kPa) 23–1,800j-z 16u/3,400w

UTS (kPa) 8–240j–z 6z/380w

Biaxial
Cell-

populated
Elow (kPa) 5.6c0 0.2c0/3,000b0 1.92–2.2a0–c0 5–30%a0–c0 See 3

MTM (kPa) 46.9a0/
9,000b0

G0 shear storage modulus, G00 shear loss modulus, Elow tensile or compressive modulus in low
stress region, MTM maximum tangent modulus in high stress region, UTS ultimate tensile stress.
Outliers are listed in parentheses and references are superscripted
Comment 1 G0 generally increases with concentration and strain; cell-populated [118]; [86];
microrheology [58]; [118]
Comment 2 Dogbone, rectangle, cylindrical, and ring shapes all used; plastic compression [56];
rings used for all cases except for one linear shape [116]; 0.2 to 2 9 106 cells/ml typical;
dynamic conditioning used [113], [114]
Comment 3 Circular samples inflated to failure [13]; varying sized cruciform samples [65]; square
samples [124]
a [81]; b [76]; c [131]; d [99]; e [105]; f [137]; g [58]; h [118]; i [86]; j [96]; k [76]; l [110];
m [104]; n [80]; o [136]; p [56]; q [21]; r [61]; s [6]; t [113]; u [46]; v [114]; w [63]; x [38];
y [116]; z [45]; a 0[13]; b 0[65]; c 0[124]
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fibrils as evidenced by the strong dependence of shear modulus on crosslinking
which reduces fiber mobility [123].

Uniaxial testing: Uniaxial testing in various configurations is the most utilized
testing modality for large deformation analysis and characterization of cell-
remodeled collagen gels. As previously discussed, much of our knowledge of fiber
kinematics during loading comes from uniaxial stretch experiments of ‘‘dogbone’’-
shaped specimens in concert with confocal reflectance microscopy [109]. Due to
the time needed to obtain images, these studies utilize quasistatic loading, but for
general mechanical characterization a range of strain levels and rates have been
utilized and many studies include mechanical preconditioning [113]. Cyclic pre-
conditioning is needed to obtain a stable state with water and to accurately assess
stored energy. The ‘‘dogbone’’ sample shape is used to minimize the effect of
stress concentrations at the grips as rectangular specimens invariably rip at the
grips. An aspect ratio of at least 5:1 is required for homogeneous strain. For cell-
remodeled gels, researchers generally utilize ring configurations, either made as
rings [70, 134, 135] or cultured as tubes and cut into rings [113, 120], as they are
relatively easy to make and to mount between pins for mechanical testing.
Collagen gels tested under uniaxial tension generally exhibit a more linear
response, lower stiffness, and less elastic return than native collagenous tissues
likely due to a less mature and complex fiber architecture. Under uniaxial confined
compression, the fluid phase is much more pronounced and extrusion of fluid
through the matrix dominates early behavior [76]. Unconfined compression has
been utilized to obtain structural stiffness, a relative measure of collagen gel
properties (force/distance) but not intrinsic properties [6, 138].

Tube inflation: Inflation of tubular-shaped collagen gels is a popular method for
obtaining ‘‘functional’’ properties (burst pressure and compliance) of tissue
engineered blood vessels [46, 82]. This testing modality applies multiaxial stress to
the gel which results in approximately pure uniaxial (strip biaxial) deformation in
the absence of the application of axial stress and/or torsion which are controlled
only in more sophisticated devices, e.g., Vorp et al. [132]. To obtain material
properties, the dimensions of the sample including diameter and wall thickness
must be known. As ring testing is easier and cheaper it is more popular.

Planar biaxial testing: To characterize remodeling of planar collagen gel
samples, a few research groups have employed biaxial testing. Holmes and col-
leagues [124] hung weights of increasing mass from the edges of square samples to
obtain the quasistatic mechanical properties and found anisotropic behavior in gels
cultured under uniaxial constraint. More recently, cruciform sample geometry
have been used to minimize edge effects and biaxial testing has been combined
with powerful optical microscopy techniques to examine structure–function rela-
tionships in collagen gels [60, 65]. Tranquillo and colleagues [65] combined planar
biaxial testing with polarized light microscopy to demonstrate that the initial
prescribed fiber alignment of cell-remodeled collagen gels strongly affects the
mechanical anisotropy of cruciform-shaped samples. Hu et al. [60] combined
biaxial stretch with second harmonic generation to characterize development of
the collagen architecture in planar gels.
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Membrane inflation: Due to the fragility of collagen gels, it is difficult to assess
their failure properties (strength, extensibility) accurately. Even with ‘‘dogbone’’
samples and rings, the samples often fail at the grips due to the high stress con-
centration and crushing. We have developed a fluid inflation method to charac-
terize the biaxial mechanical properties of planar samples [13]. It is important to
note that the burst pressure which is sometimes reported [75] is not a measure of
the intrinsic strength of the gel due to the dependence on clamp diameter. The
tension must be calculated from the radius of curvature and pressure.

Local property characterization: Indentation using an atomic force microscope
probe is becoming a popular method for measuring the local properties of tissues
and thin soft gels used for 2D cell culture, e.g., see table of values in Reilly and
Engler [107]; however, this technique has not, to our knowledge, been applied to
characterize the local properties of collagen gels (with the exception of glutaral-
dehyde-treated gels [36]). We have recently measured the surface stiffness of
isoelectrically focused collagen gels using a microsphere-tipped AFM probe
(unpublished data) and found little difference between fibrillated and non-fibril-
lated gels; however, such measurements only probe the top 500 nm of the gel and
ignore the anisotropy of the material. Recently, Baaijens and colleagues [27]
successfully combined deep microindentation and digital image correlation (DIC)
to measure the resulting non-uniform strain field to assess the anisotropic stiffness
of cell-remodeled collagen/matrigel composite gels. To measure local properties
within collagen gels during cell-mediated remodeling, Tschumperlin and col-
leagues [86] developed an innovative microrheometric approach based on the
rotation of ferromagnetic microbeads cast within the gel, and the authors utilized
this method to demonstrate TGF-b1 and interleukin-1b enhanced matrix stiffness
cooperatively. Optical tweezers have been used to probe the properties at the level
of a single microbead deep within a collagen gel. The researchers show that the
gels are highly inhomogeneous due to the gel having very low density areas
locally, even in the absence of non-uniform cell-mediated compaction [83]. Two-
dimensional laser traps have been employed to study local collagen gel anisotropy
[98]. The latter three particle-based techniques for probing the mechanical envi-
ronment surrounding cells during mechanical loading and cell-mediated remod-
eling hold tremendous promise for increasing our understanding of cell
mechanobiology in 3D gels and tissues.

3.2.4 Effects of Fibrillation Parameters on Mechanical Properties of
Collagen Gels

As mentioned at the start of this section, the mechanical properties of collagen gels
are dependent upon a number of parameters including collagen density, pH, and
temperature—not to mention cell compaction. It is instructive to examine a few of
these dependencies to better understand reasons behind the large range of
mechanical properties for collagen gels listed in Table 1.
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Concentration: In a recent well-controlled study, Helary et al. [58] show the
dependence of acellular gel stiffness on initial collagen concentration clearly with
G0 values of 13, 50, 290, and 189 Pa for 0.66, 1.5, 3, and 5 mg/ml, respectively at
2% strain. In this study the highest initial concentration hydrogels (5 mg/ml)
tended to creep and to be thus less stiff due to non-homogeneity of these hydrogels
(dense and loose regions scattered within), a condition that has since been rectified
by handling the stock solutions at 20�C rather than 4�C to reduce viscosity
(Christophe Helary, personal communication). For collagen gels ‘‘plastically
compressed’’ to obtain extremely high density collagen the modulus by uniaxial
tensile testing ranges from 42 to 1,805 kPa for 0.4–20% collagen (4–200 mg/ml
hydrated) [56].

pH: In terms of solution acidity during fibrillogenesis, fibril diameters increase
as pH decreases. Silver and colleagues [23] found that fibril diameter correlates
positively with the low strain modulus (increasing from 0.5 to 5.5 MPa with pH
decreasing from 8.5 to 6 at 37�C) but not with either the ultimate tensile strength or
the high strain modulus. These studies were completed with extruded gels thus the
modulus values are higher than found in isotropic cast collagen gels. For cast gels,
the relaxation modulus measured by uniaxial compression has been found to cor-
relate with pH; gelation pH between 5 and 8 alters stiffness from 5 to 25 kPa [136].

Temperature: The storage modulus has been shown to increase roughly two
orders of magnitude with polymerization temperature within reasonable limits,
from a G0 of 0.3 Pa for collagen gels polymerized at 4�C to 22.7 Pa for 37�C-
polymerized gels [105]. This finding is surprising since the mean fiber diameter for
these gels, as measured by SHG using a two-photon microscope, were 216 and
62 nm for the 4 and 37�C groups, respectively, and larger fibers have been found
to correlate with higher stiffness (e.g., with pH as discussed above). The authors
attribute the higher stiffness in the 37�C group to a higher volume fraction of
interconnected fibers; larger pore structures were observed in the low temperature
group and a more interconnected and continuous network with higher fibril density
was observed in the 37�C group. Interestingly, the loss modulus was approxi-
mately twofold higher than the storage modulus in this study indicating a more
viscous than elastic response, an uncommon finding for collagen gels.

4 Static Boundary Conditions: Modulating the Effective
Stiffness of the Gel

The stiffness of a material is related to the amount of force needed to deform a
material a given amount, normalized to appropriate dimensions. To generate
tension, cells require their surroundings to have a minimal level of resistance to
deformation (effective stiffness). There are multiple ways to alter the ease by
which cells deform the surrounding collagen matrix for a given amount tension
generated by the cells. As discussed above, pH and temperature affect the stiffness,
but ideally, the collagen gels should be polymerized with entrapped cells under
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physiological conditions (neutral pH and 37�C). Collagen crosslinking and
increases in collagen density can also be utilized to modulate the stiffness of the
gel, yet it is generally held that the collagen gel should present the same ligand
density (collagen concentration) to the cells and only the mechanical stimuli
should vary between treatment groups. Thus, despite the range of stiffness values
reported for collagen gels, we have quite little control over the initial intrinsic
properties of collagen gel models when trying to isolate mechanical stimuli for
mechanobiological studies. As an alternative approach, many researchers have
capitalized on the fact that the mechanical environment of the cells within collagen
gels is strongly dependent upon the external boundary conditions of the gel; many
innovative approaches have been developed to alter these conditions. This section
begins with a short discussion of approaches for modulating the intrinsic stiffness
of collagen gels then focuses on means of modulating the effective stiffness of the
gel by controlling the boundary conditions.

4.1 Concentration and Crosslinking

The intrinsic stiffness of a collagen gel can be directly modulated by crosslinking
the collagen molecules. Biochemical additives including ribose glycation [46],
genipin fixation [123], photo-crosslinking [14], and non-enzymatic nitrite modi-
fication [97] have all been used to increase the matrix stiffness. Both the stiffness
of the collagen fibrils themselves and the strength and number of inter-fibrillar
bonds (reducing slippage) likely increase with crosslinking and contribute to the
stiffening, although the specific influence of each factor has not been elucidated.
At low concentrations, these treatments effectively increase the matrix stiffness by
twofold or greater and have been shown to be minimally cytotoxic (unlike
glutaraldehyde treatment). However, such exogenous crosslinkers also modify the
collagen biochemistry and are likely to alter the cell interaction with and remod-
eling of the matrix, confounding the assessment of the effects of mechanical
factors. As such, they have not been widely adopted for mechanobiological studies.

The intrinsic stiffness can also be directly modulated by altering the collagen
concentration (as described in the previous section), and this method has been
widely adopted. When cells compact a collagen gel, the collagen concentration
increases dramatically (10 to 20-fold increases are typical), and the stiffness rises
with the collagen density. Although somewhat counterintuitive, with cell
compaction lower initial collagen concentration actually leads to higher final
concentration [142] although the final stiffness does not rise proportionally [37].
To obtain higher collagen concentration and reduce compaction, Helary et al. [58]
created concentrated collagen hydrogels at up to 5 mg/ml initial concentration
which, unlike the ‘‘normal’’ concentration of 0.66 mg/ml, favored cell growth that
reached about 10 times the initial cell number at day 21. The concentrated gels had
lower compaction in vitro and enhanced neovascularization in vivo. Brown et al.
[16] have developed a method for ‘‘plastically compressing’’ gels and wicking the
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excess fluid from gels to greatly increase collagen concentration (up to 200 mg/ml
with only *15% cell death). The compression results in a [40-fold increase in
Young’s modulus and correlates with increased fibroblast proliferation. This
method is gaining popularity with the technology licensed and semi-automated
devices available commercially (RAFT system, Automation Partnership, UK).
A dense skin (collagen membrane) is formed on the surface of the mechanically
compacted gels whereas the inner region is relatively uniform. Examination
of differences between cell-compacted and mechanically compacted gels of
equivalent final concentration may provide clues towards the importance of
cell-generated structures (crosslinks, bundles, local densifications) in cell
mechanobiology. Although the collagen biochemistry is essentially the same in
these high-concentration preparations, the cells are presented with altered ligand
density (Nemir and West 2010) and differences in pore size. As collagen fibrils are
not covalently bound, at low concentration the cells are able to migrate through the
interfibrillar spaces, whereas motility in high concentration gels may require
enzymatic degradation.

4.2 Floating, Anchored, and Released Gels

The most common means for examining the effect of the mechanical environment
of cells within a collagen gel is to compare cells cultured in gels attached to a rigid
culture dish with those released from the dish following polymerization and cul-
tured freely floating in media. Altering the external boundary conditions has
profound impact on the cell mechanical environment if cells are seeded at suffi-
cient density to interact in a concerted manner (e.g.,[104 cells/ml and[4 h). The
terminology for these culture conditions is varied and the names used are often
imprecise and/or misnomers. For example, anchored gels are often termed ‘‘loa-
ded’’ since the cells can generate macroscopically measureable tension (see ter-
minology text box for more precise terminology).

Regardless of terminology, cell phenotype and activity in the gels are strongly
modulated by the boundary conditions of the gel shown schematically in Fig. 5. If
the gel is cultured unconstrained and floating (zero force boundary condition), the
matrix cannot sufficiently resist cell-generated tractional forces which results in
slow compaction of the matrix. Concerted mechanical stress is not generated, the
matrix remains highly compliant, the cell morphology becomes rounded and
dendritic, and fibroblastic cells do not differentiate into myofibroblasts even in the
presence of TGF-b1, a known stimulant of myofibroblast activation for fibroblasts
cultured on stiff substrates [15, 126]. If the gel is anchored around its periphery
(zero displacement boundary condition), the matrix is able to resist the cell-gen-
erated tension, mechanical stress develops within the matrix, cell-mediated matrix
remodeling occurs, and the matrix becomes relatively stiff [6]. Inside anchored
matrices, fibroblasts initially and at low cell density appear similar to cells in
floating matrices (personal communication, Fred Grinnell), and at short times
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(\24 h) migratory forces dominate contractile forces [35]. At longer times (days),
with cooperative cell remodeling of the gel, the cells become extended and stellate
or bipolar [15, 51]. In the presence of TGF-b1, after a few days in culture, the cells
in anchored gels differentiate into myofibroblasts manifested by increased aSMA
expression, remodeling, and force of contraction [6, 59].

To abruptly alter the mechanical environment of the cells within a gel, an
anchored gel may be released after a period time (generally 3–5 days). This
experimental condition is thought to represent an accelerated transition between
active tissue repair and healed tissue where the cells are shielded from extrinsic
stress [48]. Following release, the cells contract the matrix rapidly by a smooth
muscle-like mechanism [127], profound changes in cell morphology occur, cell
proliferation and collagen synthesis decline rapidly, and the cells appear to switch
from an active to a quiescent phenotype [91]. Release of collagen gels has also
been shown to trigger apoptosis of fibroblasts and myofibroblasts, although the
factors that regulate this phenomenon are unclear [52]. Pre-compacted (floating)
gels have also been ‘‘nested’’ within acellular gels to examine the migratory
behavior across boundaries of different stiffness [90]. Cells are able to migrate out
of the relatively stiff compacted gels and into the soft acellular gels. Time-lapse
microscopic observations demonstrate ‘‘flow’’ of collagen fibrils from the acellular
gel towards the compacted gel which is attributed to the forces associated with cell
migration. Further characterization of the mechanics of this system may yield
interesting information about mechanical regulation of migration in 3D.

Collagen gels are generally circular due to the shape of common cell culture
dishes and for uniformity of the boundary attachment and thus compaction. Tubular

Fig. 5 Schematic diagrams of different static boundary conditions used to modulate the
mechanical environment of the cells cultured within collagen gels. The standard culture
conditions are shown on the left and include a floating gel, b anchored gel, and c released gel
(following being anchored). More quantitative and specialized systems shown on the right
include d the culture force monitor with an isometric force transducer, e the isotonic force device
with calibrated hanging weights, and f the compliant anchor device with controlled stiffness
springs at the boundaries
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specimens are similarly symmetric and utilized extensively for the formation of
‘‘media equivalents’’ and for ease of mechanical stimulation and testing, although
they require a mold for preparation. The use of different shapes (square, rectangular
and annular gels) and mixed boundary conditions (some edges free, some anchored)
highlights the importance of boundary conditions on cell-mediated remodeling of
the gels as shown elegantly by Costa et al. [26]. Anchoring the ends of long
rectangular samples and culturing annular gels results in a high degree of alignment
(both cells and collagen fibrils) parallel to the free surfaces. Tranquillo and
colleagues [65] further demonstrate that the degree of alignment can be controlled
by the relative width (anisotropy) of the arms of cruciform gels.

In addition to the periphery, the bottom and top surface of anchored planar gels
have very different boundary conditions (usually free on top and fixed below),
although the effects of this asymmetry is generally ignored as most of the cells are
sufficiently far from the surfaces in thick gels ([1 mm) and coordinated tension is
assumed to be in the plane of the gel. Reducing the gel thickness substantially can
be used to alter the effective stiffness of the gel. Simmons and colleagues [138]
demonstrate that very thin gels have substantially higher compressive structural
stiffness than thick gels (6,000 N/m for *10 lm vs. 2,000 N/m for *2.5 mm)
and show mechanical modulation of calcification potential by valve interstitial
cells using these gels. The authors further demonstrate the relative difference in
shear deformation between the thin and thick gels using finite element analysis.
This analysis is focused on the cells cultured on the surface of these gels, and cells
cannot be cultured in ultrathin gels; however, with further development this rel-
atively simple but powerful method for mechanically manipulating the effective
stiffness of the cell environment may prove useful for 3D mechanobiology.

Static Boundary Conditions Terminology

Floating gel: collagen is allowed to gel then released after 30 min–1 h
(a.k.a. ‘‘free’’ or ‘‘unloaded gels’’)—a zero force boundary condition.
Anchored gel: held rigidly along outer perimeter and generally lower surface
as well (a.k.a., ‘‘fixed,’’ ‘‘loaded,’’ ‘‘restrained’’ or ‘‘stressed’’ gels)—a zero
displacement boundary condition.
Released gel: cultured in anchored state (1–5 days generally), then released
to free floating state (a.k.a. ‘‘stress relaxed’’ gel).
Isotonically loaded gel: weights are suspended (via pulleys) on the edges;
these are generally square whereas other types are typically circular.
Controlled boundary stiffness: gels are cultured suspended by springs of
known stiffness.
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4.3 Other Isotonic and Isometric Boundary Conditions

Utilizing an innovative device involving hanging weights to produce constant
force along each edge of a gel [78], researchers have recently demonstrated that
different isotonic boundary conditions can be imposed on each axis of a collagen
gel to control the anisotropy of the remodeled gel [124]. An additional advantage
of this system is the ability to asses biaxial tensile properties by the use of optical
tracking of fiduciary markers used to monitor deformation. Using this system,
Costa and colleagues [84] demonstrate realignment of collagen with static loading
(Fig. 6) and studied the mechanical regulation of cell alignment in 3D gels. The
authors demonstrate that cell realignment precedes collagen realignment when the
direction of load is altered. This finding indicates that the cells, when acting in
concert at sufficiently high density, actively sense the external boundary and
overcome the local contact guidance of the aligned collagen in which they reside.

Prestretching a gel 5–10% uniaxially has been described as a method for
effectively increasing the stiffness of a collagen gel without altering the matrix
biochemistry. Specific values of stiffness are not described in the development of
the method [72], and it is unclear if the proposed increase in stiffness is due to
moving to a higher modulus portion of a non-linear stress–strain curve (i.e., past
the ‘‘toe-region’’), or if the effective stiffness increase is analogous to that of a pre-
stressed drum or guitar string. However, interesting changes in cell contraction and
matrix remodeling are observed in this system [72, 73].

Fig. 6 Confocal reflectance images demonstrating collagen fibril alignment due to remodeling
under static uniaxial constraint in the isotonic force device for 72 h. With kind permission from
Springer Science ? Business Media: from Ref. [84], Fig. 5a and b
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4.4 Compliant Boundaries: Springs as Anchors

To modulate the effective stiffness that the cells experience in a graded and
controlled manner without altering the physiochemical properties of the extra-
cellular matrix, we have developed a method utilizing compliant anchors (0.048–
0.64 N/m) to tune the boundary stiffness of suspended collagen gels (Fig. 7f) [67].
Using this system we find that increased boundary stiffness elicits enhanced basal
tension and potassium-stimulated active contractile force from fibroblasts.
Remodeling of the collagen matrix is also increased with boundary stiffness
indicating stiffness-dependent phenotypic regulation of the cells. TGF-b1 acts
synergistically with boundary stiffness to enhance remodeling and aSMA
expression (Fig. 7). A similar concept has been developed by Chen and colleagues
[85] to study the effect of boundary stiffness on small collagen gel ‘‘microtissues’’
utilizing soft lithography methods. The authors report that mechanical stress
increases with increased boundary stiffness, but decreases with increased collagen
density (used to increase intrinsic stiffness); a finding that highlights the complex
relationship between generation of tension and compaction of collagen matrices.

Fig. 7 Compaction of collagen gels after culturing for 3 days in the controlled boundary
stiffness device with (a, d) compliant beams (K = 0.048 N/m) without 10 ng/ml TGF-b1
(b, e) compliant beam with TGF-b1 and (c, f) in presence of stiff beam (K = 0.57 N/m) and
TGF-b1. The diameter of the dish is 60 mm and original magnification is 2009 (d–f). With kind
permission from Springer Science ? Business Media: Ref. [67], Fig. 8
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5 Dynamic Boundary Conditions: Cyclic Loading and Stretch

Whereas modulating the effective stiffness of the matrix can be used to probe
‘‘inside-out’’ cellular mechanotransduction, stretching the cells can be used to
investigate ‘‘outside-in’’ signaling [32]. Dynamically stretching fibroblasts within
collagen gels has been shown to regulate myriad aspects of cell behavior including
alignment [70], morphology [34], altered MMP synthesis [114]. It has also been
shown to modulate cell phenotype [2, 5] and gene regulation including those
encoding for collagen [19] and matrix proteases [103]. Many systems have been
developed to stretch collagen gel models as described below and schematically
illustrated in Fig. 8.

5.1 Uniaxial Loading

The majority of studies of mechanobiology in collagen gels utilize cyclic uniaxial
stretch. Samples are generally cast into either long rectangular molds with porous
anchors at each of the ends to affix the samples to the stretch device [117], or into
short tubular molds to create ring-shaped specimen [70, 134, 135]. Rectangular
specimens become cord-like due to cellular compaction with larger area at the

Fig. 8 Schematic diagrams of different dynamic boundary conditions used to modulate the
mechanical environment of the cells cultured within collagen gels. The uniaxial culture
conditions are shown on the left and include (a) rectangular-, b ring-, and c tube-shaped gels (note
that the tube is inflated resulting in roughly pure-uniaxial circumferential stretch with little
transverse contraction). The biaxial culture conditions are shown on the right and include
d cruciform-shaped samples pulled along orthogonal axes, e circular samples stretched on
silicone membranes, and f tube-shaped samples simultaneously inflated, stretched, and twisted
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anchors which, similar to a ‘‘dogbone’’ shape, minimizes stress concentration.
Rings have the advantage of being easy to stretch between pins without the need to
grip the samples, thus not relying on integration into porous anchors and avoid
crushing the ends. Using these systems, researchers have found that 10% stretch at
1 Hz results in increased contractile apparatus within smooth muscle cells relative
to static controls [70], and that the mechanical effect is augmented when combined
with growth factors including PDGF and TGF-b1 [120]. Uniaxial stretch has also
been combined with twist to simulate tendon loading and found to direct mes-
enchymal progenitor cell differentiation towards a ligament cell lineage [5].

If wide rectangular samples are utilized as is often the case with culture force
monitors, the transverse compaction is minimized; in the center of the sample the
strain field is pure uniaxial [15, 34]. In short-term stretching experiments Brown
et al. [15] found that fibroblast populations within collagen gels have a homeo-
static contractile force set point; when a gel is decreased in length and the tension
removed, the fibroblasts contract the gel and increase the tension in the gel back to
the previous level.

For long-term cycling, Flexcell International has developed a modification to
their cell stretching device to apply uniaxial stretch to collagen gels (Tissue Train;
Flexcell). In this commercial device, the silicone membrane provides elastic return
to the attached ends, but lack of elastic return of the collagen gel itself may lead to
buckling of the cord-like collagen gel especially at high frequency cycling (per-
sonal observation). Recently, collagen gels have been cast into macroporous
elastic polymer substrates to provide local elastic return [128]. Cells within the
collagen can be imaged and the authors report lung fibroblast-to-myofibroblast
differentiation in the device (30% strain at 0.1 Hz) by aSMA-positive staining;
however, the cell-remodeled collagen gel cannot be removed to assess functional
remodeling or cell contractile force.

Tube inflation is also a popular method for applying cyclic stretch to collagen
gels [63, 113, 120]. Due to the high permeability of the gels, a silicone support is
generally utilized. Inflation of the silicone tube with fixed ends results in almost
pure uniaxial (circumferential) stretch to the gel if it is well adhered to the silicone
tube. For sufficient attachment, the silicone tubes can be pre-treated with acid to
etch the surface and a thin pre-coating of collagen and/or chitosan can be dried
onto the tube [113]. Without proper adherence to the silicone, the collagen gel
lacks sufficient elastic recoil to follow the cyclic inflation and little dynamic strain
is applied to the cells. Further, without adherence, the cells freely compact the gel
laterally resulting in a short dense tube, although pulling off of the membrane can
occur even with good adhesion if the contraction is strong, e.g., with TGF-b1
stimulation combined with stretch [120]. Using tube inflation of rat smooth muscle
cell-populated gels, Seliktar et al. [113] observed pronounced alignment of the
collagen and cells (Fig. 9) and found that the stiffness and strength increased more
than twofold after 8 days of 10% stretch at 1 Hz relative to static controls. In a
similar study, the same group reports an increase in the production of MMP-2 and
activation of latent MMP-2 with 4 days of dynamic culture and, importantly, that
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nonspecific inhibition of MMPs completely mitigate the stretch-induced changes
in mechanical properties [114].

It is difficult to determine the precise effect of uniaxial stretch on alignment
since, even in the absence of stretch, uniaxial samples become cord-like with a
high degree of cell and collagen alignment due to the lack of resistance to cell
traction along the free transverse boundary [26, 61, 135]. This limitation has lead
to the development of controlled biaxial stretch methodologies.

Dynamic Boundary Conditions Terminology

Uniaxial loading: loaded on only one axis (whether force or displacement
controlled), with other two axes free to deform with zero stress at the
boundaries.
Strip biaxial stretch: deformation restricted to only one direction, with the
transverse strain held to zero (3rd axis free to deform) a.k.a. pure uniaxial
strain.
Biaxial loading: controlled loading or stretch along two axes generally
without shear (strip biaxial is a special case with zero transverse strain).
Shear loading: loading perpendicular to the axis of interest e.g., applying a
lateral (x-direction) force on the upper (z) face of a gel; shear stresses and
strains are also present in cases of non-uniform loading, e.g., near clamps,
tethers, or rigid inclusions.

5.2 Biaxial Loading

For fibrous gels, equibiaxial stretch has the advantage that the overall fiber
alignment in the plane of the sample does not change with stretch and fiber

Fig. 9 Cross-sections of rat smooth muscle cell-populated collagen gel tubes following 4 days
of a static culture on a rigid mandrel, b 10% cyclic uniaxial stretch, and c floating culture.
Comparison of a and b illustrates the circumferential alignment of the cells and collagen with
dynamic stretch and the complete lack of orientation in gels following floating culture. The
collagen stains light and the cells dark with the hematoxylin and eosin stain in the histological
sections. With kind permission from Springer Science ? Business Media: from Ref. [113], Fig. 5
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realignment in the direction of stretch does not overshadow other remodeling
events (compaction, protein accumulation, and crosslinking). Similar to uniaxial
methods, biaxial methods are hindered by the poor elastic return of collagen gels
and difficulty in attaching the gels to elastic polymeric substrates. We have utilized
equibiaxial stretch of fibrin gels, taking advantage of the adhesive property of
fibrin and utilizing anchors around the perimeter of the gel, and shown dramatic
strain magnitude-dependent compaction and strengthening [8]; however, similar
large magnitude dynamic stretch of collagen gels has proven unsuccessful with the
Flexcell system. Considering the difficulty in keeping collagen gels adhered to
static culture plates against the substantial cell traction during compaction, it is not
surprising that external stretch causes the gels to detach from silicone membranes.
Nerem and colleagues [17] report that small hemispherical collagen gel layers can
be adhered to acid-etched silicone membranes with Cell-Tak, and that they can
withstand being stretched to 10% area strain at 1 Hz for up to 2 days. The authors
report that smooth muscle cells in these very thin stretched gels become less
elongated and shift to a more synthetic phenotype.

Grande-Allen and colleagues [55] developed a device to equibiaxially stretch
cruciform-shaped collagen gels populated with valvular interstitial cells up to 10%
at *1 Hz for 2 days and demonstrated that glycosaminoglycan and proteoglycan
synthesis of these cells is regulated by cyclic stretching in a magnitude-dependent
fashion. With minor modifications, this device has the potential to apply non-
equibiaxial strain as well, although the sample dimensions are quite large (30 mm
maximum dimension) and thus expensive. The goal of this and most other test
systems has been to obtain a strain field that is as homogeneous as possible.

We have created a system to apply repeatable non-uniform strain fields to cells
by utilizing rigid inclusions affixed to circular membranes that are pulled uni-
formly and radially [9]. In this system, there is a gradient of strain anisotropy from
pure uniaxial near the inclusion to equibiaxial at the outer edge. Our preliminary
results with dermal fibroblasts cultured within fibrin gels indicate that cells orient
perpendicular to the direction of stretch in the pure uniaxial stretch region, in
contrast to findings of alignment along the uniaxial stretch direction in systems
described in the previous subsection. Additional work is needed with collagen gels
in these biaxial systems to investigate cell responses to a range of strain anisotropy
(not just pure uniaxial and equibiaxial) as well as cell responses to gradients of
strain within a 3D environment.

6 Cell Environment

6.1 Transfer of Stress and Strain to Cells within a Collagen Gel

For the study of cell mechanobiology in collagen gels, it is important (and non-
trivial) to determine the forces and deformations experienced by the cells.
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The transfer of stress and strain to the cells within a collagen gel (and native tissue)
depends not only upon the fibril microstructure immediately surrounding the cell
and the how the cell is attached to the matrix elements [100, 109, 126], but also the
matrix architecture far from the cells. Due to non-affine fiber behavior and non-
uniform stiffness within collagen gels, local strains experienced by cells are
generally lower than global (applied) strains as demonstrated by confocal micro-
copy [100, 111]. Collagen gels are inherently non-affine as they are made up of
discrete fibers tangled together in a physical gel. These fibrils are also able to
exhibit local reorientation, scissoring, and buckling as predicted by multiscale
models [112] and confirmed experimentally [111]. We have quantified similar
non-affine behavior of collagen fibers within native tissues [12], and bucking
behavior has been observed in collagen/GAG sponges due contraction of single
cells [57]. With affine fiber kinematics, all elements are stretch to the same degree
as the bulk applied strain (Fig. 10a, b). With non-affine behavior, as shown in

Fig. 10 Schematics of a hypothetical fiber arrangement within a collagen gel. a Undeformed
state showing entanglements (circled) and highlighting one fiber path (wide grey lines).
b Following 30% pure uniaxial stretch, the difference between affine (light grey lines) and non-
affine (black lines) fiber kinematics is shown. In the affine case, all points in the material follow
the bulk deformation. In the exaggerated non-affine case, the fiber segments between
entanglements rotate and are not stretched at all (wide grey lines are the same length in a and
b). c Depending upon how a cell is attached to the fibrous matrix, the cell can experience 1
unloading, 2 greater than bulk stretch, or 3 zero stretch. In a collagen gel, cells actually span
many fibrils as shown in Fig. 1a, and thus the transfer to the cells is more likely similar to the
affine case than the exaggerated non-affine case shown in schematic above
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Fig. 10c, a fiber can remain unstretched due to rotational freedom, even with large
bulk strains. Even with pure uniaxial applied strain, cells attached to a non-affine
fiber matrix may experience a range of strains from compressive to highly tensile
or no strain at all (cells 1, 2, and 3, respectively in Fig. 10c). Although these
strains are theoretically possible, in collagen gels the fibrils are much smaller than
the cells and are relatively dense (see Fig. 1a), thus these extreme cases are not
likely to occur. Further, the relative impact of non-affine fiber kinematics on strain
and stress transfer likely decreases in relative importance in very dense and/or
highly crosslinked gels (e.g., after extensive cell-mediated remodeling) since the
relative mobility of the fibers is low compared to sparse gels prior to compaction.
As the gel is stretched to higher levels of strain, the impact of non-affine behavior
is also reduced as the fibrils are reordered and lose entropy [20].

Under physiological loading levels and following localized remodeling, het-
erogeneous material properties likely dominate non-affine fibril behavior in
governing the (lack of) strain and stress transfer to the cells. Although non-
uniform deformation due to heterogeneous mechanical properties is by definition
non-affine deformation (local deformation does not follow bulk deformation in a
one-to-one manner), here we consider material heterogeneity separately from
non-affine fiber kinematics in terms of their effects on strain non-uniformity
within the collagen gel. Cells in a collagen gel are not necessarily attempting to
‘‘shield themselves’’ from the external loading, but rather they simply can
reorganize their local matrix which leads to heterogeneous material properties.
A few simplified cases shown schematically in Fig. 11 demonstrate the impact of
heterogeneous material properties on stress and strain transfer. Figure 11a shows
a material with alternating dark and light regions in series. Upon loading, the
(engineering) stress in all locations is the same and if the material properties of
the regions are similar the strains are similar (Fig. 11b), whereas if the dark
material is twice as stiff as the light region, the strain is � that of the light region
(Fig. 11c). Alternatively, if the alternating regions are arranged in parallel as
shown in Fig. 11d, when loaded the strain is the same in both materials
regardless of stiffness (Fig. 11e) but the stress is higher in the more stiff material.
This parallel arrangement is analogous to fibrous native tissues where stiff
surrounding fibers bear the external loads and cells surrounded by softer matrix
(e.g., proteoglycans) are stress shielded and can remain quiescent. With tran-
section of the stiff bundles upon injury (Fig. 11f) the stress from external loading
is transferred to the cells. Neither of these simplified structures are representative
of collagen gels where local remodeling around each cell creates roughly
spherical stiff inclusions within a compliant bulk matrix [37]. This heterogeneous
structure leads to both strain and stress shielding of the cells as shown by
preliminary measurements [100]. Regardless of the structure of a material, it is
important to remember that the deformation must be conserved with the local
deformations adding up to the overall applied displacement, thus low stiffness
areas in series with stiff cell-remodeled areas must undergo exaggerated defor-
mation (Fig. 11c). Simply stated, although strains measured locally within
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collagen gels have been shown to underpredict applied strain levels, the local
strain of the matrix cannot be lower than the global strain in all locations.

The previous discussion considers the local strain and stress on the fibrils
surrounding the cell rather than strain of the cell itself, and the cell is assumed to
be attached to the local fibrils. Clearly, if a cell is not adhered to the collagen
matrix it will not be strained, and no force transfer can occur to or from the cell.
Due to the natural binding sites on the collagen molecule, adherent cells generally
attach well to the fibrils (via integrins; see recent reviews [7, 22, 74]). Elson and
colleagues [134] demonstrate, by treating cell-populated gels with cytochalasin-D,
that active cell tension has a large impact on the overall stress–strain response
under cyclic uniaxial extension. These results indicate that cells can be assumed to
be attached firmly to the collagen fibrils in the absence of excessive forces or
inhibited attachment, e.g., by blocking integrin subunits.

6.2 Calculation of Cell-generated Forces

In addition to external loading that is transferred to the cells through the matrix,
the cells also exert tension on the matrix and on each other. Cell-generated tension

Fig. 11 Schematics of a hypothetical material with alternating regions arranged in series
(a) demonstrating the resulting deformation if the regions have the (b) same stiffness (E1 = E2)
or (c) different stiffness (E1 = 2E2). Schematic of parallel arrangement of materials (d) is
analogous to native fibrous tissues with stiff fibrous bands (dark region) and cells within soft
GAGs (light region). With stretch (e) cells experience the bulk stretch but are stress shielded by
the stiff fibers. If the stiff ‘‘fibers’’ are transected to simulate injury, the soft regions are exposed
to high stresses (f). The stiff inclusions (dark) in a soft matrix (light) show in (g) are more
realistic for collagen gels. Cells within the stiff inclusions are shielded from both stress and strain
applied externally
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propagates through the matrix surprisingly far in soft collagen gels, hundreds of
microns [130]. Propagation of cell tension is especially evident when combined
with remodeling of the collagen fibers along lines of stress [121]. When cells are
present in sufficiently high density and the matrix is sufficiently compliant, the
force can be measured externally [15]. Most commonly, a culture force monitor
(CFM) is utilized [33]. Similar to a blood vessel myograph, a CFM consists of a
highly sensitive isometric force transducer attached to one end of a compacting
collagen gel submerged in media while the other end is rigidly anchored. The force
of compaction may also be measured simply by the deflection of compliant beams
uniaxially [40] or biaxially [67], which also modulates the effective stiffness of the
collagen gel system, or by measuring the frequency and damping of a mechani-
cally pulsed gel cultured on a flexible membrane [129].

The measured force of compaction rises exponentially over the course of
approximately 24 h due to the cells migrating through the matrix and compacting
the collagen fibrils [87]. The force then levels out at a homeostatic level of basal
cell tension which can be eliminated by a variety of agents such as cytochalasin-D.
The cells can also be stimulated to contract more vigorously by various agents, the
simplest being potassium chloride [67]. In long-term culture, the cells ‘‘shorten’’
the matrix and residual stress is developed within the matrix as evidenced by
residual matrix tension following cytochalasin-D treatment.

The force per cell is generally estimated by dividing the total (uniaxial)
contractile force measured by the number of cells in the gel [31, 33]. Using this
calculation, dermal and cardiac fibroblasts generate 0.1–10 mN/million
cells (i.e., 0.1–10 nN/cell) in uniaxial [31, 33] and biaxial [67, 78] systems.
Although straightforward, this calculation assumes all cells act in parallel (see
schematic, Fig. 12a) which is clearly inaccurate. Assuming that all of the cells
act in series, the total force measured would be equal to the force generated by
a single cell which is similarly flawed (Fig. 12b). Since the cells are distributed
approximately uniformly throughout a cell-populated collagen gel, cells act in
parallel with some cells and in series with others (Fig. 12c). Kolodney and
Wysolmerski [79] divide the measured uniaxial force by the cell cross-sectional
area measured from histological cross-sections which is an improvement for
uniaxially constrained gels but not for biaxial configurations. As a simple
solution for (equi)biaxially restrained gels, we utilize a representative volume
element (RVE) containing one cell and the surrounding volume of ECM
(Fig. 12c, inset), and integrate over the RVEs in the perpendicular cross-section
and assume a uniform distribution of cell orientations to calculate the total
force along each axis. Using this method, dermal fibroblasts generate 17–
100 nN/cell for low to high stiffness boundary conditions, respectively, after
3 days in standard media. Comparable values have been reported by Chen and
colleagues [85] for NIH 3T3 cells cultured within collagen gels attached to
micro-pillars of different stiffness (14 and 24 nN/cell for low and high
boundary stiffness, respectively. To more accurately estimate the force per cell
in collagen gels, a computational model such as the anisotropic biphasic theory
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[77] would be superior, yet current models rely on assumptions of cell–ECM
interactions that are not valid for long culture times.

For collagen-GAG sponges, Gibson and colleagues [57] developed an inno-
vative method involving analysis of the bending of ECM ‘‘struts’’ by individual
fibroblasts and found similar values as reported above (26 nN/cell average,
maximum 450 nN). These forces are substantially higher than estimated by
dividing force by total cell number in earlier studies using the same system
(*3 nN/cell) [41]. Unfortunately the pore and strut size are too small in collagen
gels to apply this method. Ideally, the cell force would be determined on a per cell
basis using optical measurements of displacements combined with computational
methods similar to traction force microscopy used extensively for 2D cell studies
on compliant gels. Although not straightforward, 3D traction force microscopy is
showing promise with preliminary results indicating that carcinoma cells (human
breast) generate forces in excess of 100 nN (unpublished data described in [89]).
It is only a matter of time, with new microscopy techniques and computational
power, before researchers will be able to image bead/fibril displacements in 3D
with sufficient resolution for accurate, routine quantification of cell forces in
collagen gels.

Fig. 12 Schematics representing idealized arrangements of cells in a collagen gels in a parallel
and b series formations for the purpose of estimating the force per cell FC, assuming uniaxial
restraint. c Shows a biaxial configuration subdivided into representative volume elements (RVEs)
with each RVE containing a single fibroblast in random orientation; nC number of cells, nE

number of RVEs in parallel in a given cross section. Note that FC is lowest in (a), highest in (b),
and in between in (c). With kind permission from Springer Science ? Business Media: from Ref.
[67], Fig. 10
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7 Discussion

While it is clear that a 3D culture environment is necessary to study cell behavior
in a biofidelic manner, there are many aspects that need to be considered when
using the collagen gel model system. Collagen gels are complex compared to 2D
substrates due to dynamic reciprocity, yet highly simplified both biochemically
and structurally compared to native tissues. Dynamic reciprocity between cells and
matrix confounds analysis of the specific effects of mechanical cues, e.g., stiffness
of the gel changes with cell-mediated remodeling and gels become heterogeneous.
Yet the interaction between the matrix and cells in collagen gels can be used to our
advantage by measuring functional changes in cooperative cell behavior upon
external modulation of the mechanical environment. These metrics, including
contractile force and matrix remodeling, can be measured in collagen gels more
readily than in standard 2D culture. Further, in 2D systems mechanical cues have
been shown to alter gene expression for both ECM synthesis and degradation.
Collagen gel models allow researchers to determine the functional outcome of a
given set of physical stimuli, i.e., on balance, does the tissue grow or is it resorbed?
While we limited our focus to mesenchymal cells entrapped within collagen gels
and the effects of stiffness and stretch, it is important to note that interstitial flow
within collagen gels is also a strong mechanical signal which alters both fiber
alignment and cell behavior [93]. Further, epithelial cells (endothelial cells,
keratinocytes, airway epithelial cells, etc.) which reside at the solid/fluid interface
have been cultured on collagen gels (i.e., in 2D environment), and the interaction
between cell types (e.g., endothelial and interstitial) can be studied in collagen gels
as well [18].

This review only touches on complex combinations of proteins; for these the
reader is referred to reviews and works regarding fibrin gels [100], Matrigel [139],
and decellularized cell-derived matrix [28]. Many of same tools (modulation of
boundaries) could potentially be applied to these protein gel models systems to
study mechanotransduction in more biochemically relevant matrices. For specific
aspects of fibroblast biology in collagen gels, the reader is also referred to
excellent reviews by Grinnell and colleagues [49, 50, 108] which include dis-
cussions of cell migration, matrix remodeling, and cell morphology in collagen
gels. Biomaterial-related reviews for matrices produced with higher order struc-
tures such as electrospun biopolymers [88, 115], extruded collagen microfibers
[119], and crosslinked collagen sponges, e.g., lyophilized and crosslinked colla-
gen/GAG scaffolds [41] are also available.

Finally, although extensively utilized for studies of cell response to substrate
rigidity in 2D (mainly polyacrylamide-based substrates) and beginning to be used
for 3D studies (mainly PEG-based gels) to afford independent control of
mechanical and biochemical parameters, synthetic polymers are beyond the scope
of this review. Their use is described in an excellent review by Nemir and West
[92] which includes informative tables with stiffness ranges of tissues and model
systems utilized, and future prospects are reviewed by Tibbitt and Anseth [125].
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In the future, the field would benefit from a more quantitative and evidence-
based analysis of stress transfer and strain shielding in collagen gels. At present, it
is unclear if cells are able to sufficiently remodel the collagen matrix to shield
themselves from external loading and become quiescent as occurs in native
(uninjured) tissues; this important issue should be addressed with additional
models and combined microscopic/mechanical studies. Clearly, quantitative
measurements of cell and matrix deformations are needed for better understanding
of strain transfer to the cells, and these are difficult to visualize in 3D. Although
powerful microscopy tools are becoming available, the resolution limit is generally
above that of the collagen fibrils and the time required for imaging is long for
viable cell studies. A few local methods are described herein, but there is a clear
need for additional methods for assessing mechanics of the collagen gel at the cell
level including viscoelastic effects. Further, nonlinear collagen stiffness may make
local stiffness much higher than bulk stiffness in 3D collagen [122], thus there is a
need for large deformation measurements near the cells as well. Better under-
standing how cell populations are governed by boundary stiffness is also essential,
as this condition involves a complex interplay between the boundary and the cells
similar to that which occurs in vivo.

The collagen gel remains a powerful model for studying mechanobiology in a
three-dimensional environment. Knowledge gained from mechanically controlled
and properly characterized systems have had, and will continue to have, a sig-
nificant impact on fields as diverse as physiotherapy, wound and fracture healing,
hypertension, or tissue engineering.
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Biomechanical Characterization
of Single Chondrocytes

Johannah Sanchez-Adams and Kyriacos A. Athanasiou

Abstract Normal cartilage functions to cushion and distribute loads throughout
the joint. The tissue’s constitutive cells, chondrocytes, experience a variety of
stresses as a result of these functional aspects, but the effects of these stresses on
the individual cells are largely unknown. To understand the mechanical integrity
of chondrocytes and how these properties change in response to various stimuli,
mechanical testing systems for single cells have been developed. These systems
are able to apply a wide variety of load types to characterize cellular biome-
chanics, and must rely on complex mathematical models to calculate these
properties. This chapter reviews the five major mechanical testing systems that are
used to test single chondrocytes, their distinct advantages, and discusses the salient
results they have produced relating to chondrocyte mechanics and mechanosen-
sitivity. Using these testing systems, it is clear that mechanical signals play a major
role in chondrocyte gene expression, and these changes are essential to understand
when developing functional cartilage replacements.

1 Introduction

Beginning with Aristotle’s book On the Movement of Animals, biomechanics has
sought to explain the complex processes of locomotion. As our understanding of
the inner workings of the human body increased, a subset of the field emerged to
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closely investigate the mechanical role of individual tissues and cells. By focusing
in on smaller and smaller subcomponents, biomechanics is able to explain how
mechanical perturbations affect the normal and diseased states of tissues and how
these stimuli can be employed in tissue engineering strategies. Employing this
micro-scale approach is especially useful in studying tissues such as articular
cartilage, given its major mechanical role in the body, inability to self-repair
following injury, and need for functional replacement therapies.

1.1 The Mechanical Role of Cartilage

Lining the ends of bones in articulating joints such as the knee, articular cartilage
facilitates smooth joint movement as well as bearing and distributing mechanical
loads. Within the knee joint, cartilage routinely experiences compressive loads of
three times body weight depending on the joint flexion angle and activity. Shear
forces in the knee are also significant, and can reach a third of body weight at a
knee flexion angle of 40� [1]. These forces are further magnified during activities
such as running or jumping. As the articular cartilage lining is only between 1 and
2.55 mm thick in the joints of the lower limb, the tissue must be highly specialized
to withstand its mechanical environment [2].

To achieve mechanical integrity, articular cartilage relies on a network of
collagen and proteoglycans produced by its constitutive cells, chondrocytes. The
collagen present in the tissue is mainly type II and provides tensile strength, while
negatively charged proteoglycans such as aggrecan attract water molecules and
resist tissue compression. Containing mostly water and proteins, the tissue can be
modeled as biphasic material [3–6]. Mechanical testing of the tissue reveals that
the tensile and compressive moduli of articular cartilage vary with depth and joint
type, with the aggregate compressive modulus ranging from 0.8 to 2 MPa, and
tensile modulus between 5 and 25 MPa [7–13]. But as mechanically robust as
cartilage is, injury and disease can compromise its integrity and, lacking vascu-
lature, the tissue is unable to self-repair. In response to this problem, tissue
engineering strategies and biomechanical characterization techniques have
emerged to further understand the role of chondrocytes in cartilage and to apply
this knowledge to cartilage replacement and repair strategies.

1.2 Functional Tissue Engineering

Due to the aforementioned forces it must bear, engineered cartilage must reflect
the native tissue’s functional characteristics, especially its compressive and tensile
integrity. To this end, the field of functional tissue engineering has emerged and
spurred the creation of mechanical stimulation bioreactors to produce mechani-
cally robust engineered tissue, and enhance purely biochemical approaches to
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tissue engineering cartilage. These bioreactors use hydrostatic pressure, direct
compression, shear, and combinations thereof to recapitulate the native mechanical
environment in vitro and cause engineered constructs to become more like native
cartilage [14–18]. While these mechanical stimulation strategies have improved
matrix deposition and mechanical strength, the exact mechanisms of their action
are ill-understood and optimal parameters for stimulation have yet to be deter-
mined. It is clear, however, that construct changes in response to mechanical
stimuli are caused by cells, the most basic functional unit of any engineered tissue.
Therefore, by studying individual cells it is possible to tease out the microscopic
phenomena that, in combination, give rise to macroscopic changes in engineered
constructs.

Applying the functional unit approach to understand the effects of mechanical
stimulation begins with mechanically characterizing single cells. By determining
the mechanical properties of single chondrocytes, the material limitations of the
cells can be used to define the upper and lower limits of stimulation. Using these
limits, the effects of various mechanical perturbations on the gene expression of
single cells can be studied. And finally, mechanical stimulation parameters
resulting in ideal gene expression changes can be applied to more complex
arrangements of cells in tissue engineered constructs. Thus, understanding the
response of the single cell to various mechanical stimuli can provide useful
information for developing tissue engineering strategies.

2 Mechanical Testing of Single Cells

A variety of techniques have been developed to study the unique mechanical
characteristics of single chondrocytes. Because the chondrocyte’s diameter is on
the order of 10 lm, mechanical testing machines must be especially sensitive to
small changes in force and displacement. For compressive and shear testing, this is
often achieved by the use of a cantilever to probe the cell and some mechanism to
detect the cantilever’s position over time. To test the tensile properties of chon-
drocytes, micropipette aspiration is the most common method and relies on
pressure differentials to deform the cell. The following sections will explore in
more detail the most prominent techniques used to elucidate single chondrocyte
compressive, shear, and tensile mechanics.

2.1 Compression

Physiologically, cartilage tissue undergoes compressive forces on a regular basis.
According to its viscoelastic nature, compressive loads are initially borne by the
fluid within the tissue, but over time this load transfers to the solid portion of the
matrix as the fluid is forced out [3]. Trapped within their collagen and proteoglycan
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matrix, chondrocytes also deform under the load. Three major tools have been used
to test the compressive properties of single chondrocytes: the cytocompressor,
cytoindenter, and the atomic force microscope. The basic principles of these three
apparatuses will be detailed in this section.

2.1.1 Cytocompressor

The cytocompressor device is a tool to determine the compressive properties of
single cells, and has been used extensively to characterize the bulk mechanical
behavior of chondrocytes. In this setup, unconfined compression is applied to
single cells seeded on a glass slide via a large, flat, nonporous probe of around
50 lm in diameter. This probe is attached to the end of a cantilever beam, which is
controlled by a piezoelectric actuator (Fig. 1).

For each test, the probe is positioned directly over the cell which is determined
by concurrent focusing of the cell and probe in the microscope. With the probe
positioned over the cell, the piezoelectric actuator moves the cantilever a set
distance toward the cell surface, causing the probe to compress it. This position is
held until the cell reaches equilibrium. The cantilever is then retracted from the
cell surface, and the volume recovery of the cell is observed. The entire com-
pression event is recorded via a CCD camera. Video post-processing of each
compression event allows for the measurement of key parameters, namely the
initial, compressed, and recovery geometries of the cell at different time points,
and the position of the probe. These measurements allow for the determination of
the cell’s compressive modulus, Poisson’s ratio, and recovered volume fraction,
among others.

To determine the compressive modulus of the cell, the relationship between
stress and strain must be known. The following equations are used to determine the
cell’s stress (r) from a cytocompression experiment:

Fig. 1 Schematic diagram of the cytocompressor. To test single cells under unconfined com-
pression, the cytocompressor uses a cantilever beam with a wide probe attached to its end.
A piezoelectric actuator precisely moves the cantilever probe assembly toward the cell surface,
and compresses the cell a set amount. Compression events are recorded via a CCD camera, and
cell height (hc) and width (wc) are determined from extracted frames
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r ¼ 3EIðDxÞ
L3A

where E and I are the Young’s modulus and moment of inertia of the cantilever,
L is the length of the cantilever, Dx is the difference between actual and prescribed
translation of the cantilever, and A is the contact area of the cell and probe. The
strain can be written as:

e ¼ hi � hf

hi

where hi is the initial height of the cell, and hf is the height of the cell at maximum
compression. Using the cytocompressor, a range of strains can be applied to single
cells, and the resultant stresses can be calculated from the deformation of the
cantilever beam and the contact area of the probe with the cell. These stresses and
strains can then be plotted and fitted with a line, the slope of which gives the
compressive modulus of the cell [19–22].

In addition to the modulus of the cell, the geometric data during the com-
pression event allow for the determination of the cell’s compressibility and
recovery behavior over time. The apparent Poisson’s ratio (m) for the cell can be
calculated as follows [23]:

m ¼

wf

wi
� 1

1� hf

hi

where wi and hi are the cell’s initial width and height, and wf and hf are the cell’s
width and height at equilibrium compression. Recovery behavior can be deter-
mined by tracking the volumetric changes of the cell over time, and can indicate
whether the cell was permanently changed as a result of the applied force. For
chondrocytes, which remain mostly rounded after initial seeding, cell volume can
be approximated as an ellipsoid with two identical axes. Approximating the cell’s
volume initially and after it has recovered from the compression, a measure of
recovered volume fraction (Vr) can be determined as follows:

Vr ¼
Vi � Vf

Vi

where Vi and Vf are the cell’s initial and final volume, respectively.
By measuring the compressive stiffness, apparent Poisson’s ratio, and recov-

ered volume fraction, the cytocompressor is able to provide quantitative data to
help understand not only the mechanical behavior of cells themselves, but also
their ability to recover from mechanical stresses. It is a system that is capable of
applying varying stresses to cells, at varying rates, and can even be programmed to
apply dynamic strain. This system is also unique in that it performs unconfined
compression on single cells. This test is particularly relevant to chondrocytes, as
these cells live in a tissue that is regularly compressed.
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It is important to note, however, that the cytocompressor has some limitations.
Because its mechanism tests cells in a semi-rounded morphology, for cells that do
not normally exist in this geometry the data may not be as relevant. Moreover,
teasing out the mechanical characteristics of cells using this setup requires that
some approximations in geometrical models be made. These approximations
undoubtedly introduce error into the calculations, and careful measurements must
be made in order to minimize this error.

2.1.2 Cytoindenter

Closely related to the cytocompressor is the cytoindenter (Fig. 2). This apparatus
applies many of the same principles as the cytocompressor, but there are a few key
differences. Like the cytocompressor, the cytoindenter uses a probe attached to a
cantilever beam controlled by a piezoelectric actuator for load application, but
here the probe is much smaller than the cell (approximately one quarter of its
diameter). Unlike the cytocompressor, the cytoindenter does not rely on video
capture to determine probe position and deflection. Originally these measurements
were made using a dual photodiode detector, a technique that is used in the
cytodetacher apparatus and will be discussed in more detail later [24, 25].
The current system, however, monitors the displacement of the cantilever via a
laser reflected off the free end of the cantilever [26]. This information is trans-
mitted to the control system and integrated with the displacement data of the

Fig. 2 Schematic diagram of the cytoindenter. The cytoindenter tests cells under creep inden-
tation, using a thin probe of radius R attached to a cantilever beam. Like the cytocompressor, the
cantilever-probe assembly is controlled by a piezoelectric actuator. The probe placement on the
cantilever (described by lengths L1 and L2), material properties of the cantilever, and data from
the laser micrometer allow for the application of constant force to the cell surface. Probe dis-
placement data over time are recorded and used to extract viscoelastic material properties of the
cell
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piezoelectric actuator. Together, the laser displacement meter and piezoelectric
actuator are able to keep constant the force applied to the cell, resulting in creep
indentation testing.

As the system does not measure force outright, it must be calculated based on
the measured cantilever displacement by the laser and the intrinsic geometry of the
apparatus. This is achieved by combining laser displacement data with the force
equation for a cantilever beam, as shown below [26]:

F ¼ 3EIDx

L3
1 þ 3

2 L2
1L2

� �

where E is the Young’s modulus of the cantilever, I is its moment of inertia, L1 and
L2 add up to the length of the cantilever and are determined by the position of the
probe, and Dx is the deflection of the cantilever beam, as measured by the laser
micrometer. This equation is similar to that for pure end-loading of a cantilever,
but is complicated by the fact that the force is applied a short distance from the end
and the laser micrometer measures the displacement of the beam at its end.
Nevertheless, using this equation the force can be monitored in real time and used
to apply creep indentation to single chondrocytes.

Once a creep curve is produced, it must be analyzed using a mathematical
model in order to obtain the material properties of the cell. To model cell
indentation, the punch problem can be used in which the cell is assumed to be a
linearly elastic, isotropic, and homogeneous half-space which is indented with a
flat, rigid punch. The basic equations for this model have been adapted by Koay
et al. [26] to account for viscoelasticity in the cell. The resultant equations from
this analysis can define three material properties of the cell: the apparent viscosity
(l), instantaneous modulus (E0), and relaxed modulus (E?). These properties are
determined by fitting the following equation to the displacement versus time curve
from each experiment:

DxðtÞ ¼ 3F

8RE0
�E0

Ex
e

�Ext

3l þ E0

Ex
þ 1

0
B@

1
CA

where R is the radius of the indenting probe and Ex is an elastic constant. The
relaxed modulus can then be calculated from the following equation:

E1 ¼
E0Ex

E0 þ Ex

where the variables are as mentioned previously.
The cytoindentation apparatus possesses several advantages that allow it to

characterize the mechanical behavior of individual chondrocytes. Most impor-
tantly, it is capable of performing creep indentation on single cells, a test that is
able to elucidate the viscoelastic properties of single cells. Due to the simplicity of
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sample preparation in this setup, any type of anchorage dependent cell type may be
tested. The system may also be adapted to use different shaped probes to apply
different types of load to the cell. These characteristics all contribute to the sys-
tem’s versatility and applicability.

Along with its many advantages, there are some limitations that must be con-
sidered when using the cytoindenter. As with the cytocompressor, assumptions
about the geometry and homogeneity of the material must be made in order to
solve for material properties. In the case of indentation of single cells, the
assumption of cell homogeneity may not be accurate as the mechanical properties
of subcellular components can vary. Additionally, this system is unable to record
recovery data for mechanical tests due to inherent noise in the system. Cell
analysis using cytoindentation must be therefore be combined with recovery data
from the cytocompressor.

2.1.3 Atomic Force Microscopy

Atomic force microscopy (AFM) has a wide variety of applications including
scanning material surfaces, measuring intermolecular forces, and testing the
mechanical properties of single cells. This technology relies on the use of a
cantilever beam, similar to the cytocompressor and cytoindenter, but the tip of the
cantilever on the AFM is much smaller (Fig. 3). For use in testing single chon-
drocytes, a 5 lm diameter spherical tip is attached to AFM cantilevers and used
for indentation of the cell surface [27, 28]. The deflection of the cantilever as it

Fig. 3 Schematic diagram of the atomic force microscope. In this setup, stress relaxation
experiments on single chondrocytes are performed by using a spherical probe attached to a
cantilever beam. The probe displacement throughout the experiment is monitored by reflecting a
laser off the cantilever and monitoring the angle of reflection over time. This information is then
fed back into the actuator system that moves the cantilever to apply a constant strain on the cell.
The resultant force versus time graph is then used to determine cellular mechanical properties
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indents the cell is monitored via a laser reflecting off the cantilever into a pho-
todiode detection system. Small changes in the position of the laser beam on the
photodiodes indicate how far the cantilever is deflected, thereby allowing for
the calculation of applied strain on the cell. For stress–relaxation testing using the
AFM, a feedback loop is used to apply a set strain and measure the deflection of
the beam over time. Using the appropriate model to fit the data, it is possible to
gain both stress and strain data from these tests, and ascertain single cell
mechanical properties.

Taking into account the shape and hardness of the indenting probe, and vis-
coelastic nature of cells, Darling et al. [27] developed a model to fit the data
obtained from AFM stress–relaxation tests of single chondrocytes. Beginning with
a modified Hertz equation for the force of a rigid sphere on a deformable substrate,
the elastic and viscoelastic stress–strain relationships are derived assuming the cell
surface is isotropic and incompressible. Combining the viscoelastic and elastic
responses and specifying a step displacement for the stress–relaxation test, the
following force equation can be obtained:

FðtÞ ¼ 4R1=2d3=2
0 ER

3ð1� mÞ 1þ sr � se

se
e�t=se

� �

where R is the relative radius of the probe tip and cell, ER is the relaxed modulus of
the cell, d0 is the prescribed step displacement, m is the cell’s Poisson’s ratio, and se

and sr are relaxation time constants under constant deformation and load. This
equation can then be fit to a force displacement curve to obtain viscoelastic
properties such as the instantaneous and Young’s moduli of the cell. The equations
for these properties are as follows:

E0 ¼ ER 1þ sr � se

se

� �

EY ¼
3
2

ER

where E0 is the instantaneous modulus, and EY is the Young’s modulus of the cell.
AFM technology allows for very precise measurement of forces, and has been

used to study many types of materials and surfaces [29, 30]. The system is capable
of testing in a variety of modalities including scanning, tapping, and controlled
displacement, and can accommodate many tip geometries including conical and
spherical. The tips have even been functionalized to study interaction forces
between molecules, demonstrating the AFM’s ability to study nanoscale events on
a cell’s surface or between a cell and a substrate [31–33]. Indenting cells with the
AFM can produce data that, when combined with an appropriate mathematical
model, is a powerful characterization tool.

The development of a mathematical model to describe single cell testing with
the AFM can be a challenging task. As all variables cannot be controlled,
assumptions about the cell’s geometry, homogeneity, and compressibility must be
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made in order to solve the constitutive equations involved. Because the cell
contains organelles and cytoskeleton, and may assume different shapes when
attached to a surface, these assumptions may introduce error in calculating the
mechanical properties. Careful consideration must be made, therefore, to ensure
the applicability of various models to single cell AFM mechanics data.

2.2 Shear

In addition to compressive forces, chondrocytes also experience shear as loads
are distributed within the joint space. Understanding the shear characteristics of
single chondrocytes will allow for a better understanding of their contribution to
the tissue as a whole. In this section, two related systems will be reviewed that are able
to measure cell adhesion and the apparent shear modulus of single chondrocytes.

2.2.1 Cytodetacher and Cytoshear

The cytodetacher was first developed to measure adhesion forces of cells to var-
ious substrates, and has since broadened its applications to measure the bulk shear
properties of chondrocytes and other cells [24]. The system consists of a 75 lm
diameter horizontal cantilever probe attached at the top to a piezoelectric actuator
setup (Fig. 4).

Fig. 4 Schematic diagrams of the cytodetacher and cytoshear devices. Both the cytodetacher (a)
and cytoshear (b) systems rely on a piezoelectric actuator to move the probe toward the cell and
cause deformation. The cytodetacher system uses a glass probe with an attached carbon
filament positioned at the base of the cell, and monitors the carbon filament displacement via a
dual photodiode. Attachment force is then calculated using cantilever beam theory. The cytoshear
device records each event using a CCD camera, and positions its probe some distance above the
base of the cell. Shear properties of the cell are then determined using the cell width (wc) and
height (hc) over time combined with the knowledge of the probe height (hp) and probe
displacement (Dx)
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Once the horizontal cantilever is positioned at the edge of a cell attached to a
flat vertical substrate, the piezoelectric actuator moves a precise distance across the
cell-seeded surface, detaching the cell from its substrate. The displacement of
the probe is measured by a dual photodiode which detects small changes in the
transmitted light in the microscope’s view field resulting from the movement of a
carbon filament attached to the side of the vertical probe. Using the displacement
data from the photodiode, and the mechanical properties of the cantilever probe
itself, it is possible to calculate the reaction force of the cell during detachment.
From cantilever beam theory, this force can be written as:

F ¼ 3EIDx

L3

where E is the material stiffness of the horizontal probe, I is the probe’s moment of
inertia, Dx is the difference between the actual displacement of the probe and its
prescribed displacement, and L is the length of the probe.

While the elements of data analysis remain the same, this system has been
modified to allow for cells to be seeded on a horizontal surface [34]. This modi-
fication was achieved by rotating the probe 90� while maintaining the carbon
filament horizontal to the cell seeded surface for photodiode detection. This pro-
vided a significant improvement in the system’s ease of use, and initiated further
modifications to enhance its ability to measure cell stresses and strains.

This system has most recently been modified to measure the shear properties of
cells [35]. In this modification, the vertical probe is represented by a 50.8 lm
diameter tungsten wire and displacement measurements are made by analyzing
individual frames from video-captured shear events. As in the first iteration of this
system, cantilever beam theory is used to calculate applied force from the apparent
and prescribed displacements. In the case of cell shearing, however, the probe is
placed a set distance from the substrate and translated resulting in shearing of the
cell rather than simple detachment. The necessary data for the cellular deformation
are also provided via analyzing frames extracted from video-captured events.
Throughout the shearing event the cell’s leading edge, trailing edge, and the probe
are tracked providing data to calculate the cell-probe contact area (needed to
calculate stress), and the cell’s elongation. The contact area of the probe on the cell
can be calculated by assuming the area is a half-ellipse:

A ¼ 1
4
p wcð Þ hc � hp

� �

where wc represents the width of the cell, and hc - hp denotes the difference in
height of the cell and probe from the surface, respectively. Using this contact area
and the applied force from cantilever beam theory, a measure of the applied stress
can be calculated using the relation:

r ¼ F

A

Biomechanical Characterization of Single Chondrocytes 257



To calculate the shear strain (e) experienced by the cell throughout the shearing
event, the following relationship can be used:

e ¼ wi

wc

where wi denotes the indentation depth of the probe into the cell, and wc is the
initial cell width as before. By plotting the stress versus strain curve and fitting a
line to the data, it is possible to calculate the apparent shear modulus of the cell.

All of the modifications of the cytodetacher have provided some improvement
in the ability to quantify cell adhesion forces and shear properties. As chondro-
cytes rapidly de-differentiate in monolayer, adhesiveness of these cells to various
substrates can provide a quantitative measure of phenotypic changes over time.
Adhesion forces of chondrocytes to various substrates is also an important measure
of the cell’s interaction with materials used in tissue engineering strategies. The
modification of the cytodetacher for measurement of the apparent shear modulus
of chondrocytes also provides a useful tool to measure the biomechanical prop-
erties of the cell itself. This method allows for measurement of the apparent shear
modulus, which can be used to ascertain characteristics of the cell under a bio-
mechanically relevant load.

The cytodetacher, while useful for studying anchorage-dependent cells, was not
designed to study floating cells given that its setup necessitates cell adhesion to a
substrate. Additionally, care must be taken to apply the correct geometrical model
to each experiment as different cell types may appear more rounded than others
when adhered to a surface.

2.3 Tension

Chondrocytes also experience tensile forces from matrix proteins around them
pulling in the direction of local compressive or frictional loads. Tensile forces may
also be generated in mechanical stimulation of tissue engineered cartilage con-
structs. In this section, the use of micropipette aspiration will be examined as it
relates to chondrocyte biomechanics.

2.3.1 Micropipette Aspiration

Micropipette aspiration uses pressure differentials to calculate the force the cell
experiences, and relates that to the observed strain, as seen in Fig. 5.

To perform this type of experiment, a cell is suspended in fluid of pressure p1 and
a micropipette is placed on the cell membrane. The pressure within the pipette is then
reduced to p0 and the cell membrane extends into the pipette at a distance lp. Given
the radius of the micropipette, rp, the relationship between stiffness and pressure
differential for an infinite homogeneous half-space aspirated into a pipette is:
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DP ¼ 2p
3

E
rp

lp
/

where DP is the pressure differential between po and p1, E is the Young’s modulus
of the cell, and u is approximately 2.1 and depends on the geometric properties of
the pipette itself [36]. Solving for the Young’s modulus, and substituting for u, this
equation reduces to:

E ¼ 0:22
rpDP

lp

� �
:

Another useful parameter to gain from micropipette aspiration experiments is
the viscosity of the cell. Given that cells are viscoelastic materials, cell viscosity
can be a useful measure of its phenotype. Modeling the cell as a homogeneous,
semi-infinite half-space, to calculate cell viscosity (l) in this setup the following
equation may be used [37]:

l ¼ rpDP

6dlp

dt 1� rp

rc

� �

where DP, rp, and lp are the same as before, and rc is the radius of the cell outside
of the micropipette. In this equation, the rate of change of membrane extension
into the pipette (dlp/dt) must also be measured, and can be attained by varying the
pressure within the micropipette and recording the resulting deformation with
time. This method can also be used to obtain the instantaneous and relaxed
modulus of the cell [27].

Micropipette aspiration can be used on both anchorage dependent and floating
cells, making it a widely useful mechanical testing tool. It can produce forces
between 10 pN and 104 nN, and can reach pressures as low as 0.1 pN/lm2 [38].
This method can also determine whether a cell behaves as a liquid drop or a
solid, which becomes useful when deciding on a model for further analysis of
cell biomechanics. Mechanical parameters drawn from micropipette aspiration
tests can be used to characterize cells and understand their mechanical role in the
body.

Fig. 5 Schematic diagram of micropipette aspiration. In this setup, the cell is suspended in fluid
of pressure p1 and a micropipette of radius rp is placed on the cell membrane. The pressure inside
of the pipette is then lowered to p0 and the resulting deformation of the cell membrane, lp, into the
pipette is measured. This information, along with the radius of the cell outside of the pipette (rc),
can be used to determine the cell’s tensile modulus and viscosity
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Along with the many attributes to this method, there are some important
considerations that must be made when analyzing its resulting data. Due to the
nature of the experiment, measures of viscosity and stiffness are heavily influenced
by the mechanical properties of the cell membrane, and thus may not reflect the
bulk properties of the cell. Given the microenvironment of the chondrocyte, and
that its deformation occurs mostly in compression, testing a portion of the cell in
tension will provide some indication of cell properties, but those properties may
not be as physiologically relevant.

3 Chondrocyte Biomechanics

All of the aforementioned single cell mechanical testing systems have been used to
mechanically characterize chondrocytes, providing information on a wide variety
of previously unknown cellular properties. Considering the mechanical properties
of chondrocytes can help to understand the mechanical limitations of the cells
within their native environment.

3.1 Mechanical Properties of Single Chondrocytes

Often, the same mechanical property can be obtained using a variety of different
testing methods. The properties that do overlap, however, do not always match
between systems. For example, the instantaneous modulus of chondrocytes using the
AFM is around 0.29 kPa, while the same parameter measured using cytoindentation
is around 8 kPa [26, 27]. Similar disparities are observed in relaxed modulus,
viscosity, and equilibrium time constant measurements between systems. From
Table 1, it is apparent that the AFM measures relatively low viscosity compared to
measurements from micropipette aspiration, while the viscosity measured by
cytoindentation falls between the two. Moreover, equilibrium time constants, when
measured with micropipette aspiration can be more than an order of magnitude
higher than values obtained from cytoindentation. This wide range could be a result
of many different factors, including the constitutive model used, geometric
assumptions, biological variability, the source of the tested chondrocytes, and of
course the fact that the cell may or may not be anchored during testing.

Perhaps the biggest contributor to these apparent inconsistencies, however, is
the type of test performed on the cell. Though literature for chondrocyte mechanics
may report the same cellular properties, the particularities of each apparatus and
the mathematical model used to calculate those values may only yield a certain
aspect of those properties. For example, while the cell’s instantaneous modulus
can be obtained by AFM and cytoindentation, the different probe geometries and
testing modalities may be testing different areas of the cell. More research must be
done to better understand these differences, which will inevitably be helped by
more rigorous mathematical models for the approximation of the cell.
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3.2 Contributors to Chondrocyte Mechanics

Though comparing properties from different mechanical testing modalities may
not yield meaningful results, comparing cells tested in one modality is a powerful
tool and has been used to understand the source of chondrocyte mechanical
integrity. Using the cytocompressor, Ofek et al. [20–22] showed that knocking out
different cytoskeletal components within the chondrocyte can vary the mechanical
properties of the cell. Specifically, actin filaments emerged as the greatest con-
tributor to compressive stiffness as actin disruption decreased the compressive
modulus of the cell by nearly 40%. Additionally, absence of any of the cyto-
skeletal components doubled the residual strain of the cell following compression,
indicating that the cell’s cytoskeleton is important for recovery from mechanical
perturbation. This study also showed that cytoskeletal components greatly influ-
ence the apparent Poisson’s ratio. The results indicate that at a certain strain
threshold, the microtubules that normally serve as rods holding the cell shape are
broken down, reducing cell volume and Poisson’s ratio. Termed the critical-strain
threshold, this change in mechanical behavior of the cell with applied strain may
indicate modifications in gene expression and matrix production in response to, or
as a result of, cellular deformation.

Along with the cytoskeleton, the nucleus can contribute largely to the overall
mechanical integrity of the cell. Chondrocytes, because they exist in a rounded
morphology, also have rounded nuclei which respond to loading by changing
volume and modifying gene expression [39]. Therefore, nuclear deformation may
be necessary for the cell to respond to mechanical load, and the determination of
its stiffness could play a major role in identifying effective cartilage stimulation
regimens. Nuclear mechanical properties have been measured with a few different

Table 1 Reported mechanical properties of articular chondrocytes using various testing devices

Mechanical testing device Modulus (kPa)a Viscosity
(l, kPa�s)

Time constant
(s, s)

References

Cytocompressor 1.63 ± 0.31 (E) – 1.6 ± 1.3 (recovery) [20–22]
Cytoindenter 8.0 ± 4.41(E0) 1.5 ± 0.92 1.32 ± 0.65 [26]

1.09 ± 0.54 (E?)
AFM 0.29 ± 0.14 (E0) 0.61 ± 0.69 9 ± 6.2 [27]

0.17 ± 0.9 (E?)
Cytoshear 4.1 ± 1.3 (low) – – [35]

2.6 ± 1.1 (med)
1.7 ± 0.8 (high)

Micropipette aspiration 0.41 ± 0.17 (E0) 3 ± 0.18 33 ± 20 [44]
0.24 ± 0.11 (E?)
0.45 ± 0.14 (E0) 2.57 ± 1.83 37 ± 26 [27]
0.14 ± 0.05 (E?)

0.2 ± 0.07 (EY)
a Modulus abbreviations: instantaneous (E0), relaxed (E?), compressive (E), Young’s (EY), shear
(low, med, high probe positions)
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methods. Using micropipette aspiration, the free-floating nucleus appears to be
three to four times stiffer than the cell, while modeling techniques used to fit
chondrocyte cytocompression data indicate that the nucleus may be only about 1.4
times stiffer than the rest of the cell [20–22, 40]. Despite the inconsistencies
between micropipette aspiration data and theoretical modeling of nuclear stiffness,
the methods do agree that the nucleus is somewhat stiffer than the rest of the cell,
and therefore can affect its overall mechanics. With more investigation, nuclear
mechanics data may prove to be a powerful tool in understanding the underlying
mechanotransduction of stimulated chondrocytes.

3.3 Chondrocyte Mechanosensitivity

Chondrocytes are known to modify gene expression patterns in response to both
biochemical and mechanical perturbations. While research in the area of chon-
drocyte mechanosensitivity is still in its early stages, the present data indicate that
these cells are particularly sensitive to mechanical loading.

