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A B S T R A C T

The mechanic properties of cell membranes control many biological processes. The complexity of natural
membranes is often dealt with by building synthetic vesicles (Giant Unilamellar Vesicles, GUVs), which can be
thought as micron-sized minimal cells. Micropipette aspiration technique is the gold standard to characterize
membrane mechanics, but it involves manual, long and tedious experiments. Microfluidics is perfectly suited to
handle GUVs and permits in particular to conceive on-chip micropipettes for automated, systematic studies of
membrane mechanical moduli. We developed a microfabrication process that enables obtaining the required 3-
level channels including a micropipette in the intermediate level, with micrometric alignment, sufficiently low
adhesion and roughness. We extended the theoretical analysis of micropipette, valid for cylindrical geometries
that microfabrication does not allow, to the on-chip geometry, by considering the deformation of a vesicle in a
square cross-section trap. We confirmed the validity of our approach thanks to systematic experiments per-
formed on GUVs with well-characterized compositions: the obtained values of the membrane stretching modulus
are in quantitative agreement with the literature. As a case study, we used our device to show that GUVs
challenged with copolymer micelles, typically used for drug delivery, displayed a significantly decrease of the
membrane stretching modulus, which could mediate internalization of these nanovectors. This study opens the
path to systematic studies of the influence of physico-chemical environment on the mechanics of cell mem-
branes.

1. Introduction

Complex biological processes occur at cell membranes, such as en-
docytosis and exocytosis, i.e. the internalization and expulsion of mo-
lecules and nano-objects from and out the cell, respectively. Synthetic
simplified mimics have been developed over the years to disentangle
the physico-chemical and biological mechanisms involved in the in-
teraction occurring at this biological interfaces [1]. The simplest syn-
thetic architectures mimicking cell boundaries are Giant Unilamellar
Vesicles (GUVs), which are micron-scale capsules enclosed by a lipid
bilayer membrane [2]. Microengineering, and in particular micro-
fluidics, offers relevant tools to manipulate such objects [3]. Indeed,
microsystems benefit from the possibility to control physical and che-
mical stimuli at small scale (comparable to that of cells), with low
volume and sub-second response time, and with the opportunity that
chips can be designed for the targeted functionality. A number of recent

studies have exploited these advantages along several axes: on-chip
fabrication of GUV and more complex biomimetic assemblies (complex
composition [4], asymmetric [5] or multi-compartment vesicles [6]);
trapping and manipulation of vesicles and cells [7–10] to measure ve-
sicle's response such as permeabilization induced by protein insertion
[11] or by exposure to antibiotics [12].

An important subset of cell membrane properties is their mechanics:
it governs cell ability to deform during its interaction with surrounding
cells or particles, and can thus influence for instance nanoparticle en-
gulfment by passive endocytosis. Helfrich described theoretically how
the shape of a vesicle relates to its energy [13] and suggested experi-
ments to extract mechanical moduli, from quantifying vesicle's de-
formation under fixed applied pressure for a known geometry. The
different measurement methods to characterize membrane mechanics,
such as shape fluctuations, micropipette aspiration and x-ray scattering,
do not always lead to similar values of the membranes' moduli, so that
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metrology tools are still needed [14]. The micropipette aspiration
technique has become the gold standard method to extract the me-
chanical properties of a cell or vesicle [15,16]. It suffers however from
serious limitations: experiments are tedious and low throughput. They
require to manually find a vesicle undergoing sedimentation and apply
a suction with a glass tube attached to a micromanipulator. In addition,
the fluid surrounding the vesicle cannot be changed easily, which is
problematic for studies on the impact of different chemical stimuli. In
order to overcome these limitations, microfluidic approaches have been
designed, detailed in the review by Dahl et al. [17]. Most of the designs
are developed for cells, with the objective to realize a mechanical
phenotyping, i.e. relate qualitatively the deformability of cell to its
nature [18,19], or to test the influence of lipid composition on red
blood cell mechanics [20,21]. These works clearly exploit the potential
of microfluidic manipulation to probe membrane mechanics. However,
a robust fabrication method to obtain the 3-dimensional required
configuration, as well as quantitative analysis of vesicle deformation
taking into account the actual chip and vesicle geometries, are still
needed.

