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We report a numerical study addressing the dynamics of compound vesicles confined in a channel
under shear flow. The system comprises a smaller vesicle embedded within a larger one and can be
used to mimic, for example, leukocytes or nucleate cells. A two-dimensional model, which combines
molecular dynamics and mesoscopic hydrodynamics including thermal fluctuations, is adopted to
perform an extended investigation. We are able to vary independently the swelling degree and the
relative size of vesicles, the viscosities of fluids internal and external to vesicles, and the Capillary
number, so to observe a rich dynamical phenomenology which goes well beyond what observed for
single vesicles, matching quantitatively with experimental findings. Tank-treading, tumbling, and
trembling motions are enriched by dynamical states where inner and outer vesicles can perform
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different motions. We show that thermal fluctuations are crucial during trembling and swinging
dynamics, as observed in experiments. Undulating motion of the external vesicle, characterized by
periodic oscillation of the inclination and buckling of the membrane, is observed at high filling fractions.
This latter state exhibits features that are shown to depend on the relative size, the swelling degree of
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1. Introduction

Compound vesicles, which comprise a smaller vesicle embed
ded within a larger one, are systems of relevant biological
importance since can be seen as biomimetic models for
multi-compartmentalized cells such as leukocytes'™ or nucle-
ate cells.®”® Furthermore, vesicles embedding one or even more
vesicles, as in the case of vesosomes,”'? are also of interest for
drug delivery applications,"" where controlled deformation and
compartmentalization can be properly exploited."> Compound
vesicles under shear flow have attracted attention due to their
relevance in physiological conditions and microfluidic systems,
where cells or synthetic vesicles experience different dynamical
states.'®> The study of their dynamical behavior requires
to take into account inter-membrane interactions, membrane
dynamics, and fluid-structure coupling when exposed to
external flow.

The dynamical responses of single vesicles in shear flow,
including tank-treading (TT), tumbling (TU), and trembling
(TR) motions, have been extensively studied theoretically,"*™®
numerically,"*® and experimentally.>’ ' However, the intro-
duction of an internal vesicle produces a richer dynamics
since extra degrees of freedom are added such as internal
vesicle rotation, displacement, and deformation, as well as
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both vesicles as well as on thermal noise lacking in previous analytical and numerical studies.

hydrodynamic coupling between the internal and external
membrane. These features make compound vesicles a system
suitable to understand the interplay between membranes
dynamics under geometrical constraints and hydrodynamic
interactions.

Recent studies have revealed, in addition to motions observed
for single vesicles, novel dynamical modes unique to compound
vesicles, such as synchronized or asynchronous TU of the internal
and external vesicle,>"? swinging (SW) of the internal vesicle,
whose main axis oscillates around a positive mean angle, at
large shear rates,"* and undulating (UND) motion where the
external vesicle oscillates around a positive mean angle while
its shape undergoes large undulations.® Nevertheless, the para-
meter space governing these behaviors - including reduced
volumes of internal and external vesicles, ratio of the viscosity
of the fluid around the internal vesicle to the viscosity of the
outer fluid, Capillary number, and occupied fraction of the
interior volume - remains only partially mapped, and many
questions persist about dynamical behaviors. Indeed, theo-
retical approaches™” are limited to consider vesicles in the quasi-
spherical approximation, available numerical simulations®* neglect
thermal fluctuations that are known to be relevant in TR,'*32734
and experimentally it is not trivial to control physical and geome-
trical parameters of compound vesicles."

In the present study, we aim at exploring the behavior of
compound vesicles through numerical simulations access-
ing wide ranges of the parameters controlling the system. Our
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results are achieved by using mesoscale hydrodynamic simula-
tions of a two-dimensional model system, including thermal
fluctuations. These are expected® to be crucial in order to
capture features observed only in experiments.'* We can vary
the swelling degree of both vesicles going from deflated to
quasi-circular shapes, to tune independently viscosities for the
fluids around and inside each vesicle, to change the Capillary
number, and to consider different sizes of the internal vesicle.
In this way, we are able to observe a rich phenomenology in the
dynamical behavior of compound vesicles which well matches
with experimental observations of ref. 13. Moreover, our study
allows a full characterization of the UND motion under differ-
ent conditions to an extent never observed before.

