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Computer simulations of shape deformation
and dynamics of biological cells
subjected to flow
Cell: phospholipid vesicle model
A vesicle is a closed phospholipid membrane, containing an internal fluid which is
separated from the external suspending fluid by the vesicle membrane. This
membrane is a bilayer made of phospholipid molecules having a hydrophilic head
and two hydrophobic tails. At the ambient temperature the vesicle membrane is at the
liquid phase, it is in fact a two-dimensional incompressible fluid. This incompressibility
property implies the inextensibility of the membrane, and therefore, the conservation
of its area. Moreover, since the vesicle encloses an incompressible fluid and the
membrane permeability to aqueous solution is very small, the vesicle volume is a
conserved quantity too.
External fluid
(the suspending fluid)

Internal fluid
(the encapsulated
fluid)
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Flow: lattice-Boltzmann method
The main central quantity is
It gives the probability to find a pseudo-fluid particle at the position and with the
discrete velocity at the time . Its evolution in time is governed by:

Phospholipid membrane
(fluid membrane)

The collision operator

Phospholipid
molecule
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An external applied force

Free streaming
Phospholipid bilayer
membrane

Two hydrophobic fatty
acid tails (non polar)

In the LBMs not only the positions are discretized but also velocities.
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Physics of vesicles has attracted
much interest in the recent decades and has
been the subject of many theoretical and
experimental works. This is because of the
simplicity of the vesicle model and its ability
to describe some dynamical behaviors of the
living cells (such as red blood cells) and
because of the interest in exploiting them as
carriers of biomaterials (for example drugs).
Membrane
rigidity

Vesicle membrane energy

The fluid flow is computed using the LBM on a Eulerian regular mesh. The
cell membrane is presented by a Lagrangian mesh immersed in the fluid
Eulerian mesh.
Fixed Eulerian mesh
Moving Lagrangian mesh
(fluid)
(cell)

The lattice Boltzmann equation

~ 5 nm

Fluid-membrane coupling:
immersed boundary method

External fluid

Internal fluid

The Bhatnagar-Gross-Krook (BGK) approximation

Membrane
Neighboring nodes are
inter-connected by an
elastic spring

The kinematic viscosity

~ 10 µm

Fluid flow computed using
the lattice Boltzmann
method

Fluid flow → Membrane dynamics
The dynamics of the cell is slaved to its surrounding fluid flow via the
velocity continuity condition across the membrane, its position is advected
by the ambient flow.

Lagrange multiplier
(area conservation constraint)

The equilibrium distribution
Pressure

Velocity

Membrane dynamics → Fluid flow
The fluid flow in its turn is affected by the presence of the cell membrane,
which is not a passive interface, but on the contrary is an active one
exerting a force to resist the hydrodynamical stresses that try to bend it.

Local membrane
curvature
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Red blood cells

White blood cells

When a red blood cell (RBC) is placed in shear flow it undergoes either tumbling or
tank-treading motion depending, for example, on the shear rate and the viscosity
contrast (ratio between the viscosity of the hemoglobin and the the viscosity of the
external suspending fluid):

How to model a white blood cell (WBC)?

Microcirculation

White blood cell (leukocyte)

RBCs and plateletes flowing in the microcirculation

Rigid spherical particle model!
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Inclusion-free deformable particle model!

Compound droplet model!
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Tank-treading motion (steady motion): the RBC assumes a steady inclination angle
with the flow direction while its membrane undergoes a tank-treading motion.

We model a WBC as a vesicle-in-a-vesicle.
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Simulation snapshots of the separation of red blood cells (RBCs)
and platelets.

Tumbling motion (unsteady motion): the RBC rotates as a rigid elongated particle.
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WBC dynamics
Time evolution of the vesicle
inclination angle during the
tank-treading (viscosity
contrast = 1) and tumbling
( viscosity contrast = 15)
motions.

Increasing the size of the inner vesicle
Steady motion

Unsteady motion
Liquid! Liquid! Solid! Solid!

RBC steady shapes in microcirculation
Parachute shape

Liquid!

Slipper shape

Low membrane
deformability
Tank-treading-to-tumbling transition

In vivo

High membrane
deformability
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Tank-treading-to-undulating transition

WBC rheological properties
The solid body limit
Apparent internal viscosity

Inclination angle

The phase-diagram of the
dynamical states (tank treading or tumbling) of
confined RBCs subjected to
shear flow. The wall
confinement shifts or even
inhibits the transition to
tumbling. The range of
7 < viscosity contrast < 13
corresponds to healthy
RBCs. Typical confinement
in arteries and arterioles are
also shown.
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RBCs exhibit a shape transition as a function of their deflation and
the surrounding flow.
Kaoui et al, PRL (2009)

