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significantly decreases as the residence time of the cells
within the oil phase increases. As shown in Fig. 3e, long-term
exposure (3 h) of cell-laden microgels to the oil phase (herein
mineral oil containing 0.5% Span 80 surfactants) results in
less than 20% survival rate of the cells. This cytotoxicity of
the conventional method can be related to i) the prolonged
exposure of encapsulated cells to the surfactants which could

potentially lead to rupture of the cell membrane,21 ii) the cy-
totoxicity of the photo-initiator,27,28 and the limited nutrient/
gas exchange in the oil phase. Further, we use fluorinated oil
(HFE 7500) containing 0.5% Krytox-PEG-Krytox surfactants as
the middle oil phase instead of mineral oil and Span80; this
could improve the cytocompatibility of the oil phase because
of the negligible solubility of fluorinated oil in water (3 ppm)
and its high gas permeability.29 We observe that all three cell
types tested (i.e. myelogenous leukemia cells (K562), MDCK
cells and NIH/3T3 fibroblast cells) exhibit desirable survival
rates after encapsulation (Fig. 3f), confirming the biocompati-
bility of our approach for cell encapsulation for a variety of
cell types. These results indicate that the conventional single-
emulsion approach is not suitable for scale-up production of
cell-laden microgels since cells have to be trapped within the
oil phase for a period of time to collect enough samples. In
contrast, the double emulsion method enables continuous
cell encapsulation without compromising the cell viability,
which can serve as a cost-effective tool for scalable 3D cell
encapsulation.

Three-dimensional (3D) cell culture within microgels

We further demonstrate the biocompatibility of this encapsu-
lation technique by culturing the mammalian cells within the
three-dimensional microenvironment. We encapsulate and
subsequently culture MDCK and NIH/3T3 cells (both are
anchorage-dependent cells) using biodegradable GelMA
microgels. Gelatin matrices allow cells to adhere and prolifer-
ate three-dimensionally due to the presence of a cell-
attachment site (i.e. Arg–Gly–Asp, RGD sequence) in gelatin
molecules,30 and maintain a healthy and viable state to pro-
ceed with their normal functionality. Indeed, we observe con-
tinuous growth of both cell types within the gelatin matrices
(Fig. 4). MDCK cells reproduce and aggregate with each other
to form stratified cell spheroids after 4 days (Fig. 4a and b).
The size of the spheroidal cellular constructs increases gradu-
ally (Fig. 4c), which eventually leads to the formation of a
specific architecture resembling simple epithelial tissues af-
ter 7 days (see ESI,† Fig. S2). Such a cyst structure with a
multi-cell thick shell and a central lumen is representative of
the 3D culture of MDCK cells in a collagen matrix,31

confirming the biocompatibility of our approach.
Unlike epithelial MDCK cells that form coherent, densely

packed cellular organization, NIH/3T3 fibroblasts exhibit a
completely different behavior after being encapsulated into
GelMA microgels. Remarkably, we observe cell attachment
and spreading within the 3D matrix three hours after encap-
sulation, as evidenced by the penetration of pseudopodia
throughout the matrix (Fig. 4e and f). The majority of encap-
sulated cells egress out from the internal space of the micro-
gels and attach to the surface of the gels after 4 days. Inter-
estingly, the GelMA microgels severely deform from their
original spherical shape and considerably reduce the size of
the microgels (Fig. 4d), most likely due to the compressive
forces exerted by cell adhesion to the hydrogel matrices.

Fig. 3 Production of cell-laden microgels. (a) Schematic illustration
showing the encapsulation of living mammalian cells using the thin-
shell double emulsion drops formed with a photo-crosslinkable poly-
mer. (b) Optical image showing cell encapsulation within double emul-
sion drops. (c) Representative fluorescence microscopy image showing
cells embedded within microgels. Cells were stained by calcein-AM
(green-fluorescent dye for live cells) and ethidium homodimer (red-
fluorescent dye for dead cells). (d) Representative fluorescence micros-
copy image of a single mcirogel containing multiple cells. Orthogonal
view showing the three-dimensional cell distribution within the micro-
gels. (e) Survival rates of MDCK cells encapsulated in microgels pre-
pared by the conventional two-step single emulsion approach in com-
parison with cells encapsulated by the proposed one-step thin shell
double emulsion approach. The effect of the two-step approach on
cell viability was evaluated by incubating the encapsulated cells within
the emulsion containing mineral oil and Span80 for different periods
of time (5, 60 and 180 min), and then determining the survival rates of
the cells. The fraction of cell viability was determined from LIVE/DEAD
staining. The control group is cells that have been dispersed in the
polymer precursor solution followed by 2D culture on a tissue culture
plate. (f) Survival rates of different cell types after microfluidic encapsu-
lation using the thin-shell double emulsion method using HEF and Krytox-
PEG-Krytox surfactants as the oil phase. All scale bars represent 100 μm.
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100 µm

Encapsulation of living cells within double 
emulsion droplets produced by flow focusing
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Single object Collective motion, rheologyPair interaction

