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ABSTRACT: The stability of model surfactant bilayers from the poly(ethylene glycol) mono-n-dodecyl ether (C12Ej) family was probed. The
surfactant bilayers were formed by the adhesion of emulsion droplets. We
generated C12Ej bilayers by forming water-in-oil (w/o) emulsions with saline
water droplets, covered by the surfactant, in a silicone and octane oil mixture.
Using microﬂuidics, we studied the stability of those bilayers. C12E1 allowed
only short-lived bilayers whereas C12E2 bilayers were stable over a wide range
of oil mixtures. At high C12E2 concentration, a two-phase region was displayed
in the phase diagram: bilayers formed by the adhesion of two water droplets
and Janus-like particles consisting of adhering aqueous and amphiphilic
droplets. C12E8 and C12E25 did not mediate bilayer formation and caused phase
inversion leading to o/w emulsion. With intermediate C12E4 and C12E5
surfactants, both w/o and o/w emulsions were unstable. We provided the
titration of the C12E2 bilayer with C12E4 and C12E5 to study and predict their stability behavior.

■

INTRODUCTION
Model bilayers are attractive for the reconstitution and
characterization of the function of proteins.1,2 Most of them
are generated using phospholipids.3−5 For intrinsic protein
characterization, e.g., protein puriﬁcation and crystallization,6−8
artiﬁcial bilayers made of poly(oxyethylene) dodecyl ethers,
(CH3-(CH2)12−(O−CH2−CH2)j−OH), C12Ej, are often used.9
They belong to the class of nonionic surfactants10 forming
synthetic bilayers,11 which do not interfere with protein
integration, as they do not introduce signiﬁcant repulsion
forces such as Lifshitz−van der Waals, hydrogen bonds, or
electrostatic interactions,12 as compared to other surfactants.
They are easily synthesized with various lengths of the
hydrophobic and hydrophilic segments that oﬀers room for
surfactant choice with regard to the protein environmental
requirement. In addition, C12Ej bilayers exhibit high deformability, as their bending modulus is of the order of the thermal
energy kBT and hence displays interesting phase behavior. In
aqueous buﬀer, they can form lamellar phase membranes (Lα),
a stack of bilayers, or sponge phases (L3)13−15 resembling
connected lamellar (or melted cubic) phases. The sponge phase
of C12E5 was used to preserve the activity of transmembrane
proteins,16,17 and C12E8 allowed the solubilization and 2D
crystallization of proteins.18,19 Understanding the stability and
structure of C12Ej bilayers is thus required.
Studying CiEj bilayers in bulk experiments requires heavy
experimental approaches such as X-ray and a nontrivial
description of membrane interaction. Working with isolated
CiEj bilayers overcomes that and allows a better understanding
© 2015 American Chemical Society

