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ABSTRACT: Water drops dispersed in chloroform and stabilized with
phospholipids become adhesive if a bad solvent for lipids, such as silicone
oil, is added to the continuous phase. In this way, two sticking drops are
separated by a bilayer of phospholipids. By using microfluidic
technologies, we probe the stability and properties of such membranes
likewise encountered in foams or vesicles. We first establish the stability
diagram of adhering drop pairs as a function of the continuous phase
composition. We found two regimes of destabilization of the bilayer. The
first one concerns a competition between the dynamics of adhesion and
the transport of surfactants toward the interfaces that leads to a dilute
surfactant coverage. The second one corresponds to a dense surface
coverage where the lifetime distribution of the bilayer exponentially
decreases as a signature of a nucleation process. In the stable regime, we
observe the propagation of adhesion among a concentrated collection of drops. This is another remarkable illustration of the
suction consequence when two close deformable objects are pulled apart. Moreover, the present experimental strategy offers a
novel way to study the phase diagrams of bilayers from a single phospholipid to a mixture of phospholipids. Indeed, we detect
phase transitions at a liquid−liquid interface that are ruled by the amount of bad solvent. Finally, we probe the transport of water
molecules through the bilayer and show that its permeability is linked to the adhesion energy that reflects its fluidity.

■ INTRODUCTION
The interaction between close interfaces is a widespread
phenomenon1,2 whose understanding is, for example, crucial for
controlling the stability of colloidal solutions or thin liquid
films. For emulsions or foams, a common way to stabilize such
systems is to add surface active agents that delay the
coalescence of neighboring drops or bubbles. Inverse emulsions
are known to easily become adhesive3 and therefore lead to the
formation of a surfactant bilayer between drops. The stability
and properties of such bilayers are of great interest because
model membrane bilayers have been intensively prospected
since many years now, most of the time for the sake of
reconstituting biological membranes that are composed by a
matrix of phospholipids.4 Using inverse emulsion droplets to
form such bilayers has already been achieved.5,6 For mimicking
purpose, the main parameter to control is the fluidity state of
the bilayer that monitors many of the membrane properties7,8

such as its permeability to molecules. For example, water
molecules, which exhibit a high permeability to liposome
membranes in the fluid phase state, are much less permeable to
them in the gel phase. Likewise, ions or big polar molecules are
weakly permeable to them9,10 in both cases. One of the
advantages to working with adhesive emulsions is the possibility
of modifying the bilayer fluidity by tuning the adhesion energy
via the continuous phase composition.11

In this paper, the stability and properties of phospholipid
bilayers are probed by combining the use of adhesive emulsions
and microfluidic technologies. When water drops are dispersed
in an organic solvent and stabilized with surfactants, they
become adhesive once a bad solvent for the surfactants is added

to the continuous phase. Such adhesive inverse emulsions have
been achieved by using a mixture of ether, a good solvent of the
phospholipids, and silicone oil, the bad solvent.5 This
formulation favors the formation of surfactant bilayers at the
expense of monolayers. There are other ways to form adhesive
emulsion,6,12,13 but the former one is a versatile and easy
formulation. Moreover, the generated membrane has the
targeted bilayer configuration leading to an interaction of the
hydrophobic tails. As a matter of fact, bulk experiments usually
lead to average measures, and the interaction between two
objects is difficult to monitor. A dual micropipet setup can be
employed to probe the interaction between two emulsion drops
that may adhere or not.14,15 As previously demonstrated, the
use of microfluidic technology offers efficient means to
quantitatively probe the stability of an emulsion at the level
of a drop pair16,17 or a collection of drops.18,19 This
experimental approach allows one to produce calibrated
emulsion drops20 and more importantly to uncouple the
formation and the destruction steps of the emulsion. Here, we
follow the same strategy in order to create isolated adhesive
drop pairs11 and then to characterize the bilayer properties.
Along that way, we first investigate the stability of the

emulsion as a function of the phospholipid concentration and
the mass fraction of bad solvent. Two regimes of destabilization
of the bilayer are found. These regimes are linked to the
surfactant coverage that is either dilute or dense. For high