In this context, we developed a microfabrication strategy to fabri-
cate on-chip micropipettes. The designs were similar to the ones de-
veloped by Liu and Lee [18], but with an approach enabling micro-
metric alignment. The most robust process flow involved silicon and
glass multilevel etching, combining dry and wet etching, and bonding.
For a quantitative analysis of properties, we extended the micropipette
approach to the real geometry obtained by microfabrication, by com-
puting analytically the area increase of a vesicle blocked in a square
constriction, that we call “rounded–square”. Our method enabled to
extract unbiased mechanical information on the vesicle. We measured
the stretching modulus KA of GUV with standard lipid composition and
we obtained values compatible with the literature, which validated the
approach. As first application of the devices to biologically relevant
situations, we evidenced a significant decrease of KA for GUV that have
been incubated with polymer nanoparticles, typically used for drug
vectorization [22].

2. Materials and methods

2.1. Chip design and principle

In order to characterize the mechanical properties of GUVs, a mi-
crofluidic chip should (1) steer the GUV to a confinement trap, (2)
permit to characterize its deformation inside the microtrap upon pres-
sure increase. Such functionality was achieved by designing a chip in
the spirit of the one developed by Lee and Liu in 2014 [18]. It is
composed of the following elements (see Fig. 1A): an inlet/outlet, two
long channels coming from the inlet and going to the outlet, a trap and
bypass channels in the middle way between the two inlet and outlet
channels.

The GUVs sizes are of the order 10 to 40 μm, to be physiologically
relevant. Therefore, the trap width and height were set to be 10 μm to
be efficient without leading to a too high hydraulic resistance, and all
the other channels widths and heights, where the GUVs circulate, were
set to be 40 μm. Generally, traditional glass micropipettes are cylinders
and the objects propagate symmetrically as they are aspirated inside the
micropipette. Likewise, to maintain the symmetric deformation, the
trap was built in the middle height of the channels (see Fig. 1B).

An appropriate choice of the hydraulic resistance of each chip
segment, fixed by setting their dimension, is crucial for the operation of
the chip. For a channel with a square cross-section, the hydraulic re-
sistance is: =R L28.4

h
1
4 (ƞ is the dynamic viscosity of the liquid, L is

the length of the microfluidic channel and h is its heignt). In order to
confine the GUV inside the trap, the bypass and trap hydraulic re-
sistances were chosen equal: Rbp ≈ RT. It was a practical compromise
for two reasons. First, if the bypass resistance was smaller than the
trap's, the GUVs would prefer to go in the bypass instead of the traps,
thus making the study almost impossible (very low probability to trap a
GUV). On the other hand, having the bypass resistance higher than the
one of the trap would promote overcrowding of GUVs in the trap. It
could have led to either adhesion (on the wall and/or to the GUV
trapped), or to new GUV arriving expelling the one trapped, preventing
a full study of deformation.

The flow thus equally separated into the bypass and trap branches:
an object arriving at the interception of the trap and the bypass had
50% chance to be trapped. As already mentioned, the lateral dimen-
sions of the trap were fixed at 10 μm in width and height. Its length was
set to a minimum of 50 μm in order to properly block GUV. With
minimum lateral dimensions of the bypass also fixed (40 μm not to
block other GUVs), it led to a length of 1.3 cm for the bypass.