2. Numerical model

We consider a two-dimensional system consisting of a com-
pound vesicle, made of one internal (int) vesicle embedded in
an external (ext) one, which is suspended in a shearing fluid
(see Fig. 1).

The fluid in each of the three zones, separated by the vesicle
membranes, is described by the multi-particle collision
dynamics®*™*° with viscosities fout, #an, Hin fOr the outer (out),
annular (an), and inner (in) areas, respectively. The system of
size L, x L, is placed between two horizontal walls sliding along
the x-direction (flow direction) with velocities +v,,. Periodic
boundary conditions are imposed along the flow direction
and bounce-back boundary conditions are implemented at the
walls.*>*! This allows us to simulate a linear flow profile (jy, 0)
with shear rate j = 2v,,/L,, y being the vertical coordinate along
the shear direction. Each vesicle is modeled by enforcing the
conservation of internal area A, and perimeter L, of the
enclosing membrane, and simulated via molecular dynamics.
Internal and external membranes are characterized by the same
bending rigidity x and experience a mutual repulsion at short
distances.*> Solvent particles and membranes interact via
three-body collisions which conserve linear and angular
momenta.”” The details for the numerical implementation of
fluid, vesicles, and solvent-membrane coupling can be found in
ref. 26 and 43. It is useful for the following analysis to introduce
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Fig. 1 Schematic layout of the simulated system.
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the excess length 4 = Ly/\/Ayp/n — 2n. 4 is a measure of the
swelling degree, being 4 > 0 in the case of deflated vesicles and
4 = 0 for circular ones. The vesicle dynamical states in shear

flow can be characterized by the dimensionless quantities A =

(324 23/)\/Aext/(8v/30n) and S = 147" /(3v/34ex)'® where
A = Nan/Mout 1S the viscosity contrast and 7* = ?ﬂouth,ext/K is the
Capillary number (or reduced shear rate), R, = Lo/(27) being the
vesicle radius. The use of A and S will allow us to make easy
comparison with the experimental results."* The compound
vesicle dynamics is also affected by the occupied fraction of the
interior area of the external vesicle, defined to be ¢ = Rgint/
R(,,ext,s’s’13 and by the excess length 4;,, of the internal vesicle.!®

The novelty of the present study is that we are able to vary all
the four parameters A4, S, ¢, 4in: in wide ranges, accessing
different dynamical states of the compound vesicle. In the
following we set 0.16 < Ao < 1.23, 0.16 < d; < 0.74,
02 < ¢ 08,1 < /1 <151 < 7 < 20, %in = Nouv
Ly/Ry exe = 12.04, and Ly/Ry e = 5.76, while maintaining fixed
Ry ext- The bending rigidity is chosen to be x = 3.27kgTRg ext,
where kpT is the thermal energy of the system. This value of x
gives rise to a comparable amplitude of undulation modes as
for compound vesicles in experiments™ (see the following
Fig. 3(a)). All simulations are run by keeping the inertial
effects negligible: this is assured by making the Reynolds
number Re = )'fp(,mRO,extz/nout =< 0.1, poue being the outer fluid
density.

3. Results

In this section we show and characterize the different dynami-
cal states of compound vesicles discussing the results and
comparing them with previous studies.

3.1. Tank-treading motion

At values 4 < 1 and 10 < S < 10, compound vesicles are
found in a steady TT regime. Both internal and external vesicle
keep a steady inclination angle 0, defined as the angle between
the vesicle main long axis and the flow direction, while the
membranes perform a tank-treading motion with a character-
istic frequency w. This motion is observed for different swelling
degrees of internal and external vesicles in a wide range of
the filling fraction (0.4 < ¢ < 0.8). In order to compute
the inclination angle, the two eigenvalues Ay and A, with
Am > Am, of the vesicle gyration tensor are extracted. The
inclination angle is defined as the angle formed by the eigen-
vector corresponding to Ay with the flow direction. The average
inclination angles (0) of compound vesicles are shown in
Fig. 2(a). Data of the external vesicle (red triangles) show a
monotonic decrease with 4. Moreover, the values of ()¢ are
similar to the ones observed for single vesicles,*® which are
reported in the same figure (black circles) and can be quite well
fitted by a straight line. The comparable values of the inclina-
tion angles suggest that the transition at (§) ~ 0 from the TT
regime to the TR one occurs at similar value 4. ~ 1.91, and
that the internal vesicle has negligible effect on the external

