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ase of giant unilamellar vesicles in
microfluidic wells†

Ayako Yamada,a Sungyon Lee,b Patricia Bassereau*a and Charles N. Baroud*c

We describe the trapping and release of giant unilamellar vesicles (GUVs) in a thin and wide microfluidic

channel, as they cross indentations etched in the channel ceiling. This trapping results from the

reduction of the membrane elastic energy, which is stored in the GUV as it squeezes to enter into the

thin channel. We demonstrate that GUVs whose diameter is slightly larger than the channel height can

be trapped and that they can be untrapped by flowing the outer fluid beyond a critical velocity. GUVs

smaller than the channel height flow undisturbed while those much larger cannot squeeze into the thin

regions. Within the range that allows trapping, larger GUVs are anchored more strongly than smaller

GUVs. The ability to trap vesicles provides optical access to the GUVs for extended periods of time; this

allows the observation of recirculation flows on the surface of the GUVs, in the forward direction near

the mid-plane of the channel and in the reverse direction elsewhere. We also obtain the shape of GUVs

under different flow conditions through confocal microscopy. This geometric information is used to

derive a mechanical model of the force balance that equates the viscous effects from the outer flow

with the elastic effects based on the variation of the membrane stretching energy. This model yields

good agreement with the experimental data when values of the stretching moduli are taken from the

scientific literature. This microfluidic approach provides a new way of storing a large number of GUVs at

specific locations, with or without the presence of an outer flow. As such, it constitutes a high-

throughput alternative to micropipette manipulation of individual GUVs for chemical or biological

applications.
Introduction

Cells are subjected to many changes in shape and in size during
their life cycle. This observation had motivated the early
development of continuum models and mechanical experi-
ments on lipid model membrane systems.1–4 Because they have
sizes similar to cells, Giant Unilamellar Vesicles (GUVs) are very
convenient model membrane systems and have been used to
investigate various cellular phenomena in reconstituted
systems, allowing direct observation by optical microscopy.5,6

Indeed, GUVs consist of an assembly of phospholipids that
form a closed bilayer membrane (also called liposome) in an
aqueous environment with diameters ranging from a few
microns to tens of microns. Mechanical properties of lipid
membranes can be measured precisely, using, for instance,
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micropipette aspiration4,7,8 or analysing their thermal uctua-
tions.9,10 These experiments are generally technically delicate
and performed on a single GUV at a time, making it tedious to
obtain reasonable statistics. Although GUVs are known to be
fragile, i.e. lipid membranes are hardly stretchable and easily
rupture under tension, one of the challenges in membrane
characterization is to manipulate GUVs in a controlled high-
throughput manner.

In this context, microuidic technologies constitute a
promising path to explore. Indeed, recent developments in
microuidics have enabled the handling of micron-sized
objects, such as cells, droplets, and particles in large quantities
under a controlled environment.11–15 It has also been success-
fully applied to study the behaviour of micron-sized deformable
objects, e.g. GUVs,16,17 cells,18–20 capsules,21,22 and water-in-oil (w/
o) droplets23 owing in conned geometries. However it has
generally remained difficult to keep these objects stationary in
order to obtain long-term observations.

In contrast with classical microuidic systems, where
objects constantly ow in a narrow channel, a few groups24–28

have recently developed microuidic methods to anchor liquid
droplets or gas bubbles. In particular, Baroud et al.,26–28 etched
small wells on the top surface of a channel in a Hele-Shaw
conguration. When a droplet or an air bubble is squeezed in a
This journal is © The Royal Society of Chemistry 2014
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channel with a height smaller than its diameter, it carries
excess surface energy due to the deformation caused by the
connement. When coming across a well with a larger height,
the droplet/bubble can slightly relax its area, and then gets
trapped by the attractive force produced by the surface energy
gradient. The trapping efficiency is strong enough to anchor a
droplet or a bubble against an outer ow but increasing the
ow velocity above a threshold value will release the drop from
the anchor.

While such a trapping mechanism would be useful for high-
throughput studies of GUVs, it is not clear a priori if a similar
anchoring mechanism would apply. Indeed, GUVs can only
increase their surface area by a few percent before rupturing,
contrary to drops and bubbles that do not have such limits. It is
therefore not clear that the variation in free energy of a vesicle is
sufficient to counteract the drag force due to the external ow.

