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ABSTRACT

The overall objective of this thesis is to provide a new understanding of the mechanisms
that drive cell spreading and remodelling, and to extend this understanding to remodelling
at a tissue and organ level.

A steadystate adaptation of the thermodynariicenotivated stresibre (SF) model of
Vigliotti et al (2015) is implemented in a ndocal finite element setting, where global
conservation of cytoskeletal proteins and binding integrins is considered. We present a
number of simulations of cell spread in which we consider a limited subset of the
possible deformed spreathtes assumed by the cell, to examine the hypothesis that free
energy minimization drives the process of cell spreading. Simulations suggest that cell
spreading can be viewed asanpetition between (i) decreasing cytoskeletal free energy
due to strain induced assembly of cytoskeletal proteins into contractile SFs, and (i)
increasing elastic free energy due to stretching of the mechanically passive components
of the cell. The compged minimum free energy spread area is shown to be lower for a
cell on a compliant substrate than on a rigid substrate. Furthermore, a low substrate ligand
density is found to limit cell spreading. The predicted dependence of cell spread area on
substrate stiffness and ligand density is in agreement with the experimental
measur ement s. Experi meshapedo-cleadediod dhieg
patches are also simulated, and analysis reveals that deformed configurations with the
lowest free energy edhit a SF distribution that corresponds to experimental
observations.

The equilibrium statistical mechanics framework developed by Shisétvah (2018)

allows for the simulation of the homeostatic ensemble for cells on an elastic substrate.
This framewak is expanded to describe the free energy associated with formation of focal
adhesions between the cell and substrate. The extended model is shown to predict the
effects of substrate stiffness and surface collagen density on the response of spread cells,
as reported experimentally by Engletr al. (2003). Alteration of the surface collagen
density directly affects formation of adhesion complexes and the associated free energy.
At a low collagen density there is a high probability cells will assume rounded
morphologies with low spread areas. With increasing collagen densities, the probability
of cells becoming highly spread with irregular morphologies increases. The influence of
substrate stiffness is shown to be highly coupled with surface collagen dé&tesstyc

free energy associated with substrate deformation lowers the probability of observing a
highly spread cell, thereby altering the tractions that influence assembly of adhesion
complexes. The homeostatic ensemble for cells, expanded to includeadiheasion
formation, provides new insight into observed cell behaviour on deformable collagen
coated substrates.

The active cytoskeleton is known to play an important mechanistic role in cellular
structure, spreading, and contractility. Contractilitacsively generated b$Fs, which
continuously remodel in response to physiological dynamic loading conditions. The
influence of actirmyosin crossridge cycling on SF remodelling under dynamic loading



conditions has not previously been uncovered. A nStetrossridge cycling model is
developed to predict transient active force generation in cells subjected to dynamic
loading. Rates of formation of crebsidges within SFs are governed by the chemical
potentials of attached and unattached myosin hedus.tfBnsient crosbridge cycling

model is coupled with a thermodynamically motivated framework for SF remodelling to
analyse the influence of transient force generation on cytoskeletal evolution. The model
is shown to correctly predict complex patterrisactive cell force generation under a
range of dynamic loading conditions, as reported in previous experimental studies.

In order to bridge the gap between cell and organ level remodeling, a thorough
understanding of the passive tissue mechanics is eehuivhile the anisotropic
behaviour of the complex composite myocardial tissue has been well characterized in
recent years, the compressibility of the tissue has not been rigorously investigated to date.
Experimental evidence is presented that passivesexgdorcine myocardium exhibits
volume change under tensile and confined compression loading conditions. To simulate
the multiaxial passive behaviour of the myocardium a nonlinear volumetric hyperelastic
component is combined with the webtablished HalpfelOgden anisotropic
hyperelastic component for myocardium fibres. This framework is shown to describe the
experimentally observed behaviour of porcine and human tissues under shear and biaxial
loading conditions. A representative volumetric elemeMERof myocardium tissue is
constructed to parse the contribution of the tissue vasculature to observed volume change
under confined compression loading. Simulations of the myocardium microstructure
suggest that the vasculature cannot fully account fatperimentally measured volume
change. Additionally, the RVE is subjected to six modes of shear loading to investigate
the influence of micrescale fibre alignment and dispersion on tissagle mechanical
behaviour.

Hypertrophy of the ventricular myocawnth develops following a change in
cardiovascular loading conditions. The current understanding is that disease progression
may be stress or strain driven, but the rasdtile nature of the cellular remodelling
processes have yet to be uncovered. A mddekocontractile left ventricle is developed,

with active cell tension described by a thermodynamically motivated-brakge cycling

model. Simulation of the transient recruitment of myosin results in correct patterns of
ventricular pressure predictesiay a cardiac cycle. A myofibril remodelling framework

is coupled with the crogsridge cycling model to investigate how deviations in the
transient force generation drive restructuring of cellular myofibrils in the heart wall.
Analyses reveal that pathgiical loading conditions can significantly alter aetiyosin
crossbridge cycling over the course of the cardiac cycle. The resultant alteration in
sarcomere stress pushes an imbalance between the internal free energy of the myofibril
and that of unboundcontractile proteins, which onsets remodelling. Myofibril
remodelling associated with concentric and eccentric hypertrophy is predicted to occur
following periods of hypertension and volume overload, respectively. The link between
crossbridge thermodynaros and myofibril remodelling proposed may significantly
advance current understanding of cardiac disease onset.
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Chapter 1

CHAPTHR

INTRODUCTAINOBRACKGROUND
& 0

1.1. I ntrodtuc ttifbpensi s and structur ¢
Cells do not make decisions in a classical conscious ¢Beskins and Swain 2009;

Balazsiet al 2011) It is known that they respond to mechanical and biochemical cues
from their surrounding environment, such as an substrate ligand dé@Baiigetet al
2003)or a glucose sourd@dler et al 1973) However, the underlying mechanisms by
which cells respond to mechanical cues are not well understood. A cell will typically
spread to aigher area on a stiff substrate than on a soft (@mgler et al 2003)
Furthermore, differentiation may be controlled by constraining the cells to patches of
different shape&Kilian et al. 2010) and cells can even correctly traverse complex mazes

in response to applied chemical gradidfisogeet al 2016)

At a tissue level, pathological remodelling is a leading cause of death and debilitation. In
the heart wall, for example, cells grow and synthesize thicker tissue following extended
periods of high blood pres®i(Rossi 1998)While clinically it is established that such
hypertrophy is a @morbidity of hypertension, the mechanisms relating the cellular
response to the environmental alteration are not kndWare have been many recent

1
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frameworks for phenomenological tissue level remodelljRgdriguezet al 1994;
Humphrey and Ragopal 2002; Rausatt al 2011) but none explicitly represent such
phenomena as cell driven processes. Such models will remain limited in their predictive
power and insight until the mechanisms underlying cell remodelling are better
understood. In ater to develop next generation computational models to guide clinical
strategies to counter pathological remodelling, an understanding of what fundamentally

drives such cell behaviour must first &stablished

1.1.1.0bjectives
The overall objective of this thesis is to provide a new understanding of the mechanisms

that drive cell spreading and remodelling, and to extend this understanding to remodelling
at a tissue and organ level. Novel complex computational methodologiesvateped,
including a thermodynamic description sifess fibrformation, dynamic contractility,
focal adhesion development, and passive tissue mechanics. The specific aims of the
current research are given as follows:
1. To provide a fundamental analysistbé system free energy in the spreading of
single cells;
2. To investigate the constraint of homeostasis on the spreading behaviour of a cell
population;
3. To uncover the link between creBedge dynamics and stress fibre remodelling
in cells under long terroading;
4. To determine the compressibility and anisotropy of the passive myocardial tissue
at a continuum level and the miesoale;
5. To develop a model of the contractile left ventricle, and investigate the interaction

between pathological loading and c&luremodelling in the heart wall.



Chapter 1

1.1.2.Thesis gructure
This manuscriptispresentadn d er t he c at eBgosreyd 0o ft haens ifisAr tF

paperqfour publishedone in preparationfprm the backbone of the thesis (Chapters 2

6). A brief outline of each chapter is given as follows:

Chapter 1: The remaining sections of the current chapter present an overview of
established theory and relevant literature. In Section 1.2 an overview of relevant theory
of continuum mechanics and finite elent analysis is provided. The theoretical concepts
introduced here are used in the development and implementation of the numerical
formulations in the subsequent technical chapters. Section 1.3 provides a general
literature review on cell and tissue mewcita. In particular, the structure of the cell and
cytoskeleton, and current approaches to computational modelling of cells and tissue are
discussed. In adton to the generadnd broad review of the literature provided in the
current chapter, a focusedaysis of relevant literature is also provided within each

technical chapter (Chaptersc.

Chapter 2: | examine the hypothesis that free energy minimization drives the process of
cell spreading. Simulations suggest that spreading can be viewed aspatitom
between (i) decreasing cytoskeletal free energy due to strain induced assembly of
cytoskeletal proteins into contractile fibres, and (ii) increasing elastic free energy due to
stretching of the mechanically passive components of the cell. Preslictss fibrd SF)
and focal adhesion distributions are shown to correspond closely vp#rimental

observations of cefpreading on ligand patterned substratesryet al. (2006)
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Chapter 3: Thehomeostatic ensemble for celés proposed bghistvanet al (2018)

is expanded to includibe free energy associated with formation of adhesion complexes
between the cell and substra#st a low surface collagen density there is a high
probability cells will assume rounded morphologies with low spread areas. As the
collagen density increases, the probability of cells becoming highly spread with more
irregular morphologies increases. Jtutatistical mechanics framework provides new
insight into observed cell behaviour on deformable collagen coated substrates (as reported

experimentally byengleret al (2003).

Chapter 4: A novel crossbridge cycling model is developed, and coupled with the
Vigliotti et al (2015)framework for SF remodelling to describe the dynamic behaviour

of the active cytoskeleton. The combined framework provides insight to the mechanisms
underlying transient cell force generation during cyclic loading (in relation to the
experiments oWille et al (2006). A direct link is established between (i) the influence

of loading on nanoscale crebsdge interactions, (ii)) the consequential chemical
potential imbalance between the attached and detached myosin heads, (iii) the sarcomere
stress associated with the number of cycling myosin heads, and (iv) the SF concentration

in the cell.

Chapter 5: Experimental evidence that passive excised porcine myocardium exhibits
volume changeds presentedTo simulate the muHaxial passive behaviour of the
myocardium a nonlinear volumetric hyperelastic component is combined with the well
establishedHolzapfel and Ogden (200%nisotropic model for myocardium. This
framework is also shown to desie the experimentally observed behaviour of porcine

and human tissue under shear and biaxial loading conditions. A representative volumetric
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element (RVE) of myocardium tissue is constructed to parse the contribution of the tissue
vasculature to observewlume change under confined compression loading. The RVE
is additionally subjected to six modes of shear loading to investigate the influence of

micro-scale fibre alignment and dispersion on tisscae mechanical behaviour.

Chapter 6: The crossbridgeframework developed in Chapter 4imcorporated into a
contractile model of the left ventricle to examine tissue remodelling associated with
cardiac hypertrophy. Physiological levels of ventricular pressure are simulated for healthy
conditions, and stegdtate values of the myofibril concentration and number-eémes
sarcomeres (within cells) are determined. Simulation of pathological conditions uncovers
a mechanism by which changes to the mechanical environment result in altered actin

myosin crossoridge cycling, in turn driving remodelling of myofibrils in the heart wall.

Chapter 7: A discussion of key thesis contributions and future perspectives is provided.
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1.2. Established theory

1.2.1.Contiuum mechanics
Contiuummechanics deals with the analysis of kinematics and the mechanical behaviour

of materials on a macroscale. In this section the essential elements required for
interpretation of the subsequent chapters are outlined. For a rateptimdescription the
reacer is referred toAtkin and Fox (2005) and Holzapfel (2000Yote that vectors,
matrices, andensors are denoted byld typeface. Index notation is often employed to
simplify the representation of vector equations. For example, the dot product of two 3D

vectors (IN1) may be written using summation convention as

139 60 60 60 60 60h 0P

where’Q pltho. In the case of a 3x3 tensor, the location of each component may be

defined by subscript§iQ pltio. As an example, componeit is the value in thé

row and’Q column of tensofA

1.2.1.1. Deformation and motion
A classical schematic of a body undergoing motion and deformation is shown in Figure

1.1. A body, encompassing the regmnin the reference configuration, undergoes a
motion F , such that it subsequently encompasses the regian the current
configuration. The position of a material pothin the reference configuration, with
respect to the origifi, is denoted by the vectqr A vector such ag can be described
for all points within the regiom , known as the materialL§grangian) coordinates. In

the current configuration, the positionlofnay be defined by

6 FRms P&
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The coordinates ob are referred to as the spatial (Eulerian) coordinates. The
displacementl of material point) between the reference and current configuration is

thereforél 6 R. This may be arranged in termsfpandoas
1 F RO A8 P&
Consider there exists a second material ppinh the body in the regiom , and an

infinitesimal line elemeri€Yj is bound by point® and0. This is transformed tad in

the current configuration through the deformation gradiestich that:

¢ —k =38 8
R P

The determinant of is known as the Jacobian of the deformation gradient. It denotes the
ratio of the volume change from the reference and current configurations at material point
0, with

ok AADS o)
The velocity of material poirt is given as

o
| —

T

—a

P&

O

where the partial derivative with respect to time is equivalent to the rate of chamge of

for a fixedn). The spatial velocity gradieitifollows as:

e 1
E —8 ol

This may also be calculated & ¢€¢ , where€ is the time derivative of the
deformation gradient. The spatial velocity gradient is commonly additively decomposed
into the symmetric rate of deformation ten#oand the antisymmetric spin tenspr,

with
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A g E E RAT A Py
. P .- .
A 2E ES8 p%o
C
A Current
Reference X Configuration

Contfiguration /\

Figure 1.1: Reference(initial/lundeformed) and current (deformed) configurations
of a body and associated vectors

1.2.1.2. Strain and strain rate measures
There are a variety of different strain measures that may be constructed from the

deformation gradiert. A commonly used strain measure is the Giieggrange strain

A defined as:

N - ¢d ER o T

Yol o]
<

where¢ is the transpose @f and€is the identity tensor. The Gredmagrange strain

may also be stated in index notation, wth - — — —— | such that the
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infinitesimal strain is found by assuming that the product of the infinitesimals is zero,

giving:

oc

PP p

alhe
—a —a
€:| O
—a —a
g: o

The right CauchyGreen tensoi defined in material (Lagrangian) coordiesitis often
used as a fundamental measure of deformation in hyperelastic constitutive laws. It is
given by:
A € €8 PP ¢
The spatial (Eulerian) counterpart is known as the left CaGlegn deformation tensor,

and follows as:
A E¢ 8 PP o
As the deformation gradierdt is a welldefined secondrder tensor, it may be
decomposed into an orthogonal rotation temspand symmetric left (spatial) and right
(material) stretch tensong,andr], with
€ nn N PP T
Deformation may therefe be considered as a stretch followed by a rotagionf 1) or

viceversa € N ). These stretch tensors may also be related to the left and right

CauchyGreen tensors:

n Al n 8 PP v

The eigenvalues af are known as the principal sitees_, and the logarithmic strain

tensor may be determined framn

117 8 P @
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Recall thafA is the symmetric rate of deformation tensor. The logarithmic strain rate is

given as:

A8 PP X

Strain invariants are often useful in definistrainrenergy density functions. Three

principal invariants may be derived from the Cau@rgen deformation tensors as

follows:
O oO01A _h PP Y
0 gb‘l‘A OVA __ __ __RATA 0B ©
o AA® 0 ___38 pg T
1.2.1.3. Stress measures

If a section is taken through a body in the current configuration (Figure 1.2), the body has
a traction tensofiderived from surface forces, and a vedtarormal to the surface of
this section. At a material poidt the Cauchytsess is a second order symmetric tensor

of the force per unit (deformed) surface aeagiven by:
18 P& p
The Kirchhoff stress is defined as:
0 h Pg ¢
whereuis the determinant of the deformation gradiera measure of the volume change
ratio (between current and reference configuration). The First-Riothhoff (PK1)

stressEis defined as the force per unit (undeformed) surface area, and is often used for

experimental convenienc&he nominal stres¥is the transpose of the PK1, such that

10
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"E E. Nansondés formula may be wused to

configuration to the Cauchy stress in the current configuration:

"E 0¢é 8 pPg O
However, the PK1 stress tensor is not necessarily symmetric. The secoriifeiateff
(PK2) stress is closely related to the PK1 stress, but is symmetric. It is more often used

in the composition of constitutive models, and may be expressed in tetines@auchy

or PK1 stress as:

n & ¢ N n B8 P& T
A
Current
Configuration
A
€3
0 > >
Y,
€1

Figure 1.2: Traction <acting on an infinitesimal surface® {with surface normal =

11
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1.2.1.4. Hyperelasticity
Hyperelasticityrefers to a constitutive material response that is derivable from an elastic

free energy potentialy. It is particularly useful for materials that experience large
deformation, and is widely used in the description of soft tissue mechanical behaviour.
Thesecond Piol&Kirchhoff stress may be defined by the derivativeypkith respect to

the right CauchGreen tensor, such that

. TwA
n C;.HT8 pg L

Through the operation described in equation 1.24, this may be transformed from the
reference configuration tthe current configuration to yield the Cauchy stress. The strain
energy potential may also be phrased in terms of the left Caidgn tensor:

Ty A
TA

A,
€ L A

cL € A

8 PE @

Strain energy potentials are often stated as functions of stkanants (as defined in
Section 1.2.1.2), wity A W ‘CHARO . For an isotropic strain energy potential, the

derivative ofw with respect to|| may be determined via the chain rule, such that:

TWA 1wl 1wl 1O
TA TOA 1TOFA 1T ORA

P& X

The derivatives of the invariants with respect to the left Ca@i®een tensor may be

determined, giving:

—a

O o 1
a :

o
o

‘|
‘|

OA 8 pE U

>
>

Inserting these identities back into equation 1.26, the Cauchy stress may then be expressed

as a function oB, with

—'A 8 P& w
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For problems involving compressibility, it is often convenient to additidelcompose

the isochoric and volumetric response of the free energy potential:

WA w U w 'As8 P T
Here,y U is the volumetric response which depends only on the volumely il
W A is the isochoric response, which is a function of the isochoric form of the left

CauchyGreen tensor, given bA 0 7 "A. This operation removes all volumetric

contributions. Similarly, the Cauchy stress may be decoupled as follows:
8 pPBP

These stress contributions are then defined by:

€h pPD ¢

0 A ;
A T o
oLy A ol ..
cL A A 5 €h p® O
where the stress termis given by the expression
WA
A———38 &
qL A P T
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1.2.2.Finite element method
The numerical solutions of continuum mechanics problems presented in this thesis are

solved using the finite element (FE) method. The commercially available software
Abaqus (Dassault Systemes, RI, USA) is frequently used in the analyses within
subsequenthapters, predominantly due to its customisability via user subroutines (for
development of novel material laws, novel surface interaction laws, and bespeke non
local solution schemes) and robust meshing technidiexe,a brief background on the
implicit FE solution scheme and us#gfined material subroutines is present&d.

facilitate this discussiory/oigt notation is employeuh this section.

1.2.2.1. Implicit solutions
The stress state in a body is incrementally updated in the implicit FE method. Following

an applied deformation, the stress state at tine30 is solved iteratively via
convergence of a residual force vector to zero. The Abaqus/Standard implicit solver
implements a form of the NewtdRaphson method, as described in this section. The
principle of virtual work (PVW) provides the fundamental equation of the finite element

method:

1 qQm 17 "kBhH P& U

wheremis a refence volume on which equilibrium is enforced, bounded by a siitfface
and’lare the stress and surface tension, respectively, whaad °l are the virtual

strain and virtual displacement vectors. The FE approximation can then be introduced

over every elemerof volumemand surface are¥, allowing the displacementnd

strain to be rewritten as:

14
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where'E is the global shape function matrig, is a matrix of spatial gradients of the

shape functions, and’l is a vector of nodal virtual displacements. The PVW then

becomes:

1A T Qm 171 "E "IBh P&y
171 A TQm 17 "ETB  mh B W
17 AT Q "EIB 1™ P8 T

As the virtual displacementl is arbitrary, it may be stated as:

A lan EIB 18 P8 p

The second term is the external force vector, and may be phrased as follows:

"ETB € 8 P& ¢

Introducing linear elasticity:
A AAl h p& o
where’Ais a fourth order elasticity tensor. The PVW may again be rewritten

consideration of linear elasticity, such that:

ARKIGm ¢ P8 T
A ARQ T ¢ mh P8 U
g7 ¢ mh p& @
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whereg is the familiar form of the glob&E characteristic/ stiffness matrix. Returning
to the PVW as shown in equation 1.41, a set of global equations for the out of balance

residual force& (dependent oil) may be developed:

€l A1 Qm "E (B8 P8 X

This nonlinear set of equationmaust be solved for convergence to attain an equilibrium

stress state in the body, with

£ TS p8 |

For boundary value problems requiring a +iokear analysis and complex geometries,
such a minimisation for convergence must be solved iteratively. Asianedt
previously, the Abaqus/Standard implicit solver uses a Newegwhson methodology to
step from timedto timed 3-0by taking an initial guess and iterating until the solution
converges. In the NewteRaphson scheme, a tangent to the func@mi is used to

approximate to a more accurate solution:

An accurate approximation is deemed to be obtained when a tolerance is achieved, i.e.
W ws 0 8a PR T

Following an initial guess for all nodal displaceméits within an increment of an

implicit analysis, the numerical scheme iterates until the internal forces and externally

applied loads/boundary conditions achieve a stable equilibrium. As such, the Newton

Raphson minimisation process is applied tordsedual force vector:
€l ™S pd p

For the'Q iteration:

16
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Tel
T

Considering the change in nodal displacenfefits gives:

v v v Terl o

This may be expressed in terms of the tangent stiffness raatrix

pPB ¢

pd o

pPB T

pd v

These are the finite element equations that must be solved during each iteration of the

implicit method. In contrast to the linear elastic form of the FE equations given in

equation 1.46, the solution variable in a dimear implicit scheme is the incremental

displacement. Finally, the tangent stiffness matrix may be expressed as:

£ Te 1 N ,
€ Tl ﬁ QT] €
T
T
T T
A —— A ———
T Qn T (01
I n
A ——AmB
aBE I AA AQmh

pPd ¢

where’A is the consistent tangent matrix, equal to the Jacobian of the constitutive law

T 71 . Foreach iteration of the Newtdtaphson method, it is necessary to calculate and

17
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invert€ . Although this is computationally expensive, it ensures an accurate solution is
achieved. Additionally, it permits use of relatively large time steps when cethpa
alternative approaches such as the explicit method. For more details on the finite element

method, the reader is referredBathe (2006 andFagan (1992)

1.2.2.2. Implementation of user defined material subpbutines
Abaqus, in addition to providing a wide library of btiit material constitutive laws,

allows the user to define new condiite formulationsvia a user defined material
subroutine (UMAT). At each iteration within each time increment the UMAT is called

by the main program at each integration point associated with the novel material law. The
material deformation is passed into the subroutirieeabeginning of the increment, and

the stress state must be calculated and passed out. Additionally, the material Jacobian
(consistent tangent matrixp-Tff 3+ must be computed. This defines the change in stress

at the end of the time increment caubgdan infinitesimal perturbation of the strain. A
numerical approximation of the material Jacobian may be attained through a perturbation
method as previously describedMiehe (1996) Such an approach has been used in non
linear hyperelastic implementatio(unet al 2008; Nolaret al 2014) and is employed

in subsequent chapters of this thesis. The approximation uses a linearised incremental

form of the Jaumann rate of the Kirchhoff stress:
> 3 3 E d¢Ah PR X

where is the Kirchhoff stresg] and’A are the spin and ratef deformation tensors (as
defined in Section 1.2.1.1), ard is the tangent modulus tensor for the Jaumann rate of
the Kirchhoff stresssf] and3’Amay be stated in terms of the deformatioadignts,

such that

i g 28wt hOEQ 0B
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3A g 3EE 3EE 8 Pd W

Through a perturbation of the deformation gradient the tangent moduli may be
approximated by a forward difference scheme. The perturbation is performed on every
degree of freedom in an analysis. In a 3D analysis this requires a perturbatisix of

times(once for each independent componerasj:
3 T v ) ] Y~ 1] 'l
3€ c Qa Qe Qa Q¢ h PR T

where] is a small perturbation parameter, a8ds the basis vector in the spatial

description. The o6total 6 peértubedThkef orr

Kirchhoff stress(in Voigt notation)is then calculated from this perturbed deformation

gradient, i.e. ¢ . Finally, the material Jacobianis approximated with:
p p 1] 1] 'l
E DE o € € h pPH p

wherevis the determinantfahe deformation gradient. For each perturbation of equation
1.61, six independent componentseoivill be attained in a 3D simulation, with six

perturbations required to construct tpap tangent matrix.

In Abaqus, the user may also define contact or interaction behaviour between two
surfaces, by means of a user defined interface subroutine (UINTER). Here the routine is
called for every node on a slave surface, again for every iteration. The interfasesstre

(or tractions) are calculated as functions of the relative displacement between the two
surfaces. An interface stiffness mafrix? "1, akin to the UMAT consistent tangent

matrix, must also be updated.
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1.3. Background and | iterature
1.3.1.Cell structure and forces

The cell is comprised of a considerable number of molecules and structures that respond
to mechanical and chemical stim(#lberts 1994) including the nucleus, cytoskeleton,

and cytoplasm. The cytoskeleton plays a dominant role in defining the mechanical
behaviour of the cell, such as resistance to deform@fimaferet al. 2015; Ronart al

2012) generating forces than enable the cell to move and change (talsed and
Borisy 2003) and conecting physically and biochemically to the microenvironment
(Chenget al 2017) Cells may interact with the surrounding extedlular matrix (ECM)

or substrate via formation of focal adhesions, which transmit mechanical cues to the
cytoskeletonPathaket al 2011) The nucleus and cytoplasm also contribute a passive
mechanical response to cell deformat{@aille et al 2002) A brief description of the
cellular cytoskeleton, active force generation, and adhesion development is provided in

the following sections.

Figure 1.3: Fluorescent image of the actin cytoskeleton in a single cell in 2D culture.
Intermediate filaments ae shown in red, microtubules are shown in green, and actin
filaments are shown in bluelmage courtesy ofC-A. Schoenenberger, R. Suetterlin
(University of Basel, Switzerland.
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1.3.1.1. Microtubules and intermediate filaments
The cytoskeleton can be dividedarthree main classes of protegjroups: microtubules,

intermediate filaments, and actin filaments. These elements are highlighted in the cell
shown in Figure 1.3. Microtubules (Figure 1.4a) are composed of helically wouamdl

T - tubulin proteingMartini et al. 2012) and are the largest cytoskeletal component with
a diameter of ~25 nrfLodish 2000) They are involved in important cell processes such
as organelle transport and cell divisigBlain 2009; Alberts 1994)In terms of a
mechanical contributionn-vitro studies have shown microtubules may play a role in the
shear and compression resistance of ¢Biisvling et al. 2012; Brangwynnet al 2006)
Intermediate filaments (Figure 1.4c) are comprised of tetrameric proteins, which
assemble into a supeoiled sheet with a roplike appearanc@~uchs and Weber 1994)
They range in diameter from®) nm, and are thought to anchor the nucleus within the
cell (Dupin et al. 2011) They have been shown to play a role in resisting mechanical
deformation(Ofek et al 2009) though their precise function is not fully understood

(Erikssonet al 2009)

1.3.1.2. Actin filaments and stresfibres
Actin filaments (Figure 1.4b) are the primary functional cytoskeletal component in

regulating cell mechanical behavidtirickey, Vail, and Guilak 2004; Yeured al 2005)
G-actin (globular actin) polymerises and coils into a dotlgx to create Factin
(filamentous actin), which often anchors to focal adhes{@Gnameret al 1997) Actin
filaments continually undergo polymerisation and depolymerisation, due to association
and dissociation of @ctin at either end. Phosphorykteyosin spontaneously self
assembles in kpolar filamentgAlberts 1994) The actin filament interacts thi myosin

to form tight | ystresofioresn. bCoridpdsleelmg obd myosin I
generates contractile forces required for cell motility, morphology, and adl{Esitmet

al. 2006; Blain 2009; Fletcher and Mullins 2010)
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a) microtubules b) actin filaments ¢) intermediate filaments
Figure 1.4: The cell cytoskeleton is composed of three filamentous groups: a)

microtubules, b) actin filaments, and c) intermediate filaments. Adapted image from
Alberts (1994)

1.3.1.3. Force generation via crossridge cycling
A standard crasbridge cycle operates as follolsymn and Taylor 1971)Following

binding of ATP to myosin, hydrolysis into ADP and(inorganic phosphate) causes a
change in configuration/pivot of the myosiralde The myosin head attaches to the actin
filament (Figure 1.5a) and, depending on the boundary conditions, a tension generating
stroke may occur. The stroke consists of the myosin head returning to an uncocked
configuration following release of ADP amd (Figure 1.5b). This induces a stretch in the
myosin tail thereby exerting traction on the actin filament. The bond between the myosin
head and actin dissociates, the head detaches, and the cycle repeats. The tension within a

sarcomere depends on the fognof actively cycling myosin hea@duxley 1957)

e tension in
v tail due to
stroke/pivot

v actin filament

myosin head &

a)

Figure 1.5: Schematic of cros$ridge tension generation: a) myosin head binds to
actin filament; b) stroke/pivot of myosin head induces tension in the myosin tail.
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1.3.1.4. Focal adhesions
Focal adhesions (FAs) are myttiotein complexes that mediate cell ancya to the

extracellular environment (Figure 1.6), also providing a mechanical link to the
contractile actin cytoskeletoWang et al 1993) While the exact pathways of FA
formation are not fully understood, a large body ofdemce suggests that it is
mechanically controlled. High tractions at contact sites increase the rate of FA assembly
(Tanet al. 2003; Balabaet d. 2001) and FA formation is disrupted by inhibition of SF
formation and contractilitPasaperat al 2010; Burridge and Guilluy 2018)Vhen cells

are constrained to patterned ligand geometries, FAS tiercluster around the patch
periphery(Théry et al. 2006) with adhesion clustering increased at higher cell spread

areaqChenet al 2003)

Assembly and disassembly of FAs involves the coordinated regulation of the GTP
binding protein RhoARidley and Hall 1992)through crossalk betwen integrins and
several adhesion receptors (e.g. cadherins). Attachment of the cell to the ECM is mediated
by the integrin family of transmembrane proteins. All integrins contain and?

subunit, and bind to ligands on a substrate surface (in fuatipg@ort of traction mediated

FA assembly, these integrins do not bind to ECM ligands in suspef@ilomore and
Burridge 1996). Integrins cluster at the adhesion site, and form complex structures with
cytoskeletal connector proteins such aactinin, vinculin, and talifWehrleHaller and

Imhof 2002) This allows transmission of mechanical activity from the ECM through to
the cytoskeleton. Focal adhesions also orient various signalling proteins (such as paxillin
and FAK) at sites of integrin binding and cluster{@astry and Burridge 2000from

which numerous intracellular pathways emanate to regulate cell survival, growth, and

gene expressiofschwartzet al 1995)
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Actin stress fiber

Actin regulatory layer

Force transduction layer

Integrin signaling layer

Plasma membrane
Integrin extracellular domain
Extracellular Matrix (ECM)

u = Q = & & © AN o

Integrino;, FAK Paxillin Talin Vinculin Zyxin VASP a-actinin Actin

Figure 1.6: Schematic of focal adhesion molecular architecture, depicting
interaction between ECM, integrins, andstress fibres(Kanchanawonget al 2010)
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1.3.2.Computational cell modelling
Computational models are widely used in engineering and biology to generate new

insights, deepen understanding, and to interpret and guide experimental investigation. In
this section an overview ofell mechanics modelling is provided, starting with a
discussion of the widespread simplified approach of treating the cell as a passive material,
followed by an overview of recent models that incorporate active biomechanical

processes.

1.3.2.1. Passive cell model
In understanding the mechanical behaviour of cells, simple material laws such as linear

elasticity are often used by experi ment al
modulus) for the cytoplasm or nuclgdsnet al. 1999; Soloret al. 2007) Linear elastic

material laws have been used to simulate cell compression experii@éeks Natoli,

and Athanasiou 2009and cell deformation due to fluid flogzhao, Vaughan, and
Mcnamara 2015; McCoyJ ungr eut hmayer , and O6&nli en 2
2009) When cells undergo large deformation, hyperelastic models are commonly used to
represent experimentally observed #ioear mechanical behavioitim et al 2004;

Zhao, Vaughan, and Mcnamara 2015; Catlal 2002) However, these models do not
account for the tme depn dency i n the <cell d&ds respons
viscoelastic models have been implemented to study cells subjected to micropipette
aspiration(Satoet al 1996; Jafari Bidhendi and Kashen 2012; Trickeyt al. 2006)
unconfined compressiofLeipzig and Athanasiou 2005and cantilever indentation

(Koayet al 2003)

While these approaches have had some success ifghtaig general trends, they treat
the cell as a passive homogeneous continuum. They do not account for the tension
generated via stress fibf8F) contractility or the active remodelling of the cytoskeleton.