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Dependence of the average inclination angle on A for the
external (red triangles) and internal (green squares) tank-treading vesicles
compared with data of single tank-treading vesicles (black circles).® The
full line is the fit to the data of single vesicles and the dashed line is the
same fit line shifted up. The data shown are obtained from different
compound vesicles with 0.16 < 4o < 1.23, 016 < 4;x < 0.74, and
0.4 < ¢ < 0.8. In the case of single vesicles it is 0.16 < 4 < 1.23.
(b) Dependence of the average tank-treading frequency on A for the
external (red triangles) and internal (green squares) vesicles compared with
data of single vesicles (black circles).

dynamics. On the other hand, the internal vesicle attains larger
inclination angles (green squares) with the same dependence
on A so that the data can be interpolated by simply shifting up
the fit line when using the external flow parameters 4 and S.
The larger values of (0);,, might be due to the confinement
exerted by the external vesicle, a phenomenon already observed
for single vesicles.** As a consequence, the relative angle
(0)int—(0)ext does not depend on A and ¢. These results are
fully consistent with the ones observed in the only available
experiments on sheared compound vesicles."> Numerical simu-
lations of a compound vesicle with a solid spherical inclusion®
and with an inner vesicle®” show a dependence of (0)., and
(0)ine N ¢. Moreover, differences in the values of ()., and A,
with respect to the case of a single vesicle, are observed. These
discrepancies can be attributed to the lack of thermal noise,
which is known to affect the TT-TR transition,* in previous
simulations. We can also compute the tank-treading frequencies
o whose average values, rescaled by the shear rate y, are shown for
the external (red triangles) and internal (green squares) membranes
of a compound vesicle and for a single vesicle (black circles) in
Fig. 2(b). Data points refer to the same systems presented in the
panel (a). Remarkably, it appears that the internal and external
membranes as well as the membrane of single vesicle rotate with
comparable rescaled average frequencies which show the same
dependence on A, while being not dependent on both the filling
fractions and the excess lengths.

In order to quantitatively characterize the shapes of the
external vesicle during the TT motion, we parametrize the
membrane contour as a function of the polar angle ¢ (0 <
¢@ < 2m) by writing the position r(¢) of any point on the
membrane as 1(¢) = Roexcer(@)[1 + u(¢)], where e¢p) is a unit
vector along the radial direction and u(¢) is the dimensionless
shape deformation. Since u(¢) is a real periodic function of ¢, it
can expanded via Fourier transform as u(¢) = Y uy, exp(im ¢).

m

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
-3
A 10
G
=
%
-4
10 F
(b)
5
10 F
6
10 I 1I0 1
5 5
m ()
(a)
Fig. 3 (a) Comparison of the spectra, averaged in time, of amplitudes of

shapes for a single vesicle with 4 = 0.74 (black circles) and a compound
one with Ayt = 4ine = 0.74, ¢ = 0.6 (red triangles). Both single vesicle and
compound one are in tank-treading motion at (4, S) = (0.61, 229).
Corresponding typical configurations are shown in panels (b) and (c),
respectively.

The computed stationary correlations of the complex Fourier
modes u,, are shown in Fig. 3(a) for a compound vesicle with
Aext = dine = 0.74 and ¢ = 0.6, and for a single vesicle with the
same excess length. Both single vesicle and compound one are
in tank-treading motion with flow parameters (4, S) = (0.61,
229). The main feature that appears, is the amplification of the
even modes of the external vesicle spectrum at m > 6 (red
triangles) compared with those measured for the single vesicle
(black circles). This is due to the fact that the shape of the
external vesicle is modified in the compound one, being more
parallelogram-like (see Fig. 3(c)), with respect to the ellipsoidal
shape of the single vesicle (see Fig. 3(b)).'®?° These features
match with what observed in experiments® where the mea-
sured values of (|u,|?) (see Fig. 2 of ref.13) are in a good
quantitative agreement with the present ones.