Received: January 22, 2012
Revised: March 15, 2012
Published: March 22, 2012

Article

pubs.acs.org/Langmuir

© 2012 American Chemical Society 6291 dx.doi.org/10.1021/la3003349 | Langmuir 2012, 28, 6291−6298

pubs.acs.org/Langmuir


concentrations of bad solvent, the phospholipids become
insoluble in the oil mixture, and the emulsion spontaneously
destabilizes precluding any adhesion. Then, we study the phase
diagrams of bilayers that are composed of a single phospholipid
and a mixture of phospholipids. We observe phase transitions at
a liquid−liquid interface that are ruled by the amount of bad
solvent. Finally, we probe the transport of water molecules
through the bilayer as a function of the adhesion energy that
reflects its fluidity.

■ MATERIALS AND METHODS

Adhesive inverse emulsions are formed following the footsteps
of the work of Poulin et al.5 Here, the organic phase is
composed by a mixture of silicone oil, having a viscosity of 50
mPa.s and a density of 0.965, and chloroform for dispersing the
phospholipids. We use three kind of phospholipids (Avanti
Polar Lipids): 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine
((Δ9-Cis)PC) and 1-palmitoyl-2-(12-[(7-nitro-2-1,3-benzoxa-
diazol-4-yl)amino]dodecanoyl)-sn-glycero-3-phosphocholine
(NBD-PC). Contrary to the previous formulation,5 chloroform
is preferred to diethyl ether to play the role of the good solvent
because it is less volatile and swells less poly(dimethylsiloxane)
(PDMS) microfluidic devices. Chloroform also has a high vapor
pressure, and therefore working in hermetic circuits is a
necessary condition to control the continuous phase
composition. Moreover, even though the continuous phase
contains enough surfactants to ensure a fast and full covering of
the water droplets, above the critical micellar concentration, the
adhesive emulsion is still highly unstable and breaks down
within a few seconds. The presence of 150 mM of MgSO4 (or
down to 4 mM) in water droplets tremendously increases their
lifetime5,21 to more than a day.
Emulsion droplets are first formed in glass capillaries using

the flow focusing technique22 as presented in Figure 1a. Two
round glass capillaries of 1 mm outer diameter are stretched
and then cut with a microforge. The left capillary in Figure 1a is

used for the aqueous phase injection and has a 80 μm aperture
diameter, the right one sets for the main flowing channel and is
200 μm in diameter. The two round capillaries are embedded in
a square glass capillary of 1 mm internal edge and separated by
a distance of 100 μm (all capillaries are purchased from
Vitrocom). The organic phase flows through the corners of the
square capillary. To prevent any leakage, a high solvent resistant
glue (Loctite glue, Manutan) is used for assembling the glass
capillaries and tubes for liquid injection. In addition, to prevent
any the wetting of water on glass walls, the capillaries are
silanized with an octachloro(trimethyl)silane (Sigma) after a
plasma cleaning. Thus, as soon as the different flows meet at the
mouthpiece, water drops are regularly formed as shown in
Figure 1a. Furthermore, we use PDMS devices because it is a
low cost way to easily design drop traps used for observations
of long duration. Moreover, since chloroform can evaporate
through the PDMS matrix, the oil composition can be modified
on-chip. We finally note that all experiments are performed at
room temperature.