As a result, they cannot be used to correctigrpret the biomechanisms underlying the

25



Chapter 1

mechanical response of cells to loading. In particular passive models do not describe the
changes in cell stiffness that result from spreading, as has been highlighted in several
early studies that demonstrate thainique set of passive parameters cannot be used to
describe the mechanical response of a cell at different levels of sprédii@arry and
McHugh 2008; Thouminet al 1999) Hyperelastic and viscoelastic constitutive laws are

not without merit however. The computatiomaiperimental studies ddowling et al
(2012)andReynolds and McGarry (2018emonstrate that when the actin cytoskeleton

is disrupted using the chemical agent cytoctial®, the remaining cell components can

be accurately described using passive hysroelastic material laws.

1.3.2.2. Active models
Several models have been developed to explain the cytoskeletal structure and contribution

to the cellular stress state. Tensggistan early example of such a model, adapted from
the architectural system known as tensional intedtitgber 1993) It incorporates a
series of load bearing rigid struts and tension bearing elastic threads (representing
microtubules and acti&Fs respectively). The model therefore allows for a cell to be pre
stressed prior to thapplication of load. In practice, the framework requires a manual
description of strut positioning, and in a finite element simulation a new fibre network
must be generated for every cell geometry and spread state congMefzalry and
Prendergast 2004While the tensegrity model provided the groundwork for modelling
tension generating fibres within the cell, it does not allow for an actively remodelling
cytoskeleton. Additionally, the model assumes 8tadare supported exclusively by load
bearing micotubules. However, experimental evidence has shown disruption of

microtubules leads to an increase in the cellular traction (Bmedney andElson 1995)

Motivated by experimentally observ&rremodellingDeshpandet al (2007)proposed
a biochemoemechanical model that considers (i) SF formation due to activation of
proteins and signalling molecules, (ii) tension dependent SF dissociation, astig(ifi)
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rate dependent SF tension. A first order kinetic equation is used to describe the formation

and dissociation of SFs:

Q- 6Q Qo
00 p - — p | T p@ C
where— is a noadimensional activation level ofa SE( — p). Q andQ are foward

and backward reaction rate constants, respectively) anén activation signal for SF
formation that decays over timé ( A @ BoT—). The contractile behaviour of the SF

. Xn 1S describd by a Hill-type force/straifrate dependence. The Deshpande model has
been implemented in finite element analysis to explore several key aspects of cell
behaviour (Figure 1.7), including the contractile response of cells spread orRpo$ts0o
(McGarryet al. 2009; Ronaet al. 2014) compresion resistance of cel{cGarry 2009;
Weaferet al 2013) shear resistance of ce{Sfek et al 2010; Dowlinget al. 2012) cell

cell junctions(Ronanet al 2015) and the active response to micragitp aspiration
(Reynoldset al 2014) The framework was extended to describe the transient response
of cells to cyclic loading through inclusion of a fadimgmorytype model(Reynolds

and McGarry 2015)where it was shown the active contractile forces dominate the

cellular mechanical response.
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Figure 1.7: Finite element studies based on implementation of Deshpande
cytoskeletal model. Images adapted froriicGarry et al. 2009; Reynoldset al. 2014;
Reynolds and McGarry 2015; Dowling andMcGarry 2014.

Since the development of the libememechanical modeDeshpandeet al (2007)

several other cytoskeletal frameworks have been propésachas and Hsu (2009)
presented a kinematic model based on mixture theory to destrels fibreorientation.

A total mass fraction of SFs is maintained, and the rate of SF dissociation is governed by
excessive fibre stretching or shortening:

% N 0 Qp Q3 h P& o
wherelz is the mass fraction of fibre famil@andaj is the (normalized) deviation

from a homeostatic level of stretch. It is assumed that SFs assemble as quickly as they
disassemble. The model successfully describes the redmentdf SFs subjected to high
frequency 2D dynamic stretching (Figure 1.8&rnerey and Farsad (201dnoposed a
multiphasic formulation motivated by kegellular behaviour: mass exchange of
cytoskeletal components, cytosol fluid pressure, actin monomer transport, and SF

contractility. Fibre formation arises from mass exchange with dispersed actin monomers,

and depends on SF tension. The tension thatolevy&lithin a SF is both strain and strain
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rate dependent. The contractile behaviour of cells on mpitlars is shown to be

predicted by this framework (Figure 1.8b).

K" =5x10"

k=015 |f§

Figure 1.8: a) Experimental and predicted SF alignment under high frequency cyclic
loading (Kaunas and Hsu 2009) b) Simulated contractile behaviour of cells on
micro-pillars with contours showing SF volume fraction” =™and degree of SF
anisotropy t (Vernerey and Farsad 2011)

The model ofObbink-Huizer et al. (2014)combines features from Deshpande (2007)
with Vernerey and Farad (2011). It also imposes the constraint aaoomp®lymerized
plus depolymerized actin quantities, and accounts for strain dependence in the SF

kinetics. The rate of change in SF volume fraction (in directjois given by

rzs w % e~ « ~

where constant®, 'Q, and'Q describe the basal SF formation, stress dependent SF
formation, and SF dissociation, respectivély. and™Qare functions that govern the
dependence of the contractile force on the strain and sat@nands is the volume
fraction of monomers available for SF formation. Fibre formation increases with
increasing active stress, and reduces with increasing shortening velocity. The framework
accurately predicts the cyclic response of cells in both a 2D aset8Dg (Figure 1.9a),

and has subsequently been used to investigate the role of SF contractility in the

development of tissue engineered heart valkesrakkeret al 2016)(Figure 1.9b).
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Figure 1.9: a) Predicted equilibrium SFKdistributions for different strain frequencies
(top row) and strain amplitudes pottom row from Obbink-Huizer et al (2014) b)
Circumferential strain distributions in heart valves following remodelling due to
pressure and cell contraction(Loerakker et al 2016)

The role of the active cytoskeleton in trasrsdothelial cell migration was recently
investigated byCaoet al. (2016) A chememechanical description of the SF network is

provided, with the contractility given as

-h pPH v

where” is the contractility on the absence of adhesionss the effective passive
stiffness of the actin filamentand- is the filament strain. andf relate to the molecular
mechanisms regulating the strelependent signalling pathways and engagement of
motors, respectively. This model was also included within a cheethanical
description of the celnatrix system free energyShenoyet al. 2016) where it is
demonstrated that the free energy is lower for cells on stiff substrates (relative to soft
substrates), providing a thermodynamic motivation for durotdkigure 1.10a).
Recently, Gong et al (2018) demonstrated the important inflnce of substrate

viscoelastic behaviour in the spreading of cells. Cell migration and durotaxis have also

30



Chapter 1

been investigated in the active modelling approach€woaoizalezValverde and Garcia

Aznar (2018)Figure 1.10b) ané&scribancet al (2018)

increasing substrate stiffness

£=12kPa E = klll‘ E=12kPa E, Jtrkl‘

() iy
221! I Hw_ 04501343 ) I 27

SOFTER SIDE Gradient

b e

Figure 1.10: a) The cellular free energy decreases with increasing substrate and
nucleus stiffness(Shenoy et al. 2016) b) Prediction of preferential cell spread
towards stiffer substrates(GonzéalezValverde and GarciaAznar 2018)

Vigliotti et al. (2015)developed a thermodynamically consistent framework to describe
the stress, strain, and straate dependence of SF formation and remodelling, while also
accountng for global conservation of cytoskeletal proteins. The kinetics of SF
remodelling are motivated by considering the enthalpies of the actin/myosin sarcomeres
that constitute individual fibres. This model provides the basis for the cytoskeletal

framework mplemented throughout this thesis and is described in detail in Chagters 2
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1.3.3.Cardiac myocardium

1.3.3.1. Structure and mechanics
Cardiac myocardium is a complex composite material, that has been structurally

characterized in numerous histological studiesgriceet al 1997; LeGriceet al 1995;
Popeet al 2008; Stokeret al 1982; Legrice et al 2001) The tissue is comprised
primarily of cardiomyocytes, in addition to other celleplotypes (e.g. fibroblasts) and
structural components (collagen, elastin). The cardiomyocytes birthemdl, forming

long myofibrillar arrangements. Endomysial collagen constrains the cells laterally to form
sheets (myolaminae), in which perimysial cga runs parallel to the cells to provide
additional passive mechanical supp@opeet al 2008) These sheets form the laminar
architecture of the myocardium, and have &ialha variable orientation (Figure 1.11).
The composition of the sheets allows the formation of a local-hightl orthogonal set

of axes, denoting the myofibré direction, the crosbre/sheet directions], and the

direction normal to the sheet sack ().

The anisotropic notinear mechanical behaviour of the tissue has been investigated
through biaxialDemer and Yin 1983; Humphrey and Yin 1988 sheafDokoset al.
2002)loading. While these studiegamined canine or porcine specimens, more recent
investigations have focused on human tig@@mmeret al 2015) The myocardium is
shown toexhibit the highest stiffness in the myofibre direction, with the lowest stress
observed in the normal direction. All loading modes result in a highlylinear stress
strain relationship. This behaviour is well characterized byHbkapfel and Ogden

(2009)model:

= @ (0-1px@[O-1)+ 35+
h

@ 0 expO +35+ F5+N pH @
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Figure 1.11: Schematic diagam of: (a) the left ventricle with a cut-out from the
equator; (b) the structure through the thickness from the epicardium to the
endocardium; (c) five longitudinali circumferential sections showing the transmural
variation of layer orientation; (d) the layered organization of myocytes andhe
collagen fibres between the sheets referred to a rigitanded orthonormal
coordinate system (fibre axii , Sheet axisv , sheetnormal axis= ; and (e) a cube
of layered tissue with local material coordinates (X1,X2,X3) serving as the basis for
the geometrical and constitutive mode{Holzapfel and Ogden 2009)

where the first ternon the righthand side represents the mechanical contribution in the
myofibre ) and sheetd| directions, and the second is an orthotropic term accounting for
the shear contribution in thesplane.”O , 'O, and’O are anisotropic invariants defined
as’O =+ 8rF ,O0 F 8rF ,andO0 =+ 8prF+ .+ a '@ isa

unit vector indicating the myofibre or sheet orientations,=|anciis the same vector in the
deformed configurationigen by=|= € =|= . The operatog is the dyadic product of
vectors resulting in a secomdder structure tensor, and , ® & “Gi AQi are

anisotropic material parameters for each contribution.
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Figure 1.12: Mechanical response of human myocardial tissue to (a) shear and (b)
biaxial loading conditions. Figures adapted from(Sommeret al 2015)

The tissue is typically assumed to be incompressible, primarily due to the large content
of fluid in the cells and between interstitial components. This assumption is supported by
analysis fromiVossoughi and Patel (198 owever, recent investigations have revealed
there are regional changes in the myocardial volume during tdeacarycle of up to

10% that cannot be fully accounted for by blood movement through the vasculature
(Ashikagaet al. 2008) and other studies have highlighted the need for further evidence
(Goktepeet al 2011; Soaregt al 2017) The compressibility and anisotropy of the

myocardium is investigated in Chapter 5.

1.3.3.2. Remodelling and failure
Heart failure (the inability of the heart to pump enough blood to the body) is a global

pandemic affecting an estimated 26 million people worldwides the most common

cause of hospitalization among individuals above 65 years qAagierosyet al 2014)

Figure 1.13: Diseased heart following
concentric hypertrophy (left) compared

to normal human heart (right) (Chung

et al 2003)

Heart failure can result from a number of
pathologies including hypertension, post

infarct tissue thinning and fibrosis, and
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volume overload. In all cases disease can be viewed as a remodelling of the tissue in
response to mechanical stimuli. Cardiac hypertrophy is a medical condition whereby the
cardiomyocytes (cardiac muscle cells) remodel following a deviation from homeostati
conditions(Chunget al 2003) Cardiac hypertrophy is generally categorised as either
concentric or eccentric. Concentric hypertrophy is a condition Wiehe ventricle wall
becomes thicker as a result of hypertension (Figure 1.13). Consequently, the ventricle
volume is reducedandan insufficient volume of blood is available for pumping during
systole. This pathology may lead diastolic heart failure Eccentric hypertrophy is
where the ventricle elongates and becomes thinner as a result of volume overload during
diastole. The pumping ability (contractility) of this thin fibrotic ventricle wall is
dramatically reduced so very little blood is ejectedrdysystole, despite the fact that the
enlarged ventricle can store an increased volume of blood. This pathology may lead to

systolic heart failure

At a cellular level concentric hypertrophy is characterized by an increase in
cardiomyocyte cell size (§ure 1.14), enhanced protein synthesis, and parallel addition
of sarcomerefizumo and NadaGinard 1988; Chiept al. 1993; Sawada and Kawamura
1991) Elevated pressure also results in increased collagen deposition (fibrosis) from
cardiac fibroblast@Carveret al 1991) In early stages this viewed as an adaptispoase

to reduce the wall stress, but it can progress to cause diastolic heart(fduater and
Chien 1999) In the case of eccentric hypertrophy cardiomyocytes will undergo
longitudinal cell growth and addition of sarcomereseanies(Dorn et al 2003) Non
pathological cardiac remodelling is commonly reported in athletes: endtiraiiag
athletes disply ventricular dilatation (physiological eccentric hypertrophy) while
strengthtraining athletes display myocardial thickening (physiological concentric
hypertrophy)Ellison et al 2011; Kemiet al 2002) Although the pathways underlying

pathological and physiological hypertrophy differ, tesultant remodelling at a cellular
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level is comparable. Eccentric hypertrophy also commonly results from myocardial
infarction, which leads to localised cardiomyocyte death and localised loss of contractility
(Palojokiet al. 2001) In such regions the tissue behaviour is dominated by the passive
mechanical respongelolmeset al. 2005) Postinfarct, the local collagen structure will
rearrange significantlFomovsky et al 2012) highlighting an important role of

fibroblasts in cardiac remodelling.

“‘0__ - ﬂ
> . ' >

Figure 1.14: Microscopic left ventricle sections of healthy (left) and enlarged
hypertrophic (right) cardiomyocytes (Luckey, 2007)

1.3.3.3. Computational modelling
Significant advances have been made in the field of cardiac modelling over the past 20

years. A description of the myofibre structure was providdde@rice et al. (1995) with
more detail uncovered in the years followifhggriceet al. 2001; Popet al. 2008) A
number of frameworks for cardiac muscle contractility have Ipeeposed, such as the

fading memory moddgHunteret al 1998)

s P OO " ,
p—h LM (0] Q _tas pa)x

6 =

In this model the current tension is influenced by the stretbistory (and more
dependent on recent length changes than earlier length changasjio are rate

coefficients and weighting coefficients, respectively, and 'Q Q 0 Other models
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propose simulating contractility with a phenomenological-git@n or prestress

(Pezzutcet al. 2014)

TheLiving Heart Project(LHP) is a global research initiative bringing together over 20
Universities and 32 industry partners to develop and validate papenific heart
models. Recent model constructions contain detailed anatomic geometry of 4 heart
chambers and major blooekssels (Figure 1.15), and also includes framework for the
passive tissue mechanics, blood flow dynamics, electrical conductance, and active tissue
contraction(Baillargeonet al 2014) The contractility is phenomenologically applied in
pre-defined fibre directions as motivated by electrical activation and material, stiaim

that:
” ” -Q %o %o 3‘67[:) -30h PH Y

where%.is an electrical potential, ari@ controls the magnitude qf for a given
potential. The LHP model has also been used in the analysis of coronary stent deployment

(Saraswatt al 2016)

aortic

arch

superior pulmonary
vena cava artery

right left
atrium atrium
right left
ventricle ventricle
Figure 1. 15: Finite el ement model of the

Hear t P(Ballargeantet@l 2014)
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In 1994 Rodriguezet al (1994) introduced a framework for volumetric growth in a
continuum mechanics setting. Through decomposition of the deformation gradiemt

an elastic and growth componegi{,éd €-), the material volume can be altered by a
deviation from homeostatic conditiofsy —€), where—may be governed by an input

of interest (e.g. strainHumphrey and Rajagopal (200@pposed a constrained mixture
model fa growth and remodelling, accounting for the production and degradation of
tissue components. In recent years with the advent of powerful computational modelling
tools and facilities, such growth models have been integrated into full 3D models of the
heart The Rodriguez model has been used to simulate cardiac hypertRaisclet al

2011) as shown in Figure 1.16. Growth is motivated as an adaptive response to an

alteraton in the system stress, with

— ———— 0 n 8 P W

The difference between the trace of the Kirchhoff stremsd a baseline pressure level

N s the driving force for growth. The parametérs— , and’ control the rate,
magnitude, and naelinearity of the growth, respectively. The framework has also been
used to predict remodelling due to myocardial infarc{ieéez and Kuhl 2015and most
recently used alongside the underlying LHP model to simulate the pathologies of diastolic
and systolic heart failurgGenetet al 2016) However, this phenomenological approach

to describing the growth stimulus provides limited insight the key biophysical

processes underlying cardiac remodelling have not been considered.
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Figure 1.16: Finite element model of volumetric growth in the left ventricle onset by
increased ventricular pressure(Rauschet al 2011)
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CHAPTRER

FREENERGANALYSI €EIOIF
SPREADI NG

D) 0 (D emm—

2.1lntroducti on

Several experimental studies demonstrate that control of cell spreading using substrate
micro-patterning has a significant impact on cell behavior. A studivibBeathet al
(2004)reveals that stem cell differentiation can be controlled by limiting cell spread area.