Both loading type and loading duration can cause shifts in gene expression of
single chondrocytes. When subjected to varying forces applied in unconfined creep
compression, chondrocytes display a dose-dependent decrease in collagen type II
expression with increasing load, and aggrecan gene expression decreases sharply
when force is increased from 25 to 50 nN of load. Accompanying the decrease in
matrix protein expression with load, an increase in tissue inhibitor of metallopro-
teinase-1 (TIMP-1) gene expression levels is observed [39]. Together, these data
indicate that when loaded in this manner, chondrocytes adapt their gene expression
profiles from matrix production to matrix maintenance. Similar results are observed
when chondrocytes are statically loaded with forces of 50 and 100 nN, but these
forces applied dynamically result in matrix molecule gene expression recovered to
control states [41]. These results suggest that the way a load is applied (static or
dynamic) can profoundly affect the chondrocyte gene expression, and can provide
valuable insight into useful modes of engineered cartilage stimulation.

Gene expression and mechanics of loaded chondrocytes are also affected by the
biomolecules present. In the same creep compression experiment, Leipzig and
Athanasiou [39] showed that the application of transforming growth factor beta-1
(TGF-b1) or insulin-like growth factor-I (IGF-I) throughout the experiment sig-
nificantly decreased the strain experienced by the cell, and resulted in differing
gene expression profiles than stimulated cells without growth factors. Applying
TGF-b1 increased aggrecan gene expression over controls in most cases, while
adding IGF-I kept TIMP-1 levels relatively constant for all loads. It has also been
shown that these two biomolecules are able to stiffen cells significantly, resulting
in altered deformation patterns under the same loading conditions [19, 42]. Bio-
molecules are therefore important regulators of chondrocyte mechanosensitivity.
In fact, as chondrocytes in the presence of growth factors such as IGF-I are known
to both stiffen the cells and increase gene expression for collagen type II and
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aggrecan, they can provide a mechano-protective effect by inhibiting both
deformation and gene expression changes caused by mechanical loading [19, 43].
More studies need to be performed to determine the precise ways biomolecules
and mechanical stimulation can combine to affect chondrocyte gene expression
and mechanics. This information will inevitably prove useful when designing
cartilage engineering strategies such that they can harness the synthetic capabili-
ties of chondrocytes.

4 Conclusions

The mechanical integrity of cartilage is extremely important to its normal function
in the body. Due to its lack of reparative potential, damage to this tissue is usually
permanent and can lead to further musculoskeletal complications. Therefore, a
functional cartilage replacement is a valuable prospect, and tissue engineering
continues to develop new and exciting answers to this problem. Achieving func-
tionality in tissue engineered constructs, however, requires knowledge of the
intrinsic biomechanics of cartilage and its cells. By first characterizing the bio-
mechanics of individual chondrocytes, informed decisions can be made regarding
the most effective biochemical and mechanical stimulation methods to use in more
complex arrangements of these cells.

Healthy cartilage experiences many different types of loads on a daily basis,
including compression, shear, and tension. How these forces are transmitted to
individual chondrocytes and their effect on the cell’s genotype, however, is not
well understood. To study this, a number of mechanical testing and stimulation
systems have been developed which are able to characterize not only cellular
mechanics, but the effect mechanical loading has on gene expression. Addition-
ally, these devices have been able to resolve the effects of growth factors on
individual cell biomechanics, showing that chondrocytes become stiffer in the
presence of certain biomolecules.

As chondrocyte mechanical properties obtained from different systems do not
always agree with one another, it is important to understand each individual system
and the type of test it performs. Small differences in load application and the type of
model used to fit the data can magnify the discrepancies between mechanical testing
systems. Bulk properties of individual chondrocytes are best tested using the
cytocompressor and cytoshear devices because non-homogeneities are diminished
by the probe being much larger than the cell. In devices where the probe is smaller
than the cell, namely the cytoindenter, AFM, and micropipette aspiration systems,
these non-homogeneities may be measured, and can provide information about
cytoskeletal arrangement and local cell properties. With an understanding of these
differences, the mechanical properties of single chondrocytes can be determined and
this information can be used to inform tissue engineering strategies. As more
information is available about cellular responses to mechanical and biochemical
factors, more directed efforts can be made to combine cells with various stimuli to
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create functional engineered cartilage. Cellular biomechanics testing and stimula-
tion systems like the ones described here are beginning to make this possible.

5 Future Directions

With the recent advances in chondrocyte biomechanics testing and evaluation,
some interesting questions have emerged which deserve further investigation.
First, understanding the mechanosensitivity of subcellular components can eluci-
date the major players in the mechanosensitivity of the cell as a whole. As it is
known that the actin cytoskeleton is an important component of cellular stiffness,
it may be important in transducing mechanical signals from the cell membrane to
the nucleus. Moreover, nuclear mechanical properties are known to differ from the
rest of cell, but the importance of this difference in signal mechanotransduction is
unknown. These same principles can be applied to any number of chondrocyte
subcellular components, and may lead to a more complete understanding of the
machinery of chondrocyte mechanotransduction. These types of experiments can
be facilitated by the use of targeted fluorescent molecules to track subcellular
components throughout a loading regimen, providing graphic evidence of their
response to mechanical stresses.

Another area that should be expanded is the application of these cellular
mechanical testing devices to other cell types. At present, aside from the AFM,
many of these devices have only been used with a few cell types. Mechanical
characterization of cells from other mechanically functional tissues such as tendon,
ligament, bone, meniscus, and muscle can provide the same benefits as chondro-
cyte characterization. As most of these systems are highly adaptable, it would be a
natural extension of the technology and would provide interesting comparative
values for use in reconstructive therapies.

These future applications can add utility to cellular mechanical testing systems,
and allow for a more complete understanding of mechanotransduction pathways of
single chondrocytes.
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Mechanics of Airway Smooth Muscle
Cells and the Response to Stretch

Geoffrey N. Maksym

Abstract Airway smooth muscle (ASM) cells are continuously exposed to
stretching as we breathe, and this stretching regulates the cell contractility that is
ultimately responsible for making breathing difficult. The past dozen years have
led to major advances in our understanding of the rheology of the ASM and of the
mechanical response to imposed stretch. This review covers the highly adaptable
ability of cell function to be maintained over large length changes and reviews
characteristic softening and lengthening behaviors. It covers foundations of the-
oretical interpretations based on myosin dynamics to recent findings that have lead
to redefining much of the acute mechanics of the ASM as a soft glassy material.
ASM is far from equilibrium, crowded with jostling, interacting molecules with
mechanics that are fragile and easily disrupted by large stretches, yet which easily
and slowly recover from each stretch. Chronic stretching leads to further changes
as contractile phenotype becomes altered. The response to stretch has become one
of the most important characteristics of ASM mechanics and defines its function,
and ultimately may underlie dysfunction in airway diseases such as asthma.

1 Introduction

This report reviews the fundamental behavior of airway smooth muscle (ASM) in
response to acute or continuous oscillatory changes in length or stretches and
reviews the current state of the art of our understanding of the mechanical behavior
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of ASM in response to stretch. Recent results demonstrate that the ASM displays a
rich response to stretch, adapting, stiffening or softening, and altering its consti-
tutive elements. The following briefly introduces the basic ‘‘dys-’’ function of
ASM in the lung and introduces the importance of understanding the role of stretch
in airway pathology in asthma.

ASM is found in small bundles that encircle the airways of the lungs from the
level of the trachea through the cartilaginous larger airways to the smallest airways
leading to the alveoli. In humans and animals the ASM is always slightly activated
as small amounts of bronchodilator or blocking vagal tone lead to measureable
decreases in airflow resistance [18]. When the smooth muscle is activated to
constrict, it can do so with substantial force, sufficient to impair airway function
leading to death. Indeed, when individual airways are treated with methacholine,
an airway can completely close [11]. The function of ASM is thus unlike other
smooth muscle organs. In all other organs, organ function is dependent on proper
and regulated function responsible for: maintaining tone in the vasculature,
motility of the gut, contraction of the bladder and of the endocrine glands.
However, the role of ASM in health is mysterious, and may be non-essential and
has been the matter of much debate [24, 53, 56, 57, 62].

Its most obvious function is pathological and acts to narrow the airway in
asthma with associated features of airway hyperresponsiveness. Airway hyperre-
sponsiveness is present when ASM constricts too much and too easily in response
to inhaled allergen or agonists [82]. Said another way, the airways of a healthy
non-asthmatic individual require a large dose of inhaled bronchoconstrictor to
narrow airways while an asthmatic requires a very small dose and the airways of
an asthmatic narrow to a greater extent.

However, if the healthy individual takes a deep breath following an inhaled
bronchoconstricting agent, the large stretch beneficially acts to dilate the airways
in such a way that after the deep breath a portion of the dilation persists as much as
some minutes, despite the ongoing activation of the ASM. This effect is termed
bronchodilatory effect of a deep inspiration. The effect is reduced or absent in
asthma and in more severe asthma the deep inspiration can lead to further nar-
rowing, and the failure of this mechanism is not well understood [48, 49]. Deep
inspirations are also bronchoprotective as a deep inhalation prior to inhaled
challenge reduces the effect of the challenge, in healthy subjects, but again this
effect is absent or limited in asthma [39, 61].

These differences in response to a stretch during constriction are thought to
reside at the level of the ASM. In the following we review several key discoveries
and principal behaviors of ASM mechanics in response to stretch or length change
and we discuss their interpretations.

2 Length Adaptation

The force–length curve of ASM was once thought to be a fairly stable reproducible
curve. That is, there was a unique force–length curve both for passive stretching
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and active tension generation. The passive curve increased monotonically with
stretch with a non-linear relationship becoming very stiff at large extensions. The
active force length curve, created from subtracting the passive curve from total
force–length curve, was an inverted parabola with a maximum known as the
optimal length. Figure 1 shows passive length-tension curves for smooth muscle in
the lower panels and active curves in the upper panels. Several investigators
demonstrated that the force length curve in ASM was not immutable, but highly
adaptable, and changes in force development depending on length-tension history
were demonstrated [32, 59, 80].

It is now recognized that ASM can shift its force length curve over a
remarkably wide range. Pratusevich et al. [59] demonstrated that repeated acti-
vation of the smooth muscle interspersed with relaxations could adapt the smooth
muscle to generate similar force at lengths approximately 50% less and 50% more
than the in situ length of the muscle. This adaptation to different lengths is best
demonstrated by Wang et al. [80] shown in Fig. 1.

Length adaptation has been demonstrated in several different muscle types
including bladder [1, 72], gut [31], and vascular smooth muscle [76] demonstrating
the behavior is not unique to ASM.

Fig. 1 Length–tension curves from rabbit trachealis. For each trace, active force (top panels)
exhibits a maximum but when added to passive force (lower panels), the total force is always
increasing with length (not shown). In situ length-tension curves (open circles) are compared with
adapted curves (solid circles). On the left muscle is adapted to a shorter length while on the right
it is adapted to a longer length. Adapted from [80] with permission
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As an example using Fig. 1, starting at maximal force, if a length change is
imposed, the force decreases following the active length-tension curve. This is
indicated by the downward dashed arrow in the top of panel A in Fig. 1. If the
muscle is kept at this length, force development will gradually increase at this
new length to the previous level of force development as indicated by the
upward dashed arrow. The muscle has adapted to a new length and subsequent
changes in length will explore the force along the new shifted curve (solid
curves, Fig. 1). Remarkably, both the active and passive force–length curves are
altered.

Length adaptation can be achieved in tens of minutes to several hours
depending on the protocol, and this has implications for how it may occur in vivo.
The data in Fig. 1 were simply obtained 24 h following a passive change in length.
More rapid length adaptation is demonstrated experimentally with repeated
intermittent activation, usually by electrical field stimulation, producing similar
results to that shown in Fig. 1 [59, 80]. The time course of length adaptation with
repeated activation is single time-constant exponential adaptation with a time
constant estimated to be approximately 10 min [80]. While these examples of
adaptation occurred with relaxed muscle or relaxed muscle with intermittent
activation, adaptation has also been demonstrated with continuous sub maximal
activation, which does have physiological implication since in vivo ASM is par-
tially activated by basal tone [52].

The mechanisms for length adaptation are beginning to be understood. It is well
established that the dramatic change in length-tension curves are accompanied by
a change in the organization of both the contractile and passive force maintenance
machinery within the smooth muscle cell, although the mechanisms underlying
these changes are not clear. Also there are some clues as to what is happening from
changes in other functional measures of muscle contraction. Despite no change in
force once adapted to the new length, velocity and power are altered. That is, when
muscle is adapted to a longer length, shortening velocity is increased in proportion
to the change in length, and similarly when adapted to a shorter length velocity is
decreased. Power also tracks these changes in velocity, as would be predicted since
power is defined by force multiplied by velocity and adapted force is unchanged.
These changes can only occur for lengthening adaptation if the contractile lattice is
reorganizing with contractile units that were once in parallel becoming units
arranged in series [42, 59]. The reverse process would occur for shortening
adaptation.

To support this, there is strong evidence that myosin filaments depolymerize
and repolymerize with repeated contractions. Using electron microscopy of sep-
arate samples at particular times during force recovery, it can be quantifiably
observed that following a length change, thick filament density is first decreased
but then recovers tracking force recovery and both myosin density and force
recover to their prior level before the length change [9, 43]. That is, following a
length change as force recovers, myosin filament numbers increase to suggesting
that while isometric, the actin–myosin filament overlap is not changed during the
adaptation, but force is increased from a change in filament organization. Indeed
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the myosin filament density is restored such that the number of filaments in par-
allel after length adaptation is maintained (Fig. 2).

What about actin to which the myosin heads must bind? Some of the myosin is
always in filament form, while the remaining myosin is depolymerized, but
available for polymerization such that there is ongoing myosin filament turnover
during adaptation [60]. Actin turnover is well established during changes in cell
shape, and it is well established that actin filament polymerization is induced
during contraction and reduced during relaxation [34, 54]. Thus both actin and
myosin filaments must be depolymerizing during each rest period and repoly-
merizing during contraction and in a manner that preserves maximal force and
stiffness generation capabilities. How this is orchestrated at a filament level to
optimize and attain nearly identical force development over a wide range of
lengths is not understood.

2.1 Physiological Implications of Length Adaptation

The ability of ASM to adapt to different lengths, shifting its length–tension curve
has profound physiological implications. It can facilitate function over wide
changes in organ size, such as occurs in bladder, but in ASM, this ability is
potentially harmful. In asthma, inflammation increases contractile activation due
to neurological activation of ASM or directly via the presence of a variety of ASM
agonists. This would lead to slightly narrower airways which, if the activation

Fig. 2 During length adap-
tation the actin and myosin
filament lattice is thought to
reorganize adding contractile
units in series. Only one fila-
ment is shown for simplicity,
and the muscle contains hun-
dreds or more filaments
arrange in parallel. The
longer muscle has greater
shortening velocity but iden-
tical maximal force. Used
with permission of the
American Thoracic Society.
Copyright� American
Thoracic Society [9]
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persisted, could lead to length adaptation of the muscle to a shorter length. The
adaptation means that the muscle will be able to generate greater force when
stimulated, as might occur during exacerbation, and ultimately lead to greater
narrowing than would otherwise occur. Further, once adapted to a shorter airway
diameter, the muscle can generate larger force and stiffness, reducing the ability of
large stretch such as a deep inspiration to reverse the effects of bronchoconstric-
tion, potentially explaining why a deep inspiration fails to provide relief and
maintained airway dilation in asthma [2]. Thus length adaptation to a shorter
length could help explain this characteristic feature of asthma.

This mechanism also implies a potential treatment to reduce airway hyperre-
sponsiveness. If the muscle could be adapted to a larger length, then airway
constriction would be reduced. The same degree of narrowing could occur, but
from a larger starting diameter, meaning the resistance to airflow would be much
less affected. This is especially true since airway resistance is inversely dependent
on the fourth power of airway diameter, implying for the same diameter change at
twice the original diameter, the resistance increase would only be 1/16th. Indeed
this hypothesis is beginning to be tested. Using continuous positive airway pres-
sure to dilate the airways of ferrets during breathing, Xue et al. [83] showed that
airway hyperresponsiveness could be reduced. While they showed this was due in
part to reductions in ASM contractility through decreases in contractile proteins,
they also demonstrated an increase in relaxed airway diameter which would be
consistent with adaptation to an increased ASM length, although this was not
directly confirmed.

3 Force Adaptation

Not only does the ASM have a profound ability to adapt to different lengths, but
recently it has been described that ASM can increase its force generation ability
beyond the usual maximum force [7, 8]. While there has been limited investigation
of this behavior to date, it is established that if repeated electric field stimulation is
applied to muscle that is also continuously and partially activated with acetylcho-
line, that the maximal force generated by electric field stimulation in the presence of
acetylcholine increases perhaps about 15% [7]. This is not to say that there is a 15%
increase in total force, as this represents only that electric field stimulation induced
force above the acetylcholine induced tone; however, total force does increase
nearly 5% at all doses. Further investigation is required to see if this is the limit of
force adaptation achievable in vitro, and if this can occur in vivo. Also it would be
important to investigate if repeated contraction by different agonists in combina-
tion, rather than electric field stimulation in combination with a contractile agonist
would elicit the same change in mechanical force generation. Despite the small
effect, the implication is significant, as repeated activation together with elevated
baseline tone is characteristic of asthma, and if this mechanism is present in vivo,
this would contribute to enhanced airway narrowing in asthma.
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4 Fluctuation Induced Softening and Lengthening: Perturbed
Equilibrium of Myosin Binding

Not only is the force–length curve mutable, but it is now well established that
oscillations in muscle length can more rapidly and dramatically affect muscle
force and length in fully contracted muscle. Gunst [33] had demonstrated that
when subjected to length oscillations, smooth muscle force decreased well below
the static isometric force. Subsequently detailed studies by Fredberg and col-
leagues [25, 26] showed that oscillations led to dramatic decreases in force and
muscle stiffness or increases in length or both depending on oscillation protocol
[44].

Two of these results are demonstrated in Figs. 3 and 4, and will be described
more fully in the following paragraphs. As will be seen, some but not all of the
behavior can be described by a theory based on actin–myosin dynamics referred to
here as perturbed equilibrium of myosin binding, and some but not all the behavior
can also be explained in a more general abstract theory known as soft glassy
rheology described even further below. We first describe the fundamental behavior
of the effect of oscillatory stretching on the mechanical properties of ASM, and
summarize its interpretation here by actin–myosin dynamics as it was first
described. We later return to the same data with respect to the later model of soft
glassy rheology.

Similar to the experiments demonstrating length-adaptation, fluctuation induced
softening and lengthening are demonstrated using excised muscle strips or sus-
pended single cells. A muscle strip is placed in a tissue bath, then incrementally
lengthened using short (1.5 ms) electric field stimulation pulses to discover (and
possibly adapt) the peak in the force–length curve. The muscle is then maximally
stimulated with a contractile agonist, and oscillations near breathing frequency
(0.3 Hz) but of different amplitudes are applied following development of maxi-
mal force (Fig. 3).

Muscle force and stiffness decrease dramatically in an amplitude dependent
manner decreasing to less than 30% of maximal contracted force, despite maximal
activation [25]. Muscle hysteresivity, g, is the ratio of energy dissipated largely via
friction-like processes to energy stored elastically during oscillations. It is largely
proportional to the rate of turnover of actin–myosin attachment and detachment
[27].

Interestingly, after the large amplitude fluctuations when they are reduced to a
minimal 0.25% strain, the muscle appears to be in a different state and muscle
force and stiffness are depressed at the end of the protocol lower than the maximal
force and stiffness that occur when 0.25% strain fluctuations follow isometric
contraction. This may be very important physiologically, as it may represent the
effect of a large breath on contracted narrowed airways explaining the bron-
chodilatory effect of a deep inspiration.

A natural counter experiment to the above demonstration of loss of force and
stiffness with fixed mean length oscillations is instead to impose oscillations with
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fixed mean force allowing mean length to change freely. This experiment is
important, since in vivo airway diameter can change, and airway diameter deter-
mines resistance to airflow in the lung. When muscle mean length is free to vary,
oscillations in muscle force (and of course length) lead to an increase in the
average length of the muscle relative to its contracted length, lengthening com-
pletely as far as initial pre-contracted length. The muscle is maximally contracting,
yet while the oscillations are applied, the muscle lengthens remarkably to the
length of fully relaxed muscle. It is as if the muscle were not contracting at all.
Importantly, while the amplitude of oscillations in force is 32% of maximal force,
the actual amplitude of length oscillations to achieve this lengthening is only 1–2%
(2–4% peak-peak) of initial length (Fig. 4).

Fig. 3 Imposed oscillations of increasing amplitude from 0.25 to 8% lead to amplitude
dependent decreases in force (F), stiffness (E) and increases in hysteresivity (g) on a represen-
tative ASM tissue strip. g is the ratio of energy dissipated by frictional forces to energy stored
elastically during each oscillatory cycle. Mean muscle length is fixed during the protocol and F
depicts mean force per oscillation cycle. Used with permission of the American Thoracic Society.
Copyright� American Thoracic Society [25]
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Similar to the fixed mean length, force reduction behavior, fluctuations around a
fixed mean force lead to an apparent different length–tension state of the smooth
muscle following the large amplitude oscillations. After fluctuations are reduced to
minimal levels, the length is much longer than after isotonic contraction (end of
length trace in Fig. 4). As described above this has important implications and may
explain why after a deep breath in healthy individuals, airway resistance is reduced
for a time despite prior airway narrowing due to inhalation of contractile agonists.

Of course, in vivo, neither mean length nor mean force is fixed, but both move
according to the force balance between muscle force, hoop stress of the airway wall
and parenchymal tethering transmitting lung transpulmonary pressure. Latourelle
et al. [44] exposed excised smooth muscle strips to a computationally modeled and
experimentally recreated physiological loading condition including these contri-
butions. They demonstrated that both of the above behaviors decreasing force and
increasing length with imposed tidal oscillations occurred together. Since some of
the lengthening of the muscle lessened the stretch experienced by the parenchyma,
this diminished the loading experienced by the muscle decreasing force, and for
physiological levels, both force and stiffness decreased to a lesser degree than
Fig. 3 and length increased, but again to a lesser degree than Fig. 4.

4.1 Cross-Bridge Dynamics

About a decade ago, it was found that the above fluctuation induced decrease in
force (Fig. 3) and increases in length (Fig. 4) or their combinations, could be

Fig. 4 A single tissue strip shortening following acetylcholine contraction and then lengthening
as much as the uncontracted length with increasing amplitude of imposed force oscillations.
Muscle stiffness E decreases and hysteresivity increases. Note imposed oscillatory strains are
quite modest, actually only reaching 2% of Lo. Used with permission of the American Thoracic
Society. Copyright� American Thoracic Society [26]
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predicted from the Hai and Murphy model of actin–myosin cross-bridge dynamics,
which is an extension of the Huxley model of cross-bridge dynamics [38, 26].
While not all of smooth muscle dynamic behavior can be explained by this model,
as will be discussed below, its strengths lie in predicting several aspects of smooth
muscle mechanics, its connection to actin and myosin filament structural organi-
zation, and its basis on independently established rate constants. But it does have
weaknesses as will be discussed.

To explain maintained force with decreased ATP utilization in smooth muscle,
Hai and Murphy included in their model a slowly cycling cross-bridge or ‘latch
bridge’ which detached far more slowly than normal, and they developed a four
state cross-bridge model based on the Huxley two state model to include this novel
state [35]. Application of the this model to oscillatory perturbation of muscle was
developed by Dr. S. Mijailovich in the laboratory of Dr. J. Fredberg and details can
be found in [55]. At the heart of the Huxley model and thus the Hai and Murphy
model is the strain dependence of actin–myosin attachment and detachment. That
is, the probability for myosin to bind to actin depends on the physical location of
the myosin head relative to the actin binding site (Fig. 5).

In Fig. 5, the model assumes an unattached cross-bridge has a finite increasing
probability to attach as long as the sliding filament places the myosin head

fp,gp

fp

0 h

(a)

(b)

myosin

actin                                             x 

gp

x

Fig. 5 a Depiction of unattached myosin head near actin filament with b associated probability
for phosphorylated myosin to attach fp(x) (solid line) and detach gp(x) (dashed line), with sub-
script p denoting the rapidly cycling (phosphorylated) cross-bridge. The slower detachment
probability function for unphosphorylated myosin has the same shape as gp(x) but is much less
(not shown). These are functions of the relative location of sliding myosin filament to optimal
actin attachment site, h (adapted from [55]). The probability to attach fp(x) is greater than zero for
x between 0 and h, and zero everywhere else, and that the probability to detach gp(x), is very high
for x \ 0, is zero for x = 0, and increases with increasing x. With stretch the actin–myosin
filaments slide and myosin heads can be convected out of this region where detachment is highly
likely and attachment impossible. When oscillations are imposed, as amplitude of oscillation is
increased, myosin heads spend less time within the region 0 to h, leading to less myosin heads
bound to actin and less force

276 G. N. Maksym



between 0 and h. If the myosin head is outside this range, the probability to attach
is zero, and the next attachment site is far away. When attached the probability to
detach is zero at x = 0, and increases linearly until x = h but then changes slope
by a factor of 3 increasing thereafter, while for x \ 0 the probability to detach is
very large at 20 times this corner value [55].

The most obvious feature from Fig. 5 is the sensitivity to stretch built into the
model. If the myosin head is pulled outside the binding region from 0 to h then the
probability to attach is zero. If an attached cross-bridge is pulled outside this
region the probability to detach is very high, regardless of whether the cross-bridge
is slowly cycling or rapidly cycling. The implications for oscillations in length of
the cross-bridge are that as the amplitude of the oscillation is increased, the myosin
head spends less time in the binding region and the number of bound myosin heads
to actin will be reduced. This is amplitude dependent and in large part explains the
decrease in force or lengthening with increased amplitude of oscillation at a fixed
frequency of oscillation shown in Figs 3 and 4.

What happens with different rates of oscillation is more complex, and reveals
some of the limitations of this model. The mechanics predicted by the cross-bridge
model depends on the rate of oscillation relative to the nearest rate constant for
actin myosin binding in the model, and thus should show changes in slope when
steady-state mean force or stiffness is plotted versus oscillation frequency. How-
ever data from ASM tissue strips is limited to a very short frequency range, and as
we shall see below, data from a wider rage of frequencies from cultured cells does
not reveal any kinks in the frequency dependence of cell stiffness.

5 Scale-Free Rheology

In the last decade, evidence has been rapidly mounting that much of the mechanics
of ASM cells and that of adherent cells, qualitatively, and in some cases precisely
quantitatively, follows behavior like that of a class of materials known as soft
glasses. The recent attention to this behavior was first explored in Fabry et al. [21]
who established that the rheological properties of the cytoskeleton were scale-free,
with the elastic and loss moduli exhibiting weak power-law dependence in
response to small oscillatory perturbations (Fig. 6).

They used ferromagnetic 4.5 lm beads that were bound to the cytoskeleton of
adherent cultured cells. By manipulating the beads in magnetic fields they could be
rotated, or pivoted in an oscillatory manner, and the mechanical properties of the
cytoskeleton could be probed over a very broad frequency range. Over a broad
range of frequencies, from 0.01 Hz to high frequencies to 1,000 Hz, the elastic or
storage modulus of the cytoskeleton exhibited a weak power-law, fx-1 with the
slope x depending on the pharmacological intervention (Fig. 6). The loss modulus
exhibits the same power-law exponent demonstrated by an identical slope for each
condition until 30 Hz when it begins to increase and approaches an asymptote
value of x = 1.
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For a given treatment condition, the lack of any change of slope or resonance in
the frequency dependence indicates there is no dominant resonance or material
relaxation time in this frequency range, which is a characteristic of soft glassy
materials [71]. Thus the material properties are described by

G � xð Þ ¼ Go

C xð Þ
ix
Uo

� �x�1

þilx; ð1Þ

where Go and Uo being scale factors for stiffness and frequency, respectively, C
being the gamma function and x = 2pf and i is H-1. An alternative expression
that evaluates the bracketed argument of Eq. 1 gives the relation provided in Fabry
[21] that separates real and imaginary parts is,

G � xð Þ ¼ Go

x
Uo

� �x�1

1þ igsð ÞC 2� xð Þ cos
p
2

x� 1ð Þ þ ilx ð2Þ

which includes an easily accessible frequency independent parameter gs = tan[p/
2(x - 1)], where the subscript s is used to differentiate this term from the very
similar hysteresivity described earlier, and for completeness, d = p/2(x - 1) is the
phase angle. Although here gs is used, it is identical to g at low frequencies when
the Newtonian viscosity, which contributes to additional energy dissipation at high

Fig. 6 Power law and scale free oscillatory mechanics of the cytoskeleton of adherent ASM
cells. G0 and G00 are the storage a and loss modulus b as measured by OMTC for different drug
treatments histamine (unfilled squares), untreated (filled squares), db-cAMP (filled triangles), and
cytochalasin D (open triangles). c Extrapolation of the storage modules converges on a single
point given Go, U/2p. d The loss moduli is a fixed fraction of the storage moduli up until the
effects of a small Newtonian viscosity at about 30 Hz when the loss modulus curves upwards
with asymptote G00 = lx. Used with permission [21]
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frequencies, can be neglected. For each of the four different treatments, only x
changed, with slope decreased for histamine (10-4 M), and increased for db-
cAMP (10-3 M) and cytochalasin D (2 9 10-6 M).

This equation and the behavior in Fig. 6 describes a complex modulus with real
part as an elastic term which can be taken to represent a storage modulus, G0, and
an imaginary part which can be taken to represent a loss modulus G00 containing a
dissipative part in proportion to G0 in combination with a Newtonian viscosity
term lx. The storage and loss moduli follow identical power-laws until about
30 Hz, after which the loss modulus begins to curve upwards and asymptotes to
the viscosity term lx with a slope of 1. Note that up until the effects of the
Newtonian viscosity, G00 is a fixed fraction of G0 (inset d, Fig. 6), and this is true
for each treatment and this fraction is given by the factor gs (Eq. 2). Further gs is
defined by x, meaning that the dissipative portion (excluding l) and elastic portion
of the model are enforced to be coupled via gs, and thus also via x.

Fabry et al. [21] noted that over a broad range of treatments, within the ASM
cell type Go and Uo were unchanged and only the slope, x - 1, changed depending
on treatment as indicated in Fig. 6. Thus, at any frequency within the range tested,
the change in x enforced a change in both storage and loss modulus, such that an
increase in x led to a decrease in the mechanical moduli.

If oscillatory excitations fall within a linear regime, then transforming equa-
tion 1 to the time domain reveals the instantaneous step response that follows a
very simple power law

J tð Þ ¼ Jo

t

to

� �x�1

; ð3Þ

where Jo is a scaling factor at an arbitrary time to [12, 51]. Indeed it was found that
in response to step functions, the response of the cytoskeleton very closely fol-
lowed this power law over the full range of time-scales examined from 3 ms to
3.2 s [12]. Furthermore changes in the power-law exponent x for different phar-
macological treatments were well predicted from the oscillatory behavior (Eqs. 1
and 2). Further although creep responses were slightly better fit allowing different
Jo for each treatment, the differences were small and for all intents and purposes,
like Go in Fig. 6, Jo could be considered a constant.

This finding verified the remarkable finding that the dynamic mechanical
properties of the cytoskeleton were both linear and scale free over the full broad
range of frequencies and time-scales that were tested. These findings are limited to
the linear deformation range, but this is fairly broad, up to approximately 25%,
estimated from motions of up to 1 lm that can occur for a 4.5 lm diameter bead
pivoting on a cell used in this technique.

Scale free mechanical behavior is not unique to the cytoskeleton of ASM. To a
similar accuracy this behavior also fits a variety of other cell types [21], with Go

and x differing somewhat depending on cell types [22]. Further, scale free
mechanical behavior is a robust finding among many measurement methods with
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similar results being obtained from optical tweezers [4, 13], magnetic tweezers [5],
and atomic force microscopy [47, 77].

5.1 Structural Damping

Scale free power-law behavior as described in Eq. 1 or 2 has been previously
described by an empirical behavior known as structural damping [28, 29, 70].
Structural damping is an empirical behavior coupling dissipative forces to elastic
forces. As such, structural damping is not easily described using viscous dissi-
pation that would occur from fluid flows, but more easily via frictional processes
that might occur with sliding or perhaps other irreversible processes that might
occur in proportion to the elastic deformation. This behavior was first described as
structural damping because it was identified in solid materials in composite
structures such as airplane wings [28]. Coupling of dissipative stresses to elastic
stresses occurs when the moduli share the same slope (x - 1) versus frequency
and this is enforced in Eq. 2. G00 is a constant fraction of G0 often expressed using
the quantity hysteresivity, g = G00/G0 as a constant. It is apparent that the empirical
theory of structural damping is well described within Eq. 2 and thus is consistent
with the theory of soft glassy rheology, which attempts to provide some insights to
this empirical relation described below.

6 Soft Glassy Rheology

The scale-free rheology exhibited in Figs. 6 and 7 is well described by an abstract
model developed by Sollich [70, 71] for a broad class of materials known as soft
glasses. Soft glasses include slurries, pastes and colloids that are solid until shaken
or disrupted by mechanical energy upon which they flow like liquids. Familiar soft
glasses include ketchup which is easier to pour after the bottle is shaken, tooth-
paste and granular soils which no longer supports buildings during earthquakes.
Soft glasses have weak elastic moduli, feature structural reorganizations that are
slow and inelastic, and with mechanical disruption their properties become more
fluid-like, but recover slowly becoming more solid.

The theory Sollich developed for soft glassy rheology is based on an earlier
model [10] and is a semi-empirical theory. The model is based on the physical
properties of colloids where the structural elements are in close contact with each
other but weakly interacting. The elements are often portrayed as particles jostling
among each other, and for elements to move in the model, they must attain
sufficient energy to ‘hop’ from one location into a nearby gap. One abstract
component within the model is that the elements are distributed within energy
wells of finite height according to an exponential distribution and in order for the
system to deform, the elements must hop out of their energy wells. At any given
instant in time, the elements or particles are in a state that is far from equilibrium.
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That is, they are in a metastable state with particles located in local minima. An in
depth mathematical treatment can be found in Sollich [70] which is further
explored in later works for the rheology of the cytoskeleton in [51, 78].

When such a system receives sufficient mechanical shear to cause the particles
to rearrange inelastically, this provides energy to the elements, and the system
moves further from equilibrium. When the shear ceases, the system begins to
evolve to a lower energy configuration, as elements hop to wells of deeper height
from which higher energies are needed to escape. The material becomes less fluid
and more solid as elements become more trapped, and the material increases in
mechanical stiffness. Perturbation of the material that causes a shift in metastable
state leads to a shift either to more solid or more fluid-like state are defined by the
slope parameter x. When x = 1, the material is an elastic solid and when x = 2,
the material is a viscous Newtonian fluid.

However the rheology of the cytoskeleton of ASM cells never achieves these
extremes, and under the steady state conditions as explored in Fig. 6, x ranges
from between x = 1.17 and 1.33 depending on interventional treatment and is thus
decidedly more solid than fluid [21]. Because via Eq. 1 or 2, at frequencies other
than Go, x defines G0 and G00, this range of x values corresponds to a change in
cytoskeletal stiffness or G0 of more than one order of magnitude at low frequen-
cies, and a smaller difference at higher frequencies.

In the model, x represents a quantity like a temperature that represents the level
or magnitude of jostling of the structural elements within the model. It does not
correspond to an actual temperature as changes in cell temperature lead to changes
in x in opposite direction to the imposed change in temperature [75]. However it
has been reasonably suggested that ATP consumption within the cell may

Fig. 7 a Contractile moment
normalized to unstretched
baseline value (To) versus
time after stretch cessation. In
response to both homogenous
biaxial stretch (gray, 10%)
and non-homogenous stretch
(brown ranging to 5%), both
cells exhibited prompt fluid-
ization and recovery was
back to baseline in the
homogenous case but excee-
ded recovery when stretch
was inhomogeneous indicat-
ing stiffening or reinforce-
ment. b The response to
inhomogeneous repeated
stretches was similar to the
single stretch, but repeated
homogenous stretches resul-
ted in significantly decreased
contractile moment [40]

Mechanics of Airway Smooth Muscle Cells 281



ultimately be the energy source within the cell that governs the jostling at steady
state and maintains the cytoskeleton far from equilibrium [20, 45].

However numerous factors contribute to changes in x that are not well under-
stood. A decrease in x represents less jostling of structural elements within the
Sollich model and the material is more frozen. While an increase in x represents
more jostling among the structural elements and the material is in a more fluid
state. Factors that decrease x also increase the cytoskeletal tensions set by the
prestress [73, 74, 81] and factors that increase x also decrease the cytoskeletal
tension set by the prestress. Indeed it would appear that the prestress sets the
stiffness, G0, and thus sets x. For example activating the contractile apparatus via
histamine leads to an increase in prestress, an increase in G0, and a corresponding
decrease in x, all coupled via the scale free relations in Eqs. 1–3.

6.1 Fluidization

The rheology of Fig. 6 and 7 are the steady state physical properties of the cyto-
skeleton of adherent cells including ASM cells and are well described by the theory
of scale-free dynamics within soft glassy rheology. However the theory predicts
that when not in steady state, large deformations cause fluidization of the soft glass,
with a predicted decrease in moduli and increase in x. Indeed Trepat et al. [78]
demonstrated this using a transient biaxial stretch and return protocol ranging from
2.5 to 10% stretch of ASM cultured cells plated on flexible substrates. They showed
that stiffness decreased with the stretch and slowly recovered. They further showed
that the behavior was robust to changes in the initial baseline state of the cell.
Stretch decreased stiffness with pretreatments of (1) Jasplakinolide that stabilized
the actin cytoskeleton, with (2) depolymerization of the actin cytoskeleton by
latrunculin-A, (3) inhibition of contractile function by the myosin light chain kinase
inhibitor ML-7, (4) chelation of calcium by EGTA to prevent calcium influx via
stretch activated calcium channels, and (5) ATP depletion. The decrease in cell
stiffness in each case was not however due to cell damage, because in each case, the
cells would recover stiffness following the quick stretch despite ongoing presence
of the mediator. Since in all cases the stretch led to similar fluidization despite
different pretreatments indicates that the mechanism for the decrease was very
likely not dependent on a triggered signaling cascade, but was highly likely to be
simple and general, and simply caused by mechanical disruption of the lattice.
Indeed the behavior was consistent with fluidization of soft glasses, much like the
colloid examples of ketchup and granular materials mentioned above [78].

6.1.1 Evidence of Jostling, Motions at the Nanoscale

If the theory of soft glasses applies to the ASM cell, and if the underlying
structural elements correspond to elements of the cytoskeleton and proteins
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jostling within the cell, then there should be evidence for this jostling at the
nanoscale. Trepat [78] examined the nanomotions of the cytoskeleton prior to the
stretch by tracking the spontaneous nanoscale motions of cytoskeleton bound
beads. This was done, by quantifying the mean squared displacement of the beads
over different and increasing interval times at different times following the quick
stretch. They found that the rate of remodeling inferred by the bead motion jumped
by more than an order of magnitude following the quick stretch, and slowly
recovered, more slowly than any exponential process. This provides further evi-
dence that even during non-steady state conditions, the material properties of the
ASM cell are well predicted by that of a soft glass.

6.2 Fluidization Versus Reinforcement

The large decrease in cytoskeletal stiffness in response to a transient stret is in
sharp contrast to the better known increase in cytoskeletal stiffening or rein-
forcement in response to small localized deformations of the cytoskeleton. In
response to small deformation of a focal adhesion of an adherent cell it is estab-
lished that the cytoskeleton responds to strengthen the adhesion, such that the
stress through the focal adhesion is a constant [3, 13, 30]. This response to
localized stretch depends on complex stretch triggered signaling cascades, and
constitutes a build-up of adhesion proteins at the site of the localized deformation
and polymerization of actin filaments, among other signaling events. Indeed that
the growth depends on cell signaling is demonstrated in the ASM cell as stress
induced focal adhesion growth and localized actin polymerization response can be
inhibited by depression of cellular contractile state [15, 16].

Thus we have on the one hand reinforcement which acts to build up and resist
deformation and fluidization where the material acquiesces and permits large
deformation. Krishnan et al. [40] asked, what determines which response will
occur? From their experiments, it is now clear that reinforcement occurs when the
deformation is localized and inhomogeneous. Fluidization occurs when the cell
stretch is cell wide [40, 78]. To show this, Krishnan et al. [40] grew ASM cells on
deformable substrates and tracked their contractile moments through specially
designed deformation procedures. The contractile moment is a scalar value that
quantifies contractile traction force exerted by the cell on the substrate.

They demonstrated that a rapid fluidization response always occurred with
deformations that were either homogeneous and isotropic (biaxial), homogeneous
and anisotropic (uniaxial), or inhomogeneous. In each case, in response to similar
magnitudes of applied stretch, the cells promptly and similarly fluidized. However,
following the stretch, the force slowly recovered. In the case of either cell-wide
homogenous isotropic or anisotropic stretch, the recovery was to the pre-stretch
value, but in the case of non-homogeneous stretch where stretch was localized, the
recovery significantly exceeded the pre-stretch values, indicating that following
fluidization in this case, the recovery was accompanied by reinforcement (Fig. 7).
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These findings are important as it establishes that in the case of adherent cells in
response to cell-wide strains, that the predominant response to stretch is fluid-
ization with slow recovery to baseline values. The reinforcement response to
localized strains can be thought of as a protective mechanism for the cell which
responds to additional load by firming up, building and polymerizing filaments to
bear the added force, thereby reducing cytoskeletal stress. However in response to
cell-wide strains, the cell has a different basic response that permits the cell
to deform without damage, by immediately weakening structurally and recovering
only that contractile tension that was lost during the applied stretch. Krishnan et al.
[40] proposes that the fluidization response acts as a balancing or compensatory
mechanism to reinforcement, and is essential for permitting cell function in the
face of cell-wide deformations. This is particularly important for cells within
organs that are repeatedly deformed such as cells of the lung including ASM and
cells of the bladder, gut and heart. Only when deformation is anisotropic does the
effect of the stretch lead to a persistent change in the mechanics of the cell, where
the cell strengthens and becomes stiffer. This may have implications to ASM
pathology as increased persistent stiffness would potentially impair the ability of a
stretch to overcome and fluidize the ‘frozen’ state of the ASM, leading to stiffer,
narrowed airways.

6.3 Fluidization via Soft Glassy Rheology Versus Perturbed
Equilibrium of Myosin Binding

Perturbed equilibrium of myosin binding described above is a quantitative model
with excellent predictive ability for the decrease in force and stiffness following
length oscillation. This behavior is also well described by the more general
behavior of fluidization, a property of soft glassy rheology. As described above,
perturbed equilibrium of myosin binding is a quantitative model based on inde-
pendently measured actin–myosin dynamics established by Huxley [38] and
modified by Hai and Murphy [35]. By comparison, the soft glassy model is more
abstract, and is semi-empirical albeit based on realistic but nevertheless postulated
features of colloids. Which is the correct model for ASM? For that we are cur-
rently guided by two notable differences. Perturbed equilibrium of myosin binding
can predict both the rapid softening in response to stretches, and importantly, the
equilibrium values for ASM lengthening in response to force fluctuations (Fig. 4).
However it is not apparent that soft glassy rheology can predict lengthening, at
least quantitatively. Although soft glassy rheology predicts fluidization and thus
greater deformability with applied shear, the model does not have a preferred
orientation thus the material does not have a preferred direction to lengthen, also
the model does not yet have quantitative prediction regarding the magnitude of
lengthening demonstrated by Fig. 4. These are limitations of the more abstract
model and possibly its current state of development. On the other hand, perturbed
equilibrium of myosin binding is limited in that at its heart are the dynamic rate
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constants that govern actin–myosin phosphorylation and dephosphorylation reac-
tions. As described earlier, these rate constants would be expected to show
themselves as resonances or changes in slope in the ASM cell rheological prop-
erties versus frequency, but over a wide range the rheology follows a power-law
and is scale free (Fig. 6). However, kinks are observed in freshly isolated (non-
adherent) smooth muscle cells but these are attributed to transition from soft glassy
rheology at slow times to fluctuations in semiflexible polymers thought to govern
purified actin networks [17]. To date intact smooth muscle strips have not been
probed over a wide frequency range. ASM rheology profoundly exhibits scale-free
rheology that is consistent with soft glassy rheology but appears to be at odds with
perturbed equilibrium of myosin binding in this aspect.

Thus force generation may be more mechanistically tied to actin and myosin
dynamics through the Hai and Murphy model of smooth muscle contraction, and
more abstractly through soft glassy rheology. Also to date only perturbed equi-
librium of myosin binding predicts ASM tissue strip lengthening. However, for
understanding the fluidization response to acute large stretches, ASM as a soft
glass is a compelling hypothesis. Indeed soft glassy rheology contains several
mechanistic predictions. It predicts qualitatively and quantitatively to an order of
magnitude, fluidization and recovery, scale-free rheology, and the tightly coupled
relationship between stiffness G0 and tangent angle present in ASM. Further
Bursac et al. [12] finds good evidence for aging and rejuvenation, two additional
soft glassy phenomena not covered in this review.

While soft glassy rheology provides a good basis for understanding cytoskeletal
rheology, there are still discrepancies and open questions. Currently the nature of
the mechanistic basis for the energy barriers described in the model is not well
understood. Reasonable assumptions described in the supplement 8 of Trepat et al.
[78] find the barriers cannot correspond to the work required to move single
molecules of the order 100 kDa (30 nm3) expected to be the colloidal like fun-
damental particles in a material with modulus on the order established for ASM
cells of 100 s of Pa. Possible resolutions are that the barriers are several orders of
magnitude larger for some unknown reason, or is the effective relevant mechanical
stiffness at the scale of the hopping structural elements several orders larger? In
any case, the evidence to date supports the remarkable and perhaps surprising
finding that soft glassy rheology is an attractive framework to describe a large part
of ASM mechanics and indeed the mechanics of all adherent cells. Trepat et al.
[78] proposes that where soft glassy rheology fails, this is where it serves us best as
a useful tool, pointing the way to where new theories are yet to be developed.

6.3.1 Physiological Implications for ASM as a Soft Glass

If fluidization and freezing are predominant mechanisms governing ASM con-
tractile function in the lung, then this has profound implications to airway hy-
perresponsiveness and asthma [41]. For example it means that the normal function
of ASM may be sufficient to lead to impaired dilation through inhibited
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fluidization. This would occur in the case of increases in ASM contractile function,
interpreted as shifts in x from fluid to solid, for any reason., Or would occur
without any change in ASM function at the cellular level, if accompanied by an
increase in number of ASM cells. An increase in ASM cell number with no change
in cell function would increase the stiffness of the ASM layer relative to the
surrounding parenchyma and much of the stretch that occurs during inflation
would be taken up by the parenchyma rather than the airway, and the ASM would
receive a small stretch insufficient to fluidize and dilate the airway. Indeed this was
suggested and simulated by Oliver et al. [58]. and is well supported by the evi-
dence indicating increases in ASM mass in asthma [2, 19].

7 Stretch, Tone and ASM Phenotype

If stretching of ASM cells persists longer than minutes or hours and extends to
several days, this provides the opportunity for longer mechanotransduced signaling
processes leading to alteration of gene expression such as those leading to shifts in
cell phenotype. Smith et al. [67, 68] demonstrated that in response to continuous
stretching in culture over a period from 7 to 11 days, canine ASM cells increase
their contractile function by increasing the contractile force, increasing the
capacity to shorten, and increasing the velocity of shortening. These changes were
accompanied by changes in contractile proteins myosin heavy chain and myosin
light chain kinase and the intermediate filament desmin [66]. In response to stretch
the cells reoriented transverse to the directions of the applied stretch and the
cytoskeleton demonstrated increased organization and also increased stiffness and
contractility [64]. These cells clearly were becoming more contractile, yet during
this period of reorganization and increased contractile proteins, the cells also
exhibited a small increase in proliferation [65]. This is at odds with the established
transition for smooth muscle between either (1) a proliferative-synthetic phenotype
capable of enhanced matrix molecule production and (2) a contractile phenotype
which is non- or low-proliferative, and has low synthetic abilities and strong
contractile function [36, 37]. However the increase in proliferation rate is modest
and no information is available about secretory behavior. Thus the predominant
effect of chronic and anisotropic stretch on ASM is an increase in contractile
phenotype with increased contractile function.

It is interesting to note that these results were all from ASM cells exposed to
chronic periods of nearly uniform but uniaxial stretch with a slight gradient stretch
[50]. In a study examining uniform stretching of ASM cells, Wang et al. [79]
found results that are not consistent with increased proliferation, although the same
markers and function were not measured. They found that in response to biaxial
strain, ASM cells do not align, there is no change in proliferation, SM22 and
smMHC promoter decrease by 50%, and filamentous to globular actin ratio
decreases. They reported that these were consistent with decreased Rho activation
in contrast to increased Rho activation in uniaxially strained cells [69]. This
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difference between uniform biaxial application of strain is similar to the rein-
forcement found in Krishnan et al. [40] with cells exposed to acute, but anisotropic
stretch. Together, these data clearly indicate that strain profile is an important
factor in determining either short-term acute responses to stretch as well as longer
term phenotypic changes in contractility.

We have recently demonstrated that contractile tone is a very important factor
affecting the response to stretch. We noted above that lowering contractile tone
inhibits reinforcement in response to localized stretch [15]. However when tone is
decreased by twice daily treatments of human cultured ASM by low-dose for-
skolin, contractility measured by the increase in stiffness in response to KCl is
decreased as is MLCK content. Similarly, the elevation of contractile tone by
twice daily low-dose histamine treatment increases contractility and increases
MLCK content [23]. In preliminary data we have recently found that chronic
uniaxial stretch with either chronic tone depression by forskolin or tone elevation
by histamine revealed a tone dependent change in MLCK and myosin light chain
phosphatase [14]. That is, with increased tone and stretch, there was greater
MLCK leading to enhanced phosphorylation of myosin light chain and less myosin
light chain phosphatase which would have led to reduced dephosphorylation of
myosin light chain. These were associated with higher recovery rates from large
stretch [14]. That is, we demonstrated that while fluidization response to stretch
was not altered, the recovery from stretch was enhanced when cells were cultured
with a combination of mechanical strain and elevated contractile tone.

These findings may be important in asthma, where both stretch from breathing
and enhanced tone and periodic contraction of the ASM are present. Indeed while
some studies have found no change in mRNA or protein of contractile markers in
ASM form subjects with asthma, some studies have found an increase [6, 46, 63].
Thus it is conceivable that airway hyperresponsiveness may be associated with an
enhanced recovery from stretch that is induced by phenotypic changes in ASM.

8 Summary

Our understanding of the mechanical properties of the ASM cell has been largely
revised in the past dozen years. The smooth muscle cell can readily adapt to a new
length and produce the same force over a broad range of lengths, termed length
adaptation. This has positive consequences for function in organs that must span a
wide range of distensions such as the bladder and gut, but in the lung the rami-
fications could be harmful if the adaptation were to occur to a short length which
could lead to enhanced airway resistance during exacerbations and narrowed
airways that would resist distension.

When ASM is exposed to acute stretches and the response tracked from mil-
liseconds to hours, the stretch acts to soften activated smooth muscle reducing both
force and stiffness more effectively than any bronchodilator. This state is now
recognized as a disrupted fluidized high-energy metastable state which slowly
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recovers to the initial lower energy less fluid metastable state. Both actin–myosin
dynamics incorporated in the model for perturbed equilibrium of myosin binding,
and soft glassy rheology can describe this behavior. But soft glassy rheology also
accounts for observed scale free linear rheology whereas perturbed equilibrium of
myosin binding does not. Several features of the mechanical properties of the
ASM cell are consistent with soft glasses. These include a low modulus, scale-free
rheology and enforced coupling between elastic and dissipative stresses. Further,
the structure of the cytoskeleton and its components can be considered to be
composed of many jostling, weakly interacting constituents, also required by soft
glasses. However, the Sollich model for soft glassy rheology applied to the
cytoskeleton is not without its limitations. The source for jostling within the cell is
not known, the size and nature of the elements corresponding to colloid-like
particles in the model are unclear, and the barriers corresponding to energy wells
are not known. It is an abstract model and is not yet developed to quantitatively
predict force development or lengthening in response to fluidization. It never-
theless is a powerful tool to guide further investigations of ASM cell mechanical
behavior.

The rapid fluidizing effect of cell-wide applied large stretches may be pro-
viding a protective mechanism against airway narrowing even in the face of
induced constriction. A failure of large stretches to fluidize ASM may explain
the failure of deep inspirations to dilate airways in asthma, providing a second
mechanism to length adaptation for this characteristic pathology in asthma. The
ASM in asthma could be ‘frozen’ in a state that is too stiff relative to the
parenchyma of the lung, leading to a failure to dilate airways and no relief for
the asthmatic. This can arise solely from increases in ASM mass with no change
in the contractile function of ASM at the cell level, but any enhancement in
ASM contractile function would amplify this mechanism for impaired airway
dilation, including changes in contractile phenotype to a stiffer, stronger, more
rapidly recovering ASM cell.

In summary, we now understand the cell to be highly adaptable over time sales
of minutes to days, with an ability to adapt to length changes, a stiffness and force
generating capacity that depends on the fluidizing effect of the stretching it
receives, and an ability to alter its phenotype in response to chronic elevations of
tone during stretching. In each case, each of these mechanisms suggests an anti-
dote; a means to improve airway function.

To reduce adaptation to shorter lengths, airways could potentially be adapted to
longer lengths as is currently being investigated by Drs. R. Tepper and S. Gunst of
Indiana University [83]. To enhance fluidization of the ASM during stretch this
implies seeking mechanisms to increase x, or to delay its recovery. Both of these
responses already occur with the administration of ASM relaxant agents or
inhibitors of ASM contraction, such as common bonrchodilators are coincidentally
being explored development of novel approaches to relax ASM, but other medi-
ators could be sought evaluated based on their potency in promoting fluidization or
delaying recovery assessed at the ASM level. Finally mechanisms to reduce the
effect of chronic tone on stretch induced promotion of contractile phenotype could
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be sought. Indeed, the chronic use of long acting beta-agonists may not only act to
dilate airways, but may perhaps be functioning to reverse or prevent changes in
ASM phenotype and ASM remodeling in asthma.
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Biomechanical Modelling of Cells
in Mechanoregulation

Alexander B. Lennon, Hanifeh Khayyeri, Feng Xue and
Patrick J. Prendergast

Abstract Many cells are mechanoregulated; their activities are performed at a
rate partly determined by the biophysical stimulus acting on them. Computer
simulations that would capture this could be used to predict the effect of physical
exercise on tissue health. They could also be used to simulate how the tissues
surrounding a medical device would respond to the placement of that device. Since
cells are the actors within tissues, such simulations require models of how cells
themselves are mechanoregulated. In this chapter, we review how mechanoregu-
lation simulations may be built up from models in three ways: cells as simple
points, cells as multiple points, cells as structures. In particular, a computer sim-
ulation method for tissue differentiation using cells as points is also given, and an
approach for extending it to include cells as multiple points is presented. Cells as
structures in the form of a hybrid tensegrity-continuum model is presented, and its
potential for use in mechanoregulation simulations is discussed.

1 Introduction

According to the Oxford English dictionary, mechanics has two definitions; it is
concerned with the explanation of the functioning of machines, or it deals with the
motion and equilibrium of bodies and the action of forces. In addressing the
biomechanical modelling of cells, both definitions are relevant because the human
body behaves, in many respects, like a machine and yet the action of mechanical

A. B. Lennon (&), H. Khayyeri, F. Xue and P. J. Prendergast
Trinity Centre for Bioengineering, School of Engineering, Trinity College,
Parsons Building, Dublin 2, Ireland
e-mail: alex.lennon@gmail.com

Stud Mechanobiol Tissue Eng Biomater (2011) 4: 297–329 297
DOI: 10.1007/8415_2010_32
� Springer-Verlag Berlin Heidelberg 2010
Published Online: 30 October 2010



forces maintains equilibrium of the tissues through the action of various cell
populations. Cells regulate the tissues by responding to stimuli they receive
through the extracellular matrix, including both biochemical and biophysical
stimuli—it is because of this very regulation of cells that the ‘machine’ can grow,
adapt, and remodel itself.

There are a multitude of possible approaches to biomechanical modelling of
cells. Generally speaking, the approaches can be categorised as follows:

(i) Cells may be modelled as single points in space (often within a regular
lattice or grid), with cell properties such as phenotype, age, etc., recorded
as properties of the point. Cell activities are modelled as movements of
the point (migration), creating new points (mitosis), removal of points
(apoptosis), or change in the properties of a point (differentiation).
Because the cell is represented as a point, the internal structure of the cell
is not modelled explicitly, and therefore the complexities of the bio-
physical rearrangements internally in response to an external mechanical
stimulus are not modellable with this method. In the limit, this approach
models cells as points in the continuum, for example where cell dispersal
is modelled using diffusion, e.g. [1, 2].

(ii) Cells may span several points in a lattice and thereby acquire volume and a
surface membrane. The associated volume and surface energies may be
computed and used to model more sophisticated aspects of migration,
proliferation, and differentiation. For example, the Cellular Potts method
attempts to simulate the most probable movements of a cell by selecting
those movements that tend to minimise the energies associated with surface
and volume changes of the cell [3, 4].

(iii) Structural cell models that explicitly account for the cell’s internal com-
ponents [membrane, cytosol, nucleus, etc.], including more intricate struc-
tural models such as tensegrity models [5, 6], and models using confocal
microscopy images of cells [7]. Given the computational expense of these
models they are only used for single cells at present. Obviously such models
are far more intricate than modelling the cell as a simple point, or collection
of points, and allow the analyst to answer questions relating to how internal
stimuli may regulate cell activities. The simplest analyses consist of com-
puting a quasi static response with the cell modelled as a passive structure.
Accounting for the dynamic structure of the cell is a more complex task but
some studies are beginning to address such processes, e.g. for actin [8] and
microtubule cytoskeletal structures [9].

Questions relating to how mechanical stimulation affects tissue growth, adap-
tation and disease can be investigated using computer simulation with cells rep-
resented in all three of the above listed ways. We have used lattice modelling with
cells represented as points to simulate mechanoregulated cellular processes; in
doing so we have found it useful to think of simulations as being built from distinct
algorithms [10]. Each algorithm is designed to simulate a certain cell activity, e.g.
an algorithm for cell migration takes as input the cell distribution at one time point
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and returns the distribution at the next time point due to cells ‘jumping’ from one
lattice point to another either in a random manner, or along a biochemical gradient
(chemotaxis) [11]. Similarly an algorithm may be written to transform the cell
distribution due to cell division, or any other cellular activity. Algorithms can be
corroborated separately against experiment and knitted together to create very
complex simulations [12, 13]. In the future it will be possible to incorporate cell
models of the third kind listed above (i.e. structural cell models) into such iterative
simulations of the behaviour of cell populations—but for now it seems like a
dream—in the meantime many researchers are developing such models for anal-
ysis of individual cells.

In this chapter we present research on biomechanical models of cells based on
all of these approaches listed in (i) to (iii) above. We are driven in our research by
the desire to know how cells respond to mechanical forces, and to use that
knowledge to create computer simulations of tissue repair and regeneration under
mechanical loading. This research is described in detail in the rest of the Chapter,
which concludes with a discussion of where we see the frontiers in research for
biomechanical modelling of cells.

2 Multi-Scale Modelling of Tissue Mechanoregulation

Cells and tissues are organised in a hierarchical way across several length scales,
from molecular structures at the intra-cellular level to microscopic composite
structures of cells interspersed in extracellular matrix (ECM) at the tissue level.
Duration of characteristic events at each level also occur at different time scales,
with intracellular processes tending to be very rapid molecular events and tissue
level processes occurring relatively slowly due to the time it takes for cells to
move and remodel ECM. Modelling activity at these different levels is a difficult
task, made more complex by coupling between length and time scales and the need
to use different scientific approaches at different scales (e.g. molecular dynamics,
cell biology and biochemistry, and fluid and structural mechanics) [14]. Compu-
tational approaches also vary depending on the analytical technique—while
assumptions of continuity and the application of differential equations may suit a
given application, the use of structured or unstructured discretisation and the
application of rule-based methods may be more suitable for others [15].

In the following sections we describe some approaches to modelling cell and
tissue behaviour at different length and time scales and introduce some aspects of
their implementation using a programming tool kit, the MechanoBiology Toolkit
(MBTK) currently being developed within Trinity Centre for Bioengineering.
MBTK is an object oriented C++ library designed to ease construction of me-
chanobiology simulations that require explicit modelling of cells and interaction
(interpolation/extrapolation of biophysical stimuli) with mechanical simulations
carried out at different length scales. It uses the Visualisation Toolkit (VTK,
Kitware Inc., USA) to interact with both structured and unstructured meshes and
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their associated data, for computational geometry methods (e.g. point-in-element
tests), and for efficient spatial-searching data structures (e.g. octrees and kd-trees).

2.1 Lattice-Based Models for Populations of Cells

Cells are discrete entities and, with simplification of their structure and behaviour,
can be treated using agent based modelling methods. A key decision is the choice
of spatial discretisation, which can be either structured (e.g. voxel datasets) or
unstructured (e.g. irregular finite element meshes). A lattice is a structured grid in
which cells can occupy one or several points and can jump between points. It is
most frequently comprised of isotropic orthogonal arrangements of points (Fig. 1)
but other arrangements are also possible (e.g. hexagonal).

A major benefit of lattices is that they are computationally simple (e.g. point
coordinates can be computed using the point number and the lattice spacing,
thereby reducing some of the storage burden associated with a large unstructured
mesh). Another benefit is that their structure provides a limited number of local
neighbour locations, which simplifies the implementation of random walk pro-
cesses and the computational burden of computing probabilities as a function of
possible outcomes [16].

2.2 Interaction with the Tissue/Implant Scale

A key issue in addressing multiple length scales is transferring data between
computational grids used for each length scale. For instance, in a typical mecha-
noregulation simulation, a cell lattice may be discretised with a 10 lm spacing
while the typical element size within the corresponding finite element mesh used

Fig. 1 Example of a
5 9 5 9 5 orthogonal lattice.
The spheres represent the
points of the lattice that can
be occupied by cells
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to compute biophysical stimuli of strain and fluid flow may be of the order of
0.1–10 mm. In general, two-way communication is needed between these grids:
(i) biophysical stimuli are mapped from the finite element mesh to the lattice to
influence cell behaviour and (ii) ECM properties are mapped from the lattice to the
relevant elements of the finite element mesh to update their material properties and
influence subsequent mechanical behaviour.

Thus, methods of probing data from one grid type to another are an essential
requirement within a modelling framework aimed at simulating the multiple length
scales frequently investigated with mechanoregulation theory. Typical methods of
probing include using the coordinates of points, voxels, or elements to query the
corresponding region of the other grid and then either averaging, interpolating, or
extrapolating the data associated with the relevant grid entities from one grid to the
other. Geometric search trees, such as octrees and kd-trees, are used to speed up
these spatial queries so that an entire pass through each grid is not needed to locate
the required entities in the partner grid. Point container tests, e.g. point-in-triangle
or point-in-hexahedron, can be used to refine the correspondence between entities
in each grid. Finally, averaging, interpolation, or extrapolation schemes (e.g. lin-
ear, quadratic, Gaussian) can be used to actually transfer the data between the
grids. In MBTK this functionality is achieved by including the VTK libraries
within the framework. These not only provide the computational geometry and
grid handling utilities required to achieve data mapping between length scales but
also contain numerous classes to import/export grid data from/to many popular
simulation codes, in addition to providing the ability to visualise this data as well
as that produced by MBTK simulations.

3 Single Point Representation of Cells

Probably the most simple approach to representing a cell within a lattice is to
assume that a cell can be represented by a single lattice point. Compared to
differential equations (e.g. diffusion), the lattice approach provides a simple
platform for introducing cell activity (such as migration, proliferation, and apop-
tosis) and more complex biological phenomena such as angiogenesis [17],
anisotropy [18] and release of growth factors (directed growth). Furthermore, the
approach enables non-deterministic simulations of cell processes where mecha-
noregulation theories can be implemented based on a set of rules.

Random number generation and activity-specific probabilities are the basic
methods needed to implement the fundamental cellular activities of cell migration,
proliferation, and apoptosis. Random walk can be implemented orthogonally
(6-neighbour) by random selection of a coordinate direction, including a zero
condition indicating no movement (Fig. 2). Diagonal movement within a
3 9 3 9 3 neighbourhood (26-neighbour) can be achieved by random selection of
a relative position vector to one of the 26 neighbouring points plus a zero vector
indicating no movement from the cell’s current location.
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Similarly, cell division can be implemented as random selection of two loca-
tions from the neighbourhood (including the origin) from either the 6-neighbour or
26-neighbour case. Apoptosis can be achieved by simply removing the cell ID
from a dynamic list of cells within the lattice, updating subsequent cell IDs to
account for the removal of the lower numbered cell, and resetting the variables of
the lattice point at which apoptosis occurred to the appropriate non-cell values.
Deciding which process a cell undergoes in any given iteration can be achieved
using a probability, pi, for that process. Assuming that this probability is related to
a discrete set of possible outcomes, N, the classical definition of probability
(pi = n/N) allows calculation of a threshold number, n = piN, representing the
number of opportunities of generating an unsigned integer less than n from a
uniform distribution with range (0, N). This approach is used frequently in the
MechanoBiology Toolkit using a Mersenne Twister random number generator [19]
from the Boost C++ Libraries (http://www.boost.org).

This single point representation of cells is computationally simple and efficient
and can be used to quickly assemble simulations combining several cell behav-
iours, such as migration, proliferation, and apoptosis (Fig. 3).

3.1 Application of Single Point Representation of Cells
to Modelling Mechanoregulation of Tissue Differentiation

As described in Sect. 5 later in this chapter, structural modelling of a single cell is
a complex task which is not ideal for modelling cellular behaviour in larger scales
such as tissue level. For modelling cellular behaviour in tissue processes, like
tissue differentiation, lattice-based approaches are more suitable where the discrete
entities can represent the cell, their biological activities and their mechanical
behaviours. This section presents an application of the lattice-based approach to
the process of mechanoregulated tissue differentiation.

Fig. 2 Example of orthogonal random migration of an individual cell represented at three time
points during 20 iterations of a random walk simulation in a 5 9 5 9 5 cubic lattice. The larger
sphere (red) represents a cell and the smaller spheres (blue) represent the path history of the cell
(for colour references see the electronic version of the text)
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3.1.1 Rule Based Modelling of Mechanoregulation

Mesenchymal stem cells (MSCs) are pluripotent cells that have the ability to
differentiate along different cell lineages in response to an appropriate stimulus
[20]. These cells can be found in the bone marrow and can differentiate into cells
such as osteoblasts (bone), chondrocytes (cartilage), adipocytes (fat), myoblasts
(muscle), fibroblasts (tendon) and neural cells [21]. Quiescent and uncommitted
MSCs become active during repair and remodelling through regulation by external
chemical and mechanical signals that control their proliferation, migration, and
differentiation [22, 23]. Once the mesenchymal stem cells commit to a cell lineage
they become fast-growing cells that can divide and mature in the process of
becoming functional tissues [21]. Due to their pluripotency MSCs are ideal for
tissue regenerative applications. Understanding the activation of MSCs and the
mechanical stimulation they require to differentiate into tissues like bone and
cartilage is fundamental to tissue engineering and regenerative medicine.

Towards this goal several mechanoregulatory theories, each using different
mechanical stimuli, have been proposed for describing the influence of the
mechanical environment on tissue differentiation. The earliest are those of Pauwels,
in 1960, who proposed a combination of hydrostatic pressure and shear strain [24],
Carter et al. who proposed compressive stress and tensile strain history [25], Claes
and Heigele, who suggested local stress and hydrostatic pressure [26], and Pren-
dergast et al. who proposed a combination of shear strain and fluid flow [27] to
regulate mesenchymal stem cell differentiation. These theories have been com-
pared using an identical computational model of healing in an osteotomy [28]. All
models were able to predict the process of normal fracture healing; however when
applying torsional loading, the biophysical stimulus proposed by Prendergast et al.
[27] was able to simulate the failure of healing patterns closest to that observed in
the animal experiments. This finding was further corroborated in a distraction
osteogenesis study by Hayward and Morgan [29] that showed that the theory

Fig. 3 Example of migration, proliferation, and apoptosis for a population of cells represented at
three time points during 45 iterations of a simulation for a cubic lattice. The larger (red) spheres
represent active cells, the mid-sized (grey) spheres indicate locations where a cell has recently
undergone apoptosis, and the smallest (blue) spheres represent the path history of migrating cells
(for colour references see the electronic version of the text)
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presented in Prendergast et al. was able to also predict the differentiation patterns of
inhibited healing due to bending. Geris et al. [30] applied the models of Prendergast
et al. [27] and Claes and Heigele [26] to simulate an in vivo bone chamber
experiment. It was concluded that although both models were able to describe the
process of tissue regeneration in the chamber qualitatively, more qualitative and
quantitative experimental results are necessary for corroborating the predictive
capacities of the mechanoregulatory models. Although these theories have been
able to predict some of the main aspects of the tissue regeneration process in cases
such as fracture healing [28, 29, 31, 32], tissue engineering [33, 34], bone/implant
interfaces [30, 35, 36] or distraction osteogenesis [37–40]; most of these me-
chanobiological models use differential equations in form of diffusion equations to
describe the precursor cell migration and proliferation at the site of injury [28, 41–
43], which makes the models deterministic and allows them to be criticised due to
their lack of corroboration.

To improve the corroboration of models, and to implement a rule based mecha-
noregulation of MSC fate, the tissue domain may be represented by a grid of lattice
points where each point depicts a position which a cell and its extracellular matrix
can occupy. Cells in this lattice may then be given the capability to stochastically
migrate, proliferate, apoptose, differentiate, form new capillaries and synthesize
new extracellular matrices, depending on the mechanical environment surrounding
the cells.

Following the mechanoregulation theory of Prendergast et al., mesenchymal
stem cells within this domain can differentiate according to a biophysical stimulus
(S) which consists of a combination of fluid flow (v) and octahedral shear strain (c)
and is described as S = c/a ? m/b, where a = 0.0375 and b = 3 lm/s are experi-
mentally defined constants [35]. Depending on the level of biophysical stimulus, the
cells differentiate into fibroblasts, chondrocytes or osteoblasts [35] according to,

S\1 Osteoblasts

1\S\3 Chondrocytes

S [ 3 Fibroblasts

The MSCs differentiate with a specific rate [44], which means that each day
30% of the MSCs, chosen at random, will differentiate into new cell phenotypes.

3.1.2 Angiogenesis

Another key factor that regulates tissue differentiation is the process of angio-
genesis, i.e. formation of blood vessels. Newly formed blood vessels provide cells
with oxygen and nutrients which are essential for cell proliferation and survival.
Since the diffusion of oxygen is limited to a few hundred micrometers from the
capillaries, the vascular morphology at the site may play a significant role in
determining tissue differentiation patterns [45].
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In the lattice model implemented by Checa and Prendergast [45] capillaries are
described as a sequence of endothelial cells. Capillary tips can extend either in the
previous direction (persistence), a random direction, or along a concentration
gradient (e.g., VEGF that acts as an angiogenic factor and is assumed to be
released by hypertrophic chondrocytes). Each vessel has a possibility to branch
with a probability determined by the length of the vessel, where longer vessels
have a higher probability. The growth of the vessels is restricted by anastomosis
(the fusion of two sprouts) and a high mechanical stimulus (S [ 7).

The modelled angiogenesis affects cell differentiation based on a set of rules
such that low levels of mechanical stimulation (S \ 1) favour osteoblastic dif-
ferentiation but only in well vascularised areas where oxygen tension was high;
whereas mesenchymal stem cells (MSCs) in regions under a mechanical stimulus
favourable for osteoblast differentiation but with poor vascularity follow the
chondrogenic pathway rather than the osteogenic.

3.1.3 Mechanobiological Modelling of Cells in an In Vivo
Bone Chamber

Bone chamber experiments constitute a well suited environment for the corrobo-
ration of tissue differentiation theories. They provide a controlled mechanical
environment which allows the application of different known loads. The prede-
termined geometry of the chambers constitutes a definitive advantage in using the
experiments to corroborate the simulations. Several bone chambers have been
developed and tested on different animals to investigate processes relating to
mechanobiology and tissue engineering [30, 46, 47]. Among these, Tägil and
Aspenberg’s bone chamber experiments on rats [47] are ideal for corroboration of
tissue differentiation simulations, since there is a defined loading and because very
considerable experimental work has been reported [47–49]. This bone chamber
consists of a hollow screw with two in-growth openings at the bottom of the
implant from which mesenchymal progenitor cells can penetrate and fill the
chamber. In the experiments, mechanical loading was applied via a piston, which
the chamber is equipped with and which, when loaded, exerted a pressure on the
in-growing tissues (Fig. 4). Their results indicate a strong influence of the
mechanical environment on the tissue differentiation process and report a great
variability among the animals (see Table 1).

More interestingly, the outcomes of the bone chamber show two different
differentiation pathways (Fig. 5); one where differentiation of cartilage can be
observed (in 4 out of 7 of the specimens, see Fig. 5b) and another with no cartilage
but more fibrous tissue formation (found in 3 out of 7 of the specimens, see
Fig. 5c); this clear dichotomy of outcome has not been reported in other in vivo
bone chamber experiments.

In our computational analysis, we aim to implement the mechanoregulation
theory by Prendergast et al. [27] in a computer simulation of the bone chamber
experiments by Tägil and Aspenberg [47]. The results from the simulations will be
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directly compared to the histological sections obtained during the animal experi-
ments. We adopt a three-dimensional lattice approach [33] (Fig. 6) to model cell
activities and a random walk theory [50] to describe cell dispersal; two biophysical
stimuli (fluid flow and shear strain) are used to regulate tissue differentiation.

We are interested to know whether or not the stochastic nature of the lattice
model together with changes in the environment that is likely to occur during the
conduction of the animal experiments will capture the variability observed in the
experiment. Different mechanical and biological parameters which could represent
a source of variability during the experiments or anticipated to have a great impact
on simulation outcomes are therefore studied to establish their relevance in
explaining the variability observed among the animals. We hypothesise that
simulations of this bone chamber experiment can corroborate mechanoregulation

Fig. 4 Cross-section of the
bone chamber, where the thin
horizontal (red) arrows point
at the ingrowth openings and
the thick vertical arrow
(grey) points at the piston and
the direction of loading (for
colour reference see the
electronic version of the text)

Table 1 Experimental results: percentage of different tissue types differentiated in a cross-
section of each bone chamber (7 specimens unloaded and 7 loaded)

Specimen 1 2 3 4 5 6 7 E r

Unloaded
Bone marrow (%) 32.9 42.3 31.6 44.4 22.3 37.3 59.3 38.6 11.7
Bone (%) 28.1 25.7 40.5 31.2 37.3 26.3 28.0 31.0 5.7
Fibrous tissue (%) 39.0 31.9 27.9 24.4 40.4 36.4 12.6 30.4 9.8
Cartilage (%) 0 0 0 0 0 0 0 0 0
Necrotic tissue (%) 0 0 0 0 0 0 0 0 0

Loaded
Bone marrow (%) 0 57.0 57.5 14.6 8.6 37.7 38.6 30.6 23.1
Bone (%) 0 25.9 31.4 26.8 20.8 38.7 21.3 23.5 12.7
Fibrous tissue (%) 94.0 5.0 5.6 46.0 55.1 15.3 25.5 35.2 32.7
Cartilage (%) 0 8.2 5.5 0 0 3.1 6.2 3.3 3.4
Necrotic tissue (%) 6.0 3.9 0 12.6 15.7 5.2 8.4 7.4 5.3

The mean areas (E) and the standard deviations (r) were calculated for each tissue phenotype in
the chamber
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theories, and if that is confirmed, the computational model of the bone chamber
will be a useful virtual tool in orthopaedic research, particularly for further
investigations of the effect of mechanical factors in tissue differentiation.

Methods

A finite element model of the cylindrical interior space of the bone chamber was
developed and the lattice modelling approach was implemented in order to
describe cell activities. In this lattice cells migrated, proliferated, differentiated,
apoptosed and synthesized new extracellular matrices, based on the mechanical
environment surrounding the cells. Cells differentiated depending on a biophysical
stimulus (based on fluid flow and shear strain) into fibroblasts, chondrocytes or
osteoblasts [35].

The interior of the bone chamber was modelled using 14,200 eight-node
hexahedral finite elements with 1,000 lattice points inside each element, i.e.
14.2 9 106 lattice points in total. All elements were modelled to be of an equal

Fig. 5 Simplified results of the histology: a unloaded bone chamber after 9 weeks and b loaded
bone chambers after 9 weeks, with a developed marrow cavity and cartilage on a well developed
bone layer and c loaded bone chamber after 9 weeks with under-developed marrow cavity and no
cartilage layer

Fig. 6 A finite element consisting of 10 9 10 9 10 lattice points
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size of 0.1 mm, thus giving spacing around each lattice point of 10 lm [51]. The
chamber wall and the two openings were modelled as boundary conditions
allowing solid deformation and fluid flow through the nodes defining the ingrowth
openings and the small area enclosed by the piston and the chamber wall (Fig. 7),
which corresponded to conditions in the chamber experiments. All tissues were
modelled as linear poroelastic homogeneous materials (see Table 2).