of the biophysical properties of membranes. Droplet interface
bilayers (DIBs)20−22 oﬀer such a solution. They are produced
in inverse emulsions, i.e., water in oil (w/o) emulsions, by
bringing together two aqueous droplets, covered by a surfactant
monolayer, in the oil medium. Depending on the type of
surfactant and oil, the droplets brought in contact may form a
thermodynamically stable bilayer. Single bilayers are easily
generated this way.23
DIBs were so far formed with naturally occurring lipids, e.g.,
phospholipids. The existing formulations did not allow the
generation of C12Ej-DIBs. This is because the thermodynamic
mixture (C12Ej and oils) did not reach equilibrium with DIB
formation. It was necessary to then ﬁnd the right ingredients to
generate DIBs for a speciﬁc C12Ej surfactant. Following the
basic need to have a good and bad solvent mixture of the
surfactants to make DIBs,24,25 we generated the C12Ej bilayer by
forming water-in-oil (w/o) emulsions with saline water
droplets, covered by the surfactant, in a silicone and octane
oil mixture. We studied the stability of the C12Ej bilayers. C12E1
allowed only short-lived bilayers, but C12E2 bilayers were stable
over a wide range of oil mixtures. At high C12E2 concentration,
a two-phase region was displayed in the phase diagram: bilayers
formed by the adhesion of two water droplets and Janus
droplets consisting of adhering aqueous and amphiphilic
droplets. C12E8 and C12E25 did not mediate bilayer formation
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time was suﬃcient to provide investigations of bilayer properties.
Experiments were performed at room temperature; all volume
fractions were determined with a precision of better than 1%.
Interfacial Tension Measurement and Adhesion Energy
Calculation. The interfacial tension of pure oil mixture components
and with excess C12E1/C12E2 surfactants was measured by the falling
droplet method.26 A droplet of the saline solution was ﬂown vertically
down into the oil phase from a constant slow pace. The drop falls once
its volume reaches a maximal value reﬂected by the interfacial tension
between two media. The interfacial tension, γSL, was deduced from the
modiﬁed Tate’s law,26,27 γSL = ((ΔρgV)/(2πRψ)), where Δρ is the
density diﬀerence of the liquids, g is gravity, V is the drop volume, R is
the internal radius of a capillary, and ψ = V/Videal.
At equilibrium of adhesion, 2γSS = 2γSL(cos θ), where the contact
angle θ is given by 2θ = sin−1(rp/R1) + sin−1(rp/R2), rp and R1,2 are,
respectively, the patch and droplet radii (Figure 1b), and γSL is the
interfacial tension of the aqueous solution and silicone oil/octane
interface saturated with surfactants. The adhesion energy, E, of the
bilayer is derived from the Young−Dupré equation,25 E = 2γSL(1 −
cosθ) .

and caused phase inversion leading to o/w emulsion. With
intermediate C12E4 and C12E5 surfactants, both w/o and o/w
emulsions were unstable. We provided the titration of the C12E2
bilayer with C12E4 and C12E5 to study and predict their stability
behavior.

■

MATERIALS AND METHODS

Materials. Octane, sodium chloride, and chloro(trimethyl)silane,
oil-soluble oil blue N, and water-soluble rhodamine B dyes were
purchased from Sigma-Aldrich. Silicone oil and Rhodorsil 47 V 20
were from Rhodia. Poly(ethylene glycol) monododecyl ethers C12Ej,
with j = 1, 2, and 25 (95% purity), were purchased from TCI
Chemicals, and surfactants with j = 4, 5, and 8 (98% purity) were
purchased from Sigma-Aldrich. All chemicals were used as received.
Water was puriﬁed with a Milli-Q system (Millipore).
For microﬂuidic devices, glass capillaries (Vitrocom) and PTFE
tube coils (Idex) were assembled together with Loctite glue
(Manutan).
For emulsions formulation in a microﬂuidic device, adhesive
emulsions were formed using previous approaches.25 However, the
microﬂuidic glass capillary setup was used in our experiment not only
for precisely controlling the droplet size but also, and mainly, for
keeping the concentration of the diﬀerent components constant. For
C12Ej (j = 1, 2, 4, 5, 8, and 25) surfactants, the stabilization of the
bilayer created by droplet adhesion was achieved using a subtle balance
of oils, with each of them exhibiting either a stabilizing or destabilizing
eﬀect. Silicone oil was used as a poor solvent to favor hydrocarbon
adhesion.22,25 Octane naturally provides good solubility for hydrocarbons. Shorter hydrocarbon oils or dodecane as a good solvent
allowed emulsion stability but not DIB formation. It should be
emphasized, however, that the notion of good and bad solvents does
not exclusively depend on the length on the hydrocarbon chain of the
surfactant but potentially on its overall HLB. This is in part the reason
that the choice of optimal solvents for DIB formation is not trivial. The
presence of sodium chloride in water prevented surfactant
precipitation. For a salt concentration of between 2.5 and 10%, the
lifetime of the C12E2 DIBs was tremendously increased, more than 10
h. This range of salt concentration corresponds to a Debye length, λD,
of less than 4.6 Å, which decreases the surface area of the surfactant
hydrophilic head suﬃciently to screen electrostatic interactions.
Emulsion droplets were formed in glass capillaries by ﬂow focusing
(Figure 1a). To prevent wetting of the aqueous phase on the glass, the