3.2. Trembling motion

Upon increasing A beyond 4., the external vesicle performs TR
motion during which its main axis oscillates around the flow
direction while undergoing strong shape modifications, as
found for single vesicles.*>*® The inner vesicle is observed to
perform SW motion, which is characterized by large variations
of the inclination angle around a positive mean value, as
depicted in Fig. 4(a) for small ¢ at (4, S) = (1.94, 1058). It can
be seen that at ) ~ 48 an isolated tumbling event occurs. This
reminds the intermediate regime between TU and SW observed
in simulations of quasi-spherical compound vesicles.® In order
to gain information about the shape deformation, the aspheri-
city A = [(lm — 4m)/(m + 2m)]> is computed, being A = 0 for
circular shapes. The time evolution of A for the internal and
external vesicles is shown in Fig. 4(b) where it can be appre-
ciated that A widely oscillates in time, appearing synchro-
nized with 0. as in the case of single vesicles.>® The
supplementary animation file moviel.mp4 provides a compre-
hensive view of the TR/SW motion. A similar dynamics has
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Fig. 4 (a) Time evolution of the inclination angles ey (red continuous
line) and 0, (green dashed line) of a compound vesicle with Agy = Ajnt =
0.16, ¢ = 0.2 at (4, S) = (1.94, 1058) showing trembling (external vesicle)
and swinging (internal vesicle) motion. (b) Time evolution of the aspheri-
cities Aext (red continuous line) and A (green dashed line) corresponding
to the case in panel (a).

vt

been observed for comparable values of ¢, 4, and S in the
experiments of ref. 13 (see Fig. 4 therein). The SW motion has
been also seen for the external vesicle of a vesicle embedding a
solid ellipsoidal inclusion which performs TU motion.> The
internal vesicle has been found in SW state also in previous
simulations of compound vesicles.”

3.3. Tumbling motion

A further increase of A determines the transition of the
compound vesicle to TU motion: both internal and external
vesicle rotate as solid-like elongated particles. Their angular
velocities are triggered by the fraction ¢ of the occupied interior
area. At small ¢, the internal and external vesicle motions are
weakly correlated. Their centers are not stationary, differently
from what happens in studies where thermal noise is
discarded,>” and their TU velocities slightly deviate from each
other. This desynchronizes 0;,(¢) and 0.y(t), as shown in Fig. 5
(a) for ¢ = 0.2 at (4, S) = (5.38, 138). The relative difference
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between the inclination angles is depicted in panel (b) of Fig. 5
in order to quantify the aforementioned desynchronization.
Larger values of ¢ allow the internal and external vesicles
to tumble in a synchronous way, as illustrated in Fig. 5(c) at
(4, S) = (4.18, 23). These features are in common with the
theoretical analysis of ref. 5 for quasi-spherical compound
vesicles, and have been as well observed in the experiments
of ref. 13 (see Fig. 5 and 6 therein) for comparable values of the
control parameters A, S, ¢, dint

3.4. Undulating motion

For large values of A and S and high filling fraction (¢ < 0.6),
the UND motion of the external vesicle appears. This is
characterized by regular oscillations of the inclination angle
Oext(t) around a positive mean angle (0.y) with wide shape
undulations® during the rotation of the membrane. By increas-
ing the filling fraction ¢, the amplitudes of O (t) reduce while
the average value (0ey) slightly increases. ¢ affects the motion
of the internal vesicle, as well, that can perform either SW, as
shown in Fig. 6(a) for ¢ = 0.6 (see also the supplementary
animation file movie2.mp4), or TT when increasing ¢, as
shown in Fig. 7(a) for ¢ = 0.8 (see also the supplementary
animation file movie3.mp4). In both cases, the flow parameters
are (4, S) = (5.38, 138) and the external vesicle is more deflated
than the internal one, being Ay = 1.23 and 4, = 0.74. It is
interesting to note that during the UND motion, the external
membrane buckles assuming lobated shapes which depend on
the filling fraction, as shown in Fig. 8(a) and (b). The shape
variations are quantified in the panels (b) of Fig. 6 and 7 where
the time behaviors of the asphericities Aey and Ay, are
depicted. It is evident that Ay oscillates with the same fre-
quency of Oy, reaching a local maximum when the inclination
angle is at its maximum. It has to be remarked that the
amplitudes of A.(t) during UND motion are much larger
compared to those ones observed in TR motion (see Fig. 4(b)).
Moreover, the oscillatory pattern can be used to determine a
characteristic frequency w, by performing a spectral analysis of
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(a) Time evolution of the inclination angles Oqy (red continuous line) and 6, (green dashed line) of a compound vesicle with dey = 1.23, Aine =