Following the experimental protocol, two groups of simulations were con-
ducted; unloaded and loaded chambers. The unloaded chambers were not sub-
jected to any manually applied loading for 9 weeks, whilst the loaded chambers
were kept unloaded for 3 weeks and then manually loaded for another 6 consec-
utive weeks. The mechanical stimulus was created by applying a pressure load on
the top surface of the growing tissues, with the area of the piston of the chamber. It
was considered that the blood pressure and the daily activity of the animal con-
tribute to low levels of strain and fluid flow inside the chamber during the

Fig. 7 FE model of the bone
chamber with boundary
conditions as follows; ::::
free fluid flow; ——:
ux = uy = 0; - - - -:
ux = uy = uz = 0

Table 2 List of material parameters for tissue phenotypes that can exist in the model

Granulation
tissue

Fibrous
tissue

Cartilage Immature
bone

Mature
bone

Young’s modulus (MPa) 0.2 2 10 1,000 6,000
Permeability

(m4/N s 9 10-14)
1 1 0.5 10 37

Poisson’s ratio 0.167 0.167 0.3 0.3 0.3
Porosity 0.8 0.8 0.8 0.8 0.8
Solid bulk modulus (MPa) 2,300 2,300 3,400 13,920 13,920
Fluid bulk modulus (MPa) 2,300 2,300 2,300 2,300 2,300

308 A. B. Lennon et al.



unloaded periods. Thus given that the normal systolic blood pressure for Sprague–
Dawley rats, as used in the animal experiments, is 120–160 mmHg [52, 53], the
unloaded time period was modelled as if the tissues were subjected to an inter-
mediate pressure load of 0.02 MPa, applied with the piston. The mechanical
loading (for the loaded simulations) was modelled based on the loading conditions
applied during the loaded bone chamber experiments where tissues within the
chamber were exerted to a pressure of 2 MPa, every 12 h. The load was modelled
as a linear ramp from 0 to 2 MPa in 0.3 s and held constant at 2 MPa for another
2.7 s. The fluid velocity and the strains created by the mechanical loading were
calculated using poroelastic analysis in Abaqus v 6.7-1.

Tissue regeneration inside the chamber was modelled as an iterative process
(Fig. 8), where each iteration represents 12 h. The bone chamber was assumed to
be filled with granulation tissue at the start of the simulations and a number of
lattice points at the ingrowth openings were seeded with mesenchymal stem cells
(MSCs) (30%), representing the MSC density in the bone marrow [44], that were
allowed to disperse into the chamber. In every iteration, randomly chosen mature

Fig. 8 Schematic representation of the computational algorithm to model tissue regeneration
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MSCs (after 6 days in this model) differentiated with a defined rate (see Table 3)
into fibroblasts, chondrocytes or osteoblasts based on the local mechanical stim-
ulus. However, since the bone chamber is subjected to very low loading conditions
initially, the formation of new capillaries in the chamber is unrestricted and does
not have a significant effect on the simulation outcomes; this process is therefore
omitted in the simulations presented in this chapter.

Since chondrocytes and osteoblasts are less motile, only the migration of
fibroblasts and MSCs were considered in this model. Due to the similar mor-
phology of fibroblasts and MSCs [54, 55] both phenotypes were assumed to
migrate at an equal speed (Table 3). Cell phenotype specific rates were adopted for
proliferation and apoptosis of the cells (Table 3). Since different cell phenotypes
that synthesize different extracellular matrices with different material parameters
could exist in an element, a rule of mixtures was used to calculate the material
properties in each element [35], in every iteration. In order to prevent an
unphysiological rapid change in material properties of the elements, the values
were averaged over ten previous iterations [33].

In an attempt to understand the variability found among the animals of the
experiment, the following environmental parameters were investigated:

1. Load magnitude: Throughout the animal experiments the pressure load was
applied manually and a certain variability due to human manipulation of the
loading device is expected. The effect of low (1 MPa), baseline (2 MPa) and
high (3 MPa) load on the tissue regeneration in the chamber was investigated.

2. Implant positioning: During the surgical procedure the bone chamber is
screwed into the epiphyseal cortex and the in-growth openings become placed
at the level of the cortical bone and the pointed end of the implant is engaged
through the opposite cortical bone. Although the largest area of the in-growth
openings are in a region where there is bone marrow, the positioning of the
implant may be such that some parts of the ingrowth openings are blocked by
the cortical bone and thus restricting MSC access into the chamber. The effect
of partial blocking (1/3 of the height) of the in-growth openings was
investigated.

3. Blood pressure: During the unloaded period, the cells were assumed to be
under a load caused by the blood pressure of the animal. The effect of low
(0.01 MPa), baseline (0.02 MPa) and high (0.04 MPa) blood pressure was
investigated.

Table 3 Cell phenotype specific rates

Cell type Proliferation rate
(1/2 day-1)

Apoptosis rate
(1/2 day-1)

Differentiation rate
(1/2 day-1)

Migration rate
(lm/h)

Stem cells 0.30a 0.025a 0.15a 26.6b

Fibroblasts 0.27a 0.025a – 26.6b

Chondrocytes 0.10a 0.05a – –
Osteoblasts 0.15a 0.08a – –
a Perez and Prendergast [50]
b Isaksson et al. [44]
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4. MSC density at the ingrowth openings; the density of MSCs in the bone
marrow may be different between animals. The access and the amount of
MSCs in the bone chamber could affect the strain and fluid flow relationships
and thus the tissue differentiation outcome. The effect of a low, baseline and a
high density of cells (20, 30 and 50%, respectively) at the ingrowth openings
was investigated.

Results

The simulation of the unloaded bone chamber experiment shows that intra-
membraneous ossification gradually fills the chamber with bone whereas very little
bone is formed in the loaded chamber (Fig. 9).

After 9 weeks of simulation, no cartilage was observed in the unloaded
chamber whereas a small amount of cartilage appears in the loaded bone chamber
(Fig. 9). Due to the higher fluid flows and shear strains, a large amount of fibrous
tissue was found at the base of the loaded chamber, whilst no fibrous tissue was
observed in the unloaded simulation (Fig. 9).

Due to the stochastic nature of cell activity, different results are expected for
each run of the algorithm when using the same parameter values. Five identical
baseline simulations were compared and although there was a difference in the
point to point correlation of lattice points neither of the results from the five
baseline simulations showed a difference in histology. The percentages of each
cell phenotype were calculated for each run of the algorithm for the loaded sim-
ulations (see Table 4) and the means of chondrocyte, fibroblast and osteoblast
differentiation were 4.6, 86.2 and 9.2%, respectively. Standard deviations for each
differentiated cell phenotype, explaining the variability in the outcome, were
calculated as 1.7% for chondrocyte differentiation, 1.8% for fibroblast differenti-
ation and 0.2% for osteoblast differentiation.

A low load magnitude (1 MPa) showed less fibrous tissue formation compared
to the baseline simulation, due to lower strains and fluid flows, but promoted
differentiation of chondrocytes and osteoblasts. Under higher loading (3 MPa) the
chamber was mainly filled with fibroblasts with less chondrocytes and osteoblasts
(Fig. 10).

Partial blocking of the ingrowth openings caused a lower tissue height in the
loaded chamber and more chondrocyte differentiation, with less osteoblasts and
fibroblasts (Fig. 11). The blockage restricted the MSC access into the chamber so
that the cells with access had to migrate further in order to fill the chamber.

An environment exposed to high blood pressure (0.04 MPa) promoted differ-
entiation of chondrocytes in the unloaded chamber, as a result of increased strain
and fluid flow (Fig. 12). In the simulations where the MSC density at the ingrowth
openings was varied, neither the loaded nor the unloaded bone chamber showed a
significant change in the tissue outcome.
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Discussion

The bone chamber constitutes a relatively reproducible and mechanically con-
trolled environment which is, in principle, well suited for corroboration of me-
chanobiological simulations of tissue differentiation. In this study, partial
corroboration of the mechanoregulation algorithm, based on shear strain and fluid
flow, was achieved by simulating the bone chamber experiments developed by
Tägil and Aspenberg [47]. The presence of cartilaginous tissue predicted in the
loaded chamber agreed with the histology in terms of both layout and amount. The
non-deterministic behaviour of the model due to random parameters also showed a
higher variability in the loaded simulations compared to the unloaded simulations,

Fig. 9 a Cross-section of the bone chamber in which the results are presented. The section
corresponds with the histological sections of the animal experiments. b Simulation results after 3,
6, and 9 weeks for the unloading and loading cases. The rectangle illustrates the cross-section of
the bone chamber with the ingrowth holes located at the bottom left. The coloured lattice points
show the differentiated cell phenotypes due to mechanical stimulus and MSCs
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as seen in the histology; however the case where no cartilage formed in the loaded
experiments (Fig. 5c) was never predicted by the simulations. For the simulations
of the unloaded bone chambers, only a qualitative corroboration could be
achieved.

The model contains many parameters that are taken from literature data and has
several simplifications in relation to the biological reality. Model parameters, such
as rates for different cell processes and material parameters that vary a great deal
in the literature can have a significant effect on simulation outcomes. Furthermore,
only differentiation of MSCs is considered in this model—processes such as
de-differentiation and transdifferentiation have been omitted. Also, the genetic
variability that exists in an animal population has not been taken account of, as one
might expect the parameters related to cell activity (e.g. migration and prolifera-
tion rates) to be variable in the population. It is intriguing to speculate that this is
why the experimentally observed variability is not predicted in the simulations.

The computer simulation of the unloaded experiments has not been able to
capture the fibrous layer on top of the bone which is found in all specimens of the
histology (Fig. 5a). This layer of fibrous tissue could be the periosteum that covers

Fig. 10 Simulation results for varied loading on the piston, after 9 weeks. The phenotypes
presented are osteoblasts (B) chondrocytes (C) and fibroblasts (F)

Table 4 Summary of the amount of the different cell phenotypes after 9 weeks in the simula-
tions of the loaded bone chamber experiment

Osteoblasts (%) Fibroblasts (%) Chondrocytes (%)

Baseline simulation 1 9.1 87.6 3.3
Baseline simulation 2 9.2 87.6 3.2
Baseline simulation 3 9.3 84.4 6.3
Baseline simulation 4 9.1 87.6 3.3
Baseline simulation 5 9.5 84.0 6.5
Load magnitude 1 MPa 28.6 62.3 9.1
Load magnitude 3 MPa 5.6 89.6 4.8
Blocking parts of the openings 8.9 84.8 6.3
20% MSCs at ingrowth openings 10.1 83.3 6.6
50% MSCs at ingrowth openings 7.6 86.7 5.7

Biomechanical Modelling of Cells in Mechanoregulation 313



the outer surface of all bones in vertebrates and is, most probably, chemically and
not mechanically induced. Simulations of neither the unloaded nor the loaded
experiments captured the formation of a marrow cavity, which is often seen in the
specimens (Fig. 5). One explanation could be that the marrow cells found in the
bone chamber are mesenchymal fat cells whose differentiation pathway is not
included in the mechanoregulation algorithm or absent because transdifferentiation
is not accounted for in the model. Since cell death due to necrosis was not included
in the model, the necrotic tissue found in the animal experiments was not predicted
by the simulations.

Despite these limitations, the computer simulations of the bone chamber
experiments capture many of the trends seen in the histological results. In the
unloaded experiment, no cartilaginous tissue is found in either the simulation
(Fig. 10) or the histology (Fig. 5a). Simulation of the loaded experiment (Fig. 10)

Fig. 11 An illustration of a
blocked ingrowth opening,
where the shaded region in
the top right schematic
represents the blocked region.
Simulation results from the
blocked and original loaded
simulation after 9 weeks. The
results show the
differentiated cell
phenotypes, osteoblasts (B),
chondrocytes (C) and
fibroblasts (F)

Fig. 12 Results from unloaded simulations where a variation in blood pressure was assumed to
create different load magnitudes in the unloaded bone chamber simulation. The phenotypes
illustrated are osteoblasts (B), chondrocytes (C) and fibroblasts (F), for all three simulations
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captures the phenomena seen in some animals where a layer of cartilage has
formed between the fibrous tissue and the bone interface (Fig. 5) which clearly
points out the effect of mechanical loading on the process of tissue differentiation.

In the histology of the loaded bone chamber experiment, one of the specimens
shows neither bone nor cartilage formation but only fibrous tissue throughout the
entire chamber. However, the application of higher loading on the tissues could not
simulate the complete lack of bone and cartilage in the bone chamber. Interest-
ingly, when assuming that the position of the implant is such that part of the
ingrowth openings is blocked, the height of the tissues formed inside the chamber
was lower. The fact that the bone chamber does not get entirely filled with tissues
has previously been explained by chemical signals; saying that they only reach a
limited diffusion distance into the chamber [47]. The result of the simulations
where the ingrowth openings were partly blocked points out that the tissue height
in the chamber could also be influenced and subjected to a variability that is due to
the surgical procedure.

The investigations of different MSC densities at the ingrowth openings did not
contribute to a significant change in the predicted tissue distribution. This indicates
that parameters such as migration and proliferation rates dominate over the initial
conditions, in that they control the amount of MSCs in the chamber and hence the
differentiation process. When simulating different blood pressures in the unloaded
experiment, the results of the simulation with high blood pressure (0.04 MPa)
shows chondrocyte differentiation which is never found in the histology. This
indicates the sensitivity of our assumption regarding blood pressure and the
importance of the magnitude of initial loading at the site of injuries; in this case,
caused by the implantation of the bone chamber. Our investigations show that the
variability in tissue distribution and amount is larger in the loaded simulation than
the unloaded, which is also seen in the animal experiments.

In summary, the goal of this study was to create a computational model of a
mechanically controlled bone chamber experiment for corroboration of mecha-
noregulation theories for tissue differentiation. The results of this study show that
by modelling the cellular activities as stochastic processes using a lattice model,
the mechanoregulatory algorithm compelled by fluid flow and shear strain [27]
makes it feasible to predict the differentiated tissue distribution found in the bone
chamber experiments. Contrary to other tissue differentiation simulations, which
model cell migration as a diffusion process, this model adopts the random walk
approach to capture the process in a more explicit manner [56]. Simulations
performed in this study indicate that the role of human factors during the bone
chamber experiment, such as loading and surgery, is significant and could perhaps
explain some of the differences observed in the experimental tissue outcome.
Although attempts on simulating the observed variability among the specimens of
the experiment were made, the model did not capture the full extent of the dif-
ferences such that quantitative corroborations could be made; in fact the source of
the variability in experimental outcome remains unsolved. This raises the question
whether or not mechanobiological models need to be yet more complex to achieve
experimental corroboration.
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4 Multi-Point Representation of Cells

In some cases it may be necessary to simulate cell movement in more detail or,
alternatively, it may be necessary to simulate a combination of cell types of
considerably different size or shape. In such cases it is no longer valid to assume
that all cells correspond to individual lattice points and it becomes necessary to
allow cells to occupy a region of the lattice. In MBTK this is done using a voxel-
based approach based on the Cellular Potts model (CPM) [3, 4, 57].

Cells are allowed to occupy a connected set of voxels within the lattice and are
assumed to have an effective energy (or Hamiltonian), H, that is a function of
adhesion energy to neighbouring voxels surrounding the cell, volumetric energy,
Hvolume, arising from the deviation from a characteristic (target) volume for the cell
type, and surface energy, Hsurface, arising from deviation from the cell’s charac-
teristic surface area:

Hcell ¼ Hadhesion þ Hvolume þ Hsurface ð1Þ

Adhesion energy, Hadhesion, is defined as

Hadhesion ¼
XnsurfVox

i¼1

Jcell:neighbourDA ð2Þ

where Jcell:neighbour is the contact energy between the cell and the neighbouring
material, DA is an increment of contact area between the cell and its neighbour (in
this case the area of a voxel face), and nsurfVox is the number of surface voxels in
the cell. Possible neighbours are other cells, ECM, biofluids, or biomaterials. Each
surface voxel of the cell is checked against its external neighbour and added to the
effective adhesion energy of the cell. Volume energy, Hvolume, is defined as:

Hvolume ¼ kvol Vcurrent � Vtarget

� �2 ð3Þ

where kvol is a constant for a given cell type, Vcurrent is the cell’s current volume,
and Vtarget is the target volume for the cell. This term is analogous to strain energy
since it expresses a minimum energy in an unstretched state (i.e. when the cell
achieves it’s target volume) and increases as the cell expands/shrinks from this
size; thus kvol is often referred to as a volumetric elasticity parameter. Surface
(membrane) energy, Hsurface, is analogously defined as

Hsurface ¼ ksurf Acurrent � Atarget

� �2 ð4Þ

where ksurf is a constant for a given cell type, Acurrent is the cell’s current area, and
Atarget is the target area for the cell. This is the surface equivalent of Eq. 3. To
summarise, Hadhesion dictates attachment behaviour of the cell by favouring
attachment to neighbours with lower contact energies while both Hvolume and
Hsurface impose energy penalties on deviations from the characteristic size and
shape of a given cell type.
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In the classical CPM trial movements (pairs of lattice sites representing either
cell extension to an external voxel or retraction to an interior or neighbouring
surface voxel within the cell) are selected at random from the entire lattice and the
change in the Hamiltonian, DH, that would result from the movement is calculated
locally within the site neighbourhood. Probability of accepting the movement,
P(DH) is calculated as

P DHð Þ ¼1 DH� 0

¼e�DH=T DH [ 0
ð5Þ

where T represents the effective cytoskeletal fluctuation amplitude of cells in the
simulation in units of energy [58]. This procedure is repeated to create a particular
form of Monte Carlo simulation, known as a Metropolis algorithm [59], in which
one trial is composed of as many movement attempts as there are sites within the
lattice and a global Hamiltonian for the entire lattice is calculated by summing the
contribution from all movements accepted according to Eq. 5. Since random
selection of lattice sites frequently selects pairs of interior voxels within cells there
is a high rejection rate of trial movements. A modification of this approach, known
as the Random-Walker algorithm [60], only selects voxel pairs at the cell
boundaries and can considerably speed up the simulation. Another approach,
proposed by van Oers et al. [61], evaluates all movement options for the cell
surface and computes a weight for each option using an equation similar to Eq. 5
for DH [ 0. Probability of a particular movement option is then calculated as the
ratio of that option’s weight divided by the sum of all options’ weights for the cell.

Although the Hamiltonian decreases the probability of energetically expensive
movements, the probabilistic and local nature of the calculations can result in
unrealistic deformations of the cell. A particular problem is occasional fragmen-
tation or splitting of the cell into disconnected patches by an accepted retraction
movement. Merks et al. [62] have proposed a cyclic neighbourhood connectivity
check in 2D but no equivalent of this algorithm has been proposed in 3D. Com-
puCell [63] uses a relatively expensive breadth first search algorithm in 3D for a
cell that compares calculated volume with actual cell volume [64]. In MBTK a
digital image processing technique known as ‘‘connected component labelling’’
[65] is used to check local connectivity during retraction movements. Briefly, the
algorithm is described in Fig. 13.The tree representation of label equivalences can
be implemented using a data structure called disjoint-sets [66]. An array-based
implementation is used in MBTK to store the equivalences between labels and a
technique known as Union-Find is used to merge and check label equivalences
using methods proposed by Wu et al. [67]. This algorithm can be implemented for
different types of connectivity, e.g. face connected (i.e. 6-neighbour) or vertex
connected (26-neighbour) connectivities.

Up to this point only cell migration has been discussed in relation to multi-point
cells. However, other cell processes can also be implemented in a straightforward
manner. For instance, a simple implementation of cell division can be achieved by
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selection of a surface voxel (Fig. 14; t = 10), assigning it a new cell ID, and
updating the relevant lattice arrays to account for the appearance of a new cell.
Application of several migration trials before the next global timestep will cause
the cell to grow quickly towards its target volume, resulting in two cells of similar
size after the division (Fig. 14; t = 11). An example of this algorithm, applied
several times, is shown in Fig. 14. After each division the cells are allowed to
migrate within the lattice until the next division is signalled (in this conceptual
example the next cell flagged for division was chosen at random from the current
cell list). Apoptosis can be achieved by setting the target volume of a cell to zero
and allowing the cell to retract over several timesteps until it needs to be deleted
from the list of cells within the lattice, after which the appropriate lattice arrays are
updated to reflect its removal.

Obviously, this multi-point cell approach is considerably more computationally
expensive to implement than a single point cell representation. However, it pro-
vides a useful framework for incorporating specific cell behaviours that can make
the extra complexity worthwhile for particular applications and provides the
flexibility to investigate cell behaviour at different length scales. One of the
immediate applications envisaged in our laboratory is to mix cell types of different
size within a single simulation, i.e. to maintain a single point representation for
existing mechanoregulation algorithms dealing with MSC derived cells and adding
a multi-point representation for larger cells, such as osteoclasts, to investigate their
influence on tissue differentiation processes.

5 Structural Models Using a Hybrid Continuum-Tensegrity
Approach

Lattice based models of cells are well suited to modelling populations of cells.
However, certain aspects of cell composition and structure are not easily

Fig. 13 Algorithm to check for fragmentation of a cell using connected component labelling
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incorporated into a lattice modelling scheme, e.g. the cytoskeleton of a cell or
nonlinear material behaviour of cell constituents such as the nucleus. While
molecular dynamics ultimately offers the possibility of detailed analysis of intra-
cellular structure and function, it remains too computationally expensive for
investigation at the level of a complete individual cell. We have developed models
of individual cells on a hybrid concept of combining continuum finite element
models (representing the membrane, cytoplasm, and nucleus) with tensegrity-
based finite element models (representing the cytoskeleton) [68]. The following
sections describe the current implementation of these models being used to
investigate phenomena such as mechanosensing and mechanotransduction in cells.

5.1 Continuum Representation of Cell Components/Organelles

McGarry and Prendergast [68] first introduced the hybrid continuum tensegrity
approach using linear elastic material properties for all cellular components with

Fig. 14 Migration and division of multi-voxel cells. Cell division occurs at t = 10, 30, 50, 70,
and 90 global iterations. In the intervening periods cells can be seen to migrate randomly within
the lattice
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the cytoskeleton modelled as a 6-strut tensegrity structure. A similar approach was
used by De Santis et al. [69] with an improvement of implementing a 12-strut
tensegrity structure representing the cytoskeleton. Since then further developments
have been made to the solid constituents including the assignment of viscoelastic
properties to both the cytoplasm and nucleus using a standard linear solid model;
i.e. the shear modulus G(t) and the bulk modulus K(t) at time t are represented as:

G tð Þ ¼G 1ð Þ 1� gp 1� et=s
� �� �.

1� gpð Þ

K tð Þ ¼K 1ð Þ 1� kp 1� et=s
� �� �.

1� kpð Þ
ð6Þ

where the parameters gp, kp and relaxation time s are viscoelastic material con-
stants. G? and K? are the long-term shear and bulk moduli, respectively. Values
for these parameters were selected according to previous studies [70, 71]. The cell
membrane and nuclear envelope are modelled as linear elastic using membrane
elements (i.e. with no bending stiffness) and the nucleus and cytoplasm are
modelled with solid finite elements, e.g. linear hexehedra/tetrahedra depending on
the geometric complexity of the cell configuration. Bonded (displacement com-
patible) interfaces are assumed at the interfaces between solid and membrane
meshes for both the cell membrane-cytoplasm interface and the cytoplasm-
nuclear envelope-nucleoplasm interfaces.

5.2 Cytoskeletal Representation Using Tensegrity Structures

Different levels of cytoskeletal complexity have been modelled since the hybrid
continuum-tensegrity approach was first used by McGarry and Prendergast [68].
Our most recent development is the incorporation of multiple tensegrity structures
for both the nucleus and the cytoskeleton and the addition of intermediate fila-
ments connecting the cytoskeleton to the nucleus.

The nucleoskeleton is formed by 3 sets of 6-strut tensegrity structures, with the
second and third rotated relative to the first, the relative rotation being 120� to
ensure symmetry (Fig. 15, top left). Struts of the nuclear tensegrity structures are
assumed to represent DNA strands while cables are assumed to correspond to
nuclear lamina; this assumption is based on observations that DNA explodes
outward (implying it is being released from compression) when the lamin protein
lattice is cleaved [72]. Similarly, the cytoskeleton is formed by 3 sets of larger
6-strut tensegrity structures similarly rotated relative to each other (Fig. 15, top
right). Struts in this case are assumed to correspond to compressed microtubules
(MTs) [73] and cables are assumed to correspond to pre-stressed actin filament
bundles (AFs) [74]. Further cables, representing intermediate filaments, connect
the nuclear tensegrity structure to the cytoskeletal tensegrity structure (Fig. 15,
bottom) [72]. Direct linkage is assumed between cytoskeleton and nucleoskeleton
at the nuclear envelope, motivated by a study carried out by Dahl et al. [75]. Beam
elements are used for struts and tension-only connector elements are used to model
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the cables in the cytoskeletal structures. Locations where the tensegrity structure
meet the membrane are coupled to the membrane using connectors and are
intended to represent focal adhesion complexes connecting the microtubule–actin
junctions to integrin sites. Prestress can be assigned to actin filaments by assigning
a reference length to each of the cables. The size and approximate geometry of the
cell model are based on confocal images of mesenchymal stem cells taken in our
laboratory and can be adapted using the rules described by McGarry and Pren-
dergast [68]. Vertical displacements of the basal surface of the cell are restrained
to mimic contact with the substrate while tangential displacements are free to
move to mimic frictionless sliding.

5.3 Application to Biomechanics of Individual Cells

Combining the continuum and tensegrity structures into one model enables bio-
mechanical investigation of several features of cell behaviour, such as the

Fig. 15 Schematic of tensegrity structures used to represent both the nucleus and cytoskeleton.
The top row shows the basic unit of the tensegrity structures used for both the nucleus and
cytoskeleton; each unit consists of 6 struts and is rotated relative to its neighbour. The next row
illustrates the combined structures for each case [note that microtubules (struts) are darker than
the actin filaments (cables)]. These structures are combined into a single cell (row 3) and
connected to each other using intermediate filaments (IFs) represented with cable elements
(bottom row) with the IFs now darkest with all other components indicated in (lighter shades).
For colour references in image, see the electronic version of the text
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interaction of the cytoskeleton with other organelles of a cell during AFM
indentation. AFM indentation was simulated on the apex of the cell giving an
internal stress transfer (Fig. 16). The stress also transfers into the nucleus
(Fig. 17).

Looking at the stresses computed in the cell membrane under indentation
(Fig. 18) shows local maxima where the microtubules connect with the membrane;
in reality these stresses may dissipate due to cytoskeletal rearrangements under
loading. Other applications using variations of the modelling approach described
above include study of the effect of cell membrane stiffening in aged MSCs due to
lipid peroxidation [76], comparison of strain and fluid flow as biophysical stimuli
[77] and potential mechanisms of mechanosensation of extracellular matrix elas-
ticity by cells [78].

These studies all exemplify the utility of a hybrid continuum-tensegrity rep-
resentation of a cell. A particular strength of the approach is the ability to separate
the potential load transfer mechanisms within a cell due to externally applied
stimuli. For example, in the study of membrane stiffening, the effect of applying
force directly to cytoskeleton receptor sites produces a much stiffer response than
is predicted for indentation at other locations on the membrane [79–81]. Never-
theless, even this relatively complex tensegrity representation of the cytoskeleton
does not capture the true complexity and dynamic behaviour observed in real cells
and should therefore be considered a tool to understand the aggregate behaviour of
cytoskeletal mechanics at instants of time rather than an accurate representation of
cytoskeleton structure and mechanics under all circumstances.

Fig. 16 Example of indentation structural model of a cell (in the form of a hybrid continuum-
tensegrity representation) of a mesenchymal stem cell. A close-up cross-sectional view of the cell
nucleus and the surrounding cytoplasm is shown on the right

Fig. 17 A close-up cross-
sectional view of the stress
computed in a cell nucleus
and the surrounding
cytoplasm
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6 Discussion

All cells are subjected to mechanical stimuli, whether it be a fluid pressure because
it is suspended in a fluid, a stretch because it is tethered to a deforming substrate,
or a shear stress because fluid flows over its membrane. Cells must resist these
customary stimuli without disintegrating—but more, if they are mechanosensitive
they should respond by regulating their environment through altered gene
expression. It is discovering the relationship between mechanical stimulus and
cell/tissue phenotype that motivates computational models for biomechanical
modelling of cells in mechanoregulation. The brief review presented in this
chapter shows that diverse approaches have been taken as follows:

– Cells as a point
– Cells as multiple points
– Structural models of cells

We have used the cells-as-a-point method to successfully simulate mecha-
noregulation of tissue differentiation. However, the cells-as-multiple-points
method has definite advantages in better modelling migration and proliferation
activities, and has often been successfully used by others. Structural modelling of
cells has not yet been used in mechanoregulation, but it could easily be done when
computational power allows it. One could imagine structural cells distributed
throughout an extra cellular matrix (ECM) represented as a continuum. Each cell
might have a different shape reflecting the diversity of the shapes occurring in
vivo. Imaging techniques will eventually allow images of cells distributed in
tissues to be generated automatically. A global force would stimulate each cell
somewhat differently setting up a self-organising process that would remodel the
ECM to an equilibrium configuration. In this regard, the use of computational
models in biology can be thought of as creating virtual environments where
‘experiments’ can be performed.

In biomechanics, virtual environments are often envisaged for the testing
of medical devices, such as orthopaedic implants, vascular devices, or tissue

Fig. 18 Maximum principal strain distribution in cell membrane during indentation simulation
on a mesenchymal stem cell. Local peaks of strain are predicted to occur where microtubule/actin
complexes connect with the membrane. In reality these may dissipate quickly if microtubules
respond to the forces acting on them by remodelling
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engineered constructs/strategies. Computational modelling work is partly moti-
vated by the difficulty in using animal models as environments for testing devices
[82]. However, this approach of creating virtual or numerical environments is not
always accepted as there is no guarantee that the fidelity to the reality in the
particular circumstances of the validation is sufficient to allow for testing of the
medical device [83, 84]. Indeed in this regard the attempt to create a virtual
physiological human is the ultimate in creating a computational environment for
the testing of interventional strategies. A less encompassing attitude is that com-
putational models are created to test specific hypotheses regarding the behaviour of
a system; when used to test specific hypotheses the validation can be focused on a
limited set of features of the system. Taking forward this latter point, how can
biomechanical models of cells in mechanoregulation be validated—or corrobo-
rated—by experiment. The approach we have taken to developing computer
simulations of tissue differentiation is to devise algorithms for cell activities, and
to use these algorithms as the building-blocks of the simulation. Each algorithm
describes a mechanoregulated cell activity—migration, mitosis, apoptosis, or
differentiation. In principle with this approach each algorithm can be validated
separately against an in vitro cell experiment. Many researchers have attempted to
establish quantitative relationships between biophysical stimuli and the regulation
of cell activities [85]; for example we have done experiments to validate a rela-
tionship between stimulus and apoptosis [22], and between stimulus and differ-
entiation [23]. However, the approach of separating the various processes into
individual algorithms assumes a degree of modularity in the various cell activities.

When it comes to the biomechanical modelling of cells, two types of virtual
environment exist: the environment of the individual patient and the environment
of the population (clinical trials). Reviews of what happened in modelling in
biomechanics since the 1980s [86, 87] show that these were not distinctly sepa-
rated until recently; up to then most modellers aimed to create models represen-
tative of an average of the population. More recently however medical imaging of
the patient has allowed patient-specific models to be generated, sometimes with a
great degree of accuracy, for example in the cardiovascular system [88], or the
skeletal system [89–91]; however in these instances to date patient-specificity
relates to geometry, material properties, and/or loading and not yet to mechano-
biological processes. Do patients have different mechanoresponsiveness in their
cells and, if so, how does that inform the creation of virtual environments? Yes,
would be the answer to the above question. Biomechanical modelling of cells will
need to, ultimately, account for the variable nature of the response of cells to
mechanical stimuli. In recent work [92] we have found that, if the experiment
described in Sect. 3.1 above is simulated with a variation in the parameters then
the outcome encompasses variability similar to that obtained in the experiment.

In conclusion, biomechanical modelling of cells for mechanoregulation simu-
lations is in its infancy as a topic of investigation. A range of approaches is being
taken, each becoming more sophisticated with increases in computational power
and associated improved functionality of imaging systems. In the future their
potential will be realised when structural models of cells are linked with organ
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level models where patient-specific loading can be applied—this linking has the
potential to generate ‘virtual environments’ where patient-specific mechanoregu-
lation can be simulated. There is a long road to travel in experimental and com-
putational mechanobiology before this can be achieved.
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1 Introduction

Mechanical stimulation applied to cells is known to affect their shape, structure
and mechanical properties, and elicit changes in their biological responses. The
mechanical and biological response of cells to various loading regimes is therefore
a subject of great interest, specifically in the research field of biomechanics, where
extensive utilization of different cellular mechanics experimental designs has been
made over the years in order to provide insight regarding the mechanical behavior
of cells and the mechanisms underlying the transduction of the applied loads into
biological reactions. These experimental designs include compression, static and
cyclic stretching, indentation, micropipette aspiration, magnetic bead cytometry,
shear flow and hydrostatic pressure. Although these experiments provide important
information regarding cellular responses, their ability to directly measure internal
stresses and strains is very limited. In addition, they are very costly and involve
highly complex apparatuses and experimental designs. Thus, further understating
of cellular responses can be achieved by means of computational models, such as
finite element (FE) models.

The FE method is a numerical computational tool which enables calculation of
the mechanical state of a complex object. In this method, the geometry of the
object is commonly predesigned using mechanical computer-aided design (CAD)
programs, e.g. SolidWorks and CATIA, and then imported into a custom-made or
commercial FE solver e.g. ABAQUS, NASTRAN and ANSYS where it is divided
into a mesh composed of geometrically separate elements. The model is then
assigned mechanical properties for each component, interactions and contact
definitions between the different components and boundary conditions. The FE
method is presently the primary computational tool for assessment of mechanical
conditions in the field of biomechanics, including cellular mechanics.

FE modeling of cells is an emerging direction in the research field of cellular
mechanics. Its application has been rapidly growing over the last decade due to its
ability to quantify deformations, strains and stresses in and around cells, thus
providing basic understating of the mechanical state of the cells and allowing
identification of mechanical properties of cells and cellular organelles when
coupled with appropriate experiments. Two-dimensional (2D) and three-dimen-
sional (3D) models of different cell types, e.g. epithelial cells [5], endothelial cells
[4, 7, 31], smooth muscle cells [3], myoblasts [24, 29], and chondrocytes [1, 22],
are reported in literature, employing either idealized or image-based cellular
geometry. Development of models with 2D geometry naturally requires ideali-
zation of the cellular geometry [1, 4, 14, 18, 22, 24, 29]. Extension of the geometry
of the cell models to 3D increases their complexity. Several reported studies
developed 3D models, but still employed idealized geometrical representation of
the cells, e.g. spheres or ellipsoids [3, 7, 11, 19, 30], while others studies recon-
structed real image-based cell geometry [5, 9, 29]. Three-dimensional models of
cells, as well as 2D models, can also be divided into two clearly distinguished
categories: (1) non-structural models, where the whole cell is described as one
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bulk with homogenous mechanical representation, and (2) structural models,
where several sub-cellular components are described––each assigned a separate
mechanical representation. Naturally, the latter presents a more challenging
modeling task, particularly in numerically representing mechanical interactions at
the cell scale (lm-scale), coupled with interactions at scales that are orders-of-
magnitude smaller, e.g. involving the plasma membrane or cytoskeletal fibers (for
which characteristic dimensions are at a nm-scale). However, it provides a higher
level of accuracy in terms of simulations results. Some of the above mentioned 2D
and 3D studies incorporated sub-cellular components, e.g. nucleus and cytoskeletal
fibers [3, 4, 6, 7, 9, 14, 19, 22, 29].

Utilization of the FE method for the purpose of simulating cellular mechanics
experiments potentially enriches studies involving classic cell loading designs. It
provides the mechanical state of the loaded cell specifically to each cell type and
experimental setup. In this chapter we will review the relevant studies reported in
literature, modeling 2D and 3D cells of different types under varying loading
regimes, as related to experiments in the field of cellular mechanics.

2 Two-Dimensional Models

2.1 Non-Structural Models

Few authors have developed 2D non-structural models of individual cells,
describing the entire cell as a homogenous volume [1, 24, 27] Baaijens et al. [1]
created such a 2D model of a chondrocyte, described as an elastic sphere, sub-
jected to micropipette aspiration (Fig. 1). In order to study the ability of different

Fig. 1 Finite element geo-
metrical model and mesh of a
micropipette aspiration simu-
lation (reproduced with per-
mission from [1])

Finite Element Modeling of Cellular Mechanics Experiments 333



constitutive models to predict the aspiration response of the cells (i.e. aspiration
length and creep response), the cell was modeled using finite strain incompressible
and compressible elastic models, a two-mode compressible viscoelastic model,
and a biphasic elastic or viscoelastic model.

Peeters et al. [24] modeled a myoblast as an axisymmetric half-sphere, in order
to estimate its mechanical properties in compression using inverse engineering
methods based on their experimentally obtained results of cell compression tests.
Overall, 12 individual myoblasts were modeled, each assigned specific geomet-
rical features (e.g. base radius and height) based on confocal images. The cell was
modeled as an incompressible Neo-Hookean material:

r ¼ �pI þ s ð1Þ

where r is the Cauchy stress tensor, p is the hydrostatic pressure, and s is an extra
stress tensor.

An FE simulation of fluid flow stimulation was also reported (Salvi et al. 2009).
As part of their study, aimed at determining the validity of various experimental
protocols of fluid flow stimulations, the authors examined the affect of cell height
on the uniformity of shear stresses when cells are subjected to unidirectional and
oscillatory fluid flow. In this case, cells were modeled again as homogenous
spheres, with linear elastic material properties.

2.2 Structural Models

Structural cell models typically include a combination of nucleus, cytoplasm,
plasma membrane, and cytoskeletal fibers. Reported 2D structural models are
idealized-shaped models, most of which include the nucleus and cytoplasm only
[4, 18, 22]. Caille et al. [4] created models of round and spread individual
endothelial cell and of isolated nuclei, subjected to compression (Fig. 2). Their
goal was obtaining mechanical properties of the nucleus and cytoplasm in an
inverse FE method based on their experimental data.

The geometrical characteristics of cells were based on digitized video images of
the cells during compression tests, and the relative position of the nucleus within
the cells was determined by visualization of cells stained with the fluorescent DNA
marker Syto 13, with a confocal laser scanning microscope. In their study, both the
nucleus and cytoplasm were assumed to be homogenous, incompressible hyper-
elastic materials, with a Mooney–Rivlin SED function, W:

W ¼ �pC�1 þ l
1
2
þ b

� �
C þ l

1
2
� b

� �
I ð2Þ

where p is the hydrostatic pressure, C is the right Cauchy-Green tensor, l is the
shear modulus, b is a constant, and I is the identity tensor. McGarry [18] created
similar models of round and spread cells which geometries were also based on
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experimentally observed round and spread chondrocytes [12], and endothelial cells
[4]. However in order to model the viscoelastic cell behavior, different linear
viscoelastic properties were assumed for both the nucleus and cytoplasm. Ofek
et al. [22] also modeled an idealized-shaped individual cell (chondrocyte) com-
posed of nucleus and cytoplasm in order to obtain the mechanical properties of the
compressed nucleus and cytoplasm in an inverse FE method, based on experi-
mental data from Leipzig and Athanasiou [15]. The cytoplasm and nucleus in this
case were assumed to be linear elastic.

Our research group reported an additional 2D idealized-shaped model of a
compressed myoblast [29], composed of plasma membrane enveloping the cyto-
plasm (Fig. 3). The geometry of the cell was represented as an idealized sphere
with local curvature at the periphery of the cell base due to cell spreading (focal
adhesions). The cell was assumed to be compressible Neo-Hookean material, with
strain energy density (SED) function, W:

W ¼ 1
2

k J
1
2
3 � 1

� �2
þ 1

2
G J1 � 3J

1
3
3

� �
ð3Þ

Fig. 2 Finite element geometrical models and mesh of a compression experiment simulation of
a round endothelial cells, d spread endothelial cells, and g isolated nuclei, and their corre-
sponding deformed shape calculated at 30% compression (b, e, h), and 50% compression (c, f, i)
(reproduced with permission from [4])
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where k is the bulk modulus, G is the instantaneous shear modulus, and Ji are the
invariants of the Finger tensor B. The model was compressed and analyzed for
tensional membrane strains.

A 2D model incorporating all typically modeled cellular components, i.e.
nucleus, cytoplasm, membrane (in this case modeled as a cortical layer), and
cytoskeletal fibers, was reported by Jean et al. [14]. The authors created a sim-
plified geometrical model of an adhered endothelial cell based on experimental
data from Jean et al. [13], and studied adhesion–cytoskeleton–nucleus mechano-
transduction pathways during endothelial cell rounding. The model components
were treated as incompressible Neo-Hookean materials, and the loss of tension of
the fibers during cell rounding was also represented by reactive forces acting on
the nucleus.

3 Three-Dimensional Models

3.1 Non-Structural Models

Extending the geometry of cells to 3D further complicates the computational
simulations, both geometrically and numerically. The basic cell representation is a
non-structural model, with an idealized shape, which is naturally more common in
the case of 2D models. Bursa et al. [3] developed such a model of a vascular
smooth muscle cell undergoing tension tests in 3D, for the purpose of evaluation of
the material parameters, based on previously reported experimental results of
tensile tests [21]. In this study, the cell was assumed to be a homogenous con-
tinuum with an elastic behavior described by the five-parameter Mooney–Rivlin
hyperelastic strain energy density function W:

Fig. 3 The finite element model of the single adhered myoblast subjected to compression,
showing a cell geometry, mesh, and boundary conditions, and b a magnification of the mesh,
clearly exhibiting the plasma membrane (reproduced with permission from Slomka et al. [29])
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W ¼ a1 i1 � 3ð Þ þ a2 i2 � 3ð Þ þ a3 i1 � 3ð Þ2þa2 i4 � 3ð Þ i2 � 3ð Þ

þ a5 i2 � 3ð Þ2þ k

2
i3 � 1ð Þ2 ð4Þ

where ii are modifies invariants of the right Cauchy-Green deformation tensor, k is
the bulk modulus and ai are Mooney–Rivlin constants.

Zhao et al. [30] also reported a non-structural idealized-shaped 3D cell model in
order to estimate the viscoelastic properties of porcine aortic valve interstitial cells
by FE analyses of micropipette aspiration in an inverse FE method. Their ultimate
goal was to determine the level of difference in the prediction of mechanical
properties between analytical and inverse FE estimation methods. The cell was
represented as a deformable sphere with homogenous material properties, which
were described by a finite strain viscoelastic model (time domain generalization of
a nearly incompressible hyperelastic Neo-Hookean constitutive model) with a
relaxation shear modulus G(t) represented by a one-term Prony series:

GðtÞ ¼ G0 1� a1 1� e� t= 1�a1ð Þsð Þ
� �h i

ð5Þ

where G0 is the instantaneous shear modulus, a1 is the dimensionless relaxation
modulus, and s is the creep time constant.

Another basic 3D non-structural model type reported in literature involves 3D
geometry of a slab of the cell as opposed to whole-cell models. These models are
typically developed for simulation of magnetic bead cytometry [20, 23, 31]. The
shape of the cell section is either rectangular [20, 23] or cylindrical [31] as shown
for example in Fig. 4a, b, respectively, and a rigid bead is embedded in the cell
continuum.

The general purpose of these studies is estimation of the mechanical properties
of the cells. Cells are modeled either as an homogenous linear elastic material [20,
31], or as an homogenous quasi-incompressible hyperelastic Neo-Hookean
material, with a Neo-Hookean strain energy density function (Eq. 4) [23]:

Fig. 4 Examples of a cylindrical (reproduced from Zeng et al. [31]), and b rectangular
(reproduced with permission from Ohayon and Tracqui [23]) geometrical models of magnetic
bead cytometry experiments, including a cell slab and bead
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3.2 Structural Models

Structural 3D cell models can be divided into idealized-shaped geometrical
models, usually adherent spheres or ellipsoids, and reconstructed image-based
geometrical models, which provide realistic cell-specific geometries of the overall
cell shape and of sub-cellular components, based on confocal or multimodal
fluorescence images.

3.2.1 Idealized-Shaped Models

Few authors developed idealized-shaped 3D models of an adherent eukaryotic cell,
including cellular components that are commonly considered as being structurally
significant (i.e. nucleus, cytoplasm, plasma membrane, and the cytoskeletal fibers),
in order to examine the ability of the model to describe the non-linear structural
behavior of cells under different mechanical tests, e.g. tension with micropipettes,
indentation and magnetic tweezers tests. McGarry and Prendergast [19] created six
models of adherent cells at increasingly spread shapes––from immediately post
attachment to 3 h after attachment (Fig. 5). The models were based on images of

Fig. 5 Three-dimensional finite element models a–f of adherent cells at increasingly spread
shapes, including nucleus, cytoplasm, plasma membrane and cytoskeletal fibers, (reproduced with
permission from McGarry and Prendergast [19]). The internal cytoskeleton consisting of a three-
dimensional tensegrity network of interconnected microtubule and microfilaments, and the
location of horizontal force application (marked ‘A’) and vertical indentation force application
(marked ‘B’) are additionally shown in a
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spreading chick embryo fibroblasts, published in Frisch and Thoumine [10], and
corresponded to the contact angle and contact radii of the imaged cells. The
internal cytoskeleton consisted of a tensegrity network of 6 compression-bearing
struts and 24 tensional cables, which represented the aggregate behavior of
microtubules and microfilaments, respectively (Fig. 5). Sites of ‘receptors’, where
actin filaments cluster at adhesion complexes, were represented by connection of
each strut to 4 cables, thus creating 12 common nodes. Material properties were
considered linear elastic, and the cytoskeleton was assigned pre-stress. External
loads were transmitted to the tensegrity structure via its nodes, representing
membrane receptors. Loads were applied either horizontally to 2 membrane sur-
face nodes marked ‘A’ in Fig. 5a, in opposite directions, or vertical indentation
forces applied to membrane surface nodes marked ‘B’ in Fig. 5a. Overall, the
authors concluded that their model could be very useful in computing cellular
structural behavior in response to various in vitro mechanical stimuli, or for the use
in algorithms that attempt to stimulate mechanobiological processes.

Based on this model, Bursa and Fuis [2] developed a similar model of adherent
eukaryotic cell, consisting of the same structural components and mechanical
behavior. As opposed to the tensegrity network modeled in McGarry and Pren-
dergast [19], which could not transmit the loads from the receptors to the nucleus,
Bursa and Fuis [2] modeled a more complex tensegrity structure. The structure
consisted of both external and internal tensegrities, which represented pre-strained
cortical cell cytoskeleton (actin filaments) and the nuclear skeleton, respectively.
Interconnecting members, representing deep cytoskeleton, were additionally
modeled between the nodes of both external and internal tensegrities. In order to
test the ability of their developed model to simulate mechanical tests of individual
cells, simulations of tensional test and indentation tests were performed (see
example in Fig. 6). Results showed that this improved model is also capable of
simulating global load-deformation response of the cell under various types of
loadings. In a previous study, Bursa et al. [3] created a similar model of a smooth
muscle cell and applied it for simulation of indentation tests as well. However, it
included a much simplified tensegrity structure, composing of 66 struts that rep-
resented microtubule and 24 cables that represented microfilaments.

Fig. 6 Finite element model
of an indentation tests
(reproduced with permission
from Bursa and Fuis [2])
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Gladilin et al. [11] applied the inverse FE method to simulate uniaxial
stretching of a rat embryonic fibroblast model consisting of nucleus and cyto-
plasm. In this study, the cell contour was based on series of images captured using
an inverted microscope during stretching experiments. Geometrical consideration
and captured images were combined for the estimation of the location of the
nucleus within the cell bulk. Both the nucleus and cytoplasm were modeled as
hyperelastic materials, characterized by the generalized Hooke’s law:

rðeÞ ¼ E

1þ t
t

1� 2t
tr eð ÞI þ e

� �
ð6Þ

where r is the Cauchy stress tensor, e is the strain tensor, E is Young’s modulus,
and m is Poisson’s ratio.

Another non-structural idealized-shaped cell model, of an adherent vascular
endothelial cell, was developed by Deguchi et al. [7], in order to show how pre-
stress is influential in cell structure subjected to external tensile forces. This model
included an individual cell, composed of nucleus, cytoplasm and plasma mem-
brane, adhered to an elastic substrate, stretched in the lateral direction (Fig. 7a). As
in previous models, all materials were assumed to be linear elastic, and the effect
of pre-stress in the sub-cellular components was assessed using a virtual thermal
contraction or expansion, given by:

Ps ¼ AT ð7Þ

where Ps is thermal strain, A is thermal expansion, and T is change in temperature.
Authors investigated the induced mechanical strains in cell components for dif-
ferent combinations of potent mechanical parameters (e.g. pre-stress, elastic
modulus and Poisson’s ratio), for a substrate stretched under the existence of pre-
strain (Fig. 7b). These results were combined with experiments and FE

Fig. 7 Finite element simulations of substrate stretching of a cell structure subjected to external
tensile forces, via substrate stretching, showing a the morphological change of the cell model
subjected to stretch and contraction (original shape is marked in dashed curve), and b the
equivalent Von-Mises stress field in the middle cross-section of the cell model, subjected to
stretch and cytoplasmic contraction (reproduced with permission from Deguchi et al. [7])
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simulations aimed at exploring the effect of the same mechanical parameters used
in the stretching simulations on vertical cell morphology.

3.2.2 Image-Based Models

Image-based FE modeling is presently considered a leading biomechanical
research methodology at the organ scale [16, 17, 25, 26]. A set of planar images of
the organ, obtained by traditional imaging techniques, e.g. magnetic resonance
imaging or computed tomography, are used to reconstruct a 3D geometrical model.
In order to employ this methodology at a cellular scale and create realistic 3D
representation of individual cells, different imaging techniques are required. Ferko
et al. [8] have developed integrated methods in fluorescence imaging and image
processing for the development of solid models with cell-specific topographies and
sub-cellular organelles [9]. They applied these methodologies, along with total
internal reflection fluorescence microscopy, to reconstruct a cell-specific endo-
thelial cell model from a cultured confluent monolayer. The cytoplasm of the cell
was stained with calcein-AM, and the nucleus was counterstained with Hoechst
33258. Their model included cytoplasm and nucleus, which was assumed to be
linear elastic, and focal adhesions, which were represented as discrete attachment
points located based on experimental identification. FE simulations of fluid flow
and magnetic bead twisting tests were performed in order to calculate stress
transmission throughout the cell.

Two additional studies involved reconstruction of 3D realistic cell-specific
models; however, these studies utilized confocal microscopy images as the
imaging tool of choice. In both studies, z-stack (transverse) parallel confocal
images of the cell were taken from the cell base to the cell apex at constant
intervals. The consequent images were then imported into a CAD package and
loaded into parallel planes at the same z-coordinate intervals obtained from the
confocal scans. The 3D geometries of the cell components were subsequently
created on the basis of these scanned images. Dailey et al. [5] applied this method
to reconstruct 3D morphologically accurate models of alveolar epithelial cells
from confocal scans of subconfluent and confluent monolayers, taken at 0.2 l
intervals. The confocal microscopy images were used to obtain cross-sectional
boundary curves that defined the apical surface of the cell. Boundary curves were
then used to generate a 3D CAD model and surface map of the monolayer. Finally,
FE models of individual cells were created. 16 cell models were created: 8 were of
cells from a confluent monolayer and the other 8 of cells from subconfluent
monolayers. Prior to confocal scanning, the cytoplasm of the cells was stained with
calcein-AM. Cell models included cytoplasm and plasma membrane, which were
assumed to be linear elastic materials. The models were analyzed for hydrody-
namic stresses on the cells for the case of bubble propagation in a fluid-filled
parallel-plate flow channel.

Our research group also reported image-based 3D realistic cell-specific models
of undifferentiated myoblasts from subconfluent monolayers, based of confocal
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images of FITC-labeled Phalloidin stained cells taken at 0.4 l intervals. The
contours of the boundaries of cells and their nuclei were manually drawn per each
slide and lofted into 3D bodies, by connecting overlying planar slide-contours
using splines. The cytoskeletal fibers were incorporated into the confocal-based
cell geometries so they connected the nucleus with the plasma membrane, rep-
resenting bundles of protofilaments. Two cells were modeled, composing of
nucleus, cytoplasm, plasma membrane, and cytoskeletal fibers (Fig. 8). The
nucleus, cytoplasm, and membrane were assumed to be compressible materials,
with a Neo-Hookean SED function (Eq. 3), and the cytoskeletal fibers were
assumed to be linear elastic. The cells were subjected to direct compressive and
tensional loads, and were analyzed for tensional strains in the plasma membrane
and nuclear surface area.

4 Summary and Conclusions

FE modeling of cells is a new direction in cellular mechanics, allowing quantifi-
cation of deformations, strains and stresses in and around cells, as well as

Fig. 8 The finite element meshes of the two modeled myoblasts, A (a) and B (b). The meshes of
the isolated nuclei (with cytoskeletal fibers) are shown on the right frame for each cell (repro-
duced with permission from Slomka et al. [29])
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identification of mechanical properties of cells and cellular organelles when
coupled with appropriate experiments. This chapter reviewed relevant reported
studies in literature, which applied the FE method to the field of cellular biome-
chanics and utilized it to simulate experimental designs which are typically used in
cellular mechanics, e.g. cell compression, stretching, indentation, micropipette
aspiration, magnetic bead cytometry, shear flow and hydrostatic pressure. Up-to-
date methodology currently enables 3D image-based cell-specific modeling,
including the main sub-cellular components that are considered structurally sig-
nificant (i.e. nucleus, cytoplasm, plasma membrane, and the cytoskeletal fibers),
and that further allows large deformation analyses of cells and subcellular struc-
tures [28]. Taken together, the results of the studies reviewed herein indicate that
computational modeling of individual cells provides an excellent research tool for
predicting structural behaviors and mechanical responses of cells and cell organ-
elles, when subjected to various types of applied stimuli. We expect that such
growing use of cell modeling will enrich cellular mechanics studies by providing a
better insight into the mechanical and mechanobiological cell responses.
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Multiscale Computation of Cytoskeletal
Mechanics During Blebbing

Sorin Mitran and Jennifer Young

Abstract Cellular blebbing occurs when detachment of the underlying
cytoskeleton from a portion of the plasma membrane leads to the formation of
protrusions under the influence of cytosol pressure. Blebbing is associated with
cellular apoptosis and has been linked to diseased states such as cancer. Multiple
phenomena at disparate scales occur during blebbing. At the molecular scale there
are biochemical reactions governing actin polymerization, cross-linkage, and
formation of membrane adhesion complexes. At the cellular level, forces on the cell
membrane lead to deformation of the cytoskeleton and localized mechanical stress.
Fluid motion during protrusive activity modifies local concentrations of free actin
monomers as well as other molecules that participate in cytoskeleton formation.
A computational model of cellular blebbing has to link these disparate scales. In this
work a general multiscale interaction procedure is applied to the problem of cellular
blebbing. The procedure simultaneously advances in time three models of the
cytoskeleton at three different length scales. At the smallest length scale the
Langevin dynamics of small actin filament segments is computed by solving
stochastic differential equations. At larger scales the cytoskeleton actin network is
characterized by probability distribution functions for parameters such as actin
filament length and orientation. A Fokker–Planck equation is formulated for the
probability distribution functions and advanced in time. At an even larger scale the
cytoskeleton is modeled as a continuum, and inhomogeneous elasticity equations are
solved. The overall procedure is efficient enough to show cellular level effects
produced by changes at the microscopic level, such as biochemical reaction rates.
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1 Introduction

The cytoskeleton is the scaffold animal cells use to interact mechanically with the
environment. The cytoskeleton provides protection, enables movement, and
determines cell shape. It is involved in most cellular processes and abnormalities
in the cytoskeleton usually result in disease [34]. The role the cytoskeleton has in
combating penetration of the cell by infectious micro-organisms, both mechanical
and chemical, is presented in [37]. Hyperactive cytoskeleton reconfiguration
has been associated with cancer (Fig. 1), and drugs targeting disruption of the
cytoskeleton in cancerous cells are used therapeutically [34].

Qualitative understanding of the physiological role of the cytoskeleton has been
rapidly accumulating. A quantitative link between overall mechanical properties of
a cell and detailed biochemical reactions or microscopic configuration within the
cytoskeleton is still lacking. Much progress has been made in characterizing small
portions of the cytoskeleton or in constructing viable coarse grained models. Some
of this work is reviewed below. Yet, the ultimate goal of linking therapeutic agents
acting on the biochemistry of the cytoskeleton to mechanical properties of the
entire cell is not fulfilled.

In this work we propose an approach to the fundamental computational mod-
eling difficulty of describing a system that is not at equilibrium at microscopic
scales. Full computational simulation at microscopic scales is prohibitively
expensive. Coarse grained simulation at larger scales is incomplete, typically
requiring the specification of a time-varying constitutive law that encapsulates
missing microscopic information. Here we apply a general algorithm [29] for non-
equilibrium multiscale phenomena. The basic approach detailed in Sects. 3–6 is to
simultaneously advance forward in time continuum, kinetic, and molecular
descriptions of the cytoskeleton. At the continuum level the cytoskeleton is treated
as a plastic material with properties that vary in space and time. The kinetic level
of description consists of evolution equations for probability distribution functions
characterizing the microscopic system. Moments of the probability distribution
functions provide constitutive closures needed at the continuum level. Microscopic
ensembles constructed from the probability distribution functions are used to

Fig. 1 Carcinoma cell with
multiple small blebs. (Image
by Anne Weston, London
Research Institute, Cancer
Research UK, copyright
Wellcome Images)
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furnish initial conditions for simulations at a quasi-molecular level for small actin
segments that makes up the cytoskeleton. The main difficulty in such multiscale
computation is information transfer between scales. Minimal entropy changes of
the kinetic probability distributions and optimal transport ideas are used in this
work.

The presentation is organized as follows. An overview of cytoskeleton structure
and current computational models is presented in Sect. 2. Section 3 presents
an overview of the overall computational procedure and introduces notation.
Section 4 presents the microscopic, kinetic, and continuum models of the cyto-
skeleton respectively. Some results on the overall model are shown in Sect. 5
and conclusions and further work are presented in Sect. 6.

2 The Cytoskeleton

A typical animal cell is approximately 10 lm in diameter, and consists of
organelles (such as the nucleus, mitochondria) suspended in a fluid cytosol sur-
rounded by the cytoskeleton. All of these cellular components are encased by a
thin plasma membrane. The cytoskeleton of the animal cell is a complex structure
that gives the cell mechanical support and integrity [1, 30]. This dynamic network
of intertwined filaments participates in and orchestrates many cellular activities
such as cell migration, mitosis, apoptosis and mechanotransduction [30].

2.1 Actin Filaments

The protein polymers that comprise the cytoskeleton include actin filaments,
microtubules and intermediate filaments [1, 4, 30], and these fibers are crosslinked
to one another by proteins such as filamin and a-actinin [1]. The main types of
filaments participating in protrusive activities such as blebbing and lamellipodium
formation are actin polymers. Actin filaments are long polymer chains built from
actin protein subunits. These subunits are approximately 5 nm in diameter [1].
Free monomers of actin carry a molecule of ATP and are known as G-actin or
globular-actin. When a G-actin subunit joins a growing polymer chain the ATP
molecule is hydrolyzed into ADP and the subunit is attached. The actin protein in
filament form is known as F-actin (filamentous-actin). Actin filaments have dif-
ferent rates of growth and shrinkage at their two ends. The ‘‘plus’’ end has a faster
rate of elongation and shortening than the ‘‘minus’’ end [1]. The subunits in a
filament are held together by weak, noncovalent bonds that can be broken by
thermal fluctuations [1]. Actin subunit chains are often bound together in parallel
to form a stronger double-stranded helical structure.

Filament length can vary depending on cell type, but they generally are
1–20 lm long and about 8 nm wide [4, 21]. They can be as long as 50–100 lm
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in muscle cells [20], and as short as 0.2–0.35 lm in cytoskeleton meshes [8].
In either case, they are several orders of magnitude longer than they are wide.

Actin filaments are classified as semi-flexible polymers [21]. A single actin
filament can withstand an elongation force of about 110–250 pN before breaking,
and it only stretches about 0.2–0.3% under these forces [21]. It has a stiffness of
approximately 45–65 pN/nm for actin filaments of length 1 lm [21]. On average,
the Young’s modulus of an actin polymer is 0.5 to 2 9 109 N/m2 [4, 21].
In comparison to stretching, actin filaments bend quite easily. Their flexural
rigidity has been found to be on the order of 10-26 N/m2, based on a persistence
length of 10–20 lm [4]. This large difference in magnitude between the stretching
and bending properties of actin filaments allows them to be classified as an elastic
string for modeling purposes.

The total number of actin filaments within a cell varies by cell type and
concentration levels of actin. In red blood cells, actin fibers form a one to two
filament thick network of short filaments [39]. This amounts to approximately
120,000–300,000 short actin filaments in a red blood cell cytoskeleton. Boal
estimates that cells with high actin densities of 5 mg/ml or more, have approxi-
mately 1.9 9 1020 filaments length 1 lm3 [4]. This translates to about 200,000,
1 lm filaments in a 10 lm diameter animal cell.

2.2 Filament Networks

The cytoskeleton is a mesh-like actin structure with crosslinks formed by proteins
such as spectrin and filamin. Spectrin is a long 100 nm, flexible protein found
close to the intracellular side of the plasma membrane. Two spectrin molecules
link together head to head to create two actin filament binding sites that are spaced
approximately 75–200 nm apart depending if the spectrin polymer is in a
convoluted position or stretched out straight [1, 4]. This distance is quite large
compared to the other proteins which bind actin bundles in tight configurations
about 14–30 nm apart, and leads to large flexibility in the cytoskeleton. For
example, the ability of red blood cells to deform enough to squeeze through
capillaries is associated with the low spectrin spring constant of approximately
2 9 10-6 J/m2. Filamin is another binding protein that crosslinks two filaments
together almost at right-angles to one another forming a loose grid of actin
polymers [1, 30]. Filamin is also found binding the actin mesh to the plasma
membrane in platelets.

Binding of the actin network to the plasma membrane is also accomplished
by other proteins. In muscle cells, the dystrophin protein carries out this role.
In red blood cells, a protein in the plasma membrane known as band 3 attaches to
another protein called ankyrin which in turn attaches to the spectrin proteins on the
cytoskeleton [1]. Other adhesive proteins include ezrin, radixin, and moesin [1]
(Fig. 2).
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The cytoskeleton is typically between 5 nm and 2-microns thick [11, 39].
The size of the gaps in the actin mesh range from 10 to 100 nm [12, 38, 40],
depending on cell type. The aggregate elastic moduli of an actin network differ
markedly from the single filament values. For instance, the estimated Young’s
modulus for 1 mg/ml of crosslinked F-actin is 100, 000 dyn/cm2 which is 10 kPa
and the shear modulus is approximated at 1, 000 dyn/cm2 or 100 Pa [21]. Charras
et al. [12] estimated the elastic modulus of the actin cortex in a filamin-depleted
melanoma cell line to be 1–3 kPa. In general, the Young’s modulus for the actin
network is lower than the individual actin filaments. This is due to the fact that
crosslinking proteins such as spectrin are more elastic than actin, so they make the
overall mesh less stiff.

The cytoskeletal network is acted upon by myosin II motor proteins that
produce forces between actin filaments [1, 24, 28, 33]. Such forces play a central
role in the cell’s protrusive and locomotive activities. Myosin II, like actin, is
found in all eukaryotic cells [1]. Myosin II is a long protein composed of two
heavy chains and two light chains. Near the end of the two heavy chains is a
‘‘head’’ region from which forces can be generated [1]. Myosin II subunits join
to form a filament by bundling their tails together. This creates a bipolar filament
with myosin heads facing in opposite directions along the fiber. Alternating
myosin heads can attach to actin and exert a force ranging from 0.8 to 8 pN
[4, 12, 41].

Actin filaments 

Filamin
cross
links

Actin filaments 

Spectrin
end-to-end
links

Junctional
complex

Spectrin

(c)
(d)

(a) (b)

Fig. 2 Diagrams of actin network formation and attachment to plasma membrane. a Almost
right-angle filamin crosslinks between actin filaments. b Spectrin end-to-end links. c Attachment
to plasma membrane. d Micrograph of cytoskeleton in a fibroblast (Catherine Nobes and Alan
Hall, copyright Wellcome Images)
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2.3 Cellular Blebbing

Breakdown, rearrangement and rebuilding of the cytoskeleton produces various
types of cellular protrusions which include lamellipodia, microvilli and blebs.
A bleb is a balloon-like, cytosol-filled protrusion of the plasma membrane. Unlike
lamellipodia and microvilli, this type of protrusion is not formed by active growth
and rearrangement of the cytoskeleton [12, 14]. The onset of bleb formation is
triggered by a contraction of the actin network, such that it detaches from the
plasma membrane over some region. A gap size of 0.5–1 lm in the cytoskeleton/
membrane connections is enough to initiate bleb formation [39]. Once a gap is
formed, the typical 20–300 Pa [10, 35] overpressure in the cytosol with respect to
ambient leads to bleb formation in 3–7 s. Typical bleb diameters range from 1 to
10 lm [11]. The bleb stays fully inflated for about 10–20 s. After this time
interval, enough free actin monomers have begun to reorganize the cytoskeleton
inside the bleb for retraction to occur [11]. The new cortex is built to a thickness of
10–20 nm (3–4 actin filaments thick) with gap sizes of approximately 200 nm [11]
(see Fig. 3). Myosin II, present in this new cytoskeleton, creates contractions
which pull the blebbed membrane inward to be reattached to the base cytoskeleton
[11, 24].

2.4 Computational Challenges

The main difficulty in building realistic computational models of the cytoskeleton
is the large number of filaments, the role of binding and motor proteins, and the
dynamic nature of the network. Homogenized models of the cytoskeleton treated
as a continuum are of limited utility since the elastic properties change in time as
new links are formed and broken between actin filaments at a microscopic level.
There are about 105 one-micron long filaments in a typical cell [4]. The filaments
are crosslinked and the typical length of a filament segment between crosslinks is
on the order of 100 nm [43]. This means there are approximately 106 filament
segments in the cytoskeleton and roughly 5 9 105 crosslink protein complexes.
The time scale of the cytoskeleton network is set by rate constants for actin
polymerization, binding of various proteins to the network, myosin stepping rates,

Fig. 3 An expanding and retracting bleb. Actin is labelled in green. After the bleb has fully
inflated (frame 2), actin that arrives in the bleb builds a new cortex leading to bleb retraction [11]
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and the elastic behavior of individual actin filaments. Time steps on the order of
10-6 s are required to capture all mentioned phenomena, leading to 3 9 107 time
steps over the 30-s duration of a typical bleb. Evolving a system with approxi-
mately N = 3 9 106 degrees of freedom over 3 9 107 time steps is prohibitively
expensive since crosslink formation implies a computational complexity of the
algorithm of OðN2Þ:

2.5 Current Work on Cytoskeleton

Given the aforementioned difficulties of direct numerical simulation at the scale
of actin segments, much prior work has focused on constructing simplified models.
A more complete review is available in the book by Kamm and Mofrad [23].

2.5.1 Coarse Grained Models

Coarse graining of the cytoskeleton degrees of freedom has been used by Li et al.
[26] and Pivkin et al. [32] to create models of the red blood cell cytoskeleton
during deformation. Simplification of the network geometry has been investigated
by Boey et al. [5] using a sixfold, two-dimensional network. Palmer et al. [31] use
the eight-chain symmetric network proposed by Arruda and Boyce [3] to deduce a
constitutive model for the stress–strain relationship of actin networks which
compares favorably with experimental work of Gardel et al. [15].

2.5.2 Detailed Microscopic Models

The coarse-grained models gloss over the details of the microscopic structure.
To elucidate whether this is an acceptable hypothesis several research groups have
undertaken the task of thoroughly modeling a small portion of the cytoskeleton to
understand its mechanical response to various stresses. Kwon et al. [25] consider a
4003 nm3 block with approximately 100 crosslinked filaments of 350 nm length
represented as elastic Euler–Bernoulli beams to determine the components of a
general elastic tensor Cijkl in the linear elasticity regime rij ¼ Cijklekl (r, stress
tensor; e, strain tensor). The model performs well for isotropic and nearly isotropic
systems, but exhibits large errors when the distribution of filament orientations is
far from uniform. In a similar study, Huisman et al. [18] create an actin network
model to examine its mechanical behavior under shear strain. The filaments were
found to reorient themselves in the direction of applied shear, and the computed
shear stiffening was compared to experimental findings. They conclude that the
response of the network is highly dependent upon the topology of the filament
mesh. Head et al. [16] explore the response of two-dimensional model networks to
extensional and shear stresses to determine how strain is distributed in such
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networks, dependent on crosslink density and filament length. They distinguish
two distinct regimes, one where strains are uniformly distributed (affine defor-
mation) and another in which strains are non-uniformly distributed (non-affine
deformation). Buxton et al. [7] recently present a dynamic computational model in
which an initial network comprising 100 one-micron long actin filaments under-
goes polymerization and depolymerization. The filaments can also undergo
capping, severing and crosslinking. The network develops until it reaches a sta-
tistical steady state and is then placed under shear stress in order to examine its
mechanical response. Different networks were built based on different actin
dynamics rates, and the mechanical responses of these networks were compared.
The networks upon which these simulations were carried out typically consisted of
approximately 102–103 filaments of lengths 2–9 lm, with about 103 crosslinks
connecting them. Each simulation took about 100 h of CPU time.

2.5.3 Tensegrity Models

The tensegrity (tensional integrity) model of the cell was introduced in 1993 by
Ingber in [19] to model the deformation of cells adhering to a substrate. This
model consists of two types of prestressed elements: interconnected tension-
bearing elements which represent the actin filaments of the cytoskeleton and
compression-bearing elements, which represent microtubules [40]. This model
assumes that the cell’s shape and integrity derives from the cytoskeleton, an active
mechanical structure capable of producing tension. The model is successful at
capturing the strain-hardening observed in cells spreading over a substrate.
However, it does not address the cytoskeleton’s ability to rearrange and remodel
itself during deformation. Stamenovic et al. [40] used this tensegrity model to
analytically compute upper and lower bounds for the Young’s modulus of cells.
They compare their results against experimental data, finding that the empirical
moduli in general fall within their theoretically derived bounds.

2.5.4 Continuum Models

The models discussed so far have been discrete in nature, characterizing the
cytoskeleton as a network of crosslinked filaments. There is also a body of
research dedicated to the treatment of the cytoskeleton as a continuum. Alt and
Dembo [2] use a two-phase fluid description of the cytoplasm in ameboid cells.
The cytosol (water-like substance within the cell) is represented as a Newtonian
fluid, and the cytoskeleton is represented as a highly viscous, polymeric fluid. This
characterization is used under the assumption that the crosslinks in the cytoskel-
eton are constantly rearranging, allowing the network to adapt and move easily
(like a fluid). This model is used to simulate the formation of a lamellipodium
during cell migration. During this phenomenon, the cytoskeleton undergoes many
structural rearrangements. The model of Alt and Dembo is used for understanding
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the general stages of this process. Charras et al. [9, 12], characterize the
cytoskeleton as a solid porous medium. They propose that the actin network with
interspersed cytoplasmic fluid should be thought of as a ‘‘sponge’’ with pressure
diffusion occurring over time. They demonstrate experimentally that localized
contractions of the actin mesh can create local pressure increases that do not
instantaneously equilibrate across the cell. They develop a linear constitutive law
for the cytoskeleton/cytosol complex using concepts from mixture theory.
The stress–strain relationship is of the form: r ¼ Ee� p; with r the stress, E the
bulk elasticity modulus, e the strain, and p the fluid pressure. Darcy’s law for flow
through porous media is used to update the fluid pressure term. Their theoretical
model was developed to explain the cellular phenomenon of bleb formation.

2.6 Open Questions in Computational Cytoskeleton Models

The fundamental difficulty in all the above models is that experimental observa-
tions of cellular cytoskeletons highlight the dynamic nature of the network. While
homeostatic behavior might reasonably be captured by coarse grained models,
there is significant interest in large changes in cytoskeleton configuration since
such changes are often associated with diseased states. Elucidating cytoskeleton
behavior in such situations might suggest therapeutic approaches. The continuum
models of Alt and Dembo [2] and Charras et al. [9, 12] represent the micro-
structure of the polymer network through a constitutive closure law. This consti-
tutive law is complex and time-varying, and dependent on the microstructure of
the medium. Without representing this microstructure in some way, the models in
[2] and [9] do not reflect the changes and rearrangements occurring in the cyto-
skeleton that lead to varying mechanical properties. The detailed microscopic
models that treat small portions of the cytoskeleton provide a great deal of insight
into the mechanical response of small patches of actin networks, but do not apply
to the entire cellular network due to the inhomogeneity and anisotropy of the
cytoskeleton. Huisman et al. [18] specifically state that the stiffness response of
the network is highly dependent on the concentrations of the different proteins in
the cytoskeleton. These protein levels can certainly vary in different parts of the
cortex as the cell undergoes locomotion and shape change. The detailed micro-
scopic models also highlight the consequences of increasing anisotropy as the
cytoskeleton is observed at smaller scales, especially the non-affine distribution of
strain.

3 Overview of Computational Procedure

As seen from the previous section the main challenge in quantitative cytoskeleton
modeling is efficient coupling of phenomena occurring at different length scales.
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The cell is subject to forces that vary over a length scale comparable to the cell
diameter D ¼ O (10 lm). The response to these forces is a rearrangement of the
actin filaments forming the cytoskeleton at the scale of average mesh spacing
l ¼ O (100 nm). The cytoskeleton rearrangement response is at time scales
comparable to those arising from continuum level unsteady forces during pro-
trusion and blebbing. There is no time scale separation and the microscopic
configuration of the cytoskeleton is not at equilibrium.

In this work we apply a general multiscale interaction procedure, the time-
parallel continuum–kinetic–molecular (tP-CKM) algorithm [29]. This algorithm is
specially constructured to treat processes not at equilibrium at the microscale.
A short overview of the algorithm is presented here, with further details available
in [29]. The algorithm is constructed from three solvers for each length scale,
and procedures for interscale communication. The three solvers are as follows.

1. Continuum-level solver. This may be any numerical approximation procedure
for PDEs, e.g. discontinuous Galerkin, finite difference, finite volume. A finite
volume procedure is exemplified here. The continuum variables are denoted by
Qðx; tÞ: The evolution operator that advances the continuum variables from
time t to time t + Dt at position x is denoted by C;

Qðx; t þ DtÞ ¼ C t; t þ Dt;Qðx; tÞ;wðx; t; qÞð Þ: ð1Þ

The continuum operator depends on the microscopic configuration described by
the probability distribution function (p.d.f.) w x; t; qÞ for the microscopic
variables q: Typically only a few integrals of wðx; t; qÞ are required,

Z
giðqÞwðx; t; qÞdq ¼ Giðx; tÞ; i ¼ 1; 2; . . .;M: ð2Þ

The specific form of giðqÞ is problem-dependent.
2. Kinetic-level solver. The p.d.f. wðx; t; qÞ can be constructed from known

microscopic transition probabilities between states ðq0; t0Þ and ðq; tÞ;

Pðq; tjq0; t0Þ: ð3Þ

Some specific physical model of the microscopic system furnishes Pðq; tjq0; t0Þ:
At some later time t + Dt the p.d.f is given by

wðx; t þ Dt; qÞ ¼
Z

Pðq; t þ Dtjq0; tÞwðx; t; q0Þdq0: ð4Þ

The transition probabilities can be characterized in various ways. One choice is
to use the moments of the random variables q ¼ ðq1; . . .; qmÞ: Assume, for
simplicity of presentation, that the components of q are independent. Then the
moments can be expressed as

lnðq0; t;DtÞ ¼
Z
ðq� q0ÞnPðq; t þ Dtjq0; tÞdq; ð5Þ
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and Taylor series expansion leads to

lnðq; t;DtÞ=n! ¼ DðnÞðq; tÞDt þOðDt2Þ: ð6Þ

This Kramers–Moyal expansion leads to the evolution equation

owðx; t; qÞ
ot

¼
X1
n¼1

� o

oq

� �n

DðnÞðq; tÞwðx; t; qÞ: ð7Þ

The Fokker–Planck equation [36] arises from probability distribution func-
tions completely characterized by the first two expansion coefficients
Dð1Þðq; tÞ;Dð2Þðq; tÞ:

3. Molecular-level solver. At the molecular level the system is assumed to be
described by stochastic differential equations for the microscopic variables
qðtÞ: The time evolution operator is denoted by M;

qðt þ dtÞ ¼ Mðt; t þ dt; qðtÞÞ: ð8Þ

The relationship between continuum and microscopic variables will depend on
the specific physical problem considered.

