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Deciphering the relationship between cellular processes and the structure of living cells is a key step
toward understanding and predicting cell functions with direct implications for understanding human
health and disease. The active nature of these cellular processes, which span several decades of spatial
and temporal scales, pose significant challenges to unraveling this complex structure-function paradigm.
Complementing novel experimental techniques with robust computational approaches capable of model-
ing mechanical response at varying scales provides new avenues to resolving this paradigm. We provide
an overview of continuum-based computational approaches used in studying and interpreting responses
of individual cells and nuclei, we outline techniques used for measuring the mechanical characteristics
of living cells, and we discuss some of the key insights provided by these approaches.

1. Introduction

Recent developments in the field of nanotechnology have delivered sophisticated experimental tools for
measuring forces as small as piconewtons and deformations as small as microns or less. These develop-
ments have enabled accurate measurement and monitoring of the mechanical properties and function of
living cells, subcellular structures and even single biomolecules [Bao and Suresh 2003; Van Vliet et al.
2003; Huang et al. 2004; Yu et al. 2006]. Specifically, work done over the last two decades at cellular
scales has led to the formulation of experimental frameworks for measuring the mechanical response
of cells in vitro. Quantifying the mechanical characteristics of subcellular structures based on these
frameworks, a key step towards understanding the structure-function paradigm of living cells, is a fun-
damental challenge facing the biomechanics, biomaterials, and biophysics communities. This challenge
arises due to the intricate nature of the cell, a delicate assembly of numerous subcellular components
with vastly different geometrical, material, and biochemical characteristics; see, for example, Figure 1.
These subcellular components evolve during various cell functions at temporal scales that extend over
several decades. Figure 2a illustrates the mapping between length scales and time scales via selected
functionality of living cells and various organelles. While most short-term cellular responses are locally
mediated, long-term events generally involve alterations in gene expression [Kamm and Kaazempur-
Mofrad 2004]. Even what is seemingly a single cell function can be governed by completely different
mechanisms at different time scales, as illustrated recently for cell adhesion to substrates [Cuvelier et al.
2007].
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Figure 1. Schematics of (a) an eukaryotic cell and (b) its nucleus.

In the process of modeling the deformation and mechanics of cells, subcellular structures, and con-
stituent biomolecules, the method of choice depends on the length and time scales of interest. Com-
putational approaches can be classified into two main categories: continuum-based approaches and
micro/nanostructural approaches [Vaziri and Gopinath 2007]. Integrated models that combine aspects of
these two approaches and are useful in predicting the response of living cells at physiologically relevant
temporal and spatial scales are still in their infancy.

This article reviews continuum-based computational models in cell and nuclear mechanics. Our aim is
to provide an overview of the current state of the art in such approaches and comment on their applicability
in interpreting as well as predicting the deformation and mechanics of living cells and organelles. The
advantages and deficiencies of the more commonly used models are emphasized. Insights provided by
these approaches, specifically in understanding the connection to human health and disease, are discussed.
This article complements a recent review by Vaziri and Gopinath [2007] that focuses on the insights
provided by micro/nanostructural and continuum computational approaches in cell and biomolecular
mechanics. We will highlight computational studies on both whole cell response as well as studies on
isolated nuclei, which have been the subject of much research in recent years.

Continuum methods are applicable when the length scales of interest are much larger than microscop-
ically relevant structural features that act as small perturbations to global variations in properties. To
illustrate this, consider, for instance, steady AFM indentation of the individual cells at micron level in
which the length scale characterizing the deformation field is typically larger than the spatial dimensions
of individual cellular elements. Consequently, a continuum description is appropriate when studying
the nature of this deformation field. The same picture holds for studies on cell migration and flow and
deformation of red blood cells in capillaries. Even though microscopic features affect the cell shape
and behavior at small length scales, the overall response of a blood cell to flow or stress as it moves
in and out of capillaries is amenable to a macroscopic analysis. On the other hand, when studying the
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Figure 2. (a) Mapping between length and time scales in cell and biomolecular me-
chanics via selected functions. Shown is the vast difference in length scales from
biomolecules to tissues as well as concomitant time scales for some processes and
function at biomolecular/cellular level. (b) Computational toolbox encapsulating current
continuum-based computational approaches for living cells and isolated nuclei.

mechanics of individual biomolecules, as in protein folding and fracture, the length scales of interest,
for example, spatial scales characterizing the deformation field, are comparable to the molecular size. In
this case, continuum-based models are inappropriate, and atomistic and molecular simulations should be
employed. Most of the atomistic and molecular simulations in biomechanics are based on Monte Carlo
or Molecular Dynamics algorithms reviewed in a recent article by Vaziri and Gopinath [2007].