Below we report the ability to trap GUVs in an analogous
microuidic device but with wells larger than the diameter of
the GUVs. We determine the range of ow rates at which GUVs
are trapped, and we describe the vesicle shape and ow on its
surface at a moderate ow rate. Finally, we investigate the
release of GUVs at critical ow velocities depending on lipid
compositions and compare the results to the elastic membrane
model based on published membrane stretching moduli, KA.

Materials and methods
Microuidic device fabrication

The microuidic device was fabricated in poly-dimethylsiloxane
(PDMS) according to the design depicted in Fig. 1. The channel
height and the well depth are 30 mm, the channel width is 3mm,
and the diameter of the wells is 110 mm. The master for the
device was fabricated using the dry lm photoresist so
lithography technique.29 In this method, successive layers of a
solid photoresist are deposited and exposed to UV using a
succession of masks that determine the features at each height.
Fig. 1 Scheme of themicrofluidic device for trapping giant unilamellar
vesicles (GUVs): top view of the whole channel (left), close-up view of
wells etched into the ceiling of the channel (upper middle), and side
view of a well with a trapped GUV (right). Fluorescence microscopy
image of trapped GUVs containing a fluorescent lipid and phase
contrast image of wells etched on the top surface of the microfluidic
channel taken from the bottom of the channel (lower middle).

This journal is © The Royal Society of Chemistry 2014
Once all layers are deposited and exposed, the complete device
is developed to reveal the mold that is then used to produce the
PDMS devices. This procedure is rapid (few minutes) and
simple to implement; it does not require a mask aligner since it
relies on superposing millimeter-scale structures.

PDMS and its linker of the Sylgard 184 kit (Dow Corning)
were mixed at the ratio of 10 : 1 (w/w), poured on the master,
and degassed. Aer more than 4 h of incubation at 60 �C, the
PDMS chip was cut and removed from the master.
GUV preparation

Non-uorescent lipids, L-a-phosphatidylcholine from chicken
egg (EPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
cholesterol (chol), and sphingomyelin from porcine brain (SM)
were purchased from Avanti Polar Lipids. A uorescent lipid,
Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine (Texas Red DHPE), was obtained from Life Technologies.
GUVs were prepared by an electro-formation method as
follows.30 Lipids including 0.5% (w/w) Texas Red DHPE were
dissolved and mixed well in chloroform at the total lipid
concentration of 0.5 mg ml�1. The lipid mixture was spread
onto the conductive surfaces of two indium tin oxide-coated
glass slides (ITO slides, Präzisions Glas & Optik), which were
warmed up at 50 �C prior to the lipid deposition by using a glass
syringe (Hamilton). The obtained lipid lms on ITO slides were
further dried under vacuum for 2 h at room temperature. Milli-
Q water or 3 mM sucrose solution was then sealed between the
lipid-deposited surfaces of ITO slides by using sigillum wax
(Vitrex Medical A/S). Immediately aer sealing, 1 V AC voltage at
10 Hz was applied between the ITO slides under light shielding
to grow GUVs, for 4 h at 50 �C for the mixture of SM and chol,
and at room temperature for the other compositions. The GUV
solution was collected in a microcentrifuge tube, kept at 4 �C,
and used within 2 days.

GUVs electro-formed in 3 mM sucrose solution were used as
‘pre-stretched’ GUVs aer 10–20 times dilution in Milli-Q water
whereas ‘non-pre-stretched’ GUVs were electro-formed in Milli-
Q water. Pre-stretching allows the removal of membrane defects
due to GUV preparation and is normally required to measure
membrane stretching properties, e.g. by the micropipette aspi-
ration technique.31
GUV trapping experiments

A PDMS chip with punched inlet and outlet holes was placed
under vacuum for 3 min prior to bonding with a glass micro-
scope slide using oxygen plasma. Immediately aer bonding,
0.5 mg ml�1 b-casein in phosphate buffered saline (Sigma
Aldrich) was introduced in the channel using a micro-pipette.
Owing to the vacuum treatment, air bubbles trapped in wells
during this process went out of the channel through the PDMS
wall. The chip was incubated with the solution for 5 min at
room temperature to deactivate the channel surface to avoid
GUV adhesion. The GUV solution 10–20 times diluted with
Milli-Q water was introduced into the channel using a pressure
pump (MFCS-FLEX, Fluigent) under microscopy observation.
Soft Matter, 2014, 10, 5878–5885 | 5879
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Note that b-casein solution was completely replaced by the GUV
solution before measurements.

