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We analyse the response of osteoblasts on grooved substrates via a model that
accounts for the cooperative feedback between intracellular signalling, focal
adhesion development and stress fibre contractility. The grooved substrate is
modelled as a pattern of alternating strips on which the cell can adhere and
strips on which adhesion is inhibited. The coupled modelling scheme is
shown to capture some key experimental observations including (i) the obser-
vation that osteoblasts orient themselves randomly on substrates with groove
pitches less than about 150 nm but they align themselves with the direction of
the grooves on substrates with larger pitches and (ii) actin fibres bridge over
the grooves on substrates with groove pitches less than about 150 nm but
form a network of fibres aligned with the ridges, with nearly no fibres
across the grooves, for substrates with groove pitches greater than about
300 nm. Using the model, we demonstrate that the degree of bridging of the
stress fibres across the grooves, and consequently the cell orientation, is gov-
erned by the diffusion of signalling proteins activated at the focal adhesion
sites on the ridges. For large groove pitches, the signalling proteins are depho-
sphorylated before they can reach the regions of the cell above the grooves and
hence stress fibres cannot form in those parts of the cell. On the other hand, the
stress fibre activation signal diffuses to a reasonably spatially homogeneous
level on substrates with small groove pitches and hence stable stress fibres
develop across the grooves in these cases. The model thus rationalizes the
responsiveness of osteoblasts to the topography of substrates based on the
complex feedback involving focal adhesion formation on the ridges, the trig-
gering of signalling pathways by these adhesions and the activation of stress
fibre networks by these signals.

1. Introduction

Cells are known to be very sensitive to their mechanical, chemical and topogra-
phical environments. For example, mesenchymal stem cells (MSCs) sense and
respond to the stiffness of the substrate they are cultured on and differentiate
into bone cells when cultured on stiff substrates, but give rise to neuronal cells
under identical conditions when soft substrates were used [1]. Similarly, endo-
thelial cells sense stresses and display an increased proliferation rate in regions
of high traction [2]. The ability of MSCs to sense their chemical environment
was shown by using ligand patterns [3] to limit the spreading of cells. Limiting
spreading increases the tendency of MSCs to differentiate into fat cells in contrast
to their tendency to become bone cells when allowed to spread. Building on these
strategies, McMurray ef al. [4] embossed substrates to pattern square-shaped pits
120 nm in size, arranged in a square lattice with a separation of 180 nm between
the pits. They observed that MSCs cultured on the pitted substrates maintained an
undifferentiated state for up to eight weeks, whereas cells on the control (planar)
substrates rapidly differentiated into various cell types (mostly bone cells), thus
demonstrating that the topography of the substrate too has a profound effect
on the preservation of pluripotency.

The cell’s cytoskeleton, which influences a broad range of cellular activities in
a tension-dependent manner, interacts with the substrate through focal adhesions
(FAs)—these multi-protein structures in turn transmit regulatory signals (among

© 2015 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Sketch of the 2D cell on a grooved substrate. The network of stress fibres and the integrin—ligand complexes on the ridges are shown as insets along
with the quasi-1D periodic unit cell of the central portion of the cell analysed in this study. The global coordinate system is indicated on the figures with the grooves

aligned with the x,-direction. (Online version in colour.)

them, mechanical signals). For example, a tense cytoskeleton
favours differentiation of MSCs into bone cells. The organiz-
ation and signalling properties of the cytoskeleton can be
engineered with nano-patterned substrates: these patterns
define the positions, shapes and sizes of the FAs and thereby
control the responsiveness of cells to substrate topography. It
is thought that similar mechanisms are also employed in vivo
to control proliferation and differentiation of cells. For example,
natural bone ECM (extracellular matrix) is a highly organized
nano-composite consisting of, among other things, molecules
of type-I collagen. Collagen type-I forms fibrils with an inter-
fibrillar spacing of 68 nm and 35 nm depth [5] and a number
of studies [6—8] have demonstrated that mimicking such
roughness in vitro has beneficial effects on osteoblast pro-
liferation. The role of the collagen fibrillar organization in
controlling the arrangement of the actin cytoskeleton has some-
times been referred to as ‘contact guidance’ [9,10]. In numerous
situations [11], contact guidance prevails over mechanical cues
such as cyclic stretching in governing the arrangement of the
cytoskeleton, confirming the importance of the topographical
environment of cells.

The response of cells to substrates with ordered textures has
received considerable attention [12-15]. These studies indicate
that cells are especially responsive to groove/ridge patterns on
the substrate. Of particular note is the study of Lamers et al.
[16] who created groove patterns (figure 1) that best mimic the
in vivo length scales of the collagen fibrillar network in natural
bone ECM. Their study demonstrated that osteoblasts were
responsive to substrates with groove pitches down to approxi-
mately 75 nm: at lower pitches the cytoskeletal network was
random but with increasing groove pitch the actin filaments of
the cytoskeleton increasingly aligned with the groove (or ridge
direction). They quantified this observation in terms of the cell
orientation with respect to the groove direction on the substrate.