The tP-CKM algorithm advances the above solvers as depicted in Fig. 4. The
overall goal is to advance the continuum variables over the time step [tk, tk+1]. The
spatial dependence on x is suppressed for simplicity of presentation. Initial values
for the continuum variables QðtkÞ and the p.d.f. wðtk; qÞ are assumed to be known
from either a previous time step or physically specified initial conditions. The
following steps are taken in the algorithm:

1. A continuum closure relation is computed from wðtk; qÞ using (2).
2. The continuum variables are advanced to time tk+1 using (1).

3. A new p.d.f. estimate at tk+1 is constructed, �wð0Þðtkþ1; qÞ; through a minimum
entropy change with respect to wðtk; qÞ that reflects new continuum values. The

Fig. 4 Schematic of
tP-CKM algorithm. Boldface
numbers correspond to algo-
rithm steps described in text.
Portions of the algorithm
executed serially in time
depicted with bold arrows.
Portions of the algorithm
executed parallel in time
depicted with lighter arrows
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zero superscript indicates that this is a first approximation in an iterative
refinement update.

4. The time interval [tk, tk+1] is subdivided by intermediate time values
ftk ¼ tk

0; t
k
1; . . .; tk

P ¼ tkþ1g: At each intermediate time value an estimate,
�wð0Þðtk

j ; qÞ; of the p.d.f. is constructed using optimal transport theory.

5. From each approximate p.d.f. �wð0Þðtk
j ; qÞ molecular-level ensembles Ejðtk

j Þ are
constructed.

6. The molecular-level ensembles are evolved forward in time to state Ejðtk
jþ1Þ:

7. A density estimation procedure is applied to the updated molecular-level
ensembles to obtain a new estimate of the p.d.f. based upon molecular level

information, ~wð0Þðtk
jþ1; qÞ:

8. The p.d.f. estimates from minimal entropy modification and optimal transport
are compared to those from the molecular level computation at the end of the
continuum time step by computing an error

ekþ1 ¼ k�wð0Þðtkþ1; qÞ � ~wð0Þðtkþ1; qÞk: ð9Þ
If within some tolerance, the continuum time step is accepted, and the new p.d.f.
is also available for the next time advancement to tk+2. If the error is too large,
steps 3–7 are repeated.

The kinetic-molecular part of the algorithm can be seen as a multiphysics
generalization of the parareal algorithm [27] for time-parallel solution of systems
of ordinary differential equations. Whereas the parareal algorithm uses two dif-
ferent numerical discretizations of the same ODE system, the tP-CKM algorithm
uses two different mathematical models of the same underlying physical system.
One description is through p.d.f.’s describing the microscopic variables, and
another description is through direct numerical simulation at the microscopic level.

Though apparently costly, the tP-CKM algorithm can be made computationally
efficient by:

1. time-parallel execution at the kinetic level using P processors that work
independently over each subinterval [tj

k, tj+1
k ];

2. further massive parallelization of the stochastic differential equations (SDEs) at
the molecular level through use of modern graphics processing units (GPUs).

The iterative refinement comprising steps 3–7 of the algorithm builds ever more
accurate estimates of the p.d.f.’s at times ftk

1; . . .; tk
Pg: The hope is that much

fewer than P refinement stages will lead to an acceptable precision in (9). Indeed if
P refinement stages are needed, then the physical system would have been evolved at
the microscopic level over the entire continuum time step [tk, tk+1] and nothing
would have been gained by the multiscale interaction procedure. Numerical
experiments reported below show that very few iterative refinement stages (e.g.
1–3) are needed to obtain 3–4 significant digits of precision in continuum-level
variables. The time-parallelization allows large numbers of processors to be used,
e.g. P ^1,000 leading to significant reductions in wall-clock execution time.
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One of the key aspects of such a continuum–kinetic–molecular (CKM) algorithm
is the set of procedures for communicating data between different levels of
description. For the continuum-to-kinetic step these procedures are:

1. A minimum entropy modification of the kinetic-level p.d.f. at time tk+1 to reflect
information available from the continuum level;

2. Modification of the p.d.f. at times ftk
1; . . .; tk

P�1g: by use of optimal transport
theory.

A brief description of each procedure is provided here with fuller details
available in [29].

3.1 Minimal Relative Entropy Modification

Consider the Kullback–Leibler [13] relative entropy functional

Hðwkþ1;wkÞ ¼
Z

wkþ1log
wkþ1

wk

� �
dq; ð10Þ

which expresses the ‘‘information distance’’ of wk+1 with respect to wk (note that it
is not a distance function in the mathematical sense). After taking a continuum
time step, new constraints are imposed on wk+1. By this means boundary condi-
tions at the continuum-scale are efficiently transferred to kinetic and hence
microscopic scales. The general form of a constraint is

Z
fiðqÞwkþ1ðqÞdq ¼ FiðQkþ1Þ; i ¼ 1; 2; . . .; L: ð11Þ

We seek to determine the p.d.f. that has the minimum information change with
respect to the previous time step but reflects the new constraints. Instead of solving
the constrained optimization problem, Lagrange multipliers ki; 16 i6 L are
introduced and the unconstrained problem

inf
ki

sup
w
�HðwjwkÞ þ

XL

i¼1

ki

Z
fiðqÞwkþ1ðqÞdq� FiðQkþ1Þ

� �" #
; ð12Þ

is solved.

3.2 Optimal Transport of Probability Density

The minimal entropy modification problem (12) is rather expensive to solve
computationally because of the large-dimensional phase–space integrals of the
form

R
dq; especially in the context of rapidly providing estimates of a p.d.f. at the
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intermediate times ftk
1; t

k
2; . . .; tk

P�1g: in order to carry out time parallel computa-
tions. An immediate idea would be to carry out linear interpolation between wk

and �wkþ1: In the context of solving Fokker–Planck equations at the kinetic level,
this would basically correspond to linear response theory [36].

It is however of interest to construct better intermediate estimates given the
endpoint p.d.f.’s wk; �wkþ1; especially estimates that capture the microscopic
physics of the system. Optimal transport theory [42] can be used to this end.

Given l : A! R; m : B! R; two p.d.f.’s, the optimal transport problem is to
find a transference plan T : A! B; such that for any subset P � A; whose image
under the transference plan is TðPÞ � B; we have

Z

x2P

lðxÞdx ¼
Z

y2TðPÞ

mðyÞdy: ð13Þ

Assuming T is a differentiable mapping, T 2 C1ðRdÞ; the integral condition (13)
implies the differential equation

detðrTðxÞÞmðxÞ ¼ lðxÞ; ð14Þ

which is nothing more than the usual change-of-variable theorem in integral
calculus.

Since there exist infinitely many differentiable mappings for which (14) holds,
an optimization problem can be posed, in which a specific mapping is sought that
has some desirable properties. One possibility is to introduce a distance between
the two p.d.f.’s l, m as exemplified by the Wasserstein distance

dpðl; mÞ ¼ inf
T

Z
jTðxÞ � xjplðxÞdx

� �1=p

; ð15Þ

dp : A� B! R: The optimization (15) then seeks the transference plan closest to
the identity mapping.

A number of remarkable results have shown the connection between optimal
transport and several physical processes such as various types of fluid flow [6].
Here we focus on a result by Jordan, Kinderlehrer and Otto (JKO) [22] establishing
a link between optimal transport and solutions of a Fokker–Planck equation.
Consider a Fokker–Planck equation of the form

ow
ot
¼ o

oq
� oU

oq
w

� �
þ 1

b
o

oq
� ow
oq
; ð16Þ

with UðqÞ a potential function in phase space. Associated with the p.d.f. wðqÞ the
free energy F(w), internal energy E(w) and entropy functionals S(w) can be
defined,

FðwÞ ¼ EðwÞ þ 1
b

SðwÞ; ð17Þ
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EðwÞ ¼
Z

UðqÞwðqÞdq; SðwÞ ¼
Z

wðqÞlogwðqÞdq: ð18Þ

Let wj
k be p.d.f.’s defined at the intermediate times tj

k in the time interval [tk, tk+1]
with the constant spacing Dt. The JKO result [22] states that if the intermediate
time wk

j ðqÞ is chosen as the solution of the minimization problem

min
w
½FðwÞ� ¼ min

w

1
2

d2 wðn�1Þ;w
� �

þ ðDtÞFðwÞ
� �

; ð19Þ

then in the limit Dt! 0 we have

w tk
j ; q

� �
¼ wk

j ; ð20Þ

meaning that the solution of the minimization problems (19) is also the solution of
the Fokker–Planck equation (16). Furthermore, at each point in time in the
[tk, tk+1] interval, the evolution of the solution to the Fokker–Planck equation
follows the steepest descent direction of the function in (19).

This result is applied in the tP-CKM algorithm to construct nonlinear inter-
polations of p.d.f.’s at intermediate time steps. Consider a representation of the
time-varying p.d.f. as

wðq; tÞ ¼
XNB

l¼1

clðtÞBlðqÞ; ð21Þ

with BlðqÞ some set of basis functions in phase space. Simple linear interpolation
between times would lead to intermediate expansion coefficient values

cl tk
j

� �
¼

tk
j � tk

tkþ1 � tk
cl tkþ1
� 	

� clðtkÞ

 �

þ clðtkÞ: ð22Þ

We can however exploit the steepest descent property from the JKO theorem to
specify that the tangent direction of the interpolation of wðq; tÞ in the space of
coefficients cl is given by the direction

rcFðwÞ: ð23Þ
With this information, a cubic interpolant can readily be constructed. A schematic
of the difference between linear interpolation and the interpolation based on free-
energy minimization is shown in Fig. 5. The principal benefit of this higher-order
interpolation procedure is the reduction of iterative refinements between the
kinetic and molecular stages.

4 A tP-CKM Model of the Cytoskeleton

We apply the computational framework described above to the problem of cyto-
skeleton mechanics. There is considerable scope for choosing a model at each
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length scale, and the choices described are just one option, mainly made to obtain
as simple a description as possible for this initial application of the tP-CKM
algorithm to cytoskeleton mechanics. In particular we restrict attention to two-
dimensional microscopic and one-dimensional continuum models at present.

4.1 Geometric Description of Cell Membrane, Cytoskeleton

The cell membrane is represented as a piecewise linear closed curve defined by
points (Xi, Yi), i ¼ 0; . . .;Nm: A curvilinear coordinate s is defined along the cell
membrane. The cytoskeleton is assumed to be situated in a shell inside the cellular
membrane and to have an average thickness d(s). At the junction an outward
pointing normal to the cell membrane n is defined along the bisector of the
intersecting line segments. Displacement towards the interior of the cell by dis-
tance d(s)/2 defines a cytoskeleton centerline. The choice of a piecewise linear
representation is motivated by the desire to capture deformations of arbitrary
complexity (Fig. 6).

Fig. 5 Comparison between
linear interpolation of p.d.f.’s
in c-space and cubic
interpolation based upon
minimization of
free energy

Fig. 6 Sketch of cellular
membrane, cytoskeleton
centerline
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The piecewise linear representation for the cellular membrane defines elements
Bi from point (Xi-1, Yi-1) to (Xi, Yi), i ¼ 1; . . .;Nm: Each element has an average
thickness di. At the continuum scale elements Bi are one-dimensional elastic
bodies akin to nonlinear beams. At the microscopic scale each element Bi is
formed from numerous actin filaments cross-linked in a network (Fig. 7).

4.2 Microscopic Description

A model for the formation and evolution of the actin network must be specified.
This is done separately for each element Bi of the cytoskeleton that extends from
si-1 to si. Starting from si-1, Nf random walks with step-length a are generated by
the following procedure.

1. Draw a direction h from a probability distribution function wh.
2. Advance the random walk by a along direction ðcosh; sinhÞ. Associate actin

filament stretch stiffness l with this step, and initial strain e with this step as
drawn from a probability distribution function we.

3. With probability Pf start two new branches at angle u ’ p=2 to the current
branch. This to models the nearly orthogonal cross-link formed by filamin.

4. With probability Ps generate a step of length b along the current direction h.
Associate spectrin stretch stiffness m with this step.

5. If the random walk step crosses the cell membrane attach the end point of the
random walk step to the membrane with probability Pm.

6. Stop the random walk if the edge of the beam element at si is reached, or if the
edge of the cytoskeleton at interior thickness di is reached.

The above simple model involves two p.d.f.’s, one for orientation (wh) and one
to characterize the strain of each filament segment (we). The orientation and strain
of the filaments is expected to respond to imposed forces at the continuum scale.
The probabilities Pf, Ps, Pm encapsulate the complicated biochemical reactions
that form linkages between actin filaments. In this work we are basically interested
in proof-of-concept computations and Pf, Ps, Pm shall be imposed rather than
obtained from detailed chemical kinetics.

Fig. 7 Sketch of variable
thickness beam composed
of cross-linked filament
elements model of
cytoskeleton
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At the end of the above procedure we have Ni actin and spectrin segments
defining the network inside of each beam element Bi. Let rj be the position vectors
of the endpoints of the segments, j ¼ 1; . . .;Mi: Some of these endpoints corre-
spond to points on the membrane or on the beam element boundaries at si-1 and si.
The motion of these points is imposed as a displacement boundary condition at
each moment in time. The other endpoints change position in response to elastic
forces Fj(t) in the filament segments ending at that particular node and at time t.
Inertial effects are negligible, and the equation of motion of these nodes is given
by the Langevin equation

g
drj

dt
¼ Fjðr; tÞ þ wjðtÞ; ð24Þ

with wj(t) a Gaussian noise term of intensity given by the fluctuation-dissipation
theorem, and r ¼ ðr1; . . .; rMiÞ: In order to more readily link the microscopic
dynamics to the wh, we p.d.f.’s it is convenient to consider the equation for the time
evolution of the end-to-end vector of each filament,

djk ¼ rkðtÞ � rjðtÞ; ð25Þ

that satisfies the SDE

g
ddjk

dt
¼ Fkðd; tÞ � Fjðd; tÞ þ wkðtÞ � wjðtÞ: ð26Þ

The orientation and strain of the filament are immediately available as

hjk ¼ atan ðdjk � eyÞ=ðdjk � exÞ

 �

; ejk ¼ jdjkj=l0 � 1; ð27Þ

with l0 the undeformed length of the filament. Let (ujk, vjk) be the x, y components
of the displacement djk, such that hjk = atan(vjk/ujk)

Though simple, this microscopic model is capable of capturing strain-hardening
through the wh p.d.f. and also retains memory of the previous strain state through
we.

4.3 Kinetic Description

The Fokker–Planck equation associated with the Langevin dynamics specified by
(26) is

ow
ot
þ o

ou
Fuwð Þ þ o

ov
Fvwð Þ ¼ 1

b
o2w
ou2
þ o2w

ov2

� �
; ð28Þ

with w a function of time and the filament end-to-end displacements, w(t, u, v).
The principal modeling difficulty is establishing the relationship between the
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forces Fjðd; tÞ defined in the microscopic description and some general functions
(Fu(u, v), Fv(u, v)) needed in the kinetic-level equation (28).

The simplest approach is to assume that the elastic filament forces come from a
potential

Uðu; vÞ ¼ l
2
ðu� UiÞ2 þ ðv� ViÞ2
h i

; ð29Þ

with (Ui, Vi) the average displacement in block Bi, a hypothesis that corresponds
to affine distribution of strain among the filaments. It has been established by a
number of researchers [17], that affine strain distributions are obtained at large
densities of actin filaments, but that as the number of filaments decreases the
strain distribution can differ markedly from the average strain in a control
volume. The drawback of using an affine distribution of strain at the kinetic level
is attenuated in the context of the tP-CKM algorithm. The probability distribu-
tion function w(t, u, v) is used only to instantiate microscopic ensembles
according to the procedure outlined in 4.1. The subsequent time evolution is
however carried out at the molecular level by evolving the SDEs (26) forward in
time, through what is assumed to be a physically correct model. The kinetic-
level computation simply acts as a predictor step to be corrected by the
molecular level evolution. The availability of a predictor step is computationally
convenient since it furnishes the required approximation of the initial conditions
at the time substeps ftk

1; . . .; tk
P�1g; and thereby allows time-parallel computa-

tions. Also, the branching defined by step (3) of random walk procedure ran-
domizes initial orientations with respect to the average strain direction specified
by the potential (29).

An alternative to the affine deformation hypothesis expressed by (29) is to use
a Kramers–Moyal expansion. During the microscopic evolution the first two
moments of the probability transition function P (u, v, t + Dt|u0, v0, t) can be
computed by accumulating statistics from the numerical solution of the SDEs (26).
The moments defined by

Mm;nðu0; v0;DtÞ ¼
Z
ðu� u0Þmðv� v0ÞnPðu; v; t þ Dtju0; v0; tÞdu0dv0; ð30Þ

are approximated by time sampling over nt time steps, and an interpolation
of the sampling can be used to determine the coefficients Dð1Þðu; v; tÞ 2 R

2;

Dð1Þ ¼ ðDð1Þu ;Dð2Þv Þ;Dð2Þðu; v; tÞ 2 R
2�2 needed in the Fokker–Planck equation

ow
ot
þ o

ou
Dð1Þu w
� �

þ o

ov
Dð1Þu w
� �

¼ 1
b
rðu;vÞ � Dð2Þðu; v; tÞrðu;vÞw

� �
: ð31Þ

Though capable of capturing non-affine strain distributions in the filament
network, this approach is much more costly, due to the necessity of accumulating
statistics. Tests in this work are done using affine instantiation of the filament
network.
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4.4 Continuum Description

In this simple model, the cytoskeleton is seen as a variable thickness, curved beam
at the continuum level (Fig. 8).

Let r(s, t) be the position vector of a point along the one-dimensional beam
model of the cytoskeleton, sðs; tÞ; mðs; tÞ the tangent and normal vectors, and j(s, t)
the curvature. Assuming slow, non-inertial motion the beam equation of motion in
this case is

g
dr

dt
¼ Dpðs; tÞm þ d

ds
Tsþ EI

dj
ds

m

� �
; ð32Þ

with Dp the difference between cytosol and ambient pressure, T (s, t) the tension in
the beam, and EI the flexural rigidity. For small displacements during a time step
the flexural rigidity can be expressed as EI = MR = M/j, with R the radius of
curvature. The beam tension T is expressed in terms of the filament forces f as

T ¼ 1
Li

Z
Bi

fds

� �
s; ð33Þ

with Li the length of beam element Bi. The tension can also be expressed as an
average over deformation states of the beam as

T ¼ l
Z
ðusx þ vsyÞwðu; vÞdudv; ð34Þ

using the p.d.f. of displacement state w(u, v), l the stretching stiffness of a fila-
ment and (sx, sy) the components of the tangent vector. The moment in the beam
can also be computed either as a spatial average

M ¼ 1
Li

ZLi=2

�Li=2

ðf � mÞsds; ð35Þ

Fig. 8 Sketch of pressure
and cytoskeleton forces
acting on cellular membrane
elements
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or an average over deformation states by evaluating

M ¼ al
Z
ðumx þ vmyÞ cos hwðu; vÞdudvdh: ð36Þ

Expression (36) evaluates the torque of the filament forces normal to the beam
element, over all possible filament displacements and orientations. Relations
(33–36) furnish the requisite lengths between continuum and microscopic models.
When seeking continuum closure relations from a known microscopic state the
integrals (33–36) are evaluated directly.

Consider some numerical method applied to (32) to advance r(s, tk) to a new
time level tk+1. The average displacements in beam element Bi of length Dsi

can be evaluated as

Ukþ1
i ex þ Vkþ1

i ey ¼
or

os

� �kþ1

i

Dsi: ð37Þ

These average displacements are imposed as constraints on the p.d.f. for the
microscopic displacements at the new time level

Ukþ1
i ¼

Z
uwðu; v; tkþ1Þdudv; Vkþ1

i ¼
Z

vwðu; v; tkþ1Þdudv; ð38Þ

constraints to be satisfied by the minimal entropy modification of w(u, v, tk).

5 Results

We now turn to a proof-of-concept computation. The parameters chosen here are
meant to qualitatively capture blebbing phenomena, but no claim is made that this
initial demonstration of the method accurately captures biological phenomena.

An initial circular shape is assumed for a cell of diameter D = 10 lm.
The overpressure of the cytosol with respect to ambient is set as Dp = 100 Pa.
The boundary is discretized in Nm = 4 9 103 elements. Initial uniform distributions
for the filament orientation are chosen in each element. In each element the random
walk generation procedure is repeated until there are Ni [ 103 actin filaments in
each element, and at least Nc,i [ 50 connections of the filaments in each element
with the cellular membrane. Probabilities Pm = 0.5, Ps = 0, Pf = 0.25 are chosen
in the network generation procedure. This corresponds to a 50% chance that a
filament that crosses the cellular membrane attaches to the membrane, no spectrin
elements, and that, on average, at every fourth random walk step of length
a = 20 nm we encounter a crosslink. The system is allowed to equilibrate by
advancing the SDEs (26) and constraining the motion of all nodes on the membrane
to be along radii until the cytosol overpressure is balanced by stretching forces
within the network. The sequence of shapes obtained during this equilibration
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process are shown in Fig. 9. The equilibration process is a non-trivial test showing
that uniform distributions of the orientations of the filaments in each continuum
block, and using sufficient filaments to have affine distributions of strain, maintains
symmetry of the computation.

After the initial equilibration, the formation of blebs is simulated by modifying
the probability of attachment of a filament to the membrane,

PmðtÞ ¼ 0:01þ 0:49 1� 1
1þ e20�t

þ 1
1þ e40�t

� �
; ð39Þ

which models the formation of a bleb over an interval of 20 s, by changing the
baseline membrane attachment probability from 0.5 to 0.01 (Fig. 10). The change
is imposed on various regions of the cell, both localized to represent a small bleb
and over large regions.

The main intent of these initial tests is to ascertain whether bleb formation
occurs and is then retracted. Detachment of the cytoskeleton occurs as expected. A
sequence of membrane shapes during the bleb formation stage is shown in Fig. 11.
A detail of the formation of a small bleb is shown in Fig. 12. After some time
(t [ 40) the probability of reattachment of the cytoskeleton network to the
membrane is set to the initial value Pm = 0.5 and the membrane reverts to a quasi-
circular shape. Figure 13, shows the final stage of retraction of a small bleb.

Fig. 9 Initial equilibration of a circular model of a cell. The forces on the membrane elements
are shown by the line segments pointing outward from the circular cell model. Time slices at 10-s
intervals from t = 0 to t = 120 s
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6 Conclusions

Development of quantitative models that link overall cytoskeleton mechanical
behavior to microscopic phenomena exemplified by biochemical reactions is a
challenging endeavour. Such quantitative models are however of great interest
since many diseased states manifest themselves at large scales, but are caused by
breakdowns in biochemical processes at the molecular scale. In this work we have
carried out an initial application of a general multiscale interaction framework

Fig. 11 Sequence of membrane shapes at Dt = 0.5 s intervals from t = 19 to t = 24 s

10 20 30 40 50 60
t

0.1

0.2

0.3

0.4

0.5

Pm tFig. 10 Imposed time
variation of actin filament
to membrane attachment
probability
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Fig. 12 Sequence of membrane shapes in bleb formation. (Dt = 0.5 s time intervals between
successive membrane positions)

Fig. 13 Late stage retraction of a bleb (Dt = 0.5 s, from t = 38 to t = 46 s)
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constructed to facilitate linkage between molecular and continuum phenomena.
The main features of the tP-CKM framework that are of utility in constructing
cytoskeleton models are:

1. The repeated regeneration of the cytoskeleton network through refined esti-
mates of the p.d.f. w describing the network geometry mimics the continual
rearrangement exhibited by real biological systems.

2. Time parallelization allows large-scale models to be simulated.
3. The interpolation between time steps of the p.d.f. using optimal transport theory

allows larger continuum time steps to be taken by comparison to linear
response Fokker–Planck theory.

This initial application of the tP-CKM framework to a simplified cytoskeleton
model is not yet fully realistic. Biochemical kinetics must be included in the model
in order to determine rates at which actin filaments form crosslinks or attach to the
membrane in response to local concentrations. A model for the action of myosin
on the network must be included. We have however shown that imposing smaller
probabilities of filament to cellular membrane attachment does lead to the for-
mation of a protrusion (a bleb) that is subsequently retracted when the actin
network reforms. Work is underway to construct models that incorporate more of
the known biology of the cytoskeleton.
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Mechanobiology and Finite Element
Analysis of Cellular Injury During
Microbubble Flows

Samir N. Ghadiali and Hannah L. Dailey

Abstract Microbubble flows and their effects on the lung epithelium are a key
component of the acute respiratory distress syndrome (ARDS), a condition com-
monly treated by mechanical ventilation. Recent clinical evidence suggests that it
may be difficult to choose a ventilation protocol that completely eliminates the
damaging mechanical forces experienced by the epithelium. In this chapter, we
describe our research group’s use of both experimental and computational tech-
niques to investigate how strategic changes in the cells’ cytotskeletal structure and
mechanical properties can be used to alter the way these cells respond to the
hydrodynamic forces generated during microbubble flows. First, we present
experimental data which describes the relationship between hydrodynamic con-
ditions and cell necrosis during microbubble flows. The experimental results were
then used to develop validated finite element models that provided quantitative
information about cellular deformation during microbubble flows. These models
suggested several pharmaco-protective strategies for reducing epithelial cell (EpC)
injury by altering cell mechanics and these predictions were confirmed by a new
set of clinically relevant experimental studies. We also discuss the future potential
for combined experimental and computational approaches to treating lung injury
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and how these techniques may help elucidate the mechanotransduction of
microbubble forces into inflammatory signaling and other processes that contribute
to the pathology of ARDS.

Abbreviations

ALI Acute lung injury
ARDS Acute respiratory distress syndrome
EpC Epithelial cells
Mb-CD Methyl-b-cyclodextrin
PEEP Positive end expiratory pressure
VILI Ventilator-induced lung injury

1 Introduction

1.1 Overview of Microbubble Flows

Microbubble flows have emerged as an important area of research in a wide range
of disciplines, with applications ranging from microfluidic devices [9, 20, 74] to
biomedical uses including enhancement of ultrasound images and drug delivery
[11, 48, 60, 90, 110, 119]. Unfortunately, microbubbles are also known to cause
injury to several physiological systems. For example, the microbubbles generated
during cardiac surgery can occlude the small blood vessels which supply nutrients
to vital organs [34, 77, 97] and can damage the cerebral capillaries [30, 81] leading
to significant cellular and tissue damage. In addition to causing damage in the
systemic circulation, the lung is particularly vulnerable to microbubble-induced
injury. The hydrodynamic forces associated with microbubble flows in small
pulmonary airways [12, 54] are associated with lung injury. For example, during
acute respiratory distress syndrome (ARDS), which is the most severe manifes-
tation of acute lung injury (ALI), the small pulmonary airways become occluded
with fluid due to disruption of the alveolar–capillary barrier [118]. Patients with
ALI must be placed on a mechanical ventilator in order to survive. However, these
ventilation protocols generate microbubble flows which exacerbate the existing
lung injury [25, 54, 88].

Although the physics of microbubble flows has been extensively investigated
[20, 40, 69], the effects of microbubble flows on physiological systems are not well
established and these interactions are the focus of current research efforts. Pre-
vious studies [40, 43] indicate that these microbubble flows impart complex
hydrodynamic forces to the epithelial cells (EpC) which line airway walls (see
Fig. 1). These forces include compressive pressure and shear stress and complex
spatial and temporal gradients of these stresses. These forces may cause both
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mechanical and biological injury to the lung epithelium. First, depending on the
EpC microrheology (i.e. elasticity or viscoelasticity), these forces may cause
cellular deformation, rupture of the plasma membrane and cell necrosis/death
[12, 59, 123, 124]. The hydrodynamic forces may also alter the molecular inter-
actions responsible for cell–substrate adhesion and lead to cell detachment and
further disruption of the alveolar–capillary barrier [123, 124].

In addition to causing physical injury, the mechanical forces associated with
microbubble bubble flows may be sensed by the lung epithelium and translated via
mechanotransduction into complex biochemical signals including the up-regula-
tion of inflammatory signals [41, 53]. This mechanically induced up-regulation of
inflammation may be extremely important in the context of ALI and ventilation-
induced lung injury. Specifically, the majority of patients suffering from ALI die
from systemic inflammation and multiple system organ failure even though the
initial bacterial/viral insult responsible for ALI has been cleared. The mechano-
transduction of microbubble forces into inflammatory signals may result in the
release of inflammatory cytokines into the systemic circulation and the inflam-
matory response to microbubble conditions in the lung may therefore be a sig-
nificant source of injury and mortality in ARDS/ALI patients.

1.2 ARDS and ALI

The ARDS, and its more severe manifestation ALI, are devastating disorders in
which the obstruction of distal lung regions (airways and alveoli) leads to reduced
gas exchange and severe hypoxia. The most common causes of ARDS/ALI include
bacterial/viral infection of the pulmonary system (i.e. pneumonia) and sepsis from
a systemic source such as the gastrointestinal tract [118]. This initial insult typi-
cally results in the injury and shedding of alveolar epithelial cells which normally
provide a barrier between the alveolar air space and interstitial fluid [118]. As a
result, the acute phase of ARDS is characterized by the influx of a protein rich
edema fluid into the alveolar air space due to an increased permeability of the
alveolar capillary membrane [85]. In most cases, mechanical ventilation is nec-
essary to stabilize patients with ARDS/ALI. However, these ventilators generate

Fig. 1 Schematic diagram of an in vitro model of microbubble-induced injury and the forces
applied to the epithelium
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injurious mechanical forces which exacerbate the existing lung trauma, a condition
referred to as ventilator-induced lung injury (VILI). The abnormal mechanical
environment during ventilation may include over-distention of lung epithelial
cells, higher airway opening pressures and the complex forces associated with
reopening fluid-filled or collapsed airways with a microbubble of air (see Fig. 1).
These abnormal mechanical forces may in turn cause significant cell injury/death,
further barrier disruption and an exacerbation of the existing inflammatory con-
dition. Recent advances in the treatment of the predisposing factors for ARDS (e.g.
sepsis) and improvements in the supportive care of these critically ill patients have
resulted in a reduction in mortality [118]. Although pharmaceutical therapies
including surfactant replacement therapy [68, 94] have had limited clinical suc-
cess, improved mechanical ventilation techniques that minimize additional lung
injury have been used to reduce the in hospital mortality to *30% [6]. However,
other modifications to ventilator strategies such as positive end expiratory pressure
(PEEP) have not been as successful in reducing mortality rates [15]. As a result,
the mortality rates for ALI/ARDS remain high and the development of improved
ventilator and/or pharmaceutical therapies is a major public health issue.

1.3 Ventilation-Induced Lung Injury

Extracorporeal and intravascular membrane systems can be used to artificially
oxygenate patients with ARDS/ALI, but these devices are typically only used as an
adjunct to the most common and effective treatment for ALI/ARDS, mechanical
ventilation [10, 44, 117]. Historically, the primary goal of various ventilation
techniques was to restore adequate blood oxygenation by opening up the lung and
recruiting a majority of the unventilated regions. As a result, most patients were
ventilated at a large tidal volume (i.e. VT = 10–12 mL/kg) compared to normal
(5–7 mL/kg). Although this type of mechanical ventilation temporarily restores
normal gas exchange, several studies [4, 6] have demonstrated that ventilation at
high lung volumes can exacerbate the existing lung injury (volutrauma). Specifi-
cally, over-distension of the basement membrane imparts large stretching defor-
mations to the epithelial cells and results in plasma membrane disruptions, cellular
injury and apoptosis, and increased permeability of the alveolar-capillary barrier
[16, 106, 115]. In addition to volutrauma, the mechanical stresses associated with
the repeated closure and reopening of collapsed or fluid-filled lung units during
low VT ventilation may also result in cellular injury (atelectrauma) [25, 41, 76].
Unlike volutrauma where substrate stretching directly imparts deformation to the
epithelial cells, the amount of cellular deformation (and therefore injury) during
atelectrauma may depend on both the magnitude of the imposed forces and the
rheological properties of the epithelial cells (i.e. the cells’ resistance to
deformation).

Optimization of mechanical ventilation parameters can be used to minimize
these components of lung injury and the effects of varying the tidal volume, VT,
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and end-expiratory pressure have been extensively investigated. Clinical trials
have clearly demonstrated that ventilation at high lung volumes results in signif-
icant cellular and tissue damage and increased mortality rates [6]. Tidal volume
reduction mitigates ventilation-induced lung injury by minimizing the stretching
deformations applied to lung epithelial cells. However, a unilateral reduction in VT

may also result in lung injury due to atelectrauma [25, 41, 76]. At low lung
volumes, the cyclic closure and reopening of fluid-filled airways will generate
microbubble flows (see Fig. 1) that impart damaging mechanical forces to lung
epithelial cells. Experimental studies from several laboratories including our own
indicate that these mechanical forces can cause cell necrosis [12, 124], further
barrier disruption [123, 124], and the up-regulation of inflammatory pathways [24,
53, 88]. Several investigators have attempted to set PEEP during ventilation in
order to prevent the closure of distal lung units at low lung volumes [84]. Although
PEEP may minimize atelectruma, the inappropriate setting of large PEEP may also
result in a higher end-inspiratory volume and thus lung over-distension [33]. The
difficulty in setting the appropriate PEEP value was demonstrated by the ARDS
Network ALVEOLI trial [15] where the use of a higher PEEP value did not
significantly reduce the mortality rate. These results suggest that it may be difficult
to choose a ventilation protocol that prevents both volutrauma and atelectrauma, so
potentially injurious mechanical loads on the epithelium may be an ever-present
feature of mechanical ventilation.

1.4 In vitro Models of Lung Injury

As we have seen, the development of VILI may be due to a variety of injury
mechanisms including volutrauma and atelectrauma. However, most investigators
have focused on volutrauma during high VT ventilation where distension of the
basement membrane is translated into deformation of the attached epithelial cells
(EpC). Several investigators have developed sophisticated in vitro cell stretching
devices [95, 105] that mimic these in vivo conditions. These devices typically
involve culturing cells on a deformable silicoelastic membrane which is uniformly
stretched (strained) in a static or cyclic fashion. The strains applied to the EpC can
be directly verified and these devices allow for greater control over the mechanical
environment compared to the in vivo system. The response of alveolar EpC to
stretching deformation has been extensively investigated and comprehensively
reviewed by several authors [112, 120]. In addition to triggering biological
responses (see Sect. 1.6), large-amplitude and high-frequency cyclic stretching
produces more deformation-induced cell injury than small-amplitude and low-
frequency stretching protocols [106]. Increasing the strain magnitude in these
experiments induces more apoptosis and necrosis [46]. Large stretching defor-
mations also disrupt the cell–cell junctions, which compromises the alveolar–
capillary barrier [16, 17].
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In addition to basement membrane stretching, the hydrodynamic loads exerted
by moving air–liquid interfaces have been implicated in the pathogenesis of
ARDS/VILI. Several investigators have presented experimental and theoretical
models of airway reopening via bubble propagation through fluid-occluded
channels. Results from rigid-walled airway reopening experiments indicate that
the large pressure gradients generated near the bubble tip are responsible for
epithelial cell necrosis [12, 59]. Several theoretical investigations [49, 78, 79] have
also studied the combined effects of wall stretching and hydrodynamics stress
generation during bubble propagation through flexible airways. These results
indicate that surfactant administration may reduce the cellular strains induced by
wall stretch during reopening of a collapsed airway. Unfortunately, surfactant
administration may have limited clinical applicability because of surfactant
deactivation in the presence of plasma proteins [14]. Our laboratory has developed
and used microfluidic systems to expose epithelial cells to repeated microbubble
flows and airway reopening events [123, 124]. We have used this system to
investigate the effect of airway diameter, reopening velocity, cell morphology and
cytoskeletal structure/mechanics on the amount of cell necrosis and barrier dis-
ruption. We have also developed a series of computational, finite element-based
models of cell deformation during these in vitro microbubble flows to analyze and
interpret our experimental results [28, 29].

1.5 Stress versus Strain in Cell Injury Studies

It is important to note the fundamental differences in the mechanical loads applied
during biaxial stretch (volutrauma) and airway reopening (atelectrauma) experi-
ments. Biaxial stretch protocols directly apply a defined strain magnitude,
regardless of the cells’ mechanical properties. In contrast, airway reopening and
microbubble flow experiments alter the hydrodynamic stresses applied to the cells
by changing the bubble velocity, fluid properties, and airway geometry. Strains
that develop in cells during these experiments are not known a priori and will
depend on several factors including the magnitude and type of hydrodynamic
loads, the cells’ biomechanical and/or rheological properties, and cell morphology.
However, current experimental imaging techniques cannot quantify the strains that
develop in cells under these conditions because of limitations in resolving small
strains using fluorescence microscopy [113], especially when loads are applied and
removed on very short timescales (i.e. less than 200 ms) as is the case during
microbubble flows. Given the difference between applied-strain (biaxial stretch)
and applied-stress (airway reopening) experiments and the intractability of mea-
suring stress and strain experimentally, we must use caution in discussing the
results reported in the literature regarding the influence of cell mechanical prop-
erties on the risk of cell necrosis and injury. For example, Vlahakis et al. [116]
observed an increase in the apparent stiffness of A549 human alveolar EpC when
the cells were cooled from 37 to 4�C. Conversely, they observed a decrease in
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apparent cell stiffness after disrupting the cytoskeleton with cytochalasin D. Both
the cooled (stiffer) cells and the cytoskeleton-disrupted (less stiff) cells exhibited
increased cell necrosis after cyclic biaxial stretching. The authors attributed this
finding to reduced deformation-induced lipid trafficking (DILT), which actively
remodels the cell membrane after loading and is inhibited by cooling and cyto-
skeletal alterations. These results suggest that during biaxial stretch experiments,
cell mechanical properties do not have a significant influence on the risk of cell
injury. However, it is important to remember that biaxial stretch protocols apply
uniform strain or cell deformation, regardless of cell mechanical properties. Thus,
uniform strain experiments cannot fully ascertain the role of cell mechanics in
flow-induced cell injury during ARDS because the hydrodynamic stresses expe-
rienced by cells produce intracellular strains that will depend on the cells’ mor-
phological and biomechanical properties.

1.6 Role of Mechanotransduction in Lung Injury

In addition to causing cell necrosis/death and barrier disruption, several investi-
gators have demonstrated that the mechanical forces exerted on epithelial cells
during ventilation may also be sensed and transduced into altered biochemical
signaling events via a process known as mechanotransduction [103]. For example,
cyclic stretching of EpC results in altered cell migration rates [31], altered
surfactant secretion profiles [7], changes in protein and gene expression [22],
up-regulation of inflammatory pathways [80], and secretion of inflammatory
cytokines [56, 114]. EpC have also been shown to respond to hydrodynamic
stimuli such as fluid shear stress. Exposure of EpC to moderate shear stress
(30 dyne/cm2) produces time-dependent disassembly of keratin intermediate fila-
ments [89], while exposure to low levels of shear stress (0.1–1 dyne/cm2) produces
increased mucus secretion [35]. In addition, Sidhaye [92] demonstrated that
1–3 dyne/cm2 shear stress results in reduced paracellular permeability and
decreased aquaporin-5 expression. Finally, EpC can also sense and respond to
compressive transmural pressure forces. For example, exposure of tracheal EpC to
static transmembrane pressures increases early growth response-1 (EGR1) and
transforming growth factor-b1 (TGFb1) gene expression [87]. Ressler et al. [87]
also demonstrated that the expression of these genes is time- and pressure-
dependent and that EpC do not respond to hydrostatic pressures. Tschumperlin and
colleagues [107, 108] demonstrated that human bronchial EpC also respond to
static transmembrane pressures by up-regulating a variety of pro-fibrotic pathways.
Compressive pressure stresses also activate the epidermal growth factor receptor
(EGFR) [104] and chronic exposure to pressure for 14 days results in an increased
number of mucus producing cells [82].

Although it is well established that EpC can sense and respond to mechanical
forces, the exact mechanisms responsible for this mechanotransduction are still
being investigated. The mechanisms by which cells sense and transduce
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mechanical force into biochemical signals are complex and in addition to the
important role of focal adhesions [18], cell–cell junctions [73], and ion-channels
[96], the actin cytoskeleton likely plays a key role. Specifically, mechanical forces
applied at the apical surface of cells may transmitted along the cytoskeleton to
various signaling sites including focal adhesions [52] and stretch-sensitive ion-
channels [3]. In addition, force-transmission along the cytoskeleton may be sensed
and transduced into biochemical signals by proteins directly associated with
cytoskeletal filaments [47]. Changes in cytoskeletal structure may also result in
concurrent changes in cell rheology [63, 123] which may simultaneously influence
the amount of intracellular strain/deformation for a given amount of mechanical
force [28]. Changes in intracellular strain magnitude can directly influence
mechanotransduction mechanisms such as the opening of stretch-activated ion-
channels and may also lead to altered activation of different mechanosensitive
enzymes. As a result, knowledge of intracellular deformation during applied load
is critical to elucidating the mechanisms responsible for mechanotransduction in
lung EpC.

1.7 Combined Experimental and Computational Approaches
to Lung Injury

The current body of evidence from clinical trials suggests that despite recent
advances in mechanical ventilation protocols, it may be difficult to prevent both
alveolar over-distention (volutrauma) and cyclic airway collapse and reopening
during ventilation (i.e. atelectruma). Therefore, it may be difficult to completely
eliminate the damaging mechanical forces associated with microbubble flows. As
we have seen in the preceding discussion, these conditions are responsible for
direct cellular injury (necrosis) as well as a host of biochemical signaling events
that reinforce the inflammatory response of the lung and may contribute to the high
mortality rates among ARDS/VILI patients. An alternative approach to mini-
mizing the damage caused by the mechanical forces generated during ventilation is
to alter how the EpC respond to these forces. In this chapter, we will describe our
laboratories experimental and computational approach to investigate the mecha-
nisms responsible for EpC injury and how these techniques have been used to
design a new class of therapies that minimize cellular injury by altering cellular
mechanical properties (see Fig. 2). We focus on:

• experimental data describing the relationship between hydrodynamic conditions
and EpC necrosis during microbubble flows,

• development of image-based finite element models of microbubble-induced
EpC deformation,

• validation of the computational models by direct comparison to the experi-
mental measurements,

• predictions from the models regarding altering cell mechanics to prevent
microbubble-induced injury, and
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• clinical translation of these predictions into new pharmaco-mechanical treat-
ments that prevent microbubble-induced injury of the epithelium.

2 Experimental Analysis of Cell Injury during
Microbubble Flows

2.1 In Vivo and In Vitro Airway Reopening Models

A number of in vivo studies have clearly demonstrated that the air–liquid interface
(i.e. microbubble) flows associated with reopening of fluid-filled and compliant
airways results in additional lung injury. Briefly, Muscedere et al. [75] showed that
ventilation at normal physiological volumes and zero end-expiratory pressure
results in a significant increase in lung injury while D’Angelo and colleagues [24,
25, 27] have utilized an open-chest rabbit model to demonstrate that prolonged
mechanical ventilation (3–4 h) at normal lung volumes and zero end-expiratory
pressure can result in barrier disruption and the activation of inflammatory path-
ways. D’Angelo [26] also demonstrated that decreasing the surface tension
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resulted in significantly less epithelial cell necrosis, less cell detachment and
barrier disruption but no significant reduction in inflammation while increasing
surface tension resulted in a significant increase in mechanical damage (cell death
and detachment). Finally, Frank et al. [39] used an acid-induced lung injury model
to investigate whether recruitment maneuvers such as PEEP could alter lung injury
patterns. Interestingly, these authors report that although recruitment maneuvers
decrease endothelial injury, they do not reduce alveolar epithelial cell injury.

These in vivo studies clearly indicate that additional lung injury occurs during
cyclic airway closure and reopening, but it is difficult to identify the consequences
of a particular mechanical stimulus in whole lung models due to the spatial and
temporal diversity of ALI and the complex morphology of the lung. In contrast, in
vitro cell culture models allow for a greater degree of control over the mechanical
environment and therefore a more efficient means of evaluating how EpC respond
to a given mechanical stimulus. In addition to the systems designed to investigate
how EpC respond to stretching deformations (see Sect. 1.4–1.6), several investi-
gators have recently utilized in vitro cell culture systems to investigate the
mechanisms responsible for EpC injury during microbubble flows and airway
reopening events. Gaver and colleagues [12] were the first to simulate micro-
bubble-induced injury by propagating a long finger of air in a parallel-plate flow
chamber at a constant velocity over a monolayer of cultured rat pulmonary EpC. In
this study, two reopening velocities were investigated, and the results indicated
that slower reopening velocities increased the level of cell necrosis. Bilek et al.
[12] also developed a computational model of airway reopening and correlated
each component of the hydrodynamic force generated by the microbubble with
Capillary number, Ca, or dimensionless bubble speed.

ssð Þmax

c=H
¼ 0:69Ca0:36 ð1Þ

dss=dxð Þmax

c=H2 ¼ 0:22þ 0:2Ca0:75 ð2Þ

dP=dxð Þmax

c=H2 ¼ 0:34Ca�0:29 ð3Þ

where Ca = lU/c, l is the fluid viscosity, U is the bubble speed, c is the surface
tension of the air–liquid interface, ss and dss/dx are the shear stress and shear stress
gradient, dP/dx is the pressure gradient, H is the channel half-height, and x is the
axial coordinate in the flow direction. These correlations indicated that the only
force that increases in magnitude as the bubble velocity decreases is the pressure
gradient, dP/dx. As a result, these authors concluded that cell necrosis and plasma
membrane rupture in this system is due to the presence of a spatial gradient in
pressure across the length of an EpC. Bilek et al. [12] also demonstrated that
doping the occlusion fluid with a large concentration of exogenous surfactant
(Infasurf, ONY Inc.) could be used to reduce the surface tension from *70 to
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*25 dyne/cm2 and prevent cell necrosis at all bubble speeds. In a follow up study
from this same laboratory, Kay et al. [59] conducted similar experiments with a
higher viscosity fluid to demonstrate that the increased cell necrosis at low bubble
speeds was not due to the increased exposure time, and therefore the membrane
damage was most likely due to the larger magnitude of spatial gradients in normal
pressure.

Although the seminal studies by Gaver and colleagues have indirectly impli-
cated spatial gradients in pressure as the mechanical force that causes cell necrosis
during microbubble flows, the effect of several important biological and physio-
logical parameters as well as the precise mechanisms of pressure-gradient induced
injury were not known. Our laboratory subsequently conducted a variety of
experimental studies which specifically investigated how changes in airway
dimensions, cellular morphology/typology and cellular rheology influence the
amount of necrosis during airway reopening. These studies are summarized below
and although some of the experimental results were counter-intuitive, analysis of
this data with a novel set of image-based finite element models of cell deformation
during microbubbles (see Sects. 1.4 and 1.5) have been used to interpret these
experimental findings.

2.2 Effect of Bubble Velocity and Channel Height

The motivation for this study [124] was that the bifurcating structure of the lung
results in a wide range of airway diameters and that the total cross-sectional area of
the lung increases as the airway generation number increases [67]. As a result, the
bubble velocity responsible for reopening will be different in different lung
regions. Although the effect of bubble velocity has been investigated [12], pre-
vious computational studies [40] also indicate that the magnitude of the fluid
mechanical stresses exerted on the EpC is inversely proportional to airway
diameter. We therefore hypothesized that changes in both airway diameter and
bubble velocity will alter degree of cellular injury observed during reopening.

For this study [124], rat pulmonary EpC line (CCL-149, American Type Cul-
ture Collection, Manassas, VA) were cultured onto 30 mm diameter coverslips
placed in six well plates and were grown under standard culture conditions (37�C,
5% CO2 and 95% air) for 4 days to obtain a confluent monolayer (100%). To
investigate the role of channel height, a POC mini chamber system (Hemogenix,
Colorado Springs, CO), which was specifically designed for high resolution live-
cell microscopy, was modified to create an adjustable-height parallel-plate flow
chamber (see [124] for details). This system consisted of a variable-thickness
silicone gasket that was ‘‘sandwiched’’ between a lower coverglass seeded with
cells and a rigid upper coverglass. The silicone gasket contained a 10 9 25 mm
flow channel and channel height was governed by the thickness of the silicone
gasket. Channel heights of 0.5, 0.8 and 1.7 mm were used to capture the diameters
of terminal and respiratory bronchioles [122]. A syringe pump was then used to fill
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the flow chamber with phosphate-buffered saline (PBS) and then reversed to create
a microbubble of air which removed the occlusion fluid at a constant rate. Finally,
the chamber was refilled with a live/dead stain and incubated before visualization.
Note that the initial filling of the chamber as well as the re-filling of the chamber
with the live/dead stain involves the ‘‘backward’’ propagation of an air–liquid
interface. Control experiments indicated that this ‘‘backward’’ air–liquid interface
propagation did not cause significant cell necrosis. For normal breathing condi-
tions of VT = 500 mL and 12 breaths/min, the expected range of reopening
velocities in terminal and respiratory bronchioles is 1–10 mm/s. A baseline bubble
velocity of 3 mm/s was selected to correspond to this range. Order-of-magnitude
changes in reopening velocity (i.e. 30 and 0.3 mm/s) were also investigated.

To visualize the cells and quantify cell injury, the flow chamber was mounted
on an IX-71 inverted microscope with fluorescence capabilities (Olympus, Mel-
ville, NY). The live/dead stain (Invitrogen, Carlsbad CA) consisted of 1.2 lM
ethidium homodimer 1 and 1.2 lM calcein AM, in PBS. Calcein AM freely dif-
fuses into living cells where it is converted into a membrane-insoluble product. As
it accumulates inside the cell, the cytoplasm of the cell can be viewed in green
color. In contrast, ethidium homodimer cannot enter through intact cell mem-
branes. If the plasma membrane is ruptured, the dye enters the cell and binds to
nuclear DNA, allowing the cell to be viewed in red color. For each control and
experimental condition, 5–10 fluorescent images were obtained from the centerline
of the channel to eliminate any possible stress magnification effects near the side
walls of the channel. The number of live cells (i.e. calcein positive) and dead cells
(i.e. ethidium positive) in each image were counted using the Metamorph image
analysis software (Molecular Devices Co., Downington, PA). The percentage of
dead cells was calculated as the number of dead cells divided by the total number
of cells in each image. For each experimental condition, the percentage of dead
cells was quantified and the mean and standard error of these values were cal-
culated. An analysis of variance (ANOVA) with P \ 0.05 was used to document
statistically significance differences.

For each of the three bubble velocities (0.3, 3, and 30 mm/s), we investigated
the effect of varying channel height (Fig. 3). Results are presented as percentage of
cell death (mean ± SE). For all channel heights, control experiments result almost
no injury (\1%). The highest injury level was observed at a channel height of
0.5 mm and a bubble velocity of 0.3 mm/s (40.4 ± 3.6%) while the lowest injury
was observed at a channel height of 1.7 mm and a bubble velocity of 30 mm/s
bubble velocity (0.5 ± 0.01%). Note that the decrease in cell injury with
increasing bubble velocity is consistent with previous studies [12]. The results
presented in Fig. 3 also indicate that cellular injury is likely to be highest in distal
regions of the lung where the airway diameter is smallest. This experimental data
clearly demonstrates that the amount of cell necrosis due to plasma membrane
rupture is inversely proportional to the channel height as well as the bubble
velocity. In Sect. 1.5, we will show how this experimental data was also used to
validate the choice of constitutive model used in our finite element simulations of
cell deformation during transient microbubble flows. Specifically, we will show
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how modeling the cells’ power-law rheology, rather than using a simpler linear
viscoelastic model, is necessary to produce results that are consistent with all of
the experimental data presented in Fig. 3.

2.3 Effect of Cell Morphology

During ARDS, the type I EpC, which exists as a tight monolayer, are most sus-
ceptible to bacterial/viral induced necrosis and detachment [118]. This results in a
subconfluent monolayer of primarily type II cells. Previous investigators have
demonstrated that the morphological, structural and typological differences
between confluent type I and subconfluent type II EpC leads to differential injury
responses during cyclic stretching [105]. Changes in morphology between con-
fluent and subconfluent conditions may also alter the EpC’s susceptibility to the
hydrodynamic forces generated during microbubble flows. We therefore hypoth-
esized that the level of cellular confluence will alter the degree of EpC injury
observed during microbubble flows.

To investigate this hypothesis, rat pulmonary epithelial cells were cultured for
just 1 day to obtain a subconfluent monolayer (25%). These cells were then
exposed to microbubble flow conditions using the modified perfusion chamber
described in Sect. 2.2. However, for these studies, the use of a high surface tension
occlusion fluid, i.e. PBS, resulted in a large amount of cell detachment even after
one microbubble passage [124]. Since this cell detachment would lead to signif-
icant errors and bias in quantifying cell necrosis/death, an alternative lower surface
tension fluid, cell culture media, was used to evaluate differences in cell necrosis
between confluent and subconfluent cells. Figure 4 shows the percentage of cell
death (mean ± SE) for the various conditions in which cell culture media was
used as the occlusion fluid. For both high-confluence and low-confluence mono-
layers, control experiments resulted in almost no death (\1%). A two-way
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ANOVA indicated that there was significantly less death in the high-confluence
monolayers than in the low-confluence monolayers at all three velocities
(F = 111, P \ 0.01). In addition, the two-way ANOVA indicated that the degree
of cellular injury observed at different velocities in the low-confluence monolayers
was not statistically different (F = 0.91). This data clearly demonstrates that
subconfluent cells are more susceptible to microbubble-induced injury than con-
fluent cells.

One possible explanation for the increased susceptibility of subconfluent cells
to microbubble-induced damage is that changes in cell morphology lead to an
amplification of the hydrodynamic stress exerted on subconfluent cells compared
with the magnitude of the stress exerted on confluent cells. Jacob and Gaver [55]
conducted a computational study in which they demonstrated that the amount of
stress amplification in this system is primarily a function of aspect ratio. To
compare the aspect ratios of our confluent (*100%) and subconfluent (*25%)
cells, we used laser scanning microscopy (LSCM). Cells were fluorescently dyed
using 2 lM of calcein AM, incubated in the dark for 10 min, and then viewed with
a Zeiss LSM 510 Meta confocal microscope at 409 magnification. Each confocal
image was created by stacking 20–40 sequential 0.2-lm thick scans, depending on
the height of the cell layer. To calculate cell aspect ratio, we measured cell height,
width, and length and calculated two different aspect ratios, hc/W and hc/L, where
hc is the cell height, W is the width and L is the length. The results showed that
although the subconfluent cells were taller and wider than confluent cells (Fig. 5),
the mean aspect ratios were not statistically different (ANOVA, F = 0.118).
Specifically, the height-to-width ratios were 0.14 ± 0.04 and 0.12 ± 0.04 for
subconfluent and confluent cells, respectively, while the height-to-length rations
were 0.09 ± 0.03 and 0.074 ± 0.03 for subconfluent and confluent cells, respec-
tively. Therefore, the differences in cell death between confluent and subconfluent
cells (see Fig. 4) were not likely due to a change in the magnitude of the applied
hydrodynamic stresses. In Sect. 1.4, we will use this data to validate the compu-
tational modeling technique and show that morphological differences between
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cells can alter the way the hydrodynamic forces are distributed within the cell. This
change in stress distribution leads to higher membrane strain in the subconfluent
cells compared with the confluent cells and may be responsible for the higher rate
of membrane rupture observed among subconfluent cells.

3 Cell Mechanics and Mechanobiology

3.1 Continuum Approach to Cell Mechanics

As we have previously discussed, pulmonary microbubbles flows are associated
with both physical injury to the epithelium, plasma membrane rupture, and an
upregulation of the inflammatory response in the lung (i.e. a proinflammatory
cytokine cascade) [118], which contributes to the maintenance of edematous
conditions in the deep lungs. Therefore a better understanding of how cells
respond to their mechanical environment is critical for the development of
improved therapies that seek to mitigate microbubble-induced injury by altering
the mechanical and/or rheological properties of the cells. Although the cells are
clearly a highly complex and heterogeneous structure, we have taken a continuum
mechanics approach to model the cells. In this approach, we seek to only incor-
porate relevant features needed to replicate or simulate the experimental data. The
advantage of this approach is that we develop tractable models that can be effi-
ciently used to suggest new experiments and therapeutic approaches. However, it
is critical that these simplified models be validated by comparison to experimental
data. Below we describe the various continuum mechanics models we have uti-
lized and in Sects. 1.4 and 1.5 we provide more detail with respect to comparisons
with experimental data.

Continuum mechanics describes a set of assumptions applied to a material
when we repeatedly divide it into smaller and smaller segments, with each
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consecutive subdivision having the same properties as the bulk material from
which it came. When we talk about continuous media, we neglect the quantum–
mechanical and atomic nature of all matter, usually because the length scale of
the object we are analyzing is much larger than the atoms that comprise it. We
are also neglecting microstructural inhomogeneity within a material in favor of
representative bulk properties. In cell mechanics, this often means that we
measure the collective contribution of individual cytoskeletal components such
as actin filaments or microtubules to give an estimate of whole-cell mechanical
properties.

Applying continuum mechanics assumptions yields three interrelated quanti-
ties—stress, displacement, and strain—that describe how a material responds to
applied forces. Stresses are the forces at work on or within a body, written as force
per unit area. Displacements are the motions induced within a body by applied
stresses. Strains are dimensionless measurements of change in shape that may be
calculated by knowing displacements inside a body. Stresses, strains, and dis-
placements are connected by three types of equations in continuum mechanics:
equilibrium conditions (or equations of motion in moving systems), kinematic
relations, and constitutive equations. The equilibrium conditions are relationships
between different components of stress based on their spatial derivatives. In linear
static problems, the equilibrium equations do not contain strains or displacements.
In dynamic problems involving bodies in motion, the equilibrium conditions are
expanded and called equations of motion, which contain time derivatives of the
displacements (velocities). The next set of equations, the kinematic relations, is
used to describe strains in terms of displacements within a body. The final set of
relationships, known as the constitutive equations, depend upon the properties of
the material in question and describe the relationship between stress and strain.
Thus, the mechanical characterization of a material involves the development of a
constitutive equation that fits the experimentally observed relationship between
stress and strain for that material.

3.2 Linear Elastic Mechanics

In recent years, the mechanical characterization of living cells has undergone an
evolutionary process in which experimental observations have been correlated
with increasingly sophisticated constitutive models. Early experiments were
matched to linear elastic and linear viscoelastic models [70]. The simplest possible
constitutive equation, Hooke’s law, gives a relationship between stress and strain:

rs ¼ Ee; ð4Þ

where r is the normal stress, e is the normal strain, and the proportionality con-
stant, E is the Young’s modulus or stiffness of the material. Materials that can be
described using Eq. 4 are called linear elastic materials because stress and strain
are related linearly by the constant E. More complicated combinations of normal
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and shear stresses and strains in three dimensions (x, y, and z) require the gen-
eralized Hooke’s law [5]:

rs
ij ¼

E

1þ m
eij þ

mE

1þ mð Þ 1� 2mð Þekkdij ð5aÞ

eij ¼
1
2

odi

oxj
þ odj

oxi

� �
: ð5bÞ

Here eij is the Lagrangian strain tensor, ekk = e11 ? e22 ? e33 is the strain
invariant, m is the Poisson ratio, and E is the Young’s modulus. All equations are
written in standard indicial notation. In Sect. 1.4, we describe a technique for
modeling cells using linear elastic assumptions to look at peak deformations
during microbubble flows.

3.3 Linear Viscoelastic Models

Linear elastic models have limitations when applied to living cells because cells
are enveloped in a membrane (lipid bilayer), filled with fluid (cytosol), and
supported by a polymeric scaffold (cytoskeleton). This combination of fluid and
semi-solid components gives cells viscoelasticity, or both fluid-like (viscous) and
solid-like (elastic) characteristics. Early cell mechanics measurements were
characterized using linear viscoelastic models [70] in which the elastic and viscous
characteristics of the material were modeled as discrete mechanical elements, such
as linear springs and dashpots. A linear spring is a mechanical element that has a
linear relationship between the applied load and the resulting deformation, or
F = kx, where F is the applied force, x is the change in length of the spring, and k
is a proportionality constant. In viscoelastic modeling, the spring represents the
relationship between stress and strain in a linear elastic material, so the spring
equation becomes Hooke’s Law (Eq. 4). Notice that the spring equation does not
depend on time, so when an elastic material experiences a stress load, it responds
instantaneously and achieves a constant strain, which is determined by the
Young’s modulus. The other common mechanical element, the dashpot, represents
viscous resistance in the system and has a linear relationship between the force
applied and the deformation rate,

rd ¼ g
de
dt
; ð6Þ

where the viscosity, g, is a constant and the de/dt is the strain rate. Unlike the
spring, a dashpot experiencing a stress load does not deform instantaneously, but
rather stresses develop gradually with time, a behavior known as creep. In addi-
tion, an ideal dashpot placed under a constant-stress loading will deform contin-
uously for all times. Springs and dashpots can be combined to produce a variety of
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material models. Two simple linear viscoelastic material models that have been
correlated with cell mechanics measurements are the Maxwell fluid and Kelvin
solid (see Fig. 6).

When the spring and dashpot are arranged in parallel, the strain in both ele-
ments is always equal and the total stress is the sum of the stress carried in the
spring and dashpot; this material is known as a Kelvin solid. Using Eqs. 4 and 6
and r = rs ? rd yields the governing equation for the Kelvin solid.

r ¼ Eeþ g
de
dt
: ð7Þ

In contrast, when the spring and dashpot are in series, the stress in both ele-
ments is always equal and the total strain is the sum of the strain in the spring and
dashpot; this material is known as a Maxwell fluid. Rewriting the basic spring and
dashpot Eqs. 4 and 6 and using e = es ? ed produces the governing equation for
the Maxwell fluid.

Mechanical Element and 
Governing Equation

Two-Phase Standard Test 
(Creep, Stress Relaxation)

K
el

vi
n

 S
ol

id
M

ax
w

el
l 

F
lu

id

E

E

t1

(t)

t

t

1

t0 = 0

0 = E 1

0

t1

(t)

t

t

1

t0 = 0

(t)

0 = 0/E

dt

d
tEt )()(

dt

d
Et

E

dt

d
)(

Fig. 6 The Kelvin solid and Maxwell fluid are simple viscoelastic material models consisting of
one spring and one dashpot. The creep and stress relaxation phases of the standard two-phase test
are shown. Adapted from Flügge [38]
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dr
dt
þ E

g
r tð Þ ¼ E

de
dt
: ð8Þ

To understand the behavior of the Kelvin solid and Maxwell fluid, we perform a
two-stage standard test (see Fig. 6). Initially, there is no stress or strain in the
system. In the first stage, at time t0 = 0, we apply a constant stress, r0, and look at
the time-dependent response of the strain, e(t). Stage one is the creep phase of the
standard test. In the second stage, which begins at time t1, we clamp the system at
the current strain e1 = e(t1) and watch how the stress evolves with time. Stage two
is the stress relaxation phase of the standard test.

For the Kelvin solid in stage one, we solve Eq. 7 with the initial conditions
r(0) = r0 and e(0) = 0 because the dashpot resists instantaneous deformation.
This produces an exponential solution for the creep function e(t).

e tð Þ ¼ r0

E
1� e�t=s
� �

; ð9Þ

where s = g/E is the characteristic relaxation time of the material. If stage one
were infinitely long, the Kelvin solid would approach a finite strain limit, e? = r0/
E. In stage two, the material is clamped at the constant strain, e1, and the dashpot
no longer bears any stress because the strain is not changing with time. The total
stress is thus the stress borne in the spring.

r tð Þ ¼ Ee1 for t [ t1 ð10Þ

See Fig. 6 for a visualization of the two-phase standard test on a Kelvin solid.
For a Maxwell fluid in stage one, we solve Eq. 8 with initial conditions r = r0

and e(0) = r0/E because the spring can extend instantaneously, but the dashpot
resists instantaneous deformation. This leads to a linear form solution for the creep
function e(t).

e tð Þ ¼ r0
t

g
� 1

E

� �
: ð11Þ

As with the Kelvin solid, the Maxwell fluid is clamped at the start of stage two
at a constant strain, e1. The dashpot prevents the spring from immediately relaxing
and the system returns to a zero-stress state via an exponential decay.

r tð Þ ¼ r0e�t=s for t [ t1; ð12Þ

where again s = g/E is the characteristic relaxation time. See Fig. 6 for a visu-
alization of the two-phase standard test on a Maxwell fluid.

The governing equations for these linear viscoelastic materials can also be used
to derive the frequency-domain response function, or complex modulus E*(x). For
example, for a Maxwell fluid, we define a sinusoidal stress input function,

r tð Þ ¼ Aeixt; ð13Þ
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where A is the amplitude of the input and x is the frequency in Hz. If we substitute
the load function from Eq. 13 into Eq. 8 and integrate, we arrive at the complex
strain response.

e tð Þ ¼ Aeixt 1
E
þ 1

ixt

� �
: ð14Þ

Noting that the complex modulus, E*(x), is the ratio of the stress input and
strain response, we see that the Aeixt terms cancel and we can write E* in standard
form,

E� xð Þ ¼ Ex2g2 þ iE2xg
E2 þ x2g2

; ð15Þ

where as before, E is the spring stiffness, g is the dashpot viscosity and x is the
frequency. The expression for the Maxwell fluid’s complex modulus, along
with many other linear viscoelastic material models, can also be found in tables
developed by Flügge [38]. When comparing this formulation to typically reported
experimental measurements, note that E*(x) is related to the complex shear
modulus by G* = E*/[2(1 ? m)]. Previous investigators have used sR = g/E = 1 s
in linear viscoelastic models of cell mechanics and deformation [50, 58, 111].
The frequency-dependent response of a Maxwell fluid with sR = 1 s is shown
in Fig. 7a.

(b)(a)

Fig. 7 Frequency responses of Maxwell fluid and power-law material models. a Maxwell fluid
with sR = 1 s. E0 and E00 are the real and imaginary parts of Eq. 15. b Power-law functions defined
according to Eq. 16 with a = 0.20 and 0.35. Modulus normalized by G0 = G*(x0 = 1 Hz)

392 S. N. Ghadiali and H. L. Dailey



3.4 Soft Glassy Rheology (SGR)

Linear elastic and linear viscoelastic models can be used to elucidate some
aspects of cell mechanics and mechanobiology. However, to predict the
dynamic response of EpC to the transient stress wave induced by microbubble
flows, we need to consider a constitutive model that captures the cells’ vis-
coelastic mechanics as characterized by the most sophisticated experiments
available. Recent microrheology measurements have consistently indicated that
cultured adherent mammalian cells exhibit characteristics typically referred to
as SGR [2, 36, 51, 100]. The theoretical formulation for SGR mechanics, which
can be described using the modified Herschel–Bulkeley equation, was originally
developed to describe the behavior of industrial materials such as pastes,
slurries, and even food products such as ketchup [93]. Unlike simple linear
viscoelastic material models, which can be described using a single charac-
teristic relaxation time, sR, power-law materials have a wide and densely dis-
tributed array of characteristic relaxation times [8]. In biological cells, it has
been hypothesized that this distribution of relaxation times may arise from the
variety of length scales represented in the interconnected subunits of the actin
cytoskeleton [8]. Regardless of their origin, the combined response of a broad
array of relaxation times produces storage and loss moduli, G0(x) and G00(x),
that have a weak power-law relationship with the excitation frequency, x, over
several orders of magnitude. In terms of the complex modulus, G*(x), this
power-law can be written,

G� xð Þj j ¼ G0
x
x0

� �a

; ð16Þ

where G0 = G*(x0) is an arbitrarily chosen reference value. See Fig. 7b for an
illustration of typical power-law response functions on a log–log scale with
a = 0.2 and 0.35. The power-law behavior of living cells has been observed over
a broad frequency spectrum, using both active and passive experimental tech-
niques, with internal and external probes, and a range of probe length scales [2,
32, 51, 101]. Although the magnitudes of G0 and G00 inferred from these studies
vary over several orders of magnitude, their frequency-dependence has been
remarkably consistent [86]. For the cell type of interest in ARDS (i.e. alveolar
EpC) the power-law exponent, a, has been measured at approximately 0.2 [2, 101,
121]. Based on this evidence, we must consider that time-dependent computa-
tional models of alveolar EpC deformation should have the capability to include a
power-law rheology constitutive model with parameter values drawn from
experimental microrheology studies. In Sect. 1.5, we describe a simple but highly
effective way to incorporate power-law rheology into finite element models of cell
deformation and demonstrate that only models that account for time-scale
invariant properties are able to accurately reproduce all of the experimental data
presented in Fig. 3.
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4 Image-Based Modeling of Cell Deformation during
Microbubble Flows

Previous investigators have used experimental techniques to elucidate some of the
fluid-mechanical and biological processes involved in lung injury. However, direct
experimental measurement of stress and strain within the cell is intractable and
limited data is available on the mechanical response (i.e. deformation) of the epi-
thelium during airway reopening. Computational models can help fill this gap in our
understanding of the mechanisms responsible for cell injury by quantifying
the strains experienced by EpC during airway reopening. In this section, we describe
a finite element technique for investigating the instantaneous peak strains that occur
in the cell membrane during airway reopening. These morphologically accurate 3D
finite element models are based on confocal microscopy images of in vitro cell shape
[29]. As a result, we are able to uses these image-based computational models to
identify the potential mechanisms responsible for increased cell injury observed
experimentally in subconfluent versus confluent cells (see Fig. 4).

4.1 Cell Culture, Imaging, and Modeling

Human A549 alveolar EpC (CCL-185, American Type Culture Collection,
Manassas, VA) were cultured at passage number 20–30 and grown under standard
culture conditions (37�C, 5% CO2, and 95% air) for 1 day to obtain a subconfluent
(*25%) monolayer or 4 days to obtain a confluent (*100%) monolayer. When
the cell monolayers achieved the desired confluence, they were visualized using
the confocal microscopy technique described in Sect. 2.3. The confocal scans
revealed that cells in the subconfluent monolayer were tall and rounded while cells
in the confluent monolayer were flat and closely packed. These two characteristic
morphology groups were chosen to serve as models for the thin/spread morphol-
ogy of type I EpC (confluent group) and the larger/taller morphology of type II
EpC (subconfluent group). See Fig. 8 for a comparison of confluent and subcon-
fluent monolayer scans.

After LSCM visualization, eight cells from both the confluent and subconfluent
groups were chosen at random from their respective confocal images without
foreknowledge of cell morphometry or proximity to neighboring cells. Quantita-
tive morphology data showed statistically significant differences between the
groups. Subconfluent cells were taller than the confluent cells (Hmax = 9.8 ± 1.7
vs. 3.1 ± 0.51 lm, P \ 0.001 by homoscedastic t test) and had a larger height-to-
length aspect ratio (H/L = 0.21 ± 0.08 vs. 0.08 ± 0.02, P \ 0.001), reflecting the
difference in the characteristic shape between the two groups.

To generate the solid models, a series of parallel cross-section images were
extracted from confocal image of the monolayer. Each cross-section contained a
transverse slice of the cells, from the substrate to the apex. The images were then
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imported into the Rhinoceros (Seattle, WA) CAD package. For each image,
boundary curves were generated to define the cells’ apical surfaces using cubic
non-uniform rational B-splines (NURBS). The network of boundary curves was
then used to create apical and basal surfaces and form a closed volume for each
cell. Using this method, we produced 3D surface maps of the EpC in both con-
fluent and subconfluent monolayers (see Fig. 8).

Finite element models were created by exporting individual cell geometry
bodies to the ADINA 8.4 (Watertown, Mass.) finite element package. Eight cells
were modeled from the confluent group and eight cells were modeled from the
subconfluent group. All cells were meshed with four-node tetrahedral isotropic
solid elements for the cell body and four-node triangular shell elements for the cell
membrane. The maximum element edge length was chosen to be dmax = 0.1 lm,
which captured the essential features of the cell’s geometry. The confluent cell
models had on average 9,590 ± 3,417 solid elements and 1,963 ± 410 shell
elements. The subconfluent cell models had on average 28,889 ± 8,650 solid
elements and 3,572 ± 1,438 shell elements. Here we report averages as
mean ± standard deviation. For detailed images showing each of the cells mod-
eled in this study, we refer the reader to [29].

Fig. 8 Confocal microscopy scans a of confluent (left) and subconfluent (right) monolayers were
used to build 3D morphologically accurate reconstructions of individual cell bodies b
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4.2 Hydrodynamic Loads and Boundary Conditions

During the propagation of an air bubble in a fluid-occluded parallel-plate flow
chamber, cells experience a sharp peak in hydrodynamic stress as the bubble tip
propagates through the channel (see Fig. 1). As discussed in Sect. 1.2, several
previous experimental and computational studies have implicated the large
pressure gradients near the bubble tip as the likely cause of cell damage during
airway reopening [55, 59, 124]. In particular, Bilek et al. [12] showed that cell
damage increases with decreasing bubble velocity, which also correlates with
increasing the maximum pressure gradient near the bubble tip. To quantify the
maximum deformation of EpC during airway reopening, these maximum
instantaneous hydrodynamic loads were calculated using the correlation func-
tions of Bilek et al. [12] (Eqs. 1–3). These peak loads were applied at the cells’
apical surfaces as a superposition of normal and tangential stress tractions.
Tangential shear stresses were applied in the direction of flow (x-direction).
Spatial gradients in pressure and shear stress were defined with respect to the
flow direction. Pressure magnitudes were controlled by an upstream reference
value, Pref = 0.3c/H. System scaling variables were chosen to match typical
experimental conditions: H = 0.05 cm, l = 0.007 g/cm s, and c = 70 dyn/cm.
Cell–cell attachments were neglected and the cells were rigidly fixed at the basal
surface. The membrane/cortex and cell interior were coupled with a no-slip
boundary condition.

4.3 Cell and Membrane Mechanics

Cell deformation in the ADINA finite element models is governed by a standard
stress balance relationship, qrij/qx = 0, and a linear elastic material model
(Eq. 5). Estimates of cell Young’s modulus (stiffness), Ecell, by various experi-
mental microrheology techniques have shown significant variability, with pub-
lished stiffness values ranging from tens of Pascals to a few kPa [51]. These
values are tabulated and reported in Dailey et al. [29]. To account for the
equivocation in reported cell stiffness values, the cell interior is modeled as an
elastic isotropic medium with a range of Young’s moduli, 200 \ Ecell \
10,000 dyn/cm2.

Structural and mechanical differences between the deep cytoskeleton and the
sub-membrane cortical region in alveolar EpC suggest different mechanical
properties (i.e. stiffness) for these two regions [64, 65]. Modeling the membrane/
cortex region of the cell as an elastic shell was carried out in two ways. One model
included only the mechanical contributions of the lipid bilayer, which has a
thickness, h & 5 nm [13]. The second model included the contribution of the actin
cortex, which has a thickness, h & 100 nm [126]. In both cases, the membrane/
cortex region can be thought of as a material that resists extension, bending, and
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shear. The moduli that describe this resistance to deformation (ke, kb, and ks) can
be estimated from the literature and are reported in Dailey et al. [29]. These
experimental values were incorporated into the computational models by noting
the following relationships between ke, kb, and ks and the Young’s modulus, E, and
shear modulus, G, of the membrane as derived from classical plate theory
[98, 109].

ke ¼
Eh

2ð1� mÞ ð17Þ

kb ¼
Eh3

12ð1� m2Þ ð18Þ

ks ¼ 2hG; ð19Þ

where h is the thickness of the membrane and m is the Poisson ratio. The extension
modulus (Eq. 17) is similar to a surface tension [dyn/cm] and it reflects the force
per unit length required to induce a unit area expansion of the surface. The bending
modulus (Eq. 18), which is also commonly referred to as the flexural rigidity, has
units of torque [dyn-cm] and reflects the bending moment required to induce a unit
change in curvature. Finally, the shear modulus (Eq. 19) also has units of tension
[dyn/cm] and reflects the force per unit length required to induce a unit angular
deformation. The cells are assumed to be nearly incompressible, so m = 0.49. For
materials with isotropic mechanical properties, the shear modulus and Young’s
modulus are related by G = E/2(1 ? m). However, this isotropic formulation over-
estimates the shear resistance to the membrane/cortex by six orders of magnitude.
As an alternative, an elastic orthotropic shell model [1] can be used to indepen-
dently define Emem and Gmem, and thus match the ks value of the membrane/cortex
more closely. Matching Emem and Gmem to the experimentally reported values was
carried out by first selecting the extension modulus, ke, from the available data.
The target moduli values ke, kb, and ks, and the resulting modeling parameters,
Emem, Gmem, and h, are reported in Dailey and Ghadiali [28] for the lipid bilayer
and membrane/cortex models.