It has also been shown that the contractility of smooth muscle cells increases with
increasing cell are@lanet al. (2003). Lamerset al (2010)show the spread geometry

and stres$ibre (SF) distribution of osteoblasts on grooved surfaces is highly dependent

on groovespacing. Wide grooves result in polarized cells with SFs aligned along the
grooves. Narrow groove spacing leads to randomly oriented cells and SFs. Finally, a study
byThéryetal (2006lhas shown t hat wh esnh aap ecdesl hl asp estpdr e
ligand patctSFs align predominantly along the free edge of the cell and focal adéesio

assemble along the perimeter of the ligand patch

The biechememechanical model proposed Beshpandeet al. (2006) was used by
McGarryet al (2009)to analyze the aforementioned migrost experiments ofan et
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al. Simulations reveal that as cells spread the increasing numéadinefed posts provide
increasing support for SF tension and therefore reduce SF dissociation. Simulations also
correctly predict that SFs are highly aligned along the free edges of the cell where the
stress state is uniaxial. Using the same framevRathaket al (2008)analyzed the
experiments offhéryet al and, similar toMcGarryet al, highly aligned stresBbres

are predicted along the free edge of the cell. While these studies demonstrate the
importance of tension support for strefdsre formation, they reveal a number of
shortcomings of the phenomenological frameawaf Deshpandet al (2006) Firstly, a

high level d isotropic SF formation is incorrectly predicted to occur in regions of biaxial
stress in the center of the cell. Experiments reveal that limited SF formation occurs in
such regions. Secondly, the sprestate of the cell is assumed as the undeformed
reference configuration. Clearly the cell deforms significantly from its spherical

suspended state to reach the final spistate.

In the current study we attempt to address these shortcomings by developing a steady
state finite element implementation thfe recent thermodynamically motivated stress
fibre model of Vigliotti et al (2015). Our simulations of cells on micqmatterned
substrates incorporate the following significant improvements on previous approaches:
(i) The spreasbtate of the cell is not assumed as the strain free reference configuration.
Rather, the cell deforms dm a suspended geometry to reach its final spread
configuration. The strain state of the deformed configuration is a key determinant of SF
distribution in the cell. (i) The number of cytoskeletal proteins in the cell is a finite and
conserved quantity, gaiiring the development of a ndocal numerical implementation.

In contrast,McGarry et al. and Pathaket al do not impose a global limit on SF
formation. (iii) In addition to the advances presented in terms of our SF finite element

model,we also propose a further development of the thermodynamically motivated focal

50



Chapter 2

adhesion assembly model beshpandet al (2008)so that focal adhesion formation

may be limited by a prescribed ligand density on the substrate to which a cell adheres.

An important consequence of the modelling approach is that there is not a unique final
spreadstate br the cell. Even in experiments such as thosehéfyet al andTanet al

where the outline of the final spread shape is prescribed by -patterning ligand
paches on the substrate, there is still an infinite number of ways in which the cell can
spread across the patch geometry. Each final syztaéel would have a different strain
distribution and resultant SF distribution. Despite the infinite ways in whimdl a&an
spread, the experimental heat maps of SF distribution in the stliéhéofet al reveal a

strong trend of SF formation along free edges for a large number of cells. This suggests
that the final spread state of a cell is not randomly generated. In this study we use our
modelling framework to determine the free energy of the cedl fmrmber of spread states

and we hypothesize that cell spreading is driven by free energy minimization.
Furthermore we ask if predicted SF and focal adhesion distributions for minimum free

energy spread states are in agreement with experimentally obdestrémitions.

This chapteiis structured as follows: In Section 2.2 we present our stetaty norocal
stressfibre formation and cell spreading framework, followed by our model for ligand
dependent focal adhesion assembly. We also introduce the factors contributing to the cell
free energy. In Section 2.3 we consider a simplified example of axisymmetric spreading
of around cell on a flat substrate in order to demonstrate the key features of the
computational framework and predict experimental trends observed by Enghbr
(2003). Finally, in Section 2.4 we simulate the experimen®&héfyet al by analyzing

anumberofspreasit at es f or cehadpe daherpedioft d ifgMand
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2. Madel ling framewor Kk

2.2.1.Framework for stressfibre remodelling and contractility

The cytoskeleton is composed of aatwyosin SFs which actively generate tension
through crosridge cycling between the actin and myosin filaments. The
thermodynamically consistent model frafigliotti et al (2015)captures key features of

SF dynamics, including (i) The kinetics of stress fibre formation and dissociation as
motivated by thermodynamic considerations, (ii) the stresajnstand strairate
dependence of SF remalileg, and (iii) global conservation of the cytoskeletal proteins.
Here we implement a steadyate form of this continuum model in a tdonensional

finite element setting.

We envisage a twdimensional (2D) ceélof thicknessb lying in thew @ plane
(Figure 2.1a)A representative volume element (RVE) in the undeformed state is defined
as a disk of radius afc. Stress fibores emanate from the center of this disk, each
comprised ot functional units ¢f lengthd ) in their initial ground statdn 2D plane

stress SFs can form in a large number of directions, with each direction defined by an
angle%owith respect to the» -axis. At steady state, we consider that the (normalized)

number of actirmyosin contractile units within a SF in directia in the RVE is given
by:

s o € %o
€ o

P - % jp -0 P

where- %o is the nominal strain in the directié®% When a SF is extended, contractile
units are added, with the effect that the internal strain in the SF is reduced until a steady

state value g is achieved (Figure 2.1b)g is given by the positive root of the relation:

Nop-s A6 L om &
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wheregl andr) are nordimensional constants that govehre internal energy of €
functional unitswithin a SF.Conversely, when a SF shortens, functional units are
removed. In both cases, the internal fibre steady state sframfixed and in general

different from the axial material strain in the direction of the fibre%eo.

2.2.1.1.Mass conservation of cytoskeletal proteins
We assume spreading takes place during the interphase period of the cell cycle when the

cell is in a homeostatic state (i.e. the concentration of all proteins within the cell is
constant)(Weiss 1996) Therefore, in the finite element framework developed in this
studya global conservation of the total number of SF protéinwithin the entire cell is
enforced. Cytoskeletal proteins are considered to exist in two states: a bound state and an
unbound state. The bound proteins make up the functional units of tisefistres within

the RVE and thus are not mobile. The unbound proteins are mobile and can diffuse
throughout the cell cytoplasm. The global conservation of cytoskeletal proteins may be

expressed as

0 0 0 ¢
where0 and0  are the total numbers of unbound and bound cytoskeletal proteins
in the entire cell. We next introduce the local normalized quantities: 0 70 , 0
O 0 ,and0 0 ¥0 , whereb and0 are the local number of unbound and bound

proteins within a given RVE, and the total number of protéinecally in the RVE is

obtained from

o 0 0 8
Recall that the unbound proteins are mobile. Cytoskeletal proteins can diffuse through
the cytoplasm at a rate of 1.56fi (McGrath et al 1998)which is considered fast
relative to the timescales of SF remibdg (several studies report remdlieg takes

place over the course of hoywanget al 2001; Kauna®t al 2005). Therefore it is
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reasonable to assume that for tisoales over which SFs remodel the total number of
unbound proteins in the entire céll, , is uniformly distributed across all RVE. 0
is the samén all RVEs.Bound proteins, on the other hand, are not uniformly distributed

throughout the cell, andl in a given RVE must be computed from:
j

0 —+bo € %o 'Q %o C®

where— %o is the angular SF concentration per unit surface area of the RVE, with
—+Hho — %€ FU . The global conservation conditioadquation2.3) can therefore be

expressed as:

whereVcis the total cell volume. In a numerical ilementation, the global integral across
the cell volumeV; in equation2.6 requires a nelocal summation of across all

integration points in the cell, as described in Secti@ri .
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Figure 2.1: a) Schematic of a 2D cell on a ligandoated substrate with the coordinate
system marked. The networks of stress fibres and focal adhesions within the 2D RVE
are shown in the inset; b) Remoddéng of a SF subjected to a nominal tensile strain
£.: () SF in ground state, with functional unit strain &. ; (i) SF subjected to
tensile straint, which reduces the actinmyosin overlap; (iii) Remodeling of SF by
addition of functional unit; (iv) Remodeled SF now in low energy state, with
functional unit strain £. £, y(Vigliotti et al, 2015)

2.2.1.2.SF angular concentration and active stress tensor
We next consider the kinetic equation for SF formation and dissociation proposed by

Vigliotti et al:
—+% 0 1 AQDé‘y‘ ‘ —Ho ] AQDQ‘VJ &
° TE % oY ° *“— v

The first term on the right is the forward reaction rate for the formation of SFs,\where

is the molecular collision frequency of the SF protéhins the Boltzmann constaritthe
absolute temperature, ahd is the activation enthalpy that must be surpassect for
proteins to form a SF. Hete is the standard enthalpy ®f unbound SF proteins, with

' ' 3 0. The unbound proteins are affected by an activation sigaal form

more readily into their bound states as the signal (e.g. concentration of unfolded ROCK)
increases, with  is the standard enthalpy of the unbound SF proteins in the absence of

asignal§ ) and3* the increase in the enthalpy of thebound molecules at full
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signal activationd p). At steady state we assume a continuous fully activated signal,
i.,e.0 p. The second term on the right is the backward reaction rate for SF dissociation,

with *  the standard enthalpy ef bound SF prteins, given as:
KT, %o p - %o &y

where is the volume of functional units in a SF in an undeformed RVE, anid the

internal energy of functional units within a SF, given by:

[k’ I $68 G0
where' is the internal energy @f functional units within a SF in their ground state,
and, %o is the tensile stress actively generated by a SF. In this paper we develop a
steady state solution, hence Hill tensi@iocity relationship does not need te b
considered as %o is necessarily equal to the maximum isometric tension. Here

we consider steady state conditions so tH#fo 1T, thereforeequation2.7 reduces to

T
% CH T

[{3p 0, ¢ ]

o A @Dt %o

—+bo

and the nrmalized SF concentration in directi#as given as:

0 i “ %o
+ho ——ADBDE %o

E % R e
or fromequation2.5:
» 6 J.j ot %o Q%
0 T % 0 %o P C
whered % A@DBE % ° % * TQYD is the total number of cytoskeletal

proteins locally in an RVE, and the integral provides the total number of bound proteins

in the RVE. Finallythe 2D active stress tensor follows as:
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T i 'Q%O
Q — W E %o
” ; —+ho p - %0 . . 'Q %o Cfﬁ) o)
i Q&%
v ? °{ Qo

where"Q is the volume fraction of cytoskeletal proteins in the cell, ansl the

determinant of the deformation gradient

2.2.1.3.Cytoskeletal free energy
The cytoskeletal free energ§) ) is given as follows:

Q6 .. 6 .06 P T

where... is the chemical potential of the unbound proteins that form a single SF
functional unit, and.. is the chemical potential of a functional unit viittla SF. From

equation2.5:

Q6 .. — %o & %o Q%o... QD X0

As previously mentioned we assume infinitely fast diffusion of SF proteins and therefore
a homogeneous distribution throughout the cell. Alsquation 2.10 implies

thermodynamic equilibrium with.. ... whichthen simplifiesequation2.15 to:

Q 0 — %0 & %0 Q% Qw P o

Here the double integral represents the total number of bound proteins in all RVEs in the

cell. Therefore:

Q 0o .. 0 0 . 0 .. P X
The chemical potential of the unbound proteins.is QY16 and thus:
Q o QWY 10 P Y
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with the cytoskeletal energy per unit volume of the cell then given

as

X} o KoM ali) P w

where” k 0 Tw is the concentration of cytoskeletal proteins.

2.2.1.4 Passive elasticity

The formulation is completed by the addition of a-tiorar hyperelastic Ogden model
(Ogden 1972)n parallel with the SF model in order to represent the strain stiffening of
the mechanically passive cell compots As we consider the cell volume to remain

constant during the analysis, the incompressible formulation is implemented:
— __ i §1 g T

where‘ is the material shear modulus,; are the principal stretches, ; are the
principal stretch directions, arldis a material constant. Here the passive elastic free

energy per unit volumé®@ ) is given by the Ogden strain energy density function:

§ = o & p

The total Cauchy stress tensor at an integration point is obtained by summation of the

passive and active contributions:

c& ¢

2.2.1.5.Numerical implementation
In our numerical implementation we consider SF formation in a large number of discrete

directionsM (M=36 is found to provide a converged solution) in the 2D plane of each

RVE in the cellequation2.5 is approximated as

—+b C& o
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where —H¥o € %o is written in shorthand astd . Equation 2.12 is therefore

approximated as

+5* 60 6 5 + h'Q pd & T
Rearranging, we obtain
v ., -
—+b B B —+b —h'Q phd & v
0 0
or, in matrix form:
o ,ﬂ £ ¢ 'R & 8 £ £ Cr _HIJP v P v
1o U u v ey CPATP
P, p P P no 0 o P
11 &€ — = € 8 =€ i< ~ W N, o~ C& ()
. U8 0 8U 8 v 8 Arg (¥ Ukg I
L B‘s Bé 8 P P & AUy v Uy
u 0 0 o} 0 QRr—Hip U’pﬁ’

A solution for-H{j=1,0 ) is obtained by matrix inversionThis steadystate model for

SF formation and contractility is implemented viauserdefined material UMAT)
subroutine in the commercial finite element (FE) software package Abaqus. Prescribed
boundary conditions are applied to the cell at the starh@nalysis step, and contact
conditions (see Section.22) with a substrate are enforced at cell nodes where
appropriate. The solution is progressed through the analysis step, with each increment
representing an iteration towards the final steady sthté@n At each integration point

the axial material nominal strains %o in each of theM stress fibre directions are
determined from the material log strain ten&®FRAN), and number of functional units

€ %o in each of theM directions is obtained fro equation2.1. In the first increment of

the analysis step it is assumed that all cytoskeletal proteins are unbound and uniformly

distributed across all integration points in the cell mesh sathat0 . The solution for
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—o in M directions is obtained by inversion of the matrix on the lefigpfation2.26.
The local Cauchy stress tengbis computed fromequatios 2.13, 2.20, 2.22 aritte
consistent tangent matfixYaft Y& is approximated numerically based on a forward
difference perturbation of the deformation gradient maBungt al 2008 Nolanet al
2014 Reynolds and McGarry 20154t each integration point the local number of bound
proteinsO is calculated at the end of the increment, asgeation2.23. At the end of
an increment, the total number of bawl cytoskeletal proteins throughout the entire cell
is computed through volume averaged summatian ofacross every integration point
in the mesh in aiserdefined external databage)EXTERNALDB) file, as outlined in
Figure 2.2. In the subsequent iecrent the remaining available unbound proteins are
redistributed so that a homogeneous distributiod of unbound proteins is obtained
in every RVE. The total number of proteins in the RVE is updated sa)that

0 0 .Equation2.26 isthen solved and new values fé#S , and thusds

ando0 are obtained. Following the final increment of the analysis step the steady
state solution is achieved, and the cytoskeletal free ef@rgyand elastic free energy

"® are computedeguatiors 2.19,2.21).
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Loop over all RVEs
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Figure 2.2: Outline of solution scheme. Total steady state energy densify,. ig
calculated at the end of the analysis through the use of a UEXTERNALDB
subroutine.