Despite these growing observations of substrate topography
governing the cytoskeletal arrangement within cells, no quan-
titative model to explain these observations, including the
so-called phenomenon of contact guidance, has been proposed
to-date. Numerous numerical models have been proposed for
the remodelling of the cytoskeleton in response to mechanical
cues [17-20] and these have successfully predicted the response
of cells on a bed of micro-posts [21], subjected to cyclic stretching
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[22] and other mechanical loadings such as indentations [23].
Some models have also coupled the stress fibre network with
mechano-sensitive FA formation [24] and predicted the FA
distributions on substrates with ligand patterns [25]. However,
these models all impose an arbitrary spatially uniform activation
signal for the cytoskeletal processes. This simplification makes
these models unsuitable to predict the response of cells on
nano-patterned substrates. Recall that cells sense the topography
of their substrates via the feedback between intracellular signal-
ling, cytoskeletal stress fibre formation and FA growth—this
combination of mechanisms is critical when models are devised
for understanding the development of the cytoskeleton on nano-
patterned substrates. Here we use a cooperative feedback model
proposed by Pathak et al. [26] in order to investigate the develop-
ment of the stress fibres and FAs for osteoblasts lying on grooved
substrates as investigated by Lamers et al. [16].

2. Brief description of the bio-chemo-mechanical

model

Pathak et al. [26] presented a framework for analysing the
cooperative feedback loop between signalling, FA formation
and cytoskeletal contractility. In the context of a cell placed
on a substrate coated with ligands, this loop involves the
following four steps:

Step 1. The placement of the cell on a substrate coated with
ligands stimulates the formation of FAs on the contact surfaces.

Step 2. The aggregation of proteins within the FA comple-
xes triggers the cascade release of a range of signalling
proteins and ions such as Rho, Src and Ca*t.

Step 3. These signalling molecules stimulate cytoskeletal
contractility via the formation of actin/myosin stress fibres.

Step 4. The contractile forces generated by stress fibres apply
tractions on FAs, which induce further aggregation of
integrins in FAs, resulting in additional signalling cascades
and consequent cytoskeletal rearrangements.

Here we briefly describe the relevant governing equations and
the associated cellular processes in the context of a cell lying on
a grooved substrate as in the experiments of Lamers et al. [16].
The substrate lies in the x; —x; plane (figure 1) and has grooves
along the x,-direction with a pitch Ly in the x;-direction. The
ratio between the width w of the ridge and the pitch is denoted
by r = w/L,. We envisage a two-dimensional (2D) cell, of thick-
ness b (in xs-direction) lying on this grooved substrate with
adhesive contacts occurring only along the ridges (figure 1), i.e.
the cell does not sink into the relatively deep grooves, in line
with the experiments of Lamers et al. [16]. Thus, for the pur-
poses of modelling it suffices to think of a patterned substrate
comprising of alternating strips to which the cell can adhere
and strips where adhesion is prevented. The dimensions of the
cell in the x;—x, plane are assumed to be >>L; and here we
aim only to model the response of a central portion of the cell
far away from the periphery of the 2D cell. Thus, it suffices to
model a one-dimensional (1D) unit cell of length Ly as shown
in figure 1 as (i) the response of the central portion of the cell
is periodic with period L, and (ii) the state of the central portion
of the cell is invariant in the x,-direction with the strain rate
&» =0 in the xy-direction. The precise boundary conditions
will be made explicit subsequently and we now proceed to
describe the relevant governing equations in this 1D context.

The interaction of the cell with a substrate incorporates three
components that link in a highly nonlinear manner: (i) the acti-
vation signal generation, (ii) stress fibre dynamics and (iii) FA
dynamics. We shall briefly describe each of these components
and readers are referred to the appropriate references quoted
in each case for further details of the models.

Signal generation: here we present the 1D version of the signal-
ling model of Pathak et al. [26]. We emphasize here that details
regarding the precise proteins involved in signalling are not cru-
cial to the mathematical model described below. Rather, the
emphasis is on the structure of the reaction—diffusion scheme
that provides a positive feedback between FAs and stress fibre
formation. Thus, here we reinterpret the Ca>" pathways dis-
cussed by Pathak et al. [26] in terms of signalling from FAs
through Rho GTPase and ROCK (Rho-associated protein
kinase) with phosphorylation of NMM2 (non-muscle myosin II).

The main elements of signal activation and transduc-
tion phenomena modelled in the cell are: (a) activation of
Rho due to the clustering of high-affinity integrins, (b) simul-
taneous diffusion and dephosphorylation of Rho molecules
through the cell, (c) activation of ROCK by the Rho and finally
(d) the activation of the intracellular contractile machinery, via
ROCK. Processes (a) and (b) are captured via the reaction—
diffusion equation (overdot denoting differentiation with
respect to time t)

2

: 0°S a

max (0, &;) — S é11, 2.1)
where the first term describes the diffusion of Rho through the
cytosol, with S denoting the concentration of Rho in molecules
per unit volume, 11, the mobility of Rho molecules in the cytosol,
k is Boltzmann’s constant and T the absolute temperature. We
assume that the dephosphorylation of Rho is described by a
first-order reaction with a forward rate constant k4 and a negligible
reverse reaction rate. This forward dephosphorylation reaction
is modelled by the second term in equation (2.1). The rate of
activation of Rho at locations on the cell membrane where high-
affinity integrins cluster is described by the third term in equation
(2.1). The rate of change of the concentration of high-affinity integ-
rins per unit cell membrane area is denoted by &;. An increment in
& results in the activation of Rho with a non-dimensional propor-
tionality constant a. Thus, « is interpreted as the number of Rho
molecules activated when one low-affinity integrin molecule is
converted to its high-affinity cor'lﬁguratior'l.1 It is worth remind-
ing the readers here that adhesions only occur on the ridges
and hence the activation of Rho as described by the third
term in equation (2.1) is non-zero only along the ridges of
the substrate. The final term describes the change in the con-
centration of Rho due to the change in the volume of the
cytosol under strain. In this 2D setting, the volumetric
strain rate reduces to &7, the strain rate in the x;-direction,
as & = 0 and the third direction is neglected in this analysis.