Throughout this study, cell deformation was quantified in terms of effective
strain in the cell membrane,

eeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
eij � eij

r
¼ 2

3
e2

xx þ e2
yy þ e2

zz þ 2 e2
xy þ e2

xz þ e2
yz

	 
h i� �1=2

; ð20Þ

where eij are the strain components calculated in the finite element analysis.
Maximum effective strain, eeff, max, was reported to quantify localized peak strains
within the cells. Statistical analysis was performed using SPSS 15.0 (Chicago, IL)
assuming a log-normal probability distribution, which was confirmed by a Kol-
mogorov–Smirnov test (all P C 0.483).
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4.4 Influence of Cell Morphology and Membrane Mechanics
on Cell Deformation

The finite element models described above were used to investigate the influence
of cell morphology and membrane mechanics on cell deformation during airway
reopening and the risk of cell injury during microbubble flows. First we compared
the two cell populations (subconfluent and confluent) with the two different
membrane models (lipid bilayer only or bilayer plus cortex) as shown in Fig. 9. In
all cases, cells were exposed to bubble-induced stresses according to Eqs. 1–3 at
Ca = 5E-5, which is typical for experimental airway reopening conditions [12,
59, 124]. As expected, increasing cell stiffness decreased the amount of cell
deformation. In general, the subconfluent cell models predicted higher strains than
the confluent cell models. ANOVA indicated that cell type (confluent vs. sub-
confluent) and cell stiffness were both statistically significant factors (all
P \ 0.001 for both the lipid bilayer and cortex models). Among confluent or
subconfluent cells only, differences between the lipid bilayer and cortex models
were statistically significant (all P \ 0.001 by ANOVA). For all data shown in
Fig. 9, all Ecell treatment levels were significantly different [all P \ 0.001 by a
least significant difference (LSD) post hoc test].

The preceding results compared the two baseline membrane models: the lipid
bilayer only and the bilayer with an actin cortex. In these models, the membrane
thickness, Young’s modulus, and shear modulus were simultaneously changed to
produce the desired bending, extensional, and shear moduli. To quantify the role of
each mechanical property specified in our models, systematic variations were carried
out for the three independent membrane mechanics parameters: Emem, Gmem, and h
(see Fig. 10). In each case, variations were performed from the baseline cortex model
using the confluent and subconfluent cell populations with Ecell = 1,500 dyn/cm2.
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Fig. 9 Maximum effective strain for subconfluent and confluent cells with the baseline lipid
bilayer model a and baseline cortex model b. Strain decreases with increasing Ecell. Figures report
geometric mean ± 70% confidence intervals (With permission from Dailey et al., J. Appl.
Physiol., 2009, Am. Physiol. Soc.)
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First, variations of the Young’s modulus of the membrane, Emem, were per-
formed keeping h and Gmem at the baseline cortex values (Fig. 10a). The cortex
stiffness range included several orders of magnitude above and below the baseline
value of Emem = 4.5E7 dyn/cm2. Increasing Emem generally decreased the
membrane strain magnitudes and this effect was most significant for the subcon-
fluent cells. ANOVA indicated that Emem was a statistically significant factor
(P \ 0.001). Strain localization patterns within the cells showed a strong
dependence on Emem (see Fig. 11). When the cortex had low stiffness
(Emem = 4.5E4 dyn/cm2; Fig. 11a, c), the strain patterns indicated that the cell
experienced relatively uniform deformation in the direction of flow. The cell
flattened out and bulged over the downstream edge, creating large regions of high
strain. This type of bulging deformation was previously hypothesized to lead to
membrane rupture and cell death [12], and our models have confirmed that this
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Fig. 10 Effect of membrane shell mechanics on maximum effective strain for confluent and
subconfluent cells. a Effect of Young’s modulus, Emem, was statistically significant for both cell
types (all P \ 0.001). b Effect of shear modulus, Gmem was statistically significant for both cells
types (all P \ 0.001). c Effect of cortex thickness, h, was statistically significant for both cell
types (all P \ 0.001). Figures report geometric mean ± 70% confidence intervals (With
permission from Dailey et al., J. Appl. Physiol., 2009, Am. Physiol. Soc.)
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Fig. 11 Strain localization contour plots for representative confluent cells a, b and subconfluent
cells (c, d). For each cell type, cells are shown with a soft cortex (Emem = 4.5E4 dyn/cm2, a, c)
and a normal cortex (Emem = 4.5E7 dyn/cm2, b, d). Results shown are for Ca = 5E-5,
Ecell = 1,500 dyn/cm2. Cells with the soft cortex experienced uniform whole-cell deformation in
the direction of flow (left to right) and a downstream ‘‘bulge’’. Cells with the normal cortex did
not exhibit this downstream bulge. Flow direction is left to right (With permission from Dailey
et al., J. Appl. Physiol., 2009, Am. Physiol. Soc.)
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behavior could arise under the influence of the large pressure gradients found near
the bubble tip. However, as Emem increased, the strain localization patterns were
significantly altered. When the cortex stiffness matched the experimental baseline
(Emem = 4.5E7 dyn/cm2; Fig. 11b, d), the cells did not exhibit the downstream
bulge and strain localization patterns did not have a distinct upstream–downstream
trend. As expected from Fig. 10a, these strain localization trends were most pro-
nounced in the subconfluent cells.

Next, variations of the shear modulus, Gmem, were performed keeping h and
Emem at the baseline cortex values (Fig. 10b). The lower limit was defined by the
Gmem required to match the published experimental value for ks = 0.0025 dyn/cm
and the upper limit was prescribed by an equivalent isotropic membrane model
(ks = 150 dyn/cm). Increasing the shear modulus of the membrane region gen-
erally decreased membrane strain. ANOVA indicated that Gmem was a statistically
significant factor for confluent cells (P = 0.035) and subconfluent cells
(P \ 0.001), but an LSD post hoc test showed that this effect was only significant
when comparing very low shear moduli to very high shear moduli. No statistically
significant changes in strain were found for single order-of-magnitude changes in
Gmem among confluent cells. However, eeff, max did show significant changes with
single order-of-magnitude changes in Gmem among subconfluent cells only, which
suggests that subconfluent cells may be more sensitive to the membrane shear
modulus than confluent cells.

Finally, variations of the cortex thickness, h, were performed keeping Emem and
Gmem at the baseline cortex values (Fig. 10c). The h range was chosen to include a
lower limit of double the thickness of a lipid bilayer (h = 0.01 lm) and an upper
limit of five times the experimental baseline (h = 0.5 lm). Increasing cortex
thickness generally decreased the maximum strain magnitudes and h was a statisti-
cally significant factor (P \ 0.001). Again, we repeated our examination of the strain
localization behavior and observed a decrease in the magnitude of the peak strains
with increasing cortex thickness, but no noteworthy changes in the strain localiza-
tions patterns (images not shown). For these simulations, the chosen baseline Emem

value prevented whole-cell deformation patterns like those shown in Figs. 11a, c.
So far, all comparisons between subconfluent and confluent cells have assumed

that the two populations have identical mechanical properties. However, previous
investigators observed microstructural differences between subconfluent and
confluent cells, particularly in the redistribution of actin [124]. These structural
differences may be associated with differences in the mechanical properties of the
cytoskeleton or cortex region. For example, Yalcin et al. [124] observed a diffuse,
relatively homogeneous actin network in their confluent EpC and a redistribution
of actin to the cell periphery in the subconfluent EpC. The analogous finite element
data sets would be confluent cells with the lipid bilayer and subconfluent cells with
the thicker cortical region (see Fig. 12). Even when the membrane/cortex
mechanical contribution is chosen to maximize strain in the confluent cells and
minimize strain in the subconfluent cells, the subconfluent group still exhibits
higher maximum strains. Statistically significant differences between the two cell
populations were observed with P \ 0.001 by ANOVA. The correlation between
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the computational predictions and experimental data not only validates the com-
putational models but also suggests that morphological differences between cell
types is an important parameter in determining microbubble-induced cell injury.

The computational modeling results presented above suggest that given the same
hydrodynamic loading conditions, subconfluent cells develop higher membrane
strains than confluent cells. If we assume that membrane strain correlates positively
with the risk of cell injury, these results are in agreement with the experimental
findings of Yalcin et al. [124] who saw higher death rates for subconfluent cells than
confluent cells (see Fig. 4). Based on measurements of the cell aspect ratio, they
concluded that hydrodynamic stress amplification was not the source of the observed
differences in cell death rate between the confluent and subconfluent groups. The
finite element modeling results support the idea that cell morphology alone can have
a significant effect on injury susceptibility for a given loading condition. Specifi-
cally, the more rounded morphology of the subconfluent cells makes them more
prone to bending and bulging deformations that lead to large membrane strains and a
greater risk for membrane rupture. In the strain localization images (Fig. 11), similar
strain patterns appeared in both subconfluent and confluent cells, but the trends were
significantly amplified in the subconfluent cell group.

This finding has interesting implications for the health of the epithelium and
lung mechanics during ARDS. The type II A549 alveolar EpC used to generate the
finite element models exhibit significant changes in characteristic morphology
depending on the degree of confluency of the monolayer. In a low-confluence
monolayer, A549 cells are tall and rounded, which corresponds to the typical
morphology of type II cells. However, as the monolayer approaches 100% con-
fluence, the morphology of the cells changes to a more thin and spread profile,
which is consistent with the morphology of type I cells. The models suggested that
subconfluent cells with type II morphology develop higher strains than confluent
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Fig. 12 Even when membrane models are chosen to maximize strains in the confluent cells
(lipid bilayer model) and minimize strains in subconfluent cells (cortex model), the subconfluent
group still has higher strains than the confluent group due to their morphology. Differences
between subconfluent and confluent groups were statistically significant (all P \ 0.001 by
ANOVA) (With permission from Dailey et al., J. Appl. Physiol., 2009, Am. Physiol. Soc.)
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cells with type I morphology. Assuming that higher strains are associated with an
increased risk of injury, this data suggests that due to their morphology, type II
cells may be at higher risk for injury than type I cells during airway reopening.
Morphology-dependent preferential injury of type II cells could lead to a loss of
surfactant secretion and additional challenges to the ARDS-stressed lung. The
finite element models also suggested that cell mechanics has a strong influence of
on the risk of cell injury during airway reopening. Specifically, maximum mem-
brane strain decreased with increasing cell stiffness (Fig. 9) and showed a statis-
tically significant dependence on the membrane model (lipid bilayer versus bilayer
plus actin cortex). In addition, the models suggested that stiffening of the mem-
brane/cortex region could by cytoprotective. As described in Sect. 6.1, our labo-
ratory has recently tested this hypothesis by altering the amount of cortical actin in
A549 cells and investigating how these changes in cortical actin influence
microbubble-induced necrosis and membrane rupture. Those results suggest that
altering the microstructure and mechanical properties of the membrane/cortex
region may be an effective way to reduce microbubble-induced cell injury during
the ventilation of patients with ARDS.

5 Transient Dynamic Cell Deformation during
Microbubble Flows

One limitation of the models presented in Sect. 1.4 is in the use of instantaneous
peak hydrodynamic stresses applied to cells with linear elastic mechanical prop-
erties. Although this technique facilitates the investigation of questions pertaining
to cell morphology, it neglects the dynamic component of airway reopening. The
in vitro model of airway reopening (Fig. 1) involves the propagation of a micro-
bubble through a channel, which generates transient hydrodynamic stresses on the
EpC lining the channel wall. The cells, which are inhomogeneous viscoelastic
bodies, have a transient dynamic response to this stress wave. Most computational
studies of cells with viscoelastic properties have used linear viscoelastic models
such as the Maxwell fluid. However, recent experimental measurements of cell
rheology, or dynamic mechanical properties, have repeatedly suggested that bio-
logical cells behave like soft glassy materials with power-law rheology [51, 121].
In a previous study, we have described a technique for investigating dynamic
intracellular strains during airway reopening using an optimized Prony–Dirichlet
series to model the cells’ power-law rheology [28].

5.1 Prony–Dirichlet Series Model for Power-Law
Cell Mechanics

Most measurements of power-law cell mechanics are carried out in the frequency
domain using oscillatory techniques such as magnetic twisting cytometry (MTC).
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In the time domain, whole-cell uniaxial stretching rheometry (USR) experiments
have shown that the creep function, J(t), of living cells also follows a power-law
relationship with time [32],

J tð Þ ¼ A0
t

t0

� �a

ð21Þ

where J(t0) = A0 is an arbitrarily chosen reference value. Furthermore, the
exponent a agrees with the power law exponent observed in the frequency domain
(Eq. 16) [32]. This is significant because many biomechanical and physiological
problems of interest involve simulation of cell deformation under complicated
transient load conditions. In addition to airway reopening flows, cardiovascular
flows have complex time-domain characteristics and are known to contain multiple
fundamental frequencies [37, 83].

To form a basis for a time-domain model of power-law rheology, we first use
Laplace transforms to show the correspondence between the time-domain creep
function and the frequency-domain complex modulus. In the time domain, the
strain, e(t), produced by a step stress, r0, can be described as follows:

e tð Þ ¼ r0J tð Þ ð22Þ

where J(t) is the creep function. The strain due to a second step load, Dri, applied
some time, si, later is:

ei tð Þ ¼ DriJ t � sið Þ ð23Þ

We can continue in this manner, adding Dri increments to represent any time-
dependent stress load. We then apply the Boltzman Superposition Principle and
write the Hereditary Integral, which describes the strain induced by an arbitrary
time-varying stress as follows:

e tð Þ ¼ r0J tð Þ þ
X1
i¼1

driJ t � sið Þ

¼ r0J tð Þ þ
Z t

0

dr
dt

� �
t¼s

J t � sð Þds:

ð24Þ

Laplace Transforms can be applied to the Hereditary Integral, from which we
develop the following stress strain relationship.

~e sð Þ ¼ s~r sð Þ~J sð Þ ð25Þ

~r sð Þ
~e sð Þ ¼

1

s~J sð Þ
¼ ~G sð Þ ð26Þ

Noting the relationship between Fourier and Laplace Transforms, f̂ xð Þ ¼
~f ixð Þ; we can rewrite the stress–strain relationship.
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ê xð Þ ¼ ixr̂ xð ÞĴ xð Þ ð27Þ

r̂ xð Þ
ê xð Þ ¼

1

ixĴ xð Þ
¼ Ĝ xð Þ: ð28Þ

Thus, because f̂ xð Þ ¼ ~f s ¼ ixð Þ; there exists a single complex modulus,
G*(x), such that,

G� xð Þ ¼ 1

ixĴ xð Þ
¼ 1

ix~J ixð Þ
¼ 1

J� xð Þ ð29Þ

where J� xð Þ ¼ s~JðsÞ

s¼ix

is the complex creep function.
For a time-domain creep function with a power-law form, we can find the

equivalent frequency-domain complex modulus as follows. Starting from the creep
function, J(t) (Eq. 21), the reference time, t0, is often chosen to be 1 s for con-
venience. Taking the Laplace transform then yields the following:

~J sð Þ ¼ L J tð Þ½ � ¼ A0C aþ 1ð Þ
ta0saþ1

: ð30Þ

Here, C(a ? 1) is the Gamma factorial function, given in Euler integral form as
follows:

C aþ 1ð Þ ¼
Z1

0

tae�tdt ¼ a! ð31Þ

Again, noting J�ðxÞ ¼ s~JðsÞ

s¼ix

; we substitute Eq. 30 into Eq. 29 and write
the complex modulus.

G� xð Þ ¼ 1

ix~J ixð Þ
¼ ta0 ixð Þa

A0C aþ 1ð Þ ð32Þ

Finally, we take the principal value of this infinite-valued function, noting that
PV[(i)a] = ei(p/2)a, which allows us to write the shear storage and loss moduli,
G0(x) and G00(x), which are the in-phase and out-of-phase components of the
complex modulus, G*(x).

G0 xð Þ ¼ ta0x
a

A0C aþ 1ð Þ cos
p
2
a

	 

ð33aÞ

G00 xð Þ ¼ ta0x
a

A0C aþ 1ð Þ sin
p
2
a

	 

: ð33bÞ

Comparing Eqs. 21 and 33a, we observe that the creep function, J(t), and the
complex modulus, G*(x), have the same power-law exponent, a.
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The simple power-law model for the complex modulus of cells exhibiting soft
glassy properties (Eq. 16) is a good fit with the experimental data, but it is not
conveniently formulated for implementation in finite element models. In a pre-
vious study, we presented a time-domain computational formulation of power-law
rheology that captures the frequency-dependence of G0(x) and G00(x) and can also
be used to simulate the time-dependent response of biological cells to transient
loading conditions [28]. This model captures power-law rheological behavior
using a time-dependent material model based on a Prony–Dirichlet series.

A Prony–Dirichlet series is well-suited to modeling cell mechanics because it is
inherently reflective of the underlying mechanics of the cytoskeleton. Previous
investigators have proposed that the cytoskeleton is a self-similar [32], intercon-
nected network of mechanical elements ranging in size from individual actin
filaments to intracellular structures such as actin bundles to the whole cell [8]. The
combined mechanical response of this network can be described using a chain of
spring-dashpot units, each with a different characteristic time representing a dif-
ferent length scale of the system. This chain of viscoelastic elements would have a
shear modulus, G(t), and bulk modulus, K(t), defined by a Prony–Dirichlet series
with N terms.

G tð Þ ¼ G1 þ
XN

i¼1

Gie
�t=si ð34aÞ

K tð Þ ¼ K1 þ
XN

i¼1

Kie
�t=si : ð34bÞ

Here G(t) and K(t) are the shear and bulk moduli of the viscoelastic material,
G? and K? are the long-term moduli, Gi and Ki are the coefficients of the Prony
series, and si are the time constants. The shear and bulk moduli are related by the
Poisson ratio, m.

K ¼ 2 1þ mð ÞG
3 1� 2tð Þ ð35Þ

where the m = 0.49 for the nearly incompressible materials used in this study. This
material model is implemented in the finite element formulation through the fol-
lowing convolution integrals which relate stress and strain history.

sij tð Þ ¼ 2G 0ð Þeij tð Þ þ 2
Z t

0

eij t � sð ÞdG sð Þ
ds

ds ð36aÞ

rkk tð Þ ¼ 3K 0ð Þekk tð Þ þ 3
Z t

0

ekk t � sð ÞdK sð Þ
ds

ds ð36bÞ
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where sij ¼ rij � 1
3 dijrkk is the deviatoric stress, eij ¼ eij � 1

3 dijekk is the deviatoric
strain, dij is the Kronecker delta, rij is the stress, and eij is the strain.

To achieve a power-law response using the Prony–Dirichlet series given in
Eq. 34, we note that G�ðxÞ ¼ s~GðsÞ


s¼jx

; where ~GðsÞ is the Laplace transform of

G(t), which yields the following expression for the complex modulus when the
long-term moduli are set to zero.

G� xð Þ ¼ G0 xð Þ þ jG00 xð Þ ¼
XN

i¼1

Gis2
i x

2 þ jxGisi

1þ s2
i x

2
: ð37Þ

First we assign the time constants, si, according to a log-distribution in the range
smin B si B smax. The maximum time constant, smax = 300 s, was chosen to
match the result reported by Balland et al. [8] for A549 cells based on an analysis
of the correlation between the power-law prefactor G0 and the exponent a. The
chosen minimum time constant, smin = 3 9 10-3 s, controls the upper frequency
limit of power-law behavior in this fitted series. To assign the series prefactors, Gi,
corresponding to each si, we implemented a non-negative constrained least squares
algorithm. The algorithm showed that increasing the number of terms in the Prony
series improved the representation of power-law behavior for a = 0.20. Ulti-
mately, a modest number of terms, N = 7, was used to produce a coefficient of
determination R2 = 0.999 for all six power-law regressions: a = [0.15, 0.20, 0.25,
0.3, 0.35, 0.40]. In our previous study [28], these fitted series were then imple-
mented in a validation finite element model based on the oscillating optical
tweezers microrheology technique. Over a range of oscillation frequencies, bead
displacement amplitude and phase data were used to calculate the complex mod-
ulus of the surrounding medium. The simulations were repeated for a range of a
values and in each case, the power-law calculated from bead displacements showed
excellent agreement with the a used to fit the Prony–Dirichlet series. This range of
a included the consensus baseline for cultured mammalian cells (a * 0.2) and the
potential for variability in response to mechanical environment and loading (e.g.
pharmacological treatments [125] or stretch-induced fluidization [99]).

As previously discussed, there is some precedent for modeling viscoelastic cell
mechanics using the Maxwell fluid formulation [57, 58]. To investigate the use-
fulness of this model for cells under airway reopening conditions, we performed
simulations with both models and present the Maxwell and power-law results side-
by-side. In these simulations, the magnitudes of the complex moduli in each model
were matched at x0 = 1 rad/s, or G� x0ð ÞjMaxwell¼ G� x0ð Þjpower�law:

5.2 Finite Element Model Development

The cells used in this study were developed according to the cell culture, confocal
imaging, and geometry modeling techniques described in Sect. 4.1. The eight
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confluent cells had the following morphometric parameters: Hcell = 3.1 ±

0.51 lm and Lcell = 43.0 ± 7.1 lm for a cell height-to-length aspect ratio Hcell/
Lcell = 0.09 ± 0.02 (reporting mean ± standard deviation). As before, cells were
meshed with four-node tetrahedral isotropic solid elements for the cell body and
four-node triangular shell elements for the cell membrane. The cell models had an
average of 9,590 ± 1,963 solid elements and 3,417 ± 410 shell elements
(reporting mean ± standard deviation). The membrane model was chosen to
represent the lipid bilayer with an actin cortex, as previously described in Sect. 4.3.

Transient hydrodynamic stresses were modeled to correspond to in vitro
microbubble flow experiments [12, 59, 124]. For microbubble flows, the shape of
the air–liquid interface and the transient hydrodynamic stresses exerted on the
apical surface of the EpC depend on the capillary number, Ca = lU/c, where l
is the fluid viscosity, U is the bubble speed and c is the surface tension of the
air–liquid interface. To calculate the hydrodynamic stresses, the boundary ele-
ment method was used to solve the microbubble flow field and generate
dimensionless normal and shear stress profiles under steady-state, surfactant-free
conditions. Gaver and colleagues previously published the details regarding
boundary element solutions of bubble flow in both a smooth axisymmetric tube
[42, 43] and in a Hele-Shaw cell [45]. In the present study, we chose the Hele-
Shaw cell (i.e. a 2D channel with large width to height ratio) to provide a better
computational analogue to the in vitro experiments [12, 59, 124]. For more
information on boundary element solutions of bubble propagation in 2D channels
we refer the reader to the previous work of Halpern and Gaver III [45] and Bilek
et al. [12].

The hydrodynamic loads calculated from the boundary element solutions were
applied to the apical surface of the EpC as a superposition of normal and tangential
stress tractions. Tangential shear stresses were applied in the direction of flow.
Dimensionless wall stresses, s(x), were extracted from the boundary element
solutions as functions of dimensionless wall position, x (Fig. 13).

During steady-state airway reopening, a cell on the wall experiences the entire
stress profile, so the dimensionless spatial coordinate, x, was converted to a
dimensional time history according to,

t ¼ Hx

U
ð38Þ

where t is time, H is the channel half-height and U is the bubble velocity. The
dimensionless stress magnitudes, s, were also scaled as shown below.

sdim ¼
cs
H

ð39Þ

where sdim is the dimensional stress magnitude and c is the surface tension.
Dimensional stress gradients, dsdim/dxdim, were defined by calculating the change
in stress magnitude over the length of each cell at every point in the time history.
When scaling the dimensionless stress profiles, a range of channel half-height
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values, 0.25 B H B 0.85 mm, and a range of bubble speeds, 0.15 B U B 1.5 cm/
s, were chosen to include the parameters used in previously published in vitro
microbubble flow experiments [124]. Note that these U values correspond to the
estimated airway reopening velocities expected in terminal and respiratory bron-
chioles [124]. We also scaled stresses using typical experimental values for surface
tension, c = 70 g/s2. However, due to a fluid viscosity of lexperiments = 0.8 cP, the
capillary numbers used in these experiments were very low, Caexperiments & 10-5

to 10-4. Since the boundary element method is not able to simulate these low Ca
numbers, we follow the precedent set by previous investigators [12, 55] in which
boundary element solutions at higher Ca (i.e. Ca = 10-3 to 10-2) are used to
elucidate certain aspects of microbubble flows. To achieve the physiologically
relevant bubble speeds of 0.15 B U B 1.5 cm/s and higher Ca values we specified
a larger viscosity value of l = 47 cP in our computational models.

Previous experimental studies demonstrated that the degree of cell injury is
primarily a function of the maximum pressure gradient, (dP/dx)max, generated
during reopening. In addition, Kay et al. [59] demonstrated that the amount of cell
injury is not a function of exposure time, Dt, where Dt is the duration that cells are
exposed to the maximum normal stress gradient, (dP/dx)max. The values for Dt and
(dP/dx)max, can be calculated as [59]:

(a)

(b)

Fig. 13 Boundary element
solutions yield dimensionless
normal and shear stresses as
functions of dimensionless
wall position for several Ca

Mechanobiology and Finite Element Analysis 409



Dt ¼ 2:94
HCa0:29

U
¼ 2:94

Hl0:29

U0:71c0:29
ð40Þ

dP

dx

� �
max

¼ 0:34
c
�

H2
� �
Ca0:29

¼ 0:34
c1:29

lUð Þ0:29H2
: ð41Þ

As Ca decreases, the stress wave near the bubble tip becomes sharper and the
maximum pressure gradient increases while the time a cell is exposed to that
gradient decreases. For equivalent H and U values, the stresses from Ca C 1E-3
boundary element solutions have slightly lower maximum pressure gradients and
longer exposure times than in the in vitro microbubble flow experiments. How-
ever, we note that the range of Dt and (dP/dx)max values simulated in our com-
putational models are comparable to the range explored experimentally and
capture the entire range explored by Gaver and colleagues [12, 59] who only used
flow channels with H = 0.85 mm. Values for Dt and (dP/dx)max under typical
experimental conditions and in our computations which utilize equivalent H and U
values but higher Ca and l values have been discussed in detail in our previous
study [28].

As with the models presented in Sect. 1.4, we assumed that increasing strain in
the cell membrane correlates with an increased risk that the membrane will rup-
ture, leading to cell necrosis. Therefore, we quantified cell deformation in terms of
effective strain in the cell membrane. Statistical analysis was performed using
SPSS 15.0 (Chicago, IL) assuming a log-normal probability distribution.
Log-normality of results were confirmed by a Kolmogorov–Smirnov test (all
P C 0.251).

5.3 Influence of Cell Rheology on Cell Deformation during
Airway Reopening

Previous experimental investigations of the relationship between bubble hydro-
dynamics and cell injury have used two key parameters to vary the stresses
applied: channel half-height, H, and bubble speed, U. Equations 40 and 41 show
the relationship between the physical parameters H and U and two hydrodynamic
parameters of interest: the maximum pressure gradient near the bubble tip, (dP/
dx)max, and the duration that cells are exposed to that maximum stress, Dt. The
experimental results have suggested that (dP/dx)max is the primary physical factor
responsible for cell injury during airway reopening [12, 124] and that cell injury
does not correlate with Dt [59]. The computational models can be used to inves-
tigate whether this observation is due to the viscoelastic mechanics of the cells and
whether a simple Maxwell fluid model can capture this behavior.

First we examined the effect of channel height, H, on intracellular strain for
cells with the Maxwell fluid and power-law material models and a fixed bubble
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speed of U = 0.3 cm/s. As shown in Fig. 3, previous in vitro experimental studies
have clearly demonstrated that EpC undergo significantly less membrane rupture
(i.e. cell necrosis) as H increases [124]. The computational models also showed
that decreasing channel height leads to an increase in maximum strain for both cell
viscoelasticity models (see Fig. 14). For cells with the Maxwell material model,
this effect was minor and its significance depended on the choice of sR (significant
changes with H were only observed for sR [ 2 s; P B 0.031 by two-tailed
homoscedastic t tests). In contrast, cells with the power-law material model
exhibited a dramatic increase in membrane strains as H decreased and this effect
was significant for all values of a (P \ 0.013 by t tests).

We also examined the effect of bubble speed, U, on intracellular strain for cells
with the Maxwell fluid and power-law material models and a fixed channel half-
height of H = 0.04 cm. Previous in vitro experimental studies have clearly
demonstrated that EpC exhibit significantly more necrosis (i.e. membrane rupture)
as U decreases [12, 59, 124]. As shown in Fig. 15, the computational models also
showed that decreasing U produces larger membrane strains for both Maxwell and
power-law cells. However, in the Maxwell model, this effect of U on membrane
strain was only significant for sR B 1 s (P B 0.026 by t tests). In contrast, we
observed statistically significant increases in strain at lower U for a large range of
a values (i.e. for a C 0.2; P B 0.027 by t tests) in the power-law cells (see
Fig. 15).

In the results presented in Figs. 14 and 15, which independently varied H and
U, both the exposure duration, Dt, and maximum pressure gradient, (dP/dx)max,
changed simultaneously (refer to Eqs. 40 and 41). To study the effects of
(dP/dx)max and Dt separately, we carefully specified both H and Ca to keep either
pressure gradient or exposure duration constant while varying the other parameter.
For example, choosing H = [0.025, 0.040, 0.077 cm] and Ca = [0.001, 0.002,
0.005] produced a range of maximum pressure gradients, (dP/dx)max = [28.23,

(b)(a)

Fig. 14 Increasing channel half-height, H, decreased membrane strain (i.e. risk of cell death) for
cells with the Maxwell (a) and power-law (b) models. Figures report geometric mean ± 70%
confidence intervals (With permission from Dailey et al., Biomech. Model. Mechanobiol., 2010)
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9.02, 1.87 dyn/cm2 lm] and a constant Dt = 0.065 s. Note that this exposure
duration is equivalent to the Dt in the most damaging case reported by Yalcin et al.
[124]. Conversely, choosing H = [0.04, 0.045, 0.050 cm] and Ca = [0.005,
0.002, 0.001] produced a range of exposure durations, Dt = [0.034, 0.073,
0.133 s] and a constant (dP/dx)max = 7 dyn/cm2.lm. Note that this maximum
pressure gradient is comparable to the (dP/dx)max associated with the maximum
cell damage reported by Kay et al. [59].

Following this procedure, we first studied the case when the hydrodynamic
stresses had a constant exposure duration, Dt = 0.065 s, and variable maximum
pressure gradient. As expected, increasing (dP/dx)max increased the maximum
strain in the cell membrane (see Fig. 16). For the Maxwell cells, although statis-
tically significant differences between all three (dP/dx)max groups were found at all
sR (P B 0.017 by t tests), [2% differences in strain between (dP/dx)max groups
was only found for sR B 1 s. For the power-law cells, significant differences
between all three (dP/dx)max groups were found at all a levels (P B 0.006 by
t tests) and [5% differences in strain were found for all a levels.

Next we investigated the effect of varying Dt for a constant pressure gradient,
(dP/dx)max = 7 dyn/cm2 lm. The effects of varying Dt depend on the viscoelastic
material model used for the cells (see Fig. 17). For the Maxwell cells with a low sR,
maximum strain increased with increasing exposure duration (sR B 1 s; all sig-
nificant P B 0.047 by t tests). This dependence of strain on exposure duration was
not observed in the cells modeled with power-law rheology. For the power-law
cells, comparisons of the Dt groups at each a treatment level showed that significant
differences arose only at the highest a values (for a C 0.35; P B 0.027 by t tests).

A comparison of the data in Figs. 16 and 17 with previously published
experimental observations highlights a significant limitation of the Maxwell
material model. Specifically, experiments have clearly demonstrated that the
amount of cell necrosis via membrane rupture is strongly correlated with the

(b)(a)

Fig. 15 Increasing bubble speed, U, decreased membrane strain (i.e. risk of cell death) for cells
with the Maxwell a and power-law b models. Figures report geometric mean ± 70% confidence
intervals (With permission from Dailey et al., Biomech. Model. Mechanobiol., 2010)

412 S. N. Ghadiali and H. L. Dailey



applied pressure gradient, (dP/dx)max [12, 124] and independent of the exposure
duration, Dt [59]. However, only Maxwell models with sR B 1 s exhibited a strong
dependence of membrane strain on (dP/dx)max while only Maxwell models with
sR C 2 s demonstrated no correlation between membrane strain and Dt. As a
result, it is not possible to select one Maxwell model (i.e. one time constant) that is
consistent with all of the experimental data. In contrast, a majority of our power-
law models (i.e. a C 0.2) predicted both strong dependence of membrane strain on
(dP/dx)max and no correlation between membrane strain and Dt, and were therefore

(b)(a)

Fig. 17 Independent variation of exposure duration for a constant maximum pressure gradient,
(dP/dx)max = 7 dyn/cm2 lm. Results for membrane strain (i.e. risk of cell death) show that cells
with the Maxwell model a were more sensitive to Dt than cells with the power-law model b.
Figures report geometric mean ± 70% confidence intervals (With permission from Dailey et al.,
Biomech. Model. Mechanobiol., 2010)

(b)(a)

Fig. 16 Independent variation of maximum pressure gradient for a constant exposure duration,
Dt = 0.065 s. For cells with both the Maxwell a and power-law b models, increasing (dP/dx)max

increases maximum membrane strain (i.e. risk of cell death). Figures report geometric
mean ± 70% confidence intervals (With permission from Dailey et al., Biomech. Model.
Mechanobiol., 2010)
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consistent with all experimental observations. This analysis strongly indicates that
computational models of cell deformation must include power-law rheology in
order to capture the experimentally observed behavior with respect to cell necrosis.

The computational models presented in this section relied on a time-domain
Prony–Dirichlet series formulation to capture the cells’ power-law rheological
properties. We implemented this material model in our finite element simulations
and investigated dynamic cell deformation during microbubble flows. Comparison
of our computations with experimental results indicated that a power-law rheology
model is required to capture the observed link between pressure gradient and cell
death and the lack of correlation between exposure duration and cell necrosis. This
comparison with experiments validates the computational approach and suggests
that the wide distribution of time constants associated with power-law rheology
may be the reason why EpC are sensitive to pressure-gradients but not exposure
duration. In addition, these models highlight the importance of including time-
scale invariant material properties when simulating the deformation of biological
cells under complex transient loading conditions.

Furthermore, in all of the results presented in Figs. 14, 15, 16, 17, cells with a
slower viscoelastic response (i.e. increased a) had decreased maximum membrane
strain. The power-law exponent, a, controls whether the cell behaves more like an
elastic solid or a viscous fluid. In the limit a ? 0, the material behaves like an
elastic solid that develops strain instantaneously in response to applied stress. As a
increases, the material becomes more fluid-like and experiences a delayed
response to applied stress. The computational models showed that cells with
higher a values develop lower strains during microbubble flows (see Fig. 18).
These results suggest that fluidization of the cell (i.e. an increase in a) may have a
cytoprotective effect during the microbubble flows associated with ARDS.

As described in Sect. 6.2, our laboratory has recently tested this hypothesis by
altering the cytoskeletal mechanics of A549 cells and investigating how these
changes influence the measured power-law exponent, a, and the risk of micro-
bubble-induced necrosis. These results suggest that altering the cells’ rheological
properties may be an effective way to reduce cell injury during the ventilation of
patients with ARDS.

6 Pharmaco-Mechanical Therapies: Computational Predictions
and Experimental Validation

Several investigators have focused on minimizing EpC damage by reducing or
eliminating the injurious mechanical forces generated during ventilation. For
example, low volume ventilation techniques have been used to minimize the
stretching deformations that cause cell necrosis and activate inflammatory path-
ways [118]. However, it is difficult to eliminate all of the pathological mechanical
forces generated during ventilation. In particular, the patho-physiology of ALI
involves disruption of the alveolar–capillary barrier and the flooding of small
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pulmonary airways and alveoli. In order to restore normal gas exchange, these
fluid-filled regions must be re-aerated and ‘‘reopened’’ during ventilation.
Unfortunately, the reopening of these fluid-filled regions requires the propagation
of air–liquid interfaces and microbubble flows over the airway/alveolar epithe-
lium. As demonstrated by the experimental data summarized in Sect. 1.2, these
microbubble flows can cause significant damage and cellular necrosis and there-
fore are an important component of VILI. In addition to the fact that microbubble
flows are likely unavoidable during ALI, the most effective way to reduce the
magnitude of microbubble associate forces, lowering of the surface tension via
surfactant replacement therapy, has had limited clinical success [68, 94] partially
due to surfactant deactivation by plasma proteins that leak into the airway/alveolar
space [14].

Instead of reducing the magnitude of the damaging mechanical forces, an
alternative way to reduce microbubble-induced injury is to modify the way EpC
respond to the damaging mechanical stimuli. In particular, the computational
models developed and described in Sects. 1.4 and 1.5 indicate that specific changes
in cell rheology and mechanics might be effective in reducing microbubble-
induced cell deformation and necrosis (i.e. membrane rupture due to large local-
ized strains). In support of these predictions, our laboratory has recently conducted
several experimental studies to investigate how changes in cellular mechanics
might influence the amount of cell necrosis and detachment during microbubble

Fig. 18 Computational
models predict that cell
fluidization (increase in
power-law exponent, a) can
reduce membrane strain
and the risk of cell injury
during airway reopening.
Results shown for a a = 0.2
and b a = 0.35

Mechanobiology and Finite Element Analysis 415



flows [123]. In these studies, the mechanical properties of the cells were altered by
treating EpC with drugs that alter the cell’s main structural component, the actin
cytoskeleton. In addition to altering the amount of cell deformation, changes in the
cytoskeleton may be useful in modifying the way cells sense and transduce forces
into inflammatory signals. This inflammatory ‘‘mechanotransduction’’ response
may be an important source of injury/mortality and our lab has recently initiated a
series of experiments to identify how changes in the actin cytoskeleton influence
inflammation and mechanotransduction [53].

The actin cytoskeleton is composed of long filamentous polymers known as
F-actin. The monomeric or globular form of actin polymerizes into F-actin and
disruption of this process can be used to destabilize the cytoskeleton while other
agents can promote localized polymerization of actin in specific sub-cellular
regions. These changes in the actin cytoskeleton will have subsequent changes on
the cell’s global mechanical properties and rheology. One focus of our lab is to
find suitable drug agents that alter the deformation response of EpC to micro-
bubble flows by altering the cell’s cytoskeletal and biomechanical properties. To
this end, we have used the validated computational models developed and
described in Sects. 1.4 and 1.5 to predict what types of changes in cell mechanics
and actin cytoskeletal structure would prevent cell deformation and injury during
microbubble flows. We then designed in vitro experiments to validate these
computational predictions. Below, we describe two specific drug-screening
applications in which computational predictions were tested using our in vitro
experimental system. We also describe recent experimental studies that show how
changes in cell mechanics may also be used to mitigate the inflammatory response
of the EpC to microbubble flows.

6.1 Membrane/Cortex Mechanics

As shown graphically in Fig. 10, the computational models predict that changes in
membrane/cortex mechanics will have a significant impact on cellular deformation
and membrane strain/rupture. Specifically, the models predict that increases in
membrane/cortical stiffness will decrease the amount of cellular deformation and
membrane strain. We would therefore expect less microbubble-induced necrosis in
cells with a ‘‘stiffer’’ membrane/cortex. To test this hypothesis, alveolar EpC
(A549) were pretreated with methyl-b-cyclodextrin (Mb-CD) for 1 h prior to
being expose to either 1, 5 or 9 microbubble passages using the microfluidic
system described by Yalcin et al. [124]. Mb-CD depletes cholesterol from the
plasma membrane and previous investigators have demonstrated that this depletion
results in increased cellular stiffness for endothelial cells and polymerization of
actin in the cortical region for leukocytes [66]. To confirm cortical actin poly-
merization in alveolar EpC, confocal microscopy was used to image the actin
cytoskeleton before and after treatment with Mb-CD. As shown in Fig. 19a, b,
intensity matched images clearly demonstrated that Mb-CD induces cortical actin
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polymerization in the EpC. This would correspond to an increase in membrane/
cortex stiffness (i.e. Emem in Fig. 10) and we therefore expect the Mb-CD cells to
experience less deformation and necrosis. As shown in Fig. 19c, the Mb-CD
treated cells exhibited large and statistically significant reductions in cell necrosis
compared to normal cells. We therefore conclude that altering the membrane/
cortex stiffness might be an effective way to prevent microbubble-induced injury.

6.2 Cytoskeletal Fluidization

Correlations between the viscoelastic computational models of transient cell
deformation during microbubble flows (Sect. 1.5) with the experimental data from
Kay et al. [59] and in Fig. 3, clearly indicate that only models that account for the
cell’s complex power-law rheology are accurate. As shown in Fig. 14b and 15b,
these power-law models predict that increasing the fluid-like nature of the cells,
i.e. an increase in a, will reduce the maximum membrane strain that develops
during microbubble flows. To test the prediction that ‘‘fluidization’’ will reduce
microbubble-induced cell necrosis, A549 EpC were either pretreated with a marine
toxin Latrunculin A or held at 37�C as opposed to room temperature [123].
Latrunculin A sequesters G-actin and thereby prevents the polymerization of
G-actin into F-actin. Without active polymerization, F-actin rapidly degrades and
undergoes ‘‘depolymerization.’’ Previous investigators have demonstrated that

(b)(a)

(c)

Fig. 19 Effect of cholesterol
depletion on cortical actin and
microbubble-induced injury.
Intensity matched fluorescent
images of the actin cytoskel-
eton in a untreated cells and b
cells treated with methyl-b
cyclodextran. c Treatment
with MbCD results in reduced
cell necrosis for multiple
bubble passages
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actin depolymerization results in a reduction in the power-law exponent as well as
a decrease in cellular stiffness [63]. To confirm these changes in cellular biome-
chanics in alveolar EpC, we used an optical tweezer based microrheometer [121]
to measure the frequency dependence of the cell’s elastic and complex shear
modulus under control conditions, after 1 h treatment with Latrunculin A and for
cells held at 37�C. The frequency data was analyzed with a power-law type
relationship similar to Eq. 16 and the power-law exponent is reported in Fig. 20a.
Both the Latrunculin A treated cells and the cells held at 37�C exhibited statis-
tically significant increases in the power-law exponent. Therefore, based on our
computational models we would expect both the Latrunculin A treated cells and
the cells held at 37�C to exhibit less microbubble-induced cell necrosis. Cells were
exposed to 1 or 5 microbubble passages and as shown in Fig. 20b, both the
Latrunculin A and 37�C conditions results in significantly lower amount of cell
death. We therefore conclude that fluidization of the actin cytoskeleton may be a
very effective way to prevent microbubble-induced injury.

Fig. 20 Influence of fluid-
ization on microbubble
induced cell injury.
Treatment of A549 cells with
Latrunculin A or 37�C results
in a increased power-law
exponents and b reduced cell
necrosis after multiple bubble
passages
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It is important to note that although Latrunculin A is clearly not a clinically
relevant compound, i.e. it is a marine toxin, several other clinically relevant
compounds are known to have similar effects on the actin cytoskeleton. For
example, Chen et al. [19] demonstrated that the common serum cholesterol
reducing drug, simvastatin, can attenuate actin stress fiber formation and cause
disruptions in the cytoskeleton of endothelial cells. These changes in actin
cytoskeleton are consistent with fluidization. As shown in Fig. 21a, we have
used immunofluorescent imaging of the actin cytoskeleton to confirm that
treatment with simvastatin for 16 h at 2.4 lM also causes ‘‘fluidization’’ like
changes in the cytoskeleton of EpC, i.e. it attenuates actin stress fiber forma-
tion. Furthermore, as shown in Fig. 21b, simvastatin treated cells experience
less microbubble-induced cell necrosis and this result is consistent with our
computational predictions of less cell deformation and membrane rupture for
fluidized cells.

This preliminary data represents an exciting clinical translation of our
combined computational and experimental approach to identifying pharmaco-
logical agents that prevent cellular injury by altering specific biomechanical
properties. We note that there has recently been intense interest and debate in
the clinical community about how to use simvastatin to treat ALI and reduce
lung inflammation [62, 91]. Our studies indicate that in addition to reduced
inflammation, simvastatin therapy may also prevent physical damage to the
lung caused by microbubble flows. Clearly additional in vitro studies are
needed to more completely investigate how simvastatin influences microbubble-
induced cell injury. In addition, future studies should also utilize in vivo
animal models to confirm the protective effect of simvastatin on EpC viability
and barrier function.
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Fig. 21 Effect of 16 h treatment with 2.4 lM simvastatin on a actin cytoskeleton and b amount
of cell necrosis after microbubble flows
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6.3 Mechanotransduction and Inflammation

The development and maintenance of an inflammatory state plays a key role in
several respiratory disorders. In particular, the inflammatory response of alveolar
EpC to pathologic stretching deformations during mechanical ventilation has
been recognized as a key factor in the development of ventilation-induced lung
injury [71]. Cyclic stretching of alveolar EpC results in the production and
secretion of pro-inflammatory cytokines IL-8 and IL-6 [56, 114] and stretching of
fetal lung EpC results in the nuclear translocation of NF-jB [22], a ‘‘rapid-
acting’’ primary transcription factor for a large number of inflammatory genes
[72]. In addition to in vitro studies, the role of stretch-induced inflammation has
also been demonstrated in in vivo [21]. Although cyclic stretching of alveolar
EpC can activate pro-inflammatory pathways, there is limited information about
how the various mechanical forces associated with microbubble flows influences
the activation of NF-jB inflammatory pathways. In addition, although the
cytoskeleton has been implicated in mechanotransduction, there is limited
information about how changes in actin cytoskeletal structure influence mecha-
notransduction processes. Our laboratory has recently used in vitro modeling
techniques to investigate how static and dynamic pressures might influence NF-
jB activation and how changes in cytoskeletal structure may mitigate mecha-
notransduction [53]. In this study, A549 EpC were grown to confluence in a
transwell insert and exposed to static 14 cmH2O pressure and oscillatory pressure
at both moderate and low frequencies (0.18 and 0.125 Hz). Additional studies
were also conducted by pre-treating cells with Latrunculin A for 1 h prior to
pressure exposure. Subsequent to pressure loading, the amount of NF-jB acti-
vation and nuclear translocation was assessed with an ELISA technique that
quantifies that amount of NF-jB bound to DNA. Results indicate that both static
and oscillatory pressure activate NF-jB. Interestingly, for static loading, cells
treated with Latrunculin A exhibited more NF-jB activation than unloaded
controls. Conversely, for oscillatory loading at 0.18 Hz, Latrunculin A treated
cells exhibited significantly less NF-jB activation. This data suggests that for low
frequency conditions, the lower Young’s modulus in Latrunculin A treated cells
leads to more cellular deformation and therefore increased activation of NF-jB.
However, at higher frequencies, the more fluid-like Latrunculin A treated cells
may experience less deformation than the control cells and thus exhibit less NF-
jB activation. Specifically, the increased viscous properties of Latrunculin
treated cells allow them to ‘‘damp-out’’ or dissipate the higher frequency loads.
These preliminary results therefore highlight the importance of both loading
conditions (i.e. frequency) and cytoskeletal structure and cell mechanics on the
transduction of mechanical forces into biochemical signaling. Finally, Huang
et al. [53] conducted additional studies to investigate the mechanisms of pressure-
induced NF-jB activation and these studies suggest that intracellular strains and
the release of intracellular calcium may be more important than the opening of
stretch-induced calcium channels in the plasma membrane. Clearly, application
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of the computational models to these in vitro experimental conditions is needed
to test and analyze the validity of this hypothesis.

7 Conclusions and Future Model Development

The biomechanical and biological mechanisms responsible for microbubble-
induced cell injury are complex. In this chapter we have described how our lab-
oratory is using an integrated experimental–computational approach to not only
identify the mechanical and biological mechanisms responsible for microbubble-
induced injury but also the application of our models to develop new pharmaco-
mechanical therapies for ALI. In our approach, computational models account for
the minimal level of complexity required to accurately capture experimental data.
Although we attempt a minimalist approach, often models that account for sig-
nificantly complex dynamics and rheology (i.e. power-law) are required to capture
experimental data. Once validated, the computational models are used to predict
what types of structural changes would be required to protect EpC from micro-
bubble-induced injury. Finally, these computational predictions are then tested
with additional experimental studies.

Using this approach we have demonstrated that type II alveolar EpC are more
susceptible to microbubble-induced injury than type I cells due differences in
morphology. This finding has important clinical implications since bacterial and
viral toxins preferentially damage the type I cells leaving the type II cells intact.
Normally, the type II cells can differentiate into type I cells and thus provide a
source for repair of the denuded epithelium. However, our results indicate that
during mechanical ventilation, microbubble flows would cause significant damage
to the remaining type II cells and that this may explain why repair processes are
also hindered by mechanical ventilation. We have also demonstrated that the
complex power-law rheology of EpC is partially responsible for the sensitivity of
these cells to spatial pressure gradients and that only models that account for time-
scale independent properties (i.e. power-law rheology) can capture all of the
experimental data. Our computational models predicted that cytoskeletal agents
that either increase membrane/cortical stiffness or increase the fluid-like properties
of the cells would protect the cells from microbubble-induced damage. In vitro
experiments were then used to confirm these predictions. Although initial exper-
iments used toxic agents, preliminary work indicates that clinically relevant agents
such as simvastatin may also be utilized to produce the desired change in cell
rheology/structure.

Finally, we recognize the important role that mechanotransduction and
inflammation play in the etiology of ALI. We have therefore conducted pre-
liminary studies which demonstrate that alveolar EpC can transduce mechanical
forces into inflammatory signaling and that changes in the actin cytoskeleton may
be useful in attenuating this transduction event. However, the experimental results
indicate that mitigation of inflammation may depend on loading conditions as well
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as cytoskeletal structure and therefore the application of the computational models
described in this chapter to mechanotransduction issues might lead to important
mechanistic insight. In this regard we briefly describe some of our ongoing and
future model development projects.

7.1 Inflammatory Responses and Modeling the Cell Nucleus

One key structural element in the mechanotransduction process is the cell nucleus, a
relatively large membrane-enclosed organelle that contains the cell’s DNA. The
nucleus maintains mechanical connectivity with the rest of the cell through the
cytoskeleton. In the models we have explored, the cell is modeled as a membrane-
bound homogeneous medium with no nucleus. However, we have already estab-
lished the tools and techniques for imaging and modeling a cell with a mechanically
distinct nucleus. We could extend our cell models to investigate stress-transmission
to the cell nucleus as part of a directed study of microbubble-induced mechano-
transduction and biochemical signaling. Signaling activity could be monitored
through immunohistochemistry (IHC), the process of tagging specified antigens
within the cell using fluorescently labeled antibodies. In particular, IHC could be
used to tract the nuclear translocation of NF-jB while standard DAPI stains could
be used to reconstruct the nucleus. These studies would require an experimental
setup that can perform in situ confocal imaging of cells for geometric reconstruc-
tion, expose cells to microbubble flows, and then reimage the same cells with the
desired IHC protocol. In addition to quantifying NF-jB activation, the development
of computational models based on the IHC imaging data would allow for quanti-
fication of the intracellular stresses and strains. In addition, the computational
models could be used to investigate how mechanical changes in the external and
nuclear membranes as well as the cytoskeleton influence stress/strain transmission.
As a result, these computational models may be useful in identifying the types of
structural changes that would mitigate the inflammatory response.

7.2 Traction Force Microscopy and Repair Mechanisms

Although preventing additional lung injury during ventilation is an important
component for the successful treatment of ALI, abnormal repair processes can also
contribute to mortality and morbidity. Specifically, the denuded epithelium must
be repaired by efficient and rapid migration of the remaining EpC and this is a
complex process that is regulated by many biochemical factors including growth
factors, chemokines and cytokines [23]. Control of cell migration during repair is
critical since long-term tissue remodeling can lead to a fibro-proliferative phase of
ALI in which fibrotic processes make the lung stiff and thus hinder ventilation.
Recently, Trepat et al. [102] have used traction force microscopy to investigate
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the biomechanical mechanisms that regulate the collective migration of epithelial
sheets. Unlike the classic models in which ‘‘leader cells’’ drive the migration of the
monolayer, these investigators demonstrate that the traction forces driving col-
lective cell migration arise many cell rows behind the leading edge. Recently, our
laboratory demonstrated that activation of specific biochemical signaling pathways
increases the migration rate of lung EpC monolayers [61]. In addition, atomic
force microscopy was used to demonstrate that cells near the leading edge exhibit
altered biomechanical properties compared with cells far from the leading edge
[74]. However, it is unclear how important the changes in cellular biomechanics
near the leading edge are for increased cell migration. In this regard, a compu-
tational model of collective cell migration that accounts for the unique traction
force dynamics observed by Trepat et al. [102] and heterogeneous distributions in
cell mechanical properties may be useful in identifying the structural changes that
promote rapid and efficient cell migration and wound repair. For these models,
traction field data could be translated to node-by-node stresses applied to the basal
surfaces of image-based cell models while atomic force microscopy data could be
used to specify power-law rheology on a cell-by-cell basis. As a result, these
computational models may be useful in identifying the types of structural changes
that would enhance the repair process critical to the resolution of ALI.
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Mathematical Modelling of Cell Adhesion
in Tissue Engineering using Continuum
Models

Liesbet Geris and Alf Gerisch

Abstract Key factors in the formation of cell aggregates in tissue engineering and
other fields are the cell–cell and cell–matrix interactions. Other important factors are
culture conditions such as nutrient and oxygen supply and the characteristics of the
environment (medium versus hydrogel). As mathematical models are increasingly
used to investigate biological phenomena, it is important that processes such as cell
adhesion are adequately described in the models. Recently a technique was devel-
oped to incorporate cell–cell and cell–matrix adhesion in continuum models through
the use of non-local terms. In this study we apply this technique to model adhesion in
a cell-in-gel culture set-up often found in tissue engineering applications. We briefly
describe the biological issues underlying this study and the various modelling
techniques used to capture adhesive behaviour. We furthermore elaborate on the
numerical techniques that were developed in the course of this study. Finally, we
consider a tissue engineering model that describes the spatiotemporal evolution of
the concentration of cells, matrix, hydrogel, matrix degrading enzymes and oxygen/
nutrients in a cell-in-gel culture system. Sensitivity analyses indicate a clear
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influence of the different adhesive processes on the final cell and collagen density and
distribution, demonstrating the significance of cell adhesion in tissue engineering
and the potential of the proposed mathematical technique.

1 Introduction

How cells organize into structured tissues has been a long-standing question in the
field of developmental biology. Recently a new paradigm was proposed in the
tissue engineering field that states that in order to obtain successful tissue engi-
neering products, these developmental processes should be recapitulated in vitro,
using cell aggregates as building blocks [19]. Crucial factors in the formation of
these aggregates are cell–cell and cell–matrix interactions. When mathematical
modelling aims to actively contribute to the unraveling and control of tissue
engineering processes, it needs to be able to describe these adhesion processes.

In this study we apply a recently developed technique to model cell adhesion on
a continuum level. This chapter starts by a brief presentation of the importance of
cell adhesion in tissue engineering. It continues by describing the modelling
techniques that have been proposed in the literature, both on a discrete and con-
tinuum level, to model cellular adhesion, followed by a detailed description of the
use of non-local terms to model cell adhesion on a continuum level. A mathe-
matical model describing a number of biological processes in a generic cell-in-gel
culture system is presented and the necessary numerical tools for its implemen-
tation are elaborated on. Simulations of the mathematical model demonstrate the
potential of the applied non-local technique in capturing cell adhesive behaviour.

1.1 Cell Adhesion in Tissue Engineering

Stem cell characteristics are determined by the cell’s microenvironment as sche-
matically represented in Fig. 1 [26]. Current research is focussing intensely on
controlling stem cell differentiation by influencing the microenvironment through
the use of growth factors, cytokines, hormones, mechanical stimuli, culture con-
ditions (e.g. O2 and nutrients) and various types of (3D) biomaterials with their
specific chemical and physical characteristics. A plethora of studies is available in
the literature describing the construction of cell-biomaterial constructs that are
able to deliver desired behaviour in vitro or in vivo (such as the production of
mineralised collagen in the case of bone tissue engineering) by manipulating one
or more of these microenvironmental factors.

However, a functional cell-biomaterial construct does not automatically equal a
piece of functional tissue. A major challenge will be to establish the appropriate
topological interactions and spatial organization of cells leading to specific
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morphological patterns [17, 18]. The concept of developmental engineering states
that in order to arrive at high quality cell-derived tissue products, developmental
processes (including morphogenetic patterning) need to be recapitulated in vitro
[19]. As described in [14] and references cited therein, cell adhesive processes
(including cell–cell and cell–matrix adhesion) are a major driving force behind the
spatial organization in the developing embryo [3]. As cell adhesion is a critical
factor in determining tissue integrity and function, elucidation of the cellular and
molecular mechanisms that regulate cell adhesion as well as the influence from the
previously mentioned microenvironmental factors on these mechanisms, is fun-
damentally important for the tissue engineering field.

1.2 Discrete and Continuum Models for Adhesion

The approaches most often followed for the modelling of the behaviour of a cluster
of cells are the use of cellular automata and agent-based modelling in which
individual cells are simulated and followed based upon a set of biophysical rules
(for comprehensive reviews we refer the reader to [1, 2, 7] and [21]. These
methods are particularly useful for studying the interactions of individual cells
with each other and with their microenvironment. Since these methods are based
on a series of rules for each cell, it is straightforward to translate biological
processes into model rules. However, these models can be difficult to study ana-
lytically and the computational cost increases rapidly with the number of cells
modelled. With the number of cells needed for bone tissue engineering applica-
tions (106 cells or more), these methods can quickly become unwieldy [20].

For such larger-scale applications, continuum methods provide a good modelling
alternative. Much research into the use of ordinary and partial differential equations
(PDEs) for the modelling of cell aggregates has been carried out over
the past decade, especially in the field of tumour growth, as reviewed by [20].

Fig. 1 Microenvironmental factors affecting cell behaviour (adapted from [26])
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Various mechanisms have been implemented in these models to account for cell
migration. Most models describe cell movement based on chemotactic and/or
haptotactic cues (as in the authors’ previous work on bone fracture healing [8]).
However, other cues from the microenvironment such as the presence of other cells
and extracellular matrix will also direct cell motion. A number of models incor-
porate cell–cell adhesion in the form of a surface tension force on the tumour surface
which then controls the evolution of the tumour shape during growth [20, 5, 6].
Other groups use mesoscopic models to study cell invasion in the extracellular
matrix [15, 22]. Recently a continuum description of cell motility due to cell–cell
and cell–matrix adhesion has been introduced [4, 13] which is achieved by the
inclusion of a non-local interaction term to account for adhesion in the PDE model.

1.3 Non-local Model for Cell Adhesion

In this section we will review and extend the derivation for an integro-partial
differential equation model for cell–cell and cell–matrix adhesion first developed
in [4]. The principle of conservation of mass for an adhesive cell population, with
time- and space-dependent density c(t, x), leads to the conservation equation

ocðt; xÞ
ot

¼ �r � Jðt; xÞ þ Pðt; xÞ for x 2 X; t [ 0:

Here, P describes the production or loss of cells and J is the cell flux within X. We
assume that the cell flux J is the cumulative effect of cell random motility gov-
erened by

Jrandomðt; xÞ ¼ �Dcrcðt; xÞ

with cell random motility coefficient Dc [ 0 and a flux Jadhesion(t, x) due to
adhesion, to be specified below, i.e.

Jðt; xÞ ¼ Jrandomðt; xÞ þ Jadhesionðt; xÞ:

We do not include a cell flux due to chemotactic or haptotactic cell migration.
The generic expression for the adhesive flux is Jadhesion(t, x) = v(t, x) c(t, x)

where v denotes the velocity field generated through cell adhesion. Consider a
spherical particle of radius R̂ moving through a fluid having (dynamic) viscosity g
and let v denote the relative velocity between particle and fluid (far away from the
particle). Then Stokes’ formula states that the force F exerted by the fluid on the
particle is given by F ¼ 6pgR̂v: Under the assumption that cells can be regarded as
spherical particles in such a flow, we can thus express the adhesive flux as

Jadhesionðt; xÞ ¼
cðt; xÞ
6pgR̂

Fðt; xÞ;
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where F(t, x) denotes the force exerted on cells at x at time t which is generated by
cell adhesion. Defining U :¼ 1

6pg results in the expression for the adhesive flux

Jadhesionðt; xÞ ¼
Ucðt; xÞ

R̂
Fðt; xÞ;

as defined first in [4] and later used in, for instance [13] and [14].
The force F(t, x) is assumed to be the result of non-local adhesive interactions

of the cells at x with cells or the extracellular matrix in its vicinity, i.e. at
x ? r. Here r ranges over a finite region V � R

n, the so-called sensing region,
which is for our purposes assumed independent of x. Let m(t, x) denote the density
of the extracellular matrix. We first express the force exerted on cells at x through
cells or matrix at x ? r by

f ðt; x; rÞ :¼ r

jrjgðcðt; xþ rÞ;mðt; xþ rÞÞXðjrjÞ:

Here, the first factor defines the force direction from x towards x ? r, the second
factor describes through the function g how cells and matrix present at
x ? r contribute to the force, and the final factor accounts through the function X
for the potential effect that the distance |r| between the two locations under con-
sideration has on the force1. We require X(|r|) C 0. Specific functional forms for
g and X will be given below and in the model specification in Sect. 2. The force
F(t, x) is now the accumulated effect of all forces f(t, x, r), i.e.

Fðt; xÞ ¼
Z

V
f ðt; x; rÞdr:

We would like to emphasise that the size of the sensing region V is at least the size
of an individual cell but typically considerable larger due to cell protrusions
(lamellipodia, filopodia). This creates the non-local character of cellular adhesion.

The basic assumption that the more cells or matrix are at a place x ? r the more
adhesive interaction can take place between cells at x and cells or matrix at
x ? r is reflected in the dependence of g on c and m at x ? r and by requiring that
g C 0. The most simple, linear form of g is given by

gðcðt; xÞ;mðt; xÞÞ ¼ Scccðt; xÞ þ Scmmðt; xÞ:

Here Scc C 0 is the self-adhesion coefficient quantifying the strength of adhesive
interaction of the cells with other cells and Scm C 0 is the cross-adhesion coeffi-
cient quantifying the strength of adhesive interaction of the cells with the matrix.
Whereas this form is able to account for adhesive aggregation of cells it may at the
same time lead to a too strong aggregation, an unrealistic overcrowding in space,
see [4] and [14]. In order to avoid, or at least mitigate, this effect, the adhesive
interaction should be reduced in crowded regions. Let us assume that c and m are
scaled such that they correspond to the volume fractions occupied by cells and

1 The function X is of course distinct from the spatial domain X but no confusion should arise.
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matrix, respectively. Then the desired effect can be achieved with the following
functional form

gðcðt; xÞ;mðt; xÞÞ ¼ ðScccðt; xÞ þ Scmmðt; xÞÞð1� cðt; xÞ � mðt; xÞÞþ;

where (�)+ = max{0,�}. The boundedness of solutions of particular models of cell
aggregation and cancer invasion using this functional form is analysed in [23]. We
will also make use of this form of g in our model.

The nonnegative function X(�) is defined for nonnegative arguments and may be
utilised to describe that the adhesive interaction over longer distances is weaker
than over shorter distances. In this case X(|r|) should decrease with increasing |r|.
If such an effect is not present or is not intended to be modelled, then X(|r|) may be
chosen constant. We follow this line in our model, see below Gerisch & Chaplain
[13] give a sensible normalisation condition for the function X.

We now turn to the spatially one-dimensional situation which is of interest for
the work presented here. In this case consider the sensing region V: = (-R, R)
with the sensing radius R [ 0. Clearly, we should have R [ R̂, i.e. the sensing
radius is larger than the radius of a single cell, but we also assume that 2R is less
than the diameter of the spatial domain X. We extend the function X(�) as an odd
function to the real line. Then we can rewrite the adhesive flux as (dropping the
bold face in the notation since all quantities are scalar now)

Jadhesionðt; xÞ ¼ cðt; xÞvðt; xÞ; ð1Þ

vðt; xÞ ¼ U

R̂

ZR

�R

gðcðt; xþ rÞ;mðt; xþ rÞÞXðrÞdr: ð2Þ

In order to emphasize the non-local character, we denote the velocity also in the
form

vðt; xÞ ¼ Afuðt; �ÞgðxÞ ¼ /

R̂

ZR

�R

gðuðt; xþ rÞÞXðrÞdr; ð3Þ

where we have assumed that c and m are components of a vector-valued function
u(t, x). In this work we consider the case that

XðrÞ :¼ signðrÞ 1
2R r 2 ½�R;R�

0 otherwise;

�
ð4Þ

i.e., it is a (piecewise) constant function.
Systems of partial differential equations must be supplemented with boundary

conditions in order to guarantee a unique solution. The choice of boundary con-
dition has a significant effect on the definition of the non-local force F(t, x) for
points x near the boundary of the spatial domain X. We discuss some options in the
spatially one-dimensional setting below.
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1.3.1 Periodic Boundary Conditions

Here one assumes that c(t, �) and m(t, �) as well as all terms depending on x are
extended periodically outside of the domain X to the whole of R: In this case we
can simply exploit that periodicity and v(t, x) is well defined for all x [ X. Con-
sidering g(c(t, x), m(t, x)) as a function of t and x, also denoted g(t, x), this means
that we extend g(t, x) periodically outside of X.

1.3.2 Zero-flux Boundary Conditions

These typically model the case of an isolated domain X, e.g. representing a Petri
dish, and neither cells nor matrix can cross the boundary. For the cells this means
that the normal component of the cell flux must vanish on qX. In the one-
dimensional setting this implies that the flux J(t, x) = 0 for all x [ qX. A difficulty
arises here for the evaluation of v(t, x) when x [ X is closer than R to qX. In this
case, g(c(t, x ? r), m(t, x ? r)) is not defined for some r [ V since c and m are not
defined outside of X. However, the case of an isolated domain also means that
cells cannot reach outside of X for adhesive interaction and consequently it is
appropriate to define g(c(t, x), m(t, x)): = 0 for all x 62 X, i.e. we extend function
g(t, x) by zero outside of X. It is important to note that this extension of g(t, x) is a
modelling issue and part of the model specification. In particular, we here assume
for simplicity that the cells have no adhesive interaction with the boundary of X
itself. If this would however be the case, for example because the Petri dish is
coated with a substance which cells like to adhere to, then zero-flux boundary
conditions for the cells are still appropriate but g(t, x) must be extended to reflect
this additional adhesive interaction.

1.3.3 Symmetry Boundary Conditions

Symmetries in the PDE problem often allow to reduce the size of the spatial
domain X and are therefore of computational interest. In one-dimensional space, if
the solution is symmetric around xs = 0 then X = (-L, L) can be reduced to
X: = (0, L) and at xs = 0 symmetry boundary conditions apply. Let xs [ qX be a
boundary point where symmetry boundary conditions apply. Then it follows that
there can be no cell flux through that boundary point as this would violate the
symmetry. Therefore, a zero-flux boundary condition applies for the cell density
c at x = xs, i.e. J(t, xs) = 0 and, as in the zero-flux boundary condition case above,
for x [ X with |x - xs| \ R the velocity v(t, x) is not defined. Again, as above, we
have to extend function g(t, x) across xs [ qX for x 62 X: However, in this case and
in contrast to the zero-flux boundary condition case, we do not extend g by zero
but must do so by symmetry around xs. This is because here cells can reach outside
of X across the symmetry boundary for adhesive interaction because this boundary
is not physical but only a theoretical construct to reduce the problem to a smaller
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domain. Also in contrast to the zero-flux boundary condition case, this extension of
g(t, x) is not a modelling issue but follows strictly from the assumed symmetry.

1.3.4 Dirichlet Boundary Conditions

If at some point xD [ qX Dirichlet boundary conditions are prescribed for c or
m then again information is missing to evaluate the non-local term at x [ X with
|x - xD| \ R and again function g(x, t) must be extended appropriately. A sensible
extension is again part of the modelling process in this case. Since in the sequel we
do not consider problems with Dirichlet boundary conditions for any of the
variables involved in the non-local term we do not discuss this case any further.

Of course, symmetry and zero-flux boundary conditions for the cell density
c(t, x) can also be combined. Below in our model we consider the case of a
symmetry boundary condition at x = 0 and a zero-flux boundary condition for
c(t, x) at x = L. We emphasise that both conditions look the same at the level of
the PDE but they differ in the way how the non-local term is evaluated near the
boundaries.

2 Modelling Adhesion in Cell Aggregate Behavior

To illustrate the potential of modelling cell–cell and cell–matrix adhesion on a
continuum level, we use a model that represents a generic cell-in-gel 3D culture
situation. The model encompasses five variables: cell density (c), hydrogel density
(w), matrix degrading enzyme density (e), collagen (extracellular matrix) density
(m) and oxygen/nutrient density (n). Let u: = (c, w, e, m, n) be the vector of the
five variables. The spatiotemporal evolution of these five variables is described by
a system of partial differential equations (PDEs) in which the various terms
describe the migration of cells (random migration and cell–cell and cell–matrix
adhesion), enzymes (diffusion) and nutrients (diffusion), cell proliferation and
death (influenced by spatial and nutrient constraints), hydrogel degradation
(by matrix-degrading enzymes), enzyme production (by cells) and degradation
(half-life), collagen production (influenced by spatial constraints) and oxygen/
nutrient consumption (by cells). Each of the five PDE equations will be briefly
described below.

The motion of the cells is assumed to be governed by random motility and by
adhesion to other cells and the matrix (both the hydrogel and the collagen). Fur-
thermore, the cells are assumed to proliferate, modelled by a logistic growth law,
which takes into account the space occupied not only by cells (which would lead to
a simple logistic growth law l1c(1 - c)) but also by the hydrogel as well as the
produced matrix to avoid overcrowding as explained above. The proliferation of
cells is only possible when sufficient oxygen/nutrients are present, which is

modelled by introducing a mask function M1 ¼ n6ðK6
p þ n6Þ�1. Finally cell death

438 L. Geris and A. Gerisch



occurs under very poor oxygen/nutrient conditions ðM2 ¼ 1� n6ðK6
d þ n6Þ�1Þ.

This leads to the following equation:

oc

ot
¼ r � Dcrc� cAfuðt; �Þg½ � þ l1cð1� c� w� mÞM1 � l2M2c: ð5Þ

The non-local term A{u(t, �)}, also referred to as the adhesion velocity, is a
function of x and for a one-dimensional spatial domain takes the form see Eq. (3):

Afuðt; �ÞgðxÞ ¼ /

R̂

ZR

�R

gðuðt; xþ rÞÞXðrÞdr; ð6Þ

as described in detail in Sect.1.3. In this study the weight of all the points in the
sensing region is assumed to be equal and so X(r) is given by Eq. (4). The following
form for g is used: g(c, w, m) = (Sccc ? Scww ? Scmm)(1 - c - w - m)+. Scc is
the cell–cell adhesion coefficient, Scw is the cell–hydrogel adhesion coefficient and
Scm is the cell–extracellular matrix adhesion coefficient. Similarly to the logistic
growth term, the factor (1 - c - w - m)+ ensures that a space point which is
already densely filled (or even overcrowded) with cells and/or matrix does not attract
more cells via adhesive interaction. In this way unbounded aggregation is avoided.

The hydrogel is considered to be non-motile matter and changes in its distri-
bution are due solely to its local degradation by matrix degrading enzymes at a rate c.

ow

ot
¼ �cwe ð7Þ

Matrix-degrading enzymes are produced by active cells (when sufficient oxy-
gen/nutrients are present, M1) at a constant rate a, are removed from the system at
rate k and are assumed to diffuse freely in the spatial domain.

oe

ot
¼ r � Dere½ � þ aM1c� ke ð8Þ

The extracellular matrix is produced by the cells at rate b under favourable
nutrient/oxygen conditions (M1) within the physical limitations of space (factor
(1 - c - w - m))

om

ot
¼ bcð1� c� w� mÞM1: ð9Þ

Oxygen and nutrients, which are modelled as a single variable for simplicity
reasons, are assumed to diffuse freely in the spatial domain and are consumed by
the cells at a constant rate as.

on

ot
¼ r � Dnrn½ � � ascn ð10Þ

Equations (5–10) have been obtained after the original variables u have been
scaled with respect to time and space using a characteristic time of 1,000 s and a
characteristic length of 0.1 cm. They have furthermore been scaled with respect to
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u0 containing characteristic densities/concentrations and are hence in non-
dimensionalised form. The following set of non-dimensionalised parameters is
used in this study.

Dc ¼ 0:1; Scc ¼ 0:1; Scw ¼ 0:5; Scm ¼ 0:25; l1 ¼ 0:1; l2 ¼ 1;

Kp ¼ 0:5; Kd ¼ 0:1; c ¼ 1; De ¼ 10�2; a ¼ 0:1;

k ¼ 0:5; b ¼ 0:1; Dn ¼ 10�4; as ¼ 0:1; U ¼ 1: ð11Þ

The (dimensional) cell radius was set at 5 lm, giving a non-dimensional R̂ ¼ 5�
10�3, the sensing radius was fixed at five cell diameters, i.e. R = 50 9 10-3. As
the main purpose of this study is to illustrate the potential of modelling cell–cell
and cell–matrix adhesion at a continuum level, no further attempts were made to
experimentally determine the value of the parameters for a specific cell-in-gel
culture set-up.

As mentioned in the previous section, the 1D domain used in this study is
derived from a cell-in-gel set-up as represented in Fig. 2. The hydrogel is sur-
rounded by medium in a Petri dish. For symmetry reasons only one half of the
domain is used in the calculations. This leads to symmetry boundary conditions on
the left boundary, x = 0, for all variables. Apart from the oxygen/nutrients, which
can diffuse from the medium into the hydrogel, all other variables are assumed to
be restricted to the hydrogel. Therefore, we apply zero-flux boundary conditions
on the right edge of the domain, x = L = 4, for the cell density and the matrix
degrading enzyme concentration. The hydrogel and collagen density is zero for
x [ L = 4 (no boundry condition is prescribed since the equations for w and m
involve no transport, but the zero-values are used in the non-local term evalution).
For the oxygen/nutrient variable, a Dirichlet boundary conditions is applied as we
assume the medium surrounding the hydrogel gets sufficiently often refreshed to
maintain a constant level of oxygen and nutrients. At the onset of the simulations,
we assume a low concentration of cells, homogeneously distributed throughout the
(low-density) hydrogel. Collagen and matrix-degrading enzymes are not present at

Fig. 2 Derivation of modelling domain. Left cells are homogeneously encapsulated in a
hydrogel that is placed in a Petri dish and surrounded by medium. Right the 1D domain used in
this study is a horizontal cross-section of the hydrogel. We assume there is no variation in the
vertical direction
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the onset of the simulations. An initial oxygen/nutrient profile is assumed, rep-
resenting the diffusional limitations of oxygen into the hydrogel and the resulting
hypoxic condition in the centre of the gel [9].

3 Numerical Technique

The Method of Lines (MOL) is applied for the numerical solution of the model
equations in this chapter. In the MOL the discretisation of spatial and temporal
derivatives is separated. We apply the so-called vertical MOL here, in which the
spatial derivatives are discretised first, followed by temporal discretisation.

For the model considered in this work, we discretise the spatial derivatives on a
uniform spatial grid with N grid cells covering the one-dimensional spatial domain
X = (0, L). Each grid cell, or finite volume, is an interval of length h: = L/N.2 We
employ a Finite Volume Method (FVM) of order two on this grid, see, e.g. [12], or
more general the book by Hundsdorfer & Verwer [16]. The result of this dis-
cretisation in space is a large and in general stiff initial value problem (IVP) for a
system of ordinary differential equations (ODEs), the MOL-ODE system,

dUðtÞ
dt
¼Fðt;UðtÞÞ; Uð0Þ ¼ U0: ð12Þ

The MOL-ODE together with the initial data U0 represents the PDE model on the
spatial grid. As is customary when using the FVM, the components of the MOL-
ODE system are approximations to the averages of the PDE solution in each grid
cell. Since the model (5–10) has five equations, the MOL-ODE has dimension 5N.

The numerical solution of the IVP (12) constitutes the second step of the MOL
and an appropriate time integration scheme must be selected. Implicit time inte-
gration schemes can deal efficiently with the inherent stiffness of the MOL-ODE.
We favour the fourth order linearly-implicit Runge-Kutta method ROWMAP [25].
The multiple Arnoldi process used within this method for the solution of the linear
equation systems in each time step makes this scheme particularly suited for
the large ODE system at hand. Furthermore, the method does not require any
computation of the Jacobian of the MOL-ODE by the user; the required
Jacobian-times-vector products are computed automatically by a suitable finite
difference approximation using the right-hand side F of the MOL-ODE.

The FVM described in [12] has been applied to taxis-diffusion-reaction sys-
tems. There difficulties arise in regions of strong variation of the solution of the
PDE, e.g. near moving fronts. These are due to the taxis term of the model and
special attention was given to ensure that the discretisation of that term does not
introduce oscillations or negative solution values in the solution of the MOL-ODE.

2 For our model, see Sect. 2, we have L = 4 and in the corresponding model simulations
presented in Sect. 4 we employ N = 1,600, leading to h = 2.5 9 10-3
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This goal can be achieved, while maintaining the order two of the FVM as much as
possible, using a second-order upwind discretisation together with a nonlinear
limiter function. The model of this chapter has a non-local adhesion term which is
similar to the taxis terms in [12]. So we apply the same discretisation to that term,
with the added difficulty of the approximation of the integral defining the adhesive
velocity. This is explained in more detail in the following with particular emphasis
on the incorporation of boundary conditions.