Once a GUV was trapped, it stopped the flow in the trap channel
(the resistance of the trap became very high) and the other objects
coming continued their way to the bypass through the outlet channels,
without disturbing the trapped vesicle. In this situation, the pressure
difference ΔP applied on the trapped object corresponds to the viscous
pressure drop inside the bypass channel. While the trap was blocked the
chip operated a simple pressure divider (analogous to the voltage di-
vider of electronics), so that ΔP was fixed by ΔPtot, the total pressure
difference applied to the chip, multiplied by the ratio of the bypass
resistance to the total chip resistance: ΔP=ΔPtotRbp/(Rbp+ Rin+ Rout).
Long inlet/outlet channels, with associated high resistance, permitted
to control the required low level of pressure drop applied on the object
with increased precision: in our typical experiments, ΔP = ΔPtot/5.

An increase of pressure led to the deformation of the trapped object,
and more specifically to an increase of the length of the GUV entering
the trap channel. An analysis of this deformation was used to char-
acterize the mechanics of the trapped GUV, like in micropipette ex-
periments. Details of the computation, and in particular extension of
the classical cylindrical micropipette to our geometry, are given in

Fig. 1. A. Overview of fluidic chip design (not to scale). Bottom: scheme of hydraulic resistances. B. Configuration of the micropipette: flow separates into a bypass
channel and a 10 × 10 μm2 square cross-section trap. Once a GUV is blocked, no more liquid flows into the trap and the vesicle is submitted to a pressure difference
fixed by the viscous pressure drop in the bypass channel.
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Section 3.1. Before that, we describe in the next section the fabrication
strategies we developed in order to fulfil design needs.

2.2. Fabrication of three-level chips in silicon-glass

As mentioned in the previous section, the chip design required a
total channel height of 40 μm and an intermediate 10 μm-high trap
level. Suitable imaging resolution required working with a high nu-
merical aperture microscope objective. The associated working distance
being small, the transparent substrate had to be thin (typically 170 μm,
the thickness of standard microscope coverslip). All the requirements
mentioned above generated the necessity to fabricate a 3-layer micro-
fluidic chip with the second one hanging in the middle of the two above
and below with an alignment better than 10 μm, as illustrated in Fig. 2A
for the silicon-glass approach. Three different fabrication techniques
were followed to answer these needs, each necessitating specific de-
velopments. The first two (PDMS-PDMS chips, and Dry Film chips
techniques [23]) are described only in supplementary data, as they
were finally discarded because of their respective limitations (difficulty
of reproducible alignment, and adhesion issues). Therefore, we will
only concentrate on the details of silicon-glass process that we devel-
oped to meet the requirements, and that was finally used to conduct our
experiments Masks were designed and drawn using Clewin software.

The technique used was etched Silicon channels, bonded on etched
glass channels. This technique answered all the disadvantages we faced
with PDMS and dry film. First, regarding alignment, glass and silicon
are hardly deformable, which means their deformation was very low
during the process. We used a glass type with the same thermal ex-
pansion coefficient as silicon, which prevented any misalignment upon
heating or cooling. Second, the bonding process allowed sealing the two
wafers with alignment accuracy better than 10 μm. Moreover, for
imaging glass is perfectly transparent and not auto-fluorescent at all.
Finally, glass and silicon chemistry (mainly silanol groups) led to low
GUV adhesion, and was suited for surface modification to decrease it
further. The process is described in the following.

After silicon surface treatment and activation, a first photo-
lithography followed by dry etching were realized in order to define the
traps and the rest of the channels (see Fig. 2B and C, step 1). The dry
plasma etching step was achieved using BOSCH process of alternative
flow of SF6/C4F8 700/250 sccm at 10 °C: the first is to etch the Si and
the second is to passivate the walls and protect them. To etch 10 μm, we
needed to expose 3 min and 20 s. After resist removal, a second pho-
tolithography/etching cycle was realized to etch the first part of the rest
of channels (15 μm depth for inlet, outlet and bypass), see Fig. 2B and
C, step 2. A thicker resist (AZ® 40 XT, 20 μm) was needed in this step in
order to fill the already etched trap. Plasma etching was achieved with

the same parameters as before, for 5 min to obtain 15 μm depth. Fluid
access holes were pierced using a sandblaster machine.