Rheology of suspensions

Lac et al, JFM, 2007

Doddi & Bagchi, PRE, 2009
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Figure 5. Sequence showing, from top to bottom, the motion of the capsules for !x0
2/2a = 0.25

and α = 0.05; (a–e) ε = 0.075, !x0
1/2a = − 4; (A–E) ε = 0.45, !x0

1/2a = − 5. The grey mapping
corresponds to the normal load ! f · n.

of hydrodynamic interactions between two capsules. The corresponding sequences of
capsule shapes are shown in figure 5. When !x1/2a ≈ − 1.5, the capsules start to
interact and their shapes are no longer exactly symmetrical with respect to their centres
of mass (figure 5a, A). As separation decreases (−1.5 ! !x1/2a ! 0), the centres of
mass are shifted across streamlines and parts of the membranes flatten (figure 5b, c)
or become concave (figure 5B, C). After crossing (!x1 > 0), the capsules are convected
away from each other and the membranes recover a convex shape (figure 5d, D). For
large separations !x1/2a > 3.5, the hydrodynamic interaction between the particles
is no longer visible and both capsules have relaxed to the steady deformed shape
obtained for a single capsule subjected to the same flow conditions (figure 5e, E).

In order to understand better the hydrodynamics of crossing, it is useful to compute
the pressure p0 at the flow centre (x = 0), given by

p0 − p∞ = − 1

4π

∮

S1

! f ( y) · y

∥ y∥3
dS( y), (4.1)

where p∞ denotes the far field pressure. In figure 6, we have plotted the pressure
difference p0 − p∞ as a function of capsule separation !x1 for the two values of
capillary number. High positive pressures occur during crossing (−1 ! !x1/2a ! 0.5,
approximately) when the two capsules are separated by a thin lubrication film, as
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Pries et al., American Journal of Physiology, 1992
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FIG. 3. Junctional complexes. Between four and seven spectrin
molecules appear to insert into eachjunction, but tears (arrowheads)
and complete breaks that cannot be detected may exaggerate the
number of 4-fold junctions. A repeat pattern is sometimes visible on
the junctional rods (Gallery, Left and Middle). (x200,000.)

oligomers longer than 40 nm binding multiple spectrin clus-
ters of spectrin. Globule-like oligomers as well as longer
oligomers with multiple spectrin clusters may arise by break-
down or reannealing of preexisting oligomers during the
extensive incubations, density gradient centrifugation, gel
filtration, and vacuum dialysis used by Shen et al. (11). The
actin oligomer is probably not fragmented in the production
of our spread preparations because we can identify short
rod-like structures with the same dimensions in intact mem-
branes that have not been spread (Fig. 1).
Given 13 monomers per oligomer, the known surface area

of an erythrocyte (23), and the measured actin content of an
erythrocyte (20), there would be about 250 oligomers/,4m2 in
the intact, unspread membrane. In the fully spread prepara-
tions, the end-to-end length of the spectrin molecule is about
200 nm, which would give a density of 25-29 oligomers/pim2
depending on whether one assumes a square or a hexagonal

FIG. 4. Actin elongation. When incubated with G-actin, the
junctional complexes (arrowheads) served as sites from which actin
elongated. (x 150,000.)

lattice. Thus, the protein density in the spread meshwork
must be 9- to 10-fold less than in the intact membrane. The
value for the maximum extension ratio of the meshwork
would therefore be (9_10) /2, or about 3. Evans and LaCelle
(24) determined the relation between erythrocyte membrane
stress and strain and found the maximum elastic extension
ratio of the erythrocyte membrane to be 3-4.
Only one actin oligomer was seen at each junctional

complex in the spread preparations. If band 4.9, the trimeric
actin bundling protein of the erythrocyte (25), links several
oligomers together such bundled oligomers were either sep-
arated as the membrane skeleton was spread or were never
included in the spread regions.
We are fairly confident that the unique morphology of

spectrin allowed us to correctly identify this molecule in our
spread preparations. The identification of the actin oligomers
on the basis of the nucleation expenments remains tentative
as does the identification of material at the sites we believe
represent the occupied ankyrin binding sites on spectrin.
Now that we know how to spread the erythrocyte membrane
skeleton, direct labeling using a variety of probes is possible
and will be required to confirm our tentative assignments, to
clarify the relation between the morphology ofthe spread and
the unspread skeleton, and to learn more about the distribu-
tion of other known membrane components such as band 4.1,
band 4.9 (25), tropomyosin (26), and myosin (27, 28).

We are grateful to Arnljot Elgsaeter and his colleagues for
discussions that inspired this work and thank Daniel Kiehart and Carl
Cohen for helpful suggestions. Daniel Branton thanks Victor Small,
in whose laboratory at the Austrian National Academy of Sciences
he completed important preliminary observations. The research was
supported by National Institutes of Health Grant HL-17411; T.J.B.
was supported by National Institutes ofHealth NRSA Training Grant
5T32GM07598.
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washed briefly in P1/NaCl/Mg and either negatively stained
with 2% uranyl acetate or incubated with G-actin and then
negatively stained.