During the course of an experiment, the ow was controlled
through a pressure difference between the inlet and the outlet
of the channel. This pressure drop DP ¼ Pin � Pout could be
related to the velocity of the uid U by modelling each section of
the channel as a linear resistor and summing up the resistors in
series. We obtained U (mm s–1)¼ 5� 10–2 DP (mbar) in the wide
region of the microchannel. This relationship was validated
experimentally by observing the ow of uorescent particles as
a function of the imposed pressure drop.

Once GUVs were trapped in wells, the pressure at the channel
inlet was decreased to reach DP ¼ 0. Fluorescence and phase-
contrast images of GUVs and wells in the channel at DP ¼ 0 were
recorded with a CCD camera (CoolSnap ES, Photometrics) and
MetaView soware (Universal Imaging) through a 10� objective
on an inverted uorescence microscope (Axiovert 135, Zeiss). DP
was then gradually increased again until the GUVs escaped from
the wells. The critical DP upon escape, DPc, was recorded for each
GUV. Lipid ow in a GUV membrane at a xed DP was recorded
in the same conguration. Stacks of confocal images of GUVs
were taken to visualize the three dimensional deformation of
GUVs through a 100� or a 40� oil immersion objective on a
confocal microscope (Eclipse TE 2000-E with a D-Eclipse C1
confocal head, Nikon, or LSM 510 META, Zeiss). All the experi-
ments were performed at room temperature. Image analysis was
done using ImageJ soware.

Experimental results
1. Vesicles in a range of sizes can be trapped

In this work, we used electroformation to produce giant vesicles
since this method is recognized to produce more than 90% of
unilamellar vesicles.30 Aer electroformation the initial size
distribution of GUVs covers a wide range, as shown by the size
distribution in ESI Fig. S1.† When such a GUV solution is
injected into the microchannel from the inlet, the vesicles have
varying fates depending on their sizes. The small vesicles,
whose diameter is smaller than the channel height (30 mm),
simply ow through and exit the channel. In contrast, vesicles
much larger than the channel height are blocked at the inlet
junction and sometimes explode due to shear, producing some
“ghost” membranes that oen adhere to the channel surface.
Finally, GUVs with a diameter slightly larger than 30 mm can be
successfully trapped in the wells.

At high density of GUV, i.e. without dilution aer electro-
formation, multiple GUVs were trapped in each well. By diluting
the GUV solution 10–20 times depending on the GUV density,
we could achieve the trapping of a few tens of isolated GUVs in
wells as shown in the lower middle image of Fig. 1. All the
measurements shown below were performed on the individu-
alised GUVs.

The trapping efficiency was measured by obtaining the size
distribution of GUVs that could be trapped in the device, as the
lipid composition was varied, as shown in Fig. 2. We observe
that the device selects vesicles in a narrow range of diameters,
oen in the 30–50 mm range. This however is not true for the
5880 | Soft Matter, 2014, 10, 5878–5885
7 : 3 EPC and cholesterol (mol/mol) vesicles without pre-
stretching, for which we have observed larger vesicles entering
the channel and getting trapped, suggesting a very high fraction
of membrane defects in the GUVs with this composition.
Nevertheless, when pre-stretched, the GUVs show a narrower
distribution of sizes that could be trapped, similar for all lipid
compositions (lled bars).

2. Flow on a trapped vesicle

Although the vesicle itself is stationary in the well when trap-
ped, the moving outer uid causes a ow on the interface. This
ow was visualized by tracking some uorescent lipid inho-
mogeneities in the membrane, as shown in Fig. 3 where three
spots could be tracked as a function of time (see also Movies S1
and S2†). A reconstruction of the spot positions (Fig. 3(b)) shows
that they are dragged in the direction of the outer ow near the
channel mid-plane until they reach the downstream stagnation
point. There, they are re-directed towards the regions close to
the top and bottom walls, where they make their way upstream
slowly. This returns them to the channel centre plane at the
upstream stagnation point, where their recirculating motion
repeats itself. The relative velocities of the forward and back-
ward motion, compared with the velocity of the outer ow, are
shown in Fig. 3(c). In the case presented here, the velocity of the
outer ow (U ¼ 2088 � 93 mm s�1) is larger than the spot
velocities along the edge (1040 � 22 mm s�1) and it is many
times faster than the backward velocity when the spots appear
in the central region of the vesicle (97 � 6 mm s�1).