A specific process had to be developed for glass etching since sealing
of the silicon and glass parts of the chip was performed with anodic
bonding that required to work with non-purely silica glass (Borofloat
B33, rich in B2O3, Na2O/K2O and Al2O3, in our case). In particular, a
specific adhesion layer (BARC™ Bottom Anti-Reflecting Coating) was
deposited before spin coating the photoresist and AZ® 15nXT (~17 μm
thickness) negative photoresist was used as protective layer. The
plasma recipe was optimised to obtain the best resist and glass state
after the etching. We tried two different process temperatures: at
T= 20 °C cracks formed in the resist mask, leading to similar defects in
the glass wafer outside the desired zones. At T=−15 °C, the resist did
not fissure but we obtained rough etched glass. In order to avoid cracks
but reduce this roughness, we worked at −15 °C and divided the total
time of etching in 9 cycles of 4 min 30 s each, in order to relax the resist
constraints and clean the reactor after each cycle. The plasma process
was realized using the following gases mix: C4F8/CH4/He, 17/15/100
sccm, under 4.8 10−3 mbar, with source power and bias power re-
spectively 2800 W and 250 W. However, plasma etching of a non-pure
silica glass, containing in particular metallic compounds, caused non-
homogeneous etching. The associated self-masking led to roughness of
order 2 μm, observed by mechanical profilometry and with SEM ima-
ging (see Fig. 2C, step 3). It might have led to GUV adhesion, and could
degrade the optical quality of microscopy imaging. Therefore, a com-
plementary wet etching was done in (5% of HF 5%, 10% of HCl 37%
and 85% of DI water). This etching was almost isotropic even for a
material made of silica mixed with metallic impurities, which made the
surface more polished. It typically reduced the roughness to less than
around 100 nm peak-peak on a 100 μm zone (see Fig. 2C, step 4).

The two etched wafers were then cleaned, aligned and sealed to-
gether by anodic bonding. The bonding machines we used permitted a
precise enough optical alignment, that was made either before (for Suss
wafer bonder) or after (for AML WB4 wafer bonder) heating. Standard
bonding parameters were used: 370 °C, 4 mA current, 200 N force,
10 min.

Finally, high numerical microscope objectives used for high-re-
solution optics have a short working distance and are typically cor-
rected for 170 μm-thick glass coverslip, but the whole process had to be
carried out on at least 500 μm-thick glass wafers for mechanical ma-
nipulation. Consequently, an additional step of thinning and smoothing
was made to reduce glass thickness from 500 μm to 170 μm. It consisted
in Chemical Mechanical Polishing (Logitech PM5 machine). Several
slurry liquids were sequentially used, consisting in aqueous suspensions
of alumina particles with decreasing sizes 20 μm, 6 μm, 1 μm at the
different steps. The first two steps aimed at efficiently removing

Fig. 2. A. Schematics of the architecture required to obtain a micropipette integrated in a microfluidic network (cross-section). B. Workflow for the silicon/glass chips
etching. C. Characterization of the chips during fabrication (SEM pictures). (1) Micropipette plasma etching in silicon; (2) Bottom channel plasma etching in silicon,
(3) Plasma etching of borofloat glass; (4) Glass wet etching to reduce roughness, followed by glass/silicon alignment, bonding and glass slide thinning.
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materials, to decrease the wafer thickness. The third step (1 μm dia-
meter for the alumina particles), followed by a final polishing step with
a softer plate and 0.3 μm diameter Cerium oxide particles, enabled to
obtain a low roughness surface (rms roughness rq < 100 nm), with
optical quality suited for microscopy.

The processed wafer was finally cut into small chips containing each
one four channels ready to be used.

