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An active multiscale three-dimensional (3D) soft matter cell model is developed to study the

mechanotransduction of stem cells in an attempt to explain mechanical information exchange between

the cells and their extracellular environment. In the proposed soft matter cell model, the cortical actin–

myosin flow or the cytoplasmic flow is modeled as an active nematic fluid gel, the cell nucleus is modeled

as a hyperelastic medium, and the ligand–receptor interaction between the cell and extracellular matrix

is modeled by a coarse-grained molecular adhesive potential. We have implemented the soft matter cell

model in a Lagrange type meshfree Galerkin formulation, and we have developed computational

algorithms for adhesive contact between the cell and substrate. A comparison study with experimental

data has been conducted to validate the parameters of the cell model. By using the soft matter cell

model, we have simulated soft adhesive contact/spreading process between the cell and the extracellular

substrate. The numerical simulation shows that the cell can sense substrate elasticity in a variety of

different ways from cell spreading motion to cell shape and configuration changes.
1. Introduction

The ability of the cell to sense environmental mechanical stim-

ulus and subsequently to mediate its own coordinated responses

is called mechanotransduction.1,2,3 As a cellular signal trans-

duction process in response to mechanical stimuli, mechano-

transduction plays important role in normal physiological

processes such as cell motility, angiogenesis, embryonic devel-

opment, tissue regeneration, and wound healing. However,

abnormal mechanotransduction is also responsible for a series of

diseases in cardiology, orthopedics, neurology, and oncology.

The exact molecular mechanism for mechanotransduction of

focal adhesion is still unknown, and it is under active investiga-

tion. Recent studies have connected the effect of mechano-

transduction to the mechanism of stem cell differentiation, e.g.

ref. 4 and 5. It has been found that behaviors of stem cells at early

stage depend sensitively on both the rigidity as well as surface

micro-structures of the extracellular environment, and that

matrix elasticity directs stem cell lineage specification.

When cultured onto artificial adhesive surfaces, cell first flatten

and deform extensively as they spread.6 The early effect of the

mechanotransduction due to cell contact and adhesion is trans-

lated into cortical motion,7 which will then be reflected by the cell

spreading speed, area, and morphology. Because this process is

a mechanical interaction between the cell and the extracellular

matrix (ECM), it strongly depends on the stiffness of ECM and

other mechanical properties of the ECM. Not all cells of different
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types respond to elastic stiffness of the substrate in the same way,

but many including endothelia cells,8 mammary epithelial cells,9

and mesenchymal stem cells,5 exhibit increased spreading and

adhesion on stiffer substrates compared to softer ones.10

In recent years, several cell mechanotransduction and rigidity

sensing models have been proposed:

� Continuum elasticity model;11

� One-dimensional cluster model;12

� Contractility/Adhesion cooperation model;13

� Thermodynamic self-assembly model;14

� Force regulation model;15

� Crosstalk model;16

� Shear-lag model;17

� Force-induced adsorption model;18

� Two-spring rigidity sensing model;19

� Cell dipole model;20

� Pre-stress cell model;21

� Actomyosin contractility model;22

� Non-linear elasticity of ECM/Cell interaction model;10

� Stress-fibre polarization model.23

� A mechano-sensing and force generation model in contrac-

tile cells.24

These are very successful models with biology insights,

however most of these models are one-dimensional or two-

dimensional elasticity models. Three dimensional models are

scarce, even the author of the two-spring model19 conceded that

‘a three-dimensional elasticity analysis as well as other features of

cell mechanics should be included’. The contributors of these cell

elasticity theories are from diverse fields: physics or bio-physics,

bio-engineering, materials science, chemistry or bio-chemistry,

and applied mechanics. At the same time, several general cell
Soft Matter, 2012, 8, 5765–5776 | 5765
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contact and focal adhesion models have also been proposed, e.g.

ref. 25. Continuummodels have been recently developed to study

cell adhesion in the early stage,26,27 and to simulate cell crawl-

ing.28 An analytical model has been proposed to study kinetics of

cell membrane spreading.29,30

The main novelty and distinction of the present work is using

an active soft matter model to probe mechanotransduction of

stem cells. Even from a mechanical perspective, a cell is not

simply an elastic or viscoelastic medium. A large component of

cells is cytoplasm, which is a thick liquid gel residing between cell

membrane and cell nucleus. The cytoplasm contains abundant

actin proteins, and they are responsible for transmitting force

and other mechanical signaling, and forming stress fibers. It is

generally accepted that the force transmission process in cells is

through a two-headed binding process of a successive myosin to

F-actin inter-connection. Even though the molecular mechanism

of this event has been known for years, how aggregated actin

filament network comes together, how to predict the overall

behavior of actin-network dynamics, and how it is related to cell

motion, are still open questions. Various actin–myosin dynamics

models have been proposed in the literature, e.g. viscoelastic flow

model.31 All these models recognize the fact that the myosin-

generated viscoelastic actin flow may provide important clues to

cell motility, migration, cell shape change, division, formation of

focal adhesion, and mechanotransduction.

It was known since the early 1990s that F-actin may undergo

an isotropic-to-nematic liquid crystalline phase transformation

when the actin network concentration reached a certain level. In

other words, above a threshold of protein concentration, F-actin

solutions may form a phase of nematic liquid crystal or undergo

isotropic to nematic phase transition.32–35 This physiological

event has been thoroughly investigated in the past decade e.g. ref.

36–38. In vivo conditions, the aggregate of actin network inside

a cell behaves somewhat like a nematic liquid crystal gel, which is

one of defining properties of cell cytoplasm at mesoscale level.