■

RESULTS AND DISCUSSION
Stability with Short-Head Surfactants and Phase
Diagram of C12E2. C12E1 and C12E2 were stabilized w/o
emulsion due to their low HLB28 (5.3 for C12E1 and 7.7 for
C12E2) and allowed the formation of DIBs between close
droplets. However, C12E1 DIBs often coalesced in less than 5
min, regardless of the surfactant concentration. C 12 E 2
emulsions were more stable (more than 1 day), which allowed
us to study their stability phase diagram (Figure 2a). We
identiﬁed three main regions. In region I, at low silicon oil
content (SO) and/or C12E2 concentrations, w/o droplets
directly coalesced when approaching each other or ﬁrst formed
a DIB that became unstable after a short time. In region II, for
1.5−7% surfactant and 45−100% SO, stable C12E2 DIBs were
obtained. In region III, we observed adhered droplets of the
same refractive index (stable DIBs) coexisting with adhered
double particles (Janus-like) of diﬀerent refractive indexes.
Increasing the C12E2 concentration in this region increased the
number of Janus droplets at the expense of DIBs. The addition
of a lipophilic dye, oil blue N, to the oil phase revealed that part
of the Janus droplets contained a lipophilic phase (Figure 2b,
region III). Finally, region III encompassed another particular
region (III′) where pure droplet C12E2 surfactant appeared
owing to the reached solubility limit. This state appears at high
concentrations of bad solvent and C12E1,2, and the surfactant
precipitates at the surfaces of the droplets.
Stability of DIBs in Region II of the Phase Diagram. To
study the stability of the DIB region and characterize the
formed bilayers, we ﬁrst measured the surface tension of the
diﬀerent interfaces. In the absence of surfactant the interfacial
tensions of the aqueous/octane and aqueous/silicone oil are
alike: 50 and 47 mN/m, respectively. When C12E2 was added,
these values dropped to 9 and 6 mN/m, respectively, whereas
for C12E1 both interfacial tensions were around 4 mN/m; the
surfactant concentration was kept at 4%.
For each SO content we measured the contact angle between
the droplets and determined the adhesion energy. The energy
markedly increased with the amount of SO present for C12E2
DIBs and was almost constant for C12E1 DIBs regardless of the
SO level (Figure 3). This reveals a fundamental physical
diﬀerence between these two surfactants to form bilayers due to
one PEG motif mismatch on their hydrophilic head. The term
2γSS equals 2γSL(cosθ) and evolves oppositely to the adhesion
energy. Higher adhesion conditions, which correspond to lower