2.3. Experimental

2.3.1. Vesicle preparation
Chemicals were purchased from Sigma Aldrich and Avanti Lipids.

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid in powder was
dissolved in Chloroform at 0.5 mg/mL concentrations. Lissamine rho-
damine B sulfonyl (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-
N-) dye at 0.1% concentration of molecular number was added to the
DOPC lipid solutions for fluorescence imaging. Before the experiment, a
10 μL droplet of this solution was added in the centre of two ITO
covered glasses. The two cover glasses were then placed under vacuum
for two hours. We fabricated a homemade glass holder to fabricate the
GUVs using the traditional electroformation technique [24]. Once the
glasses were removed, one of them was placed in the holder, with an O-
ring around the film. 200 μL of 3 mM sucrose in water were added in
the O-ring, before it was sealed with the second one. A sinusoidal
voltage (peak-peak amplitude 2 V, frequency 10 Hz) was applied for 3 h
on the film in order to fabricate the GUVs. The GUVs were then diluted
5 times in a 3 mMol sucrose water solution.

2.3.2. Preparation and characterization of nanoparticles solution
Poly(ethylene oxide)-block-poly(caprolactone), PEO (5000 g.mol−1)-

PCL (5400 g.mol−1), micelles with a hydrodynamic diameter of
25 ± 5 nm were prepared using a nanoprecipitation method. 20 mg of
the copolymer were dispersed in 400 μL of acetone and this solution was
slowly added to 5 mL of a phosphate buffer (PBS) under stirring. Acetone
was left to evaporate during 48 h. Dynamic Light Scattering measurements
were performed at 25 °C and 173° angle using a Malvern (Orsay, France)
Zetasizer NanoZS to characterize the micelles' size. Data were analyzed
using the general-purpose non-negative least squares (NNLS) method. The
NP were diluted 50 times in DI water to obtain comparable osmolarity
inside and outside the GUVs. The diluted GUVs and NP solutions were
then mixed in a ratio 1:2 (GUVs: NP).

2.3.3. Microfluidic experiments
In order to connect the chip to the GUVs solution, we designed a

chip holder with all the connectors integrated inside it. The two piece
holders were 3D printed, using a high-resolution 3D printer (Dilase 3D,
Kloe). A pressure controller (Fluigent MFSC – EZ, 0–69 mbar) was used
to control the flow in the chip. The chip was pre-treated with an aqu-
eous 0.5 mg/mL β-casein solution for 20 min, or equivalently with an
aqueous 1% Bovine Serum Albumine (BSA) solution for 20 min, to re-
duce the adhesion of the GUVs on the walls of the channels. The GUVs
solution was then sent in the chip, replacing all the casein (or BSA)

solution. Once a GUV was trapped, the pressure was fairly increased in
order to pre-stress the object to eliminate possible defects. Then we
decreased the pressure down to the one releasing the GUV from the
trap: it defined experimentally the equilibrium pressure P0, where the
object started to get trapped. We started the deformation study by in-
creasing the applied pressure difference by ΔPtot = 0.2 mbar every 3 s,
in order to leave enough time for the GUV to equilibrate at each pres-
sure value. Upon each pressure increasing, the GUV was elongated in-
side the trap. Due to the pressure division imposed by the resistance, as
described in Section 2.1, the corresponding increase of ΔP on the object
was 0.04 mbar. It corresponded to steps in membrane tension of order
Δτ ~ 0.02 mN.m−1 for a 20 μm vesicle (see eq. (1) below). The applied
pressure was increased until the GUVs left the trap upon a certain
pressure.

The images were acquired using a spinning disk microscope (Leica
Microsystems), controlled with micromanager software. The wave-
length used for excitation and emission for the GUVs membrane were
λexc = 560 nm and λem = 580 nm. Image analysis was carried out
using Image J software.

3. Results and discussion

3.1. Theory: extension of micropipette to realistic geometry

In order to extract quantitative mechanical parameters, we have
generalized the computation used in micropipette experiment to our
microchip geometry. In the following, we quickly summarize the
standard cylindrical case, and describe its extension to a trap with
square cross section.