Actin in cells is found both in a globular monomer state

(G-actin) and in a filament state (F-actin). It is constantly

interchanging between these two states from time to time and

from location to location, which is the essential feature of actin–

myosin dynamics. On the other hand, viscoelasticity—the

traditional focus of cell mechanics—is only one facet of

a complex, biological, thermodynamic system. The present work

hopes to establish a computational soft matter model that can

reveal some of fundamental characteristics of cytosekelton/

cytoplasm dynamics and hence the overall effects of mechano-

transduction of actin network in the cell. In Fig. 1, we compare

the micro-structure of actin–myosin filaments with that of

nematic liquid crystals, specifically in the spatial mesogen
Fig. 1 (A) Microstructure of actin–myosin filaments and (B) micro-

structure of the mesogen of nematic liquid crystal.

5766 | Soft Matter, 2012, 8, 5765–5776
structure, readers may find the similarity and affinity of the two.

Therefore, at the mesoscale level, a nematic liquid crystal gel is

a suitable bio-physical model for both plasma membranes and

cytoplasm.

In order to understand the precise mechanical cellular sensing

mechanism during cell contact and adhesion and to explain the

detailed mechanotransduction process of the event, we have

developed an active multiscale soft matter cell model for simu-

lation of cellular mechanotransduction process. In a recent

paper,39 we reported some early results of this study. The main

difference between this paper and ref. 39 is that the numerical

calculations presented here are based on a full three-dimensional

modeling and simulation of an active soft matter cell model,

whereas the simulation results presented in ref. 39 are two-

dimensional simulations of a passive cell model.
2. Mesoscale continuum modeling of cell and ECM

To model a biological cell using today’s computational resources

and technology, mesoscale continuum modeling is still the best

approach. This is because mesoscale modeling has distinct

advantages by providing the most direct and relevant informa-

tion on the bio-physical and physiological state of the cell.

The most successful cell (membrane) model today is still the

fluid mosaic model—the lipid bilayer model.40 A popular

mechanics model that is associated with the fluid mosaic model is

Helfrich’s liquid crystal membrane model,41 which takes into

account the crystalline structure of lipid bilayers. Because of its

biological relevance, it has been widely used in modeling plasma

membranes at the mesoscale.

For a long time, the modeling of cytoskeleton medium has

been mainly based on linear elastic, or hyper-elastic models, e.g.

ref. 42. It was not until recently that a three-dimensional visco-

elastic cell model,43 mixture model,24 and complex fluid model on

retrograde flow and lamellipodium motion58 started to appear in

the literature.

It has been argued by many researchers that the homogeneous

elastic or viscoelastic continuum cell model cannot predict long-

distance mechanotransduction e.g. ref. 21. According to the

fundamental (Boussinesq) solution of linear elasticity, the stress

response at a spatial point to a point load is proportional to

inverse square distance between the point of loading and the

location where stress is measured, i.e. s � 1/R2. This elastic

contact stress characterization prohibits long-distance stress

sensing. Laboratory measurements found that the stress field in

cells due to a mechanical load is 10 times stronger than the elastic

solution predicts. To achieve an agreement with bio-physical or

physiological reality, some have introduced pre-stress cell models

such as the tensegrity cell model e.g. ref. 44 and 45. In it the

contact stress characterization is proportional to the inverse

distance of the two points, e.g. s � 1/R, so that long distance

sensing is possible. The current trend of continuum cell modeling

is to develop a continuum level actin-network fluid dynamics that

addresses myosin–actin interaction and dynamics directly at the

mesoscale, e.g. ref. 31 and 46

The main objective of this work is to advance mesoscale

modeling of cellular processes, in particular mechano-

transduction of stem cells, by developing an active soft matter

cell model that can synergistically combine the main features and
This journal is ª The Royal Society of Chemistry 2012
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essential elements of different continuum cell models into one

single model, such as predicting pre-stress state, describing actin–

myosin dynamics, reflecting complex nature of the non-New-

tonian viscoelastic fluid, and capturing the cell motility and

contractile motions, etc.

To accomplish this goal, we propose a soft matter continuum

model for mechanotransduction of cells and the related

computational framework. The multi-component cell model

proposed here consists of several elements: an active nematic gel

medium, a hyperelastic or visco-hyperelastic nucleus, and a small

scale adhesive field that is used to mimic the ligand–receptor

interaction. The multiscale two-layer soft matter cell model is

illustrated in Fig. 2.

It is well known that the cell plasma membrane is described as

being a fluid because of its hydrophobic integral components

such as lipids and membrane proteins that move laterally or

sideways throughout the membrane without encountering much

resistance.40 Therefore, the cell membrane may be effectively

modeled as a liquid crystal membrane e.g. ref. 41. On the other

hand, a detailed examination of the cell cytoplasm reveals similar

characteristics: cell cytoplasm does not only consist of liquid, but

also contains cell organelles and many weakly cross-linked

polymer networks, such as actin filaments or intermediate fila-

ments. Therefore an aggregate of undeveloped stem cell interior

may be approximated as a complex fluid with organelles, fila-

ments, and proteins. Depending on the phenotype, the content,

i.e., microstructure and the concentration, of these filaments may

be different. In this work, we are only interested in modeling stem

cells. For embryonic stem cells, their cellular structure is still

under development, some of the complexity in cellular structure

may be simplified. According to ref. 47 the embryonic stem cells

are �10 fold softer than their differentiated counterparts.