■ RESULTS AND DISCUSSION

Formation and Stability of Adhesive Drops. As shown
in Figure 1a, a regular train of water in oil droplets is formed by
a flow focusing method in glass capillaries. In order to induce
the collision of two neighboring drops, the flow rate of the
continuous phase is modulated. Indeed, this modulation leads
to a slight variation of drop size which have therefore different
velocities and eventually come into contact. Two drops that
collide may ultimately adhere, as shown in Figure 1b. The
adhering drops are thus separated by a phospholipid bilayer.
The adhesion energy ΔF of the drop pair can be derived from
the Young-Dupre equation:

Δ = γ − θF 2 (1 cos( ))0 (1)

where the contact angle θ is given by 2θ = sin−1(Rp/R1) +
sin−1(Rp/R2), Rp and R1,2 denote for patch and drops radii
(Figure 1b), and γ0 is the surface tension of water and
chloroform/silicone oil interface saturated with phospholipids.
This surface tension γ0 is measured by the micropipet aspiration
technique23 and found to be around 1 mN/m for an oil mixture
having a mass fraction of bad solvent φ equal to 0.1 and with an
excess of phospholipids. This value does not significantly vary
when more bad solvent is added as long as phospholipids
remain soluble in the oil mixture. We reasonably consider this
value constant for other oil mixtures since the water/
chloroform and water/silicone oil interfacial tensions are not
too different in the absence of phospholipids (27 and 22 mN/
m, respectively). Therefore, the adhesion energy ΔF essentially
depends on the contact angle between drops, a parameter that
is easily measurable. Then, by changing the oil composition and
the phospholipids concentration, the evolution of the adhesion
energy can be determined to characterize the system.
Let us first observe the formation of an adhesive drop pair.

We note two main behaviors that depend on the organic phase
composition: either the drops coalesce (Figure 2a) or the pair
lasts hours (Figure 2b). The time needed for the adhesion
patch to reach its maximal size is of the order of 1 s. As it will be
discussed later, the drops can coalesce while the patch is
growing or after having reached its equilibrium size. What
happens if we consider a collection of drops? As reported in
Figure 2c, once an adhesion is initiated between two drops
among a compact train of drops, the adhesion starts to

Figure 1. (a) Formation of water-in-oil emulsion drops by using a flow
focusing configuration in a glass capillary device. (b) Snapshot of two
adhesive drops along with the main parameters of the drop pair: R1
and R2 are the adhesive drops’ radii, Rp is the radius of the patch, θ is
the contact angle, γ0 is the bulk interfacial tension of water/oil mixture
in the presence of phospholipids, and γm is the surface tension of a
monolayer composing the bilayer.
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propagate along the whole train. This cascade of adhesion
reminds us of the propagation of coalescence arising in a
concentrated emulsion.16,19 We have demonstrated that the
separation of two neighboring emulsion drops favors their
coalescence. Indeed, the separation leads to a pressure
reduction in the interstitial film between the two drops that
induces a bulging out of the interfaces.24−26 Therefore, the two
interfaces get locally closer, allowing coalescence or adhesion to
be nucleated. For a concentrated emulsion, the shape relaxation
between the first drops that coalesce or adhere spontaneously
results in a separation with their neighboring drops, a situation
that potentially triggers further coalescence or adhesion. The
cascade of adhesion reported in Figure 2c is thus another
remarkable illustration of the suction phenomenon, and its
consequences, arising when two deformable neighboring
objects are pulled apart.
As observed in Figure 2, the bilayer lifetime depends on the

phospholipids concentration and the organic phase mixture.
We now focus on the stability of adhesive emulsion bilayers as a
function of the formulation. In practice, for each condition,
adhesive drops are formed in glass capillaries and, their stability
against coalescence is followed over 5 min. If a drop pair last
longer, then the bilayer is considered as stable, and very often it
stays stable over a full day. The stability diagram for DPPC is
reported in Figure 3. First, the stability of the bilayers requires
an increase of the phospholipid concentration concomitant
with the amount of bad solvent φ. Second, when the emulsion
is directly formed beyond a critical bad solvent composition, φ*
= 0.58, it immediately coalesces, whatever the DPPC
concentration. This critical mass fraction of silicon oil
corresponds to the solubility limit of the phospholipids in the
organic phase mixture. Indeed, the mixture whitens for φ > φ*,
indicating a precipitation of the phospholipids. This observa-
tion implies that there is no direct way to form an adhesive
emulsion for high bad solvent content. Third, this emulsion
quenching always occurs at a bad solvent concentration for
which a maximum contact angle of 90° is reached,
independently of the phospholipid type.
It is nevertheless possible to form a stable bilayer while the