Incubation with G-Actin. Five microliters of freshly gel-
filtered G-actin at 0.2 mg/ml (14, 15) in column buffer (2 mM
Tris HCl/0.2 mM ATP/0.2 mM CaC12/0.5 mM dithio-
threitol/2 mM NaN3, pH 8.0) was mixed with 45 pl of
polymerization buffer (150 mM NaCl/5 mM NaH2PO4/2 mM
NaN3/0.5 mM MgCl2/1 mM EGTA/0.05 mM dithiothreitol,
pH 7.5) just before use. A fresh drop of this mixture was
pipetted onto the spread membrane skeleton preparations (as
above), every minute for 3 min. The grids were then rinsed
with P1/NaCl/Mg, pH 7.5, and negatively stained with 2%
uranyl acetate.

RESULTS
In our procedure, a forceful jet of medium blows away the
upper surface and cytoplasm of hypotonically swollen or
lysed erythrocytes, resulting in a layer of single membranes
adhering to the grid substrate. After fixation and negative
staining, these single membranes displayed a variable and
complex appearance with few readily discernible features
(Fig. 1 a and b). We refer to this image as "intact" to
distinguish it from membranes in the same preparations
where the integrity of the membrane skeleton was disrupted
and a spread pattern of filaments began to emerge (Fig. ic).

Spread Meshworks. In some of the membranes much of the
membrane skeleton material appeared to be drawn or con-
tracted into dense accumulations revealing a cleanly spread
filamentous meshwork between the dense areas (Fig. 2). The
spread meshwork seemed to be fixed in a state of tension;
breakage and detachment was evident in maximally extended
regions.
The spread meshworks were most extensive and frequent

when the membrane layers were prepared with pH 5.5 buffers
on grids coated with holey Formvar and carbon. A lower yield
of the same spread filament images was obtained using
buffers at pH 7.5. Similarly, Triton X-100 (see Materials and
Methods) helped to give cleaner preparations but the same

images were obtained without detergent and with or without
fixation. Formvar films prepared by the method of Davison
and Colquhoun (13) provided the best resolution and con-

trast. Holey films were used in some cases because the

FIG. 1. Intact and partially spread membrane skeletons. The
appearance of unspread negatively stained preparations (a and b)
varied; in many cases short rods, ca. 37 nm long, were evident
(circles) among a complex tangle of finer strands. The skeleton of
other cells in the same preparation (c) appeared to have begun to
spread, revealing more readily discernible individual filaments (ar-
rowheads). (x 145,500.)

spreading phenomenon seemed to be stimulated by imper-
fections in the substrate but skeleton material that spanned
the holes was usually distorted or fragile and is not presented
here.
The meshwork consisted of junctional complexes cross-

linked by long flexible molecules that appeared to be made up
of two intertwined subunits (Fig. 2). Between four and seven
(average 5.3, n = 140) of these long molecules inserted into
each junction. We believe that the long molecules are
spectrin because the morphology of the elongated molecules
and their length when maximally extended (203 ± 13 nm, SID,
n = 113) matched the characteristic morphology and length
of pure spectrin tetramers in rotary-shadowed preparations
(16). Furthermore, the long molecules were the most prev-
alent element of the spread meshwork and spectrin is the
major protein ofthe erythrocyte membrane skeleton. Distinct
globules were often associated with the spectrin tetramers
(Fig. 2 b-g). When the spectrin was maximally spread, these
globules appeared 78 ± 7 nm (n = 72) from the ends of the
spectrin molecules that inserted into the junctional complex-
es. 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 reassoci-
ated 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.
The junctional complexes exhibited a variable number of

components (Fig. 3). A short rod, approximately 9 nm wide
and 37 ± 3 nm long (n = 103) was the dominant element of
each junction. We believe the rods to be short F-actin
oligomers for the following reasons: (i) they appeared to be
attached to spectrin, (ii) although the substructure of these
rods was often obscured by other elements of the complex,
a morphology characteristic of the F-actin filament was
sometimes evident (Fig. 3), and (iii) the rods acted as
nucleating sites for the elongation of actin filaments in vitro
when the spread membrane skeletons were incubated with
freshly gel-filtered G-actin under conditions sufficient for
filament elongation (Fig. 4). Control experiments showed
that the concentration of G-actin was below that necessary
for significant nucleation during the 3-min incubation period
we used: glow-discharged control grids without polylysine
and without membrane skeletons did not show the presence
of actin filaments when incubated with G-actin in polymer-
ization buffer.
The Intact Membrane Skeleton. With a knowledge of the

actin oligomer morphology gained from the spread meshwork
we could identify similar short rods in the intact skeletons
(Fig. lb, circles). Although their boundaries were often
obscured by the density of the spectrin meshwork, the
average length of these rods (37 ± 5 nm, n = 20) and their
width were similar to that of the actin oligomer seen in the
spread membrane skeletons. We have counted between 90
and 210 oligomers per ,um2 in randomly selected areas of
intact negatively stained preparations. These counts proba-
bly underestimate the density of oligomers because the rods
are sometimes difficult to discern and partially spread regions
may be present in the "intact" skeletons.

