
INTRODUCTION
Many current questions in tissue engineering hinge on the under-

standing of how a cell interacts with its micro-environment. To inves-
tigate  that  interaction,  we  propose a  comprehensive  dynamical  me-
chanical computational model of a single cell.

We  use  a  particle-based  simulation  technique  for  the  low-
Reynold's number environments that cells typically live in. 

In this study, we concentrate on the dynamics of cell spreading as 
the first key aspect of a cell's interaction with a substrate that the cell 
can adhere to. It was found experimentally, that cells  initially  spread 
according to “universal” dynamics [1]. The reason for this universality 
is, that cells spread too quickly to allow for active regulation – only af-
ter several (tens of) seconds can a cell actively adapt to the new-found 
substrate. Before it can actively react to its environment, spreading is 
dictated by the relative surface energies of the substrate and the cell;  
the dynamics are governed by the viscous deformations taking place in 
the cell. Still, even during this initial, purely mechanical spreading, the 
radius of the spreading area increases according to two distinct power-
laws – first with an exponent of ¼ and then ½. This is thought to be re-
lated to two regimes of viscous deformation in the cell: firstly, just in 
the vicinity of the contact, later the whole cell volume will dissipate  
the surface energy from the contact. 

To  investigate  this hypothesis,  we  developed  and simulated  a 
new model of a deformable cell  that builds on  earlier  red blood cell 
(RBC) models as e.g. [2,3]. 

In the experiments reported in [1], RBCs are osmotically rounded 
and biotinylated to observe spreading on various substrates.

METHODS
The  model  discretizes  the  mechanical  boundary  of  the  cell  - 

membrane and cortex - into deformable, rounded triangles. The nodes 
of this discretized surface - the corners of the triangles - are connected 
to their neighbors by viscoelastic potentials, which represent the resis-
tance of the cortex to stretching and compression.  To represent the 
“rounded” RBC, a spherical cell geometry was chosen - that is also the 
energy-minimizing shape most cells adopt in suspension.

The technique is well suited to any combination of modeling the 
cells as either tensegrity structures or “liquid-filled bags”, depending 
on the detail of the representation of the internal cytoskeleton. In the 
most simple approach that we adopt here for the RBCs, the cell is con-
sidered a liquid-filled bag and the cell volume is maintained by an in-
ternal pressure. To model a cell type with e.g. an actin cortex, the in-
ternal cytoskeleton can be represented by a network of visco-elastic in-
teractions. 

The discretized membrane also represents the the spectrin “cor-
tex”, and therefore has to resist bending as well. This is implemented 
using the angle between each pair of triangles (faces). 

To investigate cell spreading, it is of key importance to model the 
cell's mechanical interaction with its environment as accurately as pos-
sible. Therefore, we let the cell's rounded triangles interact with e.g.  
the substrate according to a specialized version of the Maugis-Dugdale 
model (in the JKR limit) which is based on Hertz' model for repulsion 
but adds adhesion [4,5]. The force acting on a triangle which is in con-
tact with a structure in the cell's micro-environment is calculated from 
numerical integration of the Maugis-Dugdale pressure. It is distributed 
to the corners of the triangle (the nodes of the discretized cell) taking 
into account the moment generated by the individual pressure compo-
nents.
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From the body-(e.g.  gravity) and interaction forces  on the one 
hand and  Stokes drag and friction between cell and substrate  on the 
other, we calculate velocities for all nodes of the cell. This is done by 
using the conjugate-gradient method to efficiently solve the sparse, di-
agonally dominated system.  Finally,  we  obtain  the next positions of 
the  nodes  from  the  velocities  using  a  forward-Euler  integration 
scheme. Thus, the equations of motion that are solved are the same as 
in e.g. [6] and similar to Stokesian Dynamics [7].

The  model  was  implemented  in  the  particle-based  simulation 
software  platform DEMeter++[8],  which uses explicit  time stepping 
and a multigrid based contact detection algorithm.

RESULTS 

Simulations show, that both regimes of initial cell spreading can 
be expected for a wide range of reasonable parameters from this mod-
el. Indeed, we can clearly follow in detail where forces are dissipated 
and viscous deformation takes place, corroborating the results from the 
much simpler, conceptual model described by Cuvelier et al. 

In addition to the purely viscous deformations of the cortex taken 
into account by that model, we also are able to investigate aspects of 
friction  between cell  and substrate  and Stoke's  drag using our  new 
formulation.
Finally, we demonstrate, that the deformable cell model is suitable to 
investigate  a  cell's  interactions with  its  micro-environment.  Simula-
tions took – depending on the order of mesh-refinement – several sec-

onds to several  minutes for  the first  few seconds of cell  spreading, 
opening the way for further studies on more complex behavior. 

DISCUSSION
The described deformable cell model clearly substantiates the hy-

pothesis, that initial cell spreading is a mechanistic occurrence which 
is governed by surface energy generating adhesion forces, friction and 
viscous deformation of the cytoskeleton. 
Only  after  the  cell  is  somewhat  spread  on  a  substrate,  mechano-
transduction pathways can be activated, which may lead to a biological 
response as  e.g.  altering the structure of the cytoskeleton  to  spread 
more  or  less,  initiating  cell  movement  or  even  cell-fate  can  be 
influenced  by  the  perceived  nature  of  the  substrate  (stiffness, 
roughness)[9]. Therefore, it is worthwhile to investigate the dynamics 
of  cell  spreading  and  its  influence  on  these  (and  other)  cellular 
behavior. 
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Figure 2: Initial cell spreading of a rounded 
RBC; expected slopes from [1] are given as 
reference.

Figure 3: Total mean viscous stretch at different 
timepoints during initial cell spreading. 

Figure 1: View on spread RBC