Such motion has attracted much attention due to its
importance in biological and synthetic systems. Indeed, recir-
culatingmotion due to the outer uid has already been reported
in red blood cells or GUVs under different conditions: under
shear ow far from a wall,32–35 close to a wall,36,37 and adhering to
a wall.38–40 Physical models have also been developed to explain
this behaviour and to relate it to the physical properties of the
membrane. While the physical origin of the recirculation in the
present case is the same as described before, our microuidic
approach allows for a long term observation of the motion on
the interface without dewetting the GUV.

3. Shape of a trapped vesicle

Upon electro-formation GUVs are approximately spherical.
When a GUV whose diameter is larger than the channel height
ows into the microuidic device, it must deform due to the
geometric connement, which increases the elastic energy of
the membrane. Once inside the well, the GUV recovers its
spherical shape when the ow is turned off, as long as its
original diameter is smaller than the total height of the channel
and the well, 60 mm. The corresponding reduction in the surface
area creates an energy gradient and allows the vesicle to remain
anchored against an external ow.

The transition in shape from the unconned to the conned
state can be observed by imposing a moderate ux of the outer
uid while imaging a trapped vesicle with confocal microscopy
(Fig. 4). Here, three dimensional reconstructions of the shape of
stationary vesicles are obtained from images in successive x–y
This journal is © The Royal Society of Chemistry 2014



Fig. 2 Size distribution of trapped GUVs with different lipid compositions. Diameters were measured at zero flow. When GUVs are under hypo-
osmotic conditions, i.e. 3mM sucrose solution inside GUVs andwater outside, the size distributions are narrower (pre-stretched GUVs, filled bars)
compared to that under equi-osmotic conditions, i.e. with water both inside and outside of GUVs (non-pre-stretched GUVs, open bars). The
ratios of the lipids are in mol/mol.

Fig. 3 Flow in the lipid bilayer membrane of a trapped GUV induced by
outer medium flow observed from the bottom of the channel. (a) Left:
fluorescence image of the trapped GUV with bright spots on its
membrane together with the transmission image of the edge of a well
(Movie S1†). The bright spots are indicated with arrow heads. Middle:
trajectories of these spots obtained by superposition of 10 sequential
images. Right: illustration of the three dimensional view. (b) The
fluorescence signals of those bright spots are extracted by sequential
image subtraction (Movie S2†). The upper panel shows a sequence of
the subtracted images taken every 100 ms, depicted in the lower
panel. The lipid flow velocity was measured with these images. (c)
Velocities of outer medium flow, lipid flow at the edge of the GUV, and
lipid flow crossing the center of the GUV. Error bars represent standard
deviation.

Fig. 4 Left, three dimensional reconstruction of confocal microscopy
images of three different GUVs composed of 70% EPC and 30%
cholesterol (mol/mol). (a) Trapped in a well without flow, (b) trapped in
a well under a flow from left to right (DP ¼ 50 mbar), and (c) confined
outside a well, without flow. Right, cross-sections of left images in an
x–z plane. In (b), the GUV is deformed at the edge of the well. The
channel walls are indicated with dashed lines in the right panel. Bars,
10 mm.
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planes stacked in the z direction (le), in addition to cross-
sections of the three dimensional reconstruction in an x–z plane
(right). When the vesicle is in the well and in the absence of
ow, it takes a spherical shape as shown in Fig. 4(a). When a
moderate ow is imposed, the vesicle is pushed against the
microchannel walls by the outer ow, causing the membrane to
deform both at the corner of the anchor and on the bottom wall
(Fig. 4(b)). Finally, the vesicle in the thin region of the micro-
channel is visualized in Fig. 4(c), and we observe that the top
and bottom are attened against the microchannel walls.

When the outer ow is increased beyond a critical value, Uc,
the vesicle is released from the anchor, when the drag force on
This journal is © The Royal Society of Chemistry 2014
the vesicle exceeds the aforementioned energy gradient
(Movie S3†).