()

0.74, ¢ = 0.2 at (4, S) = (5.38, 138) in desynchronized tumbling motion. (b) Time dependence of A = 0;+—0ex corresponding to the data in panel (a).
(c) Time evolution of the inclination angles Oey; (red continuous line) and 6;.; (green dashed line) of a compound vesicle with Aey = 4ine = 0.74, ¢ = 0.6 at

(A4, S) = (4.18, 23) in synchronized tumbling motion.
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Fig. 6 (a) Time evolution of the inclination angles ey (red continuous
line) and 0, (green dashed line) of a compound vesicle with dey = 1.23,
Aine = 074, ¢ = 0.6 at (4, S) = (5.38, 138) showing undulating (external
vesicle) and swinging (internal vesicle) motion. (b) Time evolution of the
asphericities Aeyt (red continuous line) and A (green dashed line) corres-
ponding to the case in panel (a).
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Fig. 7 (a) Time evolution of the inclination angles 0qy (red continuous

line) and 6, (green dashed line) of a compound vesicle with Agy = 1.23,
Aine = 0.74, ¢ = 0.8 at (4, S) = (5.38, 138) showing undulating (external
vesicle) and tank-treading (internal vesicle) motion. (b) Time evolution of
the asphericities Aey (red continuous line and A (green dashed line)
corresponding to the case in panel (a).

the time series A.(t). Interestingly, it is found that w, ~ 2(®)ex
where () is the average rotation frequency of the external
vesicle. This result corresponds to the fact that the external vesicle
experiences stretching along the n/4 direction and compression
along the —mn/4 direction, due to the elongational component of
the shear flow,"” alternating strong shape fluctuations and relaxa-
tion into more circular shapes. This mechanism occurs twice
during every rotation cycle of the membrane, as can also be
appreciated in the supplementary movie files movie2.mp4 and
movie3.mp4. In order to characterize the UND motion, it may be
useful to plot the asphericity as a function of the inclination angle,
as reported in Fig. 9. When ¢ = 0.6, the trajectories for the external
vesicle are symmetric with respect to a vertical axis at a value
(0)ax: > 0. For clarity, we recall that in the TR case, the pattern of
trajectories is similar but centered at (6)2, ~ 0. The internal
vesicle undergoes SW with large variations of the inclination angle
while the asphericity weakly varies. By increasing the filling
fraction, the trajectories of the external vesicle assume the char-
acteristic shape of a closed ring, elongated along the vertical
direction, while the pattern of the internal vesicle is typical of TT

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Configurations of compound vesicles with Ay = 1.23, 4in = 0.74,
¢ =0.6(a), 0.8 (b) at (4, S) = (5.38, 138) and with Aey = dine = 0.74, ¢ = 0.6
(c), 0.8 (d) at (4, S) = (4.18, 229).
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Fig. 9 Asphericity A as a function of the inclination angle 0 for the external

(red triangles) and internal (green squares) vesicles corresponding in panels
(a) and (b) to the cases shown in Fig. 6 and 7, respectively.

motion. The relative positions of the centers of mass form closed
fluctuating trajectories whose amplitudes decrease with ¢, as
illustrated in Fig. 10 for the cases with Aey = 1.23, i = 0.74,
¢ = 0.6, 0.8 at (4, S) = (5.38, 138) of Fig. 6 and 7.

Lastly, when the external and internal vesicle have the same
swelling degree, we still observe UND motion for the external
vesicle with the formation of more lobes. The motion of the
internal vesicle is again controlled by the filling fraction
resulting in SW at ¢ = 0.6 and TT at ¢ = 0.8. However, the
amplitudes in the oscillations of O (f) and Aey(t) are reduced
with respect to the cases having Aex > 4ine. Typical configura-
tions of vesicles with Aey = Aijne = 0.74, ¢ = 0.6, 0.8 at (A4, S) =
(4.18, 229) are shown in Fig. 8(c) and (d), respectively. The
presence of UND motion with four rotating lobes in the external
vesicle has been also observed in previous simulations with
Aext = Aine at ¢ = 0.85 and large shear rates.® In that case,
however, due to the lack of thermal fluctuations, external
and internal vesicles show radial symmetry, their centers are

