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spectrin molecules that inserted into the junctional complexes. When two globules were seen on one spectrin tetramer
(Fig. 2fand g) they were located 44 ± 3 nm (n = 22) from each
other along the spectrin molecule. The distances between
junction and globule and between two globules on one
spectrin coincide with analogous measurements that have
been made with purified rotary-shadowed spectrin reassociated with ankyrin (i7), where the distance from the tail end
of spectrin to its ankyrin binding site is ca. 80 nm and the
distance between two ankyrin molecules on one spectrin
tetramer is ca. 40 nm. It is therefore very probable that the
globules seen in our negatively stained preparations are
occupied ankyrin binding sites.
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Lipidic bilayer —> vesicle

not reach values below 20 mN m!1, which demonstrates a rapi
formation of the first layers of the interfacial membrane. For th
interface formed by PFacidYN adsorption at the water/o
interface, clearly two different orders of magnitude of time scale
of interfacial tension decrease can be identified (Fig. 1c). There
first a reduction of interfacial tension at time scales up to th
order of a hundred of seconds, followed by a slow mode of th
order of 1 hour. Such slow dynamics involved could be indicativ
of complex structures developing at the w/o interface. Bu
a detailed discussion of the possible corresponding phenomena
not in the scope of the present publication and would requir
specific investigations. However, an important observation
that the interface with only PFacidYN displays no detectab
shear modulus (not shown) that could be attributed to a
interfacial contribution, at 23 " C (i.e. the measured values wer
within the noise level, i.e. below 1 mPa m), using our apparatus i
the range 0.1 to 1 Hz, even after long adsorption times and agin
(over one day).
The capsule size is set by the emulsification conditions whe
mixing oil and water, and in the present work it was controlle
using either microfluidic (Fig. 1a and b)27 or batch emulsificatio
methods. Alternatively, since chitosan and PFacidYN ar
themselves emulsifiers, the set of the capsule size could be carrie
out prior to the capsule formation. This was done by performin
a separate emulsification step in the presence of only one of eithe
of the complexant molecules in the disperse phase. Capsules wer
then allowed to form as soon as the complexant soluble in th
continuous phase was added. When carried out at a flat water/o
interface, this supramolecular complexation process yields fla
membranes (Fig. 2a) with the same degree of control. The powe
1
/2 for the thickness increase versus time (Fig. 2b) is in agreemen
with a growth by diffusion-controlled self-assembly. The thick
ness can be finely controlled by varying formation time, betwee
a few layers up to values of the order of 106 nm,27 in a wet stat
For a given ratio of chitosan and PFacidYN concentration
another parameter that can be used for the control of th

Spectrin network —> polymeric capsule
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Vesicle: model system for cells

Modelization of living cells behavior

Membranes

D3.5

Static equilibrium shapes
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Fig. 6: Shapes of non-spherical topology. a) a non-axisymmetric
b) an!axi-symmetric
_
circular torus, c) the “button” surface of genus 2 [5, 6]. t#.
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cylindrical microvessel in 3D with the diameter W or to a channel in
2D with the width W. We focus here on channel width W 5 20 mm,
but the cases of W 5 10 mm and W 5 40 mm are also discussed. In
flow direction, periodic boundary conditions are assumed and blood
flow is driven by a constant force applied to all solvent particles,
which is equivalent to a prescribed pressure drop. The hematocrit

increasing Ht, the carriers marginate better, as indicated by the
development of a strong peak in the distribution near the wall at
y/W 5 0, and the motion of the peak position towards the wall.
This is due to a decrease in the RBCFL thickness leading to a smaller
available space for the particles. This trend is in agreement with
38–40
experimental observations17 and simulations
of margination of
N. Tahiri et al. / Microvascular Research 85 (2013) 40–45
blood platelets, which have a comparable size.
200
To quantify and compare
particle margination for a wide range of
flow and particle parameters, we define the margination probability
160 whose center-of-mass is located within the
as a fraction of particles
near-wall layer of thickness d. The choice of d depends
on the exact
Coexistence
120
problem to be addressed,
and several possibilities can be considered.
To describe particle margination into the vicinity of a vessel wall, it is
80
natural to select d to
be the RBCFL thickness. Typical values of
RBCFL thickness and their dependence on Ht are displayed in
40
Supplementary Fig. S2. Figures 3(a),(b) present margination probP Ht and c_ ! values
ability diagrams of particles for a wide range of
corresponding to 3D15and 2D simulations, respectively; the comparison shows that roughly c_ !3D <1:2_c!2D . Particle margination strongly
C-SI
depends on Ht as well
as on
shear rate. At low Ht values,
OC particle
10
U-SI
-Sn
margination is expected to be weak, while at high Ht the margination
might be also attenuated due to particle-RBC interactions near a wall.
5
The latter effect has been described for a marginating
white blood
C-Sn
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Figure 1 | Snapshots
cell and particle
conformations
in microchannels
Müller,ofFedosov,
Gompper,
Nature,
2014
in 3D and 2D. RBCs are colored in red and suspended particles in blue. (a)
3D simulation snapshot of blood flow for Ht 5 0.3 and c_ ! <39. (b) 2D
simulation snapshot of blood flow for Ht 5 0.3 and c_ ! <29:3.
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Fig. 3. The phase diagram for λ = 5. In the range corresponding to about Cκ b 120, the overall picture of Fig. 2 is reproduced, with a new region (red one) c
gated symmetric shape (called “peanut”). This type of solution is also found for λ = 1. For Cκ > 120 we have a new domain where the parachute can trans
with possible coexistence between the parachute and slipper shapes. This new domain is not found for λ = 1.