concentration of bad solvent is beyond φ*. Indeed, when the
adhesive emulsion is formed using a PDMS microfluidic device,
the chloroform can diffuse out, and the oil composition can
thus be modified on-chip. Starting for φ < φ*, the contact angle

increases whenever the flow of the continuous phase is lowered
or stopped. During the evaporation of the chloroform, which is
illustrated by the first image row in Figure 4, the adhesion patch
is expanding until the two droplets form a spherical object. The
contact angle θ never exceeds 90° during the evaporation
process, which is then the maximum reachable angle. The
bilayer is then revealed by epifluorescence imaging when 1 wt
% of NBD-lipids is added, as shown in the second image row in
Figure 4. We also note that a further evaporation of chloroform
leads to the formation of fluorescence spots on the surface of
the drops that may indicate a coprecipitation of the
phospholipids. Finally, as reported in the last image row in
Figure 4, the two adhering drops having a lower contact angle
are recovered when the chloroform is renewed by increasing or
restarting the continuous phase flow. In addition, one may also
note the diminution of droplet size that indicates a water escape
during this experiment that lasts a few minutes. The
composition of bad solvent in the oil phase went effectively
over φ*. Here, this strategy based on solvent evaporation is the
only way to form stable bilayers approaching a zero surface

Figure 2. (a) Formation and destabilization of an adhering drop pair where φ = 0.15 and CDPPC = 10−3 wt %. (b) Formation of a stable adhesive pair
where φ = 0.25 and CDPPC = 5 × 10−3 wt %. (c) Propagation of the adhesion in a compact train of drops. The diameter of the drops is 220 μm, and
the time for each image sequence is indicated in seconds.

Figure 3. Stability diagram of a DPPC bilayer formed between two
adhesive drops represented in the bad solvent mass fraction (φ)−
phospholipids concentration (CDPPC) plane. The dashed line
delineates the frontier between the two states, i.e., (▲) stable and
(∇) unstable. The critical mass fraction of silicone oil φ* beyond
which DPPC is no more soluble is equal to 0.58, as indicated by the
arrow. Above that limit, instability precludes any observation of
adhesion.
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tension such as vesicle membranes. Indeed, for θ = 90° and
according to eq 1, the adhesion energy ΔF is equal to 2γ0,
meaning that the surface tension γm of the monolayer
composing the bilayer is γm = γ0 − ΔF/2 = 0.
What happens if the amount of surfactant is reduced? As

reported in the stability diagram in Figure 3, for a given oil
composition, there is a critical phospholipids concentration
below which drops start to coalesce. In that condition, we
observe that either the drops coalesce while the adhesive patch
is being formed, or they fuse after the equilibrium angle has
been reached. The times at which bilayers break down as a
function of the bad solvent mass fraction φ and for a fixed
amount of DPPC equal to 10−3 wt % are reported in Figure 5.

For φ larger than 0.35, the drops coalesce essentially before the
adhesive patch attains its maximum size. For lower φ, the
lifetime of the pairs starts to span from 0.2 to 10 s. More
interestingly, for φ = 0.15, the lifetime of the adhering drop pair
is also distributed, but it always lasts longer than the period of
bilayer formation that is on the order of 1 s.
When two drops adhere, they create an additional surface

since the volume is conserved. Therefore, phospholipids must
diffuse fast enough to the surface in order to stabilize the
adhering patch during its growth. Considering a bulk diffusion
coefficient27 D = 8.10−10 m2/s and a surface concentration Γ0 =

2.10−6 mol/m2 of phospholipids in pure chloroform, an
estimation of the characteristic bulk diffusion time is given by
(Γ0/CDPPC)