Most continuum-based computational models in cell mechanics, and more generally in biomechanics,
are based on the finite element method. Significant reasons for its popularity are its efficiency, ease of
computation, and speed of implementation. In addition, material as well as geometric nonlinearities can
be easily incorporated. Numerical schemes associated with this method are also well-developed and
have been implemented in various commercially available software. It must be pointed out, however,
that alternative computational approaches have also been used when appropriate for particular applica-
tions. For instance, the boundary element method, which is also based on fundamental solutions of the
governing partial differential equations and requires discretization on only the domain boundary, has the



1172 ASHKAN VAZIRI, ARVIND GOPINATH AND VIKRAM S. DESHPANDE

potential to reduce significantly the computation time specifically for complex geometries. Such alternate
computational approaches offer advantages in certain specific problems in cell mechanics [Discher et al.
1998; Haider and Guilak 2002; Cristini and Kassab 2005], but the finite element method seems to be the
algorithm of choice in most applications.

The perspectives and overview presented here are necessarily brief and are intended to convey only
broad concepts. The readers are encouraged to consult the papers cited in this review for details on the
topics addressed here including the list of key references.

2. Cell and nuclear mechanics: insight from computational approaches

Advances and development of new techniques in numerical methods over the last decade have provided
reliable tools to model materials with complex characteristics. A key challenge in developing appropriate
computational models in cell mechanics is the selection of material laws capable of representing the
multiaxial and highly nonlinear stress-strain relationships as well as their alteration due to mechanical,
biochemical, or electrical stimuli with high fidelity. Figure 2b displays material laws ranging from simple
linear elasticity to more complex biphasic models and active continua that have been employed in various
computational models in cell and nuclear mechanics. Most of these models, with the exception of those
in the active continua category, assume that the cell and its subcellular structures respond passively to
the stimulus. The material constants associated with these models are usually obtained by measuring the
overall response of a cell (or isolated nuclei) using experimental techniques such as micropipette aspi-
ration and atomic force microscopy (AFM) indentation experiments, and comparing these experimental
results with computational predictions. Table 1 shows the available computational models developed
for common experimental techniques that are typically performed on whole cells. A companion list of
the computational methodologies developed for modeling the deformation and response of an isolated
nucleus is provided in Table 2.

An illustration of the method by which material constants are obtained is shown in Figure 3 for
microplate compression tests on a round endothelial cell and an isolated nucleus extracted from cell
cultures by chemical treatment [Caille et al. 2002]. The corresponding computational simulations at
each stage of deformation are also shown and performed by assuming that the cell and the nucleus are
separate homogeneous isotropic materials and calculating the response to compression. Interpreting the
experimental measurements using simulations shows that the nucleus of an endothelial cell is about 10
times stiffer than its cytoplasm (Figures 3c and 3d).

Characteristic properties of cells have been experimentally obtained by considering responses over
a limited range of excitation frequencies. Recent studies have indicated that the cytoskeleton response
is governed by a ubiquitous mechanical behavior called power law rheology over a broad frequency
spectrum [Fabry et al. 2001; 2003; Alcaraz et al. 2003; Lenormand et al. 2004; Desprat et al. 2005;
Bursac et al. 2005; Hoffman et al. 2006]. Investigations of the rheology of actin gels containing a single
actin crosslinking protein indicate that that the power law behavior might be an intrinsic feature of actin
systems with only one or two binding proteins present [Gardel et al. 2006]. The emergence of this
relatively simple power law behavior for complex structures such as the cytoskeleton and actin gels has
motivated both theoretical and computational efforts to interpret these experimental observations. In
Section 2.1, we provide an overview of such a computational model developed by Vaziri et al. [2007].
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Experiment

Material model

References

AFM Indentation

Linear elastic

Nonlinear elastic

Nonlinear elastic

[Costa and Yin 1999]
[Ohashi et al. 2002; Ng et al. 2007]

[Costa and Yin 1999]
[McElfresh et al. 2002]

Cytaindsnter

Cytoindentation

Linear elastic

Poroelastic

[Shin and Athanasiou 1999]
[Shin and Athanasiou 1999]

d Magnetic Twisting Cytometry

Linear elastic

Nonlinear elastic
Maxwell viscoelastic

Power law structural damping

[Mijailovich et al. 2002]
[Charras and Horton 2002]

[Ohayon et al. 2004]
[Karcher et al. 2003]
[Vaziri and Gopinath 2007]

Shear Flow

Linear elastic

Nonlinear elastic

[Charras and Horton 2002] §
[Cao et al. 2007; Ferko et al. 2007] §

[Jadhav et al. 2005]

Cell Contraction (Microarrays/substrate)

Linear elastic

Modified Maxwell viscoelastic

Biochemomechanical

[Nelson et al. 2005]
[McGarry et al. 2005] 3

[Deshpande et al. 2006; 2007a; 2007b]
[Wei et al. 2007]

Microplate Compression

Microplate

Ao

Nonlinear elastic

[Caille et al. 2002]

Micropipette Aspiration

Micopipetts
e —ee
Peretrationdepth |

Linear elastic
Nonlinear elastic
Maxwell viscoelastic
Modified Maxwell viscoelastic
Poroelastic

Poroviscoelastic

[Haider and Guilak 2002]