Shapes and migration in Poiseuille flow

The slipper shape is shown with red color hatched with thin lines, in

RL 110, 108101 (2013)

FIG. 2.
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ETTE
R SIn the absence of

Self
diffusion
RBC
jet
a viscosity
contrast, we didof
not ﬁnd
any loss
of stability of the para-

chute shape upon increasing Cκ (Cκ was increased up to 1000).
Actually, the situation turned out to be more subtle, since the slipper shape coexists with the parachute one. Whether one shape prevails over another depends on initial conditions. For example, if the
initial shape is quite asymmetric, the tendency is in general (but not
always) a convergence to a slipper. For the same parameters, if the
initial shape is a centered ellipse then the ﬁnal shape may either converge to a slipper or parachute depending on the parameters. This
coexistence turns out to be present for all conﬁnements explored so
far. This coexistence seems to have been observed experimentally
(see Discussion).
Grandchamp,
PRL, 2013
We believe that the reported experiments on RBCs (Abkarian et al.,
2008; Guido and Tomaiuolo, 2009; Tomaiuolo et al., 2009) have always

the parachute transforms
into ending
a slipper. We shall c
week
cisely to this point in
section devoted
8 the
MARCH
2013to discus
Discussion

We have seen that in the conﬁned ﬂow the s
vails at low enough and at large enough ﬂow s
is found to be faster than the parachute. A qualit
as follows. The slipper, despite having a center
centerline, has its mass that is more conﬁned ar
This is seen on Fig. 5 where the parachute shape
slipper one. We have also computed the inertia m
to the imposed ﬂow centerline for each shape. T
us on how the representative points of the cell ar
the centerline. We ﬁnd that the inertia mome
smaller than that of the parachute shape (Fig. 6)

Example of RBC diffusion in a flat channel. Initial mean volume fraction is around 15%.
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How to describe such complex system?
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Lecture 2: Dynamics of vesicles and capsules in unbounded shear flow

Viscosity contrast

Keller Skalak Model —> tumbling and tank-treading dynamics

Single object in shear flow
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Keller Skalak model
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Lecture 2: Dynamics of vesicles and capsules in unbounded shear flow

Viscosity contrast

Real phase diagram for vesicles
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Lecture 2: Dynamics of vesicles and capsules in unbounded shear flow
Real phase diagram for capsules

Swinging and tumbling of elastic capsules in shear flow
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Figure 4. Phase diagram of an elastic capsule in shear flow with the tumbling and
ank-treading regimes as a function
of the viscosity
contrast2008
ϵ and the inverse dimensionless
Kessler
et al., JFM,
hear rate χ −1 . The solid line is a guide to the eye separating the tank-treading (circles),
umbling (crosses) and transient region (diamonds) for our simulation. Dashed lines indicate
he phase diagram due to Skotheim & Secomb (2007) for the same parameter set. In the region
between the dashed lines intermittent motion is predicted. We have not found conclusive
vidence for this kind of motion, but rather found transient dynamics from tumbling to
ank-treading. The numbers correspond to following figures, where parts of the phase diagram
re examined closer. Geometrical parameters: a2 = a3 = 0.9a1 , elastic parameters: ν = 0.333,
˜ = 0.01, C̃0 = 1.

Nevertheless high-order modes accumulate numerical errors during the simulation

Ca
Phase diagram for capsules
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Lecture 3: Lift velocity and pearling instability
Vesicle/capsule dynamics near a plane wall
Vlift?

VOLUME 88, NUMBER 6
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Lift of a vesicle with gravity

11 FEBRUARY 2002

Abkarian et al., PRL, 2002
FIG. 1. Side-view image of a vesicle (R ! 31 mm, reduced volume y ! 0.94, weight P ! 16 pN). The lowest image is the
reflection on the substrate: (a) at rest, (b) at shear rate g" equal to 0.4 s21 , (c) 0.9 s21 , (d) 1.1 s21 , and (e) 2.5 s21 . The white line
is the direction of the longest axis of inertia.

It is noteworthy that all quasispherical vesicles were not

0.49 and 0.51 for two vesicles of radii 14.8
and 18 mm,
Peyresq
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Lecture 3: Lift velocity and pearling instability
Tubular vesicle pearling instability

Pearling instability
Destabilization of a tubular vesicle

Kantsler,et al. PRL, 2008
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