DISCUSSION
Our results provide clear and direct visual evidence for the
organization of the erythrocyte membrane skeleton. While in
general confirming models based on the examination of

Proc. Natl. Acad. Sci. USA 82 (1985)
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not reach values below 20 mN m!1, which demonstrates a rapid

formation of the first layers of the interfacial membrane. For the

interface formed by PFacidYN adsorption at the water/oil

interface, clearly two different orders of magnitude of time scales

of interfacial tension decrease can be identified (Fig. 1c). There is

first a reduction of interfacial tension at time scales up to the

order of a hundred of seconds, followed by a slow mode of the

order of 1 hour. Such slow dynamics involved could be indicative

of complex structures developing at the w/o interface. But

a detailed discussion of the possible corresponding phenomena is

not in the scope of the present publication and would require

specific investigations. However, an important observation is

that the interface with only PFacidYN displays no detectable

shear modulus (not shown) that could be attributed to an

interfacial contribution, at 23 "C (i.e. the measured values were

within the noise level, i.e. below 1mPam), using our apparatus in

the range 0.1 to 1 Hz, even after long adsorption times and aging

(over one day).

The capsule size is set by the emulsification conditions when

mixing oil and water, and in the present work it was controlled

using either microfluidic (Fig. 1a and b)27 or batch emulsification

methods. Alternatively, since chitosan and PFacidYN are

themselves emulsifiers, the set of the capsule size could be carried

out prior to the capsule formation. This was done by performing

a separate emulsification step in the presence of only one of either

of the complexant molecules in the disperse phase. Capsules were

then allowed to form as soon as the complexant soluble in the

continuous phase was added. When carried out at a flat water/oil

interface, this supramolecular complexation process yields flat

membranes (Fig. 2a) with the same degree of control. The power
1/2 for the thickness increase versus time (Fig. 2b) is in agreement

with a growth by diffusion-controlled self-assembly. The thick-

ness can be finely controlled by varying formation time, between

a few layers up to values of the order of 106 nm,27 in a wet state.

For a given ratio of chitosan and PFacidYN concentrations,

another parameter that can be used for the control of the

thickness is naturally the total concentration in complexing

molecules. Depending on the complexant concentrations and

solution viscosities, either the diffusion of the water-soluble or

oil-soluble species is limiting. It could be easily observed that

a low value (e.g. a factor of 10 lower) of either of the complexant

concentrations strongly limits the capsule formation rate,

proving the need of both complexants in sufficient quantity for

its formation. For a constant ratio of complexant concentra-

tions, equal to the value for our standard case, experiments were

conducted with lower concentrations (0.33 and 0.1 times the

standard concentrations). Results showed a linear thickness

increase with concentration, in a first approximation.

SEM analysis shows that the dry membrane does not reveal

porosity at the smallest observable scale (Fig. 2a), e.g.#10 nm. If

the samemembrane thickness as obtained after one hour with the

standard concentrations had to be obtained by a layer-by-layer

adsorption process, assuming 5 nm dry composite layer thick-

ness, this would imply a fabrication rate of 100 layers within an

hour, which would be very difficult when batch production is

considered. Consequently, the present method would provide

a real advantage for batch methods in terms of the rapidity and

ease of fabrication.

It can be noticed that other common polycations assessed in

their ability to form interfacial membranes with PFacidYN for

comparison with chitosan, such as polyallylamine or poly-

ethylenimine, did not show any similar membrane growth, or

a membrane with substantial strength. The tests were conducted

in the pH range 1–3, and with polycations of Mw and concen-

tration values in the same magnitude as that of our chitosan-

based system.27 The feature more specific to chitosan compared

to the other polyelectrolytes tested is the presence of hydro-

phobic moieties (for incomplete deacetylation).32 The interac-

tions of water-soluble polymers with fatty acid phases can

actually be very complex, whereby hydrophobic and hydrogen

bonding interactions are often discussed.33 It is thus expected

that such capsule would not form for chitosan having a very high

deacetylation degree, i.e. close to 100%.

Properties of the membrane and capsule shell

All data presented here in the figures were obtained with pH set

at 3, at which nearly all amine groups of the chitosan carry

a positive electrostatic charge, and with chitosan and PFacidYN

concentrations referred to as ‘standard’ herein (see Methods

section).

The shear rheology of the interface in the linear deformation

regime (Fig. 3a) displays a more elastic than viscous character

from the first measurement point on, i.e. after 2 min of the

formation time. When the shear elastic modulus achieves the

order of 0.5 Pa m, the membrane can be easily manipulated with

tweezers. After washing steps using water at pH 3, the membrane

could be recovered in an aqueous solution, or in solvents such as

ethanol or acetone, and retained its integrity and shape over

several months at room temperature. When recovered in water,

the pH could be subsequently changed using 1 mol L!1 HCl or

NaOH to adjustable values, and it was observed that the mem-

brane’s integrity was retained over a year in the window of pH 2–

14. In contrast, when exposed to water at pH 1 it degraded within

a couple of days. Capsule integrity was also retained after

Fig. 2 (a) Thickness of the dried out membrane as determined from

SEM images, for standard concentrations versus formation time. The line

shows a power-law fit (exponent 0.54). (b) SEM image of membrane. The

error bar is 15% of the value of each point.
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Fig. 6: Shapes of non-spherical topology. a) a non-axisymmetric torus, b) an axi-symmetric
circular torus, c) the “button” surface of genus 2 [5, 6].