2.2.2.Framework for focal adhesion development

Binding integrins on the cell surface exist in two conformational states: a low affinity
(bent) state or an active (straight) state with a high affinity to the appropriate ligand. Only
high affinity integrins will bind to the substrate. Here we introducexansion of the
thermodynamic focal adhesion (FA) model fr@ashpandet al (2008) whereby we

include a dependence of bond formation on ligand availability.

2.2.2.1. Focal adhesion model
We first define— 6 70 and— & 70 , with—h— p. Here6 andd are the

area densities of the unbound low affinity integrins andndaoigh affinity integrins,
respectively) is the area density of the unbound low affinity sites on the cell surface,

and0 is the area density of ligands on the substrate suffédaeechemical potential of
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low affinity integrins at a densitp is dependent on their internal energy and

configurational entropy given by:

2 OYI—— c&
5 X

where’ is the enthalpy of the low affinity integringhile k andT are the Boltzmann
constant and absolute temperatuks.only high affinity (or straight) integrins interact
with substrate ligands, the high affinity chemical potential (at a dedsityncludes

additional contributions due to the stretching of the bonds:

p —_

70 Qv

B3> "G QU]

where' is the enthalpy of the high affinity integririg, 3 is the strain energy of the
integrinligand complex, and the"Gs term is the mechanical work that represents the
loss in free energy due to the streselof the integrinligand (analogous tthe pressure

volume term in the thermodynamics of gases), with:

. i}
O = & w

The stretch enerdgy is expressed as a piecewise quadratic potential:

I 3 > 3
B s cll 33 I 3 3 3 C 3 C® 1T
I3 3 C3
wherell is the stiffness of the integdigand bond,3 3 3 is the stretch

magnitude, ang- is the peak bond length. The bond stretchis related to the

displacemené of the cell membrane relative to the substrate as:

0 3 3 €1 E& T
3 T & p
T €M VQI Q
At thermodynamic equilibrium.. ..., soequatiors2.27,2.28 lead to:
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P_— — i
0 a5 AoB o @o

which gives the local area densities of low and high affimitggrins Similar to the SF

model, we implement global conservation of integrins on the cell surface:

Y6 Yp 1 0 0 0 & — QY &1

where"Y is the undeformed reference surface area of the celf) aisdhe initial density

of integrins on the cell surface. The term on the"¥dt is a conserved value, giving the

total number of integrins on the cell surfatéis the surface area in contact with the
substrate], is the fraction of the cell aghed to the substrate, afnd is the initial
undeformed area density of low affinity binding sites on the cell surfdaefirst term

on the right gives the total number of low affinity integrins on the unadhered cell surface,
while the second term g#g the total number of integrins (high and low affinity) on the
adhered cell surface. The local tractions on the cell surface are depend on the
concentration of bound high affinity integrins and the force on each ligd®gkin

complex, and are balancey the stresses in the cell:
Yo, € 0 O Cd v

where, is the Cauchy stress in the cell, andis the surface normal.

2.2.2.2. Focal adhesion free energy
The adhesion free energy is given by:
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However at thermodynamic equilibrium ... £
Q .."YO & X
with the adhesion energy per unit cell volume given as

Y O

d Y

& Y
whereis the cell thickness in its undeformed configuration. TF@n, follows as:

) — ' QVI—— & w
18 p —

2.2.2.3.  Numerical implementation

The focal adhesions between the cell and the npatterned substrates are included in
the analysis throughuwserdefined interfacéUINTER) subroutine in Abaqus. Adhesions
can develop aany node on the cell surface that comes in contact with the substrate,
dependent on the local tractions and availability of integrins. At each-rodeecorded

at the end of the increment, as peuation2.32. Recall that the area density of low
affinity integrins6  —U0 . At the end of an incrementthe global area density of low
affinity integrins on the cell surface is computed through area averaged summation of
—S across every node on the fame in a userdefined external database
(UEXTERNALDB) file (Figure 2.2). Mass conservation of integrins is enforced by
equation2.34. In the subsequent increment the remaining available unbound low affinity
integrins are redistributed so that a homogeselisiribution of—S is obtained across

the surfaceWe assume the tirrgcales associated with integrin diffusion are fast relative
to the timescales of focal adhesion assemliyficient achievement of a converged
solution the UINTER requires th@ecification of an accurate stiffness matrix. An exact

analytical solution is obtained from:
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Y 6T"O 10 8 T
16 16 :To S

Rigid glass substrates are assumed to be infinitely stiff relative to the cell, and therefore

have a neglidile free energy

2.2.3.Material parameters
All simulations are reported for cells at a temperatMre g put The parameters for the

SF framework are fixed at those used/igliotti et al (2015)with the volume fraction

Q mro,q pmwdda .t p& N ¢ -6 T Yand the maximum isometric
tension, ¢ T 10 (hucaset al. 1987) In keeping with the parameter studies of
Vigliotti etal 3 Py w'Q"Yrhe density of cytoskeletal proteins in
thecell” is¢ap ' & , calibrated such that the cytoskeletal free energy is competitive
with the passive free energy. The passive elastic parametérs ap@& ¢Q0 énd|

Y, determined through simulation of the Engtdral (2003) experiments for cells
spreading on substrates of increasing stiffness. For the FA model, parameters were
constrained to lie within commonly accepted ranges aBeshpandet al (2008) The

total area density of integriris is 5000° @  (Lauffenburger and Linderman 199#)e

bond stiffnesdl ™ & 0'a , and the maximum allowable stretch in the bond

3 U TE G such that the surface enefdy II 3 Q"1 in the upper end of thrange
reported byt eckband and Israelachvili (2001Y he difference in the reference chemical
potentials for the lovand high affinity integrins is taken as  * L' Q" McCleverty

and Liddington 2003)The model was extended toaall for dependence on the number

of available ligands and ndacal conservation of integrins. A parametric study was
performed to determine an appropriate ligand density to ensure sufficient adhesions could
form, taken to b& ¢ uwp 1 & . The avaihbility of binding siteds assumed to

begreater than the maximum number of bound high affiniiggrins,continued page 67]
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Parameter symbol

Brief description

ENE

- ng

6y

orprp

Yy

ud r]ud r]nd I'T‘d I'T‘d

Number of functional units in a stressfibre; reference
number of functional units within stress fibre in an
undeformed RVE

Angular concentration of stresdfibres at orientation (%9
Volume of¢ functional units of the stressfibre
Undeformed length of a functional unit

Nominal strain of a stresdfibre; functional unit strain at
steady state

Number of cytoskeletal proteins bound in functional
units; number of unbound cytoskeletal proteins

Activation enthalpy for & cytoskeletal proteins;
enthalpy of € cytoskeletal proteins in the unbound
state; enthalpy of¢ cytoskeletal proteins in bound
state

Standard enthalpy of¢ functional units in the unbound
and bound states

Internal energy of& functional units within a stress
fibre

Stressfibre stress; maximum tensile stress of &tress
fibre

Volume fraction of cytoskeletal proteins in the cell;
concentration of cytoskeletal proteins

Chemical potential of the unbound cytoskeletal proteins
that form a single functional unit; chemical potential of a
functional unit within a stress fibre

Initial area density of integrins on the cell surface; aree
densities of the unbound low affinity integrins and
bound high affinity integrins

Undeformed reference surface area of the cell; surfac
area in contact with substrate

Area density of the unbound low affinity sites on the cel
surface; Area density of liganden the substrate surface

6/06:;6 150

Enthalpy of the low affinity integrins; enthalpy of the
high affinity integrins

Strain energy of the integrinligand complex

Stretch of the integrinligand complex; peakoond length
Stiffness of the integrirligand complex

Chemical potential of low affinity integrins; chemical
potential of high affinity integrins

Total, cytoskeletal, elastic, adhesiorgand substrate free
energy densities

Table 2.1: A summary of key parameters of the model
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taken here a8 L TP T a . A summary of key parameters is provided in Table

2.1

23.2D analysis ofi rcfeifdiatsgpsabhdt n

We illustrate thdeatures of the modelling framework by considering the axisymmetric
spreading of a round cell on flat substrates under plane stress conditions, as shown in
Figure 2.3.A mesh sensitivity study showed that a converged solution is obtained with
185 membranelementsMaterial incompressibility is assumed. Solutions are presented
for both a rigid and a compliant substrate. Additionally the solutions are presented for
both a high and low substrate ligand density. In the undeformed configuration the cell
has aradiusr and thicknesd. Cell spreading is simulated in two analysis steps: (i)

Di splacemwméentetcmppnre boundary conditions ar
is increased to iwith a uniform strain state throughout; (i) Contact is impated
between the deformed cell and the substrate and the displacement boundary condition is
removed. Surface and integigand attachments are formed in accordance with
equatiors 2.27-2.35. The active cell stress tensor is computed fegomtion2.13 and is

added to the passive stress tensquétion2.22). In addition to deformation of the cell

and integrinligand attachments, the substrate will also deform due to the passive and
active cell stress (except in cases where the substrates can berednside infinitely

stiff compared to the cell)This finite element scheme determines the steady state
configuration of the cell, adhesions, and substrate. For a given steady state configuration

the total free energy density of the system is computed fr
& d & d b c8 p
Anal yses are perf ert med \dhesranfldhe frea engrgy demdity i p r

of the system is plotted as a function of the stestdie spread area of the cell. As stated
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in Section2.1, we hypothesize that a cell tends towards a syutadel that reduces the

free energy of the system.

Unadhered cell with area Ay

)r Cell with spread area A Section A — A
adhered to substrate

| |
1| Low Affinity — 24r High Affinity |
‘ A Ar A Integrins .~~~ Integrins :
v o | L L |

------------------------------ [II][II]I][II][II][II]H[II][II]ﬂlM [II][ILI][id[II][II]D[I MI]DI]DDI]DI]DI]DD[II]I]

Substrate

axisymmetric
‘mesh

pr® Ligand
gl igands

Figure 2.3: Axisymmetric cell spread schematic. A cell of radius r stretches over an
infinite ligand patterned substrate.

2.3.1. Results

We first consider the case of cell spreading on a rigid subsiitaéeforce generation by

the actinmyosin machinery lowers the chemical potential of the stress fibre proteins in
thebound state and thereby favaine formation of stress fibre8s the c# stretches to

its spread configuration, functional units are added to the stress fibre chain in order to
reduce the internal SF straind to the ground state (dictated byws). Thereby an
increase in cell spreading results in a decrease iffrigure 2.4a), and consequently the

free energy of the cytoskeletal proteirié ( ) is lowered (Figure 2.4b). However as
shown in Figure 2.4c, an increase in spreading also results in an increase in the elastic
free energy of the cell due to straininf the passive (hyperelastic) noantractile
components of the cell. This framework therefore presents cell spreading as a competition
between a decrease in cytoskeletal free energy due to strain induced stress fibre formation
and an increase in elasfree energy due to straining of the passive cell components. As
illustrated in Figure 2.4e, for the limited number of spread states considered here, a low
free energy configuration is computed at an areafof  ¢& vAny further spreading
beyond this pmt will incur a significant elastic penalty due to the strain stiffening

hyperelastic passive component of the model. Our computed low free energy spread area
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corresponds closely to the experimental observatioigleret al (2003) where cell

spread areas on rigid substrates are approximately three times higher than unspread cell

areas.
a) b) c)
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Figure 2.4: For a rigid substrate, the relationship between cellular spread area and
(a) the number ofavailable unbound cytoskeletal proteins4,), (b) the cytoskeletal
free energy L. X%-(C) the elastic free energy{(_a ), «d) the adhesion free energy
(n+m) and (e) the combined total free energy density;(¢.).« Free energy densies

characterized by normalized quantity 17z |

In the case of cell spreading on a compliant substrate, an increase in cell spread area incurs

an elastic penalty (increasing free energy) from both the passive elastic components of
the cell and thelastically deformed substrate. These elastic penalties are plotted in
Figures 2.5¢c and 2.5e for cell spreading on a compliantHoekean substrate (

8kPa), and once again are in direct competition with the reducing cytoskeletal free energy
(Figure 2.5B as the cell spreads. Wheio p the cell has contracted below the
reference area due to substrate deformation. In such tasedncreases due to
compression of the passive cell components. The lowest free energy configuration on
this compliant suftrate is computed at a spread areaff  p& (Figure 2.5f). This

spread area is 30% lower than the low energy spread area on a rigid substrate (Figure
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2.4e). Once again, this result corresponds closely to the experimental study ofeEngler
al. (2003) where the cell spread areas of on 8kPa substrates are observed to be ~25%
lower than on rigid substrates. This further supports our hypothesis that the cell will tend

towards a spread state that reduces its free energy.
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Figure 2.5: For a compliant neo-Hookean substrate H, 8kPa), the relationship
between cellular spread area and (a) the number of available unbound cytoskeletal
proteins @ ,), (b) the cytoskeletal free energy{L . - (C) the elastic free energy
(1 4= % ¥d) the adheson free energy {+m)j (€) the substrate free energyy(y, )} and

(f) the combined total free energy density{( .).4ree energy densities characterized

by normalized quantity 7z &4

Figure 2.4d and 3d demonstrate that cell spreading also results in increased focal

adhesion formation, with a consequent reduction in the adhesion free energy. The change
in adhesion free energy over the range of spread configurations is ~3 orders of magnitude
lower than tle cell cytoskeletal and elastic free energies. Therefore focal adhesion
formation does not significantly contribute to the energetic competition that governs cell
spreading in Figures 2.4 and 2.5. However, cell spreading is not possible without a
sufficient degree of traction mediated focal adhesion assembly, as mechanical
equilibrium of the spread cell is only achieved by traction interaction with the substrate.

An increase in traction results in an increase in the density of high affinity integrins (
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As the cell spreads, the tractions between the cell and substrate increase (due to both
elastic stretching of passive components and higher contractility due to increased strain
induced SF formation), and consequelyincreasesThe entropy of inteins on the

cell surface increases as more integrins are in a bound state (in accordarcgiatitn

2.39). Therefore, an increasedn during spreading results in a decreasé&n , as

shown in Figure 2.4dA higher ligand density will inherentlgllow the cell to spread
further as higher cellular tractions can be supported by the focal adhésicostrast,

Figure 2.6 considers the case of a rigid substrate with a low ligand deasity (

¢ vt ), which limits the cell spreading. The fingppread area increases with the
initially applied cell prestretch up to a value of p®&. If the cell is initially stretched
beyond this point, a sufficient number of integligand bonds cannot be formed to
support the resultant tractions, and thé slelinks to a steadstate area ab 70 PR &

This is the maximum spread area that the cell can reach for this low ligand deataty.

that if the cell cannot adhere to the substrate (e.g. ligand density of zero), an unadhered

cell is predicted to shik to an area ab¥0 =0.735 and a total free energy density of

X¢) v® us observedAs shown in Figure 2.6b, the total free energy reduces with
increasing spread area, but spread statesofith  p& wannot occur due to the low
ligand density. Recall from Figure 2.4e that a high ligand density ¢ v Tt Tém
results in a low free energy spread areafil ~ ¢& yalso shown in Figure 2.6a for
comparison). Our predicted ~33% reduction in cell spread area fofaddl@ecrease in

ligand density is again supported by the experimental results of Etgle(2003).
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Figure 2.6: (a) Steady statecellsprealr ea as a functi-ehret capry
t for alow and high ligand density! . H2 on arigid substrate. The spread area

with the lowest free energy (from Figure 2.4e) is marked by the grey circle. (b) The
relationship between cell spreadrea and the total free energy{ .) for a low ligand

density (JTI HZ ). Free energy densities characterized by normalized

quantity 7 777 B4

24. 2D analysis of <cir epualtare rsnperde
Substrates

We next attempt to simulate the experimentSloéry et al. (2006)whereby cells are

spread on micrpatterned ligand patches under plane stress conditions. Two patch
geometries ar-shapendsd dpeatedihaepsa, ¥ 0ampatich e s,
Figure 2.7.For simplicity we assume that the cell is initially circular with radiwshen

in suspensiorA mesh sensitivity study showed that a converged solution is obtained with
1079 membrane elementsis important to note that there is an infinite number of spread
states (strain distributions) that can be assumed by the cell in@speead on the ligand

patch. Here we attempt to parameterize the spreading process by considering a subset of
possible spread stathapedbn pthehcadhe okl t
proportion of the cell perimeteri can adhereto he outer edge of th
is assumed to be uniform along the patch and is given asd j1 i , where0 is the

fixed patch lengthTherefore, by considering a range of values ofor] ) we can
simulate a number ddpread states and determine which of these states produces the

lowest total free energy. The cell radius in the initial configuration isp X & and the
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thicknessb p‘ @ Thesubstrate dimensions are based on the experimeftsof et
al. (2006)i.e.0 1 ¢ d&and the substrate letter width was determined to b& ©nce

againthe total steady state free energy density is computedeiguation?2.41.
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Figure 2.7: Parametric study schematic of cell spreading on a)-\and b) Y- shaped
substrates. For a cell of radius ¢, the spreading process is parameterized in terms
of the proportion of the cell perimetero mthat stretches along the ligand coated
patch (f . djo »). The shaded patch represents locations focal adhesions may
form with the cell surface.