3.1.1. Principle of micropipette and computation for cylindrical geometry
The mechanics of a vesicle is described by the way its tension in-

creases when its area increases. The micropipette technique uses two
main ideas in order to determine the tension and area increase of a
vesicle sucked at the entrance of a pipette: Laplace law, and volume
conservation.

The first relationship is obtained by applying Laplace law, relating
tension τ to curvature, to the two interfaces located inside and outside
the pipette, with the additional hypothesis that the vesicle is at me-
chanical equilibrium (homogeneous tension), and that the pressure
inside it is homogeneous (implying in particular negligible flow). For a
GUV of diameter Dv trapped in a cylindrical pipette of diameter
Dp,submitted to a suction ΔP (see Fig. 3A, 4A, or Fig. S4 in supple-
mentary data), it finally reads:

=
P D

D D
.

4(1 / )
.p

p v (1)

The tension of the membrane can thus be deduced from the known
imposed pressure difference, and the measured diameters of the GUV
and pipette.

If we consider the conservation of the vesicle's volume during the
experiment, we can deduce its area increase ΔA between a reference

Fig. 3. Different configurations of micropipette experiments. (A) Experimental cross section of the vesicle perpendicular to the axis X of the pipette (left and right
pictures, in the YZ plane), and along the axis X of the pipette (middle picture, in the XY plane). (B). Cross section perpendicular to the pipette for cylindrical and
square geometries.
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state and a state in which its “tongue” extends by an additional length
ΔL within the pipette. Geometrical considerations lead to the following
formula, after a first order Taylor expansion valid with a large vesicle
(i.e. ΔLDp2 ≪ Dv3):

=A D L
D
D

1p
p

v (2)

In summary, measuring ΔL, Dp, Dv is an experimental way to de-
termine the relationship between ΔA and τ. It should be compared with
predictions to extract mechanical moduli. The theoretical analysis
identifies two regimes. In the low-tension regime (τ < 0.5 mN. m−1),
the apparent relative area increase =app

A
A0

corresponds to the
smoothing of microscopic thermal undulations [25,26], and is thus
driven by the bending modulus κc:

= =A
A

kT
8

ln( / )app
c0

0 (3)

where k is Boltzmann constant, T the temperature, A0 the initial re-
ference area, and τ0 the initial tension. For higher values of tension
(typically τ > 1 mN m−1), the apparent area per molecule increases
linearly with the tension, defining the apparent stretching modulus Kapp
(τ = Kappαapp). However, this apparent increase is a combination of the
direct area increase per molecule and the remaining smoothing of un-
dulations. Consequently, for the experimental determination of the di-
rect stretching modulus Kdir, the thermal undulations (contribution of
the bending modulus to the apparent area increase) need to be sub-
tracted. As detailed in reference [27], Kdir is thus deduced by fitting the
slope of the direct area increase αdir: τ = Kdirαdir, where αdir is deduced
for each i-th experimental value from the formula:

=i A i
A

kT i( ) ( )
8

ln( ( )/ (1))dir
c0 (4)

τ(1) is the initial tension state of the high-tension regime (fixed in
our case to 1 mN.m−1).

3.1.2. Extension to the “rounded-square” geometry corresponding to real
fabricated designs

For our chips, but also for the one used in the work of Liu and Lee
[18], the pipette did not have a cylindrical geometry, but rather a
square cross-section. Consequently, the deformation of a GUV entering
the trap is likely not to follow the previous relationship (2). In this
work, we analyse the geometry of the vesicle and obtain an analytical
formula to deduce quantitatively tension and area increase from ex-
periments, for the on-chip micropipette. Let us point out that most
fabrication approaches, inherently layer-by-layer, lead to this type of

shape, so that extending the cylindrical case to this one can be of sig-
nificant interest.