Fig. 7: Local radii of curvature R1 and R2 and normal vector n of a membrane patch.

Osmotic control of volume: Experimentally, one controls in these systems often the osmotic
conditions of the external solution. Even if one works with “pure water”, there are necessarily
osmotically active impurities around. Since the membrane is permeable for water, the volume
changes up the point where practically no more osmotic pressure difference acts. The bend-
ing moments that can be derived from (2) are just too weak to balance any non-zero osmotic
pressure. Therefore, vesicle configurations must be determined at a prescribed volume V .

2.2 Phase diagram of a minimal model
We are now looking for the shapes which minimize the curvature energy (2) for given area A
and volume V . These constraints are added with Lagrange multipliers Σ and P to the energy
(2) which leads to

F ≡ Fκ + ΣA + PV. (3)

The minimization of (3) must be performed numerically. This is done by solving the Euler-
Lagrange-equations, δ1F = 0, in a suitable parametrization of an axisymmetric shape [9]. This
procedure leads to stationary shapes which are local minima and saddle points in the shape

10 µm

Kantsler et al., 2005

Another interesting phenomenon observed is the forma-
tion of buds. These could be seen intermittently in the
experiments: sometimes the vesicle surface folds to the
point that it creates the enclosure of a smaller vesicle inside
the main one (Fig. 4). We have not studied this phenome-
non in detail, but some of its features can be described as
follows: the enclosure process is irreversible, the bud scale
is much smaller than the scale of the excited mode corre-
sponding to the given !, and the phenomenon is mostly
seen in the vicinity of !c.

To summarize, we presented experimental results about
the relaxation dynamics of vesicles in elongation flows
suddenly switched on or reversed. The most surprising
result of these studies is a new instability that results in
the excitation of higher-order modes, i.e., wrinkles, in the
membrane, during the vesicle relaxation following the
reversal of the velocity gradient. This unexpected genera-
tion of wrinkles suggests that only the appearance of a
negative surface tension during the vesicle deflation due to
compression in the transient can explain the effect. A
recent theory [16] used this physical picture to derive a
criterion for the onset of the instability and the power law
dependence of the average wave number of the higher-
order modes as a function of !, which are in reasonable
agreement with our experiment.
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excreted through the kidneys27. Experiments with discoidal part-
icles28 have shown that they accumulate in the organs better than
their spherical counterparts; however, particle internalization by
macrophages appears to be worse for elongated particles29.
Adhesion of different particles has been studied experimentally30,31

and theoretically32,33, with the result that oblate ellipsoids are subject
to stronger adhesion than spheres with the same volume. To better
understand the adhesion potential of micro- and nano-particles, a
quantitative description of particle margination under realistic blood
flow conditions is required.

In this work, we investigate the role of particle size and shape on
the margination efficiency, and therefore on their adhesion potential.
Several sizes ranging from about hundred nanometers to a few
micrometers and two different shapes (spherical and ellipsoidal)
are considered. The margination of micro- and nano-particles is
studied numerically for a wide range of hematocrit values, vessel
sizes, and flow rates using a combination of two-dimensional (2D)
and three-dimensional (3D) models. Our results indicate that large
particles possess a larger probability of being marginated than small
particles. As the particle size becomes very small (less than about
100–200 nm), the particle distribution within vessel cross-section
can be described well by the plasma volume around flowing RBCs.
Furthermore, spherical particles marginate better than ellipsoids,
however the adhesion efficiency of ellipsoidal particles is expected
to be superior in comparison to that of spheres due to their slower
rotational dynamics near a wall. Finally, we discuss what size and
shape of micro- and nano-carriers may be best suited for biomedical
applications.

Results
Blood is modeled as a suspension of RBCs and micro- or nano-
particles, while blood flow is studied in idealized microvessels using
simulations in 2D and 3D, see Fig. 1 and Methods section for details.
The 3D blood model has been shown to properly capture essential
properties of blood flow in microchannels34 as well as blood rheolo-
gical characteristics35,36. To study micro- and nano-particle margina-
tion for a wide range of conditions, we also exploit a 2D blood flow
model due to its numerical efficiency; however, we will show that the
2D model is able to qualitatively reproduce the required blood flow
characteristics and the particle margination effect in comparison
with the 3D model.