Three-dimensional images of this transition are not possible
to acquire however, since the GUV begins to move quickly.
4. Critical ow velocity for untrapping GUVs depends on
their size

As described in the Materials and methods section, we
measured the initial radii, R0, of individually trapped, spherical
GUVs in wells without ow. The critical ow velocities, Uc,
corresponding to a critical pressure drop DPc, to move these
GUVs away from traps are plotted against R0 in Fig. 5 for pre-
Soft Matter, 2014, 10, 5878–5885 | 5881



Fig. 5 Experimental measurements of the threshold flow velocity Uc for GUV untrapping versus the non-constrained GUV radius R0 for (a) SM–
chol 1 : 1, (b) DOPC, (c) EPC, (d) DOPC–chol 7 : 3, and (e) EPC–chol 7 : 3 (mol/mol). Solid lines correspond to the plot with eqn (6), and the
stretching moduli given in Table 2.

Table 1 kc values of different lipid compositions, from the literature

Lipid composition kc (10
�20 J)

SM–chol 1 : 1 31 � 2 (22 �C)44

DOPC 7.6 (30 �C)45

DOPC–chol 7 : 3 7.4 (30 �C)45

EPC 4.25 � 0.87 (23–25 �C)10

EPC–chol 7 : 3 14.4 � 5.6 (22 �C)46
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stretched GUVs with different lipid compositions. These graphs
show a clear dependence of Uc on R0.

In contrast with the data for pre-stretched GUVs, the rela-
tionship between size and critical velocity for non-pre-stretched
GUVs shows a noisier distribution. More importantly, the values
of Uc in the case of EPC–chol 7 : 3 GUVs are insensitive to R0 (ESI
Fig. S3†), which we attribute to the presence of surface defects
in the lipid bilayer. Such defects are expected to exist in
different proportions for all lipid compositions, and for
different GUV preparation methods.41 Our data clearly illustrate
that pre-stretching the GUVs helps in reducing the defects and
is required for a proper mechanical characterization of lipid
membranes. For this reason, we only treat the measurements
obtained aer pre-stretching in the following.
Model

In order to establish the mechanism underlying the trapping of
the lipid GUV, we have developed a model in which the
membrane is described as an elastic material that encloses a
xed volume of uid. In addition, the GUV is either squeezed
into a channel and highly stretched or trapped in the well and
has low stretching. The prediction of the trapping force is then
compared with an estimate of the drag force produced by the
outer ow, which yields the critical velocity required to untrap it
from the well.
Table 2 KA values of different lipid compositions, from the literature

Lipid composition KA (mN m�1)

SM–chol 1 : 1 2193 � 209 (30 �C)8

DOPC 310 � 20 (15 �C)8

DOPC–chol 7 : 3 420 (30–33 �C)45

EPC 167 � 23 (14 �C)47

POPCa–chol 7 : 3 354 � 5 (25 �C)48

a Predominant component of EPC.
1. Free energy of the vesicle membrane

Themembrane of a vesicle can be modeled as a continuous two-
dimensional surface that resists area dilation and bending.2,4

Thus, the free energy of the membrane, E, consists of surface
stretching energy, Es, and bending energy, Eb. The GUV bending

energy corresponds to Eb ¼ kc
2

ð
k2dA, where k is the mean

curvature of the vesicle surface and kc is the bending rigidity.
Our model does not include a Gaussian curvature term in Eb,
since the membrane topology remains constant in our experi-
ments.2–4 In the present problem, we estimate the magnitude of
5882 | Soft Matter, 2014, 10, 5878–5885
Eb to be Eb ¼ 8pkc z 2 � 10�18 J, based on the typical
membrane bending rigidity kc � 10�19 J, as given in Table 1.

The stretching energy of a vesicle is Es ¼ s(A � A0) ¼ sDA,
where A0 is the membrane area in the zero tension state. In
contrast to drops and bubbles however, s increases with surface
deformation in two tension-dependent regimes.4 In the low-
tension regime (for s < �10�4 N m�1), s increases logarithmi-
cally with increasing DA, while in the high-tension regime, s ¼
KADA/A0. Here, the expansion parameter KA is a material
constant that depends on the lipid composition (Table 2).