2.4.1. Results

Similar to the simplified axisymmetric example presented in Section 2.4, the cell free
energy during spreading can be interpreted as a competition between the increasing elastic

free energy"® ) and the decreasing cytoskeletal free eneidy (). Simulations of

cell spread on a Mhaped substrate reveal th@dt is minimized at a cell perimeter
stretchof.  p& (Figure 2.8a). Examination of the strain distribution in this lowest free
energy (LFE) configuration (Figure 2.8b) reveals that the maximum tensile strain occurs
close to the free unadhered edge of the spread cell. A spread state characterized by a
lower stretch ( p® results in an elevated total free enefdy , despite a high
concentration of straight SFs directly along the free edge. Such a configuration results in
extremely high strains along the free unadhered edge, causing a very bighfede

energy penalty. A spread state characterized by a higher stretchp® results in a

high strain in the region of the adhered edges. Although this allows more a similar level
of SF formation on all three edges of the spread cell (Figurg Bh&digh elastic penalty

due to stretching along the adhered edges is too large to be compensated for by the
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reduction im®  due to SF formation along all three edges. The density of bound SF
proteins is characterized by %o & %o z 4o, with Figure 2.8c showing the
dominant SF orientation at each material point. The focal adhesion distribution in these
highlighted configurations (Figure 2.8c) show evident clustering in the direction of
traction, denoted by 6 T0 . However, the variare in '  between these

configurations was negligible.

1.2 13 14 15 1.6

Figure 2.8: Predicted steadystate cell spread on VWshaped ligand pattern in a series

of configurations: a) Free energy of the systemy(¢. <« «-74 & )|for a range of
spread statescharacterized by the stretch of the cell on the fixed edg¢ ). Three
states are highlighted: 1. A large stretch on the unadhered edgéx( 8 ); 2. The
lowest free energy configurationi 8 ); 3. A large stretch on the adhered edge
(fx  8); b) Maximum principal strain (#_D_+) distribution in the spread cell in
the highlighted states; c) Distribution of vinculin or focal adhesions characterized
by normalized quantity r R TJJﬂ , and the dominant SF alignment in the
highlighted configurations with #ﬂ - =T z¢ "

Figure 2.9 shows the dominant SF alignment (d) and FA distribution (c) in the LFE
configuration for cells spread on thestiaped substrate. We see that the highest SF
concentration and actin density () is in theregion of the free edge where an arc of SFs

curve towards the center of the cell. A similar distribution is reported in the

experimentally determined heat maps of SF distribution reported by &hatyFigure
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2.9b). At the center of the cell, where the strain is lowest in both capestion2.12
dictates that the SF concentration in any direction will be lower than that along the free
edge. Focal adhesion® () are predicted to form along the perimeter oflipand patch
due to a shedng type distribution of traction between the cell and the patch. Such a FA

distribution is also reported in the experimental studyhafryet al (2006) (Figure 2.9a).

Figure 2.9: Cell spread on Vshaped micrepatterned substrates: Experimental
images of average (a) vinculin and (b) actin distributionsReproduced with some
modifications from Théry et al. (2006) Copyright © John Wiley & Sons, Ltd.); (c)
Distribution of vinculin or focal adhesions in the LFE configuration, characterized
by normalized quantity f, TJJj; (d) Dominant SF alignment in the LFE

M
configuration, with - B }r_ ® . The insets show full SF distribution for
all M discrete directions.

Simulations of cell spread on ashaped substrate reveal th@t is minimized at a
perimeter stretch of p&® t(Figure 2.10a) on two of the free edges, with a slightly

higher strain and SF concentration on the third (top) edge. Once again a spread state
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characterized by a higher or lower value of results in an elevated due to an

extremely high elast free energy.

max
€p

Figure 2.10: Predicted steadystate cell spread on Yshaped ligand pattern in a low

free energy configuration: a) Free energy of the systemy(. <7 <-4 ){|f0r a
range of spread states characterized by the stretch of the celh the fixed edge f{x).
A lowest free energy (LFE) configuration is observed gfx 8 ; b) Maximum
principal strain distribution in the spread cell; c) Distribution of vinculin or focal
adhesions in the LFE configuration, characterized by normalizé quantity g,

g TJJﬂ d) Dominant SF alignment in the LFE configuration, with 13-

= ° t7 . Theinsets show full SF distribution for all M discrete directions.

The experimental SF heat maps for theaftterned substrate frofirhéry et al. (2006)

exhibit an expected symmetry, with similar SF patterns on all theeesfiges. However,

in the computed LFE configuration (Figure 2.10) one edge has a higher strain and SF
concentration. In order to compare our computational results to an experimental heat map
(constructed using data from several observations) we shduidwledge that there are

three LFE configurations due to symmetry of theshape. Therefore we rotate the
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distributions shown in Figure 2.14@t through 120 and 240 we then construct a
Acomputational heat mapo by t aikuiionggThé he a
Acomputati onal heat ma-d and exbibits dn ddentical ISR F i
distribution on all three free edges and can be directly compared to the experimental heat
maps. Notably the fAcomputati onislowehteaat ma
that along the free edge of thesvhape (Fi gure 2.94d) (Ahea
necessary for the ghape as it has only one free edge). This prediction is supported by

experimental results (Figures 2.9b and 2.11b).

Figure 2.11: Cell spread on Y-shaped micropatterned substrates: Experimental
images of average vinculin (a) and actin (b) distributions (Reproduced with some
modifications from Théry et al (2006) Copyright © John Wiley & Sons, Ltd.); (c)
Predicted average distribution of vinculin or focal adhesions, characterized by
n{cl)rmalized quantity i, R TJIT'; (d) Predicted average actin distribution, with
pua” =0 ZET
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25 . Di scussi on

In this paper we present a steadgte adaptation of the thermodynamically motivated
continuum SF model ofigliotti et al (2015) We implement this formulation in a non

local finite element setting where we consider global conservation of the total number of
cytoskeletal proteins within the cell, global conservation of the number of binding

integrins on the cell membrane, and aténigand density on the substrate surface.

When a number of cytoskeletal proteins assemble to form contractile SFs, the free energy
of the proteins bound within the SF is lower than the total free energy of the same proteins
when they are unbound (nosseembled in a SF). During spreading the strain in a cell
increases. This results in assembly of cytoskeletal proteins into contractile SFs, and a
consequent lowering of the total cytoskeletal free energy in the cell. Of course an increase
in cell strain dung spreading also results in an increase in the elastic free energy of the
mechanically passive components of the cell (e.g. the membrane, intermediate filaments
etc.). Therefore cell spreading can be viewed as a competition between the reducing
cytoskeetal free energy and the increasing elastic free energy. Our analyses suggest that
the driver of cell spreading is a lowering (or perhaps a minimization) of the total free

energy of the system.

To simulate celsubstrate contact we present an extensidhedDeshpandet al (2008)

model for FA kinematics, whereby we account for a dependence suliktrate ligand
density. Variance of the substrate ligand density has significant impact on cell behaviour.
Combined with the mass conservation of integrins, this affects the maximum cellular

tractions the FAs can withstand, and therefore the spread shd@gea.

In Section 2.3 the key features of the model are examined through a series of simplified
simulations of axisymmetric cell spreading. By considering a number of parameterized

cell spread states on a rigid substrate our analyses suggest tlmatabefree energy
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spreadstate has an area that is 2.75 times higher than an unspread cell area. This
prediction is in agreement with the experimental measurements of Ebgle(2003).
Furthermore, when cells spread on compliant substrates8kPa)we predict that the
lowest free energy spread area is ~30% lower than the corresponding area on a rigid
substrate. Once again this finding is supported by the experimental trends reported in
Engleret al (2003). Finally, we predict that a low substraggafid density will limit the
spread area of a cell, with a-idld decrease in ligand density on a rigid substrate resulting

in a ~33% reduction in spread area on a rigid substrate. Again, this prediction is in broad
agreement with the experimental meamgsts of Engleet al (2003) andsaudetet al

(2003) Our hypothesis that cell spreading is driven by a lowering of free energy appears

to provide an explanation for the broad trends observed by Etgiéer(2003).

A recent study byShenoyet al (2016)suggests that the cellular free energy decreases
with increasing substrate stiffness, which provides an energetic basis for durotaxis. The
results from Section 2.3 of the current study also provides insight to this phenoiinenon.

the lowest energy spread configuration on a compliant substrate, the cell has a predicted
free energy of T8 v However, on a rigid substrate the lowest free energy

configuration is observed at 1&. Therefore, we suggest that durotaxis isrdsilt
of a cell attempting to lower its free energy by migrating towards a stiffer substrate.
Similarly, chemotaxis may be explained by the inability of a cell to attain a minimum free
energy configuration if the concentration of ligands is very low, ithaiscing the cell to

migrate to a region of higher ligand density in order to reduce the free energy.

In Section 2.4 a number of parameterized spstates are simulated, whereby a circular
cel | a dhsehraemse d o5 leiaNde didY | 1 g a nndthe eérimdnts of b a s
Théryet al. (2006) The free energy associated with each spstate is computed, and

we demonstrate that the sprestdte with the lower free energy exhibits a SF distribution
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that corresponds to experimental observations, i.e. a high concentration of highly aligned
SFs occurs along free edges, with lower SF canagons at the interior of the cell. The
simulation of the complex SF and FA distributions observed experimentally in cells
spread on the Vand Y- shaped ligand patterns demonstrates the predictive power of the
model. Future implementations will also soter cell spreading on groovfsamerset

al. 2010)and micreposts(McGarryet al 2009; Ronarmt al 2013) The current analysis
presents a movement away from traditional deterministic approaches to computational
cell biomechanics in which the experimentally observed spstate is incorrectly
assumed to be the reference undeformed state. Such approaches neglect cell strain as a
driver of SF assembly. Also, global conservation of a finite number of cytoskeletal
proteins within the cell has been neglected. The modehatfaket al (2008)simulates

the experiments offhéry et al (2006) using such assumptions. The degree of SF
alignment (characterized by a variance paramésecprrectly predicted, with uniaxial

SFs being predicted in a region of uniaxial stress along the cell free edge (in accordance
with the model of Deshpands al. (2006) SFs orthogonal to the free edge dissociate due

to the stres$éree condition). Howeverthe framework incorrectly predicts full SF
formation in all directions (isotropic distribution) in areas of biaxial stress and in regions
where the cell is bonded to the ligand patch. The current study corrects such shortcomings
by considering strain agsiated with cell spreading, in addition to implementing a global

conservation of cytoskeletal proteins.

In this study we consider a very small subset* of the possible sptat@s of a cell on a
micro-patterned substrate, in order to examine the degedof the SF distribution on

the manner in which a cell spreads (*our subset is primarily chosen based on ease of
parameterization, as illustrated in Figure 2.7, rather than on any consideration of the
actual cell spreading process). Our analysis of mbmau of spread states allows us to

examine the hypothesis that the final spread state is driven by minimization of the free
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energy of the system. In reality however, there are an infinite number of spread
configurations that the cell can assume. A rigotoestment of the stochastic problem of
cell spreading requires the development of a statistical mechanics framework that allows
for the analysis of an extremely large number of spread states. The finite element
framework developed here is prohibitively neputationally expensive for such an

approach.

The underlying premise in this work is that minimum/low fezergy configurations are

the most likely states to be observed. In statistical thermodynamics a closed system in a
constant temperature and pregsanvironment attains equilibrium at minimum Gibbs
free-energy. However, a cell is not a closed system and in fact never attains an equilibrium
state in this sense while alive. The approach taken here of searching for l@ndrgg
states rhecsmeso sotna tt ihavelaedHyeShishiaet al (26018 who show

that in their homeostatic state cells attain a fluctuating equilibrium where lowriergy

states are more probable. The results presented here should be viewed in this light, in the
sense that the minimum fremergy configurations predicted in our analyses have the

highest probability of being observed in experiments.
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26. Concluding remar ks
We combine the thermodynamically consistent model for the stress fibre cytoskeleton

develped byVigliotti et al. (2015)with a focal adhesion model (again motivated by
thermodynanic considerations) to analyze two problems: (i) spreading of cells on elastic
substrates and (ii) spreading of cells on substrates with specific geometrical ligand

patterns.

Spreading of cells is shown to be a competition mainly between the elastig andrg
cytoskeletal energy of the cell, as well as the elastic energy of the substrate. With
increasing cell spreading the elastic energy of the cell and substrate typically increases,
but the cytoskeletal energy decreases as a larger fraction of theetgtalsiroteins form
stress fibres. The equilibrium configuration is assumed to be that corresponding to the
lowest free energy. In agreement with the experiments of Eagkdr (2003) we show

that the spread area of the cell increases with increasbgjrate stiffness. When the
spreading of cells is constrained by specific geometric patterns of ligands, we show that,
in the lowest freenergy configuration, stress fibres preferentially form along the un
adhered edges of the cell, in line with the obagons of Théry et al (2006) This
framework presents a potential computational to design substrates and scaffolds that

will yield a desired cell spread state.

The simulations presented here suggest that computed low (or minimurenéeg/

spread cell configurations are broadly consistent with experimentally observed spread
cell configurations. However, it is worth emphasizing that cells do not attain an
equilibrium minimum freeenergy configuration in the traditional sense, as observations
clearly show that spread cells are in a perpetually fluctuating state. Thus, the minimum
freeenergy configuration is best viewed as the most probable state to be observed, rather

than a unique equilibrium state.
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Append.iAXAk Comparison with previ ol

The influence of an applied steasiiate nominal strain on the steadgtate active and
passive Cauchy stress is illustrated in Figure 2.A1(a) (material parameters as per Section
2.2.3) for a cell subjected to series of uniaxial stretches. The dependence of stress fibre
formation e€quation2.12) on steadytatestrain (Figure 2.A1(b)) is reflected in the strain
dependence of the active stress (throeghation2.13). It must be noted that the active
stress curve in Figure 2.Al(a) is not representative of a stess constitutive law.
Rather, it is a plot ofthe steadystate active stress computed for an applied stetaly

strain. In contrast, previous modelling approaches (e.g. Desheara@006) do not
include a dependence of stress fibre formation on applied strain, so that the computed
stress fibre aovation-level (SFA) and, consequently, the active stress are independent of

the applied steady state strain in Figure 2.A1.

10

8 @&@ L B e
E 6 active (1) i
x A
; ol T T, active (2)| = 0.5 /,_i,_
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Figure 2.Al. (a) Computed active steady state stress as a function of applied steady
state nominal straint. for the current model (active(1)). The passive and total
stresses are also shown. For comparison the active stress computed by the
Deshpandeet al (2006) model (active(2)) is shown. (b) Computed valuestohs a
function of applied steady state nominal straint. for the current model. For
comparison the stress fibre activation (SFA) level computed by the Deshpaneieal
(2006) model is plotted to highlight the absence of strain dependence on SF
remoddling in this previous model.
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CHAPTBR

THERMODYNAMOOELLI NG OF
STATI STI CEELQ@BPREADI NG C

LI GANCOATEBLASTSOEBSTRATE S
e I s

3.l ntroducti on

There is no unique outcome for tissue development in nature. For example, examination
of arterial tissue across several samples revealshammgenous structures with ron
uniform collagen fibre alignment, tissue thickness, and smooth muscle cell (SMC)
morphology (Langeet al 2002; Chowet al 2014; Engleet al 2003) The same is true
in-vitro, where cells of the same phenotype exhibit a diverse range of spread shapes, area,
stress fibralignments, and focal adhesion distributions. However, over large populations
the statistics of observables is highly reproducible. Several experimental studies have
demonstrated that the microenvironment has a significant impact on cell bellavair.

et al (2008) show that sarcomere development and aligrinie cardiomyocytes is
dependent on substrate stiffness. A studyAbogold et al (2004)reveals that focal
adhesion (FA) andtress fibre(SF) formation is limited by ligand spacing on the

substrateEngleret al (2003)show that both the mean and standard error of SMC spread
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area depends on substrate rigidity and ligand density. With decreasing surface collagen
density and decreagrsubstrate stiffness, the standard error reported for the experiment

reduces.