Blood flow characteristics. The simulated system corresponds to a
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

Ht is defined as the volume fraction of RBCs. To characterize the flow
strength, we define a non-dimensional shear rate in both 2D and 3D
as

_c!~!_ct~!_c
gD3

r

kr
, ð1Þ

where !_c~!v=W is the average shear rate (or pseudo shear rate) and !v
is the average flow velocity computed from the flow rate, while t
defines a characteristic RBC relaxation time. Here, g is the
solvent’s dynamic viscosity, Dr~

ffiffiffiffiffiffiffiffiffiffiffi
A0=p

p
in 3D and Dr 5 L0/p in

2D are the corresponding RBC diameters, where A0 is the RBC
surface area in 3D and L0 is the cell contour length in 2D, and kr is
the RBC membrane bending rigidity. The RBCs are further
characterized in 2D by the reduced area A!~4A0

"
pD2

r

# $
~0:46,

and in 3D by the reduced volume V!~6V0
"

pD3
r

# $
~0:64, where

A0 is enclosed RBC area in 2D and V0 is the enclosed RBC volume in
3D. Typical values for healthy RBCs are Dr 5 6.5 mm in 3D, while Dr

5 6.1 mm in 2D, g 5 1.2 3 1023 Pa s, and kr lies within the range of
50–70kBT for the physiological temperature T 5 37uC. Suspended
micro- and nano-particles are characterized by the diameter for
spheres and by the long axis for disks, denoted Dp in both cases.

Particle margination in 2D and 3D. Margination of micro- and
nano-particles in blood flow depends on Ht, W, and _c!.
Figures 2(a),(b) illustrate the distribution of carriers of size Dp 5
0.28Dr (1.83 mm) for two Ht values in 3D. For better visibility, the
carrier positions from a few snapshots are superimposed in the plot.
The carrier surfaces are colored according to their radial position in
the channel, with yellow color indicating a position near the channel
center, while blue color corresponds to a position near the wall.
Clearly, the carriers are marginating better for the case of larger Ht.

Carrier positions in blood flow sampled over time lead to particle
distributions, which reflect the probability of a particle to be at a
certain distance from the wall. Figure 2(c) shows several center-of-
mass distributions of circular particles in 2D with Dp 5 0.3Dr

(1.83 mm) for several Ht values and _c!<29:3. The RBC-free layer
(RBCFL) thickness, which is computed from simulation snapshots
through the analysis of the RBC core boundary34 similar to experi-
mental measurements37 (see Supplementary Fig. S1), is depicted by
small arrows. The distributions have been averaged over the halves of
the channel due to symmetry. Figure 2 shows that the carriers
migrate into the RBCFL and remain quasi-trapped there. With
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
experimental observations17 and simulations38–40 of margination of
blood platelets, which have a comparable size.

To quantify and compare particle margination for a wide range of
flow and particle parameters, we define the margination probability
as a fraction of particles whose center-of-mass is located within the
near-wall layer of thickness d. The choice of d depends on the exact
problem to be addressed, and several possibilities can be considered.
To describe particle margination into the vicinity of a vessel wall, it is
natural to select d to be the RBCFL thickness. Typical values of
RBCFL thickness and their dependence on Ht are displayed in
Supplementary Fig. S2. Figures 3(a),(b) present margination prob-
ability diagrams of particles for a wide range of Ht and _c! values
corresponding to 3D and 2D simulations, respectively; the compar-
ison shows that roughly _c!3D<1:2 _c!2D. Particle margination strongly
depends on Ht as well as on shear rate. At low Ht values, particle
margination is expected to be weak, while at high Ht the margination
might be also attenuated due to particle-RBC interactions near a wall.
The latter effect has been described for a marginating white blood

Figure 1 | Snapshots of cell and particle conformations in microchannels
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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found a x1=2 scaling for the diffusive front. In our case, a
peak of fixed area spreads, and self-similar solutions exist
under the condition of a widening with a x1=3 scaling [41].
The self-similar concentration profile is parabolic, and one
finds the following relation for the expected half-width at
half-height of the RBC cloud:

wðxÞ ¼ w0ð1þ Ax=w3
0Þ1=3; (3)

where the initial peak has width 2w0, A ¼ 27f3R
2N0

8
ffiffi
2

p
h

and

N0 ¼
R
!ðx; yÞdy is the conserved number of particles

[41]. The scaling w3 % w3
0 ¼ Ax, as well as the parabolic

concentration profiles, are nicely recovered in experiments
for different h, w0, and N0 (Fig. 3), and the slope A gives a
direct measurement of f3. Figure 4(a) shows that for all
available data in the mid-concentration range (!< 16%),
A is a linear function of N0=h, giving a dimensionless
diffusivity for RBCs f3¼0:12&0:01, with 2R¼7:2"m,
the mean diameter of a RBC. With similar choice for R,
f3 ¼ 6:9 was found for very flat platelike particles [34].
This discrepancy cannot be related to the deformability of
RBCs: self diffusivity of hardened cells has been shown
to be of the same order as the one of normal cells [30].
However, both discoidal particles are tumbling; thus, the
effective occupied volume is much larger. Replacing ! by
!Ve=V, where V is the particle volume and Ve ¼ 4#R3=3
this effective volume, we find f3 ¼ 0:05 for RBCs and
f3 ¼ 0:18 for platelike particles. These values are now
comparable. The remaining difference can be attributed
to the details of the hydrodynamic interactions. For
instance, in Ref. [22], f3 varies from 0 to 0.03 for rough
spheres with minimal separation going from 0 to 0:08R.