Recall that the adhesive velocity takes, in the one-dimensional setting, the form,
cf. Eq. (2),

vðt; xÞ ¼ U

R̂

ZR

�R

gðcðt; xþ rÞ;mðt; xþ rÞÞXðrÞdr;

where function g and X and the parameters R, R̂, and U are user-specified. The
adhesive velocity v(t, x), and consequently the integral must be approximated on
each grid cell interface x = jh, j = 0, 1, ..., N, of the spatial grid for each eval-
uation of the right-hand side F of the MOL-ODE. This task constitutes the
computational bottleneck of the whole numerical solution process. In [10] an
approximation procedure for the adhesion velocity is described which yields

vðt; jhÞ � vjðtÞ :¼ UR

R̂

Xlþ
l¼�l�

wlGjþlðtÞ with GjðtÞ :¼ gðCjðtÞ;MjðtÞÞ; ð13Þ

where Cj(t) and Mj(t) are components of vector U(t) of the MOL-ODE system and
approximate the averages of cell density and matrix density in the jth grid cell, that
is in [(j - 1)h, jh], respectively. The weights wl, l = - l-, ..., l+, define the
integration formula and l- and l+ are related to the sensing region and are roughly
equal to R/h, for details see [10]. The factor UR=R̂ compensates for the fact that
[10] considers the special case R̂ ¼ R and U = 1. It is important to stress that the
weights wl depend on the function X(r), on the spatial grid width h, and on
the sensing radius R but on nothing else. In particular, they are independent of the
function g and of the cell and matrix densities. This implies that the weights can be
computed once X(r), R, and h are fixed, i.e. before a simulation run is started.

We first briefly outline how periodic boundary conditions are employed in the
evaluation of the adhesion velocity. This is the case considered in [10] and it sets the
stage for the zero-flux and symmetry boundary conditions which are of interest for
the model considered in this work. As discussed in Sect. 1.3, in the case of periodic
boundary conditions function g, as a function of x, is extended periodically. This
implies that Gj(t) is defined for all integers j and that it is N-periodic in j. With
this, vj(t) is well-defined for all j = 1, ..., N according to (13) and vj(t) also becomes
N-periodic in j, in particular v0(t) = vN(t). Furthermore, (13) can be written as the
matrix–vector product

vðtÞ ¼ UR

R̂
AðpÞGðtÞ; ð14Þ
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where

vðtÞ :¼ ½v1ðtÞ; v2ðtÞ; . . .; vNðtÞ�T and GðtÞ :¼ ½G1ðtÞ;G2ðtÞ; . . .;GNðtÞ�T: ð15Þ

Here, AðpÞ 2 R
N;N is a circulant matrix defined by the weights wl of the integration

formula, consequently A(p) is known before a simulation run starts. The superscript
(p) is used to refer to the case of periodic boundary conditions. Circulant matrices
enjoy favourable properties [24]: any circulant matrix A is (i) defined by its first
column a and (ii) diagonalised by the discrete Fourier transform matrix with
eigenvalues given by the discrete Fourier transform of a. Property (1) allows for a
memory-efficient storage of A and (2) facilitates the efficient computation of
matrix–vector products using the fast Fourier transform (FFT) and its inverse
(iFFT) through

AG ¼ iFFTðFFTðaÞ � FFTðGÞÞ;

where � denotes the element-wise product of two vectors.
The first column of matrix A(p) is given by

aðpÞ :¼ w0;w�1; . . .;w�l� ; 0; . . .; 0;wlþ ;wlþ�1; . . .;w1½ �T2 R
N : ð16Þ

Even though matrix A(p) has many zero entries due to its banded structure of width
characterised by l- and l+, it pays off computationally, in matrix–vector products,
not to exploit this fact but rather the circulant structure of the matrix by using the
FFT. This is because refining the spatial grid leads to an increase in the dimension
of matrix A(p) but also to an increase of its bandwidth. As a result, the fraction of
non-zero elements in A(p) remains constant for h ? 0 and exploiting the zeros
would, in consequence, lead to a matrix–vector product of complexity OðN2Þ. The
FFT approach, in contrast, requires only OðN log NÞ complexity and is thus overall
more efficient. We note that the growth of the bandwidth of A(p) with decreasing
h and the associated constant fraction of non-zero entries is a characterising feature
of the non-local term in the PDE model and distinguishes it from, for instance, a
diffusion term. A matrix representation of the latter involves a matrix where the
fraction of non-zero entries tends to zero for h ? 0.

If we depart from periodic boundary conditions then the circulant structure is
lost, at least on first sight but can be recovered. We will consider two cases: (A)
zero flux boundary conditions on both ends of the domain X and (B) a symmetry
boundary condition at the left end and a zero-flux boundary condition on the right
end of X. The second scenario applies in the simulations for this chapter. In both
cases we compute N ? 1 adhesion velocities

vðtÞ :¼ v0ðtÞ; v1ðtÞ; . . .; vNðtÞ½ �T2 R
Nþ1:

In case (A), recall from Sect. 1.3 that function g is extended by zero outside of the
domain X. Hence, v(t) can be computed from a matrix–vector product
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vðtÞ ¼ UR

R̂
AðzzÞGðtÞ;

where GðtÞ 2 R
N is given as in the case of periodic boundary conditions. The

matrix AðzzÞ 2 R
Nþ1;N is now rectangular and has a Toeplitz structure. The

superscript (zz) refers to the case that function g has been extended by zeros to
the left and right of the domain X. A Toeplitz matrix is defined by specifying its
first row and column. For A(zz) these are given by

w1;w2; . . .;wlþ ; 0; . . .½ � 2 R
N and ½w1;w0; . . .;w�l� ; 0; . . .�T 2 R

Nþ1;

respectively, in particular, AðzzÞ 2 R
Nþ1;N is a banded Toeplitz matrix with upper

bandwidth l+ - 1 and lower bandwidth l- ? 1.
In case (B), recall from Sect. 1.3 that function g is extended by symmetry to

the left of X and by zeros to the right of X. Again, v(t) can be computed from a
matrix–vector product

vðtÞ ¼ UR

R̂
AðvzÞGðtÞ;

where now G(t) is given by

GðtÞ :¼ Gl�þ1;Gl� ; . . .;G1;G1;G2; . . .;GN½ �T2 R
Nþl�þ1;

where the first l- ? 1 entries represent the extension by symmetry on the left.
Matrix AðvzÞ 2 R

Nþ1;Nþl�þ1 is a rectangular Toeplitz matrix with first row and
column given by

w�l� ;w�l�þ1; . . .;wlþ ; 0; . . .½ � 2 R
Nþl�þ1 and w�l� ; 0; . . .½ �T2 R

Nþ1;

respectively. In particular, the lower bandwidth of A(vz) is zero and the upper
bandwidth is l- ? l+. The superscript (vz) refers to the case that function g has
been extended by some ‘‘values’’ to the left of X and zeros to the right of X. The
‘‘values’’ are in our case defined by symmetry but they could be any other values,
e.g. representing some sort of Dirichlet boundary.

Matrix–vector products with Toeplitz matrices cannot be handled directly by
FFT techniques. However, rectangular Toeplitz matrices can be embedded in
square circulant matrices of often just slightly larger size and then the matrix
vector product can again be computed as in the case of periodic boundary con-
ditions [11]. To this end let T 2 R

N1;N2 be a banded Toeplitz matrix with lower
bandwidth 0 B l- \ N1 and upper bandwidth 0 B l+ \ N2 and first row and col-
umn given by

t0; t1; . . .; tlþ ; 0; . . .½ � 2 R
N2 and ½t0; t�1; . . .; t�l� ; 0. . .�T 2 R

N1 ;

respectively. Assume that t�l� 6¼ 0 and tlþ 6¼ 0. Then the following holds.
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(a) The matrix T can be embedded in the circulant matrix C 2 R
‘;‘, defined by its

first column c given by

c ¼ ðt0; t�1; . . .; t�l� ; 0. . .; 0; tlþ ; tlþ�1. . .; t1ÞT 2 R
‘;

where C is 2 9 2 block-structured with (1,1) block equal to T, i.e.

C ¼ T M12

M21 M22

� �
;

and ‘ is minimal and given by ‘ = max{N1 ? l+, N2 ? l-}.
(b) It holds ‘\ N1 ? N2.
(c) Let G 2 R

N2 . The Toeplitz matrix–vector product TG can be computed using
a circulant matrix–vector product by

TG ¼ C ~G
� �

1;...;N2
;

where ~G :¼ ðG 0ÞT 2 R
‘ and C is the circulant matrix from (a).

The application of this embedding result to the two Toeplitz matrices AðzzÞ 2
R

Nþ1;N and AðvzÞ 2 R
Nþ1;Nþl�þ1 corresponding to the boundary condition cases

(A) and (B), respectively, yields that a matrix–vector product with these matrices
can be accomplished by computing an FFT-based matrix–vector product with a
circulant matrix C of dimension ‘ = N ? max{l+, l- ? 1} in case (A) and of
dimension ‘ = N ? l- ? l+ ? 1 in case (B).

4 Results and Discussion

Simulations performed with the model given by Eqs. (5–10) using the parameter
set (11) for an initially homogeneously distributed cell population show an
increased cell density in the periphery of the gel (right hand side of the domain)
and a stagnation of cell density in the centre of the gel (left hand side of the
domain) under the influence of the local oxygen/nutrient conditions (Fig. 3). As
already at the start of the simulations the oxygen/nutrient concentration is low in
the centre of the gel, cells are not able to degrade the hydrogel or produce collagen.
Towards the periphery of the gel where oxygen/nutrient conditions are more
favourable, cells are able to degrade the surrounding hydrogel, proliferate and
produce collagen. The peak in collagen density at the right edge is due to the
locally high concentration of nutrients/oxygen. The initial increase in cell density
increases the consumption of oxygen limiting the increase in cellular density
beyond what is shown in Fig. 3. With the values of the adhesion parameters used
in this simulation, the influence of any of the adhesive processes on the simula-
tion result is minimal with the exception of the drop in cell density at the outer
edge of the gel (right boundary of the domain). This drop is a modelling effect
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(zero-flux boundary condition) since cells are only pulled from the left at/near the
right boundary (no cells are present outside the gel).

Increasing the parameter values related to each of the cell adhesive processes
encapsulated in the model (cell–cell, cell–hydrogel and cell–collagen adhesion)
clearly shows the effect of these processes on the density and distribution of cells
and the produced collagen (Fig. 4).

A tenfold increase of the cell–cell adhesion parameter (Scc) causes clustering of
the cells in small aggregates throughout the gel. As oxygen/nutrient consumption
causes hypoxic conditions in the centre of each aggregate, the collagen production
is highest at the edges of each aggregate.

A tenfold increase of the cell–hydrogel adhesion parameter (Scw) leads to the
accumulation of cells in the centre of the gel. This accumulation is due to a con-
tinuous migration of cells from the periphery of the gel towards the centre. Once
they arrive at the centre of the gel they will become inactive (no proliferation,

Fig. 3 Simulation results for the model given by Eqs. (5–10). Shown are the (non-dimensional)
cell density (cell), the hydrogel density (hydr), the matrix degrading enzyme concentration (enzy),
the collagen density (coll) and the oxygen/nutrient concentration (nutr) over the simulated
domain (x-axis in cm). Dashed lines indicate the initial conditions (the matrix degrading enzyme
concentration and the collagen density are initially zero in the entire domain), full lines
correspond to the time point t = 50 (1 week of culture)
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hydrogel degradation or collagen production) due to the low concentration of
oxygen/nutrients present there. In the periphery of the gel, cells do proliferate,
produce collagen and degrade the hydrogel. This maintains the adhesive velocity
being directed towards the centre of the gel.

Finally, a tenfold increase of the cell–collagen adhesion parameter (Scm) leads
to an almost complete depletion of cells in the centre of the gel. As collagen can
only be produced in the periphery of the gel where the nutritional conditions allow
so, the adhesive velocity will be directed away from the centre towards the
periphery of the gel. Due to the accumulation of the cells, nutritional conditions
will deteriorate in the periphery of the gel as well causing a halt in the increase in
cell density and collagen density.

For the simulation results shown above, the cell sensing radius was chosen to be
five cell diameters. Increasing the sensing radius by a factor 10 initially leads to
the formation of less aggregates but bigger ones (Fig. 5). These bigger aggregates
provide less favourable conditions to the cells inside the aggregate which results in
overall less cell proliferation and collagen production at the end of the simulation
period when compared to the simulations with a smaller sensing radius.

Fig. 4 Simulation results for the model given by Eqs. (5–10) for increased values of the
adhesion parameters. Shown in each subfigure are the (non-dimensional) cell density (full line),
the hydrogel density (dashed line) and the collagen density (dotted line) at time point t = 50 over
the simulated domain (x-axis in cm). a Results using the basic parameter value set (11). b Cell–
cell adhesion increased by factor 10. c Cell–hydrogel adhesion increased by factor 10.
d Cell–collagen adhesion increased by factor 10
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We remark that the total density (cell ? hydrogel ? collagen) always remains
below the maximal available space due to the use of the physical space restriction
factor that was used in the terms describing cellular proliferation, cellular adhesion
and collagen production. As stated above, this prevents the occurrence of non-
physical unlimited growth and aggregation in the model.

The way in which the zero-flux boundary conditions are currently implemented
assumes that cells have no particular adhesive interaction with the boundary of the
domain itself. When studying situations where this is the case, such as a cell
culture in a Petri dish which has been coated with an adhesive substance, the
function describing how cells and matrix at a particular location contribute to
the adhesive force needs to be elaborated compared to its formulation used in the
current study.

Apart from the determination of the parameter values for a specific cell-in-gel
culture set-up, other model extension can be considered in the future. One example
is the right edge boundary condition on the matrix degrading enzymes which now
considers the enzymes to be trapped inside the gel, while more likely they can
freely leave the gel and enter the medium similar to the oxygen/nutrient variable.
Furthermore in this study adhesion is assumed to generate forces resulting in cell

Fig. 5 Simulation results for the model given by Eqs. (5–10) for different cell sensing radii.
Shown in each subfigure are the (non-dimensional) cell density (full line), the hydrogel density
(dashed line) and the collagen density (dotted line) over the simulated domain (x-axis in cm).
Parameter set (11) was used with the cell–cell adhesion (Scc) increased by a factor 10. Simulation
results are shown for simulation times t = 5 (a,c) and t = 50 (b,d), using a cell sensing radius of
five cell diameters (a,b) or 50 cell diameters (c,d)
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migration whereas the signalling that is initiated through cell–cell and cell–matrix
binding also has an influence on many other facets of cell behaviour, including
proliferation and apoptosis. Including these phenomena in the model will further
enhance its relevance to understanding the role of adhesion in the biological
processes under scrutiny.

5 Conclusions

In this chapter we discussed the critical role played by cellular adhesion in tissue
engineering processes. A brief review of existing models, discrete and continuous,
has demonstrated that for larger-scale applications, continuum models using the
recently introduced non-local technique are very well suited to model these
adhesive processes. Here we expanded the derivation of this model with respect to
previous works [4] and [14] to allow for its application in finite non-periodic
spatial domains with various boundary conditions. A generic cell-in-gel culture
model was presented to illustrate the technique, showing a clear influence of the
different adhesive processes on the final cell and collagen density and distribution.
Both the theoretical discussion and the modelling example provided in this chapter
show the feasibility of using the non-local technique to capture cell adhesive
behaviour in continuum models.
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Cell–Material Communication:
Mechanosensing Modelling for Design
in Tissue Engineering

J. M. García-Aznar, J. A. Sanz-Herrera and P. Moreo

Abstract We present an active mechanosensing theory based on an extension of
the classical Hill0s model for skeletal muscle behavior where cells actively
generate contractile forces and use this information to sense mechanical
environment through interaction with material. In this sense, we consider that the
cytoskeleton (CSK) of cells is mechanically prestressed. This prestress is gener-
ated by molecular motors that generate forces transmitted by the actin network and
through adhesion plaques to the material that counterbalances these forces.
This model has been numerically implemented to investigate possible mechano-
sensing mechanisms of how cells interact with materials, such as, durotaxis,
tensotaxis and contact guidance. All these effects should be considered for
controlling the behaviour of multiple cells working together and interacting with
the material in an orchestrated way with a structural mission as the regeneration of
a tissue, fundamental aspect in the design of scaffolds for tissue engineering.
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1 Introduction

Our body is a complex structure, designed by the blind force of natural selection, and
organized in a hierarchical way: cells together with extracellular matrix (ECM) form
tissues, and tissues form organs. One key aspect to unravel this complex organi-
zation is to understand how cells communicate with their environment to fabricate
organized structures [1]. This factor is specially relevant when tissues are injured
and regenerative treatments have to be used, specially in the case of tissue engi-
neering. Indeed, tissue engineering requires the combination of cells, growth factors,
materials, mechanics and engineering methods to effectively improve or replace
functional tissues [2]. To achieve a controlled and reproducible regeneration of
tissues under multiple different conditions it is fundamental to understand the cell–
material interaction. It is currently accepted that cells integrate information through
many different channels. In fact, Fig. 1 shows an overview of known factors
influencing cell and tissue organization [3], which may be classified into mechan-
ical, topographical and chemical cues. In this work, we have mainly focused on the
mechanical-based mechanisms that regulate cell–material interaction. In the last few
years, it has become clear that cells exert contractile forces on the extracellular
matrix in which they are anchored in order to explore the mechanical properties of
their environment. Several different structures have been proposed as mechano-
sensors: extracellular matrix molecules, the cytoskeleton, transmembrane proteins,
proteins at the membrane–phospholipid interface, elements of the nuclear matrix,
chromatin and the lipid bilayer [4]. Currently, there is a strong research activity in
this topic with different perspectives: experimental, theoretical and computational.

Fig. 1 The organization of
cells and tissues results from
cell behaviour that integrates
different kinds of input
signals from the
environment [3]
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In particular, some experiments have demonstrated that the speed and direction
of cell crawling, as well as their rate of proliferation vary with the substrate
stiffness and strain: durotaxis (preferential migration towards stiffer areas) [5, 6],
tensotaxis (preferential migration towards strained areas) [7]; decrease of cell
crawling speed on high stiffness areas [6, 8]; increase of cell proliferation rate on
stiffer areas [8], cell migration responds to the substrate curvature they are
anchored to, when curvature is comparable to cell size [9, 10].

From a theoretical point of view, significant efforts have been recently
addressed to the study of cell mechanosensing mechanism: based on mechanics
[11], thermodynamics [12] or the dynamics of focal adhesions [13].

In this work we present a simplified mechanosensing model valid for adherent
cells based on the behavior of the mechanically most relevant constituents of the
cell in order to predict the preferential cell migration regulated by durotaxis,
tensotaxis or topography.

2 Mechanosensing Model

In previous works [14, 15], a constitutive model that describes the mechanical
behavior of adherent cells interacting with the material has been proposed.
This model, although presenting some limitations, for example, it does not
consider the dynamics of focal adhesions nor the cytoskeleton remodeling (CSK),
incorporates the main mechanical components of the cell when it is interacting
with the material sensing the environment. In fact, this model assumes that the
main mechanical contributions of the cell is due to its CSK and the membrane. In
particular, this contribution is simplified assuming that the CSK body is composed
of a network of fibers where each fiber bundle can be divided into three main
components (see Fig. 2).

• The active part of the cell: the actomyosin contractile system (AM). Actin
bundles can bind to myosin, a motor protein able to move the bundles relative to
each other by hydrolyzing ATP, creating what is known as a stress fibre that is
the structure able to generate forces in the cell.

• The actin filaments (Eact), is the main component that bears tension and works in
conjunction with the actomyosin system.

• The passive component of the rest of the cell (Epas) is due to the contribution of
the microtubules and the cell membrane linked to the external ECM through
focal adhesions and transmembrane integrins.

This mechanical scheme agrees with the tensegrity hypothesis pioneered
introduced by Ingber [16], since tensile forces generated in the actin CSK are
balanced by the compression of the microtubules and the external substrate.

In this model it is assumed that focal adhesions are predefined and describe a
rigid union between cell and material. Hence, the cell–material communication is
mainly controlled by the mechanical equilibrium between the cell and the material,
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which is defined through its mechanical properties (Esubs). Therefore, the
mechanical equilibrium of the substrate working together with the cell body can be
expressed as the typical equilibrium equation in continuum mechanics:

r � ðrcell þ recmÞ þ qfext ¼ 0 ð1Þ

where rcell is the stress tensor that describes the active contractile forces exerted by
the adherent cells to the substrate where they are anchored, whereas recm defines
the passive mechanical behaviour of the substrate. If, additionally, the substrate is
bearing external forces fext, these must be in equilibrium with the corresponding
tensional state of the substrate and the cell. As a first approach [14], the model
assumes a general linear viscoelastic behavior that allows to evaluate recm as a
function of the ECM displacements u and _u.

The averaged continuum stress tensor rcell developed by the adherent cells on
the material is due to the active contractile forces exerted by each fiber bundle that
define the cell CSK (see Fig. 2). In fact, this tensor defines the average forces
exerted by the cell through its fiber network using a simple homogenization
procedure around all the spatial directions [15]:

rcell ¼ 1
p

Z p
2

�p
2

pcellðhÞ cos2 h pcellðhÞ
2 sin 2h

pcellðhÞ
2 sin 2h pcellðhÞ sin2 h

 !
dh ð2Þ

where pcellðecell; hÞ is the the force that each fiber bundle oriented h in the space,
effectively transmits to the substrate, depending on the level of deformation of the
cell ecell. Indeed, the definition of pcellðecell; hÞ depends on the mechanical
behaviour of the cell and, therefore, depends on its constitutive law. Following the
mechanical scheme of the cell proposed in Fig. 2 this force can be defined by the

Fig. 2 Mechanical scheme of a cell interacting with the material [15], where filament bundles
oriented in the space define the mechanical behaviour of the cell. Each filament bundle is
simplified to consider two main components: the passive part Epas and the active part that is also
formed by two main elements (the molecular motors and the actin filaments Eact). The interaction
between the cell and the material is assumed to be predefined and not changes with the time,
therefore, the interaction with the material is developed through its mechanical properties Esubs
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contribution of the active force generated by the AM contractile machinery pc and
the passive force supported by the passive elements of the cell pm:

pcellðhÞ ¼ pcðhÞ þ pmðhÞ ð3Þ

Therefore, the passive force supported by the cell can be easily evaluated
following:

pmðhÞ ¼ Epas � ecellðhÞ ð4Þ

However, the active force exerted by the actomyosin molecular motor is defined
as function of the relative slide between actin filaments and myosin tail. Here, this
relative slide is qualitatively quantified through the macroscopic deformation ec in
the fibre direction h (see Fig. 2). Additionally, the force that the system is
developing depends on how the actin filaments and myosin tail are aligned. In fact,
we assume that when both elements are completely aligned the force exerted is
maximum and is decreasing when the alignment is different. In this way, we can
consider the effect of substrate curvature [15], because this fact regulates how the
alignment between actin filaments and myosin tail. Therefore, with this assump-
tion in mind, we propose to evaluate the active force pc following the curve shown
in Fig. 3 as:

pcðhÞ ¼
Eact pmaxðhÞ

Eact1�pmaxðhÞðe1 � ecellðhÞÞ e1� eðhÞ� eI

Eact pmaxðhÞ
Eact�e2�pmaxðhÞðe2 � ecellðhÞÞ eI\ecellðhÞ� e2

0 otherwise

8><
>: ð5Þ

where e1; e2 and eI are parameters model that define the range of validity of the
constitutive law for the cell behaviour. In fact, two first are parameters, whereas
the last one is defined by other parameters eI ¼ pmaxðhÞ=Eact where pmax is the

Fig. 3 The contractile force exerted by the actomyosin system depends on the relative alignment
k(h) and sliding between actin filaments and myosin tail ec(h) [15], where filament bundles
oriented in the space through h
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maximal contractile force that the actomyosin system is able to exert depending on
the alignment of the actin fibres and the myosin tail with this expression that
follows the curve shown in Fig. 3:

pmaxðjðhÞÞ ¼
fmax � 1� jðhÞj j=að Þ jðhÞj j\a
0 jðhÞj j � a

�
ð6Þ

where fmax is determined along the direction of the filament h, at each material
point of the CSK contained at the substrate surface, as shown in Fig. 3, and a is the
maximum curvature for which the cell is able to activate the contractile system.
j denotes the directional curvature.

The microscopic deformation ecell in the direction of the fiber bundle h can be
evaluated through the macroscopic CSK deformation tensor ecell as,

ecellðhÞ ¼ ecell
11 cos2 hþ ecell

22 sin2 hþ ecell
12 sin 2h: ð7Þ

Therefore, with this simple model and keeping in mind their main limitations,
we are able to estimate or qualitatively evaluate the mechanical interaction
between cell and material, sensing the mechanical environment.

3 Some Numerical Examples

This constitutive model for the mechanosensing mechanism proposed previously
has been implemented numerically using the Finite Element Method (FEM) to
model the mechanical behaviour of the cell body interacting with a substrate. This
implementation has been developed in the FE commercial code ABAQUS through
a user subroutine [17]. Two different geometrical configurations of the substrate
have been analyzed: planar and curved. In the first case, two different mechanical
conditions have been simulated when the substrate presents an anisotropic
behaviour and when the substrate is loaded with different forces on each direction.
Model parameters were obtained from the literature for fibroblasts such that
Epas=Eact ¼ 0:015;�fmax=ðEacte1Þ ¼ 0:01;�e1=e2 ¼ 0:4 [15].

3.1 Anisotropic and Planar Substrate

Substrate is considered to be a flat fibered orthotropic material showing different
elasticity ratios E2=E1 along the two perpendicular axis. Figure 4 shows the
principal stresses of rcell in a Lame’s ellipsoid fashion. Interestingly, rcell aligns
with the stiffer axis which is a key experimentally observed issue termed
durotaxis as previously discussed. On the other hand, we can observe the force
exerted by the cell machinery, rc, along the different axis versus their rigidity in
Fig. 5. We can observe that the cell generates a higher stress along the axis of
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maximum stiffness, i.e., direction 2. A fraction of the force exerted by the
myosin machinery of the cell is applied to deform the microtubulus network of
the cell cytoskeleton. Therefore, since the system must be balanced by the
substrate (see additionally Fig. 2) rc are typically larger than rcell in the absence
of external forces. Figure 5 suggests that the cell may preferentially move along
the axis of maximum rigidity where the cell locomotory system exerts a higher
force. This has been a consequence of our simple proposed model which is in
connection with lab results. Moreover, note that since the orthotropy axis are
oriented along the perpendicular axis, these are the principal directions for both
rcell and rc tensors.
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3.2 Planar Substrate Under Directional Forces

In this section, we consider an external applied force to the cell–substrate system
considering an isotropic substrate (see Fig. 2). The nature of this force may
represent an imposed substrate stress (deformation) to experimentally validate the
phenomenon of tensotaxis, previously introduced. This effect is simulated with our
proposed model. Figure 6 shows the principal stresses of rcell tensor for different
values of an external force along the direction 1. We can observe a clear alignment
of rcell along the direction of the applied force even for low values of the force.
Additionally, the stress rc exerted by the cell aligns as well along the axis of the
external force according to Fig. 7, although less abruptly than rcell. Therefore, we
may predict a movement of the cell along the axis of the applied force, or
equivalently, along the axis where the cell senses the stress and generates higher
contractile forces accordingly through the active machinery, i.e., tensotaxis,
in agreement with the experience.

3.3 Curved Substrate

The details of this simulation are shown in a previous work [15]. Here, we focus on
showing the most relevant results in relation with the main aim of this paper. In
this example, a cell anchored to the surface of a hyperbolic paraboloid substrate is
computationally simulated.

Cell is centered on the horse-chair point of the surface, where maximal cur-
vatures are found. We simulate a case where the curvature in the direction 1 is
higher than in the direction 2. In fact, we consider a/b = 0.5 and a2=r0 ¼ 0:0288
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being a and b the parameters that define the specific shape of the hyperbolic
paraboloid of the substrate, and r0 is the radius of the cell. In order to simplify the
model a dimensionless approach has been considered, where Esubs=Eact ¼ 1 and
m = 0.2. Moreover, cells are linked with the material through focal adhesions and
transmembrane integrins that, as a first approach, are assumed as rigid.

Given the shape of the hyperbolic paraboloid, we have to keep in mind the
directional curvature decreases as getting farther from the cell centre, which causes
a non-homogeneous stress distribution on the cell body as can be seen in Fig. 8.
These figures show the net force exerted by the cell along its cytoskeleton at
directions 1 and 2. In fact, cell forces are higher in the direction 2 in comparison
with 1, meaning that the cell would adapt its CSK towards this direction regulating
its movement in this direction of minimal curvature. Moreover, it can be seen that
stresses become larger at peripheral locations of the cell, because as was previ-
ously explained curvature decreases as getting farther from the cell centre.

In this work, the main assumption is that we considered a nonlinear membrane
with null bending rigidity. However, recently Bitton and Safran [18] have
developed a theoretical model to understand how cells respond to curvature, where
the bending stiffness was not underestimated.

4 Some Conclusions

The mechanism of how cells sense the environment is fundamental in many
processes of tissue growth, development, maintenance and regeneration. This
mechanism is regulated by a high number of factors and interactions that require a
robust control for an effective functionality. One of the key aspects in these
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sensing mechanisms is the cell–material communication, where in particular the
mechanical interaction between the cell and the material are fundamental. The cell
adheres to the material through focal adhesions that are located along their external
surface. The focal adhesions are as well connected to the cytoskeleton through the
actin fibers that in coordination with the actomyosin contractile system develop
contractile forces in the internal body of the cell. Hence, in this way, the cells are
able to sense the mechanical environment and respond to it by remodeling their
focal adhesions and their cytoskeleton. This fact implies, therefore, changes in the
forces developed by the cells on the substrate in value and orientation, closing an
interactive feedback loop between cell and material (see Fig. 9). In this work, we
have presented a model only focused on the modelling of the mechanosensing

Fig. 8 Net and contractile stresses, at principal directions of curvature, exerted by a cell anchored
to the surface of a hyperbolic paraboloid: a rcell

1 =fmax, b rcell
2 =fmax, c rc

1=fmax, d rc
2=fmax [15]

Fig. 9 Simplified scheme
that shows the cell–material
feedback loop through which
both communicate via
mechanical interactions: cell
contraction (mechanosensing
mechanism) and conse-
quently cell response
(cytoskeletal and focal
adhesions remodeling)
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mechanism of the cell, based on previous works by the same authors [14, 15].
To evaluate the predictive potential of this model we have modified the
mechanical conditions of the material with which the cell is interacting. Therefore,
we have considered the effect of three different phenomena known in the litera-
ture: durotaxis, tensotaxis and topography effect. In the three cases, the constitu-
tive model proposed predicts an orientation of the mechanical forces that cells
exert on the material, showing clear tendencies.

• Forces that cells develop increase with highest stiffness of the substrate,
orienting the actin stress fibers in this direction.

• External mechanical forces also increases the forces that cells develop.
• Substrate curvature determines the stress distribution in the cell and may

regulate the cell polarization for cell migration in the direction of minimal
curvature.

Therefore, the coordinated mechanical interaction between cell and material
(with adequate biochemical conditions) may help to define a local favorable
environment for tissue regeneration, allowing to control the preferential movement
of cells, its regulated proliferation and the controlled differentiation. One of the
most relevant challenges in tissue engineering is the mechanical design of tissue
replacements (scaffolds) with sufficient mechanical integrity to bear loads during
tissue regeneration and that as well allows the creation of this favorable
mechanical environment.
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Part IV
Mechanobiology in Cancer



Structure–Mechanical Property Changes
in Nucleus arising from Breast Cancer

Qingsen Li and Chwee Teck Lim

Abstract Nuclear mechanics has attracted much attention in recent years, not
only because of its functional role in cell biology, but also its structural role in cell
mechanics and mechanotransduction. However, little has been done so far to
investigate the nuclear mechanics in the context of cancer cells. Here, nanoin-
dentation using an atomic force microscope was used to characterize the elasticity
of isolated nuclei of benign (MCF-10A) and malignant (MCF-7) human breast
epithelial cells. Isolated nuclei of malignant cells (MCF-7) were found to have an
apparent Young’s modulus that is half of the non-malignant cells (MCF-10A). The
underlying lamina (lamin A/C) structure of both cell types was also investigated by
confocal microscopy to understand its possible contribution to the mechanical
property change of nucleus. This study can potentially provide better insights into
metastasis, where a possible contributing factor is the softening of cancer cells
arising from a more deformable nucleus.

1 Introduction

Nucleus is known to be one of the most important organelles inside the cell as it
contains the ‘secret of life’ (DNA) and is a site of major metabolic activities,
including DNA replication, gene transcription, RNA processing and ribosome
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subunit maturation and assembly. More than its functional role, nucleus has also
gradually been found to be important as a structural component inside the cell.
Consequently, nuclear mechanics has attracted more and more interest in recent
years [10, 20] as nucleus has been found to play an important role in contributing
to whole cell mechanical behavior [5]. Moreover, experimental findings suggest
that nucleus is directly involved in mechanotransduction [10] as evidences have
already showed that there are physical connections from the surface adhesion
molecule (integrin receptor) to the cytoskeleton (actin filament) and finally the
nucleus [26]. This physical connection may serve as a channel to transmit the
mechanical signals received by the adhesion molecule, from outside of the cell
directly to the nucleus and regulate gene expression. Therefore, any change in the
nuclear structure can cause impaired nuclear mechanics and hence, alter the
mechanotransduction pathway leading to certain diseases. One typical example is
laminpathesis, which is a group of diseases caused by the mutation of the nuclear
lamin A/C gene leading to impaired mechanical integrity of nucleus. Thus,
understanding nuclear mechanics and its link to overall cell mechanics, will be a
first step in revealing the role of nucleus in mechanotransduction and the pathology
of certain diseases related to the malfunction of nucleus.

Nucleus is separated from cytoplasm by a nuclear envelope. As shown in Fig. 1
[37], the nuclear envelope consists of an inner nuclear membrane (INM), an outer
nuclear membrane (ONM, an extension of rough endoplasmic reticulum (ER)) and
nuclear lamina [34]. INM and ONM are joined at the nuclear pore complexes (NPC),
which allow nuclear–cytoplasmic transport. The nuclear lamina, which is the major

Fig. 1 Schematic diagram of nuclear envelope organization [37]

466 Q. Li and C. T. Lim



structural component of nuclear envelope, is a dense network of lamins plus lamin-
associated proteins lying beneath the INM. Lamins are also found to exist inside the
nucleus in the form of stable nucleoplasmic structures [14, 17, 18, 29].

Lamins are part of the intermediate filament (IF) gene family and are thought to
be the evolutionary progenitors of IF proteins. The IF gene super family comprises
five groups with about 60 members. Group I–IV are cytoplasmic IF, and lamins
belong to the group V IF family. Lamins are classified into types A and B
according to their difference in biochemical properties, expression pattern and
behavior during mitosis [38]. A-type lamins, which include lamin A and C, are
products of alternative splicing from the LMNA gene, and B-type lamins are
encoded by two separate genes, LMNB1 and LMNB2. Type B lamins are present in
all mammalian cells as they are essential for cell viability, but type A lamins are
developmentally regulated. Type A lamins are absent in human embryonic stem
cells, but are expressed only after cells differentiate and generally increased during
terminal differentiation and grow arrest [34].

Lamins are very important in their contribution to nuclear structure. They not
only determine nuclear integrity, but are also involved in numerous nuclear func-
tions. Especially, A-type lamins play a major role in maintenance of nuclear shape
[11, 21, 36], stability [2, 9, 22] and structural integrity [2, 21, 37]. Moreover, lamins
regulate and support protein complexes involved in gene expression, nuclear posi-
tioning [27], DNA replication, transcription and repair [33], and aging [36].

In the context of cancer, the nuclear lamina is involved in many nuclear
activities which are implicated in tumor formation including transcriptional acti-
vation, heterochromatin organization, senescence and apoptosis [30]. It has been
found that there are dramatic changes in nuclear architecture including nuclear size
and shape, numbers and sizes of nucleoli, and chromatin texture, during malignant
transformation [47]. In fact, the physical irregularity of the nucleus has been
observed for a long time as a common feature for many types of cancer cells.
Nuclear morphology analysis has been used to detect certain types of cancer since
the nineteenth century [47]. Deviation of the nuclear lamins and their associated
proteins are thought to be an additional event involved in malignant transformation
and tumor progression, which can be a potential novel target for anti-cancer drug
development [34].

The absence or low levels of type A lamins are often observed in many types of
human hematological malignancies. For non-hematological malignancies, the
main changes are aberrant localization and reduction in expression of lamins A/C,
which are frequently correlated with aggressiveness of cancer, proliferation rate
and differentiation state. Lamin A/C has been found to be reduced in some skin
cancers (basal cell and squamous cell) [31, 44], gastrointestinal tract neoplasms
including adenocarcinoma of stomach and colon, lung cancer [3, 19], testicular
germ cell tumors [25] and cancerous prostate tissues [6]. It is also reduced in breast
cancer [30]. However, they are not sufficiently specific to be used in histopa-
thological diagnosis [1]. Based on these observations, we hypothesize that there is
a corresponding change in mechanical properties of nuclei of cancer cells when
compared to normal cells.
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Another common feature in cancer cell nuclei is their enlarged size compared to
those of normal cell [28]. Studies have shown that the nucleus plays an import role
in the mechanical properties of the whole cell [5, 12, 47]. While in the context of
cancer metastasis, cancer cells migrate and traverse in blood vessels and small
capillaries, the whole cell and its nucleus undergoes extremely large deformation,
as shown in an in vivo study [46] and also in our microfluidic study which mimics
the process of cancer cells traversing small capillaries [16]. Therefore for cancer
cells, their enlarged and structurally modified nuclei could play a more significant
role in contribution to their mechanical behavior and subsequently the outcome of
metastasis.

Therefore it is important to characterize the mechanical properties of cancer
cell nucleus, as it will contribute not only towards understanding of the structural
changes of nuclei in malignant transformation and subsequent cancer detection,
but also shed light on their contribution to cell mechanics and its role in cancer
metastasis.

Mechanical properties of nuclei of different cell types have been characterized
using different techniques (for review please refer [45]), including micropipette
aspiration [8, 12, 15, 32, 35], atomic force microscopy (AFM) indentation [8, 42],
particle nanotracking [23, 41], cell stretcher [21, 22], custom-made microplate [5,
40], as well as cellular compression device [4]. Computational modeling such as
finite element modeling was also utilized to investigate the nuclear mechanical
behavior [42, 43]. Using micropipette aspiration, Guilak et al. [15] showed that
isolated nuclei of articular chondrocytes behave as viscoelastic solid materials with
an equilibrium Young’s modulus in the order of 1 kPa, which is 3–4 times stiffer
than the cytoplasm. Deguchi et al. [12] found the elastic modulus of endothelial
nuclei to be 0.42 ± 0.12 kPa and it increases to 0.62 ± 0.15 kPa after exposure to
shear flow. Using microplate compression combined with finite element model
analysis, Caille et al. [5] found the elastic modulus of endothelial nucleus to be on
the order of 5, and 8 kPa for isolated nuclei, which is about ten times stiffer than
the cytoplasm. Using micropipette aspiration and AFM, Dahl et al. characterized
the apparent elastic modulus of isolated nuclei to be 2–8 kPa.

However, little has been done to study nuclear mechanics in the context of
cancer. Here, we characterized the mechanical properties of breast cancer cell
nuclei, investigated their underlying lamina structure and compared with that of
normal breast epithelial cells. The possible contribution of nucleus to cell
mechanics was also discussed.

2 Materials and Methods

MCF-7 (human breast adenocarcinoma cell line) and MCF-10A (non-tumorigenic
epithelial cell line) cells were maintained at 37�C in a 5% CO2 incubator (Sanyo,
Japan). Cells harvested from the subculture were seeded and kept in a six-well
microplate which was placed in the incubator for 2–3 days until confluent before
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nuclear isolation. The medium was changed 1 day after seeding to clear any dead
cells.

Nuclear isolation (adapted from [5, 40]):

1. Confluent MCF-10A (or MCF-7) cells grown in six-well chamber were rinsed
once with PBS.

2. Cells were treated for 5 min with 1 ml of a 0.01% Igepal CA-630 (a non-ionic
detergent, Sigma), 1% citric acid solution in water. Nuclei were expelled while
the cytomatrix remained adherent.

3. The medium was collected, mixed with 5 ml PBS, and centrifuged at 300g for
5 min.

4. The nuclei-rich pellet was resuspended in PBS, 60–100 ll suspended nuclei
solution was dropped onto a 12-mm coverslip for 1 h and the nuclei would stick
to the coverslip.

For fluorescence staining, 12-mm coverslips with isolated nucleus seeded on
them were fixed by cold methanol for 10 min at -20�C. After washing the sample
with PBS, the samples were incubated with Image-iT FX signal enhancer (Invit-
rogen) for 30 min at room temperature, and followed by incubation with 10% goat
serum for 1 h at room temperature. Then samples were incubated with primary
antibody rabbit polyclonal lamin A/C (H-110) (Santa Cruz, USA) for 1 h at room
temperature, and followed by incubation with secondary antibody Alexa Fluor 488
goat anti-rabbit IgG for 1 h at room temperature. Finally, samples were labeled
with 5 lg/ml DAPI (Sigma-Aldrich, USA) for 5 min. Fluorescence images were
taken using a confocal microscope (Nikon TE2000, Japan).

For indentation studies, isolated nuclei were seeded onto the 12-mm coverslip
and incubated at room temperature for 1 h for the nuclei to stick to the substrate.
For AFM indentation, the same protocol as for indentation on cells was used.
For details, please refer to [24]. In brief, a Nanoscope IV multimode AFM with a
picoforce scanner (Digital Instruments Inc., USA) was used to carry out the
experiments. A modified silicon nitride AFM cantilever (NovaScan, USA)
having a spring constant of 0.01 N/m with a 4.5 lm diameter polystyrene bead
adhered to the tip was used to indent the nucleus. During the experiment, the
glass coverslip was mounted on the AFM stage and the nuclei were kept in PBS
using a standard fluid cell (Digital Instruments Inc., USA). Indentation was
carried out at the nuclei centre using different loading rates from 0.03 to 1 Hz.
The ramp size used in this study was 3 lm [7] and an indentation force of
200 pN was applied during the tests in order to ensure that a small deformation
was exerted on the nuclei and minimize any substrate contributions. The
Young’s modulus was subsequently determined using Hertz’s contact model [7]
(for details, please refer to [24]):

F ¼ 4
3

E

1� m2ð Þ
ffiffiffiffiffiffiffiffi
Rd3

p
ð1Þ
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where F is the indentation force, E the Young’s modulus to be determined, m the
Poisson’s ratio, R the radius of the spherical bead, and d indentation depth. The
cell was assumed incompressible and a Poisson’s ratio of 0.5 was used [7].

3 Results and Discussion

3.1 Consistency of AFM Indentation on Isolated Nucleus

To test the consistency of our AFM indentation on nucleus, we repeatedly indented
the same location of the nucleus and see whether there was any change in the
force–indentation depth curve. Figure 2 shows that the force–indentation depth
curves for both MCF-10A and MCF-7 highly overlap with each other after
repeatedly indentation at 0.3 Hz for more than 15 times. These results suggest that
our experiment is highly reproducible and that there is no permanent damage or
plastic deformations induced by the AFM probe. Also these results suggest that the
nucleus behaves as an elastic material within the condition of our test, which is
consistent with other studies [15]. Interestingly, the reproducibility was still
maintained even when we used very large force (0.8 nN indetation force with
about 1 lm indentation depth, data not shown). However, the current Hertz’s
model that we had used will not apply to large deformation (the large deformation
region deviated from Hertz’s model prediction). So we chose to extract the
apparent elastic modulus based on the region below 200 pN.

As shown in Fig. 3 repeated indentation using increasing force again confirmed
the reproducibility of AFM indentation as there is no hysteresis in force–depth
curves. We can also see that isolated nuclei of MCF-7 appear softer than that of
MCF-10A, as less deformation of the formers compared with the laters using the
same indentation force.

Fig. 2 Indentation force
versus depth curves of repe-
ated indentation (n = 20) at
the same location of isolated
nuclei of both MCF10A and
MCF-7 cells using the same
force (0.2 nN)
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3.2 Apparent Young’s Modulus of Isolated Nuclei
of MCF-7 and MCF-10A

Based on the above analysis, we extracted the apparent Young’s modulus and
compare between MCF-10A and MCF-7 nuclei. As shown in Fig. 4, we can see
that at different loading rates, nuclei of MCF-10A appear twice stiffer than that of
MCF-7. Also, apparent Young’s modulus increased with loading rate due to the
viscoelastic nature of nucleus, which is also reported in other studies [8, 15]. The
distinct difference in deformability of isolated nucleus of MCF-10A and MCF-7
can potentially serve as a biomarker to detect cancer cells from normal cells.

3.3 Lamin A/C Structure of Nucleus

To understand the possible reason underlying the difference in the deformability of
nuclei of MCF-10A and MCF-7 cells, we stained and investigated the lamin A/C

Fig. 3 Indentation force
versus depth curves of repe-
ated indentation (n = 20) at
the same location of an iso-
lated MCF-7 nucleus using
increasing force (0.2, 0.4, 0.8,
2 nN)

y = 832.95x0.0753

R2 = 0.9974

y = 418.21x0.1099

R2 = 0.9788
0

200

400

600

800

1000

1200

1400

0.01 0.1 1

Loading rate (Hz)

A
p

p
ar

en
t 

Y
o

u
n

g
's

 m
o

d
u

lu
s 

(P
a)

MCF-10A
isolated nucleus

MCF-7 isolated
nucleus

Fig. 4 Comparison between
apparent Young’s modulus of
isolated nucleus of MCF-10A
and MCF-7

Structure–Mechanical Property Changes in Nucleus arising from Breast Cancer 471



structure of isolated nucleus of both types of cells. Lamin A/C was chosen as
studies have shown that they play an important role in determining nuclear
mechanics [21]. Aberrant localization and reduction in expression of lamins A/C
were observed in many malignancies [34]. Many studies have reported that there is
reduction in lamin A/C expression during malignant transformation of different
types of cells [3, 6, 19, 25, 31, 44], including breast cancer [30]. All these reasons
make lamin A/C a most promising target structure which might contribute to the
difference that we have observed between the stiffness of isolated nuclei of MCF-
10A and MCF-7 cells. As shown in Fig. 5, lamin A/C is uniformly distributed at
the peripheral region of isolated nucleus of a MCF-10A cell, while this is not the
case for the MCF-7 cell. We have also analyzed the intensity profile of one typical
section of the fluorescence image of the nucleus. In the isolated nucleus of MCF-
10A, there is high concentration of lamin A/C at the peripheral region than that of
the interior. While in the isolated nucleus of MCF-7, the level of intensity is lower
compared with that of MCF-10A and it is not highly concentrated at the peripheral
of the nucleus. Generally, lamin A/C of isolated nucleus of MCF-10A has higher
intensity and higher concentration at the peripheral region than that of MCF-7,
which might contribute to their difference in stiffness.

However, another possible reason is the chromatin inside the nucleus as studies
have shown that it is a force-bearing element inside the nucleus [8]. As nucleus of
MCF-7 cell is generally larger than that of MCF-10A cell, the concentration of
chromatin is less in MCF-7 compared to MCF-10A if we assume the same amount
of chromatin material, and this might make MCF-7 nucleus more compliant.
Moreover, the internal structural change including chromatin and associated

Fig. 5 Lamin A/C structures of isolated nuclei of (a) MCF-10A and (b) MCF-7 cells (intensity
profile corresponds to the red sectioning line of fluorescence image)
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proteins during malignant transformation might also contribute to the observed
difference in deformability, which needs further studies.

4 Concluding Remarks

In this study, the Young’s moduli of isolated nuclei of cancer cells were charac-
terized using AFM indentation based on previous established protocol. We
reported that there is a decrease in elasticity of isolated nuclei of malignant breast
cells compared with that of non-malignant ones. Considering the fact that absence
or low levels of type A lamins are often observed in many types of human
hematological malignancies, the related decrease of nuclear stiffness can be quite
promising as a distinct feature of malignancy. Our study showed that character-
izing the mechanical properties of cancer nucleus using AFM is a one potential
method to distinguish malignant breast cells from nonmalignant ones. A method
established by Beale in 1860 and used as a ‘‘gold standard’’ for detecting cancer is
to examine unstained cell structure and to observe any variations in nuclear size
and shape [47]. In our study, any change in mechanical properties of the nucleus
can now be quantitatively and more accurately determined. This may possibly aid
in the detection of cancer and thus, forms the basis for the development of new
diagnostic tools.

Finally, more detailed information on the mechanical properties of the nucleus
is needed to understand its role in mechanotransduction and in the overall
mechanical behavior of cancer cells, which may in turn provide further insights in
the process of malignant transformation and metastasis.
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Adhesion and Signaling of Tumor Cells
to Leukocytes and Endothelium in Cancer
Metastasis

Cheng Dong

Abstract Heterotypic cell–cell adhesion in the near wall region under dynamic
shear forces has been studied. In particular, we focus on neutrophil (PMN)–
melanoma cell emboli formation in a non-linear shear flow and subsequent
tethering to the vascular endothelium (EC) as a result of cell–cell aggregation. The
extent of tumor cell adhesion to a vessel wall is governed by the kinetic formation/
disruption of receptor–ligand bonds, soluble signaling proteins within the tumor
microenvironment, and the hydrodynamic shear within the circulation. Upon
tumor cell arrest on the endothelium, retraction of EC during tumor cell extrav-
asation occurs due to the disruption of intercellular channels or disassembly of the
vascular endothelial (VE)-cadherin homodimers that allow the passage of soluble
proteins and cells. Preliminary studies have found tumor-elicited PMNs increase
melanoma cell extravasation, which involves PMNs tethering on the EC and
subsequently capturing/maintaining melanoma cells in close proximity to the EC.
Results have indicated a novel finding that PMN-facilitated melanoma cell arrest
on the EC is mediated by binding between the intercellular adhesion molecule
(ICAM)-1 (expressing on both melanoma cells and ECs) and b2 integrins on
PMNs, influenced by tumor-induced inflammatory cytokines, e.g., interleukin (IL)-8,
and hydrodynamic shear rates. Furthermore, the adherens junctions in terms of
VE-cadherin are regulated by endothelial mitogen activated protein kinases
(MAPK) in response to tumor cell adhesion to the EC, as well as to IL-8 and
several other soluble signaling proteins within the tumor microenvironment. These
studies will yield new evidence for the complex role of hemodynamics, protein
signaling, and heterotypic cell adhesion in the recruitment of metastatic cancer
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cells to the EC in the microcirculation during metastasis, which will be significant
in fostering new cross-disciplinary approaches to cancer treatment.

1 Introduction

Cancer is a complicated disease that requires the coordination of many different
cellular processes. Metastasis is the spread of tumor cells (TC) from a primary
tumor site to a secondary site and is the cause of most cancer related deaths. There
are several pathways for a tumor to spread—through the vasculature or the lymph
system to an adjacent organ. The studies presented here examine several possible
mechanisms by which melanoma extravasation to secondary tumor sites occurs
through the vasculature and how the inflammatory microenvironment may affect
TC adhesion to and migration through the EC barrier under dynamic flow con-
ditions from the circulation.

1.1 Tumor Cell Adhesion and Extravasation

Human leukocytes, including PMNs, actively participate in the inflammatory
response via adhesion to the EC [89]. It has become evident from in vivo studies
that the mechanisms utilized by leukocytes and metastatic tumor cells to adhere to
a vessel wall prior to extravasation are very different [56]. One observation from in
vivo video microscopy has indicated that tumor cells are trapped in capillaries and
only arrest on the EC on the basis of vessel-size restriction in the microcirculation
[8]. It has also been suggested that initial microvascular arrest of metastasizing
tumor cells (from cell lines of six different histological origins) does not exhibit
‘‘leukocyte-like rolling’’ adhesive interaction with the EC [92]. In contrast, another
in vivo study has discovered that the B16 melanoma cells could adhere to the walls
of pre-sinusoidal vessels in mice pretreated with IL-1a [79]. They suggested that
the release of inflammatory cytokines into the bloodstream could cause the arrest
of melanoma cells in portal venules, by a chemoattraction and adhesion-mediated
mechanism, rather than by a size restriction-only mechanism. Clearly these studies
are somewhat contradictory and additional work is needed to characterize the
event in TC adhesion to the EC, subsequent TC extravasation and metastasis.

Several ligands for inducible endothelial adhesion molecules have been iden-
tified on various types of tumor cells [103]. For example, Miele et al. [60] reported
that a dose- and time-dependent increase in surface expression of ICAM-1 was
found in human malignant melanoma cells. They also found that inhibiting ICAM-1
reduced melanoma lung metastasis in vivo. All these studies have supported an
adhesive mechanism between TC and EC, rather than a simple mechanical
entrapment, such as vessel-size restriction. Although melanoma cells express high
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levels of ICAM-1, they do not express b2 integrins (CD11a/CD18 or LFA-1;
CD11b/CD18 or Mac-1), sLex or other sialylated molecules at levels to effectively
adhere to the EC within the circulation [108]. An interesting study showed that
PMNs and activated macrophages increased the ability of rat hepatocarcinoma cells
to adhere to an EC monolayer [90]. In addition, tumor-elicited PMNs, in contrast to
normal PMNs, were found to enhance metastatic potential and invasiveness of rat
mammary adenocarcinoma cells in an in vivo tumor-bearing rat model [102]. Using
light and electron microscopy, circulating PMNs were discovered in close associ-
ation with metastatic TCs, including at the time of TC arrest [10]. These studies
have clearly suggested that the immune system, and PMNs in particular, could
affect tumor cell metastasis. However there is little understanding of tumor
immunoediting and the adhesion mechanisms involved [4, 17, 41, 52].

1.2 Inflammatory Cytokines and Signaling

Chemokines represent a large family of polypeptide signaling molecules that are
notable for their role in chemotaxis, leukocyte homing, and directional migration.
Melanomas, and the cells derived from them, have been found to express a number
of chemokines, including IL-8, growth-related oncogene (GRO)a-c, and monocyte
chemotactic protein (MCP)-1, which are implicated in melanoma cells themselves
and the tumor infiltrating leukocytes [71]. Although several chemokines have been
implicated in influencing adhesive properties of transformed cells, IL-8 is of
particular interest. IL-8 has a wide range of pro-inflammatory effects, which
mediate PMN migration from the circulation to sites of infection via activation of
CXC chemokine receptors 1 and 2 (CXCR1/2) on PMNs [32, 65, 100]. IL-8
secretion is also a marker for increasing metastatic potentials, e.g., as an important
promoter for melanoma growth [78, 83, 84]. Melanoma cells secrete IL-8 which
alters adhesion molecule expression on PMNs [86]. IL-8 could potentially enhance
PMN binding to melanoma cells and EC. In addition to IL-8, other factors such as
IL-1b, IL-6, MCP-1, tumor necrosis factor (TNF)-a or GRO-a have also been
shown to regulate immune responses and modulate tumor behavior [6, 63]. Che-
mokines or cytokines secreted by TCs and/or PMNs may play an important role in
communication between melanomas and PMN and affect the interactions between
them as well [25]. However, mechanisms regulating chemokine expression in a
tumor microenvironment and roles played by endogenous chemokines in medi-
ating TC extravasation from the circulation are unknown.

From in vitro models, interactions between ICAM-1 expressing cells and b2

integrins on PMNs could potentially enhance melanoma cell adhesion to the EC
mediated by PMN tethering, which further promote extravasation under dynamic
flow conditions [53, 57, 87]. While IL-8 has been shown to promote melanoma
angiogenesis and metastasis [2], involvement of PMNs in this process and
mechanistic basis by which these cells could promote this process in vivo remains
unclear. To dissect involvement of IL-8 secreted by melanoma cells and PMNs in
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development of lung metastases, most recent mice studies by Huh et al. [36]
showed that transient metastatic melanoma cells attached to PMNs in the lungs
were significantly affected by high levels of IL-8. Secreted IL-8 increased b2

integrin expressions (specifically Mac-1 molecules) on PMNs promoting tethering
of ICAM-1 expressing melanoma cells to the EC via binding to the PMNs [52].
Therefore, Huh’s in vivo work found that enhanced melanoma cells co-localiza-
tion with PMNs increased the retention of TCs in the lungs resulting in enhanced
trans-endothelial migration and subsequent metastasis development. Reducing
expression of IL-8 using small interfering (si)RNA, decreased extracellular levels
of IL-8 and Mac-1 expressions on PMNs, which reduced interactions between
melanomas and PMNs. This resulted in fewer melanoma cells being tethered to the
lung endothelium and retained in the lung thereby decreasing extravasation and
metastasis development in vivo.

1.3 Cell Adhesion Kinetics

Cellular adhesion is mediated by the formation of receptor–ligand bonds. The
combination of a receptor and a ligand that results in cellular adhesion can be
considered as a chemical reaction. Kinetics is the study of the rates of chemical
reactions and has been used to study cellular adhesion. The kinetics of leukocyte
adhesion to the EC has been widely studied and various kinetic parameters of the
molecules involved have been reported [1, 67, 88]. However, the kinetic mecha-
nisms involved in melanoma cell adhesion, especially involving heterotypic cell–
cell adhesion, have not been studied extensively and the steps leading to melanoma
extravasation from the circulation are still poorly understood. As discussed earlier,
melanoma cells have not been observed to roll along the EC similar to PMNs [92].
Previous investigations have determined that melanoma cells do not express
selectin ligands or b2 integrins at sufficient levels to mediate rolling or direct
adhesive interactions with EC. Melanoma cells, however, do express ICAM-1,
which can possibly bind to the integrins expressed by PMNs.

Resting PMNs express very few b2 integrins in their high affinity states.
Approximately 1,000 of the 15,000 expressed Mac-1 molecules and 9,000 of the
50,000 LFA-1 molecules expressed per cell are in a high affinity state before
activation [82]. Many adhesion studies have shown that LFA-1 is more important
for the initial tethering step of PMN adhesion to ICAM-1, whereas Mac-1 serves to
stabilize already formed adhesions [29, 68]. For the interactions of LFA-1 with
ICAM-1, a range of values have been determined for the dissociation rate under
zero pulling force using different methods. Zhang et al. [109] calculated a dis-
sociation rate of 0.17 s-1 using an LFA-1 expressing T-cell hybridoma line and
immobilized ICAM-1 to perform atomic force microscopy and applying Bell’s
model [3]. A dissociation rate of 0.3 s-1 was estimated by Vitte et al. [97] using a
parallel-plate flow chamber experiment utilizing Jurkat cells and immobilized
ICAM-1, and Tominaga et al. [94] estimated a rate of 0.1 s-1 using a surface
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plasmon resonance assay using soluble forms of both ICAM-1 and LFA-1.
There is a higher variability in the association rates estimated using the different
assays and cell types. Association rate estimates were calculated from the SPR
assay as 200,000 M-1 s-1 [94] and from the parallel-plate flow chamber assay as
82 M-1 s-1 [97]. We therefore closely followed the method by Vitte et al. [97] in
determining melanoma–PMN adhesion kinetic parameters.

1.4 Role of Fluid Dynamics Parameters

Under static in vitro conditions, melanoma cells do migrate through the EC.
However, when they were exposed to a shear flow under stress 4 dyn/cm2, the TC
extravasation was found to be significantly decreased [86]. When PMNs were
introduced to the TC suspension under the same shear conditions, 85% of the
melanoma cell extravasation was recovered. This evidence has led to the
hypothesis that PMNs may facilitate melanoma cell adhesion to and migration
through the EC under flow conditions. Parallel-plate flow chamber experiments of
TC–PMN aggregation under varying flow conditions showed fewer TCs adhered
to the EC at higher shear rates [53]. As shear flow is always present in the body
and these studies suggest that the properties of the fluid flow itself may influence
the mechanism of melanoma cell adhesion and extravasation, especially when
interacting with PMNs.

Fluid transport might govern flow-enhanced cell tethering [16, 110]. Results
from a novel extravasation or a parallel-plate flow chamber have suggested that
intercellular contact time, which is proportional to the inverse of wall shear rate,
has a greater influence in the TC adhesion efficiency than the wall shear stress
[50, 51, 58]. Wall shear stress (sw) and shear rate ( _c) are related by the definition
sw ¼ l _c where l is the viscosity of the fluid. If the magnitude of the fluid viscosity
is increased and that of the shear rate is decreased proportionally, the shear stress
remains constant. Several published experiments have been designed around this
principle to distinguish the effect of the shear rate from that of shear stress
[27, 76]. Under the same shear rate with varying fluid viscosity (or shear stress), no
significant difference in the number of extravasated melanoma cells was observed;
however, under a constant shear stress and decreasing shear rate, there was a
significant increase in melanoma extravasation [87]. The same trends were
observed for the aggregation of melanoma cells with PMNs in parallel-plate flow
chamber experiments using the same variations in flow parameters [53]. These
studies have suggested that TC arrest on the EC is a necessary step in PMN-
mediated TC extravasation under flow conditions. This mechanism is regulated by
hydrodynamic shear rates, which potentially affects TC–PMN contact time,
revealing it is possibly convection driven. However, such fluid dynamics problems
are not well studied, especially involving heterotypic cell adhesion in cancer.

Cell deformability has been shown to play an important role in affecting cell
adhesion in a shear flow [5, 15, 35, 46]. Usually, an increase in shear force would
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have a stronger tendency to detach a cell from its substrate or separate a cell from
cell–cell aggregations; however, at the same time increasing shear stress also
increases cell–cell contact areas due to the cell deformation that provides stronger
adhesion. Therefore, hydrodynamics plays a complex role in the cell adhesion
process.

1.5 Computational Fluid Dynamics and Cell Models

Computational fluid dynamics, or CFD, has been used to investigate the mecha-
nisms involved in PMN adhesion to the EC. Numerical models of cellular in vitro
systems have been created in order to determine effects of adhesion properties,
fluid properties, and deformability on the efficiency of adhesion [37, 40, 66]. The
majority of these models did not include a second (or heterotypic) cell type
interacting with PMNs and ECs within the circulation; with the exception of
Migliorini et al. [61], who modeled a red blood cell (RBC) colliding with a PMN.
This is significantly different from modeling adhesion-specific TC–PMN inter-
actions, due to the lack of specific RBC–PMN adhesion. A recent study developed
by Hoskins et al. [34] extended these models by modeling TC interactions with a
PMN adherent to the EC.

Currently the most sophisticated numerical models of PMN adhesion to the EC
represent PMNs as 3-D deformable bodies with spring-type microvilli and adhe-
sion molecules scattered on the membrane [37, 40, 66]. These models all employ
membrane-tracking algorithms that do not discretize the outer membrane of the
cells explicitly. These methods are less computationally intensive than an explicit
method, but do not precisely resolve the location of the cell membrane or the fluid
dynamics in the immediate vicinity of the cell membrane. Hoskins et al. [34]
explicitly tracked the location of the deformable membrane and modeled the
internal and external fluids separately. This will yield a more accurate represen-
tation of the cell deformation and fluid behavior.

The deformation of passive PMNs using the micropipette aspiration technique
has been widely studied to determine material parameters of PMNs [19, 20, 104].
As PMNs traverse the circulation, they often encounter blood vessels with a
smaller radius than the cell radius. Several in vitro experiments were used to
recreate that situation [22]. Many numerical models have been developed which
attempt to recreate the behavior of PMNs as they undergo the large deformations
induced in the micropipette experiments [18, 23]. Although the deformation that
will be modeled in the current work is less significant, the insight that has been
gained by completing those studies can guide the modeling process.

Kunz et al. [44] have developed a CFD code, NPHASE, which has been
developed, applied and validated for numerous single-phase and multi-phase
flows. NPHASE incorporates several elements of modern CFD analysis including
overset and unstructured meshes, parallel processing, fluid–structure interaction
and moving/deforming meshes, each of which will be applied in the proposed cell
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system modeling. In the current study, NPHASE will be applied in a DNS
framework, where each cell in the system is explicitly resolved. The code has been
specifically validated [34, 47] for the very low Reynolds number cellular system
flows of interest here.

1.6 Endothelial Junction Adherence

Interendothelial adherens junctions account for the majority of barrier function of
normal endothelium, and are responsible for regulating the passage of proteins and
circulating cells [11]. Adherens junctions are characterized by the localization of
VE-cadherin, a transmembrane protein, its cytoplasmic tail interacts directly
with important cytoskeletal and signaling proteins, including a-actinin, a/b-
catenin, plakoglobin, and actin [45]. VE-cadherin participates in most of the stages
of transmigration of inflammatory cells. The loss of homophilic binding of
VE-cadherins weakens the adhesive interaction between neighboring ECs, per-
mitting transvascular cell penetration [12]. Homophilic binding activity of
VE-cadherin is, in part, regulated by tyrosine-phosphorylation of its cytoplasmic
tail [98], suggesting a direct role for protein tyrosine kinases in regulating inter-
endothelial junctions, and subsequent transvascular cell migration.

Tumor cell-initiated signaling events that lead to changes in EC integrity have
not been extensively characterized. High expression levels of a4b1 integrin
associated with highly metastatic melanoma cells is correlated with a marked
increase in melanoma extravasation through endothelial layers [43, 81]. While
several studies have focused on the effects of a4b1 and vascular adhesion mol-
ecule-1 (VCAM-1) interactions on metastasis and adhesion of melanoma cells to
the endothelium [26, 48, 75, 77, 99], recent studies have found that these
adhesion events lead to the disassembly of VE-cadherin which facilitates mela-
noma transendothelial migration [39, 72, 73]. However, melanoma cells them-
selves secrete large amounts of soluble proteins including IL-8, IL-6, IL-1b, and
GRO-a. Melanoma cells with high metastatic potential have been shown to
secrete higher amounts of IL-8 [70, 74]. These results were further supported by
in vivo studies showing an overall decrease in tumorigenicity and metastasis
when mice lacking CXCR2 (the receptor for IL-8) were injected with melanoma
cells [85].

Peng et al. [73] monitored the [Ca2+]i in human umbilical vein endothelial cells
(HUVEC) following contact with human melanoma cells. They showed that
transient rise in endothelial [Ca2+]i was elicited specifically by melanoma cells,
and this response recruited the classical [Ca2+]i release mechanism via pertussis
toxin (PT)-sensitive G proteins in the EC. In addition, they demonstrated that the
loss of VE-cadherin integrity in EC appeared at the interendothelial border in
response to melanoma cell contacts. The regulation of melanoma cell-mediated
junctions was independent of tyrosine phosphorylation of VE-cadherin. Most
importantly, melanoma cells induced junction disassembly in the manner strongly
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related to phospholipase C (PLC) activation, since inhibition of PLC significantly
reduced the disruptions of VE-cadherin by melanoma cells. Phosphatidylinositol-
3-kinase (PI3K), however, was not responsible for the melanoma cell-associated
VE-cadherin redistribution. In addition, melanoma cell transendothelial migration
was diminished in the absence of PLC or PI3K activity. These findings suggest an
involvement of PLC in endothelial signaling pathways recruited by melanoma
cells in breaching the vasculature.

It is well established that p38 MAPK activation plays a key role in the initial
break down of VE-cadherin junctions to facilitate cell migration through the EC
[69, 95]. Some recent studies have shown that the VCAM-1 receptor on the
endothelium induces intercellular gap formation through the Rho-like GTPase
Rac1 signaling that results in activation of p38 MAP kinase proteins further
downstream of the Rac pathway [39, 96]. The question remains as to whether
melanoma cells trigger VE-cadherin disassembly primarily through cell–cell
contact mediated events or through soluble protein events. Furthermore, could
these tumor-induced events modulate specific intracellular pathways in the
endothelium leading to disassembly of VE-cadherin homodimers?

2 Experimental Materials and Methods

2.1 Cell Preparation

Human melanoma cell lines WM35 and WM9 were provided by Dr. Meenhard
Herlyn (Wistar Institute, Philadelphia, PA, USA) and maintained in Roswell Park
Memorial Institute 1640 medium (RPMI 1640; Biosource, Inc., Camarillo, CA,
USA) supplemented with 10% fetal bovine serum (FBS; Biosource, Inc.) and
100 units/ml penicillin–streptomycin (Biosource, Inc.) at 37�C under 5% CO2.
1205Lu cells (from Dr. Gavin P. Robertson, Penn State Hershey Medical Center,
Hershey, PA, USA) and C8161 cells (from Dr. Danny Welch, University of
Alabama, Birmingham, AL, USA) were cultured respectively in Dulbecco’s
Modified Eagle’s Medium (DMEM) and DMEM-F12 (Biosource, Inc.) supple-
mented with 10% FBS in a standard cell culture condition (5% CO2/37�C). Cor-
relation of tumor metastatic potentials with melanoma cell invasiveness,
chemotactic migration and adhesiveness is shown in Table 1.

Fibroblast L-cells that had been transfected to express human E-selectin and
ICAM-1 (EI cells) were provided by Dr. Scott Simon (University of California,
Davis, CA, USA), which were maintained in culture as described elsewhere [27].
The EI cells were used in our initial experiments as a model of an endothelial
monolayer for studying TC–EC, PMN–EC, and TC–PMN–EC adhesion.

Human umbilical vein endothelial cells were obtained from American Type
Culture Collection (ATCC) (Manassas, VA, USA) and maintained in F12-K
medium with 10% FBS, 30 lg/ml of EC growth supplement, 50 lg/ml heparin
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(Mallinckrodt Baker, Inc.), 100 units/ml of penicillin–streptomycin (Biofluids,
Inc.) [39, 73].

Fresh human blood was drawn from healthy donors under informed consent as
approved by the Pennsylvania State University Institutional Review Board. PMNs
were separated from blood using Ficoll-Hypaque (Histopaque; Sigma Chemical
Co.). After centrifugation at 620g for 30 min, PMNs were carefully isolated and
suspended in Dulbecco’s phosphate-buffered saline (DPBS) with 0.1% human
serum albumin (HSA; Sigma Chemical Co.). Erythrocytes were lysed using ACK
lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA; [pH 7.4]) and
removed. The cells were washed and resuspended in 0.1% HSA/DPBS, and gently
rocked until they were used in experiments. The cell preparations were 99.5% pure
PMNs, as analyzed by a Diff-Quick stain (Dade Behring Inc., Newark, DE, USA).
PMNs were resuspended in RPMI 1640 medium supplemented with 5% FBS and
cultured with or without melanoma cells.

For PMN and melanoma cell co-culture, PMNs were added to the confluent
melanoma cells, either directly or separated by a Transwell insert with 0.4 lm
pore size. In some experiments, PMNs or ECs were stimulated with recombi-
nant human IL-8 (12.5, 25 or 125 ng/ml), IL-1b (5, 10 or 25 ng/ml), IL-6
(50 or 100 ng/ml), GRO-a (100 or 200 ng/ml) (Biosource, Inc.) or a combi-
nation of IL-8, IL-1b, IL-6 and GRO-a cytokines with chosen concentrations,
respectively.

2.2 Tumor Conditioned Medium

Selected melanoma cells were cultured in 75 cm2 flasks under growth conditions
described above to 90–95% confluency, after which medium was aspirated and
replaced with fresh 5 ml of RPMI (for WM35 cells) or DMEM (for A2058 and
1205Lu cells) with 2% FBS. The medium was then removed after a 24-h period of
chosen tumor cell culture and centrifuged in 50 ml conical tubes at 1,500 rpm at
4�C for 5 min to remove any remaining cells.

Table 1 ‘‘Metastatic’’ potential was qualitatively determined from the cell line origin;
‘‘Chemotactic’’ potential was measured by cell static migration toward soluble type IV collagen
(CIV; 100 lg/ml) using Boyden chamber; and ‘‘Adhesion’’ potential was quantified by com-
paring relative mean fluorescence levels of ICAM-1 expression obtained by flow cytometry

Cell line Potentials References

Metastatic Chemotactic
(CIV)

Adhesion
(ICAM-1)

1205Lu ++++ +++ +++ [80]
C8161 +++ ++ ++ [101, 106]
WM 9 ++ ++ +++ http://www.wistar.upenn.edu/herlyn/melcell.htm
A2058 + ++ ++ [14]
WM35 - + + http://www.wistar.upenn.edu/herlyn/melcell.htm
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2.3 Small Interfering RNA (siRNA) Targeting IL-8

SiRNA (100 pmol) was introduced into 1.0 9 106 1205Lu, C8161.Cl9 via nu-
cleofection using an Amaxa Nucleofector using Solution R/program K-17 [52, 80].
Transfection efficiency was [95% with 80–90% cell viability [80]. Following
siRNA introduction, cells were allowed to recover for 2 days and then replated in
96-well plates. Five days later, cell viability was measured using the MTS assay
(CellTiter 96 AQueous Cell Proliferation Assay, Promega, Madison, WI, USA).

Duplexed Stealth siRNA (Invitrogen, Carlsbad, CA) were used for the IL-8
studies. The following siRNA sequences were used for targeting IL-8 [36]. IL-8#1:
GCA GCU CUG UGU GAA GGU GCA GUU U, IL-8#2: CCA AGG AGU GCU
AAA GAA CUU AGA U.

2.4 Western Blots

Cells were collected and washed with cold PBS, then whole cell extracts were
prepared by resuspending cells in lysis buffer (10 mM Tris–HCl [pH 7.4],
150 mM NaCl, 1 mM EDTA [pH 8.0], 2 mM Na3VO3, 10 mM NaF, 10 mM
Na4P2O7, 1% NP-40, 1 mM PMSF, 2 ng/ml pepstatin A). Lysates were incubated
on ice for 30 min followed by a centrifugation at 16,000g for 1 min at 4�C. The
pellet was discarded and the supernatant was mixed with 29 SDS running buffer
(0.2% bromophenol blue, 4% SDS, 100 mM Tris [pH 6.8], 200 mM DTT, 20%
glycerol) in 1:1 ratio. Samples were boiled for 3 min and 15 ll were loaded onto a
12 or 15% SDS-PAGE gel and proteins were transferred to a 0.2 lm PVDF
membrane (Millipore Co., Billerica, MA, USA) by electroblotting. Primary anti-
bodies included rabbit anti-human IL-8 (Biosource, Inc.) and anti-b-actin IgG1
(Sigma Chemical Co.). Secondary antibodies were peroxidase-conjugated goat
anti-rabbit IgG or goat anti-mouse IgG. Proteins were detected using the Enhanced
Chemiluminescence Detection System (Amersham Pharmacia Biotech, Arlington
Heights, IL, USA).

2.5 Enzyme-linked Immunosorbent Assays

At the end of assays, cell-free supernatants were collected by a centrifugation at
430g for five minutes and stored at -80�C until Enzyme-linked immunosorbent
assays (ELISA) was performed. ELISA detection of protein secretion was per-
formed at the Pennsylvania State University NIH Cytokine Core Lab. Mouse anti-
human capture antibody to specific target chemokine or cytokine was diluted to
2 lg/ml in coating buffer (0.1 M NaHCO3 [pH 8.2]) and 50 ll was added to each
well of the 96-well ELISA plate for overnight incubation at 4�C. The plate was
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then washed four times with 20% Tween 20 in phosphate-buffered saline (PBST)
[pH 7.0] and blocked with 1% BSA in PBS for 2 h at room temperature. 100 ll
target chemokine or cytokine standards and samples were added to each well for
overnight incubation at 4�C. The plate was washed four times next day and 100 ll
of 0.2 lg/ml biotinylated affinity purified goat anti-human polyclonal detection
antibody was added to each well, followed by 2 h incubation at room temperature.
The plate was then washed six times and incubated with 10 ll streptavidin per-
oxidase (1 lg/ml, Sigma Chemical Co.) for 30 min at room temperature. 100 ll of
2,20-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (Sigma
Chemical Co.)/peroxide substrate solution was then added for 1 h in the dark. The
plate was read using a microtiter plate reader (Packard, Downers Grove, IL, USA)
at a wavelength of 405 nm.

2.6 Flow Cytometry

The cells of interest were treated with murine anti-human CD marker primary
antibodies (e.g., anti-CD11a, anti-CD11b, or anti-ICAM-1; 1 lg Ab/106 cells)
(CalTag Laboratories) for 30 min at 4�C. The cells were then treated with sec-
ondary antibody, FITC-conjugated goat anti-mouse IgG F(ab)2 fragment (1 lg/106

cells) (Jackson ImmunoResearch, West Grove, PA, USA) for 25 min at 4�C. In the
case of blocking CXCR1 and CXCR2 receptors on PMNs, PE-conjugated anti-
CD11b (1 ll/106 cells; CalTag Laboratories) was used to avoid binding secondary
antibody to the existing CXCR1 and CXCR2 antibodies. The samples were fixed
with 2% formaldehyde (Sigma) and analyzed using a Coulter EPICS XL (Coulter
Corp., Fullerton, CA, USA) flow cytometer. Control cases used to determine
background fluorescence were samples treated with secondary antibody only or
PE-conjugated isotype control (CalTag Laboratories).