It is therefore evident that in order to uncover the biomechanisms underlying such
observations, a stochastic approach to cell modelling is reqiictlvoy et al (2017)
recently implemented a framework whereby an initially unadhered cell deforms to a range
of possible spread states, and the system free energy is computed for each configuration.
It is demonstrated that cell spreading entails a competition between thasingrelastic

free energy due to stretching of passive cell components, and the decreasing cytoskeletal
free energy as contractile proteins assemble to f&ifs1Such a competition allows for

the identification of a low free energy state, and it is shthahthe predicted cell areas

and SF alignments in these configurations are similar to reported experimental
measurementfThéryet al 2006) However, in the study of McEvast al a single low

energy spread state is identified. This deterministic approach neglects the fact that cells
display a fluctuating response to their microenvironment in terms of observables such as

SF alignmentnd spread area.

In this study, we implement a statistical mechanics framework fomtmeeostatic
ensemble of spread cell$ollowing the approach ofhishvanet al (2018) This
methodology allows for the simulation of a large collection of spread microstates the cell
substrate system assumes while maintaining its homeostatic state. The framework
incorporates mathematical models to describe SF formation anesubslirate
deformation. In this study, we expand the statistical mechanics framework to include a
model for tractbn dependent focal adhesiassembly. Simulations accurately predict the
dependence of cell area and shape on surface collagen density and substess, stfn

reported in the experimental studykrigleret al
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32. Met hodol ogy

We aim to analyze the response of cells adhered to elastic substrates. This experimental
system is responding to both mechanical and chemical cues from its environment, viz.
the stiffness of the substrate and the egallular proteins (collagen) througthich the

cells adhere to the substrat€be response of this complex system is recorded through a
range of observables, all of which exhibit large variations but with trends clearly
emerging when the statistics of these observables are analysed. Tihaeaatur choice

of a modelling framework, called homeostatic mechaf&sshvanet al (2018), in

which, just as in the experimental system, observables fluctuate while trends (and
understanding) emerge once these observables are viewed statistically. This framework
has previously been shown to successfully capture a range of observations fibr smoo
muscle cells (SMCs) seeded on elastic substrates, in which perfect adhesion was assumed
and the role of the extreellular matrix neglected. Here we extend the framework to
include an adhesion model and thus will first give a brief overview of the tmugdel

framework (details il\ppendixSection 3.A.1) and then focus on the adhesion model.

3.2.1.0verview of the homeostatic mechanics framework

The homeostatic mechanics framework recognises that the cell is an open system which
exchanges nutrients with the swnaling nutrient bath. These higimergy nutrient
exchanges fuel large fluctuations (much larger than thermal fluctuations) in cell responses
associated with various intracellular biochemical processes. However, these biochemical
processes attempt to maimtathe cell in a homeostatic state, i.e. the cell actively
maintains its various molecular species at a specific average number over these
fluctuations that is independent of the environment. This translates to the constraint on
the average Gibbs fremepgy (Jaynes 1957pf the cell. Employing thensatzthat
biochemical processes such as actin polymerisation and treadmilling provide the
mechanisms to maximise the morphological entropy of the cell subject to the constraint
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that the cell maintains a homeostatic st@tashvaret al (2018)obtained the distribution
of states the cell assumes in terms of the Gibbseineegy'O of morphological state

"Qof the system as
P N
Z’;A @b-0 8 oP

wk B A@DP-0 is the partitionfunction of the morphological microstates, and the

distribution parameter follows from the homeostatic constraint
P o o
5 O A @Dp-0 Oh o]

whereO is the homeostatic free energygual to the equilibrium Gibbs fremergy of an

isolated cell in suspension (freeanding cell), i.e. the homeostatic processes maintain the

average biochemical state of the system equal to that of a cell in suspension. Thus, the

distribution (equation .3) is characterised by a homeostatic temperaiifirethat is

conjugated to the morphological entropy of the cell.

3.2.2.Gibbs free-energy of a morphological state
Much like conventional statistical mechanics frameworks that require a model for the

energy of nelecular systems, the homeostatic statistical mechanics framework requires a
model for the Gibbs freenergy’'O of a morphological stat€éQ of the systemtere, we
employ a relatively simple model for the Gibbs feergy wherein the cell consistiseo
passive elastic nucleus within a cytoplasm that is modelled as comprising arstiesgse

fibre cytoskeleton and elements such as the cell membrane, intermediate filaments and

microtubules that are all lumped into a single passive elastic contribution

Details of the model including the parameters used to characterise the SMCs are given in
AppendixSection 3.A.2. Here we briefly describe the salient features of the model for

SMCs on elastic substrates. The SMCs are modelled aditmensional (2D) bodis in
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thew  plane lying on the surface of an elastic substrate such that tué-plaine
Cauchy stress TL The substrates are modelled as linear elastiespalfes while the
cells are modelled using the approaciufliotti et al (2015)as modified by Shishvan

et al The Vigliotti et al model assumes only two elements withindb#: (i) a passive
elastic contribution from elements such as the cell membrane, intermediate filaments and
microtubules and (ii) contractile aetoyosinstress fibreshat are modelled explicitly.
The cell in its undeformed state is a circle of radfusnd for a given morphological
microstate "Q, the strain distribution within the cell is specified. This directly gives the
elastic strain energy of the c&D via a 2D Ogde#type hyperelastic model for both
the nucleus and cytoplasm. The passhyperelastic behaviour of the cytoplasm and
nucleus has been characterised for several cell types using experimental techniques in
which stress fibres are disrupted using egt@/Neaferet al 2013; Reynoldst al 2014;
Dowling et al 2012) Thestress fibreeytoskeleton within the cytoplasm is modelled as a
distribution ofstress fibresuch that at each location within the cell+¥ ) parameterises

the angular concentration efress fibreover all angles , while¢ ¢ denotes the
number of functional units within eaddtress fibre Thus, at anyw there is a total
concentration of boundstress fibreproteins obtained by integratinggl over all
orientation® and these bound proteins are in chemical equilibrium with the unbound
stress fibreproteins. The unbound proteins are free to diffuse within the celiharsdat
equilibrium of a morphological microstate the concentrabiorof these unboundtress

fibre proteins is spatially uniform. This chemical equilibrium condition along with the
conservation ofstress fibreproteins within the cell provides the spatial and angular
distributions ofstress fibredfrom which the freeenergy of the cytoskeleto® is

evaluated. The total normalised freeergy of the cell morphological microstai@then

follows as’O k "O +'0 +0 ,where’O is the elastic energy of the substrate
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('O is the normalized value 6D ; seeAppendix Section 3.A.2.4 for details of the

normalizations).

In addition to the contributions t® from the pagse elasticity and cytoskeleton of the

cell, here we also include the contribution from the focal adhesions between the cell and
the collagen extra cellular matrix (ECM) laid on the elastic substrates on which the SMCs
are seeded. Shishvanal implicitly assumed an unlimited supply of adhesion proteins
as well as extraellular proteins to form adhesion complexes and thereby neglected the
contribution of adhesion t{® . Here we extend the approach of Shishetal for the

case of a finite quantitgf both focal adhesion proteins and extedlular collagen and

thus explicitly include an adhesion contributiori@o , i.e. we writeO as
‘O kO O O O 8 o®

We now proceed to make explicit this adhesion model.

3.2.3.Adhesion complexes between the cell and the extcallular
collagen

The focal adhesion model proposed here is a modification to the mddeEoby et 4.
(2017)where adhesion is assumed to be via integrins that exist in a single state. These
integrins form complexes by binding to ligands that have a ddisifyer unit area on

the surface of the elastic substrate. For a given morphological maierd§ the strain

state of the cell is specified and this implies that the tractiis the cells exert on the
substrate are also fixed from the cell model; AppendixSection 3.A.2.1 (for the sake

of brevity here we have dropped the supepscif2to indicate that these are tractions for

a given morphological microstat&. These tractions are transmitted to the substrate
through the focal adhesion complexes and here we specify the adhesion model with the

tractions’Y w specified.
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When in local equilibrium at a locatian on the surface of the cell, the integrins with a
local concentratio® @ have a chemical potential at temperatidi@ terms of the

Boltzmann constan®

e - Ol
p olw
where' is their enthalpy whilélw k 6 @ 76 , in terms of the number of integrin
sites per unit area on the cell membrane. The enthalpy of the integrins follows from

recalling that each integrin molecule transmits a fora® relatedto the traction

Yo k Yo Y @ on the cell surface viar ® @ 0 . Then,

“w B 3w ®w3wh od
wherez is the stretch of the focal adhesion complex Rrttie internal energy of the
complex subjected to a stretehNow assumig linear behaviour of the complex with a

stiffnessll , such that w k I 3 @ , equation 3.5 reduces to @ w T

¢ Il and the chemical potential follows as

e O 8 o)

The integrins are mobile overdlsurface membrane and at equilibrium, their chemical
potentials are spatially uniform such thatw .... The equilibrium concentrations

ol o then follow in terms of.. as

w
of o AGE < g
p 6 w QY o

However, ... is as yet unknown and the conservation of integrins provides the additional
constraint to determine., viz. given a spatially uniform surface densityof integrins

for a cell in suspension, the conservation statement reads
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66 o6 6l wQdh o)

where0 is the surface area of the cell in suspension @itd area in the current
configuration. The simultaneous solution of equation 3.7 and equation 3.8 .giaed

the adhesion freenergy of the cell is then given & 00 ...

The above analysis assumes the adhesion complexes can sustain any required force

via the assumed linearity of the complex response. However, it is has been demonstrated
that complexes cannot support a force greater than a critical valugDowling and
McGarry 2014;McGarry and McHugh 2008; Selhubegnkel et al 2010) Direct
enforcement of the condition that no complex force exceeds at the cellsubstrate
interface would require an iterative adjustment of spread state (as implemented for
simplified microstates by McEvoyet al (2017)), and is therefore excessively
computationally expensive in the context of the Monte Carlo simulatemsred for
sampling the homeostatic ensemble. Here we use the alternative approach of a penalty
scheme to ensure that a very small number of spread states contain complexes with forces

. In summary, we define a penalty force

> w Dh oo
where
T g i OEACKEOA BT
A penalty energy is then defined as T ¢l , where the parametér has the

units of stiffness and sets the magnitude of the penalty. The total focal adhesion free

energy including the penalty contribution is then defined as

O 06 ... ..h oP p
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with the normalised energ® following from the definitions detked in Appendix
Section 3.A.2.4long with the model parameters. In order to compare model predictions
with the experimental results of Engkdral, the number of ligands per unit aréa,, can

be expressed asirface collagen density through the following expression:

” — h
5 o G

whered is the molar mass of collagenaimdd s Avogadrods constan

3.2.4.Numerical methods

We employ Markov Chain Monte Carlo (MCM@®) construct a Markov chain that is
representative dhe homeostatic ensemble. This involves three steps: (i) a discretization
scheme to represent morphological microst&®e (i) calculation of O for a given
morphological microstat€Q, and (iii) construction of a Markov chain comprising these
morphological microstates. Here, we briefly describe the procedure which was
implemented in MATLAB with readers referred to Shishwral. for further details.

Typical Markov chains comprised in excess of 2.5 million samples.

In the general setting of a thrdanensional (3D) cell, a morphological microstate is
defined by the connection of material points on the cell membrane to the surface of the
collagen coated substrate. In the 2D context of cells on collagen coated sapthiat

reduces to specifying the connection of all material points of the cell to locations within

the collagen coated substrate, i.e. a displacementfields is imposed on the cell with

@ denoting the location of material points on the aelhe undeformed configuration,
and these are then displacedto & ¢ in morphological microstatéQ These
material points located ai  are then connected to material points on the collagen coated

substrate at the same locatian , completing thedefinition of the morphological

microstate in the 2D setting.

The cell is modelled as a continuum and thusis a continuous field. To calculate the

density of the morphological microstates, we define via NonUniform Rational B

splines (NURBS) such that the morphological microstate is now definédgajirs of

weights Y ho (0 pFB D). In all the numerical results presented here, we employ
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0 p @itht 1weights’Y andw governing the displacements timec and®

directions, respectively. The NURBS employ fourth order base functions for bath the

andw directions, and the knots vector included two nodes each with multiplicity four,

located at the extrema of the interval. We emphasise herthithahoice of representing

the morphological microstates imposes restrictions on the morphological microstates that

will be considered. Therefore, the choice of the discretisation used to refreseeeds

to be chosen so as to be able to representticrostates we wish to sample, e.g. the

choice can be based on the minimum width of a filopodium one expects for the given cell

type. Givend , we can calculat® using the model described in Section 2.1 with the

cell discretisedi si ng eobonatantr iQawvdplte swhidirsesit he r ad

of

We

the cell i n itg s@eweddedData fguek 3.85)onf i gur at |

construct the Markov chain using the

random samples from the exponential equil

algorithm in an iterative manner clhemes t

i s

()

(ii)

(iif)

(iv)

v)

summari sed as foll ows:

Assume a—-awmad weseoft he undef or med cel |
configuration and | abe™ nwti tehs emaridh o

freeefOggal cul ated as described in eq

Randopmlcyk one Opaii ghdls atnhde perturb the
i ndependent random numbers picked f
i nt eraisal

Compute treemgy fofed his perturbed s
i n -éneg@yoO O

Use the Metropolis criterion to acce
a. 140 m, accept the perturbed state;

b.i 40 M, computAe&db3Oand accept the per
0 T, whese a random number dr aw
di stribufpi on over

| f the perturbed state is accepted,
mor phol ogi cal mi crostate, else repea

sample Iist amd.return to step (
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(vii Keep repeating this procedure until
we typically use the Owitbrnomhehat
sample |00t hhnbes!| pgpovess 100am®00 st

Mar kov chain.
(vii | BO Oi s wigHoifn the homeo®t,atwe sateapt

di stributionanal sepewatmddiofmy step (1)

33. Resul tissauwmgsidon

3.3.1.Spread dependence of cells on surface collagen density

The influence of surface collagen density on cell spreading is shown in Figure 3.1.
Cells are spread on rigid substrates coated with three different values @, 33, and

250¢ "@GH ). A sample of predicted cell spread states are shown in Figure 3.1a,
including stress fibre distributions (green), focal adhesion distributions (red), and nuclei
(blue). Inthe case ofalov (6& "@h ) cells are not highly spread and they maiimt

regular rounded morphologies. A low concentration smeared actin cytoskeleton is
observed throughout the cell, with no regions of highly aligned stress fibres. For a higher
" of 33°Quix  , cells become more highly spread. Additionally, theeagrshapes
become quite irregular, in contrast to the rounded shapes observed on & lower
Regions of aligned stress fibres are observed and focal adhesions cluster towards the cell
periphery. In the case of the hightst of 250¢ "G, a further increase in spread

area is observed and the spread shape becomes highly irregular, with cells exhibiting
elongated protrusions. High concentrations of aligned stress fibres are observed, and focal

adhesions are highly localised at the cell geeiy and cell nucleus.

Probability density functions (pdfs) for cell spread area (Figuie) and for aspect ratio
(AR) of a best fit ellipse (Figurg.1c) are constructed from the full population of spread
states for each surface collagen density. Withheasing’ , the mean cell spread area

increases and the variance in spread area increases (i.e. inFidpi@s”  increases
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the pdf moves to the right and becortesspeaked). A similar trend is observed for cell
aspect ratio (Figurd.1c), where the mean is closer to 1 and the variance is very low (the

pdf is more peaked) for the lowést .

2 2

6ngcm”

2.5
21 3
2
< 1.5 Bngem? | 52. 6ng cm™?
N9 250 ng cm ™2} Ej’ 33ng cm™?
1 - 250 ng cm™2
0.5
0 0 -
1 2 3 4 1 2 3 4 5
b) A c) AR

Figure 3.1: (a) Contours of boundstress fibre protein concentrations | (green)
with dominant alignment, focal adhesion distributions g (red), and overlays in
commonly observed cell shapes at a given surface collagen dengiy...Nucleus
highlighted in blue; Probability density functions for cells spread on a rigid
substrate for 3 collagen densities, of (b) cell spread area=( =f= ), and (c) cell
aspect ratio.

In summary, the pdfs presented in Figu8dd and3.1c show that a population of cells
on alower’  will have a lower mean spread area and a lower variance of spread area,
in addition to being rounded (AR close fowlith a low variance of spread shape.”As

is increased, a higher mean spread area is obtained for a population of cells, with a higher
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variance of spread area and spread shape. Additional spread shapes are presented in

Extended Data Figureksl ard 3.2.