For the analysis, we focus on pre-stretched vesicles only; they
are tensed due to the hypo-osmotic conditions and thus are in
the second regime. Although they are not in the zero-tension
state, we assume that their spherical area is equivalent to A0.
Then, assuming a 1% relative area stretching, Es is estimated to
be 3 � 10�14 J with a vesicle radius of 15 mm and KA � 100 mN
m�1 (Table 2), which is nearly 4 orders of magnitude larger than
This journal is © The Royal Society of Chemistry 2014
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Eb. Therefore, we reasonably neglect the bending energy in
calculating the vesicle shape.

We deduced A0 and the volume of each GUV from its uo-
rescence image at zero ow, by measuring its diameter in the
well (Fig. 4(a)). When the vesicle exits the well and becomes
conned (Fig. 4(c)), it departs from a spherical conguration
while keeping its volume. The new shape is determined by
minimizing the change in surface energy from the spherical
state,

DE ¼ KA

DA2

A0

(1)

which is equivalent to minimizing A. Mathematically, minimal
surfaces for a xed volume have a constant mean curvature (e.g.
a sphere if unconstrained), subject to boundary conditions.
When the vesicle is conned by the channel height, the
unconstrained part of the vesicle must have a constant mean
curvature, which can be represented as axisymmetric surfaces
called nodoids as illustrated in Fig. 6(a).42

Following the formulation of ref. 43, the radial and vertical
coordinates of the nodoid, r(s) and z(s), are given by the
following parametric equations in terms of the independent
variable, s:

rðsÞ ¼ 1

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2 þ 2b sin cs

p
; (2)

zðsÞ ¼
ðs
0

1þ b sin cuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2 þ 2b sin cu

p du; (3)

where b and c are shape constants that determine the volume
enclosed by the nodoid. For instance, the case of b¼ 1 and c¼ 2
corresponds to a spherical shape, as it is plotted in Fig. 6(b).
Based on eqn (2) and (3), we numerically computed the nodoid
Fig. 6 (a) Schematic of the vesicle confined inside the microchannel.
The vesicle shape (i.e. a nodoid) has a constant mean curvature where
it is unconfined, which minimizes the change in free energy for a given
vesicle volume. (b) Varying nodoid shapes plotted for c ¼ 2 and for
increasing values of b. r(s) and z(s) are radial and vertical coordinates of
the nodoid. The parameter b ¼ 1 corresponds to a sphere (i), while b ¼
1.2 (ii) and b¼ 1.4 (iii) lead to nodoidal curves of bigger volume that are
flattened on the top and bottom surfaces.

This journal is © The Royal Society of Chemistry 2014
shape, r(s) and z(s), for varying values of b and c, subject to the
no-slope condition, dz/dr ¼ 0, at z ¼ 0 and h ¼ 30 mm. Once r(s)
and z(s) are known, the nodoid surface area, A, and the enclosed
volume, V, are calculated via numerical integration in MATLAB.
Finally, as the volume is constant, one can easily relate A to the
radius, R0, and surface area, A0 ¼ 4pR0

2, of the corresponding
spherical vesicle based on V¼ 4pR0

3/3. This yields DA/A0, which
we plot at the bottom of Fig. 7.
2. Critical release velocity based on force balance

Once the shape of the conned vesicle is known, the gradient in
surface energy is estimated as DE/Dx, where Dx is the minimum
distance that a spherical vesicle needs to travel in order to
become untrapped, as illustrated in Fig. 6(a). This minimum
distance depends on R0 (top of Fig. 7) as

Dx ¼ rf þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R0

2 � h2

4

r
; (4)

where rf is the base radius of the squeezed vesicle. Eqn (1) and
(4) can then be combined to yield the trapping force

Ftrap ¼ KA

DA2

A0Dx
: (5)

This force must balance the viscous drag force that we esti-
mate as Fdrag ¼ 6pmUR0, where m is the viscosity of water and U
is the external ow velocity. Note that the prefactor of the drag
force might be slightly higher due to the geometry49 but has not
been exactly calculated for our experimental conditions. Then, a
critical value of the drag force occurs when U reaches a critical
value Uc.