Therefore, the cytoplasm region of the stem cell may contain less

polymer-form cytoskeleton but more liquid-form cytoplasm.

Hence, a nematic liquid crystal gel model may be a suitable

description for modeling a cytoplasmic actin aggregate. In the

following section, we shall first discuss the proposed active liquid

crystal gel model.

2.1. Active nematic hydrodynamics for cytoskeletal filaments

Liquid crystals have biphasic properties by exhibiting both liquid

and solid characteristics. For instance, a liquid crystal may be

fluid similar to a liquid with vanishing shear modulus, while

having a long range orientational order and therefore a strain

gradient elasticity associated with deformations of the order
Fig. 2 Soft matter cell model.

This journal is ª The Royal Society of Chemistry 2012
parameter. Many biological materials contain liquid crystalline

phase, and the most common examples are cell membranes,

phospholipids, cholesterol, DNA, and various proteins, among

others.48

Actin cytoskeleton filaments have polarity, and actin mono-

mers orient with their cleft towards the pointed (or minus) end

and their head towards to the barbed (or plus) end. Under

suitable physiological conditions, G-actin monomers may be

transformed to F-actin (polymer form) by ATP at the plus end,

which is polymerization, and it may be depolymerized at the

minus end. For mesoscale modeling, we may assign a unit vector

at each material point, hence a continuous director field may be

established to represent local polarization of a homogenized

actin filament/cytoplasm representative volume element (RVE).

This is the bio-physical foundation or justification for developing

nematic gel hydrodynamics to model a polar actin filament/

cytoplasm gel at the mesoscale level. The local orientation of this

director field is central to many cellular processes such as cell

motility and locomotion, cell adhesion, and cell division.

Although the liquid crystal behavior of cytoskeletal filaments

were discovered in early 1990s, it is not until recently that people

have started to model actin cytoskeleton motion or lamellipo-

dium motion by using nematic liquid crystal hydrodynamics.58–61

In fact the cell is a living object, so the conventional passive liquid

crystal hydrodynamics is insufficient to model many important

features of a living cell. This is because the free-energy based soft

matter approach may not be valid, because it is intended for

systems at equilibrium states.

In eukaryotic cells, actomyosin filaments are networks of

viscoelastic gels interacting with myosin molecular motors driven

by hydrolysis of adenosine triphosphate (ATP), which is an

active biological polar gel. Several hydrodynamics theories of

active polar gels, or active nematic gels, have been developed for

the cytoskeleton or cytoskeleton/cytoplasm aggregates e.g. ref.

56, 57 and 61–63.

For simplicity, in this work we propose a simplified active-

filament hydrodynamics that combines a simplified version of the

Ericksen–Leslie theory for nematic gels49 with an additional

active stress term (see ref. 64). Note that in this paper, we mainly

use standard indicial notation. To capture large deformation and

motility of the cell, we adopt a Lagrangian approach, which

involves tensorial quantities defined in different configurations.

We distinguish the Euclidean triad of the unit vector basis in

spatial configuration by using ei,i ¼ 1,2,3 and that in referential

configuration, by using EI,I ¼ 1,2,3.71 Based on that convention,

the strong forms of the equation of motion and the modified

hydrodynamics equation for the active nematic gel are as follows,

r
Dvi

Dt
¼ sji;j þ bi;cx˛UðtÞ (1)

rd
D~hi
Dt

¼ g hi;jj � riðhÞ
� �

;cx˛UðtÞ (2)

where v ¼ viei is the velocity field, h ¼ hiei denotes the nematic

director field, b ¼ biei is the body force in the current configu-

ration, and ei,i ¼ 1,2,3 are triad of unit basis vectors for spatial

coordinate. r and rd are densities for fluid and director fields

in the current configuration respectively. Note that the

differential gradient operator is defined in the spatial
Soft Matter, 2012, 8, 5765–5776 | 5767
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Fig. 3 Hysteresis loop from the Nematic gel model (z ¼ 0.0001): A: f ¼
1.0 � 103, B: f ¼ 1.0 � 105, C: f ¼ 1.0 � 106.
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configuration, i.e. V :¼ v

vxi
ei; g is the director elastic constant, r

is a Landau–Ginzburg type potential that enforces the unit

vector condition for the director field,

ri ¼ dRðhÞ
dhi

¼ hi

e 2

�
jhj2�1

�
; and RðhÞ ¼ 1

4e 2

�
jhj2�1

�2

(3)

and the Cauchy stress is determined as

sij ¼ �pdij + 2mdij � hhk,i hk,j � zhihj (4)

In eqn (4), p is the hydrostatic pressure, m is viscosity, h is

a positive constant. It should noted that in eqn (2),
D~h

Dt
denotes

the objective rate, which is very important in nonlinear large

deformation simulation. To the best of the authors’ knowledge,

this point has been often neglected in many complex fluid

mechanics literatures. In our computations,
D~h

Dt
is the objective

rate, and it is chosen as

1. The convected rate: h
+

i ¼ Dhi

Dt
þ ‘kihkj ;

or

2. The corotational rate: h
O

i ¼ Dhi

Dt
� wikhkj ;

and l is the velocity gradient, and w is the spin tensor,

‘ij ¼ _FiKF
�1
Kj ; and wij ¼ 1

2

�
‘ij � ‘ji

�

The last term in eqn (4), zhihj, is the active stress term adopted

(see ref. 64). This active stress term represents the dipolar force

generated by the director field, which may not be able to derive

from a standard free energy approach. This dipolar stress field is

believed to be the element for a host of cellular activities including

cell motility, mechanotransduction, and some other aspects of

actin flows.20 To achieve the contractile effect, we choose z ¼
�0.001 in this paper. That choice of coupling constant produces

a smaller active stress than the real contractile stress in cells. By

using a realistic contractile stress coefficient, interesting cellular

behavior will become available, such as cell motility. However, we

have found that additional simulation techniques may be needed

in order to assure the numerical stability of the computation,

because in this case additional energy is being added into the

cellular system. This part of the work is in progress. In fact, even

with a presence of small contractile stress, the cell may start to

move (seeFig. 12).A systematicmodeling and simulationof three-

dimensional cellular contractile motion and cell motility will be

reported in a different paper.