2/D. This characteristic time is about 10 s at CDPPC
= 10−3 wt % and is larger than the characteristic time of a patch
formation that is below 1 s for high concentrations of bad
solvent. Moreover, we expect that the characteristic diffusion
time should rise for mixtures of chloroform and silicone oil
since the viscosity increases. Therefore, the competition
between patch growth and transport of phospholipids
presumably explains fast destabilization of adhering drop pairs
that can occur for φ larger than 0.15 and always happen for φ
larger than 0.35 (Figure 5).
The second regime of fusion takes place for a low amount of

bad solvent. In that case, the bilayer has time to attain its
maximum lateral size, but then its metastability nature manifests
itself as it starts to rupture. As shown in Figure 6a, the

distribution Nc of the coalescence time at φ = 0.15 is a
decreasing function of time t. The corresponding probability to
coalesce Pc after a period of time t, i.e., Pc = ∫ 0

tNcdt, is reported
in Figure 6b. This probability is close to the probability to
observe a bilayer at a time t if the formation period, on the
order of 1 s, is neglected. The evolution of Pc is well described
by an exponential function, i.e., Pc = 1− exp(−t/τc), where τc,
on the order of 13 s, can be assimilated to the mean lifetime of
the bilayer. This exponential feature is reminiscent of a
nucleation process that has been observed in foam bilayers28

for low surfactant concentrations. The lifetime τc is linked to
the activation energy barrier to overcome for nucleating an
unstable pore into the membrane,21 i.e., the pore expands and
therefore leads to the rupture of the bilayer. Since the activation
energy is intrinsically correlated to the surfactant layer
properties,21 the mean lifetime τc is expected to be a function
of the phospholipids concentration as well as the mixture
composition that tunes the bilayer state as discussed in the next
section.

Adhesion Energy Landscape. We now establish the
evolution of the adhesion energy as a function of the bad
solvent for two phospholipids, DPPC and (Δ9-Cis)PC, at a
concentration of 0.05 wt % and 0.1 wt %, respectively. These
concentrations ensure the stability of the emulsions regardless

Figure 4. Time sequence showing an adhesive pair confined in a
PDMS trap when chloroform is evaporated (first two rows) and then
reintroduced (third row). The phenomenon is first observed in a
bright field mode and then via epifluorescence microscopy by adding 1
wt % of NBD-PC. Time lapse goes from left to right with a time step
of 1 min for the first two rows and 10 s for the third one. The scale bar
is 50 μm.

Figure 5. Distribution of the coalescence time tc as a function of the
amount of bad solvent φ for CDPPC = 10−3 wt %. We note that, at this
surfactant concentration, the emulsion is stable for φ ≤ 0.1 (Figure 3).

Figure 6. (a) Distribution Nc of the coalescence time of an adhering
drop pair once the adhesion has been nucleated. (b) Probability Pc that
an adhering drop pair coalesces at a time t, i.e., Pc = ∫ 0

t Ncdt. The
continuous line represents an exponential function, which is a
signature of a nucleation process. Experiments are done for φ =
0.15, CDPPC = 10−3 wt %, and with drops having a diameter of 250 μm.
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to the amount of silicone oil as long as it is beneath their
precipitation limit. The difference between these two
surfactants is the number of double links between carbon
atoms on their tails: DPPC is saturated, while (Δ9-Cis)PC has
two insaturations, one on each tail in a cis configuration. For
each adhesive emulsion generated using these phospholipids,
we measure the equilibrium contact angle for various
compositions of bad solvent and deduce the adhesion energy
ΔF from eq 1.
The evolution of the energy against the mass fraction φ of