The Rho diffusing through the cytosol activates ROCK
which is also being simultaneously deactivated as it intramole-
cularly refolds (i.e. process (c) mentioned earlier). We express
these kinetics in terms of the normalized activated ROCK con-
centration 0 < C <1, where C is the ratio of the activated
ROCK concentration to the maximum allowable concentration.
Assuming first-order kinetics, the rate of change of C at any
location in the cytosol is given as

C:Mgﬂ—Q—MQ (2.2)
0

OZEiVLOZ ‘:zll aJ‘anam/“")dg.'y"/ ‘516'ﬁu!qs!|qnd‘/(19pos‘|é/(or;jsj H



where )¢ is the rate constant governing the unfolding of
the ROCK by Rho and S is a reference concentration of
Rho. The rate constant A, governs the rate at which ROCK
is refolded. The kinetic relation (2.2) provides the value of the
signal C at any location in the cytosol to initiate cytoskeletal
stress fibre rearrangement; i.e. this is the input to a stress fibre
contractility model.

Stress fibre contractility model: the bio-chemo-mechanical
model of Deshpande et al. [17] captures the formation and
dissociation of stress fibres, as well as the associated gener-
ation of tension and contractility. In this model, actin
polymerization (leading to stress fibre formation in the
cell) is governed by three coupled phenomena: (i) an acti-
vation signal, (ii) tension-dependent stress fibre kinetics and
(iii) a force generation mechanism governed by cross-bridge
cycling between actin and myosin filaments.

The formation of stress fibres is parametrized by an acti-
vation level, designated as 1 (0 < 1 < 1) defined as the ratio
of the concentration of the polymerized actin and phosphory-
lated myosin within a stress fibre bundle to the maximum
concentrations permitted by biochemistry. The evolution of
1n(¢) in a direction ¢ with respect to the x;-axis (figure 1) is
characterized by a first-order kinetic equation

h(xlr d’r t) = kfc[l - n(xlr d)/ t)]

_ _ 0'(3(1, (b/ t)
ko {1 oo(x1, ¢, t)

where k¢ and k;, are the forward and backward rate constants,
respectively. In this formula, o is the tension in the stress
fibre bundle oriented at angle ¢ while 0y = 1n0max is the
corresponding isometric tension. The stress ¢ is related to
the fibre contraction/extension strain rate £(¢) by the cross-
bridge cycling between the actin and myosin filaments.
A simplified (but adequate) version of the Hill equation
[27] is used to model these dynamics and is specified as

(23)
] N1, ¢, 1),

£ n
0 4
&0 kV
LA SO DY 2.4)
o Méo _kv £o
1 <,
&

where the rate sensitivity coefficient, k, is the fractional
reduction in fibre stress upon increasing the shortening rate
by &p. Moreover, the fibre strain rate &(¢p) is related to the
material strain rate via &= &y;c08*¢p as £p» = &1, =0 and
the average stress generated by the fibres then follows from
a homogenization analysis as

., O .
(011 012) _ lr/z ocos’ Esm2¢> 4o, (25)
o o 9 in? ’ .
12 02 ™) 72 Esm2¢ osin“ ¢

The constitutive description for the stress state within the cell is
completed by including contributions from passive elasticity,
attributed to intermediate filaments and microtubules of the
cytoskeleton attached to the nuclear and plasma membranes.
These act in parallel with the active elements, whereupon addi-
tive decomposition gives the total stress as

21]‘ = 0jj + ot

ij’ (26)

with the passive stress o-}; assumed to be given by a 2D
neo-Hookean elasticity model parametrized by the Young’s

modulus E and Poisson’s ratio v. In terms of the two in- n

plane principal stretches A; the two in-plane principal passive
stresses o} (corresponding to the stress 0'};) are given as
E
o =
Y41 4v)

R WD @)
where [ :/\%4—/\% and ] = A;A,. Note that in the unit
cell described above, x; and x, are principal directions and
A, =1 which greatly simplifies the calculation of 0'5 from
equation (2.7). We note here that for simplicity we only
include elastic passive stresses and neglect any viscoelastic
effects. This simplification suffices in this study where the
focus is on the steady-state response of the cells: at steady-
state viscoelastic effects have decayed away and only the
elastic passive stresses persist.