Figure 1. (a) Formation of w/o droplets by ﬂow focusing in a glass
capillary device. (b) Snapshot of two adhesive droplets along with the
main parameters of the droplet pair: R1 and R2 are the adhesive
droplets’ radii, rp is the radius of the bilayer, θ is the contact angle, γSL
is the bulk interfacial tension of aqueous/oil phases interface in the
presence of C12Ej surfactants, and γSS is the surface tension of the DIB.
capillaries were silanized with chloro(trimethyl)silane. The organic
phase ﬂowed through the corners of the square glass capillaries (1000
μL/h), and as soon as the diﬀerent ﬂows met at the mouthpiece,
aqueous droplets were regularly formed in the oil phase (Figure 1b).
The ﬂow rate of the continuous phase was modulated (30−60 μL/h)
to induce droplet size variation (200 ± 100 μm). As soon as many
droplets were generated, we stopped the ﬂow rates and observed that
mainly droplets of diﬀerent size were coming into contact to ultimately
adhere and form a DIB. DIBs were deﬁned as stable if their lifetime
was more than 5 min, meaning that droplets did not coalesce. This
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Figure 2. (a) Stability of C12E2 bilayers as a function of silicone oil and octane content. The x axis depicts the fraction of silicone oil (SO) in the oil
mixture. The y axis is the percentage of the surfactant in the total volume of the oil phase. The solid lines delineate the boundaries between the
diﬀerent regions. Maximal error bars are represented. Each data point corresponds to at least three independent experiments. In region I, droplets
either coalesce immediately or formed a short-lived DIB disrupted in less than 5 min. In region II, DIBs are stable and lived for more than 5 min.
Region III is a two-phase region where stable adhered aqueous droplets forming DIBs coexist with Janus droplets. The latters consist of adhering
hydrophilic and lipophilic droplets. Subregion III′ contains droplets of free C12E2 as the surfactant becomes no longer soluble in the oil phase. (b)
Snapshots representing the composition of the above-mentioned regions of the C12E2 phase diagram. Transparent phases are water droplets, and
blue labels are the lipophilic phase.

Janus droplets appeared in the microﬂuidic device very quickly
at the droplet formation site. Experimentally, we switched to
transparent dishes to be able to directly observe their initiation.
In a continuous phase containing 70% SO, 30% octane, and
2.1% C12E2, we added oil blue N as a lipophilic marker. A drop
of the aqueous phase was added to the oil solution. We
observed the nucleation of a new lipophilic phase (Figure 4),
containing a high concentration of the blue lipophilic dye at the
water drop surface. This lipophilic phase also seemed to contain
water because the apposed water drop decreased in the
meantime in size. We repeated the experiment in the presence
of rhodamine B labeling the water drop. We indeed observed
that the nucleated particles became pink (Figure 5b) by
absorbing rhodamine. When visualizing both dyes, this phase
was purple (Figure 5c), as it embedded into both dyes. This
purple droplet forming the Janus particle was thus made of an
amphiphilic surfactant phase.
The thermodynamic equilibrium leads to diﬀerent morphologies of Janus particles when changing the silicone oil fraction
(Figure 6). The contact angle between droplets was around
135° at 70% SO (Figure 6a) and almost 180° at 100% SO in
the oil phase (Figure 6b,c). The Janus droplets also appeared in
the system with C12E1 surfactant at similar fractions of the
surfactant and SO. We were certainly able to visualize them,
contrary to C12E1 DIBs formed between aqueous droplets,

Figure 3. Variation of the adhesion energy against the percentage of
silicone oil; each data point corresponds to 15 measurements from 3
independent experiments.

DIB surface tension, better mimic the biological membrane
situation and will provide better stability. In that sense, the
diﬀerence between C12E1 and C12E2 could have a signiﬁcant
eﬀect, for example, on protein recovery or incorporation.
Characterization of Unusual Equilibrium with Janus
Particles. The transition to Janus droplets occurred at high
surfactant concentrations in region III of the phase diagram.