2.7 In vitro Flow Extravasation Assays

A flow extravasation assay was performed in a modified 48-well chemotactic
Boyden chamber consisting of a top and bottom plate separated by a gasket. In
brief, a 7 cm 9 2 cm opening cut from the center of a 0.02 inch-thick gasket
between top and bottom plates forms the flow field (Fig. 1; top right). The wall
shear stress (sw) is related to the volumetric flow rate (Q) by sw = 6lQ/wh2, where
l is the fluid viscosity, h is height and w is width of the flow field. EI cells, which
had been transfected from fibroblasts to express human E-selectin and ICAM-1,
were used as a substrate for cell adhesion and as a model of an endothelial
monolayer. E-Selectin and ICAM-1 levels were periodically checked by flow
cytometry to verify expression level. ICAM-1 levels on EI cells were shown to be
comparable with IL-1b stimulated HUVECs [27]. Hence, a monolayer was formed
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by growing EI cells to confluence on sterilized PVP-free polycarbonate filters (8-
lm pore) coated with fibronectin (30 lg/ml) [86]. The bottom side of the filter was
scraped prior to use to remove any potential cell growth. Soluble type IV collagen
(CIV; 100 lg/ml), which has been shown to induce melanoma cell chemotaxis
[30, 31], was chosen as the chemoattractant in the center 12 wells. Typical
experiments involved cases such as: PMNs; melanoma cells (respective cell lines
with varied metastatic phenotypes from Table 1); PMNs ? selected-type mela-
noma cells (5 9 105 cells of each cell type). The entire flow-migration assay was
conducted in a 37�C, 5% CO2 incubator for 4 h. To quantify migration, the filter
was removed from the chamber and immediately stained with HEMA-3 (Fisher
Scientific). The cells on the bottom side of each filter were imaged. No cells were
found in the attractant wells after 4-h of migration. Three pictures were taken of
each filter in different locations. The number of cells migrated was quantified/
averaged for each filter. A minimum of three filters were analyzed for each data
point. Background migration was subtracted from each sample as appropriate.
Control experiments showed no PMNs migrated toward CIV.

2.8 Parallel-plate Flow Assays

Cell collision and adhesion experiments were performed in a parallel-plate flow
chamber (Glycotech, Rockville, MD, USA) mounted on the stage of a phase-
contrast optical microscope (Diaphot 330, Nikon, Japan). A syringe pump
(Harvard Apparatus, South Natick, MA, USA) was used to generate a steady flow
field in the flow chamber. A petri dish (35 mm) with a confluent EI cell monolayer
was attached to the flow chamber [53]. All experiments were performed at 37�C.
The field of view was 800 lm long (direction of the flow) by 600 lm. The
focal plane was set on the EI monolayer. The flow chamber was perfused
with appropriate media over the EI monolayer for 2–3 min at a shear rate of 40 s-1

for equilibration before the introduction of a predetermined concentration
(1 9 106 cells/ml) of PMNs and WM9. PMNs were stimulated with 1 lM fMLP
for 1 min or 1 ng/ml IL-8 for 1 h before the perfusion into parallel-plate flow
chamber. After allowing PMNs and WM9 cells to contact the EI monolayer at a
shear stress of 0.1–0.3 dyn/cm2 for 2 min, we adjusted the shear stresses to the
experimental range of 0.6–2 dyn/cm2 and kept constant for 6–7 min. Experiments
were performed in triplicate and analyzed off-line.

2.9 Animal Studies

Animal experimentations were performed according to protocols approved by the
Institutional Animal Care and Use Committee at the Pennsylvania State University
College of Medicine [36, 52, 80].
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Tumor formation was measured in athymic-Foxn1nu nude mice purchased from
Herlan Sprague–Dawley (Indianapolis, IN, USA). 500 pmol of siRNA was nu-
cleofected into 5.0 9 106 cells and after 48 h of recovery, 1.0 9 106 cells were
collected in 0.2 ml of 10% FBS-DMEM to inject subcutaneously above both the
left and right rib cages of 4–6 week old female mice. Dimensions of developing
tumors were measured on alternate days using calipers.

To characterize in vivo interactions of melanoma cells with human PMNs,
100 pmol of siRNA were nucleofected into 1.0 9 106 GFP-tagged 1205Lu. After
36 h 0.5 9 106 cells in 0.2 ml of HBSS were collected. PMNs were isolated and
were stained with CellTracker Orange CMTMR (C2927, Invitrogen, Carlsbad,
CA, USA) according to manufactures protocol. Melanoma cells were injected i.v.
into the left lateral tail vein of athymic-Foxn1nu nude mice and human PMNs were
injected i.v into the right lateral tail vein of nude mice. After 24 h, mice were
sacrificed, lungs removed and analyzed for melanoma cells interacting with PMNs
using Nikon SMZ 1500 dissecting microscope with fluorescence detection capa-
bilities (for GFP; ex470/em500, for CellTracker Orange CMTMR; ex550/em600).
Percentages of melanoma cells co-localized with PMNs were counted in fields
where melanoma cells and PMNs coexisted [36].

To study mouse experimental metastasis, 100 pmol of siRNA were nucleo-
fected into 1.0 9 106 GFP-tagged 1205Lu and C8161.Cl9 cells. After 36 h
0.5 9 106 cells in 0.2 ml of HBSS were injected i.v. into the lateral tail vein of
nude mice. Mice were sacrificed 18 days later, necropsied, and lungs analyzed for
presence of fluorescent metastases using a Nikon SMZ 1500 dissecting microscope
with a Plan Apo 1.69 objective. Images were photographed at 489 magnifications
from the ventral surface of each lung and number of fluorescent metastases as well
as area occupied by metastases scored in pixels using IP lab imaging software
(Scanalytics, Fairfax, VA, USA).

2.10 Statistical Analysis

All results are shown using mean ± standard error of the mean (SEM) unless
otherwise stated. One-way ANOVA analysis was used for multiple comparisons
and t tests were used for comparisons between two groups. P \ 0.05 was con-
sidered to be significant.

3 Computational Models

3.1 Diffusion and Convection of Solutes in a Shear Flow

A two-dimensional Couette flow model was used to simulate the transport of IL-8
released by tumor cells in the circulation. The inputs used in the model are
tabulated in Table 2.
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IL-8 distribution under flow conditions was modeled computationally using the
commercial software package Comsol Multiphysics 3.2 (Comsol, Stockholm,
Sweden), which employs a finite element method to solve the governing partial
differential equations. To simulate the IL-8 transport, the convection and diffusion
application mode was selected and the Navier–Stokes application mode was used
to calculate the velocity pattern. The convection–diffusion equation solved is
shown in Eq. 1:

oci

ot
þrðciuÞ ¼ Dir2ci; ð1Þ

where ci is the IL-8 concentration, u is the velocity, and Di is the solute diffusion
coefficient. The diffusion coefficient for IL-8 was obtained from literature [62]. It
has been shown that for small proteins, the diffusion coefficient is proportional to
molecular weight [105, 107]. A constant flux was assigned at the cell surface and
complete dilution was assumed very far from the cell; mathematically stated as:

c ¼ C0 at r ¼ R and c! 0 as r !1

where C0 is the IL-8 concentration and R is the tumor cell radius. It was assumed
that the secreted IL-8 would not be re-consumed by the secreting tumor cell and C0

be uniform over the surface of the cell.
The velocity profile was calculated using the Navier–Stokes application mode,

which solves the incompressible momentum and mass conservation:

q
ou

ot
þ qðu � rÞuþrp� lr2u ¼ 0

r � u ¼ 0
ð2Þ

Table 2 Description and source of variables as inputs for Comsol simulation

Variable Description Value Source

Q Volumetric flow rate 0.025 ml/min,
0.04 ml/min and
0.08 ml/min

Experimental setting

DAB IL-8 diffusion coefficient 2.59 9 10-10 m2/
s

[62, 107]

C0 IL-8 secreted by a
melanoma cell

Liang et al. [51] Detected using ELISA from medium
collected after flow assay

a Distance from the center of
channel to the wall

63.5 lm Parallel plate chamber geometry

q Density of fluid 1.0 9 103 kg/m3 Known constant
u Melanoma cell velocity 9.046 9 10-5,

1.447 9 10-4,
2.894 9 10-4 m/

s

Calculated from Eqs. 3 and 4

l Viscosity 1.0, 2.0, 3.2 cP Experimental setting
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where u is the velocity, q is the density of fluid, l is the viscosity and p is the
pressure. The fluid was assumed to be Newtonian, incompressible, steady and
laminar. A no-slip boundary condition was implemented at the channel walls.
Uniform velocity and constant pressure were prescribed at the inlet and outlet,
respectively. In the fully developed region, the classical parabolic velocity profile
(Poiseuille flow) was obtained. The velocity at a given location in the chamber can
be calculated from the equation below:

u ¼ DPa2

4lL

� �
1� r

a

� �2
� �

ð3Þ

where the DP/L is the driving force, r is the distance from the center of the channel
to the location, l is the viscosity, and a is the distance from the center of the
channel to the channel wall. The driving force, DP/L, can be derived from the
equation:

DP

L
¼ 8lQ

pa4
ð4Þ

where Q is the volumetric flow rate.
The relation between diffusion coefficient and solvent viscosity can be calcu-

lated using the Stokes–Einstein equation as follows.

DABlB ¼
kb

6pRA
ð5Þ

where DAB is the diffusion coefficient of solute A in solvent B, RA is the hydro-
dynamic radius of solute A, kb is Boltzmann’s constant, T is the Kelvin temper-
ature, and lB is the solvent viscosity. Note that the Stokes–Einstein equation
usually gives poor accuracy when solute A is a large molecule. Recently, a
modification of the Stokes–Einstein equation for small molecules was proposed by
Kooijman [42]. However, both equations have shown that the diffusion coefficient
is inversely proportional to the solution viscosity.

3.2 Receptor–ligand Binding Association Rate

A molecular model of receptor–ligand binding has been developed and used in
simulations of cell–cell adhesion [13]. In this model, the association rate, kon,
governs the likelihood of a receptor to form a bond with a ligand on another cell,
whose equation is shown in Eq. 6:

kon ¼ ALðnL � nBÞk0
on exp

�rtsðe� kÞ2

2kbT

 !
ð6Þ
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where AL is the surface area on a ligand-bearing cell that is available to a
receptor, nL is the number of ligands on a cell, nB is the number of bonds already
formed. These values and the separation distance between two cells, e, are
determined by the geometry and properties of a chosen cell. The association rate
for the receptor–ligand binding under zero-force conditions, k0

on, was determined
for LFA-1 and Mac-1 binding with ICAM-1 in a companion effort [33]. The
bond spring constant, rts, and equilibrium length, k, as well as the Boltzmann’s
constant, kb, were assigned values found in the literature [13].

3.3 Melanoma–PMN Adhesion to the EC in a Shear Flow

A 3D model of a PMN and a tumor cell in flow has been developed in a companion
effort to simulate the adhesion of a melanoma cell to a tethered PMN under flow
conditions [34]. The model is used here to compare the force exerted on a mel-
anoma cell, bound to a stationary PMN via a single bond, under varying flow
conditions. Since bond formation is a random occurrence, which is based on the
proximity of cells, receptor and ligand surface densities and locations, and
molecular properties, bonds may form in any position between a melanoma cell
and a PMN. Here, a direct comparison of bond force time history in various flow
conditions is desired; thus the same initial location was assumed for the melanoma
cell and the single bond in all simulations.

One stationary, adherent PMN was modeled on the bottom plate of the parallel
plate flow chamber geometry and a free stream tumor cell was modeled above and
slightly upstream of the PMN in the flow [51]. A single bond, treated as a linear
bond spring, was seeded between the two cells. The forces on the tumor cell due to
the fluid and the bond were used to calculate the cell motion.

Two commercial codes were used to simulate the two cell system. Harpoon
(Sharc, Manchester, UK) automatically generates the computational grids, and
AcuSolve (ACUSIM Software, Mountain View, CA, USA) calculates the flow
profile and force distributions. The cell motion calculation was completed by
Kunz-developed Python script[44], which also controls the overall simulation. The
order of operations controlled by the script was described in details from Hoskins
et al. [34].

Harpoon is a grid generator that creates hexahedra-dominant meshes in a very
short time. In the simulations used in this study, a new grid was generated at each
time step with the new tumor cell location.

AcuSolve is an incompressible flow solver based on the Galerkin/Least Squares
finite element method (GLS). The steady, incompressible Navier–Stokes and
continuity equations were solved, as shown in Eq. 2. Variables are also as defined
for Eq. 2.

The solution of Newton’s Second Law, shown in Eq. 7, governed the spherical
tumor cell motion.
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d2x~

dt2
¼ F~

m

d2h~

dt2
¼ s~

I

ð7Þ

where x~ and h~ are the tumor cell translations and rotations, F~ and s~ are the force
and torque vectors on the tumor cell and m and I are the cell’s mass and mass
moment of inertia. These equations were solved assuming the tumor cell is a rigid
body.

To represent the interactions between the microvilli on the cells’ surfaces, a
repulsion force with the form of a non-linear spring force, as shown in Eq. 8, was
applied to the tumor cell.

Frep ¼ �kd þ bd3 ð8Þ

where k and b are constants and d is the distance between the cells. This force was
applied along the normal to the PMN surface at the point of minimum separation
distance between the cells. The line of the normal does not generally go through
the center of the tumor cell, thus a torque is also applied.

4 Results

4.1 PMN-facilitated Tumor Cell Extravasation under Flow
Conditions

An in vitro extravasation model (Fig. 1) was developed using a modified 48-well
chemotactic ‘‘flow-migration’’ Boyden chamber [86].

The ‘‘PMN tethering frequency’’ was determined experimentally as the number
of PMNs that adhered to the EC per unit time and area using a parallel-plate flow
chamber (Fig. 1, bottom), including both rolling and firmly-arrested cells [53].
This frequency was normalized by cell flux to the surface to compensate for the
different concentration of cells passing the same area of substrate at different shear
rates. This normalization followed the procedure of Rinker et al. [76] based on
equations derived by Munn et al. [64]. Melanoma–PMN aggregation on the EC
was subsequently analyzed. Quantification started at the onset of experimental
shear rate (t = 0 min) and lasted for 5 min. Aggregates could be characterized by
differences in cell sizes and velocities (Fig. 1, bottom). Aggregation variables to
be quantified included: the total number of tethered PMNs; number of collisions of
melanoma cells (from the free stream near the EC) to tethered PMNs; aggregation
of melanomas with tethered PMNs as a result of the collision; and final attachment
of melanoma–PMN aggregates on the EC. For some cases in which more than one
melanoma cell adhered to a PMN, we count such a case as two aggregates if two
melanoma cells adhered to a PMN.
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‘‘Melanoma adhesion efficiency’’ was expressed by the following ratio [53]:

Melanoma adhesion efficiency

¼ Number of melanoma cells arrested on the monolayer
Number of melanoma collisions to PMNs

where, the numerator is the number of melanoma cells arrested on the EI at the end
of the entire flow assay as a result of collision between entering melanoma cells
and tethered PMNs. The denominator is the total number of melanoma–PMN
collisions near the EI surface counted as a transient accumulative parameter
throughout the entire flow assay.

As a negative control, non-metastatic melanocyte migration was first tested
under the static condition and found to be at a background level (Fig. 2a, bottom).
In comparison, highly-metastatic C8161 and WM9 cells were more actively
migratory under the no-flow condition than low-metastatic WM35 cells (Fig. 2a,
‘‘Static’’). When exposed to a shear flow (*0.4 dyn/cm2), extravasations of
C8161, WM9 and WM35 cells toward CIV were all significantly less than those
under static conditions (Fig. 2a), at a level similar to the melanocyte case.
Addition of PMN to the melanoma cell suspension significantly enhanced tumor

Fig. 1 Schematic of PMN-facilitated melanoma adhesion to the EC in a shear flow. Top left a
melanoma cell in close proximity to the EC (using the EI cell model) via a tethered PMN.
Melanoma cells are captured/retained by tethered PMN on the EI via b2 integrins/ICAM-1
interactions. Top right cross-section view of the flow-migration chamber. Bottom representative
aggregation of melanoma tumor cells (TC) to tethered PMN on an endothelial monolayer. Flow
direction is from left to right: a a melanoma cell and a PMN on the monolayer at 0 s, b collision
between a PMN and a melanoma cell after 20 s, and c arrest of a melanoma cell to the monolayer
due to the formation of PMN–melanoma aggregates after 30 s

494 C. Dong



cell extravasation under shear conditions compared with melanoma cells only (all
P values \ 0.05). Obviously, tumor metastatic potential correlates with melanoma
cell extravasation behavior.

Figures 2b, c indicate that each binding step between EC, PMNs and melanoma
cells affects tumor cell extravasation under flow conditions. ICAM-1 was func-
tionally blocked on the C8161 cells and EI cells, respectively. Functionally
blocking of ICAM-1 on C8161 cells or EI cells significantly reduced melanoma
extravasations. Blocking E-selectin on the EI cells reduced C8161 melanoma cell
migration by 80% compared with the C8161 ? IL-8-activated PMN case
(Fig. 2b). However, blocking E-selectin on the EI cells without PMN did not really
change melanoma extravasation (Fig. 2b, bottom). To investigate whether PMN–
melanoma interactions are mediated by receptor–ligand binding via b2 integrins
(on PMN) and ICAM-1 (on melanoma cells), melanoma cell extravasations were
assayed in the presence of PMNs, in which CD11a (for LFA-1) and CD11b (for
Mac-1) on PMNs were inhibited respectively with blocking antibodies. Blocking
CD11b resulted in the greatest reduction in C8161 migration (66% reduction as
compared to C8161 ? PMN under 0.4 dyn/cm2 shear stress; Fig. 2c). Similar
results are shown that migration of melanomas was decreased by 40% in the
presence of CD11a-blocked PMN.

Fig. 2 a PMN affects C8161, WM9 and WM35 cell migration under shear conditions. NHEM
are non-cancerous melanocyte used as a negative control. All cases were under a flow shear stress
at 0.4 dyn/cm2, unless labeled ‘‘Static’’ (*P \ 0.01 with respect to C8161 static case, #P \ 0.05
with respect to WM9 static case, **P \ 0.01 with respect to WM35 static case, ##P \ 0.05 with
respect to both C8161 and WM9 static cases, and ***P \ 0.02 with respect to both
C8161 ? PMN and WM9 ? PMN cases). b ICAM plays an important role in PMN-facilitated
melanoma cell migration. The second bar shows disrupting C8161–PMN aggregation by
blocking ICAM-1 on melanomas significantly reduces melanoma cell migration (PMNs were
activated by IL-8). The third and fourthbars show inhibiting IL-8-stimulated PMN adhesion to
the endothelium by blocking E-selectin or ICAM-1 on the EI also decreases C8161 cell migration
(**P \ 0.01 with respect to C8161 ? IL-8/PMN case at 0.4 dyn/cm2). c Differential role of
LFA-1 and Mac-1. Both Mac-1 and LFA-1 (to lesser degree) contribute to PMN-mediated
melanoma extravasation. The last bar shows migration with isotype antibody-treated PMNs, as a
control (*P \ 0.05 with respect to C8161 ? PMN case at 0.4 dyn/cm2). All the values are
mean ± SEM for N C 3
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4.2 Shear Rate Mediated Fluid Convection Affects
PMN-Facilitated Melanoma Arrest on the EC

Using dextran to vary the medium viscosity (l) of the cell suspension, either shear
rate ( _c) or shear stress (s ¼ l _c) was held constant while the other was varied in
order to determine how fluid shear impacts melanoma cell extravasation. We used
ultra-high molecular weight dextran (2 9 106 MW) to avoid potential shielding
effects [76] and to achieve a range of media viscosities from 0.7 cP (0% dextran)
to 7.0 cP (4% dextran). Control experiments showed 0–4% dextran did not affect
cellular adhesion molecule expression or media osmolarity [87]. Cases in which
shear stress was held constant and shear rate varied from 55.5 to 555 s-1 yielded
dramatic variation in C8161 cell extravasation (183 ± 24 cells per mm2 at
555 s-1 to 290 ± 37 cells per mm2 at 55.5 s-1) that was inversely proportional to
the shear rate (P = 0.041; Fig. 3a). In contrast, cases in which shear rate was held
constant and shear stress ranged from 0.4 to 18 dyn/cm2 resulted in C8161
migration levels that were not statistically different (Fig. 3b, c). These results
suggest that PMN-facilitated migration of melanoma cells is affected by local
hydrodynamic convection (which is inversely proportional to cell–cell adhesion
contact time), not by the shear stress (which is proportional to fluid force).

To examine how PMN–C8161 cell aggregates adhere to the EI cell monolayer,
the PMN tethering frequency was quantified using a parallel-plate flow chamber
[53] at 3 shear rates (62.5, 100 and 200 s-1) and 3 media viscosities (1.0, 2.0 and
3.2 cP). As seen in Fig. 4a, the PMN tethering frequency was significantly affected
by both shear rate and shear stress. All frequencies were corrected for the decrease
in cell flux with increasing shear rate and viscosity, and normalized against the
lowest shear stress case. These results are different from the PMN-mediated C8161
migration and tumor adhesion efficiency results shown in Fig. 4b, c. As we see,
melanoma extravasation and adhesion efficiency mediated by PMNs were both
affected only by the shear rate, not the shear stress.

Fig. 3 Shear rate and shear stress were isolated by varying viscosity with dextran-supplemented
medium (0–4%). a Melanoma migration varies under constant shear stress but increasing shear
rate. b, c Constant shear rate data; migration is unchanged over an order of magnitude of shear
stress. All error bars are mean ± SEM for N C 3
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4.3 Relative Role of LFA-1/Mac-1 and ICAM-1
in PMN-mediated Melanoma Adhesion Efficiency

Function-blocking mAbs against CD11a and CD11b were used to elucidate how
melanoma–PMN aggregates were arrested on the EC under shear conditions [53].
Blocking CD11a or CD11b, respectively, inhibited PMN-facilitated melanoma
adhesion efficiency partially under all shear conditions tested (Fig. 5a). Results
indicate that both LFA-1 and Mac-1 are required for melanoma cells to be
maintained on the EI via aggregation to PMNs, but may have different roles. For
example, blocking CD11b did not significantly alter the rate of aggregation
between entering WM9 cells and tethered PMNs, and LFA-1 alone supported
WM9 aggregation with tethered PMNs on the EI initially (Fig. 5b). However, after
a period of 3 min, disaggregation of WM9–PMN aggregates on the EI surface
proceeded more rapidly in the presence of anti-CD11b mAb than in the control. In
comparison, Mac-1-dependent contact with the EI (in the presence of anti-CD11a)
proceeded more slowly and reached a maximum which was approximately 25% of
the control case. These aggregates remained stably adhered to the EI surface over
5 min (Fig. 5b). These results suggest that LFA-1 alone is necessary and sufficient
for the initial formation of melanoma–PMN aggregates, and plays a primary role
in the recruitment of melanoma cells to the EC. Mac-1 maintains the stability of
melanoma arrest on the EI via the melanoma–PMN aggregation after the initial
capture by PMNs.

Blocking ICAM-1 on WM9 (disrupting melanoma adhesion to PMNs) signif-
icantly reduced melanoma adhesion efficiency to the monolayer similarly to the
cases of blocking E-seletin or ICAM-1 on the EI cells, suggesting that EC acti-
vation for PMN tethering is necessary in mediating melanoma cell arrest within
the microcirculation.

Fig. 4 Effects of shear stress on PMN tethering frequency, melanoma adhesion efficiency and
extravasation at fixed shear rates. a, b fMLP-stimulated PMNs (1 9 106 cells/ml) were perfused
into a parallel-plate chamber together with tumor cells (1 9 106 cells/ml). c Extravasation of
C8161 melanoma cells with PMNs at 3 shear rates with 3 different viscosity media. All error
bars are mean ± SEM for N C 3 and tethering data were corrected for cell flux as described by
Liang et al. [53]. ‘‘#’’ indicates P [ 0.05 as compared to 1.0 cP case and ‘‘+’’ indicates P [ 0.05
as compared to 2.0 cP case
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4.4 Melanomas Increase Endogenous Production
of IL-8 in PMNs

We first used a commercial cytokine blot (Raybiotech) to screen cytokines/che-
mokines in PMN–melanoma cell co-culture media. Melanoma cells and PMNs
(cell # ratio was 1:1) were co-cultured in contact with each other for 6 h as
described [86]. The blot detects for 42 separate cytokines in the layout shown in
Fig. 6. Our first set of experiments examined those soluble factors that were
secreted from C8161–PMN or WM9–PMN co-culture. In particular, we found:
IL-1b, IL-6, IL-8, MCP-1 and GRO.

ELISA was subsequently used to determine the relationship between tumor
metastatic potential and cytokine expressions in melanoma–PMN co-culture. Four
human melanoma cell lines 1205Lu, WM9, C8161 and WM35 (ranged from high
to low in metastatic potential; [74], were examined for cytokine and chemokine
induction in melanoma–PMN co-cultures. PMNs co-cultured either in a Transwell
(non-contact) or in contact with C8161, WM9, 1205Lu increased IL-8 expression
above summed background levels from individual cell-type culture, but there was
no change in IL-8 following co-culture with WM35 (Fig. 7a). In addition,
co-culture of 1205Lu or WM9 with PMNs induced IL-8 production in a time-
dependent manner (Fig. 7b). In contrast, the IL-8 production from WM35–PMN
co-culture did not change over time. The induction of IL-8 was comparable
whether cells were cultured in direct-contact or separated in a Transwell culture
system indicating that soluble signaling factorsare actively involved. In further
experiments to identify which cell type contributed to the increased amount of
IL-8 in PMN–melanoma co-cultures, cell lysates were prepared from PMNs and
melanoma cells following Transwell co-culture, and levels of IL-8 were detected

Fig. 5 Contributions of LFA-1 and Mac-1 to WM9 arrest to the EI substrate as a result of WM9-
PMN collisions. a WM9 adhesion efficiency at different shear rates over a period of 5 min. Shear
stress was 2 dyn/cm2 for the data shown. b Normalized WM9 aggregation during each time
course in the entire parallel-plate flow assay. *P \ 0.05 compared with control at the same shear
rate. +P \ 0.05 compared with control at the same time point. Values are mean ± SEM for
N C 3
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by Western blotting [74]. As shown in Fig. 7c, melanoma cells with higher met-
astatic potentials (1205Lu, WM9 and C8161) induced higher IL-8 production in
PMNs, while WM35 did not induce IL-8 protein in PMNs. In contrast, IL-8
expression in melanoma cells did not significantly change when co-cultured in the
presence or absence of PMNs [21].
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Fig. 7 Co-culturing PMNs with melanoma cells induces IL-8 increase. a Induction of IL-8 in
PMN–melanoma cell (1205Lu, WM9 and C8161) co-cultures (contact or Transwell). *P \ 0.05
compared with the sum of IL-8 expression from the PMN and melanoma only. b IL-8 increased
after PMN co-culturing with 1205Lu and WM9 in a time-dependent manner. Co-culturing PMNs
with WM35 did not increase IL-8 secretion over time. Values are mean ± SEM for N C 6.
c Melanoma cells induce IL-8 production in PMNs. PMN lysates were analyzed by Western
blotting with mAb against IL-8. The same blot was stripped and re-probed with mAb to b-actin.
C8161, WM9 and 1205Lu induced IL-8 production in PMNs, whereas WM35 did not. Results are
representative of three experiments

Fig. 6 Raybiotech cytokine blot from respective C8161 and WM9 co-culture with the PMNs
found IL-1b, IL-6, GRO, and MCP-1. The sensitivity for Raybiotech was at 1 pg/ml
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4.5 Endogenous IL-8 Influence PMN Recruitment
in Melanoma Cells

To characterize immunoediting of PMN activation, especially via the endogenous
IL-8 chemokine within the PMN–melanoma microenvironment, Mac-1 expression
on PMNs co-cultured with C8161 cells was examined using flow cytometry.
Untreated PMNs and PMNs treated with blocking antibodies for IL-8 receptors
CXCR1/2 were co-cultured with C8161 cells either in contact or separated by a
Transwell insert [87]. Figure 8a indicates that non-CXCR1/2-blocked PMNs
co-cultured with C8161 cells experienced a nearly four-fold increase in Mac-1
expression levels over those cultured alone for 4 h. The increase in Mac-1 was
apparent after only 30 min of co-culture and became significant after 2 h of
co-culture (data not shown). PMNs with antibody blocked CXCR1/2 showed no
change in Mac-1 levels after co-cultured with C8161 cells compared with PMNs
cultured alone (Fig. 8a). To understand the possibility that secreted soluble factors
could be an immuno-stimulus responsible for melanoma–PMN communication,
receptors CXCR1/2 on PMNs were functionally blocked. C8161 cell extravasation
(assayed by the flow-migration chamber) dramatically decreased at a shear rate of
55.5 s-1 in the presence of CXCR1/2-blocked PMNs compared with unblocked
PMNs (39% decrease), or additional IL-8-activated PMNs (73% decrease) as
shown in Fig. 8b. Such effects on C8161 cell extravasation will be amplified under
higher shear-rate conditions. Neutralizing anti-IL-8 mAb (1 lg/ml) was also used
to bind soluble IL-8, induced or liberated by the melanoma cells, which showed
similar inhibitory effects on melanoma migration as those CXCR1/2-receptor
blocked PMN cases (Fig. 8b).

Fig. 8 Melanoma cell extravasation under flow conditions is modulated by endogenous IL-8.
a Fold induction of Mac-1 on PMNs after co-culture with C8161. Blocking the IL-8 receptors on
PMNs resulted in no increase in Mac-1. b Effects of IL-8 on melanoma migration mediated
by PMNs. Isotype control found statistically the same as the case of ‘‘C8161 ? PMN’’. All
co-cultures were in 4 h, and all flow shear stresses were 0.4 dyn/cm2
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4.6 IL-1b and IL-6 Synergistically, but not Individually,
Stimulate IL-8 Production in PMNs

After 4-6 h of co-culture, ELISAs were preformed to measure GRO-a, IL-1b, IL-6
and MCP-1 from supernatants obtained from cultures of individual cell types
(e.g., PMNs only or melanomas only) or PMN–melanoma co-cultures. For all 4
melanoma cell lines tested, co-culture of PMNs with highly metastatic 1205Lu
cells significantly induced IL-6 above the summed IL-6 from separate cultures
(data not shown). IL-1b was produced by PMNs or melanoma cells cultured alone.
It was increased after C8161, WM9 and 1205Lu were co-cultured with PMNs,
albeit at a small amount (\10 pg/ml). In addition, GRO-a and MCP-1 were
constitutively expressed by melanomas and co-culturing with PMNs did not
change their production levels.

To investigate potential effects of different soluble factors induced or liberated
by melanoma cells on IL-8 production in PMNs, human recombinant proteins
including GRO-a, IL-6, and IL-1b were used to stimulate PMNs [74]. ELISA
results indicated that none of these cytokines or chemokines alone was sufficient to
induce IL-8 production compared with untreated PMNs (Fig. 9); however, stim-
ulating cells with the combination of IL-1b and IL-6 increased IL-8 production in
PMNs. We further confirmed the combinatorial role of IL-1b and IL-6 in mela-
noma-induced IL-8 induction by showing that IL-8 was significantly reduced from
781 ± 6.3 pg/ml to 680 ± 10.1 pg/ml (P \ 0.05) in 1205Lu melanoma–PMN
co-culture in the presence of neutralizing antibody against IL-1b and IL-6 (only
together; not individually), indicating that IL-1b and IL-6 provide a synergistic
activation of IL-8 in PMNs in response to melanomas.

Fig. 9 IL-1b and IL-6
synergistically increased IL-8
production in PMNs
compared with untreated
PMNs. *P \ 0.05 compared
with other three cases. Values
are mean ± SEM for N [ 3
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4.7 Fluid Convection Affects IL-8-mediated PMN Activation
Within the Tumor Microenvironment

To investigate how the fluid convection affects IL-8 signaling by melanoma cells,
which in turn affects the expression of LFA-1 and Mac-1 on PMNs and modifies
tumor cell adhesion to the EC, Comsol Multiphysics was used to simulate the
convection and diffusion of IL-8 from a moving cell under flow conditions
(Fig. 10). To simulate the system, a tumor cell was assumed to be in the free
stream in the near-wall region and its velocity was derived based on the shear flow
condition, using Eq. 3. A PMN was assumed to roll on the EC at the experi-
mentally derived average rolling velocity for the shear condition. The local IL-8
concentration near a rolling PMN and the time at which the PMN is activated by
the transported IL-8 were derived to determine the extent of LFA-1 and Mac-1
activation.

Results indicate that altering the shear rate affects the IL-8 concentration near a
rolling PMN at different time points (Fig. 11). When the shear rate was constant at
62.5 s-1, the IL-8 concentration near a rolling PMN and the stimulation time
remained constant under various shear stresses (Fig. 11a). In contrast, when the
shear stress was constant at 2 dyn/cm2 and shear rate increased from 62.5 to
200 s-1, it took less time to activate the PMNs under a higher shear rate
(Fig. 11b). These data suggest that the fluid convection affects the local concen-
tration of IL-8 near a downstream PMN as well as the time needed to activate the
PMN, which is important in up-regulating the expression of LFA-1 and Mac-1.

The changes of LFA-1 and Mac-1 site densities on a rolling PMN upon stim-
ulation from IL-8 secreted by a tumor cell in a shear flow were then calculated
based on the flow cytometry measurements on LFA-1/Mac-1 expressions on

Fig. 10 A parallel plate is 2 cm in length and 127 lm in height. IL-8 was assumed to be
constitutively secreted from a moving tumor cell and evenly distributed on cell surface. The
concentration of IL-8 secreted by one tumor cell was determined by ELISA as described in
Sect. 2. The tumor cell was assumed to travel in a shear flow near the EC substrate; while a PMN
was assumed to be rolling on the EC in the downstream. Simulation started when a tumor cell and
a PMN were 1 cm apart. The concentration of IL-8 secreted by the moving tumor cell near the
rolling PMN was derived by using Comsol Multiphysics simulation under various shear flow
conditions
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PMNs stimulated by dose-dependent IL-8 (Fig. 12). Results indicate that at a
constant shear rate, 62.5 s-1, varying the shear stress does not alter the expressions
of LFA-1 and Mac-1 on PMNs. However, at a constant shear stress, 2 dyn/cm2,
LFA-1 and Mac-1 expressions on PMNs were reduced when shear rate is
increased.
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Fig. 11 The concentration of IL-8 near PMN and the time it activates PMN under different shear
flow conditions. Comsol Multiphysics was used to simulate the diffusion of IL-8 as described in
Sect. 2, and then the concentration of IL-8 near the PMN was derived. The activation time of IL-8
on the PMN was determined by the duration melanoma cell used to reach the PMN. a IL-8
concentration near a rolling PMN and the time it activated the PMN was about the same under
same shear rate but different shear stresses, b the higher shear rate let tumor cell travel faster
towards PMN, resulting in shorter period of stimulation on PMN under same shear stress but
different shear rates
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Fig. 12 LFA-1 and Mac-1 expressions upon activation of IL-8 from tumor cell under different
shear flow conditions. LFA-1 and Mac-1 site densities on the PMN under various shear
conditions were derived using the site density expression data [51] and the simulation data shown
in Fig. 11. a Mac-1 expression, b LFA-1 expression. At the same shear rate, LFA-1 and Mac-1
expressions on PMN did not have much difference although the shear stresses were different. In
contrast, when the shear stress is the same, the increase of shear rates reduced LFA-1 and Mac-1
expressions
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4.8 Melanoma–PMN Binding Association Rate is Affected
by the Shear Rate

To quantify the increase in binding potential when a PMN is stimulated by IL-8
secreted from a melanoma cell, the association rate governing the binding of the
cells was calculated. The likelihood of binding between the two cells is determined
by the number and availability of adhesion molecules on both cells, as well as the
intrinsic binding properties of the molecules. Equation 6 was used to calculate the
association rate for an LFA-1 and a Mac-1 molecule binding with an ICAM-1
molecule when a melanoma cell is 1 lm from a rolling PMN under various shear
conditions. The surface densities of LFA-1 and Mac-1 molecules on a PMN
stimulated by melanoma cell-derived IL-8 (Fig. 12) were used for nL (Eq. 6).
A constant separation distance and contact area were assumed for the six shear
flow conditions.

The association rates indicate that the likelihood of an LFA-1/ICAM-1 bond
forming between a melanoma cell and PMN is almost doubled when the shear rate
is decreased from 200 to 62.5 s-1 and the shear stress is considered constant
(Fig. 13). For Mac-1/ICAM-1 binding, the likelihood increases by more than twice
when the shear rate is decreased. When the shear rate remains constant, however,
and the shear stress is increased, the binding potential for both molecules remains
constant [51].
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Fig. 13 Association-rate for LFA-1 and Mac-1 binding to ICAM-1 upon stimulation from IL-8
under different shear flow conditions. Association-rates for LFA-1 and Mac-1 binding to ICAM-1
when the molecules are up-regulated due to IL-8 stimulation from an upstream melanoma cell.
a LFA-1/ICAM-1 binding association-rate, b Mac-1/ICAM-1 binding association-rate. Both the
LFA-1/ICAM-1 and Mac-1/ICAM-1 association-rates are dependent on the shear rate and not the
shear stress of the flow
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4.9 Bond Force Between Melanoma Cell and PMN
Under Different Shear Conditions

The dissociation of b2 integrin bonds with ICAM-1 is governed by the force
applied to them. In order to compare the effect the shear rate and shear stress
have on the bond dissociation, a single bond was examined under various
flow conditions. A numerical model was used to simulate a melanoma cell
and a stationary PMN to determine the peak force applied to the melanoma
cell due to a single bond between the cells under various shear conditions
[34, 51]. In all simulations, the melanoma cell was initially located above and
slightly downstream of the stationary PMN (Fig. 14) and then was allowed to
move freely at its steady state velocity for each flow condition. The mela-
noma cell was acted upon by the fluid, bond, and repulsion forces until a
maximum bond force was reached. Although adhesion between a melanoma
cell and a PMN may be mediated by more than a single bond, the trend in
bond dissociation over various flow conditions is expected to be similar for
all bonds.

Results indicate that increasing the shear rate from 62.5 to 200 s-1, while
maintaining a constant shear stress, increased the maximum bond force by
approximately 11%, but increased the rate at which it was reached by almost
four times (Fig. 15). Increasing the shear stress from 0.625 to 2 dyn/cm2,
while keeping a constant shear rate, increased the maximum bond force by
almost twice, and decreased the rate which it was reached by almost five
times. Together, these results suggest that the dissociation of bonds between
the melanoma cell and PMN is governed by both the shear stress and the
shear rate.

Fig. 14 Melanoma cell
bound to a stationary PMN
via a single bond. Initial
configuration of the cells,
with a line between them to
represent the location of the
bond
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4.10 Melanoma Interactions with the Endothelial Cells

Melanoma cells induce VE-cadherin junction disassembly through tumor-secreted
soluble proteins and endothelial VCAM-1 receptor-mediated events. Fluorescence
imaging of HUVECs stained for VE-cadherin showed disruption of VE-cadherin
junctions when co-cultured with A2058 melanoma cells over time (Fig. 16).
Compared to intact VE-cadherin junctions in the case of HUVECs cultured in
control medium (Fig. 16a), the breakdown of VE-cadherin was evident through
the discontinuity of the green fluorescent line labeling the VE-cadherin junctions
(gaps at 45 min are shown in Fig. 16b). The corresponding bright field images
(Fig. 16c) show that the A2058 melanoma cells were located within the sites of
gap formation. These results show that highly metastatic melanoma cells induce
breakdown of VE-cadherin junctions.

Disruption of VE-cadherin was identified from analysis of discontinuity of
green fluorescence at VE-cadherin junctions between HUVECs. Gap area within
disrupted VE-cadherin junctions was determined from six images (see asterisks in
Fig. 16b as an example). Gap area was quantified as the ratio of pixels within all
the gaps and the total number of pixels in one image [39]. The average% endo-
thelial gaps was calculated from six images and plotted as a function of time
(Fig. 16d).

To determine if VE-cadherin disassembly was primarily mediated by soluble
factor or receptor/ligand binding signals, HUVECs were brought in contact with
tumor conditioned medium (TCM) or melanoma cells with increasing metastatic
potential for 45 min. Melanoma cells with increased metastatic potential, or TCM

Fig. 15 Force on a melanoma cell due to a single bond with a stationary PMN under various
shear conditions. Melanoma cell motion was simulated numerically due to the action of a single
bond with a PMN. a Under the same shear rate, at higher shear stress (due to higher viscosity), the
bond force peaks slower, but at a greater force than at lower shear stress, b Under the same shear
stress, at a higher shear rate, the bond force reaches a maximum faster and at a greater force than
at lower shear rates. These results indicate the maximum force applied to the melanoma cell due
to the bond and the time it takes to reach it is dependent on both shear rate and shear stress
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from those cells showed a significant increase in ability to induce gap formation,
indicating an increase in VE-cadherin disassembly (Fig. 16d). Also, HUVECs
stimulated with anti-VCAM-1 showed a significant increase in gap formation
(Fig. 16d) similar to that seen in the presence of TCM. However neither anti-
VCAM-1 nor TCM induced the same degree of endothelial gaps as A2058 cells in
co-culture with HUVECs (Fig. 16d).

Since both anti-VCAM-1 and TCM induced a gradual increase in the per-
centage endothelial gap formation over time (Fig. 16e), Khanna et al. [39] further
found that VCAM-1 induces a transient VE-cadherin disassembly, while soluble
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Fig. 16 Melanoma cells induce VE-cadherin disassembly. Bars 5 lm (a–h). a VE-cadherin
junctions in HUVECs without A2058 melanoma cells. HUVECs were fixed, permeabilized, and
stained with anti-VE-cadherin mAb followed by Alexa 488. Representative fields were examined
and show intact VE-cadherin junctions indicated by intact green fluorescent borders. b Disruption
of VE-cadherin junctions after HUVECs were in direct contact with A2058 tumor cells for either
10, 45, or 90 min (45 min is shown) using FITC. c The same field of view captured under bright
field, shows tumor cells in regions coinciding with gap formation. Asterisks show disruption of
VE-cadherin homodimers. d HUVECs co-cultured with TCM or anti-VCAM-1 significantly
increase % gap formation compared to HUVECs alone, but less gap formation than A2058 cells
co-cultured with HUVECs. P values are comparing % endothelial gap of HUVEC ? TCM and
HUVEC ? anti-VCAM-1 with % endothelial gap of HUVEC alone and HUVEC ? A2058 cells
(*P \ 0.05). For all experiments, values are mean ± SD. e The % endothelial gaps as a function
of time are plotted. Experiments show the % endothelial gaps over time when A2058 TCM, anti-
VCAM-1, or A2058 cells are co-cultured with HUVECs over 10, 45, or 90 min
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proteins show a prolonged effect thus enlarging existing gaps to allow the passage
of melanoma cells, where the number of gaps after 90 min.

4.11 Secretion of IL-8 and IL-1b by Melanoma
Regulates VE-cadherin Junction Disassembly

Cytokines present within TCM secreted by melanoma cells over 24 h were
analyzed using a Raybiotech cytokine blot. We found that several cytokines were
secreted by melanoma cell types at high concentrations including IL-8, IL-6, IL-
1b, and GRO-a [39]. These cytokines were further quantified using ELISA.
Clearly, highly metastatic melanoma cells (e.g., 1205Lu) produce higher con-
centrations of these soluble cytokines compared with those of lesser metastatic
potential (e.g., WM35). Stimulating HUVECs with recombinant forms of indi-
vidual cytokines (at the same concentrations as that in A2058 TCM) showed little
increase in the percentage of gap area (Fig. 17a). Combining cytokines in TCM,
specifically IL-8 and IL-1b only had additive effects on VE-cadherin disassembly
rather than being synergistic (Fig. 17b, c).

Since concentrations of cytokines in TCM are simply the bulk concentrations,
HUVECs in direct contact with melanoma cells may sense much higher local
concentrations of cytokines within the cell–cell contact region than that found in
TCM. We therefore specifically addressed whether IL-8 or IL-1b is involved in
this response by neutralizing these cytokines secreted from melanoma cells that
are in contact with HUVECs. Neutralization of either IL-8 or IL-1b decreased VE-
cadherin disassembly; however, the endothelial gaps were still comparable to that
induced by anti-VCAM-1 and there are still more gaps compared to HUVECs
alone (Fig. 17d). However, simultaneous neutralization of IL-8 and IL-1b reduced
the breakdown of VE-cadherin junctions (Fig. 17e). These results show the
importance of these cytokines in melanoma induced VE-cadherin disassembly in
the presence of VCAM-1 interactions. Furthermore, using neutralization anti-
bodies we confirmed that IL-8 and IL-1b both play significant roles in the
breakdown of VE-cadherin junctions.

Recent studies by Khanna et al. [39] has further found that melanoma sig-
nals via TCM soluble proteins and VCAM-1-mediated receptor induce phos-
phorylation of p38 MAP kinase that regulates VE-cadherin disassembly. The
functional role of p38 in endothelial cells during melanoma extravasation has
also been examined using small interfering RNA (siRNA) approaches. siRNA
mediated knockdown of p38 (and thus p-p38) in HUVECs was confirmed using
western blotting. When p38 expression was knocked down, melanoma
extravasation through the endothelial barrier (after 4 h) decreased to nearly
40% compared to the control [39]. These results show that p38 is not only
important in the regulation of VE-cadherin junctions, but also in overall tumor
extravasation.
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4.12 Transient Melanoma Cells in Lungs Secrete IL-8
to Attract PMNs Thereby Promoting Retention in vivo

To demonstrate that transient metastatic melanoma cells in lungs secrete IL-8,
which recruited PMNs resulting in cellular interactions promoting melanoma cell
retention, GFP-tagged 1205Lu human melanoma cells nucleofected with siRNA
targeting IL-8 were injected into the lateral tail vein of nude mice. One hour later
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Fig. 17 a–c IL-8 and IL-1b have additive rather than synergistic effects on VE-cadherin
disassembly: a the indicated cytokines induced VE-cadherin disassembly. P values are comparing
% gap induced by cytokines with % gap of HUVEC alone (*P \ 0.05). b Stimulation of
HUVECs with recombinant combined forms of IL-8/IL-1b or IL-6/IL-1b induced additive effects
on endothelial gap formation compared with individual forms. Concentrations of cytokines were
based on TCM concentrations measured using ELISA [39]. P values (*P \ 0.05) compare % gap
area of combinations of cytokines with % gap of HUVEC ? IL-8, HUVEC ? IL-6,
HUVEC ? IL-1b. c Combinations of cytokines induced significantly less gap formation than
TCM alone. P values are comparing % gap area of TCM with % gap of HUVEC ? IL-8/IL-1b,
HUVEC ? IL-6/IL-1b. d–e Anti-VCAM-1 and neutralization of both IL-8 and IL-1b dramat-
ically reduces the breakdown of VE-cadherin: d HUVECs were contacted with A2058
cells ? anti-IL-8, A2058 cells ? anti-IL-1b, or A2058 cells ? anti-IL-8 ? anti-IL-1b. P values
are comparing each experimental condition with % endothelial gap areas during HUVEC alone
(*P \ 0.05). e Using the same controls as in panel d, data was graphed to make comparisons
between the effects of neutralizing individual and pairs of cytokines. HUVECs were contacted
with either A2058 cells, A2058 cells ? anti-VCAM-1, A2058 cells ? anti-IL-8, A2058
cells ? anti-IL-1b, or A2058 cells ? anti-IL-8 ? anti-IL-1b. Neutralization of both IL-8 and
IL-1b dramatically decreased % endothelial gaps compared to HUVECs stimulated with anti-
VCAM-1 or anti-IL-8 and anti-IL-1b alone. P values are comparing each experimental condition
with % endothelial gap areas for HUVEC ? anti-VCAM-1, HUVEC ? A2058 cells ? anti-IL-
8, and HUVEC ? A2058 cells ? anti-IL-1b (*P \ 0.05). Values for graphs are mean ± SD
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human CellTracker Orange CMTMR stained human PMNs were injected in the
opposite tail vein. Twenty-four hours later, co-localized green melanoma cells and
red PMNs were photographed and quantified (Fig. 18).

Decreasing IL-8 expression in melanoma cells (cases in siIL-8#1 and siIL-8#2)
reduced co-localization with PMNs by *60% compared to buffer and scrambled
siRNA controls (Fig. 19). Thus, transient melanoma cells secrete IL-8 to attract
PMNs, which then interact with the melanoma cells promoting shear-resistant
tethering retention within the lung circulation to enhance the possibility of
extravasation under flow conditions and subsequent metastasis development.

4.13 Decreasing Secreted IL-8 from Metastatic Melanoma Cells
Reduced in vivo Lung Metastasis Development

While decreasing IL-8 secreted from melanoma cells led to less interaction with
PMNs and retention of fewer cells in lungs, it was uncertain whether retained cells

Fig. 18 Decreasing IL-8 secretion from melanoma cells reduced interaction with exogenously
added human PMNs in lungs. Co-localized PMNs (red; arrow heads) and melanoma cells (green;
arrows) were more abundant in controls compared to melanoma cells having reduced IL-8
secretion (siIL-8#1&2; 1009)

Fig. 19 Decreased IL-8 secretion from melanoma cells, reduced human PMN co-localization
with melanoma cells in the lungs of nude mice. All data are mean ± SEM, representing at least 2
independent experiments
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would develop into more lung metastases. Therefore, siRNA was used to decrease
IL-8 protein levels in GFP-tagged 1205Lu cells that were injected into the tail vein
of nude mice with only the endogenous mouse PMNs present. Total number of
metastatic nodules in the lungs was quantified by fluorescence microscopy 18 days
later. Reducing IL-8 expression in and secretion from melanoma cells, decreased
number of metastases by 50–60% for 1205Lu (Fig. 20a). Similar results were
observed for C8161.Cl9 cells (data not shown).

To show that PMNs in the mouse bloodstream directly interact with transient
IL-8 secreting melanoma cells, GFP-tagged 1205Lu cells having endogenous or
reduced IL-8 expression were injected into the lateral tail vein of a nude mouse.
One hour later, human CellTracker Orange CMTMR stained human PMNs were
injected in the opposite tail vein. Total number of metastatic nodules in the lungs
was quantified by fluorescence microscopy 18 days later. Addition of human
PMNs doubled the number of metastases developing in the lungs of mice com-
pared to that observed with just endogenous mouse PMNs and siRNA-mediated
targeting of IL-8 reduced interaction to that observed in control cells (Fig. 20b;
scale set to that in Fig. 20a). Thus, decreasing IL-8 levels secreted by melanoma
cells reduced interaction with PMNs, which led to the development of fewer lung
metastases.

Fig. 20 Decreasing IL-8 expression in melanoma cells reduced lung metastases formation.
SiRNA-mediated targeting of IL-8 in melanoma cells, decreased development of GFP-tagged
1205Lu lung metastasis development in the presence of a endogenous mouse PMNs; and
b exogenous human PMNs. Human PMNs doubled rate at which melanoma lung metastases
developed. Decreasing IL-8 secretion from melanoma cells reduced lung metastasis formation to
control levels. All data are mean ± SEM, representing at least 2 independent experiments
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5 Discussions

It is well reported in the literature that tumor cells do not use the same processes
that have been described for leukocyte adhesion and migration through an endo-
thelial barrier. While not true of all tumor cells, melanoma cells characterized as
highly metastatic, express neither ligands for endothelial selectin molecules nor b2

integrins at a level necessary to maintain shear-resistant adhesion to endothelial
ICAM-1. It has been suggested that initial microvascular arrest of metastasizing
tumor cells (from cell lines of six different histological origins) does not occur
‘‘leukocyte-like rolling’’ adhesive interaction with the EC [92].

Recent study showed under dynamic flow conditions, PMNs could influence
melanoma cell adhesion to the EC by binding to ICAM-1 on both melanoma and
ECs with their b2 integrins thereby enhancing subsequent melanoma cell migration
through the EC (Figs. 2, 5). The difference between the melanoma cell migration
and the PMN tethering results under hydrodynamic forces supports the theory that
PMNs facilitate TC migration. If melanoma cells used the traditional extravasation
mechanism of binding to the EC itself, the response to shear would have been
expected to be similar to that seen in single cell tethering (Fig. 4a). However, this
is not the case. The results indicate two separate bonds are necessary for melanoma
cell migration (Figs. 1a, 2) and the interesting shear-rate dependence becomes
apparent (Figs. 3, 4c). The migration experiments examine adhesion of TCs to
PMNs after PMNs have already adhered to the EC, whereas the tethering results
more specifically focus on PMN to EC adhesion. The migration data shows TC to
PMN adhesion is shear-rate dependant and parallel-plate flow chamber data of
PMN to TC aggregation shows a similar trend (Fig. 4b). PMN tethering interac-
tions, mediated by selectins, are a prerequisite for subsequent adherence, mediated
by b2 integrins on PMNs binding to ICAM-1 on the EC. Shear rate is inversely
proportional to intercellular contact time. By decreasing shear rates, PMNs are in
contact with the EC longer, which allows firm binding to occur. The same
mechanism may be at play between PMNs and melanoma cells; a lower shear rate
may increase the time the cells are in contact, therefore allowing more heterotypic
binding and consequently more extravasation.

Jadhav and Konstantopoulos [38] have shown that ICAM-1-expressing colon
carcinoma cells (HCT-8) bind to PMN under shear as a function of both contact
duration and shear stress whereas sLex-expressing carcinoma cells (LS174T) bind
to PMN as a function of only contact duration. Their experimental setup was a
cone-plate viscometer where two cell types (PMN and TC) were allowed to collide
and aggregate under a shear in a free suspension. Similar recent work by Liang
et al. [49, 54] had shown shear-rate dependent PMN–melanoma binding under the
flow using the cone-plate shear assay. In contrast, the data presented here is from a
three-cell system (Fig. 1; PMN, TC and EC) where two separate binding events
must occur near a planar surface. Cone-plate shear results on heterotypic cell–cell
binding provided excellent insight into the kinetics of PMN–TC aggregation, but
might not be expected to explain the results of PMN–TC aggregation mediated
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melanoma cell adhesion to and migration through the EC presented here, due to
the binding of PMN on the EC in addition to PMN–melanoma aggregation.

IL-8 plays a crucial role in regulating cell function for host defense and
natural immunity [91]. IL-8 is released by various cell types, including PMNs,
monocytes, T lymphocytes and ECs, upon exposure to inflammatory stimuli,
such as TNF-a, IL-1 and LPS [7, 59]. IL-8, in particular, is a major mediator
of PMN activation and migration. IL-8 has been previously shown to activate
Mac-1 up-regulation in PMNs which facilitates melanoma cell migration
under flow conditions [86]. Consistent with this observation, we have also
found that IL-8 neutralization leads to a reduction in melanoma transmigra-
tion (Fig. 8).

Melanoma cells have been reported to express IL-8 and this influences their
oncogenic properties [71], including their metastatic abilities. In the current study
[74], we have shown that IL-8 is constitutively produced by melanoma cells
regardless of their metastatic potentials (Fig. 7). Furthermore, PMNs do not
influence IL-8 expression in melanoma cells. However, tumor metastatic potentials
were directly related to the ability of the melanoma cells to induce IL-8 production
in PMNs (Fig. 7). IL-8 has been shown to induce Mac-1 expression in PMNs;
therefore, melanoma cells with high metastatic potentials (1205Lu, WM9 and
C8161) directly alter the microenvironment by modifying PMN function and
expression of chemokines and integrins to promote extravasation through b2

integrin-ICAM-1 bindings under flow conditions, while there is no significant
effect under static conditions.

PMN-generated CXC chemokines can act through autocrine or paracrine
mechanisms to amplify PMN inflammatory activities via suppression of apoptosis
[28]. In the study, paracrine mechanisms are operative since melanoma-derived
IL-8 is required for induction of IL-8 in PMNs (Fig. 8). IL-8 binds with high
affinity to two distinct receptors, CXCR1 and CXCR2. Blocking these two
receptors on PMNs significantly reduced IL-8 induction after PMN and melanoma
cells are co-cultured, but did not reduce the production of IL-8 to the summed
background level of the PMN and melanoma cells indicating that there are cyto-
kines other than IL-8, such as IL-1b and IL-6, which are responsible for the
increase of IL-8 secretion after co-culture (Fig. 9).

One important mode of intercellular communication in cancer hematogenous
metastasis occurs through the soluble chemokines released by involved cells,
which may be affected by hydrodynamic shear flow. Melanoma cells constitutively
secrete the inflammatory chemokine IL-8. When in a shear flow, this IL-8 is
transported and stimulates other cells in the flow. A numerical model was
employed to investigate the effects of the transported IL-8 on PMNs in a shear
flow [51]. Results show that shear rate, rather than shear stress, affects the IL-8
concentration near a rolling PMN at different time points (Fig. 11). Thus, the
surface density of LFA-1 and Mac-1 on the stimulated PMN is also shear rate
dependent (Fig. 12). The binding potential of IL-8 stimulated PMNs (mediated by
both LFA-1/ICAM-1 and Mac-1/ICAM-1 binding) followed the same shear rate
dependent trend, which implies the transport of IL-8 to a rolling PMN contributes
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to the shear rate dependence of melanoma cell adhesion to the EC in the presence
of PMNs in a hydrodynamic shear flow.

The dissociation of melanoma cells from PMNs is determined by the force
applied to the intercellular bonds. In the numerical simulations presented, the force
applied to a single bond between the cells was modeled in order to directly
compare the results under various flow conditions. Though cell adhesion is
expected to be mediated by more than one bond, the trend of bond dissociation is
expected to be similar to the trend seen in the single bond situation. Thus, we can
make a general conclusion on the trend in bond dissociation between the cells
based on the numerical simulations. Changing either the shear rate or the shear
stress altered the trend of the force applied to the melanoma cell by a single bond.
This suggests that the dissociation of the bonds between a melanoma cell and a
PMN is dependent on both the shear rate and shear stress. Since the melanoma
cell–PMN aggregation through b2 integrins and ICAM-1 is affected by shear rate,
but the dissociation of bonds between the cells is dependent on both the shear rate
and shear stress, it is probable that the formation of bonds between the two cells
plays a more important role in determining the aggregation potential than the bond
dissociation (Fig. 15).

The interaction of TCs with ECs is a key step in facilitating melanoma
metastasis. However, research on drug therapies to treat such cancers has focused
on single cell studies without considering the effects of tumor interactions with
normal cell physiology. In several studies A2058 melanoma cells were used to
study VE-cadherin disassembly since they are characterized by highly invasive
capabilities and secrete high levels of soluble proteins, including growth factors
and moderate levels of IL-8, IL-6, IL-1b, and GRO-a, and serve as an ideal system
in studying metastasis [55, 74, 93]. Melanoma cells induce an increase in endo-
thelial gap formation with increasing tumor cell concentration. In addition, mel-
anoma cells with higher metastatic capabilities induce larger sized gap areas that
increase over time corresponding to a higher degree of VE-cadherin disassembly.
Khanna et al. [39] showed that anti-VCAM-1 initially induces the breakdown of
VE-cadherin gap formation, with an increase in the number of gaps with a size of
100,000 pixels or greater after 10 min (Fig. 16). However, after 45 and 90 min,
there is a decrease in the number of larger gaps ([100,000 pixels), which shows
that the gaps formed by anti-VCAM-1 are closing after 10 min. On the other hand,
the release of soluble cytokines including IL-8 and IL-1b prolong the time over
which gaps remain open, which correlates with greater VE-cadherin disassembly
(Fig. 16). This phenomenon is shown by the gradual increase in the number of
large gaps (size of 100,000 pixels or greater) over 90 min. The changes in the
number of gaps correlate with phosphorylation of p38 MAP kinase where greater
phosphorylation levels of p38 correlate with an increase in the number of
gaps [39].

In vivo studies have illustrated that VE-cadherin junction breakdown is an
important event during melanoma metastasis [24]. These results show that the
injection of nude mice with BV13 (anti-VE-cadherin antibody, which induces
VE-cadherin disassembly) results in a four-fold increase in tumor metastasis and
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an increase in overall permeability of the endothelial layer. While these studies
have focused on the in vivo aspects of VE-cadherin roles, our present in vitro
studies provide the evidence that shows the importance of soluble cytokines
released from melanoma in regulating VE-cadherin junctions. In particular, we
found IL-8 and IL-1b play a prominent role in soluble factor mediated breakdown
of VE-cadherin junctions (Fig. 17). These results are consistent with previous in
vivo studies that show that CXCR22/2 nude mice injected with melanoma cells
result in a decrease in melanoma metastasis [85]. In addition, soluble proteins
alone are capable of facilitating the breakdown of these junctions showing that
melanoma metastasis is not primarily mediated by adhesion events, but rather that
both VCAM-1 and soluble proteins control the temporal disassembly of VE-
cadherin.

IL-8, involved in which was originally identified as a PMN chemoattractant
[71], is one of the potent inflammatory cytokines influencing melanoma devel-
opment [2, 9, 83, 84]. However, the role that IL-8 plays mediating PMNs–mela-
noma interactions within the circulation and thereby promoting in vivo
extravasation and subsequent metastasis development has remained uncertain until
now.

Recent studies by Huh et al. [36] reported that targeting intracellular IL-8 in
melanoma cells using siRNA reduces concentrations of secreted IL-8 in the
extracellular microenvironment involving PMNs, which further decreases PMN–
melanoma cell aggregations in vivo (Figs. 18, 19) as well as melanoma adhesion
to the EC under the dynamic conditions of blood flow. PMN-mediated extrava-
sation of melanoma cells was significantly reduced under flow conditions fol-
lowing inhibition of intracellular IL-8 from melanomas, which is an agreement
with prior reports in using neutralizing soluble IL-8 directly within the circulation
[21]. Mechanistically, decreasing secreted IL-8 from melanomas disrupted inter-
actions between ICAM-1 expressed on melanoma cells and b2 integrins, especially
Mac-1 on PMNs, which reduced tethering of cells to the lung endothelium under
flow conditions. Previous studies have shown that IL-8 secretion from melanoma
cells induced endogenous IL-8 production from PMNs after co-culture of PMNs
and melanoma cells [74], which was also observed in this study. Thus, tumor-
recruited PMNs can play an important role modulating metastasis by holding
transient melanoma cell in place within the circulation in the lungs for a sufficient
period of time to facilitate extravasation across the endothelial lining to promote
development of in vivo metastases (Fig. 20). While the importance of PMN-
mediated melanoma extravasation in lung tissue is demonstrated in this report, it is
speculated that this process also promotes metastasis in other organs. It is also
possible that PMNs hold melanoma cells in place in the capillaries until the cells
grow into a secondary tumor, which is a possibility that has not been explored in
this study.

In summary, secreted IL-8 from metastatic melanoma cells do not seem to
affect cellular growth or tumor development but attracted PMNs to melanoma
cells. Up-regulated b2 integrin expression on PMNs facilitates interaction with
melanoma cells, which promoted shear-resistant binding between ICAM-1
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expressing melanoma cells and PMNs to the EC, thereby promoting melanoma
extravasation and subsequent lung metastasis development. Thus, IL-8 plays an
important role in PMN-mediated melanoma cell retention in the lungs and if
targeted, could have significant therapeutic potential to reduce metastasis
development.

Acknowledgment The author thanks his former and current graduate students for their out-
standing contributions to the work presented in this chapter, especially Dr. Margret Slattery,
Dr. Shile Liang, Dr. Hsin H. Peng, Dr. Meghan Hoskins, Ms. Payal Khanna and Ms. Tara
Yunkunis. He greatly acknowledges Dr. Gavin Robertson, Dr. Arati Sharma, Dr. Avery August,
and Dr. Robert Kunz (all from Penn State University), who have contributed significant
collaboration to the work. Gratitude also extends to Dr. Meenhard Herlyn (Wistar Institute,
Philadelphia, PA, USA), Dr. Danny Welch (University of Alabama, Birmingham), and Dr. Scott
Simon (UC Davis, CA, USA) for kindly providing cell lines and reagents. This work was
supported in part by the National Institutes of Health grants CA97306 and CA-125707, the
National Science Foundation grant CBET-0729091, the Johnson & Johnson Innovative
Technology, and the PA Dept. of Health Research Fund SAP #41000-26343.

References

1. Alon, R., Chen, S.Q., Puri, K.D., Finger, E.B., Springer, T.A.: The kinetics of L-selectin
tethers and the mechanics of selectin-mediated Rolling. J. Cell Biol. 138, 1169–1180 (1997)

2. Bar-Eli, M.: Role of interleukin-8 in tumor growth and metastasis of human melanoma.
Pathobiology 67, 12–18 (1999)

3. Bell, G.I.: Models for the specific adhesion of cells to cells. Science 200, 618–627 (1978)
4. Burdick, M.M., McCarty, O.J.T., Jadhav, S., Konstantopoulos, K.: Cell–cell interactions in

inflammation and cancer metastasis. IEEE Eng. Med. Biol. Mag. 20, 86–89 (2001)
5. Cao, J., Donell, B., Deaver, D.R., Lawrence, M.B., Dong, C.: In vitro side-view imaging

technique and analysis of human T-leukemic cell adhesion to ICAM-1 in shear flow.
Microvasc. Res. 55, 124–137 (1998)

6. Cassatella, M.A.: The production of cytokines by polymorphonuclear neutrophils. Immunol.
Today 16, 21–6 (1995)

7. Cassatella, M.A.: Neutrophil-derived proteins: selling cytokines by the pound, Adv.
Immunol. 73, 369–509 (1999)

8. Chambers, A.F., MacDonald, I.C., Schmidt, E.E., Morris, V.L., Groom, A.C.: Clinical
targets for anti-metastasis therapy. Adv. Cancer Res. 79, 91–121 (2000)

9. Crawford, S., Belajic, D., Wei, J., Riley, J.P., Dunford, P.J., Bembenek, S., Fourie, A.,
Edwards, J.P., Karlsson, L., Brunmark, A.: A novel B-RAF inhibitor blocks interleukin-8
(IL-8) synthesis in human melanoma xenografts, revealing IL-8 as a potential
pharmacodynamic biomarker. Mol. Cancer. Ther. 7, 492–499 (2008)

10. Crissman, J.D., Hatfield, J., Schaldenbrand, M., Sloane, B.F., Honn, K.V.: Arrest and
extravasation of B16 amelanotic melanoma in murine lungs: a light and EM study. Lab
Invest 53, 470–478 (1985)

11. Dejana, E., Corada, M., Lampugnani, M.G.: Endothelial cell-to-cell junctions, FASEB J 9,
910–918 (1995)

12. Del Maschio, A., Zanetti, A., Corada, M., Rival, Y., Ruco, L., Lampugnani, M.G., Dejana,
E.: Polymorphonuclear leukocyte adhesion triggers the disorganization of endothelial cell-
to-cell adherens junctions. J. Cell. Biol. 135, 497–510 (1996)

13. Dembo, M., Torney, D.C., Saxaman, K., Hammer, D.: The reaction-limited kinetics of
membrane-to surface adhesion and detachment. Proc. R. Soc. Lond. 234, 55–83 (1988)

516 C. Dong



14. Dong, C., Aznavoorian, S., Liotta, L.A.: Two phases of pseudopod protrusion in tumor cells
revealed by a micropipette. Microvasc. Res.47, 55–67 (1994)

15. Dong, C., Cao, J., Struble, E., Lipowsky, H.H.: Mechanics of leukocyte deformation and
adhesion to endothelium in shear flow. Ann. Biomed. Eng.27, 298–312 (1999)

16. Dong, C., Lei, X.: Biomechanics of cell rolling: Shear flow, cell-surface adhesion, and cell
deformability. J. Biomechanics 33, 35–43 (2000)

17. Dong, C., Robertson, G.P.: Immunoediting of leukocyte functions within the tumor
microenvironment and cancer metastasis development. Biorheology 46, 265–279 (2009)

18. Dong, C., Skalak, R.: Leukocyte deformability: finite element modeling of large viscoelastic
deformation. J. Theor. Biol. 158, 173–193 (1992)

19. Dong, C., Skalak, R., Sung, K.L.P., Schmid-Schonbein, G.W., Chien, S.: Passive
deformation analysis of human leukocytes. J. Biol. Eng. 110, 27–36 (1988)

20. Dong, C., Skalak, R., Sung, K.L.P.: Cytoplasmic rheology of passive neutrophils.
Biorheology 28, 557–567 (1991)

21. Dong, C., Slattery, M.J., Liang, S., Peng, H.H.: Melanoma cell extravasation under flow
conditions is modulated by leukocytes and endogenously produced interleukin 8. Mol. Cell.
Biomech. 2, 145–159 (2005)

22. Dong, C., Slattery, M.J., Rank, B.M., You, J.: In vitro characterization and micromechanics
of tumor cell chemotactic protrusion, locomotion, and extravasation. Ann Biomed Eng 30,
344–355 (2002)

23. Drury, J.L., Dembo, M.: Aspiration of human neutrophils: effects of shear thinning and
cortical dissipation. Biophys. J. 81, 3166–3177 (2001)

24. Esser, S., Lampugnani, M.G., Corada, M., Dejana, E., Risau, W.: Vascular endothelial
growth factor induces VE-cadherin tyrosine phosphorylation in endothelial cells. J. Cell Sci.
111, 1853–1865 (1998)

25. Frederick, M.J., Clayman, G.L.: Chemokines in cancer. Expert Rev Mol Med. 200, 1–18
(2001)

26. Giavazzi, R., Foppolo, M., Dossi, R., Remuzzi, A.: Rolling and adhesion of human tumor
cells on vascular endothelium under physiological flow conditions. J. Clin. Invest. 92,
3038–3044 (1993)

27. Gopalan, P.K., Smith, C.W., Lu, H., Berg, E.L., McIntire, L.V., Simon, S.I.: Neutrophil
CD18-dependent arrest on intercellular adhesion molecule 1 (ICAM-1) in shear flow can be
activated through L-selectin. J. Immunol. 158, 367–375 (1997)

28. Grutkoski, P.S., Graeber, C.T., Ayala, A., Simms, H.H.: Paracrine suppression of apoptosis
by cytokine-stimulated neutrophils involves divergent regulation of NF-kappaB, Bcl-X(L),
and Bak, Shock 17, 47–54 (2002)

29. Hentzen, E.R., Neelamegham, S., Kansas, G.S., Benanti, J.A., McIntire, L.V., Smith, C.W.,
Simon, S.I.: Sequential binding of CD11a/CD18 and CD11b/CD18 defines newtuophil
capture and stable adhesion to intercellular adhesion molecule-1. Blood 95, 911–920 (2000)

30. Hodgson, L., Dong, C.: [Ca2+] as a potential down regulator of a2b1 integrin-mediated
A2058 tumor cell migration to type IV collagen. Am. J. Physiol. Cell Physiol. 281, C106–
C113 (2001)

31. Hodgson, L., Henderson, A.J., Dong, C.: Melanoma cell migration to type IV collagen
requires activation of NF-kappaB. Oncogene 22, 98–108 (2003)

32. Holmes, W.E., Lee, J., Kuang, W.J., Rice, G.C., Wood, W.I.: Structure and functional
expression of human interleukin-8 receptor. Science 253, 1278–1280 (1991)

33. Hoskins, M.H., Dong, C.: Kinetics analysis of binding between melanoma cells and
neutrophils. Mol. Cell Biomech. 3, 79–87 (2006)

34. Hoskins, M.H., Kunz, R.F., Bistline, J., Dong, C.: Coupled flow-structure-biochemistry
simulations of dynamic systems of blood cells using an adaptive surface tracking method.
J. Fluids Struct. 25, 936–953 (2009)

35. House, S., Lipowsky, H.: In vivo determination of the force of leukocyte-endothelium
adhesion in the mesenteric microvasculature of the cat. Circ. Res. 63, 658–668 (1988)

Adhesion and Signaling of Tumor Cells 517



36. Huh, S.J., Liang, S., Sharma, A., Dong, C., Robertson, G.P.: Transiently entrapped
circulating tumor cells interact with neutrophils to facilitate lung metastasis development.
Cancer Res. 70, 6071–6082 (2010)

37. Jadhav, S., Eggleton, C.D., Konstantopoulos, K.: A 3-D computational model predicts that
cell deformation affects selectin-mediated leukocyte rolling. Biophys. J. 88, 96–104 (2005)

38. Jadhav, S., Konstantopoulos, K.: Fluid shear- and time-dependent modulation of molecular
interactions between PMNs and colon carcinomas. Am. J. Physiol. Cell Physiol. 283,
C1133–C1143 (2002)

39. Khanna, P., Yunkunis, T., Muddana, H.S., Peng, H.H., August, A., Dong, C.: p38 MAP
kinase is necessary for melanoma-mediated regulation of VE-cadherin disassembly. Am.
J. Physiol. Cell Physiol. 298, C1140–C1150 (2010)

40. Khismatullin, D., Truskey, G.: Three-dimensional numerical simulation of receptor-
mediated leukocyte adhesion to surfaces: Effects of cell deformability and viscoelasticity.
Phys. Fluids. 17, 031505-1–21 (2005)

41. Konstantopoulos, K., Thomas, S.N.: Cancer cells in transit: the vascular interactions of
tumor cells. Annu. Rev. Biomed. Eng. 11, 177–202 (2009)

42. Kooijman, H.A.: A modification of the Stokes–Einstein equation for diffusivities in dilute
binary mixtures. Ind. Eng. Chem. Res. 41, 3326–3328 (2002)

43. Kramer, R.H., Nicolson, G.L.: Interactions of tumor cells with vascular endothelial cell
monolayers: a model for metastatic invasion. Proc. Natl. Acad. Sci. USA 76, 5704–5708 (1979)

44. Kunz, R.F., Yu, W.S., Antal, S.P., Ettorre, S.M.: An unstructured two-fluid method based on
the coupled phasic exchange algorithm. AIAA Paper # AIAA-2001-2672. In: AIAA
Computational Fluid Dynamics Conference, 15th, Anaheim, June 11–14, (2001)

45. Lampugnani, M.G., Corada, M., Caveda, L., Breviario, F., Ayalon, O., Geiger, B., Dejana,
E.: The molecular organization of endothelial cell to cell junctions: differential association
of plakoglobin, beta-catenin, and alpha-catenin with vascular endothelial cadherin (VE-
cadherin). J. Cell Biol. 129, 203–217 (1995)

46. Lei, X., Lawrence, M.B., Dong, C.: Influence of cell deformation on leukocyte rolling
adhesion in shear flow. J. Biomech. Eng. 121, 636–643 (1999)

47. Leyton-Mange, J., Sung, Y., Henty, M., Kunz, R.F., Zahn, J., Dong, C.: Design of a side-
view particle imaging velocimetry flow system for cell-substrate adhesion studies. J.
Biomech. Eng 128, 271–278 (2006)

48. Liang, S., Dong, C.: Integrin VLA-4 enhances sialyl-Lewisx/a-negative melanoma adhesion
to and extravasation through the endothelium under low flow conditions. Am. J. Physiol.
Cell. Physiol. 295, C701–707 (2008)

49. Liang, S., Fu, C., Wagner, D., Guo, H., Zhan, D., Dong, C., Long, M.: 2D kinetics of b2

integrin-ICAM-1 bindings between neutrophils and melanoma cells. Am. J. Physiol. 294,
C743–C753 (2008a)

50. Liang, S., Hoskins, M.H., Dong, C.: Tumor cell extravasation mediated by leukocyte
adhesion is shear rate-dependent on IL-8 signaling. Mol. Cell. Biomech. 7(2), 77–91 (2009)

51. Liang, S., Hoskins, M.H., Khanna, P., Kunz, R.F., Dong, C.: The tumor-leukocyte
microenvironment in a shear flow and how it affects melanoma–neutrophil adhesion to the
endothelium. Cell. Mol. Bioeng. 1, 189–200 (2008b)

52. Liang, S., Sharma, A., Peng, H.H., Robertson, G., Dong, C.: Targeting mutant (V600E) B-
Raf in melanoma interrupts immunoediting of leukocyte functions and melanoma
extravasation. Cancer Res 67, 5814–5820 (2007)

53. Liang, S., Slattery, M., Dong, C.: Shear stress and shear rate differentially affect the multi-
step process of leukocyte-facilitated melanoma adhesion. Exp. Cell Res. 310, 282–292
(2005)

54. Liang, S., Slattery, M.J., Wagner, D., Simon, S.I., Dong, C.: Hydrodynamic shear rate
regulates melanoma–leukocyte aggregation, melanoma adhesion to the endothelium, and
subsequent extravasation. Ann. Biomed. Eng. 36, 661–671 (2008c)

55. Liao, F., Doody, J.F., Overholser, J., Finnerty, B., Bassi, R., Wu, Y., Dejana, E., Kussie, P.,
Bohlen, P., Hicklin, D.J.: Selective targeting of angiogenic tumor vasculature by vascular

518 C. Dong



endothelial-cadherin antibody inhibits tumor growth without affecting vascular
permeability. Cancer Res. 62, 2567–2575 (2002)