Focal adhesion model: Deshpande et al. [24] presented a
thermodynamically motivated model for the mechano-
sensitive formation (and dissociation) of FAs. The model
relies on the existence of two conformational states for the
integrins: low- and high-affinity states. Only the high-affinity
integrins interact with the ligand molecules on the ECM to
form complexes. The low-affinity integrins remain unbonded.
Since the formation (or dissociation) of the FAs depends on
the relative stabilities of the high- and low-affinity integrins,
we examine the thermodynamic equilibrium of the two
states, which we model as an ideal mixture. The chemical
potential of the low-affinity integrins at concentration &_ is
dependent on their internal energy and configurational
entropy in accordance with

o= kT In(E), 28)
&R
where . is the reference potential of the low-affinity integ-
rins and & their reference concentration. For geometrical
reasons, the straight architecture of the high-affinity integrins
permits the interaction of its receptor with the ligand mol-
ecules on the ECM and allows the force transmission
between the cell and the substrate. Thus, the high-affinity
integrins have an additional contribution to their chemical
potential, due to the elastic energy of the integrin—ligand
complexes. The ensuing potential is

Xu = My + kT In (é;—H) + @d(A) — FA, (2.9)

R

where uy > . is the reference potential of the high-affinity
integrins and @(A) the stretch energy stored in the integrin—
ligand complex stretched by A via a force F = 0 ®/0A. Spatial
gradients in the foregoing chemical potentials motivate the
fluxes of the integrins. Two kinetic processes are involved:
(i) those governing the rate of conversion of the low-affinity
integrins to their high-affinity state (and vice versa) and (ii) dif-
fusive fluxes of the low-affinity integrins along the plasma
membrane. The kinetic process (i) is typically fast compared
with all other timescales involved and hence we assume local
thermodynamic equilibrium between the low- and high-
affinity states such that yy = xi, while the trafficking of the
low affinity is governed by the diffusion equation

&= ma% <§L%) —&én,

e (2.10)

where £= § + &y and m is the mobility of the low-affinity
integrins along the cell membrane. It now remains to specify
the form of the stretch energy @(A) and the relation of A to
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the displacement u; of the 1D cell. Rather than employing a
complex interaction, such as the Lennard-Jones potential
[28], we use a simple functional form which is a piecewise
quadratic potential expressed as

1 kA? A <A,

D=1 <2AnA - %AZ) A, <A <24, (2.11)
KsA2 A > 24,

where y = ®(A — 00) = k,A? is the surface energy of the high-
affinity integrins and k; the stiffness of the integrin-ligand
complex. The maximum force in the integrin-ligand complex,
kA, occurs at a stretch A = A,,. Finally, the evolution of the
stretch A is related to the displacement u; of the material
point on the cell membrane in contact with the ligand patch
on the rigid substrate via

A=l
i
where &17 = 0111 /0x1.

Mechanical equilibrium: mechanical equilibrium of the 1D
cell stipulates that

A<A, orFA<O

2.12
otherwise, ( )

b 82_11 — fHPI

o (2.13)

for the portion of the cell along where adhesions occurs (i.e.
along the ridges of the grooved substrate) and F is the force
exerted by the cell on the integrin-ligand complex. On the
portion of the cell that cannot form adhesions (i.e. the portion
of the cell over the grooves), 0% 11/0x; = 0. Thus, the total
stress X7 is spatially uniform over the portion of the cell
lying over the grooves.

Initial and boundary conditions: we analyse a 1D unit cell of
length L as sketched in figure 1 with x; =0 corresponding
to the left edge. The boundary conditions for the mechanical
equilibrium equation (2.13) follow from periodicity as u; =0
at x; = 0 and x; = L. In addition, we assume the state of the
central portion of the cell to be invariant in the x,-direction
and thus impose &, = 0 throughout the cell. Periodicity also
dictates that there is no net flow of the activated Rho or the
low-affinity integrins out of the unit cell and thus the boundary
conditions to equations (2.1) and (2.10) are 0S/0x; =0 and
0&./0x1 = 0, respectively, at x; = 0 and x; = Ly.

For simplicity, we assume that the cell is stress, stress fibre
and activation signal free at time t =0 which implies that
initially u1 = 111 = &11 = n(¢)) = C = =13 = 0 throughout the
cell. It now remains to specify an initial spatial distribution of
the low- and high-affinity integrins. At time ¢t =0, the cell is
not in contact with the grooved substrate and low- and high-
affinity integrins are uniformly distributed over the cell mem-
brane. In this case, the bond stretch A — oo such that F = 0 and
@ = . Then, over the entire surface of the cell, equilibrium
between the low- and high-affinity integrins specifies

&

1 = oxpl(an — L /KT 117

(2.14)

where & = £ + &y is the total integrin concentration at any
location on the cell membrane. At time t =07, the cell is
placed on the grooved substrate which changes the bond
stretch to A =0 (and ® = 0) for the high-affinity integrins in
contact with the substrate. Thus, at time t = 07, the spatial dis-
tribution of the integrins is non-uniform and given by equation
(2.14) over the domain w/2 < x;< Ly— w/2 (i.e. the portion of

the cell over the groove where no adhesions form) and by

_ &
expl(uy — p)/kTI+17

with & = & — &u at locations along the ridges where adhe-
sions form (i.e. over the domains 0 < x;<w/2 and Lo— w/
2 < x1< Lg). The increment A&y in the concentration of the
high-affinity integrins along the ridges, given by the difference
in the values of &y between equations (2.15) and (2.14), will
result in Rho activation in the portion of the cell in contact