Figure 4. Time sequence showing the formation of a Janus particle. An aqueous drop was immersed in the oil phase containing C12E2 surfactant.
Rapid nucleation of the amphiphilic phase happens (colored with oil blue N). After 6 min, a Janus particle is formed. Scale bar: 200 μm.
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kept on working with the same SO/octane mixture to study
their relative properties.
We worked with a mixture of 70% SO and 30% octane, at
high adhesion energy (Figure 3), to induce stable C12E2 DIBs.
The total surfactant volume fraction was ﬁxed at 2.1%. We
substituted variable amounts of C12E2 surfactant by C12E4 or
C12E5, determined by φ = ((VC12Ej(j = 4, 5))/(VC12Ej + VC12E2)),
and studied the stability of the new DIBs.
For each φ value, we studied about 120 contacts between
droplet pairs. We observed that droplets formed either stable
DIBs or Janus particles or they fused. For pure C12E2 bilayers
(φ = 0), almost all droplets formed DIBs (91% of total contacts
led to stable DIBs). For φ = 2%, the percentage of stable DIBs
decreased to 70% for C12E4 and to 10% for C12E5 (Figure 7a).
This result suggests that, as opposed to C12E4, C12E5 shortens
the lifetime of DIBs, by likely provoking the formation of pores
in the bilayer and subsequent droplet fusion. Interestingly, as
soon as φ ≥ 1%, Janus droplets appeared (Figure 7b). It is
striking that this tiny presence of the longer surfactants
signiﬁcantly shifts the state of the C12E2 in the phase diagram,
from the bottom of region II directly to region III (Figure 2).
Further titration signiﬁcantly reduced the DIB stability (Figure
7). No stable DIBs were observed after substitution of C12E2
with 5% C12E5, whereas substitution with 11% C12E4 was
required to observe the same inhibition. Larger quantities of
C12E4 provoked the formation of a multiple o/w/o emulsion.
Finally, the surfactant mixtures became insoluble in the oil
phase once they contained more than φ = 33% of C12E5 or φ =
55% of C12E4.
Observed C12Ej DIB Stability Is Consistent with
Predictions. The diﬀerence or shift observed between C12E4
and C12E5 in Figure 7 supports the occurrence of pores in CiEj
lamellar phases reported for these surfactants. Evidence of such
defects has been studied both by molecular dynamic
simulations31 and experimentally.31−33 Whether their occurrence is at room or higher temperature and favored by C12E4 or
C12E5 is a matter of controversy.34,35 Bilayer rupture occurs
when pores of a critical size form, leading here to DIB rupture
and droplet coalescence. In a simpliﬁed model,36 the free
energy of formation, E, of a cylindrical pore with radius r is
approximated by E(r) = 2πrΓ − πr2γ,37,38 where γ is the surface
tension of the membrane and Γ is the pore line tension. The
energy barrier for bilayer rupture is Er = πΓ2/γ, when a critical

Figure 5. Formation of the amphiphilic phase on a saline drop
immersed in oil (70% SO−30% octane). (a) Hydrophobic oil blue N
dissolved in the oil is absorbed in the new phase. Likewise, (b) the
hydrophilic rhodamine B dye is absorbed. (c) Both dyes are presented
in the system and recruited in the amphiphilic phase. Scale bar: 200
μm.

because the aqueous and amphiphilic phases are less prone to
fuse.
We observed the Janus droplets under a polarized microscope, and they were not birefringent. We assessed that water
molecules absorbed in the amphiphilic phase constituted about
50 ± 6% w/w of that phase (Appendix I). Hence, referring to
the C12E2−water phase diagram,29 the amphiphilic phase was
likely a L3 sponge phase or a mix of L3 and the inverted cubic
V2 phases. Both phases are isotropic and can be diluted by
water and/or oils.30 This would imply that decreasing
temperature would make them transition to a birefringent Lα
phase. By cooling the Janus droplets to 10 °C, we observed the
expected birefringency of the Lα phase.
At this stage, it is unclear how the system leads to the
appearance of Janus droplets instead of simply forming a single
amphiphilic phase.
Stability with Longer-Head Surfactants. C12Ej surfactants, j > 2, have been used as model bilayers with tunable
thickness to study membrane nanoinclusions such as lipids,
proteins, and peptides.14,16,30 Starting with medium-head
surfactants, neither C12E4 nor C12E5 formed stable DIBs, and
neither merely stabilized emulsions (w/o or o/w) against
coalescence. This is probably due to their nearly zero surface
curvature because they have respective HLBs of 10.7 and 11.7.
These surfactants, however, form stable lamellar phases in
aqueous solutions,13 which basically implied for us that a new
formulation would be required to generate DIBs. We succeeded
to produce C12E4-C12E5-DIBs using a complex formulation for
each surfactant, but for sake of comparison and simplicity, we