silicone oil is reported in Figure 7 for both phospholipids. The

adhesion energy increases with the amount of bad solvent as
expected,5 but one can notice two different behaviors. Even
though the two curves display a region of lower rates of change
in the range 0−0.3 of bad solvent, which we assimilate to a
plateau, DPPC exhibits an additional plateau between 0.35 and
0.5. These plateaus correspond to a contact angle θ of 27° and
70°, respectively. One may also notice the difference between
the precipitation limits φ*: 0.58 for DPPC and 0.67 for (Δ9-
Cis)PC. As previously noticed, these values correspond to the
concentration of bad solvent for which the adhesive emulsion
reaches a maximum contact angle of 90°. The surface tension
γm of a monolayer forming a bilayer is determined by the
mechanical equilibrium at the Plateau border (Figure 1b),
namely from the Young−Dupre ́ equation,29 γm = γ0 cos(θ).

The surface tension of the bilayer is then twice the surface
tension of the monolayer.30 Note in addition that, for θ = 90°,
the surface tension of the monolayers and the bilayer are null
like for vesicle membranes. Using eq 1, the surface pressure Π =
γ0 − γm acting on the monolayer is thus half the adhesion
energy, i.e., Π = ΔF/2. The surface pressure reflects the surface
tension decrease from γ0 to γm induced by adhesion and, as for
the pressure acting on a Langmuir film, it describes the
isotherm of adsorption of phospholipids from the oil reservoir
toward the interfaces around adhering drops. Thus, the
experimental plot of ΔF(φ) must also reflect the two-
dimensional bilayer equation of state31 Π(Γ(φ)), where Γ is
the phospholipid surface concentration which is naturally
controlled in our experiment by the solvent composition. By
analogy, the piston of a Langmuir balance used to compress a
monolayer is here reproduced by changing the amount of bad
solvent. In other words, DPPC surface density within the
adhesive monolayer is governed by its bulk chemical potential,
which is directly linked to the solvent composition. We thus
hypothesize that the plateaus of ΔF displayed in Figure 7 reflect
the existence phase transitions undergone by adsorbed
phospholipids. The first plateau that corresponds to an
adhesion energy ΔF of the order of 0.1 mN/m should be a
gas−liquid transition for the two kinds of phospholipids, while
the second one occurring at ΔF ∼ 1.5 mN/m should be a
liquid−gel transition for DPPC.32 We note that at room
temperature dense DPPC monolayers are in gel phase, whereas
(Δ9-Cis)PC monolayers are in liquid phase.
To bring further evidence for these transitions, we make

stoichiometric mixtures of the two phospholipids and follow
the evolution of the adhesion energy as reported in Figure 8.
The mass proportions of DPPC and (Δ9-Cis)PC that compose
the mixture are 15/85, 50/50, 85/15, respectively. We observe
a shift of the isotherm toward the one of the more abundant
phospholipid as well as the presence of a second plateau
revealing a liquid−gel transition. This is a well-known behavior
for binary mixtures of miscible phospholipids. For instance, the
transition temperatures in such mixtures are intermediate
between the pure phospholipids transition temperatures and
are closer to the more abundant one.33 The present
experimental strategy therefore offers a novel way to study
the phase diagrams of bilayers, from a single phospholipid to a
mixture of phospholipids, that are, as far as we know, difficult to
obtain.

Figure 7. Evolution of the adhesion energy ΔF as a function of the
mass fraction of silicone oil φ with an excess of phospholipds: (●)
DPPC and (▲) (Δ9-Cis)PC.

Figure 8. Evolution of the adhesion energy ΔF as a function of the oil composition φ for three phospholipid mixtures (■). The mass proportion of
DPPC and (Δ9-Cis)PC are (a) 15/85, (b) 50/50, and (c) 85/15, respectively. The two adhesion energy curves for pure phospholipids are also
reported: (○) DPPC and (Δ) (Δ9-Cis)PC.