We focus on the actual vesicle geometry when entering a pipette
with square cross-section (trap channel). We consider that the extremity
of the vesicle in the trap adopts a half-sphere shape, which is the sim-
plest constant curvature shape, with a diameter equal to the width of
the pipette Dp, also equal to its height. Since Eq. (1) has been obtained
for the cylindrical case by equating the Laplace pressure jump on the
upstream and downstream sides, that have similar curvatures for the
rounded-square shape and for the cylindrical cases, this relation still
holds for the rounded-square geometry, where the cylinder diameter
just needs being replaced by the pipette width (or height).

However, contrary to the cylindrical case, the part of the vesicle
extending along the walls of the traps cannot totally be in contact with
the walls because of sharp corners (see Fig. 3B or Fig. S4 in supple-
mentary data). It results in the presence of liquid surrounding it, con-
nected to the downstream trap channel. Mechanical equilibrium of this
part of the vesicle with the hemispherical cap (downstream trap side)
leads to a shape that we call “rounded square”, the geometry of which is
shown in Fig. 3B. It consists in flat portions in the middle of each
channel face, connected by quarters of cylinders in the corners. Briefly,
equating the tension and pressure jump along the walls and on the
hemispherical cap fixes rc, the radius of curvature of the part of the
vesicle that does not touch the walls (the corners) to: rc = Dp/4. This
non-cylindrical shape modifies the way the surface area increases when
the length of the tongue present in the trap increases. Geometrical
computation, taking into account volume conservation, and a Taylor
expansion similar to the cylindrical case, leads to:

= +
+
+

A D L
D
D

2
2

1 4 .
2

.p
p

v

3
4 16

2 (5)

Details of computations, as well as the exact formula (before the
Taylor expansion) are given in Supplementary data.

We can note that the first term +( )D L2 p2 corresponds to the area
of the vesicle inserted within the pipette (rounded square perimeter
multiplied by tongue length), whereas the additional one (term pro-
portional to Dp/Dv in the bracket) accounts for the diminution of the
upstream vesicle area. Eq. (5), even if similar in its form to eq. (2) in the
way area increase relates to measured length, differs by its numerical
factors, and should be used to properly extract mechanical moduli from
the experiments.

Fig. 4. Experimental results: A. images of the elongation ΔL inside the trap, when increasing progressively the pressure. B. Membrane tension of DOPC GUVs as
function of the apparent and direct area expansion for the cylindrical and rounded square shape. C. Membrane tension and direct area expansion for DOPC vesicles,
and for DOPC incubated with nanoparticles.
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3.2. Application to characterizing the mechanics of membranes

In order to validate our chips, as well as the geometrical con-
siderations developed in Section 3.1, we measured the progressive de-
formation of vesicles with a well-characterized composition. Electro-
formed DOPC vesicles were captured and their deformation upon
pressure increase was characterized, following the experimental pro-
cedure described in Section 2.3. The successive shapes of a vesicle upon
pressure increase (ΔL as function of ΔP) were captured by confocal
microscopy, as shown in Fig. 4A. We focused on the large deformation
regime, for which the GUV extended more in the pipette. As ΔP/ΔPtot
was set to 1/5, the experimental resolution on pressure control only
allow precise enough characterization at tension higher than 0.1
mN.m−1. However our approach can be used to study the low-tension
regime, by designing chips with more drastic pressure division ΔP/
ΔPtot, see Section 2.1. We thus fixed the bending modulus, required in
order to deduce αdir, from the literature: κb= 8.5 10−20 J [27]. As de-
scribed in Section 3, we plot in Fig. 4B the evolution of τ as function of
the apparent and direct area expansion with two hypothesis: a cylind-
rical geometry (C label, eqs. (1) and (2)), or a rounded-square one (RS
label, Eqs. (1) and (5)).

By fitting in Fig. 4B the slope of τ vs αapp, and τ vs αdir (eq. 4), we
could deduce the apparent and direct stretching moduli for DOPC
membranes. We obtained (average on measurements on two vesicles)
Kapp= 228 ± 27 mN. m−1 and Κdir= 257 ± 36 mN. m−1, the error
bar being the standard deviation. The values obtained for pure DOPC
vesicles, with the rounded-square hypothesis, is fully compatible with
the literature [27,28]. It is significantly different (15% lower) from the
one that would have been deduced from a cylindrical hypothesis, as
demonstrated by the deviation between C and RS curves in Fig. 4B.