Figure 6. Janus droplets dispersed in oil comprising two spherical portions. One is hydrophilic, and the other absorbs both hydrophilic and lipophilic
dyes. Here only oil blue N is present. The topology of the Janus droplets depends on the silicone oil content: (a) for 60−80% v/v SO and (b) for
90−100% SO. (c) The contact angle 2θ for Janus droplets was measured for diﬀerent volume fractions of silicone oil; a minimum of 15 Janus
droplets was studied for each case.
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Figure 7. (a) Percentage of stable surfactant bilayers versus φ, the amount of C12E4 or 5 in the total surfactant concentration (Δ for C12E4, ▼for
C12E5). Each data point corresponds to 100 to 130 measurements. The oil phase is composed of 70% v/v silicone oil and 30% v/v octane. The total
surfactant volume fraction is 2.1%. (b) Representation of droplet morphology as a function of φ. Blue is water, and yellow is oil. Arrows depict the
solubility limits of the surfactant mixture in the oil phase.

pore radius Rr = Γ/γ exists in the membrane. From Helfrich’s39
model, Γ = πκ/h, where κ is the bending rigidity and h is the
thickness of the bilayer. The increase in the head area or
decrease in the chain length of the surfactant decreases κ.40
Here, when the length of the surfactant polar head was
increased from 2 to 4 PEG units and the length of the
hydrophobic chain was constant at C12, we measured41 a slight
increase in the membrane thickness (∼0.06 nm) and a
substantial increase of ∼9 Å2 of the area41 per polar head.
This contributes to reducing the bending modulus from 5.4kBT
for C12E2 to 3.2kBT for C12E4. From this variation, the DIB
rupture energy Er = πΓ2/γ could be expected to be twice
lowered from C12E2 to C12E4, which is consistent with our
experimental observations (Figure 7). For comparison, most
phospholipid bilayers have a higher bending rigidity, around
20kBT, and a lower surface tension (<0.1 mN/m) than C12Ej;
they consequently have a higher rupture energy and a better
stability. However, for protein incorporation and folding into
membranes, especially for structural studies, having ﬂexible
membranes is advantageous, and C12Ej bilayers oﬀer such a
possibility.
As opposed to other C12Ej species, C12E5 bilayers exhibit a
noticeable interdigitation between the hydrophobic chains of
the facing monolayers.42 This prevented us from determining
the C12E5 bending rigidity. Nonetheless, we can expect
κ(C12E4) > κ(C12E5)41 for a monolayer because the area per
polar head is increased. This is also reﬂected by their HLBs,
which favor better DIB stability with C12E4, as we observed
(Figure 7).
To validate the consistency of our studies with the theoretical
prediction, we further used surfactants having longer heads, e.g.,
C12E8 and C12E25. They did not allow DIB formation, and their
tiny presence in C12E2 DIBs directly led to droplet coalescence.
They were more prone to stabilize o/w emulsions, which, with
their much higher HLB values, 13.7 and 17.4, respectively,
could be expected.

transmembrane proteins. We developed a unique physical
chemistry formulation to study the stability of such surfactant
bilayers formed by the adhesion of water droplets decorated
with a monolayer of the surfactant. Our focus was to study the
eﬀect of each surfactant type on pore formation or bilayer/DIB
stability. C12E2 mainly formed stable DIBs. We also found
unexpected emulsion behaviors that are inherent to the physical
aspects of the surfactants. Increased C12E1 or 2 surfactant
concentration triggered the formation of Janus droplets formed
by adhering aqueous and amphiphilic droplets, with the latter
consisting of a sponge phase. Knowing the mechanical
parameters of C12Ej bilayers has allowed us to interpret the
experimental observations well using a simple theoretical
framework based on the membrane pore opening energy.
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