To test the viscoelastic property of the active nematic gel

model, we designed a 1D bar problem (length L ¼ 1.0 � 10�4 m).

A unit director is assigned at both ends, with initial directions of

p/6 and p/3, respectively. The left end is fixed and a sine

displacement is prescribed at the right end as u ¼ Umaxsin(2pft),

where Umax ¼ 0.25 � 10�4 m. At different frequencies for

a complete cycle, we obtained different loops (see Fig. 3). As the

frequencies decrease from f ¼ 1.0 � 105 s�1, the loop eventually

becomes a straight line.
2.2. Hyperelastic model

The cell nucleus plays a central role in cellular response to

mechanical forces.50 According to ref. 51 the nucleus inside the
5768 | Soft Matter, 2012, 8, 5765–5776
cell is about 9 times stiffer than the cytoplasm. Based on these

observations, we model the cell nucleus as a hyperelastic mate-

rial, which has been used in ref. 50 to model the nucleus of

endothelia cells.

There are more than 20 hyperelastic models for rubber-like

materials in the literature, a comparison of different hyperelastic

models can be found in ref. 52. In this research, we adopted the

modified Mooney–Rivlin material53 to model the cell nucleus.

The strain energy density function W for the modified Mooney–

Rivlin material is given as follows,

W ¼ C1

�
I1 � 3I

1=3
3

�
þ C2

�
I2 � 3I

2=3
3

�
þ 1

2
lðlnI3Þ2 (5)

where C1,C2 and l are material constants; C ¼ FT$F is the right

Cauchy–Green deformation tensor, and its three invariants are

defined as

I1 ¼ CII ; I2 ¼ 1

2
½CIICJJ � CIJCJI �; I3 ¼ detðCIJÞ (6)

The corresponding constitutive relations can be expressed in

terms of the second Piola–Kirchhoff stress tensor S ¼ SIJEI 5

EJ, and the invariants of the right Cauchy–Green tensor,

SIJ¼ 2{(C1 +C2I1)dIJ�C2CIJ� (C1I
1/3
3 + 2C2I

2/3
3 � llnI3)C

�1
IJ}(7)

After the second Piola–Kirchhoff stress is obtained, the first

Piola–Kirchhoff stress tensor can be immediately computed as P

¼ PiJ ei 5 EJ ¼ F$S ¼ FiK SKJ ei 5 EJ, which can then be

substituted into the later developed meshfree Galerkin formu-

lation to calculate the internal nodal force.
2.3. Visco-hyperelastic model

The key to simulate cell spreading over the substrate is to capture

the interaction between cells and their extracellular matrix

(ECM). Fig. 2 illustrates a soft matter model for a cell/substrate

system. The mechanical properties of extracellular matrix is often

comparable with that of soft gels.54,55 However, so far most

continuum level ECM models still adopt the hyperelastic model.
This journal is ª The Royal Society of Chemistry 2012
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One of the drawbacks of the hyperelastic model is its inability to

describe energy dissipation during cell spreading. To take this

into consideration, we model the extracellular matrix as

a substrate of visco-hyperelastic block.

In the viscoelastic cell model, the stress contribution has two

parts: the visco-stress part and the hyperelastic part, and the total

Cauchy stress may be written as,

sij ¼ sv
ij + sh

ij

where sh stands for the stress contribution from the hypereleastic

part, and sv represents the viscous stress. For the hyperelastic part,

sh
ij ¼

1

J
FiKSKL$FjL

where J is the determinant of the deformation gradient, and the

second Piola–Kirchhoff stress S ¼ SIJ EI 5 EJ is determined by

eqn (7).

For the viscous part, we adopt the following formula proposed

by Yang et al.65,66 for rubber materials or elastomers. The Cau-

chy stress may be written as,

sv
ij ¼ FiKðtÞ

ðt
0

�
A1 þ A2ðI3 � 3Þ	exp



� t� s

A3

�
_EKLðsÞds

� 

FjLðtÞ

(8)

where A1, A2 and A3 are three material parameters. Together

with the modified Mooney–Rivlin material, we have six material

constants, namely C1, C2, l, A1, A2 and A3. In simulations pre-

sented in this work, we choose

A1 ¼ 0.350 � 107 Pa, A2 ¼ 0.830 � 106 Pa, A3 ¼ 0.50 � 10�5 s.
3. Meshfree Galerkin formulation and simulation
algorithm

One of the main objectives of this work is to develop a three-

dimensional computational soft matter cell model that can be

used in predictive simulations of realistic cellular motions. In this

section, we briefly discuss the computational formulations that

are used in simulations of cell deformation based on the

continuum model eqn (1)–(4). The numerical simulations are

conducted by using meshfree methods.67 This is because that the

meshfree method has some advantages in computing large

deformation problems compared with traditional finite element

method or finite difference method. In our meshfree simulation,

both the cell and its substrate is discretized by a set of particles,

and then we can build a meshfree shape function at each particle

to form a continuous global interpolation field.