[Zhou et al. 2005; Baaijens et al. 2005]
[Baaijens et al. 2005; Trickey et al. 2006]
[Haider and Guilak 2000]
[Baaijens et al. 2005]

[Baaijens et al. 2005; Trickey et al. 2006]

Optical Tweezers

Nonlinear elastic

Modified Maxwell
viscoelastic

[Dao et al. 2003; Mills et al. 2004]
[Suresh et al. 2005]

[Mills et al. 2004]

Table 1. Computational models for whole cell deformation in common experimental
techniques in cell mechanics. Most of the current models are based on the finite element
method. Alternate approaches include studies based on boundary integral methods as in
[Haider and Guilak 2000; 2002]. (3The model of the cell in [Caille et al. 2002; McGarry
et al. 2005; Ferko et al. 2007] includes a separate component representing the nucleus.)
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Experiment Material model Reference
AFM Indentation

3
i

—
-!?4'

Maxwell viscoelastic [Vaziri et al. 2006]

Microplate Compression Nonlinear elastic [Caille et al. 2002]

Microplate

G A Maxwell viscoelastic [Vaziri et al. 2006]

Micropipette Aspiration

Micropipetie

Modified Maxwell viscoelastic | [Vaziri et al. 2007]

Penatration depth

Table 2. Available computational models for the deformation of an isolated nucleus.

Most material models presented in Figure 2b assume a passive nature for the response of cells and sub-
cellular components to mechanical stimuli. In a living cell, however, the cytoskeletal structure undergoes
active changes in response to mechanical stimuli and chemical signals [Wang et al. 2000; Bao and Suresh
2003; Kaunas et al. 2005; Chien 2006; Kumar et al. 2006]. Recent efforts by several groups have led to
the development of biochemomechanical models for cells in an effort to capture this active mechanical
response [Deshpande et al. 2006; 2007a; Deshpande et al. 2007b; Pathak et al. 2007; Yang and Saif
2007]. These new approaches can help immensely in understanding the interplay of mechanics and
biochemistry during the active cellular response and cell function as explained in Section 2.2. Recent
theoretical efforts have also focused on developing a general framework for describing the largescale
dynamics of an active-filament network as is found in the cytoskeleton [Kruse and Julicher 2006]. Using
pairwise interactions between active filaments and general conservation principles, effective medium
expressions are developed for the stresses generated in such a filamentous structure. This description
may be linked to continuum theories of active polar gels and provides a useful starting point for the
numerical modeling of such systems.

An additional property of the deformation response to mechanical forces, present even in the passive
limit, is the inherent inhomogeneity in cell structure. Computational models that treat the cell and its
nucleus as a homogeneous isotropic material have proven successful in modeling certain aspects of the
cell behavior. This approximate treatment however fails to predict some major physiological observations
such as transmission of the forces applied via focal adhesions to long distances in the cytoskeleton [Man-
iotis et al. 1997; Hu et al. 2003]. Developing computational biomechanical models which account for
inhomogeneity of the cell and nuclear structure constitutes another important step towards understanding
the behavior and functions of living cells and their relationship with mechanics. In Section 2.3, we
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Figure 3. (a) Top panels show digitized images of a round endothelial cell compressed
by flexible microplates. Left: cell at rest; middle: 30% compression of cell height;
right: 50% compression of cell height. Bottom panels show the finite element model
of the compression test at same stages; the nucleus within the cell is distinguished by
the bold line and was modeled as a separate element with different mechanical proper-
ties. (b) Same as (a) for an isolated nucleus extracted from endothelial cell by chemical
treatment. (c) Average force-height reduction of round endothelial cells (n = 17) and
isolated nuclei (n = 21) measured experimentally. (d) Numerical simulation of force-
height reduction of an isolated nucleus for various values of the nuclear elastic modulus.
Fitting to experimental data indicates that the nucleus is about 10 times stiffer than the
cytoplasm in endothelial cells. In numerical simulations both cytoplasm and nucleus are
modeled as homogeneous, incompressible, isotropic, hyperelastic materials. (Figures
and data are modified from [Caille et al. 2002]. Copyright © 2002, Elsevier Science.
Reprinted with permission.)

discuss the details of a new computational model proposed for studying the deformation and mechanics
of isolated nuclei.

Complete characterization of the biomechanics of the cell and its subcellular structures cannot be
achieved by a single experiment and requires combinations of several experimental techniques and de-
tailed computational simulations. For example, Baaijens et al. [2005] show that computational models
using a viscoelastic material model or a biphasic viscoelastic material model are capable of accurately
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simulating the experimentally measured creep response of chondrocytes aspired into a micropipette. A
similar discussion is provided by Vaziri and Kaazempur-Mofrad [2007] for the deformation of an isolated
nucleus in micropipette aspiration experiment.