én

(2.15)

with the substrate. Thus, the initial conditions for S follow as
S=0over w/2<x3 <Lp—w/2 and S = (a/b)Aé&y over the
domains 0 <x;<w/2 and Lyo— w/2 < x;< Lg. These initial
spatial gradients in the integrin concentrations and the ini-
tial development of S owing to the action of placing the cell
on the substrate will drive the subsequent production of
stress fibres, additional FA formation and signalling via the
cooperative model detailed above without the need for any
artificial external stimuli. The model thus includes both the
local and global interactions referred to in Oakes & Gardel
[29]: the local forces cause adhesion growth and signalling
but these forces are in turn determined by global mechanical
equilibrium considerations.

The numerical technique used to solve the above set of
coupled partial differential equations is briefly described in
the electronic supplementary material.

2.1. Review of the model assumptions

The model makes a number of key assumptions in order to
make the problem mathematically and numerically tractable.
Here we review some of the key assumptions in view of
providing some justifications:

(i) We model the cell using a quasi-1D assumption. This
considerably simplifies the solution of the complex
coupled equations but also allows for easier interpret-
ation of the results. The 1D assumption which only
models the interior of the cell neglects the process of
cell spreading that occurs during the early phase of the
response of cells on patterned substrates [30]. Moreover,
this approach also does not include the differences in
adhesions [30] and stress fibres [31] structures between
the cell interior and periphery. Thus, the model is
restricted to steady-state response of the cell interior.

(i) We restrict attention to cases where the cell membrane
does not dip into and form adhesions within the grooves.
Lamers ef al. [16] show this to be true for grooves with
depths >33 nm. With the effect of the migration of the
cell membrane into the grooves neglected, the modelling
of the response of cells on grooved substrates reduces to
that of cells on patterned substrates where cells only
form adhesions on patches that represent the ridges.

3. Material and substrate parameters

All simulations are reported for cells of thickness b=1 pm
at a temperature T = 310 K with the period L, of the grooves
varied as a parameter over the range 0.05 pm < Ly< 2.0 pm.
Unless otherwise specified we keep the ratio r = w/Ly = 0.5
as in the experiments of Lamers et al. [16] and assume the
substrates to be rigid. Parameters for the signalling model
are inferred from [32] to be the reference Rho concentration
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Figure 2. The spatial distributions of the signal levels 5/S, and C at three selected times ¢ < 2 ms for the cells on substrates with pitches (a) Ly = 0.05 pm and
(b) Ly =1 pum. Time t = 0 corresponds to the instant the cell was placed on the substrate. (Online version in colour.)

So = 1000 molecules pm 2 (i.e. approx. 2 puM) with the pro-
portionality constant «=1.75. The mobility of Rho is
extremely high with mg = 10*s mgfl. Moreover, the unfold-
ing of ROCK by Rho is very rapid but the refolding of
ROCK is relatively slow and thus we assume A;>> A, with
A =25 x10°s"! and A, = 0.015 s 1. The reference value of
the rate constant governing the dephosphorylation of Rho
is taken as kq=750s""! but we report simulations where
this parameter is varied to investigate the sensitivity of the
results to kgq. The parameters for the FA model are obtained
from [33-36]. The resting integrin concentration is & =
1000 integrins pm 2 and the difference in the reference
potentials between the high- and low-affinity integrins is
taken to be py — up = 5kT. The mobility of the low-affinity
integrins is significantly less than Rho with m =10 smg’1
while the stiffness of the high-affinity/ligand bonds is ks =
15 pN pm witha peak force ksA,, = 1.95 pN. The parameters
for the cellular contractility model are taken based on the
calibrations performed by McGarry et al. [21] for osteoblasts
with a passive elastic modulus E=4kPa and v=045
The maximum stress fibre stress is o = 2.5 kPa while the
Hill model parameters are k, =3 and & =2.8 x 10~ s~ L.
The rate constants for the stress fibre kinetics are ks = 0.03 s~ !
and kb = Olkf

4. Simulations of cell response on grooved
substrates

The action of placing the cell on the grooved substrate
initiates the signalling process that prompts the cascade of
contractility, FA formation and further signalling as
described above. The model parameters listed in §3 result
in processes occurring over three timescales: (i) the diffu-
sion of Rho that occurs on the order of a few milliseconds;
(ii) the unfolding of ROCK that occurs on the same
timescale as the Rho diffusion, but its refolding and conse-
quent deactivation occurs on the order of a few minutes
and (iii) the stress fibre kinetics that occur on the order of

hours. While we do not model the cell periphery where the
short-timescale processes dominate we emphasize here that
these fast Rho diffusion and ROCK activation processes are
the key triggers for the slower stress fibre kinetic processes
in the interior of the cell modelled here. We now proceed
to discuss these processes for the two extreme values of
Ly=0.05pum and 1 um so as to first explain two extreme
types of responses.