In order to simulate cell spreading over the substrate under

extremely large deformation, a total Lagrangian meshfree

formulation is developed for the soft matter cell model under

finite deformation, and a related Galerkin weak formulation is

derived and used in the numerical computation. The main

advantage of adopting a meshfree Lagrangian formulation in

simulation is its ability to avoid remeshing and easy-tracking of

cell surface and interface. Consequently the corresponding

simulation results are insensitive to mesh-distortion during cell

spreading, whereas mesh-based finite element methods have

difficulties handling such large deformations.
This journal is ª The Royal Society of Chemistry 2012
Starting from the strong form of the balance of linear

momentum, eqn (1), and following the standard variational

procedures e.g. ref 68 and 69, the variational Galerkin weak

formulation of the balance of linear momentum under finite

deformation can be derived by integration by parts from the

weighted residual form,

X2

a¼1

ð
U
ðaÞ
0

r
ðaÞ
0 u

€ðaÞ

i $du
ðaÞ
i dU

ðaÞ
0 þ

X2

a¼1

ð
U
ðaÞ
0

P
ðaÞ
iJ dF

ðaÞ
iJ dU

ðaÞ
0

¼
X2

a¼1

ð
U
ðaÞ
0

JðaÞbðaÞi du
ðaÞ
i dU

ðaÞ
0

þ
X2

a¼1

ð
G
ðaÞ
t0

T
ðaÞ
i du

ðaÞ
i dSðaÞ þ

X2

a¼1

dP
ðaÞ
AC (9)

where du(a)i are virtual displacement fields, dF(a)
iJ is the variation of

deformation gradient, P¼ PiJ ei5 EJ is the first Piola–Kirchhoff

stress tensor, and �T is the prescribed traction on the traction

boundary G(a)
t . Note that here the superscript index, a ¼ 1

corresponds to the cell, and the superscript a ¼ 2 corresponds to

the extracellular matrix substrate. The last term of eqn (9), dP(a)
AC,

denotes the virtual work contribution from adhesive contact (see

ref. 39). Readers can find a detailed computational algorithm for

cell contact and adhesion in ref. 70.

Since the hydrodynamic equation for the nematic director is

described for the cell only, we omit the superscript, a ¼ 1 in the

formulation. Similar to the derivation of the weak form of

equation of motion, a Galerkin variational weak formulation for

hydrodynamics equation of nematic gel, eqn (2), can be obtained

as follows,ð
U0

rd0
Dhi

Dt
dhidU0 ¼ �

ð
U0

gJF�1
Ij F�1

Kj h‘;Idh‘;KdU0

�
ð
U0

gJriðhÞdhidU0 (10)

where J¼ detF, and we assume that on contact-free boundary Gt,

NIJF
�1
Ij F

�1
Jj hk,J ¼ 0,cx ˛ Gt

and on adhesive contact boundary,

hi ¼ �hi 0 dhi ¼ 0,cx ˛ Gc

where N ¼ NIEI is the out-normal of boundary surface in the

referential configuration.
4. Coarse-grained adhesive contact model for cell-
substrate interaction

Cell adhesion and motility are essentially dynamic interactions

between cells and ECM substrates. The van der Waals force and

repulsive steric force may provide a long range molecular inter-

action, which is usually referred to as nonspecific binding.

During most cell adhesion, a strong covalent bond force is

present at surface interaction site between ligands and receptors,

which is termed as the specific binding.77,78 In the following, we

outline a coarse-grain adhesive contact model that is used in this

work to simulate adhesive contact between the cell and the

substrate.
Soft Matter, 2012, 8, 5765–5776 | 5769
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The part of the virtual work contribution due to adhesive

contact forces exerting on the body of the cell has two parts: (1)

From the non-specific von der Waals force, and (2) From the

specific ligand–receptor interaction,

dPAC ¼ Ð
Ubi(D)duidU +

Ð
Gcfi$dgidS (11)

where the vector g ¼ giei is the position gap vector between two

particles that are in the surface of the cell and the surface of the

substrate.

In this work, the non-specific adhesive force (van der Waals) is

modeled as an exponential type of forces,

biðDÞ ¼ G expð � jDj=d0Þ Di

jDj: (12)

where G ¼ 100 N Kg�1 (scaled) � 106 N Kg�1 (unscaled), and d0
¼ 1.0 � 10�5 m are constants, and D ¼ Diei is the distance

position vector between nodal particles in the cell and the cor-

responding surface element of the substrate. The specific ligand–

receptor bonding force, f ¼ fiei, is modeled by using an adhesive

potential, and the interaction area between ligands and receptors

is modeled as an interactive zone, or a gap (<100 nm), that

separates the cell and its substrate. The adhesive force distribu-

tion varies according to the gap distribution between the two

surfaces. In the adhesive contact algorithm, we adopt an adhesive

potential given in ref. 28 and 79 in modeling adhesive interac-

tions between a cell and a rigid substrate to study cell crawling,

FðrÞ ¼ s

�
3

r

� �4

�2
3

r

� �2
�

(13)

where s is the energy depth and r is the gap length at a specific

location. The adhesive force vector can be calculated as:

FiðrÞ ¼ �vF

vri
¼ f0ðrÞ ri

r
(14)

where

f0ðrÞ ¼ 4s

3

�3
r

�5

�
�3
r

�3
� 


(15)

Taking ligand–receptor bond density into consideration, we

can calculate adhesive force between the cell membrane and the

substrate surface based on the following formula,

fiðrÞ ¼ NbFiðrÞ ¼ Nb

4s

3

�3
r

�5

�
�3
r

�3
� 


ri

r
(16)

whereNb is the bond density. In our simulations, we chooseNb¼
500 mm�2 and s ¼ 0.024 pN mm based on the data parameter

selection in ref. 28. In addition to above data selection, we choose

3 ¼ 100 nm, time step t* ¼ 1.0 � 10�10.