2.1. Power law rheology based models. The power law rheology exhibited by emulsions, pastes, foams,
and colloids is an intrinsic feature of materials composed of numerous discrete elements that experience
weak interactions with inherently disordered and metastable microstructural geometry. Surprisingly, re-
cent experiments have indicated that under certain conditions this rheological law is also valid for the
cytoplasm as described in Section 2. A computational model of the magnetic twisting cytometry exper-
iment has been recently developed in which the material law associated with this power law rheology
is incorporated. In Figure 4, results from the computational simulations based on this coarse-grained
model are compared with experimental observations on HASM cells from Fabry et al. [2003]. Inter-
preting these observations using the computational model yields an accurate assessment of the material
constants associated with the power law rheology. It should be noted that this computational model is
phenomenological, and fails to provide any physical insight into the mechanisms responsible for the
emergence of this peculiar behavior of the cytoskeleton.

When the simple law described above proves inadequate, the framework may be extended to incorpo-
rate more complex frequency dependent viscoelastic behavior. As an example, the intranuclear region of
Swiss 3T3 fibroblasts is shown to have a frequency dependent viscoelastic characteristic that in general
does not follow the power law rheology over a wider range of excitation frequencies [Tseng et al. 2004].
Another example is the additional Newtonian viscosity term suggested by Fabry et al. [2003] to account
for the complex behavior of the cytoplasm at relatively high frequencies of excitation. Alternatively,
mechanical prestress in the active cytoskeleton, generated in part due to the activity of molecular motors,
also significantly influences its rheology and behavior of the cell [Stamenovic et al. 2002; Wang and Suo
2005]. This prestress regulates the transition between solid-like and fluid-like behavior in cells, and is
indicated in the power law rheology as a decrease in the power law exponent with increasing prestress
[Stamenovic et al. 2002; Stamenovic et al. 2004]. The developed computational model is capable of
incorporating the mechanical prestressing and can provide insight into the role of this mechanical factor.

2.2. Active continua computational models. The cytoskeleton is a protein scaffold found inside most
eukaryotic cells. It consists of three major classes of filaments: actin, microtubules, and intermediate
filaments along with accessory proteins that crosslink the filaments to the plasma membrane. In mam-
malian cells with compliant cell membranes (no cell walls), the dynamic structure and active nature of
the cytoskeleton largely determine the morphology of a cell and its mechanics [Howard 2001]. Here we
briefly review the main features of computational approaches that attempt to account for the active nature
of the cytoskeleton and its effect on the mechano-sensitivity of cell adhesion.

2.2.1. Cytoskeletal contractility. The tension generated inside the contractile microfilaments in the cy-
toskeleton plays a critical role in control of cell morphology and function [Ingber 1997]. Contractile
bundles composed of actin and myosin proteins form and dissociate in response to external mechanical
or chemical stimuli. Typically, these contractile bundles are found in three forms: (i) circumferential belts
(in epithelial cells), (ii) stress fibers along the ventral surfaces, and (iii) contractile rings at the equator that
form during cytokinesis. A suitable model must incorporate the following basic biomechanochemical
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Figure 4. Power law rheology of the cytoskeleton. (a) Scanning electron microscopy of
a magnetic microbead bound to surface of a human airway smooth muscle cell (HASMc)
in magnetic twisting cytometry (MTC) experiments (see Table 1 for the schematic of
the experiment). (b) Ferromagnetic beads bind to the actin cytoskeleton (stained with
fluorescently labeled phalloidin) of HASM cells via cell adhesion molecules (integrins).
(c) Microbead displacement versus specific torque (mechanical torque/bead volume) of
the cytoskeleton at different frequencies of excitation of the microbead in MTCE for
HASMec. (d) Geometry of computational model of MTC experiment. (e) Numerical
results for response in MTC experiment at various excitation frequencies of rigid mi-
crobead. Both average radius of ferromagnetic microbeads in experiment and of rigid
spheres in numerical simulations is 2.25 um. See Table 1 for alternative computational
models developed for understanding cytoskeletal response in MTC experiment. (A, B
and C are taken from [Fabry et al. 2003]. Copyright © 2003, American Physical Society.
Reprinted with permission. D and E are modified from [Vaziri et al. 2007]. Copyright ©
2007, Elsevier Science (D and E). Reprinted with permission.)

processes [Deshpande et al. 2006; 2007a]: (i) the formation of stress fibers induced by an activation
signal, (ii) polymerization of actin filaments and the phosphorylation of myosin II that promotes the
assembly of myosin II into bipolar filaments triggered by the activation signals. These myosin filaments
enter into the « actinin bound actin filament bundles, resulting in the formation of stress fibers, and (iii)
tension generated in stress fibers by crossbridge cycling between the actin and myosin filaments. When
the tension is allowed to relax, the actin filaments are no longer held in place by the bipolar myosin
filaments and the stress fibers disassemble.