3.3.2.Influence of substrate stiffness on cell spreading
The influence of substrate stiffné®s on cell spreading is shown in Figure 3.2. Cells

are spread on substrates of stiffness 8 kPa and 32 kPa, in addition to a rigid séiiistrate
substrates have’a of 33¢ "@ . A sample of cell spread states shown in Figure 3.2a
suggests that cell spread area increasesWith Cells on the compliant (8kPa) substrate
exhibit a low concentration smeared actin cytoskelatompared to the highly aligned
stress fibres on the stiff and rigid substrate. The irregularity of the spread shape increases

with'O | with longest protrusions occurring on the rigid substrate.

Pdfs for cell spread area (FiguB2b) and aspect tia (Figure3.2c) are constructed from

the full population of spread states for each valu@ of. Clearly both the mean spread
area and the variance in spread area increaséOwitH(i.e. in Figure3.2b the pdf moves

to the right and becomes ¢tepeaked a® is increased). The effect @ on cell

shape is less pronounced, with only a minor increase in the mean and variance of cell

aspect ratio with increasing stiffness (Fig8r2c).
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compliant stiff
(8kPa) (32kPa)

2
compliant (8kPa) compliant (8kPa)
1.51
1.5 N
= rigid E
= <
0.5 0.5
0 - : 0 —
1 2 3 4 1 15 2 25 3
b) i c) AR

Figure 3.2: (a) Contours of bound stressfibre protein concentrations | (green)
with dominant alignment, focal adhesion distributions g (red), and overlays in
commonly observed cell shapesit a given substrate stiffnessfyo 4 Nucleus
highlighted in blue; Probability density functions for cells spread on substrates of

different stiffness at a surface collagen densitgs . pf 33+ |42, of (b) cell spread
area = == ), and (c) cell aspect ratio.

3.3.3.Coupled dependence of collagen density and sstbate stiffness
The coupled interplay between the influencé of andO on cell spreading is next

considered. Heat maps are constructed from mean spread areasIBguesnd mean
aspect ratios (Figurg3b). Representative spread statessaperimposed for illustrative
purposes. As shown in FiguB8a, a very low  results in a very weak dependence of
mean spread area @ . However, for moderate and hih the mean spread area is

highly dependent o® . As shown in Figur8.3b, the cell aspect ratio exhibits a very
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weak dependence @ (the contours irB.4b are almost vertical), while exhibiting a

very strong dependence bn .

Both the mean and standard deviation of cell spread areaws1sh Figure3.3c. A
number of features should be noted: (i} as is increased, both the mean and standard
deviation increase up to a peak value. This trend is observed for all valDes;dfi) if

" Is increased beyond the peak valaeslight reduction in mean spread area (and its
standard deviation) is observed. Again, this trend is observed for all val@es pfiii)

the” at which the mean spread area reaches a peak value increases with increasing
O ;(iv) foragiven” , both the mean and standard deviation increase with increasing

O . Figure3.3d shows that cell aspect ratio is highly dependerit on with both the

mean and standard deviation increasing with incredsinglt is interesing to note that

even though the cell mean spread area decreases wHen tiseincreased beyond the

critical value, the mean aspect ratio continues to increase. However, mean aspect ratio

and its standard deviation exhibits a weak dependen€e on
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(i) 1.4 IR 2.6 b) (B CellAspectRatio I R
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Figure 3.3: (a,c) Predicted cell area (meanSD) at a given surface collagen density
zu. for cells spread on substrates of different stiffness (redgid, yellow-32kPa,
green8kPa). Cell area is normalized such that= =Jf= ; (b,d) Predicted cell aspect
ratio (mean SD). Sample cell spread shapes shown for a given substrate.

3.3.4.Experimental support for predicted cell behaviour
Remarkably, all the features described by FigB& are directly supported by the

experimental study dEngleret al (2003) where the response of smooth muscle cells
(SMCs) toO and” was investigated. At a lov on all substrates, SMCs that

were detectably spread were found to be deaihwith a low spread area. As the was
increased, the spread area (mean and standard deviation) was observed to increase up to
a peak value. Following this peak, any increase to the density ofesulted in a
reduction of mean spread ar@#is behaviour is further supported by the experimental
study ofGaudetet al. (2003) Engleret al noted that thé at which the peak mean

spread area occurs is dependent@n (i.e. it increases with increasiffg , as
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predicted by our models). Engletral also reported that an increaséin resulted in a

higher mean cell spread area for a fiXed.

Although the aspect ratio is not directly measured in the experimental work of Engler
al., with an increase in cell area (dueQo or” ) it was reported that cell shapes
became less rounded and more irregular when cell spread area increases as a result of
increasedd and/or” . Such a reduction in cell roundness with increasing has

also been observed in thepeximental study drRenet al (2010)for skeletal muscle cells.
Additionally, PragerKhoutorskyet al (2011)reported that cells readily elongate (i.e.
high aspect ratio) when plated on rigid substrates, with the behaviour significantly less
pronounced with decreasii@ . Similar to our predictions for stress fibre distributions,
Engleret al repat that highly spread cells display a welideredstress fibrenetwork.

Such ordered fibres were far less probable on rounded cells oh loand on softer
substrates. Similar observations are also reported in the experimental sidelobgne

et al (2001)in which a significant reduction in stress fibre and focal adhesions formation
was observed in endothelial cells on soft gels compared to stiff subsialieasm and

Wang (2018)also show such dependence of adhesion formation on substrate stiffness.
The predicted trends of SF and FA organisation in Figileand3.2 of the current study

are strongly supported by the aforementioned experimental studies. Additional samples

of computed cell spread states are shown in Extended Data Figlisexd3.2.
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3.3.5. Thermodynamically motivated insightsfor predicted cell
behaviour

We next provide a thermodynamically motivated explanation for the computed results in
Figures3.1-3.3, and, by extension, for the experimental observations of Eegédrin

Figure 3.4a we plot the pdf of total free energy for the three valdés oon a rigid
substrateRecall that the system is subject to the homeostatic constraint, such that the
mean free energy of all states is equal to the cellular homeostatic free €endych

can be identified from the unique state of a-stnding cell. Therefore, the mean free
energy is similar for all values 6f (Figure 3.4a)The adhesion free energy pdf (Figure
34b) is highly peaked and negative for a High of 250¢ "@& . This indicates a high
probability that adhesion complex forces are close to so that a low adhesion energy

is obtained. On the other hand, there is a low probability that adhesion complex forces

exceed and incur a (positive)diesion energy penalty.

In the case of a high of 250¢ "@ |, the celisubstrate tractions for a wide range of
highly spread states can be supported without incurring an adhesion energy penalty (i.e.
the adhesion free energy remains low) aAgsult theentropy ofthespread states is very

high for high values of . Correspondingly, a high variance in the (negative)
cytoskeletal and (positive) elastic free energies (FigBrs,d) occurs. In effect, cell
spreading on a rigid substeatoated with a high can be viewed as a competition
between positive elastic free energy due to stretching of passive cell components and
negative free energy due to assembly of contractile stress fibres, with an additional

negative free energy ntrvibution from the adhesion complexes.

When” is reduced, higher forces occur in ligand complexes, resulting in a higher
probability that is exceeded and an adhesion energy penalty is incurred. Therefore,
there is a low probability thaighly spread states will occur, and the entrophe$pread

states decreases. In other words, a highly spread cell on’a lowill result in adhesion
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complex forces that exceed the maximum value, and the imposition of an energetic
penalty resultén a low probability that such highly spread states will occur. This explains
the high probability of rounded cells with low spread areas’bn @f 6& "G , as
reported in Figures 3.1 and 3.3. Correspondingly, as shown in Figures 3.4c@nte3.4
cytoskeletal and elastic free energy pdfs are highly peaked with mean values close to zero

(as expected for the observed low spread areas and low variance in spread shapes (AR)).

a) 0.5 b)
2.5 1
0.4 6ngcm=* I 2.
I =y
‘G 0.3 Hing em T15 250 ng cm™?
— 250 ng cm ™2 CE'E, -2
[ 0.2 1 33dngcm
o 6ngcm-
. 0.5 1
0 L 0 z ; - -
-4 -2 0 2 -2 -1 0o 1 2 3
G RH i
) d) ”
2 i " " " = L
1.5
1.5
g 2 14 o —2
dqz; 11 6ngcm™? =y 6ngcm
A, 33ng cm™2 = 0.5 33ng cm™
0.51 250 ng cm™? \ | ' 250 ng cm™2
0 , . / 3 0 = T
-10 -8 6 -4 -2 0 5 X 10
E‘yi(: Pl‘((t.ﬁ

Figure 3.4: Probability density functions for cells spread on a rigid substrate for 3
surface collagen densitieg. ., of (a) total free energy, (b) cytoskeletal free energy,
(c) elastic free energy, and (d) adhesion free energy.

Recall from Figure3.3 that, for all values 0© , cell spread area increases with
increasing” up to a peak value. In Figui®5, we report the mean and standard
deviation of the free energy densities across$ allandO (the standard deviation is

indicative of the variance observed in the corresponding pdfs). The peak spread areas
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shown in Figure3.3b coincide with the lowest mean adhesion free energy for each
substrate (Figure8.5(ac)). The” associated with such a peak spread area on each
substrate is hereafter ref &r rtherd istadighas
probability that the forces in adhesion complexes will result in a low adhesion free energy.
For suboptimal” , highly spread states will result in an incegrobability of
adhesion complex forces higher than , resulting in an energetic penalty, as explained

in Figure3.4 above. On the other hand, when'thei s i ncreased beyonc
value, the cell must spread to a higher area in dalgenerate sufficient tractions to
achieve sufficiently high adhesion complex forfles @ e ) and a low adhesion

free energy. Howevespreading to such a high area results in an increased elastic strain
energy. There is a low probability théhe adhesion (Figurg5 (ac)) and cytoskeletal

(Figure 35 (df ) ) free energy wild/l overcome thi
homeostatic state, i.8. T h er e f oorpet,i "noatheda ip al@vtprobability that

the cell area will increase -bpy o'mdléatshe pe
to a reduction in mean spread area, as shown in Fadrgthis has been also observed
experimentally by Engleet al and Gaudetet al, as discussed in Secti@B.4 above).

This occurs because cellular tractions are supported by a higher number of complexes, so
that individual bond forces are reduced. Therefore, the cell adhesion free energy moves
closer to zero (Figur@5(a-c)), providing a weaker competition to the elastic strain
energy (Figure8.5 (g)) so that there is a lower probability that the cell will achieve the
peak spread areahis behaviour is summarized in Figure :&hough the mean spread

area decreaséso r -@ p 0 is"in q thedmean elastic free energy increases on rigid and

stiff substrates (Figurg.5g-h). This is due to a high variability in spread shape on stiffer

substrates with high  (see plots of cell aspect ratio in Fig&:8d).
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Figure 3.5: Predicted adhesion (&), cytoskeletal (df), elastic (gi), and substrate (f
) free energy (mean SD) at a given surface collagen densitg.... for cells spread on
rigid, stiff, and compliant substrates.

A reduction inO  lowers the probability of the cell achieving a high spread area, with
rounded low spread morphologies more frequently observed (F3ggeg On a rigid
material, there is no contribution from the elastic strain energy of the substrate (Figure
3.5)) as itis not deformed by the contractile activity of the cell. However, a®theis
reduced (Figure8.5 k,l), it will be deformed by the cell. The associated substrate free
energy causes the total system free energy to become increasingly positivetoThus,
achieve a homeostatic state, there is a high probability the cell area will be lower on more
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compliant substrates. The highly coupled balance between the contributions to the system
free energy causes the peak cell area to occur at a loweor a lowerO . As
mentioned above, a Io® results in lower spread areas, which leads to lower cell
substrate tractions. Therefore, a lower is required for an increased probability of
optimal forces in adhesion complexes ¢ € ) and a correspondingly low
adhesion free energy. Peak spreading occurs on lowefior lowerO , as shown in

Figure3.3c (and as reported in the experimental of Engfel.).

Vtcgrm
3 i lugh probability of

complex exceeding
critical force

substrate sub-‘optimal’

== force/stretch due to
increased ligand
density

<-§]:2

A
I v veey

d A/ A
17y Lt
10’ 107 10°
Collagen density (ng/cm?)

Figure 3.6: Schematic of thermodynamically motivate@xplanation for the influence
of collagen (ligand) density on cell spread area.
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34. Conc | uadmanrgk s

The equilibrium statistical mechanics framework developedivghvan et al. (2018)

allows for the simulation of the homeostatic ensemble for cells on an elastic substrate in
a nutrient bath. Cells assume a dynamic homeostatic equilibrium by means of a free
energy competition between the increasing elastic free edaggp stretching of passive

cell components (and substrate deformation), and the decreasing cytoskeletal free energy
as contractile proteins assemble to fatness fibresin the current study, the framework

is expanded to include the free energy asdedi with formation of focal adhesions

between the cell and a collagen coated substrate.

The expanded framework allows for the simulation of the coupled influence of surface
collagen density and substrate stiffne€® on cell spreading, agported in the
experimental study dingleret al (2003) The key experimental observations predicted
by our modelling framework are summarized as follows:
- With increasing substrate , cell spread area (mean and standard deviation)
increases up to a peak value.
- Afurtherincrease ii  beyond this peak results in a reduction of the cell spread
area (mean and standard deviation).
- The” at which the mean cell area reaches a peskedses with decreasing
0O
- Atafixed” ,the mean and standard deviation of the spread area increase with

increasingoO

The” directly influences the forces in adhesion complexes and, consequently, the
adhesion free energy. This, in turn, influences the spread states that cells assume in
achieving homeostasis. A low lowers the probability of a cell becoming highly

spread as sufficient complexes cannot form to support the tractions imposed by the
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substrate. Conversely, at a high the cell may form more adhesion complexes,
lowering the associated free energy. Thus, the probability of cells having a high spread
areaincreases. The influence @ and” s highly coupled, as demonstrated in
Figure3.3 and3.5. A deformable substrate lowers the probability of a cell becoming
highly spread, reducing the cell tractions and thereby causing the peak meahaspee

to occur at a lowet

In statistical thermodynamics a closed system in a constant temperature and pressure
environment attains equilibrium at minimum Gibbs fesergy. However, metabolic
systems such as cells cannot be viewed in this eramm fact cells never attain an
equilibrium minimum free energy state while alive. The approach developed by Shishvan
et aland extended in the current study to account for free energy associated with focal
adhesion formation recognizes this and prediwsstatistics of biological observables

(e.g. cell area, aspect ratio etc.) under the constraint that the cell maintains a homeostatic
state.In a previous studyMcEvoyet al. (2017)identified low (or minimum) free energy

cell spread states within a limited phase space of axisymmetric configurations. This
simplified approach provided a reasonable approximation of the detailed trends computed
in thecurrent study (and observed experimentally (Engfi@t)), which can be explained

by the realisation that low free energy states will of course be highly probable within the
homeostatic ensemblgee equation 3.1. While McEvey al correctly demonstratthat

cell spreading is governed by a competition between decreasing cytoskeletal and adhesion
free energy and increasing elastic energy, the identification of a low or minimum free
energy configuration is not physically appropriate for a fluctuatingsystherefore, the
emergence of such an energetic competition within the statistical mechanics framework
of the homeostatic ensemble provides a significant advance in current understanding of
the influence of ligand density and substrate stiffness osmelading. Importantly, this

framework correctly predicts the trends for observables such the spread area and spread
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shape as a function of environmental cues such as stiffness and ligand density, while also
quantifying inherent statistical variability ithese observations. Thkeomeostatic
ensemble for cells2xpanded to include the focal adhesion formation and an associated
adhesion free energy contribution, provides new insight into observed cell behaviour on
deformable collagen coated substréefuture, the kinetic monte carlo method may be
employed to simulate the time evolution of the spreading process. In its current form the
model may readily be used to simulate more complex -eeffalar environments,
including the spreading of cells on ligandtierned ridges and ligand patterned micro

pillars.
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Extended dat a

Extended Data Figure 3.1:Additional configurations of bound stress fibre protein

concentrations 4 | (green) with dominant alignment, and focal adhesion
distributions F(red). Nucleus highlighted in blue. The configurations are all from
the median of the freeenergy- distribution for cells spread on a rigid substrate

with a surface collagen densitg,s. of 250= e .
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Extended Data Figure 3.2:Additional configurations of bound stress fibre protein
concentrations 4 | (green), and focal adhesion distributions (red). Nucleus
highlighted in blue. The configurations are all from the median of the freenergy-
distribution for cells spread on arigid substrate with a surface collagen densitg..

of 250« e .
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Extended Data Figure 3.3: Probability density functions for cells spread on
substrates of different stiffness at a collagen density of 3345, of (a) total free
energy, (b) adhesion free energy, (c) cytoskeletal free energy, and (d) elastic free

energy.

Extended Data Figure 3.4: Predictions of , where the homeostatic temperature is
given by #.
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