It may be noted that the interface condition between air and

cell is also important in the cell spreading simulation. It is

enforced by the following equation,
sijnj ¼ �(s0k + p0)ni,cx ˛ Gcell/air, (17)

where s0 is the surface tension, and we choose s0 ¼ 0.072 mN

m�1; p0 is the ambient pressure, and we choose p0 ¼ 100 kPa.

Gcell/air is the interface between the cell and atmosphere. The

mean surface curvature for air/cell interface may be calculated as,
5770 | Soft Matter, 2012, 8, 5765–5776
k ¼ Vx$n ¼ ni,i ¼ F�1
I,ini,I

where F ¼ FiJei5EJ is the local deformation gradient.

5. Modelings and simulations

In this section, we present the modeling and simulation results of

cell spreading, in which we apply the proposed soft matter cell

model together with the coarse-grained contact-adhesion algo-

rithm to study mechanotransduction of stem cells by simulating

its contact and adhesion with an extracellular matrix. To ensure

a meaningful simulation, we first conduct the model validation

and verification tests. By doing so, we can identify the parameters

of the soft matter cell model. Then we applied the verified cell

model to simulate cell contact with substrates of different

stiffness.

5.1. Model validation: Comparison with experimental data

To validate the proposed cell model, we have used the cell model

to simulate cell deformation under compression and compared

with experiment measurements obtained for endothelial cells.50

The constant force is applied at the top and bottom of the rigid

micro-plate, and the boundary nodes are in contact with the cell

surface. In the simulation, the cell deformation is defined as the

relative reduction in height, i.e. (H0 � H)/H0.

We have used a hyperelastic material to model stem cell

nucleus, because it has been used and validated in modeling

endothelial cell nucleus.50 The region outside of the cell nucleus,

i.e. the cytoskeleton/cytoplasm medium, is modeled as an active

nematic liquid gel. To obtain the model parameters, we fit the

force–deformation curve (see Fig. 4(c)) in determining the

material constants.

Fig. 4(a) and (b) show cell shapes before and after deforma-

tion. The load-deflection curve is plotted in Fig. 4(c). The applied

compressive force increases non-linearly as a function of the cell

height reduction. From the simulation (see Fig. 4(c)), one can

find that the force required to create the same deformation for

endothelial cells is larger than that of stem cells. This is reason-

able when one considers that the stem cells are undeveloped cells.

According to ref. 47 the embryonic stem cells are �10 fold softer

than their differentiated counterparts. It can be seen from Fig. 4

that our stem cell model (r ¼ 0.382R and r ¼ 0.618R) is much

softer than endothelial cells, which is most likely true in reality.

5.2. 3D Cell spreading on different substrates

As reported in ref. 10, cell spreading over the substrate is

a (substrate) stiffness-dependent process, e.g. the cell exhibits

increased spreading and adhesion on stiffer substrates.

Attempting to replicate the experimental observations, we first

simulate cell spreading on substrates with different stiffness in

three-dimensional space.

In the following simulations, the cell is modeled as a perfect 3D

spherical ball initially in the referential configuration, with

a diameter ofD¼ 10 mm (see Fig. 5). The substrate is modeled as

a 3D circular plate with a dimension of (R�H¼ 15 mm� 5 mm).

In the meshfree computation, a total of 4341 particles are used in

discretization of the cell, and 16 640 particles are used in mesh-

free discretization of the substrate.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Validation of the cell model: (a) Before deformation; (b) After deformation; (c) Force-displacement curve.

Fig. 5 A 3D Computational model.
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In this study, the nucleus of the cell is modeled as a hyperelastic

material of Mooney–Rivlin type. The initial density is r0 ¼ 1.0 �
103 kg m�3, and the material constants are Cn

1 ¼ 2.126 � 103 Pa,

Cn
2 ¼ 1.700 � 102 Pa and ln ¼ 1.700 � 105 Pa. The region outside

the hyperelastic nucleus is modeled as a nematic liquid gel.

The substrate is modeled as a visco-hyperelastic material

described earlier. Three different substrates with different stiff-

ness are considered. The density for three substrates are the same

as that of the cell nucleus. We define the material constants C1 ¼
1.265 � 104 Pa, C2 ¼ 1.012 � 103 Pa and l ¼ 1.012 � 106 Pa. The

material constants for three different substrates are chosen as,

CS1
1 ¼ 2C1, C

S2
1 ¼ 5C1, C

S3
1 ¼ 10C1

CS1
2 ¼ 2C2, C

S2
2 ¼ 5C2, C

S3
2 ¼ 10C2

ls1 ¼ 2l, ls2 ¼ 5l, ls3 ¼ 10l

At the start of the simulation, the cell is kept still, and it is in

a suspension state; we release the cell when the computation

starts. The initial gap between the lowest point of the cell and

substrate is set at 200 nm, and the bottom surface of the substrate

is fixed during the entire simulation period.