At higher volume fractions of RBCs (!< 30% in the
experiments), the diffusion should not be a consequence of
pairwise interactions only, since a RBC interacts with
multiple neighbors, and interactions between at least three
bodies should also be considered. These interactions lead
to an additional term proportional to !2 in the diffusion
coefficient and to a different scaling, namely x1=4 if these
three-body interactions were the dominant effect [41].
However, the noise in the experimental data allows a rather
good rescaling with exponents between 1=3 and 1=4. By
forcing a 1=3 exponent, one gets an effective diffusivity
which increases more than linearly with concentration,
showing the increasing importance of three-body interac-
tions in the diffusive process [Fig. 4(b)].

An interesting potentiality of this experimental device is
the possibility to measure both diffusivities f2 and f3

corresponding to repulsion of interacting cells in the plane
of shear and in the vorticity direction [24]. In a channel
with cross section 190' 99 "m2, a nearly parabolic flow
with gradients of velocity in both directions y and z was
produced. The averaged concentration profile observed in
the z direction therefore widens due to hydrodynamic
repulsion in the local shear and vorticity directions. By
varying the initial position y0 of the RBC stream, one can
vary the weight of the f2 and f3 contributions, with a
contribution of f3 only for y0 ¼ 0 and an increasing con-
tribution of f2 as the stream is moved towards the channel
edges. With the additional simplification that in the y
direction, all particles experience the velocities and shear
of position y0 (narrow cloud approximation), one gets an
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FIG. 3 (color online). (a) concentration profiles !ðx; yÞ in four
sections of flat channel with 2h ¼ 53 "m, for a cloud with w0 ¼
41:0 "m and N0 ¼ 8:1 "m. Full lines show fits with parabolic
profile. (b) Cloud half-width w as a function of position x along
the channel for several initial conditions and for two different
thicknesses (empty symbols, 2h ¼ 53 "m, _$max¼113s%1; full
symbols, 2h ¼ 101 "m, _$max ¼ 211 s%1). Full lines show lin-
ear fit for w3 as suggested by Eq. (3).

FIG. 2. Example of RBC diffusion in a flat channel. Initial mean volume fraction is around 15%.
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The slipper shape is shown with red color hatched with thin lines, in
order to distinguish them from the parachute shape. In the absence of
a viscosity contrast, we did 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 slip-
per shape coexists with the parachute one. Whether one shape pre-
vails 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 con-
verge 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).

We believe that the reported experiments on RBCs (Abkarian et al.,
2008; Guido and Tomaiuolo, 2009; Tomaiuolo et al., 2009) have always
explored the high enough Cκ regime. Indeed they often observe a sym-
metric shape (which corresponds to the upper part of the orange do-
main in Fig. 3). Then upon increasing the flow strength (increasing Cκ)

the parachute transforms into a slipper. We shall come back more pre-
cisely to this point in the section devoted to discussion.

Discussion

We have seen that in the confined flow the slipper solution pre-
vails at low enough and at large enough flow strength. The slipper
is found to be faster than the parachute. A qualitative explanation is
as follows. The slipper, despite having a center of mass outside the
centerline, has its mass that is more confined around the centerline.
This is seen on Fig. 5 where the parachute shape is compared to the
slipper one. We have also computed the inertia moment with respect
to the imposed flow centerline for each shape. This quantity informs
us on how the representative points of the cell are distributed around
the centerline. We find that the inertia moment of the slipper is
smaller than that of the parachute shape (Fig. 6).

Experiments have reported (Abkarian et al., 2008; Tomaiuolo
et al., 2009) that slipper flow takes place when increasing the flow
strength. In the study by Abkarian et al. (2008) the capillary number
is, in our definition, estimated to about 100 when their viscous pres-
sure (their vertical axis in their Fig. 3 (b)) is equal to 1000 Pa. Their
transition line from parachute to slipper is found experimentally
equal to about 700 Pa, which would correspond in our units to about
Cκ=70. Our numerical study shows a value that is about 120 (the
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Fig. 5. The comparison of the slipper (full line) and the parachute (dotted line) shapes.
The slipper, despite the fact that its center of mass is off-centered the total mass distri-
bution is more focused around the flow centerline than the parachute shape (Cn=0.8
and Cκ=20).
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Self diffusion of RBC jet
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Lecture 1: Basic notions, modelization

Fluid and flow descriptions
Interfacial mechanics for vesicles and capsules
Coupling conditions                                             

How to describe such complex system?
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Lecture 2: Dynamics of vesicles and capsules in unbounded shear flow

Keller Skalak Model —> tumbling and tank-treading dynamics

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

Real phase diagram for vesicles 
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Lecture 2: Dynamics of vesicles and capsules in unbounded shear flow                                        
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Swinging and tumbling of elastic capsules in shear flow 219
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Figure 4. Phase diagram of an elastic capsule in shear flow with the tumbling and
tank-treading regimes as a function of the viscosity contrast ϵ and the inverse dimensionless
shear rate χ−1. The solid line is a guide to the eye separating the tank-treading (circles),
tumbling (crosses) and transient region (diamonds) for our simulation. Dashed lines indicate
the 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
evidence for this kind of motion, but rather found transient dynamics from tumbling to
tank-treading. The numbers correspond to following figures, where parts of the phase diagram
are examined closer. Geometrical parameters: a2 = a3 = 0.9a1, elastic parameters: ν = 0.333,
κ̃ = 0.01, C̃0 = 1.