First consider the early time response on the order of a
few milliseconds. In this timescale there is no significant
evolution of the FAs or stress fibres while the activated Rho
and unfolded ROCK concentrations have responded to the
action of the placement of the cell on the grooved substrate.
The spatial distributions of S/Sy and C are included in
figure 2a,b for the Ly = 0.05 pm and 1 pm cases, respectively.
In each case predictions are shown for three selected values of
time t, where t =0 corresponds to the instant the cell was
placed on the substrate. First consider the Ly=0.05pum
case. At time t+=07, the initial condition described above
implies that S= aA&y/b over the domains 0 < x;/Ly <0.25
and 0.75 <x1/Lp <1 and S=0 over the central section
where the cell covers the groove. Subsequently, the Rho
begins to rapidly diffuse towards the central section while
it is simultaneously being dephosphorylated at the rate k4S.
This is clearly seen in figure 22 where the concentration S is
reducing across the portion of the cell over the ridges but
increasing over the portion of the cell above the grooves.
However, for t > 2.0 ms, the dephosphorylation rate even in
this central section becomes higher than the influx rate of
the Rho and the concentration S decreases throughout the
cell and reduces to zero everywhere for t > 3.5 ms. We note
that at these early times there is nearly no response from
the stress fibres, hence no new FAs form and thus there is
no further Rho activation. Now consider the correspond-
ing evolution of the unfolded ROCK concentration. At time
t=0, C=0Vx; and then begins to rise in response to the
local Rho concentration. The kinetics of ROCK is slower
and hence the ROCK concentration continues to increase
even as the Rho concentration decreases and begins to
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Figure 3. The spatial distributions of (, &y/&, €11/€, as well as the stress fibre concentrations 779 and g, for three selected values of the time ¢ < 12 min for
cells on substrates with pitches (a) Ly = 0.05 pm and (b) Ly = 1 m. Time ¢t = 0 corresponds to the instant the cell was placed on the substrate. (Online version

in colour.)

become more spatially uniform. Over the timescale of figure
2a, the process of refolding of ROCK has no significant effect
and hence C has not begun to decrease. The evolution of S
and C for the Ly = 1 pm case is similar with one major differ-
The large length implies that the Rho is
dephosphorylated prior to it reaching the central portion of

ence.

the cell over the groove. Thus, both S and C are approxi-
mately zero over the section 0.25 < x;/Ly< 0.75 (expect for
a small boundary layer near the edges of the ridges).

Now consider the response over the time frame of minutes
when S ~ 0 owing to it having been largely dephosphorylated.
In figure 3, we plot predictions of the spatial distributions of
C, the FAs as parametrized by &1/& , the strain rate &11/&g
and the stress fibre concentrations ng and 79y in the ¢=10°
and ¢ = 90°, respectively, for three selected values of the time
t. First consider the Ly=0.05um case in figure 3a. The
ROCK concentration C is spatially relatively homogeneous
and decreases throughout the cell over the timescales shown
here. On the other hand, the FAs, as parametrized by the
normalized concentration &y/&, are spatially uniform over
the ridges (and approximately zero over the grooves where
no adhesions form) and do not change on the timescale of
the plots in figure 3a. This is consistent with the observation
that &1 =~ 0 over the ridges which implies that there is no
additional stretching of the integrin—ligand bonds over these

timescales and, therefore, the FAs are reasonably static. How-
ever, tensile strain rates are present in the central portion of
the cell over the grooves for t < 3 min, balanced by small con-
tractile strain rates over the remainder of the cell as the total
length of the portion analysed does not change. The stress
fibre distributions are reasonably isotropic with 7y~ 199
throughout the cell though the stress fibre concentrations are
slightly lower in the central portion due to the lower levels of
signal C in this part of the cell.

Now consider the Ly = 1 wm case in figure 3b. Recall that
the Rho does not diffuse into the central portion of this cell
over the groove. Thus, the ROCK concentration C, as well as
the stress fibre concentrations, 79 and 799, vanish over this cen-
tral section. The absence of stress fibres results in tensile strain
rates over the central section and corresponding contractile
rates &1 over the ridges where stress fibres form and contract.
These strain rates result in stretching of the integrin—ligand
bonds especially near the edges of the ridges at the larger
values of t (e.g. t =12 min in figure 3b), producing both an
increment in the FA concentration at those locations and a cor-
responding rise in the ROCK concentration C. Consider now
the stress fibre kinetics. Stress fibres in this case only form on
the ridges where there exists a non-zero signal. Early in the
deformation history (i.e. f=0.5 min) the stress fibre distri-
butions on the ridges are nearly isotropic with my~ mgo.
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Figure 4. Contour plots of the spatio-temporal distributions of , &u/&, €11/€o as well as mo and 799 for cells on substrates with pitches (a) Lo = 0.05 um
and (b) Lo =1 pm during transient. Time t = 0 corresponds to the instant the cell was placed on the substrate. Recall that the groove spans the range

However, as time proceeds the fibres in the ¢p = 0° direction dis-
sociate due to the contractile strain rates £1; (and relatively low
values of C) but the fibres in the ¢ =90 direction continue to
form due to a low persistent signal C and aided by the fact that
the dissociation rate in this direction is zero as &, =0.