Motivated by these processes, Deshpande et al. [2006; 2007a] have proposed a model for the contrac-
tility of the cytoskeleton that supersedes oversimplified models in which the cytoskeleton is regarded as
a passive mechanical structure augmented only by a thermal contraction induced by a deus ex machina
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(a)

Figure 5. (a) Schematic of the cell on 4 posts. Effect of reducing stiffness of top right
support (denoted by k) is illustrated in (b) and (c), wherein contours of stress fiber
concentration 7 are plotted along with line segments indicating direction of maximum
principal stress. (The figures are modified from [Deshpande et al. 2006]. Copyright ©
2006, National Academy of Sciences, USA.)

[Satcher and Dewey 1996; Nelson et al. 2005; Mohrdieck et al. 2005]. In the model, the mechanical
response of the stress fibers comprises three coupled phenomena: (i) an activation signal that triggers
the formation of stress fibers; (ii) a fiber formation rate dependent on the activation signal, coupled
with a dissociation rate dependent on the tension; and (iii) a contraction rate (contractility) for the
stress fiber that depends on the tension through the crossbridge dynamics. Simple phenomenological
relations are used to model these coupled phenomena for a single stress fiber, and thereafter the relations
are generalized to two and three dimensional cytoskeletal networks by homogenizing over all possible
fiber orientations at each point in the cell. Simulation of the cell response is carried out by solving the
equations of force equilibrium as the cytoskeleton forms to create a contractile network consistent with
the tensegrity hypothesis [Ingber 1997]. By considering a square cell fixed between four support posts
(see Figure 5a), the model predicts reconstruction of the cytoskeleton in a manner dependent on the
external mechanical constraints. Predictions of the distributions of the stress fibers (Figures 5b and 5c)
are in line with experimental findings that the stress fiber network is dependent on the spring constants
of the supports with a higher concentration of fibers located adjacent to stiffer supports. Moreover, the
model captures the many key features observed in experimental studies including: (a) the decrease of the
forces generated by the cell with increasing substrate compliance, and (b) the influence of cell shape and
boundary conditions on the development of structural anisotropy. It is apparent from these studies that
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Figure 6. Observations (left) and predictions (right) of the vinculin (a) and actin (b)
distributions in infinity telomerase-immortalized retinal pigment epithelial human cells
placed on a V-shaped fibronectin pattern. The edge of the V is 46 um. Observations are
reproduced from [Théry et al. 2006], while the predictions are from [Pathak et al. 2007].

mechanics and the conditions of force equilibrium play a central role in the processes of cytoskeleton
formation and contractility.

2.2.2. Cooperativity between cell adhesion and cytoskeletal contractility. Cell adhesion to the extracel-
lular matrix (ECM) is critical to functions ranging from migration and proliferation to apoptosis. The
primary subcellular structures that mediate the regulatory effects of ECM adhesion are the focal adhe-
sions (FAs). These macromolecular complexes not only mediate cell anchorage by physically coupling
integrins to the contractile actin cytoskeleton but also orient and concentrate numerous signaling proteins
at sites of integrin binding and clustering. Because FAs function not only as the mechanical linkages
but also as biochemical signaling hubs for many regulatory pathways, regulation of their assembly and
disassembly is a critical mechanism for controlling cell function. FA formation is itself controlled me-
chanically with the tractions generated at the contact sites increasing the rate of assembly of the focal
adhesions [Balaban et al. 2001]. Moreover, FA formation can be increased or decreased by respectively
raising or lowering cytoskeletal tension using pharmacological agents such as BDM that curtail acto-
myosin activity [Chen et al. 2003]. The global shape of cells and their internal cytoskeletal structure
also play an important role in constraining the magnitude, distribution, and direction of such tractions
across the cell surface [Parker et al. 2002; Chen et al. 2003], and thereby control local FA assembly
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and organization. The fact that many proteins perform both structural and signaling functions [Burridge
and Chrzanowska-Wodnicka 1996] hinders the ability of traditional approaches to parse the mechanisms
that regulate FA dynamics: for example, knocking out an adhesion protein by genetic manipulation may
also eliminate an essential structural component. Consequently, a combination of critical experiments
guided by computational models that include the salient features of the mechanics and biochemistry is
needed in order to understand the observed behaviors. Théry et al. [2006] have investigated the effect
of cell shape on the distribution of actin and vinculin at fixed cell area, as exemplified in the upper part
of Figure 6, which visualizes a human endothelial cell placed on a V-shaped fibronectin ligand pattern.
Such studies indicate a complex interaction among cell shape, ligand patch geometry, and cytoskeletal
response with strong stress fibers forming along the nonadhesive edges and high focal adhesion densities
(as exemplified by the vinculin density) along the edges of the ligand patch. Deshpande et al. [2007b]
have developed a model that accounts for the cooperativity between cytoskeletal contractility and focal
adhesion formation and growth. This thermodynamically-motivated computational approach has three
essential features: (i) coexistence of the low and high affinity integrins in thermodynamic equilibrium, (ii)
mobility of the low affinity integrins within the plasma membrane, and (iii) mechanical equilibrium of the
contractile forces generated by the stress fibers; these forces affect the free energies of the integrins giving
rise to a coupled thermomechanical response. An initial prediction based on the model of Deshpande
et al. [2007b] is included in bottom part of Figure 6. The predictions show distributions of the normalized
focal adhesion densities (as parameterized by the high affinity integrin concentration) and contours of
the stress fiber density. Also included with the predicted stress fiber concentration distributions are line
segments showing the effective direction of the stress fiber. The predictions are remarkably consistent
with trends observed in the experiment: (i) since the cell exerts maximum tractions on the ECM near the
edges of the ligand patch, high focal adhesion densities are predicted in this region, and (ii) aligned stress
fibers form along the longest nonadhesive edge; see [Pathak et al. 2007] for details and interpretation of
the analysis.