In Fig. 6, we depict the effective stress contours on the surface

of the deformed cell body on three substrates with different

stiffness under the same contact conditions at the same time. As

expected, one may find that the contact between the cell and

softest substrate (substrate-I) (Fig. 6 (a)) generates the least cell

spreading, and the contact between the cell and substrate-II
This journal is ª The Royal Society of Chemistry 2012
(Fig. 6(b)) has the second least cell spreading, and the cell on the

substrate-III generates the most spreading (Fig. 6(c)). After the

stiffness of the substrate reaches a critical value, if one keeps

increasing the substrate stiffness, the rate of spreading increase

may become very small, or not sensitive to the substrate elas-

ticity. This indicates that the cell spreading speed may reach

a limit when the stiffness of the substrate reaches a certain critical

value. However, within a certain range the cell spreading area is

directly affected by elastic stiffness of the substrate, and such

a correlation, we believe, is purely a bio-physical phenomenon of

soft matter. From Fig. 7(a), one can clearly observe that as the

substrate stiffness increases the spreading area increases.

Since the computation is done based on a mesoscale

continuum model, one can measure the stress at every point of

the cell. In Fig. 8, we depict the computed effective stress

distribution on the surface of the deformed bodies of a same type

of cells, which are in contact with three substrates of different

elastic modulus (stiffness). We have found that the stress distri-

bution in both the cell and the substrate are different if the

substrate elasticity is different, which indicates that the cell can

sense the substrate elasticity and response to it. The mechanical

signals between the cell and substrate are transmitted through

adhesive contact interaction between the cell and substrates.

Furthermore, we have sampled the effective stress in the cell

nucleus from different sets of cell/substrate computations at the

beginning stage of the soft contact. At the same time, we compare

the magnitudes of the effective stress versus those obtained from

substrates of different stiffness, which is shown in Fig. 7(b). The

effective stress is defined as:

se ¼ 1ffiffiffi
2

p
h
ðs1 � s2Þ2þðs2 � s3Þ2þðs3 � s1Þ2

i1=2
(18)

From Fig. 7, one can clearly observe the fact that as the

substrate stiffness increases the magnitude of the effective stress

increases. A similar correlation has been observed in the exper-

imental measurement of stem cell contractile force e.g. ref. 4.

Fig. 9 displays a time sequence of a cell spreading over Substrate

III. The color contour is the effective stress contour, and the

white arrow represents the director field. Compared to 2D

simulations, 3D simulations provide a possible way to capture

the cell morphology changes described in ref. 73.
Soft Matter, 2012, 8, 5765–5776 | 5771
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Fig. 6 Cell spreading over substrates with different stiffness: (a) Substrate-I, (b) Substrate-II, (c) Substrate-III.

Fig. 7 (a) Spreading area and (b) Effective stress vs. elastic stiffness of

the substrate.
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We would like to make note of an important point: it is essen-

tial, or almost necessary, to conduct a full three-dimensional

computation for cell spreading simulation. In Fig. 10, we display

a time sequence of a cell spreading over a deformable substrate,

which was obtained in an axisymmetric computation. So it is

essentially a two-dimensional simulation. One may find that the

cell spreadingmorphology in this case is verymuch different from

that obtained froma full 3D simulation, e.g.Fig. 9. It can be noted

that in this particular axisymmetric simulation there is no active

stress used in constitutive modeling of the cell. Other than that,

and except somematerial constant differences, the computational

formulations for both cases are almost identical. However, from

Fig. 10, one cannot observe the rough and wavy cell spreading

front that can be observed in Fig. 9.
Fig. 9 Time sequence of cell spreading over Substrate III (stiffness

uniform).
5.3. Cell response in a stiffness-varying substrate

One of the advantages of the soft matter cell model proposed here

is its potential to describe actomyosin dynamics and lamellipo-

dium dynamics, which are the central issues of modeling cell

motility and migration. It is therefore interesting to examine cell

spreading on a substrate that has non-uniform stiffness, because

the non-homogeneous external stimuli may trigger contractility

responses of actomyosin dynamics inside the cell.

For this purpose, we consider an ECM substrate with varying

elastic modulus along the circumferential direction, and we place

a cell onto the substrate while observing the cell spreading
Fig. 8 Effective Stress over substrates with different stiffn

5772 | Soft Matter, 2012, 8, 5765–5776
motion. In specific, we prescribe the hyperelastic part of the

constitutive parameters in the substrate as a function of q as

follows,

CS
1 ¼ C1(2.0 + 8.0�q), CS

2 ¼ C2(2.0 + 8.0�q), lS ¼ l(2.0 + 8.0�q)
ess: (a) Substrate-I, (b) Substrate-II, (c) Substrate-III.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 10 Time sequence of the cell spreading in axisymmetric simulation.

Fig. 12 Time sequence of a 3D cell spreading over a stiffness-varying

substrate (top view).
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where �q: ¼ q/p with the center of the substrate at x ¼ 0, y ¼ 0.

The precise problem statement is shown in Fig. 11.

In Fig. 12, we display a time sequence of a cell spreading over

the elastic stiffness-varying deformable substrate. For a homoge-

neous elastic stiffness, a cell would move approximately in the

same speed in every radius directions of the substrate, for

comparison purpose, in Fig.9, we display a time sequence of a cell

spreading in a homogeneous substrate. Based on the simulation

results obtained from the inhomogeneous substrates, one may

find that the cell actuallymoves slightly towards the right side (q¼
p) of the substrate faster than to the left side (q ¼ 0) of the

substrate due to the stiffness gradient. This not only demonstrates

a preliminary cell crawling and protrusion behavior, but also

indicates that the cell motility is in favor of a stiffer substrate. This

results agree with experimental measurements of cell adhesion

and migration reported in ref. 5 and 74.
Fig. 11 3D Computational model of cell spreading on a stiffness-

varying substrate, the color in the substrate stands for different stiffness,

the stiffness at the right end is the highest (top view).