A more detailed and comprehensive history of the evol-
ution of C, &4/ &, €11/&0 as well as ny and mgg are shown in
figure 4a,b, respectively, for the Ly=0.05um and 1pm
cases. Contours of the distributions of these quantities are
shown in figure 4 where the horizontal axes indicates the
time (now in units of hours), while on the vertical axes we
plot the normalized position x1/Ly. For the Ly=0.05 pm
case, it is clear that the signal C has decayed early in the
time history (t < 0.05 h) and the FAs too have attained their
final distribution very early. However, the stress fibre concen-
tration 79 attains its steady value over a time of about 0.12 h
owing to the slower kinetics of the stress fibre formation. The
relaxation rates implicit within the Hill relation are even
slower, which implies that the strain rate &; drops to zero
over a timescale of about 0.5h and thus this is also the
timescale over which 7, attains its steady-state value. Quali-
tatively this time history is similar to the Ly =1 pm case

(figure 4b), with two major caveats: (i) the presence of
the unfolded ROCK is clearly restricted to the ridges, and the
additional stretching of the integrin-ligand bonds due to
the longer groove spacing results in additional signal generation®
and (ii) this additional signalling takes place on the timescale
of stress fibre contraction, which delays the attainment of
steady state in the Ly = 1 pm case to nearly 1 h. In this context
recall that the analysis reported here only models the central
portion and not the periphery of the cell. Thus, consistent
with observations the model predicts that nearly no adhe-
sions form in the central portion of cell for substrates with
Lo = 0.05 pm other than those formed at time t = 0" by the
action of placing the cell on the substrate (the cell periphery
where adhesions are observed in such cases is not modelled
here). On the other hand, adhesions form over a timescale
of approximately 0.5 h in the central portion of cells on the
Lo =1 pm substrates. This slow adhesion growth is consistent
with observations [30] for cells on patterned substrates.

The steady-state spatial distributions of stress fibre con-
centrations, 1y and 7y, are included in figure 5a,b for the
Ly =0.05 pm and 1 pm cases, respectively. Also included in
figure 5 are insets showing circular histograms (similar to
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Figure 6. (a) Comparison between the measured [16] and predicted values of the cell orientation 2 as a function of the pitch L, (r = 0.5) for four choices of the
dephosphorylation rate constant kg. (b) Predictions of 7y 3 function of 77/2 — ¢ for selected values of L (r = 0.5) and the reference value of k4. (Online version

in colour.)

those introduced in [22,37]) of 7 at three locations along the
cell: x1/Lp=0.125 (mid-point of the ridge); x1/Lo=0.25
(edge of the ridge) and x;/Ly=0.5 (mid-point of the
groove). These histograms visually quantify the degree of ani-
sotropy in the distribution of the stress fibres. Clearly for the
Ly =0.05 pm case the steady-state distribution of the stress
fibres is both nearly isotropic and spatially uniform. This
implies that stress fibres form not only along the ridges but
also bridge across the grooves from ridge-to-ridge as seen
in figure 4c of Lamers et al. [16]. By contrast, the steady-
state distribution of the stress fibres in the Lo =1 pm case is
both anisotropic and spatially inhomogeneous with fibres
only forming on the ridges. On these ridges, the angular dis-
tribution of fibres shows a higher concentration in the ¢ = 90°
direction and almost no stress fibres forming in the ¢ = 0°
direction. This lower concentration of 7y is due to the fact
that the Rho is dephosphorylated before it can reach the cen-
tral portion of the cell over the groove, which prevents the
formation of a stable stress fibre bundle across grooves as in
the Ly = 0.05 pm case. This implies that stress fibres forming
over the ridges at ¢ =0° are free to contract as there are no
stress fibres in the cell over the groove to balance their contractile
forces. This contraction results in the dissociation of the stress

fibres in the ¢ = 0° direction, and consequently, lower concen-
trations of 7y remain above the ridges at steady state. It is
worth emphasizing here that unlike in the Ly = 0.05 pm case,
stress fibres do not bridge over the grooves in the Ly =
1 wm case. Thus, long continuous stress fibres will primarily
be observed only around the ¢ =90° direction over the
ridges for cells on the Ly = 1 pum substrates.

Animations showing the evolution of the C, &1/ &, €11/,
no and mgg, as well as the circular the distribution of 7
at selected locations within the cells are included in the
electronic supplementary material.

4.1. Predictions of cell alignment and comparisons
with measurements

One of the key findings of the experiments of Lamers et al.
[16] was the change in the cell orientation as a function
of the groove width Ly. In order to quantify cell orienta-
tion Lamers ef al. [16] fluorescently stained the actin
filaments and then measured the orientation of the dominant
filaments with respect to the ridge direction. We denote
this orientation as (2 and replot the measured median
values of (2 as a function of Ly in figure 6a. In figure 64, a
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nonlinear x-axis scale, v/Ly, has been employed in order
to improve the visualization of the data. A median value
of =45° indicates a random orientation while = 0°
indicates that the cells are primarily aligned with the ridge
(or groove) directions. The measurements clearly show
that while cell orientation is random for Ly < 0.1 pm,
there is a sharp transition at Ly~ 0.1 pm with the cells
being primarily aligned with the ridge direction at higher
values of L.