In order to assess the ability of our chips to discriminate between
GUV with different mechanical properties, we tested the effects of na-
noparticles on membrane mechanics, by probing GUV of equal com-
position (pure DOPC) that had been incubated for half an hour with a
solution containing nanoparticles (NP) before sending them into the
chip. The NP were self-assembled polymer micelles, developed for drug
vectorization due to their ability to solubilize hydrophobic compounds.
Fig. 4C demonstrates that the NP led to a very significant decrease of
the GUV membrane stretching modulus, down to a value of
Κapp= 110 ± 15 mN. m−1, and Κdir= 112 ± 15 mN. m−1 (using the
tabulated bending modulus of pure DOPC lipid). In that case, the error
bar was estimated form the accuracy of the fitting, since the standard
deviation of the measurements we made was smaller (2.5 mN.m−1). A
possible origin of this decreased stretching modulus of the DOPC ve-
sicles is that upon interaction of the PEO-PCL micelles, the micelles
(partly) merge with the lipid bilayer, which could lead to Kapp values
intermediate between that of DOPC and that of pure PEO-PCL vesicles.
Typical values of the stretching modulus of membranes made of am-
phiphilic copolymer in the literature are indeed below 100 mN.m−1,
(for example, for pure PEO-PBD membrane, Κapp = 89 mN. m−1 in
reference [29]). The decrease of measured Kapp could also originate
from the fact that these nanovectors create defects in the membrane,
modifying the effective stretching modulus. This is consistent with ex-
periments on Large Unilamellar Vesicles (LUV) in the absence or pre-
sence of polymer micelles where PEO-PCL micelles increased the per-
meability of DOPC LUV (see Fig. S4 in supplementary data).

It is also worth noting that this mixture also allowed a quite large
maximum area increase, superior to 8%, whereas lipid membranes are
usually known to rupture for an increase of order 5%. These two ele-
ments (lowered stretching modulus and ability to reach high de-
formations) could play an important role in the potential of such NP to
interact efficiently with membranes, a key asset for drug carriers.

A drawback of the rounded-square geometry is the presence of a
slight residual flow in the corner of the square pipette. We observed
however that this residual flow was significant only for GUV of size very
close to the trap dimension (Dv~Dp), whereas large vesicles (in the

order of 20 μm diameter for a 10 μm-wide trap) completely blocked the
flow inside the pipette. As perspective, adapting the geometry to si-
tuation combining trapping with a residual flow could be turned into an
advantage, to study for example how a shear stress is transmitted across
the membrane [30], or how shear affects lipid domain dynamics [31].
In relation to nanomedicine applications, it would also open the path to
investigating how a shear flow applied to the membrane can enhance
nano-objects internalization, or influence drug release by such nano-
carriers.

4. Conclusion

We have developed a technological method to fabricate on-chip
micropipettes, suited to complex multilevel geometry with alignment.
We have extended the computation of micropipette to geometry cor-
responding to the ones accessible by microfabrication. The approach
has been quantitatively validated by extracting values of the stretching
modulus for known composition of the vesicle's membrane. As original
application of the device, we have demonstrated that polymer nano-
particles significantly influences membrane mechanics. Future work
includes systematic study of the effect of nanoparticles on mechanical
moduli. With respect to the standard micropipette, the on-chip format
benefits from several advantages: trapping is spontaneous obtained
without manual micromanipulation step of GUV. The microfluidic ap-
proach also permits to diversify chip design to integrate other func-
tionalities in the future: parallel measurements by multiplexing pip-
ettes, dynamic chemical stimuli by combining traps with an upstream Y
junction, in order to probe the effect of exposure to different chemicals.
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