2.3. Computational model of an isolated nucleus. The nucleus of eukaryotic cells, containing most of
the cell’s genetic material, is an assembly of numerous subnuclear components which work cooperatively
to maintain the structural integrity and proper function of the nucleus, as shown in Figure 1b. The nuclear
envelope is one of the major elements of the nucleus, and is comprised of inner and outer membranes,
nuclear lamina, nuclear pore complexes, and the perinuclear region. The nuclear lamina is a polymeric
network composed of coiled-coil proteins called lamins [Aebi et al. 1986; McKeon et al. 1986] and is
known to play a critical role in maintaining the structural integrity of the nucleus. It is built of two types
of proteins, lamin A/C and lamin B, and comprises the majority of the protein composition within the
nucleus. Within the nucleoplasm are one or several nucleoli, responsible for the production of ribosomes
that are then transported to the rough endoplasmic reticulum where protein synthesis occurs.
Continuum-based computations have also been used in studying the mechanical properties of isolated
and intact nuclei. These studies can further our understanding of the mechanisms by which mechanical
stresses are transmitted to biochemical reactions and ultimately alterations in gene expression and cell
function. A continuum-based computational model of an isolated nucleus that incorporates the nuclear
inner and outer membranes, nuclear lamina and nucleoplasm as separate components with different
material characteristics has been developed recently by Vaziri et al. [2006]; see Figures 7a and 7b. Using
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Figure 7. From top left clockwise: (a) three-dimensional images of isolated nuclei
on a glass substrate (black in the image) via two-photon microscopy; (b) schematic
of the computational model of an isolated nucleus in AFM indentation, consisting of
nucleoplasm, inner and outer membranes, and nuclear lamina, with different material
characteristics; and (c) dependence of force-indentation response of isolated nucleus on
bending stiffness of nuclear lamina, K y. Nuclear elements are modeled as linear elastic
materials with following characteristics: Poisson ratio v = 0.485, nucleoplasm Young’s
modulus =25 Pa, and bending stiffness of nuclear membrane 1.8 x 107! Nm. Exper-
imental result gives the average response of 23 nuclei from mouse embryo fibroblasts.
Error bars give the standard error at specific values of indentation. (The figures are
modified from [Vaziri et al. 2006]. Copyright © 2006, Materials Research Society.)

this approach, the contributions of individual nuclear elements to the overall response of an isolated
nucleus can be calculated; this is shown for the case of AFM indentation in Figure 7c and discussed
for the case of micropipette aspiration in [Vaziri and Kaazempur-Mofrad 2007]. Numerical simulation
of the indentation of an isolated nucleus reveals that under localized indentation, the nuclear envelope
transfers the force applied locally to a large portion of the nucleoplasm as the nuclear envelope undergoes
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Figure 8. Distribution of nodal displacement and von Mises stress in the nucleoplasm at
probe displacement of 1000 nm from the isolated nucleus model in Figure 7 for nuclear
lamina bending stiffness of Kz = 13.6 x 107! N.m. In computational simulations sharp

probe has a half angle of 35°, consistent with experiments. (The figures are modified
from [Vaziri et al. 2006]. Copyright © 2006, Materials Research Society.)

0

bending and stretching; see Figure 8. The overall response of the nucleus to point indentation is predicted
to be a complex function of the material characteristics of its individual elements. Similar theoretical
and computational studies, carried out to study the mechanisms of response of living cells under point
indentation, indicated the necessity of accounting for the mechanics of biomembrane in the response
[McElfresh et al. 2002; Baesu et al. 2004]. These results clearly reveal the inadequacy of the commonly
employed Hertzian contact model used in interpreting results from indentation experiments; see [ Vaziri
et al. 2006] for further discussion.

Recent experimental observations indicate that the nuclei of endothelial cells undergo permanent struc-
tural remodeling when shear stress is applied to the cell. This cytoskeleton-mediated deformation of
the nucleus is hypothesized as a possible pathway through which shear stresses are transduced to gene
regulating signals [Deguchi et al. 2005]. The underlying mechanisms of this process and the details of
the mechanical connection between the cell membrane and its nucleus are still far from being understood,
but it is known that subcellular structures play an important role in this process. Computational models
capable of distinguishing and incorporating the structural role of different subcellular structures and
nuclear elements can help immensely in understanding these mechanisms. Moreover, these computa-
tional models are robust tools that can help in resolving the apparent discrepancy of the current data
on mechanical properties of cells and subcellular structures [Vaziri et al. 2006; Vaziri and Kaazempur-
Mofrad 2007].