Nevertheless high-order modes accumulate numerical errors during the simulation
run, in particular at large shear rates, thereby limiting the maximum simulation time.

Phase diagram

Our numerical results for the overall phase diagram are summarized in figure 4, where
the dynamical behaviour is plotted as a function of the inverse dimensionless shear
rate χ−1 and the viscosity contrast ϵ. At low shear rate, the hydrodynamic forces
are too small to overcome the energy barrier present for a tank-treading motion
due to the shape memory effect. Therefore, capsules tumble at low χ , while an
oscillating tank-treading behaviour is stable at large χ . We also observe a transient
dynamics from tumbling to tank-treading for large viscosity contrast ϵ, which will be
discussed below. Although this transient dynamics might be taken as an indication
of intermittent motion, we could not find conclusive evidence during the time of
our simulation runs. In particular, we never observed a transition from tank-treading
to tumbling. Also shown in this figure is the phase diagram for the analytic model
by Skotheim & Secomb (2007). The qualitative agreement, apart from the apparent
lack of intermittent behaviour, seems to be rather good, given the crude dynamics
implemented in the reduced analytical model. Only at large viscosity contrast do
pronounced differences in the shape of the phase diagram start to feature. Closer
inspection of the data reveals significant oscillations of the axis lengths, which are fixed
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Kessler et al., JFM, 2008

Real 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 P H Y S I C A L R E V I E W L E T T E R S 11 FEBRUARY 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
deformed by the flow and remained settled on the substrate
under large shear rate, up to "g ! 8 s21.

Shape analysis and orientations.—The enclosed
volume V and the surface area S of each vesicle
were determined from their contour at rest by a method of
azimuthal integration [12]. We characterized each vesicle
by its effective radius, defined as R ! !3V "4p#1"3,
and its reduced volume (dimensionless number),
y ! V "$ 4

3 p! S
4p #3"2%, which measures its state of

deswelling (y ! 1 for a sphere). Vesicle deformability
increases with !1 2 y#. The integration method gave
the position of the vesicle center of mass during the
motion. It also yielded the direction of its two principal
axes of inertia, the angle u of inclination of the longest
axis of the vesicle with respect to the flow direction,
and the vesicle-substrate distance h. When the shear
rate increases up to "gc, the inclination angle u increases
rapidly. At "gc, the value of the tilt u is very close to a
limiting value ul , which is reached when the wall-vesicle
distance is of the order of magnitude of one vesicle
radius. The value of ul depends only on the reduced
volume y. This result can be understood by considering
that the vesicles experience torques due to the shear flow
and to the tank-treading motion. The balance of these
two torques, both proportional to "g, results in a steady
tilt independent of the shear rate. Variation of ul with
y is in good agreement with theoretical predictions [13]
and observations [14] concerning vesicles in nonbounded
shear flow. The vesicle shape is therefore not affected by
the wall at distances larger than approximately one radius.

Sliding and tank treading.—Vesicle tank treading was
clearly observed from the rotational motion of one de-
fect linked to the membrane. This motion allowed us to
measure the membrane angular velocity v for two vesi-
cles. We also measured the translational velocity V of
the center of mass along the flow direction for all studied
vesicles. Variations of V and vR versus the shear rate "g
are linear as long as the vesicles remain bounded to the
substrate (Fig. 2). The ratio vR"V was found equal to

0.49 and 0.51 for two vesicles of radii 14.8 and 18 mm,
respectively. These values show that vesicles roll and
slide along the wall in the same proportion. A combina-
tion of sliding and rolling has been previously reported on
vesicles moving close to a wall under gravity [15].

In order to further explore the laws of vesicle motion,
we plotted the variations of the ratio V" "g versus R for all
studied vesicles (Fig. 3). The data fall on a single curve
independent on the reduced volume of the vesicles: data
obtained on quasispherical nondeformable vesicles lie on
the curve together with that on deflated vesicles. This
feature corroborates recent 2D-numerical simulations [16],
which show that the dominant term of the hydrodynamic
dissipation in the motion of moderately deflated vesicles,
deviates less than 5% from that of a sphere. These results
led us to use the Goldman model proposed for the motion
of rigid spheres [17], in the limit h0"R ø 1, where h0
is the distance between the surface of the sphere and the
substrate. The model yields
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FIG. 2. Translational (V) (≤) and rotational (vR) (±) velocities
versus shear rate "g (R ! 18 mm, reduced volume y ! 0.95,
weight P ! 4.2 pN).
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Lift of a vesicle with gravity



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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