56. Liotta, L.A.: Cancer cell invasion and metastasis. Sci. Am. 266, 54–63 (1992)
57. Lynam, E., Sklar, L.A., Taylor, A.D., Neelamegham, S., Edwards, B.S., Smith, C.W.,

Simon, S.I.: Beta2-integrins mediate stable adhesion in collisional interactions between
neutrophils and ICAM-1-expressing cells. J. Leukoc. Biol. 64, 622–630 (1998)

58. Ma, Y.P., Wang, J., Liang, S., Dong, C., Du, Q.: Application of population dynamics to
study heterotypic cell aggregations in the near-wall region of a shear flow. Cell. Mol.
Bioeng. 3(1), 3–19 (2010)

59. Marie, C., Roman-Roman, S., Rawadi, G.: Involvement of mitogen-activated protein kinase
pathways in interleukin-8 production by human monocytes and polymorphonuclear cells
stimulated with lipopolysaccharide or mycoplasma fermentans membrane lipoproteins.
Infect. Immun. 67, 688–693 (1999)

60. Miele, M.E., Bennett, C.F., Miller, B.E., Welch, D.R.: Enhanced metastatic ability of TNF-
treated maliganant melanoma cells is reduced by intercellular adhesion molecule-1 (ICAM-
1) antisense oligonucleotides. Exp. Cell Res. 214, 231–241 (1994)

61. Migliorini, C., Qian, Y.H., Chen, H.D., Brown, E.B., Jain, R.K., Munn, L.L.: Red blood
cells augment leukocyte rolling in a virtual blood vessel. Biophys. J. 83, 1834–1841 (2002)

62. Moghe, P.V., Nelson, R.D., Tranquillo, R.T.: Cytokine-stimulated chemotaxis of human
neutrophils in a 3-D conjoined fibrin gel assay. J. Immunol. Meth. 180, 193–211 (1995)

63. Muller, A., Homey, B., Soto, H., Ge, N., Catron, D., Buchanan, M.E., McClanahan, T.,
Murphy, E., Yuan, W., Wagner, S.N., Barrera, J.L., Mohar, A., Verastegui, E., Zlotnik, A.:
Involvement of chemokine receptors in breast cancer metastasis. Nature 410, 50–6 (2001)

64. Munn, L.L., Melder, R.J., Jain, R.K.: Analysis of cell flux in the parallel plate flow chamber:
implications for cell capture studies. Biophys. J. 67, 889–895 (1994)

65. Murphy, P.M., Tiffany, H.L.: Cloning of complementary DNA encoding a functional
human interleukin-8 receptor. Science 253, 1280–1283 (1991)

66. N’Dri, N.A., Shyy, W., Tran-Son-Tay, R.: Computational modeling of cell adhesion and
movement using a continuum-kinetics approach. Biophys. J. 85, 2273–2286 (2003)

67. ‘Neelamegham, S.: Transport features, reaction kinetics and receptor biomechanics controlling
selectin and integrin mediated cell adhesion. Cell Commun. Adhes. 1, 35–50 (2004)

68. Neelamegham, S., Taylor, A.D., Burns, A.R., Smith, C.W., Simon, S.I.: Hydrodynamic
shear shows distinct roles for LFA-1 and MAC-1 in neutrophil adhesion to intercellular
adhesion molecule-1. Blood 72, 1626–1638 (1998)

69. Nwariaku, F.E., Chang, J., Zhu, X., Liu, Z., Duffy, S.L., Halaihel, N.H., Terada, L.: Turnage
RH The role of p38 map kinase in tumor necrosis factor-induced redistribution of vascular
endothelial cadherin and increased endothelial permeability. Shock 1, 82–5 (2002)

70. Okamoto, M., Liu, W., Luo, Y., Tanaka, A., Cai, X., Norris, D.A., Dinarello, C.A., Fujita,
M.: Constitutively active inflammasome in human melanoma cells mediating
autoinflammation via caspase-1 processing and secretion of interleukin-1b. J. Biol. Chem.
285, 6477–6488 (2010)

71. Payne, A.S., Cornelius, L.A.: The role of chemokines in melanoma tumor growth and
metastasis. J. Invest. Dermatol. 118, 915–922 (2002)

72. Peng, H.H., Dong, C.: Systemic analysis of tumor cell-induced endothelial calcium
signaling and junction disassembly. Cell. Mol. Bioeng. 2(3), 375–385 (2009)

73. Peng, H.H., Hodgson, L., Henderson, A.J., Dong, C.: Involvement of phospholipase C
signaling in melanoma cell-induced endothelial junction disassembly. Frontiers Biosci. 10,
1597–1606 (2005)

74. Peng, H.H., Liang, S., Henderson, A.J., Dong, C.:Regulation of interleukin-8 expression in
melanoma-stimulated neutrophil inflammatory response. Exp. Cell Res. 313, 551–559
(2007)

75. Qi, J., Chen, N., Wang, J., Siu, C.H.: Transendothelial migration of melanoma cells involves
N-cadherin-mediated adhesion and activation of the beta-catenin signaling pathway. Mol.
Biol. Cell. 16, 4386–4397 (2005)

Adhesion and Signaling of Tumor Cells 519



76. Rinker, K.D., Prabhakar, V., Truskey, G.A.: Effect of contact time and force on monocyte
adhesion to vascular endothelium. Biophys. J. 80, 1722–1732 (2001)

77. Sandig, M., Voura, E.B., Kalnins, V.I., Siu, C.H.: Role of cadherins in the transendothelial
migration of melanoma cells in culture. Cell Motil Cytoskelet. 38, 351–64 (1997)

78. Schadendorf, D., Mohler, T., Haefele, J., Hunstein, W., Kelholz, U.: Serum interleuckin-8 is
elevated in patients with metastatic melanoma and correlates with tumor load. Melanoma
Res. 5, 179–181 (1995)

79. Scherbarth, S., Orr, F.W.: Intravital video microscopic evidence for regulation of metastasis
by the hepatic microvasculature: Effects of interleukin-1 on metastasis and the location of
B16F1 melanoma cell arrest. Cancer Res. 57, 4105–4110 (1997)

80. Sharma, A., Tran, M., Liang, S., Sharma, A.K., Amin, S., Smith, C.D., Dong, C., Robertson,
G.P.: Targeting mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase in the mutant (V600E) B-Raf signaling cascade effectively inhibits melanoma
lung metastases. Cancer Res. 66, 8200–8209 (2006)

81. Shay-Salit, A., Shushy, M., Wolfovitz, E., Yahav, H., Breviario, F., Dejana, E., Resnick, N.:
VEGF receptor 2 and the adherens junction as a mechanical transducer in vascular
endothelial cells. Proc. Natl. Acad. Sci. USA 99, 9462–9427 (2002)

82. Simon, S.I., Green, C.E.: Molecular mechanics and dynamics of leukocyte recruitment
during inflammation. Annu. Rev. Biomed. Eng. 7, 151–185 (2005)

83. Singh, R.K., Gutman, M., Radinsky, R., Bucana, C.D., Fidler, I.J.: Expression of interleukin
8 correlates with the metastatic potential of human melanoma cells in nude mice. Cancer
Res. 54, 3242–3247 (1994)

84. Singh, R.K., Varney, M.L.: Regulation of interleukin-8 expression in human malignant
melanoma cells. Cancer Res.58, 1532–1537 (1998)

85. Singh, S., Varney, M., Singh, R.K.: Host CXCR2-dependent regulation of melanoma
growth, angiogenesis, and experimental lung metastasis. Cancer Res. 69, 411–5 (2009)

86. Slattery, M.J., Dong, C.: Neutrophils influence melanoma adhesion and migration under
flow conditions. Int. J. Cancer 106, 713–722 (2003)

87. Slattery, M.J., Liang, S., Dong, C.: Distinct role of hydrodynamic shear in leukocyte-
facilitated tumor cell extravasation. Am. J. Physiol. Cell Physiol. 288(4), C831–839 (2005)

88. Smith, M.J., Berg, E.L., Lawrence, M.B.: A direct comparison of selectin-mediated
transient, adhesive events using high temporal resolution. Biophys. J. 77, 3371–3383 (1999)

89. Springer, T.A.: Traffic signals for lymphocyte recirculation and leukocyte emigration: the
multistep paradigm. Cell 76, 301–314 (1994)

90. Starkey, J.R., Liggitt, H.D., Jones, W., Hosick, H.L.: Influence of migratory blood cells on
the attachment of tumor cells to vascular endothelium. Int. J. Cancer 34, 535–543 (1984)

91. Strieter, R.M., Kasahara, K., Allen, R.M., Standiford, T.J., Rolfe, M.W., Becker, F.S.,
Chensue, S.W., Kunkel, S.L.: Cytokine-induced neutrophil-derived interleukin-8. Am.
J. Pathol. 141, 397–407 (1992)

92. Thorlacius, H., Pricto, J., Raud, J., Gautam, N., Patarroyuo, M., Hedqvist, P., Lindbom, L.:
Tumor cell arrest in the microcirculation: lack of evidence for a leukocyte-like rolling
adhesive interaction with vascular endothelium in vivo. Clin. Immunol. Immunopathol. 83,
68–76 (1997)

93. Todaro, G.J., Fryling, C., De Larco, J.E.: Transforming growth factors produced by certain
human tumor cells: polypeptides that interact with epidermal growth factor receptors. Proc.
Natl. Acad. Sci. USA 77, 5258–62 (1980)

94. Tominaga, Y., Kita, Y., Satoh, A., Asai, S., Kato, K., Ishikawa, K., Horiuchi, T., Takashi,
T.: Affinity and kinetic analysis of the molecular interaction of ICAM-1 and leukocyte
function-associated antigen-1. J. Immunol. 161, 4016–4022 (1998)

95. Tremblay, P.L., Auger, F.A., Huot, J.: Regulation of transendothelial migration of colon
cancer cells by E-selectin-mediated activation of p38 and ERK MAP kinases. Oncogene 25,
6563–73 (2006)

96. Van Wetering, S., van den Berk, N., van Buul, J.D., Mul, F.P., Lommerse, I., Mous, R., ten
Klooster, J.P., Zwaginga, J.J., Hordijk, P.L.: VCAM-1-mediated Rac signaling controls

520 C. Dong



endothelial cell–cell contacts and leukocyte transmigration. Am. J. Physiol. Cell Physiol.
285, 343–352 (2003)

97. Vitte, J., Pierres, A., Benoliel, A.M., Bongrand, P.: Direct quantification of the modulation
of interaction between cell- or surface-bound LFA -1 and ICAM-1. J. Leukoc. Biol. 76, 1–9
(2004)

98. Volberg, T., Zick, Y., Dror, R., Sabanay, I., Gilon, C., Levitzki, A., Geiger, B.: The effect of
tyrosine-specific protein phosphorylation on the assembly of adherens-type junction. EMBO
J. 11, 1733–1742 (1992)

99. Voura, E.B., Sandig, M., Siu, C.H.: Cell–cell interactions during transendothelial migration
of tumor cells. Microsc Res Tech. 43, 265–275 (Review) (1998)

100. Walz, A., Peveri, P., Aschauer, A.O., Baggiolini, M.: Purification and amino acid
sequencing of NAF, a novel neutrophil activating factor produced by monocytes. Biochem.
Biophys. Res. Commun 149, 755–761 (1987)

101. Welch, D.R., Bisi, J.E., Miller, B.E., Conaway, D., Seftor, E.A., Yohem, K.H., Gilmore,
L.B., Seftor, R.E.B., Nakajima, M., Hendrix, M.J.C.: Characterization of a highly invasive
and spontaneously metastatic human malignant melanoma cell line. Int. J. Cancer 47,
227–237 (1991)

102. Welch, D.R., Schissel, D.J., Howrey, R.P., Aeed, P.A.: Tumor-elicited polymorphonuclear
cells, in contrast to ‘‘normal’’ circulating polymorphonuclear cells, stimulate invasive and
metastatic potentials of rat mammary adnocardinoma cells. Proc. Natl. Acad. Sci. USA 86,
5859–5863 (1989)

103. Yamada, K.M.: Introduction: Adhesion molecules in cancer. Part I. Semin. Cancer Biol. 4,
215–218 (1993)

104. Yeung, A., Evans, E.: Cortical shell-liquid core model for passive flow of liquid-like
spherical cells into micropipets. Biophys. J. 56, 139–149 (1989)

105. You, J., Mastro, A.M., Dong, C.: Application of the dual micropipette technique to the
measurement of tumor cell locomotion. Exp. Cell Res. 248, 160–171 (1999)

106. You, J., Miele, M.E., Dong, C., Welch, D.R.: Suppression of human melanoma metastasis
by introduction of chromosome 6 may be partially due to inhibition of motility but not
invasion. Biochem. Biophys. Res. Commun. 208, 476–484 (1995)

107. Young, M.E., Carroad, P.A., Bell, R.L.: Estimation of diffusion coefficients of proteins.
Biotechnol. Bioeng. 22, 947–955 (1980)

108. Zetter, B.R.: Adhesion molecules in tumor metastasis. Semin. Cancer Biol. 4, 219–229
(1993)

109. Zhang, X.H., Wojcikiewicz, E., Moy, V.: Force spectroscopy of the leukocyte function-
associated antigen-1/intercellular adhesion molecule-1 interaction. Biophys. J. 83,
2270–2279 (2002)

110. Zhu, C., Yago, T., Lou, J., Zarnitsyna, V.I., McEver, R.P.: Mechanisms for flow-enhanced
cell adhesion. Ann. Biomed. Eng. 36, 604–621 (2008)

Adhesion and Signaling of Tumor Cells 521



Cellular Mechanics of Acute Leukemia
and Chemotherapy

Wilbur A. Lam and Daniel A. Fletcher

Abstract Cellular mechanics plays a major role in the pathophysiology of
hematologic diseases, in which the alterations of biophysical properties of circu-
lating blood cells influence vascular flow and contribute to vascular complications.
In particular, the cellular mechanical alterations that occur in acute leukemia or,
cancer of blood cell precursors, may lead to life-threatening complications that
result in microvascular compromise of vital organs such as the brain and lung.
As such, pharmacological agents that modulate the cellular mechanics of leukemia
cells have the potential to both improve and worsen the symptoms and outcome of
this complication. Recent technological advances have provided the necessary
tools to study leukemia and cellular mechanics and have vastly improved our
understanding of the biophysical aspects of leukemia pathophysiology. In this
chapter, we review studies from our laboratory and other researchers that focus on
the interactions between cellular mechanics, pharmacological agents, and leuke-
mia biology, and we also highlight the novel tools and techniques developed to
conduct those experiments. These studies clearly stress the important role the
nascent field of cellular mechanics will have in clinical medicine in the near future.
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1 Introduction

1.1 Overview

Over the last several decades, the underlying genetic and biochemical mechanisms
of numerous diseases have been characterized at the cellular and molecular levels.
More recently, researchers have begun to investigate how the mechanical and
physical properties of cells and subcellular structures influence normal biological
processes as well as disease [25]. With the development of new tools that enable
mechanical measurements at the single-cell and nanoscale levels, this nascent field
of cellular mechanics has already made remarkable strides in increasing our
understanding of human biology and disease. In fact, mechanical cues have
recently been shown to influence cell signaling pathways and play significant roles
in processes as diverse as cancer metastasis, osteoarthritis, and stem cell differ-
entiation [30, 71, 102]. In this chapter, we focus on the cell mechanics of blood
and its link to acute leukemias and their therapies by reviewing a series of studies
from our laboratory and other researchers.

Cellular mechanics is particularly important in the study of hematologic dis-
orders, as blood is a suspension of trillions of cells dynamically interacting with
each other and the blood vessel wall while constantly subjected to varying degrees
of shear stress due to blood flow [33]. Leukocyte rolling and transmigration,
platelet activation, clot formation, and atherosclerosis are all examples of bio-
logical processes that are dependent upon biofluidic dynamics and blood cellular
mechanical properties, such as cell deformability and adhesion. In addition, in
hematologic diseases, alterations in blood cell mechanical properties can pro-
foundly affect the cells’ ability to normally flow in the microvasculature [62].
Here, blood cells are in intimate contact with the vessel wall of the microvascu-
lature and must deform to pass through the vascular network [62, 98]. Any
alterations in cell deformability, adhesiveness, or transmigration may lead to
microvascular occlusion, tissue ischemia, hemorrhage, and ultimately failure of
vital organs like the brain and lung. In recent years, it has become clear that altered
blood cell mechanical properties contribute to the pathophysiology of several other
important hematologic diseases such as sickle cell disease, malaria, sepsis, and
diabetes [1, 7, 8, 17, 19, 27, 29, 32, 61, 95, 96, 102]. Therefore, a comprehensive
understanding of blood pathology requires the ability to analyze biophysical
properties of blood and its component elements: blood cells and plasma with its
constituent proteins.

Although bulk measurements of blood rheology have been in use for the last
half-century [9], the sensitivity of single-cell measurements have proven to be
more clinically useful as pathological processes originate in small cellular sub-
populations not detectable with bulk techniques [21, 73]. For hematologic dis-
eases, flow cytometry has been an effective tool for single-cell analysis and has
been widely used to quantify cell surface protein expression and signaling activity,
among others [47]. Flow cytometry, however, cannot measure cellular mechanical
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properties. Since single mechanically altered blood cells are theoretically sufficient
to induce microvascular pathology [3, 5], a clinical need exists in hematology and
hematopathology for improved single blood cell mechanical analysis.

1.2 Acute Leukemia

The leukemias are a group of cancers characterized by the accumulation of
malignant precursor blood cells in the bone marrow and the blood. These abnormal
cells cause symptoms because of bone marrow failure (i.e. anemia, low leukocytes,
or low platelets) and infiltration of organs (e.g. liver, spleen, lymph nodes,
meninges, brain, skin, or testes), which are due in part to their pathologically
altered cellular mechanical properties.

1.2.1 Classification of Acute Leukemia

The main classification of leukemia is into four types—acute and chronic leuke-
mias which are further subdivided into lymphoid and myeloid. ‘‘Acute’’ leukemias
are usually aggressive diseases in which the malignant transformation causes
accumulation of early bone marrow hematopoietic progenitors, called blast cells, in
the bone marrow and subsequently the blood vessels. The dominant clinical feature
of these diseases is usually bone marrow failure caused by accumulation of leu-
kemia, or blast cells, although tissue infiltration also occurs. If untreated these
diseases are usually rapidly fatal but, paradoxically, they are also easier to cure than
chronic leukemias [68]. Acute leukemia is defined as the presence of over 30% of
blast cells in the bone marrow at clinical presentation. It is further subdivided into
acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) on the
basis of whether the blasts are shown to be myeloblasts or lymphoblasts.

1.2.2 Acute Lymphoblastic Leukemia

ALL is caused by an accumulation of lymphoblasts, or immature lymphocytes, and
is the most common malignancy of childhood [80]. ALL can be subclassified on
the basis of morphology of immunological markers. Immunologically, ALL can be
divided into precursor B-cell ALL, T-cell ALL, or mature B-cell ALL. ALL is the
most common form of leukemia in children; its incidence is highest at 3–7 years
[26]. The common (CD10+) precursor B-cell type which is the most usual in
children has an equal sex incidence; there is a male predominance for T-cell ALL.
There is a lower frequency of ALL after 10 years of age with a secondary rise after
the age of 40.

Combinations of at least three chemotherapeutic agents are now usually used to
increase the cytotoxic effect, improve remission rates and reduce the frequency of
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emergence of drug resistance [80]. The aim of cytotoxic therapy is first to induce a
remission (absence of any clinical or conventional laboratory evidence of the
disease) and then to eliminate the hidden leukemia cell population by courses of
consolidation therapy [46].

The aim of remission induction is to kill rapidly most of the tumor cells and get
the patient into a state of remission (defined as less than 5% blasts in the bone
marrow, normal peripheral blood counts, and no other symptoms or signs of the
disease). Dexamethasone, vincristine, and asparaginase are the drugs usually used
and effectively achieve remission [46]. However, in remission a patient may still
be harboring large numbers of tumor cell and without further chemotherapy vir-
tually all patients will relapse.

Consolidation and/or intensification courses use high doses of multidrug che-
motherapy in order to reduce the tumor burden to very low levels [31]. The doses
of chemotherapy are near the limit of patient tolerability and during intensification
blocks patients may need a great deal of supportive care. Typical protocols involve
the use of vincristine, cyclophosphamide, cytosine arabinoside, daunorubicin,
etoposide, thioguanine, or mercaptopurine.

There is a great variation in the chance of individual patients achieving a long-
term cure based on a number of biological variables. Age is important—around
70–90% of children can expect to be cured whereas in adults this drops signifi-
cantly to less than 5% over the age of 65 years [26]. Cytogenetics are also
important, particular the presence of the Philadelphia chromosome, the incidence
of which rises which age. Hyperploidy (multiple sets of chromosomes) and
rearrangements of the TEL gene are associated with good outcome.

1.2.3 Acute Myeloid Leukemia

AML is classified according to morphology and divided into eight variants, which
indicate the general lineage and degree of differentiation (non-differentiated or red
cell, monocytic, granulocytic, or platelet precursors) [106]. Although the distinct
AML subtypes are in fact different genetic diseases their grouping together is valid
as generally their treatment and prognosis is similar. However, differences in
treatment according to subtype have been introduced.

AML occurs in all age groups and is the most common form of acute leukemia
in adults with increasing incidence with age. Several genetic aberrations detected
within the leukemia cells correlate with prognosis. Whereas t(15;17), t(8;21), and
inv(16) correlate with a favorable prognosis, deletions of chromosome 5 or 7, Flt-3
or 11q23 mutations, and t(6;9) connate a poor prognosis [78].

Specific therapy for AML primarily involves intensive chemotherapy. The most
commonly used drugs include cytosine arabinoside, daunorubicin, idarubicin, 6-
thioguanine, mitoxantrone, or etoposide [84]. These drugs are extremely toxic with
limited selectivity between leukemic and normal marrow cells and therefore
marrow failure is severe, necessitating prolonged and intensive supportive therapy
[48]. All the AML subtypes are treated similarly except for the acute
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promyelocytic leukemia (APML) subtype associated with the t(15;17) transloca-
tion in which all-trans retinoic acid (ATRA) and arsenic is added to the initial
chemotherapy [81]. In addition, monoclonal antibodies targeted against specific
cell surface molecules or aberrant proteins specific to AML cells are now being
assessed as possible additions to AML therapy.

AML prognosis has improved steadily over the years, particularly for younger
patients [26]. Perhaps 50% of children and young adults may expect a long-term
‘cure’. Cytogenetic abnormalities and initial response to treatment are major
predictors of prognosis. For the elderly the situation is poor and only 5% of those
over 65 years of age can expect long-term remission.

1.3 Leukostasis in Acute Leukemia

Approximately 10–13% of ALL cases and 15–20% of AML cases present with
hyperleukocytosis, which is defined as a peripheral leukocyte concentration
exceeding 100,000 cells per microliter [85]. Hyperleukocytosis may in turn lead to
leukostasis, in which leukemic cells accumulate and aggregate in the vasculature
(Fig. 1). Although this often fatal phenomenon can occur in almost any organ, it
most commonly occurs in the brain and lungs, leading to intracranial hemorrhage
and respiratory failure, and it has an estimated mortality rate of approximately 20–
40% [77]. Autopsy results in patients who died from leukostasis reveal infiltrates
of leukemia cells and hemorrhage in the vasculature, interstitium, and parenchyma
of the lungs and brain.

Several potential mechanisms leading to leukostasis have been proposed over
the years. Originally, symptoms of leukostasis were thought to be simply due to
the high number of leukemic blast cells in the circulation leading to increased
blood viscosity. However, this does not explain the entire pathophysiological
process, as myeloid leukemias like AML were noted to cause symptoms of
leukostasis at lower white blood cell, or leukocyte, counts than lymphoid leuke-
mias (ALL) [79].

Lichtman developed an alternate model of leukostasis in the 1970s contending
that the fractional volume of white blood cells, called leukocrit, needed to increase
the blood viscosity to the point of leukostasis was approximately (12–15%) and
this volume is a function of the mean cell volume (MCV) [57]. Therefore, because
the leukemic cells of AML, or myeloblasts, have larger MCVs than the leukemic
cells of ALL, or lymphoblasts, fewer myeloblasts than lymphoblasts are necessary
to cause symptoms of leukostasis. However, leukemic blast counts are rarely
sufficiently high to cause leukocrits of 12–15% and in addition, as the leukocrit
rises, the number of red blood cells usually decreases, yielding a protective effect
against hyperviscosity [99]. These observations suggested that leukostasis is not
simply due to the size, concentration and mechanical properties of the blast cell.
Indeed, rare cases of leukostasis have been reported in leukemic patients without
markedly elevated white blood cell counts [58, 97]. In addition, the fact that most
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cases of leukostasis occur in the brain and lungs suggests that there is some organ
specificity and that local factors may play a role as well.

Recent research has show that leukostasis may result from the adhesive inter-
actions between leukemic cells and the endothelium of the vasculature.
Myeloblasts, which are thought to be ‘‘stickier’’ than lymphoblasts, may have a
higher propensity to aggregate, possibly accounting for some of the disparities
seen between AML and ALL leukostasis cases [16]. Interactions between normal
leukocytes and endothelial cells via expression of adhesion molecules have been
well characterized and expression of adhesion molecules of leukemic cells has also
been investigated [67]. Stucki et al. [100] have shown that due to secretion of
certain cytokines by myeloblasts, expression of several adhesion molecules on the
surface of endothelial cells is upregulated resulting in an increased number of
myeloblasts attached to the endothelium. Once adhered, leukemic cells may then
cause endothelial damage by migrating into perivascular space [69] (Fig. 2).
Recent studies have shown that at least for AML, upregulation of the adhesion

Fig. 1 Hyperleukocytosis in
acute leukemia. Top panel a
blood smear from a healthy
adult with a leukocyte count
of 7,000 cells/lL. Bottom
panel a blood smear from a 2-
year-old child with newly
diagnosed ALL and
hyperleukocytosis with a
leukocyte count of
1,132,000 cells/lL ([90% of
leukocytes were leukemic
cells). This patient
subsequently died of
leukostasis after initiation of
chemotherapy
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molecule NCAM on the surface of leukemia cells correlated with leukostasis and
therefore may have a role in pathophysiology [74, 75].

Numerous questions remain regarding the pathophysiology of leukostasis.
Although several studies have investigated whether the stiffness of leukemic cells
plays a role in leukostasis, these studies either did not assess whole-cell defor-
mability [56] or used an indirect measurement such as cellular transit time through
capillary pores via microfiltration [43, 94]. As recent research has shown, leuke-
mic blast cells and endothelial cells may indeed interact dynamically leading to
adhesion and transmigration [22, 69, 100]. However, these studies utilized qual-
itative assays and the relative contributions each interaction may have to the
overall pathophysiology remains unknown. In addition, few definitive studies have
been reported that compare the biomechanical and adhesive properties of myeloid
blast cells versus lymphoid blast cells, and no studies have been reported that
assess the propensity for leukemic cells to adhere each other, which may be a vital
component of leukostasis. Most importantly, no published study to date has
investigated whether biophysical differences exist between leukemic cells taken
from patients with leukostasis versus leukemic cells taken from asymptomatic
patients. These data are necessary to determine if cell mechanical measurements
can be used for the diagnosis and/or prevention of leukostasis in acute leukemia.

Currently, the mainstay of treatment for leukostasis is prompt leukocytore-
duction, or removal of leukemic cells from the circulation, via exchange trans-
fusion or leukapheresis, in addition to aggressive intravenous hydration, which

Fig. 2 Possible mechanisms of leukostasis in acute leukemia. Leukostasis is most likely caused
by a combination of cell mechanical alterations including decreased cell deformability of
leukemia cells compared to their more mature counterparts, aberrant and dysregulated leukemia
cell-leukemia cell and leukemia-endothelial cell adhesion, and leukemia cell extravasation
leading to vascular damage and hemorrhage
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prevents renal failure from leukemic breakdown products. Although extremely
effective and rapid in reducing the number of leukemic cells, these techniques are
only temporizing and delay the initiation of chemotherapy, the definitive therapy
for leukemia. In addition, other disadvantages include: invasive placement of deep
intravenous lines (which may be difficult in small children), the need for antico-
agulation, and limited availability in some hospitals. The most appropriate and
optimal use of these techniques remains unclear, and the few trials reported show
no significant decrease in mortality when leukocytoreduction is compared to
hydration alone [79]. Leukapheresis and exchange transfusion do not address the
issue of leukemic cell adhesion leading to endothelial damage, which may be the
reason why these techniques have not been shown to improve survival in leuko-
stasis. Therefore, a more complete and clarified view of the pathophysiology of
leukostasis is needed in order to guide the most effective therapy when presented
with this life-threatening emergency.

1.4 Acute promyelocytic leukemia and ATRA syndrome

In APML, a specific subtype of AML, there is an abnormal accumulation of
immature leukocytes called promyelocytes, which are precursors to granulocytic
cells such as neutrophils. The disease is characterized by the t(15;17) chromo-
somal translocation involving the retinoic acid receptor alpha (RARa or RARA)
gene and is unique from other forms of AML in its responsiveness to ATRA, a
derivative of vitamin A [74]. Use of this new class of chemotherapeutic that
directly targets the biological aberration of APML has led to a significant decrease
in mortality for this subtype of AML. Indeed, the majority of APML patients can
now be completely cured as the 5-year disease-free survival rate in patients
receiving ATRA has climbed to 70–80% in the last decade [101].

However, 2–27% of APML patients receiving ATRA develop a life-threatening
complication called retinoic acid syndrome, which is characterized by fever,
pulmonary infiltrates seen on X-rays, respiratory failure often requiring mechan-
ical ventilation, significantly decreased blood pressure, and kidney failure [76].
Without appropriate therapy, a 30% mortality rate is associated with this syndrome
[101].

Retinoic acid syndrome is often, but not always, associated with the develop-
ment of hyperleukocytosis. Retinoic acid is known to cause differentiation of
promyelocytic leukemia cells into more mature granulocytes and acute differen-
tiation of these cells may lead to dramatic activation and subsequent sequestration
and infiltration within vital organs. Autopsies revealed an interstitial infiltrate of
maturing myeloid cells in the lungs of patients with relative patency of the lung
alveoli themselves differentiating this process from leukostasis in acute leukemia
[101].

The pathophysiology of retinoic acid syndrome in APML is poorly understood,
but several mechanisms have been proposed. There is evidence that cathepsin, a
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protease which is known to increase capillary permeability, is stimulated in APML
patients receiving ATRA [92]. ATRA also increases the expression of LFA-1 and
other cellular adhesion molecules on the surface of APML cells resulting in
increased binding to epithelial cells [14]. Soluble factors such as interleukin-1-b,
TNF-a, and interleukin-6, which all promote leukocyte activation, may play sig-
nificant roles as well [28]. Recently, administration of anti-inflammatory steroids
has decreased the mortality and incidence of retinoic acid syndrome in APML
significantly and the incidence of this complication in patients receiving both
ATRA and prophylactic steroids has decreased to 5% overall [101].

However, as our understanding of the underlying mechanisms of retinoic acid
syndrome remains unclear, many clinically relevant questions remain. For
example, there are not any reliable factors or methods that can effectively predict
and identify which patients fall into the 5% who will develop retinoic acid syn-
drome and which patients should receive prophylactic steroids. In addition,
although retinoic acid syndrome primarily occurs at the initiation of therapy
immediately after diagnosis, some patients spontaneously develop this complica-
tion later in their course of therapy for reasons that are completely unknown at this
time. To address these issues, further research into the physiological effects of
retinoic acid on promyelocytic leukemia cells is required.

2 Leukemia Cell Mechanical Alterations in Leukostasis

2.1 Leukemia Cell Deformability via Atomic Force Microscopy

Decreased deformability of leukemia cells is thought to be linked to contribute
leukostasis [57]. Better knowledge of biophysical changes in leukemia cells such
as deformability is necessary for improved understanding of the disease, but no
widely accepted method or model exists for quantifying the mechanical properties
of leukemia cells relevant to leukostasis.

Atomic force microscopy (AFM), first developed as a surface imaging tool [12],
can also be used to measure the stiffness of cells firmly adhered to a substrate [83].
The primary method of measuring stiffness is indenting the cell with a flexible
cantilever driven at a constant extension rate (piezo extension rate) with respect to
the sample. The deflection of the cantilever as it indents the cell, which is linearly
related to loading force for small deflections, is recorded by reflecting a laser off
the cantilever into a split photodiode. A linear elastic model of the cell based on
Hertzian mechanics [44] is commonly used with AFM deflection data to determine
cell elasticity [82].

Non-adhesive cells, such as normal and malignant leukocytes prior to activation
of the inflammatory response, pose a challenge for AFM because they tend to slip
from under the cantilever tip under an applied load. To address this problem, we
used microfabricated wells (Fig. 3) to mechanically immobilize and study the
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deformability of acute leukemia cells. We characterized and determined that a
Hertzian mechanics model appropriately described leukemia cell deformability
and applied that model for analysis of our experimental data [87].

2.1.1 Increased Leukemia Cell Stiffness is Associated with Symptoms
of Leukostasis in ALL

To determine if cell stiffness is associated with leukostasis, we used our AFM
technique to measure the stiffness of individual leukemia cells taken from patients
with and without symptoms consistent with leukostasis focusing initially on ALL.
Blood was obtained, with informed consent, from 15 pediatric ALL patients with
[10% leukemia cells in their peripheral blood. Leukemic cells were then
immediately isolated via density-gradient centrifugation and measured with AFM.
Measurements were performed with the methodology previously described using a
Hertzian mechanics model [87]. Cells were immobilized in microfabricated wells
to prevent movement during AFM measurements. Media was constantly perfused
into and out of the sample chamber, and measurements were taken at 37�C using a
heated stage.

Fig. 3 Microfabricated wells for force microscopy of non-adherent cells. a Schematic diagram
of the microwells showing SU-8 photoresist structures on a glass wafer in which non-adherent
cells sit. Cells resting inside the microwells are mechanically immobilized for force microscopy
with an AFM cantilever. b Scanning electron micrograph (SEM) of microwells fabricated in
8 9 8 arrays. Scalebar is 50 lm. c SEM of a single microwell showing the vertical sidewalls of
the SU-8. Scalebar is 2 lm (from Rosenbluth et al.,Biophysical Journal, 2006)
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As the central nervous system (CNS) and lungs are the major leukostasis target
organs [79], symptoms and signs of neurological and pulmonary dysfunction were
considered evidence of leukostasis only when the onset occurred at presentation
and no other etiology could be identified, similar to previous studies on leukostasis
[74, 75]. Out of the 15 patients with pediatric ALL and peripheral blasts, four had
symptoms and/or abnormalities on physical examination or diagnostic imaging
consistent with CNS or pulmonary leukostasis. All patients were newly diagnosed,
with the exception of patient 1, who had multiply relapsed refractory disease and
was receiving only end-of-life palliative care at the time of this study. This patient
ultimately died of respiratory failure, and leukemia cell stiffness was measured
daily during his last 3 days of life. Leukostasis symptoms resolved for the other
three patients during induction chemotherapy.

Leukemia cell stiffness was then measured for each patient sample (Fig. 4c)
[49]. The median leukemia cell stiffness was higher in the four patients with
symptoms consistent with neurologic and respiratory leukostasis than in the 11
patients without symptoms (p \ 0.001) via Mann–Whitney analysis and the 10,
25, 75, and 90 percentile cell stiffness values were also higher in the symptomatic
than asymptomatic patients (p range: 0.005–0.01). Finally, the cell stiffness var-
iance was more prominent in symptomatic patients, suggesting that perhaps a
small proportion of stiff cells within the population may be sufficient to trigger
leukostasis.

In general, leukostasis is associated with an elevated white blood cell count, or
hyperleukocytosis [64], although the exact relationship remains unclear. Our
results showed no significant difference in WBC count between symptomatic and
asymptomatic patients (p \ 0.40), suggesting that increased cell stiffness may be
an additional independent leukostasis risk factor. However, our sample size is
small and more data is required before a more definitive conclusion can be made.

In addition, the median leukemia cell stiffness during Patient 1’s last 3 days of
life showed a significant increase from 0.07 to 0.41 kPa (p\0.0001) to 0.69 kPa
(p\0.01). The patient subsequently died of leukostasis-related respiratory failure
but the increase in leukemia cell stiffness preceded the development of any
symptoms, thus indicating that cell stiffness trends may possibly be used to predict
the onset of leukostasis (Fig. 4d).

Although the observations in this study are intriguing and clinically relevant,
the exact underlying cause for the leukemia cell stiffness increase in leukostasis is
unclear. Previous work in our laboratory has shown that chemotherapy-induced
cell death increases leukemia cell stiffness (see below) [49]. No patient in this
study received chemotherapy prior to leukemia cell collection, however. Inflam-
matory mediators and cytokines (e.g. tumor necrosis factor-a), which are known to
increase neutrophil stiffness in sepsis leading to microvascular occlusion [95, 96],
may also alter cell stiffness in acute leukemia. However, further research is
required to elucidate the cause of leukemia cell stiffness and the exact role it has in
the development of leukostasis.
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Fig. 4 Leukaemia cell stiffness, as measured with atomic force microscopy (AFM), is higher in
pediatric acute lymphoblastic leukaemia (ALL) patients with leukostasis symptoms than in
asymptomatic patients. a Suspensions of ALL cells were pipetted into a flow chamber for AFM
measurements. All stiffness measurements were taken on a heated stage held at 37�C. Cells were
immobilized in microfabricated wells to prevent movement during experiments, and media was
perfused into and out of the chamber. Illustration not to scale. n C 15 cells for all populations.
b Typical AFM cantilever deflection versus distance curves (raw data in grey). The cell stiffness
can be determined using a Hertzian (fit lines). Shown here are the curves of an ALL cell with a
stiffness of 1.1 kPa taken from a patient with leukostasis symptoms (samples 1–4) and an ALL
cell with a stiffness of 0.06 kPa taken from an asymptomatic patient (samples 5–15). c Stiffness
of leukaemia cell populations taken from the peripheral blood of patients with symptoms of
leukostasis and asymptomatic patients. For each sample, 75 percentile, median, and 25 percentile
stiffness values are represented by the top, middle, and bottom lines, respectively, of each bar. A
population of normal lymphocytes (white labelled ‘L’) taken from a healthy individual via the
same isolation protocol were used as controls for comparison. All reported stiffness values
represent the average of five consecutive AFM measurements. Inset Group median stiffness of the
symptomatic and asymptomatic patients were 0.72 ± 0.29 and 0.13 ± 0.01 kPa, respectively
( p \ 0.001, errors represent standard error of the mean). d Serial cell stiffness measurements,
represented by 75 percentile, median, and 25 percentile values, taken daily from a 15-year-old
boy with relapsed, refractory ALL (patient 1) receiving only palliative care during his last 3 days
of life. Median leukaemia cell stiffness significantly increased during that time from 0.07 to
0.41 kPa (p \ 0.0001) to 0.69 kPa (p \ 0.01). Cell stiffness values taken at 1 d prior to patient
1’s death are used in (c) for this patient (from Lam et al., The British Journal of Haematology,
2008)
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2.1.2 Increased Leukemia Cell Stiffness is Associated with Symptoms
of Leukostasis in AML

Although cell stiffness measurements have only been conducted on four AML
patients, one of whom developed and ultimately died of neurologic leukostasis at
presentation, we observe a trend similar to our ALL data (Fig. 5).

However, with AML patients, the differences in cell stiffness between the
leukostasis positive patient and the asymptomatic patients are less prominent than
in ALL. Although more clinical data is required before any definitive conclusion
can be drawn it is likely that cell stiffness has less of a role in leukostasis in AML
than ALL. It is apparent that the leukostasis pathophysiology is likely different for
these two different leukemia types as leukostasis incidence is higher in AML than
for ALL, and symptoms of leukostasis occur at lower leukocyte concentrations in
AML than in ALL [79]. As AML cells are noted to be more adhesion and adhesive
molecules are more dynamic in AML cells, cell adhesion may be the dominant
factor in leukostasis in AML.

2.2 Leukemia Cell Deformability via Biophysical Flow Cytometry

Although cell mechanical information at the single cell level can be obtained with
AFM, throughput in these systems are relatively low. However, microfluidic
systems have the potential to achieve high-throughput single-cell analysis of cell
deformability for clinical applications. Coupled with techniques such as shear

Fig. 5 Leukemia cell stiffness of AML patients with and without leukostasis. Stiffness of
leukemia cell populations taken from the peripheral blood of a patient who died of CNS
leukostasis (black) and asymptomatic patients (grey). For each sample, 75 percentile, median, and
25 percentile stiffness values are represented by the top, middle, and bottom lines, respectively,
of each bar. p \ 0.05 for all pair-wise comparisons between the leukostasis positive and
asymptomatic patients
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flow [13], capillary-like microchannels [2, 34, 35, 104, 108], or optical stretching
[54, 60], microfluidic-based systems have enabled cellular biological analysis with
resolution at single cell level. We generally and collectively refer to these devices
as biophysical flow cytometry (BFC), and like flow cytometry, these systems are
capable of high-throughput single-cell analysis.

We have previously shown that our BFC system, a simple PDMS microfluidic
device developed with standard microfabrication techniques, can be used to rap-
idly generate clinically useful single cell mechanical data that provides new insight
into hematologic diseases states [87] (Fig. 6). Using automated image analysis to
track large numbers of individual cells, our device quantifies the effect of blood
cell deformability on cellular transit times as the cells flow through a microfluidic
capillary network under in vivo microvascular hemodynamic conditions. We
utilized this system to investigate leukemia cell mechanical properties as they
relate to leukostasis.

2.2.1 Leukostasis Symptoms in Acute Leukemia Correlates with the Distribu-
tion of Transit Times Using Biophysical Flow Cytometry

As mentioned in previous sections, leukostasis is a poorly understood and often
fatal complication of acute leukemia in which leukemia cells aggregate in the
microvasculature of vital organs [77]. In addition, no reliable diagnostic test
currently exists to predict leukostasis. However, work in our lab has previously

Fig. 6 Biophysical flow cytometer device. a Blood cells were loaded into a syringe and flowed
into the device at a constant flow rate. The cytometry device trifurcates into two wide bypass
channels and a network of bifurcating channels which split into 64 parallel capillary-like
microchannels. Scale bar 1 mm. b 16 of these microchannels are shown here. Scale bar 100 lm.
c A confocal image of fluorescein solution inside several of the microchannels (from Rosenbluth
et al., Lab on a Chip, 2008)
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shown that leukostasis symptoms correlated with increased leukemia cell stiffness
[49]. Furthermore, chemotherapy has been shown to drastically increase leukemia
cell stiffness by up to nearly 100-fold [50], establishing the clinical importance of
monitoring blood cell stiffness in disease states. Use of biophysical flow cytometry
enables high-throughput measurements and quantitative comparisons of transit
time of the leukemia cells from patients with and without leukostasis. As the
mechanical properties of thousands of leukemia cells can be measured, cellular
subpopulations with distinct biophysical properties can be detected. Whether these
differences are due to a shift in the entire population or due to an increase in the
number of outliers can also be examined. Increased knowledge of the biophysical
differences among leukemia cells in patients with leukostasis would then provide
the basis for developing future assays to identify patients at risk for leukostasis.

Using our BFC system, we analyzed leukemia cells isolated from an AML
patient with leukostasis (AML2), an AML patient without leukostasis (AML1),
and two ALL patients without leukostasis, in addition to normal neutrophils and
red blood cells (RBC) from healthy control volunteers. Transit times of leukemia
cells from the leukostasis-positive AML patient sample cells were significantly
longer than those from the leukostasis-negative AML patient and the ALL
patients, as well as normal neutrophils and RBCs (p \ 0.001). Histogram data of
leukemia cell transit times reveal bell-shaped distributions of all samples and that
the majority of all leukemia cell populations traversed the microchannels in less
than 1 s (Fig. 7ai–iv). Although the median leukemia cell transit times of samples
were similar, ranging between 0.13 and 0.50 s (Fig. 7b), the transit times of the
leukostasis-positive leukemia cells, however, had a much more prominent sub-
population of slow outliers (Fig. 7aiv, b).

The proportion of leukemia cells isolated from the leukostasis-positive AML
patient that were able to traverse and not obstruct the microchannels was also
significantly lower than both the leukostasis-asymptomatic AML patient and the
ALL patients, as well as the normal neutrophils and RBCs (Fig. 8a) (Chi-square,
p \ 0.001 for all comparisons with the leukostasis AML patient sample). This
observation is consistent with clinical data showing leukostasis occurs at a much
higher propensity in patients with AML versus ALL [79].

As cells flow into the microchannels of the BFC, any occlusion that occurs
prevents upstream cells from flowing through. Using automated image processing
software, we tracked the change in the number of unobstructed microchannels
versus the order of cells that entered into the device (Fig. 8b). Although all
leukemia cells from all patient samples tested caused some degree of microchannel
obstruction over time, leukostasis-positive AML cells obstructed the microchan-
nels at a significantly higher rate (moderated linear regression, p \ 0.001 for all
comparisons of other leukemia patient samples with the leukostasis AML patient
sample), resulting in only 10% of the original channels still open (Fig. 8b). These
data collectively establish that the BFC enables the detection of leukostasis
in acute leukemia, even among patients with the same leukemia subtype, and
could potentially serve as a system to predict and diagnose leukostasis in acute
leukemia.
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Fig. 7 The distribution of transit time of cells from a leukostasis-symptomatic patient is distinct
from cells of leukostasis-asymptomatic patient cells. a Four patient leukemia samples were
flowed through the device to determine transit time differences—two leukostasis-asymptomatic
ALL samples (ALL1 and ALL2, i–ii, n = 239, 128, respectively), one leukostasis-asymptomatic
AML sample (AML1, iii, n = 418), and one leukostasis-symptomatic AML sample (AML2, iv,
n = 239). Distributions of the lower 50th percentile of the data are largely similar, but the upper
50th percentile substantially deviate. The leukostasis-symptomatic AML2 sample (iv) has a
secondary subpopulation of cells with transit times ranging from 1 to 3 s. In addition, the fraction
of cells that transit in greater than 4 s is substantially larger in the leukostasis-symptomatic
AML2 (29%) than in the ALL and leukostasis-asymptomatic AML1 samples (9, 8, and 17%,
respectively). b When looking at boxplots of the 25th, 50th, and 75th percentiles of the
distributions, the differences in the population appear markedly different. While median transit
times are substantially similar, the 75th percentile of the leukostasis-symptomatic AML2 sample
is significantly higher than that of the leukostasis-asymptomatic samples and the RBCs and
neutrophils (from Rosenbluth et al., Lab on a Chip, 2008)
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2.2.2 Biophysical Flow Cytometry Reveals the Shifts in the Cell Mechanical
Distribution of Leukemia Cells Due to Pharmacological Agents

To measure the biophysical effect of certain drugs, HL60 cells, an AML cell line,
were flowed into the BFC. The transit times of the HL60 cells show a pattern
similar to that of leukemia cells from the leukostasis AML sample, with a large
number of long transit time outliers (Fig. 9a, b) and a significant proportion of
obstructing the microchannels (Fig. 9c).

For these experiments, we used cytochalasin D, a common cell biology tool for
decreasing cell stiffness and disrupting the actin cytoskeleton [38], and pentoxif-
ylline, a phosphodiesterase inhibitor that reduces stiffness of neutrophils exposed
to inflammatory cytokines while also reducing lung injury associated with hem-
orrhagic shock (see below) [10]. Both drugs dramatically reduced the transit time
of HL60s through the microchannels (p \ 0.001 for both drugs) and also created
significant shifts in the transit time distributions. HL60 cells not exposed to either

Fig. 8 Leukostasis-symptomatic patient cells have distinctively aberrant behavior when
compared to leukostasis-asymptomatic patient cells and normal blood samples. a The fraction
of cells that did not obstruct the channels is significantly lower in the leukostasis symptomatic
AML2 sample versus the other samples. b The change in number of open channels is plotted
versus the cells that entered the channels (a normalization of time for the density of cells entering
the channels). Change in open channels was normalized to account for channels that were already
occluded at the beginning of the experiment. A substantially reduced number of channels stayed
open over time in the leukostasis-symptomatic AML2 sample than the leukostasis-asymptomatic
AML1 sample or leukostasis-asymptomatic ALL samples (from Rosenbluth et al., Lab on a Chip,
2008)
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drug showed a distribution that was spread with a low peak and a large number of
slow cell outliers ([4 s) (Fig. 9a). The addition of either cytochalasin D or
pentoxifylline shifted the distributions towards shorter transit times and reduced
the number of slow cell outliers (Fig. 9a). Cytochalasin D and pentoxifylline
reduced the median transit time from 0.63 s to 0.23 s and 0.37 s, respectively. In
addition, both drugs substantially reduced the fraction of cells that obstructed the
microchannels compared to HL60s that were not exposed to either drug
(Chi-square p \ 0.001 for both drugs). Finally, improved flow through the BFC
was also observed with both drugs due to a reduction of the number of obstructed
microchannels (Fig. 9d), indicating that decreasing the number of outlying
occluding cells, which may be a relatively small subpopulation, can significantly

Fig. 9 Drug treatment
improved flow through
microchannels. a HL60 cells,
a model AML leukemia line
with a histogram profile
similar to the leukostasis-
symptomatic AML2 sample,
were flowed through the
device without exposure to
any drug (n = 146), after
exposure to pentoxifylline
(n = 157), and after exposure
to cytochalasin D (n = 117).
Substantial shifts in the
histograms can be seen after
exposure to drugs, with a
large fraction shifting from
[4 s towards the median
transit time. b The 25th, 50th,
and 75th percentiles of the
population all shifted
downward after exposure to
drugs, with cytochalasin D
exposed cells experiencing
more reduced transit time
than pentoxifylline exposed
cells. c The fraction of cells
passing through the
microchannels also
significantly improved after
exposure to cytochalasin D
and pentoxifylline. d This
resulted in a higher number of
microchannels remaining
open over time when drug-
treated cells versus non-
treated cells were flowed into
the device (from Rosenbluth
et al., Lab on a Chip, 2008)
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increase flow (p\ 0.001). Taken together, these results suggest that the BFC and
related devices can be useful for identifying new therapies and therapeutic targets
for leukostasis in acute leukemia.

3 Modulation of Leukemia Cell Mechanics via Pharmacological
Agents: Chemotherapy

While chemotherapy-induced cell death has been a mainstay of cancer treatment
for decades and is well studied biochemically, little is known about the mechanical
effects chemotherapy may have on leukemia cells. Furthermore, since hyperleu-
kocytosis accompanies some cases of acute leukemia, mechanical changes in
leukemia cells due to chemotherapy could significantly alter the overall blood
rheology.

In previous work, we quantified the effect of standard induction chemotherapy
on the stiffness of ALL and AML cells using an AFM coupled with an epifluo-
rescence microscope and a Hertzian mechanics model for data analysis [50, 87].
The high force sensitivity of AFM and its ability to measure properties of indi-
vidual cells over long times makes the technique particularly appropriate for
measuring dynamic changes in cell stiffness. We found that when exposed to
chemotherapy, leukemia cell stiffness increased by nearly two orders of magnitude
at a rate dependent on the type of chemotherapy employed.

3.1 Chemotherapy-Induced Cell Death Increases Leukemia Cell
Stiffness

Using a combined AFM/epifluorescence microscope, the stiffnesses of acute
leukemia cells freshly isolated from the blood of newly diagnosed patients were
measured in the presence of chemotherapeutic agents and were observed to
increase 14 to 91-fold as cells underwent cell death (Fig. 10a–c). ALL and AML
cells were exposed to typical treatment doses of dexamethasone or daunorubin, the
mainstay induction chemotherapeutic agents for ALL and AML, respectively.
During these measurements, positive staining with either propidium iodide (PI) or
Sytox Green, markers for loss of cell membrane integrity, indicated cell death or
late apoptosis. To identify early apoptosis, cresyl violet conjugated to DEVD, an
indicator for early apoptotic caspase 3 and 7 activity, was used.

The mean leukemia cell stiffness of both ALL and AML cells held at 37�C and
exposed to chemotherapy (mean: 4.7 kPa) was significantly higher than the mean
stiffness of untreated control populations (mean: 0.2 kPa, p \ 0.05, Fig. 10d, e).
However, this increase in leukemia cell stiffness also occurred with other modes of
cell death, as Fas-induced apoptotic cells and the rare dead cells in control popu-
lations were also noted to be significantly stiffer than live, untreated cells (data not
shown). Although a decrease in cell volume is associated with cell death [45, 51],
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we found that cell shrinkage occurs after chemotherapy-induced cell stiffening
(Fig. 11). This suggests that the cell stiffness increase associated with chemo-
therapy exposure is not simply due to decreased volume and increased cell density.

Our results reveal that dead leukemia cells are more likely to obstruct micro-
channels and cause cell aggregation than live cells (Fig. 10f, g). In addition, the

Fig. 10 Chemotherapy-induced cell death increases the stiffness of leukemia cell populations
measured by AFM. a An illustration of the AFM setup (not to scale). A single cell sitting within a
microwell is immobilized for force microscopy with an AFM cantilever. A polydimethylsiloxane
(PDMS) collar is pressed upon the glass to create an open-air chamber. Tubes entering and
exiting the chamber continually pass media through, keeping the media fresh over the long time
scale of the experiments. The piezoelectric stage moves vertically, causing the cantilever to
deflect against the cell. The stage is maintained at 37�C throughout the experiment. b An
epifluorescence/brightfield overlay of a typical experiment. Seen here are an AFM cantilever tip
and two dead K562 cells (PI positive, fluorescent), with the left cell immobilized in a microwell.
An empty microwell is at the top. Scalebar is 20 lm. c Two typical cell indentation acquisitions.
As the piezoelectric platform moves the cells up against the cantilever (in the direction of the
arrow), the cantilever deflects. When the curves are fit to an elastic Hertzian model, the stiffness
of the cells can be determined. The stiffness of a Pre-B ALL cell exposed to 1 lM
dexamethasone was 4.3 kPa whereas the stiffness of a control (not exposed to chemotherapy)
Pre-B ALL cell from the same patient was 0.2 kPa. d Dead lymphoid leukemic cells (right dark
grey bars) exposed to 1 lM dexamethasone are significantly stiffer than untreated cells (left light
grey bars). e Dead myeloid leukemic cells (right dark grey bars) exposed to 1 lM daunorubicin
are significantly stiffer than untreated cells (left light grey bars). Error bars represent standard
error. (n [ 15, p \ 0.05 for all comparisons of dead/untreated populations). f Dual bright field/
epifluorescence microscopy of dexamethasone-exposed Pre-B ALL cells that were passed, from
left to right, through PDMS microfluidic channels modeling a branching microvasculature
network. Dead (PI+ and fluorescent) cells (dark grey arrows) were more likely than live
(unstained) cells (light grey arrows) to initiate obstruction and cause cell aggregation in the 5 lm
wide by 12 lm tall capillary-sized channels. Frame from (g) was taken 15 s after (f), illustrating
the relative mobility of two live cells, one of which has left the field of view, compared to dead
cells that remain fixed in place. Scalebar is 10 lm (from Lam et al., Blood, 2007)
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proportion of cells initiating microchannel obstruction relative to those able to
traverse the entire microchannel system was approximately seven times higher for
dead cells than live cells.

3.2 Kinetics of Cell Stiffness and Cell Death are Dependent
on Chemotherapy Type

Serial single-cell AFM stiffness measurements were taken over several hours after
chemotherapy exposure to determine the temporal relationship between increasing
cell stiffness and chemotherapy exposure time. During those measurements, cells
were tracked with fluorescent indicators for both early apoptosis and late apop-
tosis/cell death. Figure 12a shows the increase in stiffness for a single AML cell
isolated from a newly diagnosed patient after daunorubicin exposure. Within an
hour of exposure, cell stiffness began to increase and the rate of increase maxi-
mized after apoptosis was detected, peaking near the point of cell death. Consistent
with this observation, the mean leukemia cell stiffness for populations of control

Fig. 11 Cell size changes with cell death. a As the stiffness of a single HL60 cell (dark grey
circles) increases with exposure to 1 lM daunorubicin, the average cell area of the cell
population (light grey triangles, n = 8–38 cells/field of view) remains constant until cell death
(transition from open to solid shapes). Time is also normalized to the point of cell death (vertical
line). b At the point of cell death, both HL60 (dark grey triangles) and Jurkat (light circles) cell
lines show a rapid decrease in cell volume. Jurkat cells lose on average 12% of their volume and
HL60 cells lose 26% of their volume within 10 min (n = 10 and n = 7, respectively). Error bars
represent standard error of the mean (from Lam et al., Blood, 2007)
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cells, early apoptotic cells, and late apoptotic/dead cells showed significant
increases with progression through the stages of chemotherapy-induced cell death
(Fig. 12b, p\0.05). Of note, cell stiffness began to increase before peak caspase
activation in apoptosis, suggesting that cell stiffness changes associated with
chemotherapy may occur before biological signs of apoptosis.

Experiments involving serial single-cell stiffness measurements on several
different patient samples and cell lines showed that different chemotherapeutic
agents were found to change cell stiffness at different rates (Fig. 12c). Drugs that
lead to faster cell death rates, such as daunorubicin, led to faster rates of increase in

Fig. 12 Stiffness of leukemic cells increases with progression of cell death and is attenuated by
disruption of the actin cytoskeleton. a A typical stiffness trace of a single M5 AML cell exposed
to 1 lM daunorubicin (dark grey circles). The apparent stiffness of a typical control cell remains
relatively constant (triangles) and does not undergo apoptosis or cell death during the course of
the experiment. Error bars represent standard error. b From the same patient sample, the average
apparent stiffness of a population of late apoptotic/dead AML cells was significantly stiffer than
early apoptotic cells and controls (n = 15, p \ 0.05). c Cell stiffness increases faster with 1 lM
daunorubicin (DNR, dark grey) than 1 lM dexamethasone (DEX, light grey). Solid and dotted
lines represent myeloid and lymphoid leukemia cells, respectively. Transition from open to filled
shapes represent onset of cell death (PI positive staining). d Exposure to 2 lM cytochalasin D, an
actin polymerization inhibitor, reduces stiffening behavior in HL60 cells exposed to 1 lM
daunorubicin. The cells represented by these three lines were exposed to daunorubicin at time 0.
The cell represented by the light grey line was also exposed to cytochalasin D at time 0 (vertical
light grey dashed line) and exhibited little stiffening behavior. The cell represented by the black
line was exposed to cytochalasin D after 45 min (vertical black dashed line) and exhibited little
stiffening behavior after exposure. As a positive control, the cell represented by the dark grey line
was not exposed to cytochalasin D. e HL60 and Jurkat cells were incubated with 1 lM
daunorubicin and 2 lM cytochalasin D. The average stiffness of dead HL60 cells (n = 15)
exposed to daunorubicin and cytochalasin D (light grey) was 0.2 ± 0.05 kPa, whereas the
average stiffness of dead HL60 cells exposed to daunorubicin alone (dark grey) was
1.2 ± 0.3 kPa (p \ 0.05). Likewise, the average stiffness of dead Jurkat cells (n = 15) exposed
to daunorubicin and cytochalasin D (light grey) was 0.1 ± 0.03 kPa, whereas the average
stiffness of dead Jurkat cells exposed to daunorubicin alone (dark grey) was 0.5 ± 0.14 kPa
(p \ 0.05) (from Lam et al., Blood, 2007)
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cell stiffness for all leukemia cell types, and drugs that lead to slower cell death
rates, such as dexamethasone, led to slower rates of increase in cell stiffness.

3.3 Increase in Leukemia Cell Stiffness Due to Chemotherapy is
Associated with Remodeling of the Actin Cytoskeleton

Chemotherapy-induced cell death is known to be associated with reorganization of
actin in leukemic cells [38, 39, 41, 45]. To determine whether the actin cyto-
skeleton was involved in the observed chemotherapy-induced stiffness increase,
the stiffness of single AML cells exposed to daunorubicin were tracked as cyto-
chalasin D, an inhibitor of actin polymerization, was added (Fig. 12d). As cell
death progressed, cells exposed simultaneously to both cytochalasin D and dau-
norubicin exhibited almost no increase in cell stiffness. When cytochalasin D was
added to stiffening leukemia cells already exposed to chemotherapy, cell stiffness
ceased to increase within 15 min and then decreased. The mean stiffness of dead
AML cells (from the HL60 cell line) and ALL cell populations (from the Jurkat
cell line) exposed simultaneously to daunorubicin and cytochalasin D was found to
be significantly less than the stiffness of cells exposed to only daunorubicin (p\0.05,
Fig. 12e). These experiments suggest that the stiffness increase with chemother-
apy-induced cell death is at least partly due to dynamic changes in the actin
cytoskeleton.

3.4 Clinical Implications of Leukemia Cell Stiffening Associated
with Chemotherapy Exposure

The observed associated between cell death and increasing cell stiffness may have
implications for acute leukemia patients with hyperleukocytosis. Our results show
that chemotherapy-induced cell death increases the stiffness of leukemia cells,
which may influence microvascular flow in patients. Indeed, leukostasis that
paradoxically does not occur until after chemotherapy has been initiated has been
reported numerous times [63, 70, 79, 108], and alteration of leukemic cells’ bio-
physical properties by chemotherapeutic agents has been hypothesized as a pos-
sible etiology [59, 63, 70]. Further work is required to test these hypotheses and to
clarify the role, if any, of chemotherapy-induced cell stiffening on the patho-
physiology of leukostasis in acute leukemia.

4 Modulation of Leukemia Cell Mechanics via Pharmacological
Agents: Pentoxifylline

The tools and techniques described above have the potential to serve as drug
discovery platforms for potential therapies in leukostasis. One such candidate
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therapeutic agent is the phosphodiesterase inhibitor pentoxifylline, which is known
to decrease red cell deformability and has been used for several decades to
improve microvascular blood flow in peripheral arterial disease. More recently,
pentoxifylline has been shown to modulate inflammatory processes including the
attenuation of leukocyte stiffening and adhesion that occur upon activation.
Therefore, recent clinical studies have concluded that this drug may be an effective
adjunctive therapy for acute lung injury and other disease states in which the
inflammatory response is exaggerated and detrimental for the patient. However, no
reported studies have investigated the biophysical effects of leukemia cells in the
context of leukostasis. Here we describe preliminary results in which we measured
the effect pentoxifylline has on leukemia cell stiffness and adhesion.

4.1 Pharmacology of Pentoxifylline

Pentoxifylline, or 1-(5-oxohexyl)-3,7-dimethylxanthine, is a xanthine derivative
and has been clinically approved for the treatment of symptoms due to peripheral
arterial disease resulting from obstructed arteries in the limbs, and vascular
dementia, in which arterial insufficiency in the brain microvasculature affects
neurologic and cognitive function [89]. Pentoxifylline improves blood flow through
blood vessels and therefore helps with blood circulation in the arms and legs (e.g.
intermittent claudication). This drug has also been used for stroke and sickle cell
disease, although clinical studies have had mixed results and there has not been
definitively proven benefits in morbidity or mortality in those diseases [107].

Pentoxifylline’s exact mechanism of action remains unclear and is likely
complex. However, it is known that pentoxifylline functions as a phosphodies-
terase inhibitor, thereby increasing intracellular cAMP, which is a common
intracellular second messenger in multiple cell signaling pathways. More recently,
the drug has been shown to exert anti-inflammatory and anti-thrombotic effects on
leukocytes, platelets, and endothelial cells [52, 89, 107].

4.2 Effect of Pentoxifylline on Leukemia Cell Stiffness
and Adhesion

Previous research has shown that pentoxifylline, for reasons that remain unclear,
increases neutrophil deformability and attenuates neutrophil stiffening upon acti-
vation [4, 18, 88, 91]. In addition, there is also clinical evidence suggesting that
pentoxifylline decreases mortality in disease states involving leukocyte activation
leading to microvascular occlusion [20, 24, 66, 86, 90, 103].

To determine if pentoxifylline alters leukemia cell mechanical properties, we
exposed HL60 promyelocytic leukemia cells to pentoxifylline and found that
leukemia cell transit time through microchannels decreased significantly, as
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described in Sect. 2 in The Nanofiber Matrix as an Artificial Stem Cell Niche
(Fig. 9). In addition, we also used our previously published AFM protocols using
microwells for cell immobilization and a flow chamber with heated stage to per-
form AFM measurements in an environment conducive for cell culture [50, 87].
The myeloid leukemia HL-60 cell line and lymphoid leukemia Jurkat cell line
were used as models for AML and ALL cells, respectively. For each experiment,
three cell subpopulations were compared: controls (no exposure to pentoxifylline),
cells exposed to 1 mM pentoxifylline for 90 min, and cells exposed to 1 mM
pentoxifylline for 180 min. Our data indeed showed a time-dependent change in
stiffness for both cell lines when cells are exposed to pentoxifylline. Interestingly,
the drug appeared to have opposite mechanical effects on the two cell lines.
Stiffness for the AML cells decreased with pentoxifylline exposure over 3 h,
whereas it increased for ALL cells over the same time interval (Fig. 13). These
results indicate the pentoxifylline does in fact alter the mechanical properties of
leukemia cells.

Pentoxifylline has also been reported to decrease the adhesive properties of
blood cells, including neutrophils and lymphocytes, by decreasing leukocyte
activation, downregulating expression of adhesion molecules and decreasing
secretion of cytokines [23, 37, 93]. Specifically, ICAM-1, E-selectin, LFA-1, and
VLA-4 expression on leukocytes decreases in the presence of pentoxifylline [15, 71].

Fig. 13 Pentoxifylline alters leukemia cell stiffness in a time-dependent manner as shown by
AFM. a The stiffness of myeloid HL-60 cells decreases over time with exposure to
pentoxifylline. Cells exposed to pentoxifylline for 90 min (n = 15) showed a marginally
significant decrease in stiffness compared to control cells (n = 22, p \ 0.06), whereas a
statistically significant decrease in stiffness was noted between cells exposed to pentoxifylline for
180 min (n = 13, p \ 0.02) and controls. b In contrast, the stiffness of lymphoid Jurkat cells
increases over time with pentoxifylline exposure. Cells exposed to pentoxifylline for 90 min
(n = 14) showed a significant increase in stiffness compared to control cells (n = 15, p \ 0.03).
Although stiffness continued to increase with further exposure to pentoxifylline, cell exposed to
pentoxifylline for 180 min (n = 11) only showed a marginal statistical difference when
compared to the cells incubated for 90 min ( p \ 0.075)
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In addition, this drug also affects endothelial inflammatory responses, by attenu-
ating cytokine-mediated adhesion molecule expression and endothelial perme-
ability to leukocyte transmigration [6, 89].

To investigate how pentoxifylline modulates the adhesive interactions between
leukemia cells and human umbilical vein endothelial cells (HUVECs), a static
adhesion assay was used in which pentoxifylline-exposed leukemia and endo-
thelial cells were co-incubated, washed, and remaining adherent cells were
quantified using brightfield microscopy.

Myeloid leukemia cells showed a statistically significant decrease in adhesion
to endothelial cells (Fig. 14). However, in the presence of the inflammatory
cytokine TNF-a, pentoxifylline had no significant effect on altering the adher-
ence of both HL-60 and primary AML cells to HUVECs. This suggests that
pentoxifylline’s effects on cell adhesion may only occur in myeloid leukemia cells
that have not been activated or have dysfunctional or non-functional inflammatory
signaling pathways. In addition, pentoxifylline exhibited no differential effect on
leukemia cells taken from the leukostasis-positive patient versus the asymptomatic
patient.

Fig. 14 Pentoxifylline decreases myeloid leukemia cell adhesion to human umbilical vein
endothelial cells (HUVECs). HL-60 leukemia cells and primary AML cells taken from a patient
who subsequently died of leukostasis and an asymptomatic were incubated with varying doses of
pentoxifylline (with or without TNF-a) for 45 min, then co-incubated with HUVEC monolayers
(with or without TNF-a) for another 45 min, and non-adherent cells were then washed away.
Adherent cells were visualized and quantified with brightfield optical microscopy. Results are
displayed as a percentage of remaining adherent cells relative to the corresponding control
condition. Asterisks indicate statistically significant differences (p \ 0.05) between the desig-
nated and the corresponding control populations

548 W. A. Lam and D. A. Fletcher



In contrast to the myeloid leukemia cells, lymphoid Jurkat leukemia cells
increased adherence to HUVECs when exposed to pentoxifylline in the same
experimental conditions (Fig. 15). There was no increased adhesion, however, when
cells were exposed to TNF-a in addition to pentoxifylline, implying that in lym-
phoblasts, pentoxifylline may trigger similar pathways as inflammatory cytokines.

As described in the previous sections, leukostasis in acute leukemia is likely
due to the biophysical alterations of leukemic cells leading to microvascular
obstruction in vital organs. As pentoxifylline has been shown to soften neutrophils
in both inactivated and activated states and decrease the adhesive leukocyte-
endothelial interactions, this drug is a logical target for leukostasis treatment or
prevention. Our data suggest that pentoxifylline does in fact affect leukemia cell
mechanical properties, but interestingly, seems to have a differential effect
between myeloid and lymphoid leukemia cells. Whereas pentoxifylline decreases
the stiffness and endothelial cell adhesiveness of primary AML and HL-60 cells,
the stiffness and adhesiveness is increased with lymphoid Jurkat T lymphoblasts.
The underlying mechanisms for these effects are unclear and will require further
study. In addition, more data with primary cells and other leukemia cell lines need
to be collected before any definitive conclusions can be drawn regarding the
potential for using pentoxifylline to prevent or treat leukostasis. However, the
mechanical changes we have documented do suggest that pentoxifylline may

Fig. 15 Pentoxifylline increases lymphoid leukemia cell adhesion to human umbilical vein
endothelial cells (HUVECs). Jurkat leukemia cells were incubated with varying doses of
pentoxifylline (with and without TNF-a) for 45 min, then co-incubated with HUVEC monolayers
(with and without TNF-a) for another 45 min, and non-adherent cells were then washed away.
Adherent cells were visualized and quantified with brightfield optical microscopy. Results are
displayed as a percentage of remaining adherent cells relative to the corresponding control
condition
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decrease microvascular occlusion due to AML cells and improve microcirculatory
flow and justify more in vivo patient-based research to determine if this drug has
the potential to ameliorate leukostasis in AML. We will continue our current
studies to further clarify the biophysical effects this drug may have on leukemia
cells in the context of leukostasis.

Currently, there is no medication that successfully treats and prevents the life-
threatening complication of leukostasis in acute leukemia. As pentoxifylline has
been in use for several decades for the treatment of other diseases and is known to
be a well-tolerated drug with minimal side effects, the risk–benefit ratio is sig-
nificantly low and warrants a prospective clinical trial exploring the use of this
drug for newly diagnosed patients with AML.

5 Modulation of Leukemia Cell Mechanics via Pharmacological
Agents: ATRA in APML

In the last decade, use of the vitamin A derivative ATRA in APML has been
shown to markedly decrease mortality and increase patient survival. This novel
chemotherapeutic agent selectively differentiates APML cells into more mature
granulocytes. However, a potential adverse effect of this medication is retinoic
acid syndrome, a life threatening complication associated with massive infiltration
of vital organs by maturing myeloid cells [101]. Alterations in the cellular
mechanics of APML cells induced by ATRA are thought to play a role retinoic
acid syndrome [11], but little experimental data exist to support or disprove these
theories.

Recently, Lautenschläger et al. applied a microfluidic optical stretcher, which
traps and deforms suspended cells by optically induced surface forces from two
opposing non-focused laser beams, to directly address this issue [42, 53]. This
system provides the capability to investigate the mechanical properties of cells
without direct contact of the cells themselves, eliminating potentially confounding
effects of cell-probe contact.

To assess alterations of cell deformability associated with ATRA-induced
differentiation, APML cells treated for 3 days were analyzed with their optical
stretcher and compared to untreated APML cells. APML cells differentiated with
ATRA were found to be 45% more compliant than control APML cells [53].
Interestingly, this cellular compliance is consistent with that of normal neutrophils
taken from healthy subjects, suggesting the biophysical properties of myeloid cell
differentiation coincide with biological differentiation.

Moreover, electron microscopy revealed that the mesh size of the actin cyto-
skeleton is increased in ATRA-differentiated APML cells versus untreated APML
cells [53]. As actin mesh size is inversely related to the elastic shear modulus of
polymer networks [65], this suggests that actin remodeling is involved with the
ATRA-induced alterations in the biophysical properties of APML cells. In addi-
tion, depolymerization of F-actin with latrunculin A further increased the
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deformability of ATRA-differentiated APML cells, further implicating the bio-
physical role of actin in this process.

Taken together, the data collected by Lautenschläger et al. again draw attention
to the biophysical effects medications may have the cellular mechanical properties
of leukemia cells, but from a different perspective than studies related to leuko-
stasis in acute leukemia. In the case of ATRA-induced biophysical alterations of
APML cells, the increase in compliance of differentiated APML cells may enhance
their capabilities to infiltrate from the microcirculation into the surrounding tis-
sues, possibly leading to organ damage. As autopsies clearly demonstrate pul-
monary infiltration of mature myeloid cells in APML patients who died of retinoic
acid syndrome, these experiments suggest that drug-induced cell mechanical
alterations may have a role in the pathophysiology of this life-threatening com-
plication. Further studies in this area of research are vital to fully elucidate the
exact underlying biophysical mechanisms of ATRA in retinoic acid syndrome.

6 Clinical Implications and Future Work

This chapter describes the clinical relevance of the nascent field of cell mechanics
and discusses how the techniques of this discipline can further our knowledge of
hematologic diseases in which cell mechanical properties are altered. Specifically,
this body of work uses the tools of cell mechanics to further our understanding of
leukostasis, a complication of acute leukemia that is thought to be caused by
alterations in leukemia cell mechanical properties, such as adhesion and cell
stiffness. Interestingly, this biophysical theory of leukostasis has existed for dec-
ades, but it has never been thoroughly investigated, likely due to the lack of
necessary tools. It is only because of recent technological advances, namely with
the advent of atomic force microscopy and microfabrication techniques in bio-
logical research, were we able to conduct our experiments to learn more about this
life-threatening complication of leukemia. In addition, novel technologies such as
the optical stretcher have provided important data linking the cell mechanical
alterations of the drug ATRA on APML cells. These experiments prove that
biophysical alterations coincide with the differentiation of promyelocytic cells into
mature neutrophils and also suggest that ATRA-induced cell deformability may
play an important role in retinoic acid syndrome in APML patients.

Although these studies represent valuable contributions to the field of clinical
hematology and cellular mechanics, leukostasis and retinoic acid syndrome remain
to be poorly understood complications of acute leukemia and a multitude of
questions remain. What is the role of adhesion molecules between leukemic and
endothelial cells and how do pharmacologic agents modulate these interactions?
How do cytokines and other soluble inflammatory molecules factor into these
interactions? Out of the several biophysical parameters in question, which domi-
nate and are the most significant causes of leukostasis? What role do platelets and
coagulation have in leukostasis and retinoic acid syndrome?
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To begin addressing some of these questions, we have recently developed a
technique to modify our BFC systems so that, endothelial cell monolayers are
cultured in 3D along the inner surfaces of our microdevices (Fig. 16a). This
‘‘endothelialized’’ microfluidic BFC system integrates cell deformability and cell
adhesion under physiologic microvascular flow conditions, functioning as an in
vitro microvasculature-on-a-chip. As a proof of concept, we applied the device to
study the cellular mechanics of leukemia cells isolated from newly diagnosed
AML patients as both cell deformability and cell adhesion are likely to have
significant roles in the pathophysiology of leukostasis. Leukemia cells isolated
from both an AML patient with leukostasis and another patient with the identical
subtype of AML but without leukostasis were flowed into the modified BFC
system (Fig. 16b). In preliminary studies, we found that leukostasis-positive AML
cells were much more adherent and caused much more microchannel obstruction
than leukostasis-negative AML cells. Further complementary AFM cell stiffness

Fig. 16 Applying the microvasculature-on-a-chip to study leukostasis in AML. a 3-D culture of
human endothelial cells in microfluidic channels of the BFC system (stained with cell membrane
and nucleus dyes). b AML cells from a leukostasis-positive patient cause more microchannel
obstruction and a larger decrease in microchannel velocity than AML cells from a leukostasis
negative patient
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measurements and parallel plate adhesion assays, when used in conjunction with
the microvasculature-on-a-chip, will then determine the relative role cell defor-
mability versus cell adhesion have in microvascular obstruction. This capability
fulfills an important need in the study of cellular mechanics and hematologic
diseases.

Although we have only scratched the surface in our comprehension of the
interactions between cell mechanics, pharmacological agents and leukemia path-
ophysiology, novel tools and techniques such as those described above will enable
future research to be conducted in a more efficient and informative manner.
In addition, these systems have the potential to function as new classes of drug
discovery platforms and diagnostic devices. In the near future, the interdisciplinary
field of cellular mechanics will not only further our understanding of leukemia, but
it will provide valuable insights into a myriad of other disease states where cell
biology is known to interact with biophysics such as, sickle cell disease, clotting
disorders, inflammatory disorders, sepsis, cardiovascular disease, and even other
forms of cancer.
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