3. Implications in understanding the state of human health and disease

Initiation and progression of many diseases are associated with alterations in the structure and function
of subcellular and subnuclear components which in turn modify the function of the cell [Cornhill and
Roach 1974; Sinzinger et al. 1980; Athanasiou and Shieh 2002; Trickey et al. 2000; Suresh et al. 2005;
Wilson 2005; Mattout et al. 2006; Suresh 2006; Cao et al. 2007]. For instance, mutations in gene
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encoding lamin A and its binding partners have been associated with a variety of human diseases in-
cluding Emery—Dreifuss muscular dystrophy, dilated cardiomyopathy, and Hutchinson—Gilford progeria
syndrome [Lammerding et al. 2004; Wilson 2005; Mattout et al. 2006]. As another example, various
cancer cells have altered nuclear structure and irregularity in shapes and spatial organization of subnuclear
structures [Zink et al. 2004].

The exact role of mechanics in the progression of these diseases is still unclear and computational
models can play a key role in unraveling this relationship. An example of such studies is the recent work
on biomechanics of red blood cells infected by the parasite P. falciparum [Dao et al. 2003; Mills et al.
2004; Suresh et al. 2005]. This work, which combines novel experimental techniques and continuum-
based computational models, has significantly enhanced our fundamental knowledge of the underlying
mechanisms of disease progression at the cellular level and provides a template for extensions of this
approach to other applications. Moreover, insights obtained from detailed computations that distinguish
between the effects of subcellular structures can serve to guide further experiments for characterizing the
mechanics of altered subcellular structures. For example, modeling the response of an isolated nucleus
in micropipette aspiration and indentation experiments by employing the computational model of an
isolated nucleus discussed in Section 2.3 indicated that the overall response of the nucleus in micropipette
aspiration is highly sensitive to the stiffness of the nuclear envelope [Vaziri and Kaazempur-Mofrad
2007], while in the indentation experiment the overall response is more sensitive to the nucleoplasm
material properties. This indicates that micropipette aspiration is robust enough to examine the influence
of various alterations in the nuclear lamina such as mutations in gene encoding lamin A and its bindings.

Another example in which mechanics might play a role involves the development of atherosclerotic
lesions. These lesions develop in the vicinity of branch points in the arterial vasculature, while straight
unbranched regions tend to be protected [Cornhill and Roach 1974; Sinzinger et al. 1980]. Namely, the
tubular geometry of the straight segments ensures that the cyclical rise and fall of blood pressure results
in uniaxial stretch. Conversely, the complex geometry of artery branches promotes stretching of the
blood vessel along more than one axis. These differences result in endothelial cells having nonaligned
stress fibers at branch points, while those in the straight segments are aligned in the longitudinal direction
[Davies 1995]. Isotropic or random cytoskeletal arrangements give rise to continued activation of Jun
Kinase (JNK) [Kaunas et al. 2006] that triggers a cascade of events that eventually induce structural
changes at the branch points including the increased deposition of ECM collagen and elastin. These
changes lead to the atherosclerotic narrowing and hardening of coronary arteries at vessel branches. Wei
et al. [2007] have shown that the biochemomechanical model discussed in Section 2.2 accurately predicts
the cytoskeletal structures that evolve in endothelial cells due to a range of hemodynamic and mechanical
stimuli. It is suggested that this model could be employed to investigate the onset of atherosclerotic
lesions.

Applications are also seen in the field of viral studies and especially in studies on infectivity and its
connection to structure. An excellent example is described in recent work by Kol et al. [2007]. This
work deals with the internal morphological reorganization that HIV and some other retrovirus particles
undergo following budding from a cell. During this maturation process, the immature HIV particle
changes from being roughly spherically symmetric with a thick protein shell to a state characterized by
a thin protein shell and a conical core. Nanoindentation experiments via AFM indicate that immature
HIV particles are 14 times stiffer than mature particles and this difference is primarily due to the HIV
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envelope cytoplasmic tail domain. Finite element simulations used to elucidate the effects of deleting
the cytoplasmic tail domain offer strong evidence that changes in mechanical properties, in this case the
softening of the viral particle, might be a crucial step in the infection process. Such studies offer immense
scope in using computations to anticipate effects of changes in structure arising due to mutations or as
a course of natural morphological change during the progression of disease. Once an understanding of
this mechanical change is gained, attempts to block or change this process may be used as a means to
circumvent this intrinsic morphological switch and retard infection.

Finally, the function of the cell and its nucleus is ultimately governed by the characteristics of appropri-
ate biomolecules and their alteration by biochemical reactions. Therefore, understanding the mechanisms
of the diseases associated with altered cell and nuclear function entails resolving the behavior at much
smaller spatial scales. Computational approaches based on micro/nano approaches can help immensely
in this regard. Examples are recent works on the effects of hyperglycemia on collagenolysis [Stultz and
Edelman 2003; Stultz 2006].