Based on a force balance between the drag force and the
gradient of surface energy (i.e., Fdrag¼ Ftrap), the critical velocity,
Uc, is computed as

Uc ¼ KADA
2

6pmDxA0R0

: (6)

The evolution of Uc from eqn (6) is plotted in Fig. 8, using the
stretching moduli given in Table 2, along with the data for
Fig. 7 Plots of Dx versus vesicle radius, R0 (top) and of membrane
deformation, DA/A0 versus R0 (bottom).

Soft Matter, 2014, 10, 5878–5885 | 5883



Fig. 8 Plot of experimental critical velocityUc versus KADA
2/(pDxA0R0)

(log scale) for pre-stretched vesicles and different lipid compositions.
The solid line is the plot of the theoretical prediction (eqn (5)) using the
stretchingmodulii from the literature (Table 2), whichmatches well the
experimental data for small deformations, DA.
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pre-stretched vesicles. The radius of the unconned vesicle, R0,
was measured experimentally, which yields the initial surface
area, A0 ¼ 4pR0

2, and the corresponding vesicle volume, V ¼
4pR0

3/3. Then, we numerically computed the increase in
surface area, DA¼ A� A0, when the vesicle enters the channel of
height h ¼ 30 mm, by assuming a nodoidal shape (described by
eqn (2) and (3), as previously discussed) and for constant
volume. In addition, the characteristic release distance, Dx, was
easily calculated with the known vesicle shape, based on eqn (4).
We nd good agreement between the model prediction and the
experiments, particularly for small deformations, as evident in
Fig. 5 and 8.
Discussion and conclusion

In this work, we show that GUVs can be trapped inside wells
etched on the surface of a microuidic device due to the
relaxation of the membrane stretching energy. The force
balance between the drag force and the force due to the increase
of surface energy of the GUVs yields a general form that recalls
the force balance for liquid droplets. Several important differ-
ences appear nevertheless, due to the nature of the vesicle
membrane and the differences in the geometry of the anchors.
Most importantly, the relative inextensibility of the GUV
membrane implies that only vesicles whose diameter is close to
the channel height can be trapped by this system of anchors.
Indeed, the values of DA/A0 that we are able to reach are limited
to a few percent. This is consistent with previous observations
that vesicles will rupture if their surface area is increased
beyond around 5%. Nonetheless, this elastic energy change is
sufficient to allow the trapping of the vesicles in the micro-
uidic devices.
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In contrast with previous studies on the trapping of droplets
or air bubbles in microuidic anchors,26–28 the wells here are
larger than the object that is being trapped. As a result, the
characteristic distance over which the surface energy changes
depends on the radius of the trapped object rather than on the
well diameter (Fig. 6(a)). The resulting trapping force therefore
has a complex dependence on the GUV radius. Indeed, we nd
that larger GUVs are more difficult to extract from the anchors
than smaller GUVs, as seen by the higher value of the critical
velocity Uc for large vesicles. This behaviour is universal for all
of the lipids tested here, as shown in Fig. 5. It contrasts strongly
with the behaviour of droplets in small anchors, where larger
droplets require a smaller ow velocity to extract them.27

In practical terms, this method contrasts with the traditional
micropipette aspiration method where only one GUV at a time
can be studied by a trained experimentalist. The current device
allows the measurement to be performed on typically 50 GUVs
in a single experiment but this number can be increased to
several thousands by modifying the number of traps. The size
selectivity can provide an interesting advantage by ensuring that
the parallel traps all contain GUVs of similar sizes. The actual
sizes of the trapped GUV can easily be modied by changing the
microchannel height. The theoretical model that is developed
above provides predictions for the device behaviour as a func-
tion of the physical and geometric parameters. Moreover, our
trapping method should apply to any GUV preparation (spon-
taneous formation, inverse emulsion-based method, jetting)
(see ref. 6 for a review on methods), but the presence of defects
or impurities in the membrane may affect the untrapping
conditions.

Finally, this platform offers the possibility to ow succes-
sively several solutions around the anchored GUVs, for example,
in order to bring proteins, nucleotides (ATP, GTP), or anti-
bodies, as long as the ow velocity remains lower than the
untrapping velocity for the GUVs. Such sequential binding
experiments are currently very challenging with GUVs as they
cannot be easily bound to substrates and they cannot sustain
multiple centrifugations. With the rapid development of
synthetic biology based on lipid systems,50 developing such
high-throughput methods may become particularly attractive.
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