Soft Matter, 2025, 21, 9275-9281 | 9279
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Fig. 10 Probability distribution of the center-of-mass relative positions
for a compound vesicle corresponding to the cases shown in Fig. 6 (blue
circles) and in Fig. 7 (red squares).

stationary, and the internal vesicle performs SW motion, dif-
ferently from the present work. Finally, we add that the UND
regime has never been observed in experiments, probably due
to the difficulty of accessing high values of ¢."*

4. Conclusions

We have studied the dynamics of a compound vesicle in a wall-
bounded shear flow. Encapsulating a vesicle into an external
one adds extra degrees of freedom with respect to the case of a
single vesicle, due to internal vesicle rotation, displacement,
deformation, and to the hydrodynamic coupling between the
internal and external membranes. Our outcomes have been
obtained by using mesoscale hydrodynamic simulations of a
two-dimensional model system, including thermal fluctua-
tions. This latter feature, lacking in all previous analytical
and numerical approaches, has revealed to be fundamental in
order to observe characteristic trembling motion, as pointed
out in experiments."® By varying the flow parameters A and S,
the filling fraction ¢, and the internal excess length 4;,, the
system is shown to manifest a rich phenomenology in the
dynamical behavior. At values 4 < 1, vesicles exhibit tank-
treading motion that is fully characterized. The external vesicle
shows the same inclination angle of a single vesicle at fixed 4
and assumes a parallelogram-like shape, as quantified by the
spectrum of shape amplitudes. The internal vesicle shows a
larger inclination angle whose difference with respect to the
external one does not depend on A and ¢. By increasing A
slightly beyond the value A. of the TT-TR transition, the
external vesicle manifests trembling motion while the internal
one swings. Higher values of A trigger the transition to the
tumbling motion of both vesicles. At small filling fraction, the
two vesicles appear desynchronized while larger values of ¢
cause the mutual synchronization of vesicles. For large values
of 4, S, and ¢, the external vesicle shows undulating motion,?
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characterized by periodic oscillations of inclination angle and
asphericity while the membrane buckles. This dynamic state
exhibits unique patterns in the A—0 space that are shown to
depend on the relative size and the swelling degree of both
vesicles. The present numerical model, though limited to
consider a two-dimensional system, is able to provide quanti-
tative agreement with the experimental results of ref. 13. This is
a remarkable feature that was previously shown to hold in
describing correctly the flow patterns of single vesicles in shear
flow.>* In the present investigation, it was set #in = foue and
Nan = Noue Which implies that #;, < #a,. In the case of a single
vesicle, this would correspond to a tank-treading condition.
However, we find that the internal vesicle can be found in
different dynamical states due to the complex overall dynamics.
It would be interesting to consider which effects might be
triggered by setting #i, > 7an. Finally, we comment about the
presence of boundary walls. In our case, the degree of confine-
ment, defined to be y = ZR(),ext/Ly,23 is 0.35. For this value of y,
the study of single vesicles with the same numerical
model****** did not show relevant differences with respect to
the analytical solutions of Keller and Skalak,'* corresponding
to unbounded shear flow (y = 0). We do not expect that for the
considered value of y, walls can quantitatively affect the present
results with respect to unbounded shear flows. Indeed, our
results agree quantitatively with the ones of Ref. 13 whose
experimental setup is less confined than ours, being y ~ 0.25.
It would be interesting to consider effects of strong confine-
ment (;y > 0.4) on the present phenomenology, as done for
single vesicles.”

In conclusion, our model has allowed us to explore a large
part of the space of controlling parameters so to both obtain
results that are fully consistent with experiments, and charac-
terize the undulating motion® providing a comprehensive study
under different conditions. We hope that this latter result can
stimulate further experimental investigations capable to con-
sider systems with high filling fractions at large values of 4 and S.
Moreover, we believe that the present approach can reveal very
useful in order to address the dynamic behavior of compound
vesicles in oscillatory shear flow"® as well as of vesicles enclosing
two or more vesicles, as in the case of vesosomes.*°
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