4. Multiscale approaches: from cell mechanics to collective tissue behavior

The complexity of individual subcellular structures and the range of spatial and temporal scales associated
with their interactions make it almost impossible to analyze these structures using a single theoretical or
computational model. Complete characterization of the cell entails interconnecting several models each
valid in a certain range of scales and forming a composite picture that reflects accurately mechanical
and biochemical behavior at all scales. A major challenge in this process is to appropriately couple
macroscale dynamics and cell kinetics to microscale deformation and mechanics; for example, protein
mechanics, filament dynamics and active motor behavior. A significant complication arises due to the
strongly nonlinear interactions as macroscopic mechanical effects provoke signal pathways that may give
rise to both local effects and nonlocal cell-wide changes. In a living cell, the continuous consumption of
fuel results in a constant state of nonequilibrium at all length scales. Even when considering properties
and responses at macroscopic length scales it is imperative to take into account the cumulative effects of
active microscopic processes.

Multiscale approaches developed in the field of cell mechanics can be classified into two categories.
In the first category, micro/nano simulations at subcellular, microscopic, or single molecule level are
used as input into macroscopic computations. A specific example would be using network simulations
of erythrocytes to obtain effective elastic constants of the membrane and the underlying filamentous
structure [Li et al. 2005; Dao et al. 2006]. This is discussed further in [Vaziri and Gopinath 2007]. In
this article, we provide a selected set of examples regarding a second complementary multiscale approach
wherein results from continuum computations at the single cell or subcellular level are used as input to
study behavior and response at the tissue or organ level, as illustrated in Figure 9.

Multiscale computational approaches have been employed in understanding various aspects of the
circulatory system from the mechanical properties of the heart muscle due to aging and plaque to cardio-
vascular circulatory mechanics [Shim et al. 2006]. We expect that continuum based computations will be
of use in coupling the dynamical characteristics of the circulation to the activation-induced mechanical
contraction of the heart muscle. Another physiologically relevant example is studying the process by
which air exchange occurs in the lung [Fredberg and Kamm 2006]. Evidence strongly suggests that
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Figure 9. Multiscale approaches in biomechanics connecting microscopic characteris-
tics of biomolecules to collective tissue behavior.

multiscale phenomena span the length scales that exist and govern integrative lung behavior. Another
example of application of multiscale approaches is in understanding the underlying mechanisms of mor-
phogenesis, a complex developmental phenomenon that involves cell growth, division, rearrangement,
as well as flow in a well defined manner [Chaturvedi et al. 2005].

In tissue engineering, alginate hydrogels are increasingly used as biomaterials to develop new cell
delivery methods as well as support matrices [Augst et al. 2006; Yeh et al. 2006; Khademhosseini et al.
2006; Rivest et al. 2007]. It is expected that these biomaterials play the role of an artificial extracellular
matrix that will surround living tissues and provide space for repair, regeneration, or growth of new tissue
as well as offering mechanical support and traction. These composite biomaterials are living analogues of
inanimate composites that have been so intensively studied until now in materials science and engineering.
The possibility of drug delivery from such materials is also of great interest [Khademhosseini and Langer
2006]. In all these applications, an accurate mechanical characterization is essential, and multiscale
continuum methods offer a good route to such understanding. Numerical investigations of such composite
biomaterials employ solutions to basic unit cell geometries coupled with homogenization techniques to
probe macroscopic variations. Typically, the cells are treated as deformable inclusions responding to
the macroscopically imposed external stress. The stress results in a macroscopic deformation field, the
magnitude of which has to be self-consistently determined by solving a microscopic unit cell problem.
Computations can then be used to quantify effects of scaffold stiffness and inclusion interactions on cell
deformation. Such multiscale studies are critical in evaluating the effects of mechanical processing on
the viability of tissue constructs. For example, Guilak and Mow [2000] used a biphasic FEM model
to study biomechanical interactions between the chondrocyte and the extracellular matrix. In a similar
vein, Breuls et al. [2002] introduced a large strain model to study the local deformation fields in tissue
composites when subject to macroscopic external loads. A similar approach is possible in the analysis
of naturally occurring composites like bone tissues [Kowalczyk 2006].

5. Concluding remarks

Mechanical characteristics of biological materials, although far more complex than the behavior of man-
made materials, are still amenable to studies based on computational frameworks. Indeed, the steps
toward a coherent synthesis of computations and experiments, with an aim to understanding cell and
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subcellular mechanical characteristics, have already begun in earnest. Considering recent advances in
computational efficiency and algorithms and the inclination of many researchers to enter interdisciplinary
fields, fast progress in the utilization of computational approaches in the field of cell and nuclear me-
chanics is anticipated. This in turn can lead to the emergence of new applications in various fields such
as tissue engineering, medicine, and nanobiotechnology, as well as novel avenues for treatment and
diagnosis of diseases.
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