The model predictions discussed above clearly indicate
that cells form nearly isotropic stress fibre distributions at
small values of Ly, but form anisotropic distributions with
high stress fibre concentrations in the ¢ = 90° direction (i.e.
aligned with the ridge direction) for large values of Ly. This
indicates that the model is predicting cell orientations that
are at least qualitatively consistent with the observations of
Lamers et al. [16]. In order to make more quantitative com-
parisons we attempt to interpret the predictions of the
model in a manner analogous to the observations reported
by Lamers et al. [16]. We first define an average stress fibre
concentration in any particular direction as

1 (h
7= | @ @)
0.Jo

Predictions of %, as a function of 7/2 — ¢ are plotted in
figure 6b for selected values of Ly (we choose the abscissa
of 7/2 — ¢ rather than ¢ so as to be consistent with the defi-
nition of cell orientation (2 employed by Lamers et al. [16]).
It is clear that for small values of Ly, 1, is reasonably inde-
pendent of ¢ but at larger values of Ly, 7, decreases
sharply with increasing /2 — ¢ . Moreover, the 7, distri-
butions are reasonably insensitive to the value of L, for
Lo > 0.25 wm. Thus, consistent with the experimental obser-
vations, the predictions in figure 6b suggest that the cell has
stress fibres over the entire range of orientations, but some
orientations are dominant with higher values of 7. It thus
remains to quantity these dominant orientations in a manner
as analogous as possible to the procedure employed by
Lamers et al. [16].

In cell observations using epifluorescence or confocal
microscopes, the fine meshwork of actin is expected to not
be visible, i.e. if Ny is less than a critical value, fibres in that
orientation are likely to be missed in most observations. We
define this critical value of 7, above which fibres are visible
to be 50% of the maximum value, i.e. only fibres with
My > 05 will be visible. We now define a new observable
stress fibre distribution as

_ 7 My > 05
Ly {O otherwise. (42)

Then, similar to Lamers et al. [16], the cell orientation () is
defined as the mean value
_7 72 $rydd

N=——-—=—— 4.3
2 foﬂ/zrfbd‘b 9

The predicted values of cell orientation using this definition
of (2 are included in figure 6a for three selected values of
the dephosphorylation rate constant kg4, including the refer-
ence value of ky =750s . It is clear that the predictions
are in reasonable agreement with the measurements for k4
values in the range 500 s 1 <ky <7505 Recall that there
are some uncertainties in the model parameters and in the

metrics used to compare the predictions and observations. [ 10 |

Given these uncertainties, the key conclusion of the model
is that the lower limit of the groove spacing for an interaction
between the grooves and the cells is Ly~ 0.1 um but the
interaction is definitely lost with cells orienting randomly
on substrates for groove spacings Ly < 50 nm.

The predictions in figure 6a extend to values of L, higher
than those investigated by Lamers et al. [16]. These predic-
tions seem to indicate that at Ly>1um, the cells will
slowly begin to reorient themselves away from the ridge
directions. We demonstrate in the electronic supplementary
material that this reorientation is due to additional signal pro-
duction that occurs because of the enhanced contractility
(resulting in increased stretching of the integrin—ligand
bonds) of the cells at large values of L.

The predictions discussed above demonstrate the fidelity
of the model in estimating the response of cells on grooved
substrates. The key ingredient that enables the model to
capture this behaviour is that it includes a spatially inhomo-
geneous activation signal that arises from the fact that Rho
activation only occurs at the FA sites, i.e. only along the
ridges in the case of a grooved substrate. The consequences
of this are that (i) reducing the ratio r of the width of the
ridge to the groove results in a higher level of alignment of
the cells with the grooves as there is insufficient signal pro-
duction to allow for fibres that bridge across the grooves to
form and (ii) models that use spatially uniform signals for
the activation of stress fibres (e.g. [17-20]) would not only
predict that the stress fibre network is spatially uniform for
cells on a grooved substrate but also that the network is iso-
tropically distributed for all values of Ly, i.e. {2 =45° VL.
These aspects of the model are further elucidated in the
electronic supplementary material.

5. Concluding remarks

The response of osteoblasts on grooved substrates is investi-
gated via a model that accounts for the complex feedback
between FA formation on the ridges, the triggering of signal-
ling pathways by the formation of these adhesions and the
development of the stress fibre network due to these acti-
vation signals. The distance over which signalling proteins
activated at the adhesions on the ridges diffuse into the
remainder of the cytosol (prior to being dephosphorylated)
governs the formation of the actin network. For small
groove pitches (less than approx. 100 nm), the signalling pro-
teins diffuse throughout the cytosol resulting in a reasonably
spatially homogeneous and isotropic stress fibre network.
Thus, the orientation of cells in such cases is random. By con-
trast, when the groove pitch is large (on the order of 1 pm)
the signalling proteins dephosphorylate before they can dif-
fuse into the portion of the cell over the grooves. Therefore,
in this case not only does the cytoskeletal network form
mainly on the ridges but also the fibres are mainly aligned
with the direction of the ridges (or grooves). This results in
the cells orienting themselves so as to be aligned with the
grooves. The model thus provides a possible explanation
for the observations of Lamers et al. [16] on the basis of the
spatial inhomogeneity of the activation signal for stress
fibres. In particular, it shows that the lower limit of the
groove spacing for an interaction between the grooves and
the cells is about 100 nm but the interaction is lost with
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cells orienting randomly on substrates with groove spacings

smaller than 50 nm.
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