Langmuir Article

dx.doi.org/10.1021/la3003349 | Langmuir 2012, 28, 6291−62986295



Permeability to Water. We end this investigation by
probing the semipermeability feature of the bilayer as a function
of the solvent composition, and therefore as a function of the
bilayer state. Here, only the flux of water through DPPC
bilayers is studied. For that purpose, we set a chemical potential
mismatch within an adhering drop pair. Experimentally, we
produce two population of emulsion drops in a microfluidic
device: one is made from pure water, and the other one is made
from a solution containing 150 mM of MgSO4. For
convenience, the binary adhering drop pairs are stored in
traps,11 as shown in Figure 9. In order to distinguish the two

populations of drops, methylene blue dye is added to the pure
water drops. From the time sequence reported in Figure 9, we
can observe a deflation of the pure water drop and a swelling of
its neighbor that becomes slightly colored. We can conclude
that water flows through the bilayer quicker than the methylene
blue dye and of course much faster than the electrolytes,
namely Mg2+ and SO4

2−. During that period of time, the
transport of water throughout the continuous phase and the
PDMS matrix is negligible compared to the permeation time of
water molecules through the membrane. We therefore assume
mass conservation during that process. As previously
demonstrated, the solubility-diffusion mechanism34 accounts
well for the water permeability of a lipid bilayers.10,35 The
hydrophobic membrane acts as a barrier for water molecules
transport since the partition coefficient K is low and the
diffusion coefficient Dm in the bilayer drops down. Indeed,
according to this model, the permeability coefficient P of the
bilayer is P = KDm/δ, where δ is the membrane thickness. For
dilute solutions, where the osmotic activity is proportional to
the solute concentration, Fick’s law leads to the following
equation for the rate of change of the drop volume V:35

= − ΔV t
t

S t v C tP
d ( )

d
( ) ( )m (2)

where vm = 18 mL/mol is the water molar volume, S is the
surface area of the bilayer, and ΔC(t) is the concentration
difference of MgSO4 between the two drops. We note that the
permeability coefficient P is expressed in centimeters per
second (cm/s). Since one drop does not contain any

electrolytes, the concentration contrast of solutes is simply
ΔC(t) = C0 × V0/V(t), where V0 is the initial drop volume and
C0 is the initial solute concentration set here to 150 mM. As
observed in Figure 9, there exists a phase where the adhering
patch size is almost constant. Within this period of time, when
S = Cte, the time evolution of the swelling drop is obtained from
the integration of eq 2

= +
⎛
⎝⎜

⎞
⎠⎟V t V

Sv C
V

t
P

( ) 1 22
0
2 m 0

0 (3)

The permeability coefficient P can then be deduced from the
measurement of V(t). The height of the microfluidic channels
used for trapping the drops is 67 μm. In order to keep the
swelling drops spherical as long as possible, we form small
salted drops with a diameter that spans from 22 to 40 μm. The
volume of a swelled drop of radius R is given by V = πh2(3R −
h)/3, which corresponds to the volume of a truncated sphere
where h = R + (R2 − Rp

2)1/2 and Rp is the radius of the patch. An
example is reported in Figure 10 (a) where (V(t)/V0)

2 is

plotted against t and exhibits a linear evolution. Using eq 3, P is
deduced from the slope of (V(t)/V0)

2. The permeability is then
assessed for various solvent compositions. The permeability
coefficient is reported in Figure 10b as a function of the
adhesion energy ΔF. For a low quantity of bad solvent, and
thus for a weak adhesion energy, the permeability strongly
depends on ΔF. Indeed, P falls by more than 1 order of
magnitude when ΔF is changed from 0.1 to 0.3 mN/m. Then,
for ΔF larger than 0.5 mN/m, P is nearly constant until 1.5
mN/m. For a large amount of silicone oil, the experiments are
difficult to carry on in PDMS devices since drops start to wet
the wall. As previously discussed, the solvent composition tunes
the packing state of the bilayer, namely, the surface area of the
phospholipid molecules. The sharp decrease of P is correlated
to the first phase transition, from gas to liquid, observed in the
[φ,ΔF] plane and reported in Figure 7. This confirms previous
observations on vesicle permeability to water that is correlated
to the membrane fluidity.36 More precisely, the lower the
fluidity, the lower the permeability. What about the gel
transition at ΔF = 1.5 mN/m? According to previous
investigations,37,38 the permeability of DPPC liposomes at

Figure 9. Time sequence showing the transport of water between two
adhering drops having different compositions, pure water (labeled with
methylene blue dye) and MgSO4 solution at 150 mM. The time step
between two frames is 3 s, and the scale bar is 50 μm.