This journal is ª The Royal Society of Chemistry 2012
In order to predict cell crawling or mobility, it is crucial to

include an active stress in the constitutive modeling of the cell.

The active stress term, �zhihj, provides contractile force that will

generate internal treadmilling of actin cytoskeleton gel. This is

because that the term, �zhihj, represents the stress contribution

from the coupling from dipolar stress. We also believe that at

mesoscale level or phenomenological level, the stress contribu-

tion term, hhk,ihk,j, may also affect cell motility, because it is the

contribution due to the distortion of director field.

Moreover, recent experimental results have demonstrated that

geometrical properties such as cell shape and configuration also

play an important role in regulating stem cell lineage, e.g. ref. 75.

In particular, the experimental results in ref. 76 have shown that

the advancing adhesion front of a circular contact zone of a 3D

vesicle is unstable under small perturbation. Once reaching

a critical value, it easily becomes modulated or wavy. This

particular feature of cell spreading can be captured by our soft

matter cell model automatically. Fig. 12 reveals a clear picture of

the spreading front modulation as the spreading area become

large. It may be noted that our previous soft matter cell model

and simulation are restricted to 2D plain strain or the axisym-

metric case, and it fails to predict the phenomenon of a wavy

adhesive front (see ref. 39).
Soft Matter, 2012, 8, 5765–5776 | 5773
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As mentioned in Section 3, two kinds of adhesive forces are

used in the simulations. The first is the non-specific long range

van der Waals force (see eqn (12)), and the second is the specific

ligand–receptor bonding force (see eqn (16)). The parameter

values for the specific covenant bond potential are taken from

ref. 28 and 79. The value of the parameter D for the van der

Waals attractive force in eqn (18) should be proportional to the

attractive force between a material particle and a half space, i.e.

D� AH/r
3
0, whereAH is the Hamaker constant.72 We have chosen

r0 in a range 10 nm � 100 nm. Considering AH ¼ 10�19 J, the

estimate onD is about correct. However, in eqn (18) we choose d0
to be two or three orders of magnitude larger than r0 in order to

accelerate the computation.
6. Discussions

Even though the active actomyosin gel model has been studied

for almost a decade e.g. ref. 61, it is still in its infancy for pre-

dicting real cell motion or evolution. To develop a three-

dimensional, computational, polarized viscoelastic gel model for

cells, that is capable of explaining cell adhesion, locomotion,

mechanotransduction, and its structure transformation, is

a challenge task, especially if we want it to predict real cellular

motion and transformation.

The proposed 3D multiscale and computational soft matter

cell model is only the first step towards this goal. In this work, we

are mainly concerned with modeling the mechanotransduction of

embryonic stem cells, which are still under development.

Therefore, the cell model proposed here may not be capable of

describing some complex biological functions of functional cells

such as stress fiber remodeling. However, we have shown that the

present model may be used as a simulation tool to qualitatively

study the contact and adhesion of stem cells to gain under-

standing of the mechanotransduction of stem cells and other

issues about cell sensing and signaling.

The simulation results presented in this paper have shown that:

(1) By using the proposed soft matter cell model, when a ‘‘cell’’ is

in contact with a substrate, its local effective stress level may

depend on stiffness of the substrate (see Fig. 8); (2) The size of

spreading area of the cell is also depending on the stiffness of

extracellular substrate (see Fig. 6); (3) The adhesion front of the

cell will become wavy once the spreading radium reaches

a certain value (see Fig. 12); and (4) Cell motility is in favor of

a stiffer region of a substrate (see Fig. 12).

It should be noted that the behavior of cells, in particular those

of stem cells, are complex biological phenomena. The proposed

soft matter cell model is only intended to model the mechanical

behavior of cells at a mesoscale level, which may not and cannot

explain the molecular mechanisms of cellular processes such as

evolution and proliferation. To understand the molecular

mechanism of the cellular process requires an in-depth study of

all aspects of molecular cell biology including all relevant bio-

chemical, bio-physical, as well as bio-mechanical factors and

their interactions at different scales.

Developing active soft matter models for cells, especially for

stem cells, may help us understand the mechano-biology of cells.

It has been shown in this work that the soft matter cell model

may offer a unique approach that is sound in thermodynamics

and statistical bio-mechanics. It provides improved explanations
5774 | Soft Matter, 2012, 8, 5765–5776
of the interaction between the stem cell and its mechanical niche

than those of conventional hyperelastic or viscoelastic cell

models. In some cases, the soft matter model has even shown its

predictive power, such as cellular morphology change and the

origin of cell motility.39 It is the authors’ opinion that by

combining the soft matter cell model with molecular simulation

we may be able to quantitative simulate and hence predict

cellular mechanotransduction process in collaborating with

experimental observation. The predictive ability of the soft

matter cell model may provide both scientific insight as well as

clinic guidance on many of health care problems, such as

regenerated medicine and drug design and delivery problems.

The soft matter cell model presented in this work is a primitive

one, but it may have open a door for more realistic and more

accurate modeling of cells, especially for stem cells. It is possible

that more sophisticated soft matter models can be developed

along this line by incorporating chemomechanical features at

a molecular level that are capable of simulating self-assembly of

focal adhesion, cell division, proliferation and more.
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