Figure 10. (a) Swelling kinetics of the salted drop from which the
permeability coefficient P is deduced (eq 3). (b) Permeability
coefficient to water of a DPPC bilayer as a function of the adhesion
energy ΔF that tunes its fluidity. The arrow indicates the permeability
of liposome membrane at room temperature that corresponds to θ =
90°.
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room temperature is about 4.10−3 cm/s. In our case, this
situation corresponds to a contact angle between the adhering
drops of 90°. The lowest permeability coefficient reported in
Figure 10 is on the order of 2.10−2 cm/s. Therefore, another
sharp decrease of P is expected for ΔF > 1.5 mN/m in order to
reach the liposome permeability. We conclude that the
permeability must drop down when the DPPC bilayer is in
the gel phase (Figure 7).
Furthermore, one can permeabilize bilayers to enable the

transport of large molecules or electrolytes. A common way is
to apply an electric field, which is known to induce the
formation of transient pores into the membrane, is a
phenomenon named electroporation.39,40 In a recent publica-
tion,11 we probed the response of adhesive emulsion bilayers
under an electric field by using the same experimental strategy
based on microfluidic technologies. We were able to map the
behaviors of drop pairs within the adhesion energy-electric field
intensity plane. We observe three distinct states: the pair can be
either stable, though slightly deformed, or unzip and separate,
or coalesce. We experimentally demonstrate that the force
required to completely unzip a single bilayer matches the
theoretical threshold predicted for the detachment of adhesive
vesicles.41,42 After unzipping, the drops repel each other under
field. Then, they can attract each other when the electric field is
turned off, meaning that each drop has now a net electrical
charge. This is a demonstration of the occurrence of transient
pores that allow charge transport across the membrane during
the unzipping step. This charge exchange between the drops
therefore leads to oppositely charged drops, which then
naturally separate under field and attract one another in the
absence of field. Besides, in the fluid and gel phases, we show
that the transition between transient electroporation and
coalescence is perfectly accounted for by the existence of an
unique critical pore size above which the hole becomes unstable
and expands. Therefore, when adhesion is increased, corre-
sponding to a decrease of the membrane tension, coalescence
will occur at a larger field such that the net surface energy
gained by opening a constant hole size remains the same. This
energy is assumed to be on the order of the thermal energy.21

Finally, unzipping does not occur in the gas phase where the
bilayer is poor in phospholipids. Indeed, the electric field easily
leads to the appearance of unstable pores in the membrane that
entail drop coalescence. This process probably occurs first,
before drops are able to detach. Therefore, like for the
permeability, the fluidity of the bilayer rules its behavior under
an electric field.

■ CONCLUSION
This article reports a quantitative study on bilayer properties by
using microfluidic technologies. The main novel aspect
highlighted here is the way we are able to tune the surface
tension of phospholipid bilayers formed between adhesive
droplets and then to probe the consequences on their stability
and permeability. Additionally, the present experimental
strategy offers the possibility to investigate phase transitions
occurring in bilayers, an investigation that is usually difficult to
conduct. Indeed, the fluidity of the bilayer is here modified by
simply changing the composition of the continuous phase that
is an oil mixture. We also corroborate the fact that the
permeability of the bilayer is linked to its fluidity. One open
question to be addressed would be to determine the
relationship between the continuous phase composition and
the surface concentration of phospholipids. A natural follow-up

is to investigate the properties of more complex bilayers by
incorporating cholesterol and proteins to mimic cell mem-
brane7 as it has been recently demonstrated.43,44
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