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Abstract

Understanding how small molecules cross cell membranes is crucial to pharmaceutics.
Several methods have been developed to evaluate such a process, but they need
improvement since many false-positive candidates are often selected. Robust tools enabling
rapid and reproducible screening can increase confidence on hits, and artificial membranes
based on droplet interface bilayers (DIBs) offer this possibility. DIBs consist in the adhesion of
two phospholipid-covered water-in-oil droplets which reproduce a bilayer. By having donor and
acceptor droplets, the permeability of an analyte can be studied. However, the relevance of
this system relies on the comprehension of how well the physical chemistry of the produced
bilayer recapitulates the behavior of cell membranes. This information is missing, and we
address it here. Taking small fluorophores as model analytes, we studied their permeation
through DIBs made of a wide range of phospholipids. We found that both the phospholipid acyl
chain and polar head affect permeability. Overall, these parameters impact the phospholipid
shape and thereupon the membrane lateral pressure, which is a major factor correlating with
permeability in our system. These results depend on the nature of the chosen oil. We
thereupon identified relevant physical chemistry conditions that best mimic the compactness

and subsequent permeability of biological membranes.
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Introduction

Oral delivery remains the most preferred route for drug administration.' However, it intrinsically
limits the bioavailability of the drug, i.e. the fraction of the drug that enters the systemic
circulation.? High bioavailability is a key requirement to increase chances for compounds to
reach their target.®> To meet such requirements, pharmaceutical industries have developed
various in vitro and in silico methods to predict bioavailability at the very first stages in drug
development.#5 The biopharmaceutics classification system was further introduced to
categorize drugs based on their aqueous solubility and intestinal permeability, key parameters
determining the rate of drug absorption and bioavailability.® Indeed, the permeability of
intestine cells to a drug gives relevant clues on its in vivo bioavailability.”

Depending on the nature of the drug, transport through the intestine cells can take several
forms, a passive one by diffusion across cell membranes or an active one via transporters or
efflux systems.®° For small molecules, transport is mainly achieved by passive diffusion, driven
by the concentration gradient between the two sides of the semi-permeable cell membrane.™
A popular model system to study membrane permeability is cultured monolayers of Caco-2
cells (Figure 1.a), which are derived from small intestine cells and mimic the intestinal
barrier.”"'? This method cumulates contributions from both passive and active permeabilities,
and diffusion through cell junctions, which cannot be decorrelated. Also, despite its biological
relevance, this method is not suitable in its current form for high-throughput drug screening.™
The parallel artificial membrane permeability assay (PAMPA) was subsequently developed for
the rapid study of the translocation of bioactive molecules. It is based on a filter plate made of
pores, infused with a micrometer thick solution of phospholipids in oil, and placed between two
aqueous compartments (Figure 1.a). PAMPA enables to screen and discriminate a wide range
of compounds.™ Albeit the presence of phospholipids, the water-oil-water film is distinct from
phospholipid bilayer membranes.’”® The permeability of many compounds assessed by
PAMPA was therefore discrepant from values measured by Caco-2 cells.'®!”

Following the PAMPA approach, a drastic decrease or removal of the oil film would lead to the
adhesion of the two phospholipid monolayers, thus reproducing more reliably a bilayer
membrane. This is made possible by droplet interface bilayers (DIBs).'®'° DIBs are formed
between two water-in-oil droplets covered each by a phospholipid monolayer and paired by
spontaneous adhesion, thereby reproducing a phospholipid bilayer membrane (Figure 1.3,
c).2%2" In this system, oil molecules might remain in the bilayer depending on the oil type and
phospholipid composition, but the bilayer thickness remains at nanometric scale, close to the
thickness of normal bilayers.?>?° DIBs are advantageous because they can be generated in
high throughput with a large range of physico-chemical conditions.?® For instance, the
permeability of solutes, ions, or water has been assessed using micropipette- or microfluidic-

based DIBs.?’*° Moreover, DIBs can be made with asymmetrical monolayers to study the



influence of membrane asymmetry on permeability.3'3* Finally, the permeability of a wide
range of hydrophilic and lipophilic drugs was estimated using hybrid planar droplet bilayers.35-%
All these methods reveal the versatility of such systems for studying membrane permeation
but, DIBs need to be considered as a complementary approach to Caco-2. Indeed, they cannot
entirely recapitulate the intestinal environment and may not be suitable for studying active
permeability. For the sake of using DIBs to assess permeability, it is necessary to reach a
global knowledge of the physical properties of the produced bilayer so as to identify the best
conditions mimicking the cell membrane. Such characterization is currently missing. Namely,
the impact of the phospholipid composition and the surrounding oil phase on the permeability
of solutes are needed to outperform the PAMPA method in terms of structural relevance and
predictivity. Such consideration is necessary to level up the DIB method to closely mimic
cellular bilayers and provide a rapid and more reliable permeability assessment of molecules.
In this article, we explore the formation of DIBs under a variety of physico-chemical conditions
and characterize the passive permeability of fluorophores, such as fluorescein, used as model
analytes; these molecules, sized like small permeants, enable a readout of translocation by
fluorescence. We found that both phospholipid acyl chain and polar head impact membrane
permeability. These parameters essentially vary the intrinsic curvature of phospholipids,
thereby altering the membrane lateral pressure which strongly correlated with membrane
permeability in our system. This finding depends on the nature of the oil phase which modifies
the nature and the thickness of the hydrophobic layer to be crossed. We thereupon identified
relevant physical chemistry conditions for making DIBs that best mimic cell membrane with

regard to permeation.



Results

Droplet pairing conditions and permeability determination.

With a fluidic device, donor and acceptor water droplets are separately generated in an oil
phase, which contains phospholipids decorating the droplets interface (Figure 1.b). Binary
droplets are then brought together off chip (Figure 1.c). When two water droplets are brought
closer to each other, they spontaneously adhere due to the insolubility of the lipid surfactants
in the solvent phase.’®* The adhesion process leads to the zipping of the phospholipid
monolayers, hence forming a droplet interface bilayer (DIB).'%3 Within a few minutes, the
zipping process reaches an equilibrium state depending on the solvent and surfactants used.?'
Thus, we can follow the time course of transfer over an hour and determine bilayer permeability
(Figure 1.c, d). During the permeation time course, the volume of the droplets and area of the
patch were almost constant (Supplementary figure S1).

For the oil phase, we used glyceryl trioctanoate, belonging to triglycerides which are abundant
in cells.®® For surfactants, we chose a wide range of phospholipids with various polar heads
and acyl chains, and mixtures thereof (Figure 2.a, b, c). Taking advantage of this diversity
would enable to decipher key features that control membrane permeability.

For the analyte, we chose fluorophores as model molecules and opted for fluorescein and
carboxyfluorescein, a carboxylated form of fluorescein. For the aqueous phase of both
droplets, we used a biological buffer solution composed of 50 mM HEPES, 120 mM KAcetate,
and 1 mM MgClz in Milli-Q water (pH 7.4, 293 mOsm, | = 173 mM). This buffer of ~ 300 mOsm
was unaffected by the added fluorophore at 250 uM, which represents less than 1 mOsmol.
Thus, donor and acceptor droplets had the same osmolarity.

As a proof of principle, we made DIB constituted of DOPE phospholipid and found that
fluorescein, unlike carboxyfluorescein, fully crossed the membrane within the same hour time
course of permeation (Figure 1.c, d). In our buffer, at a pH of 7.4, fluorescein mainly bears two
charges whereas carboxyfluorescein bears three. This is very likely the origin of their
divergence in permeability as the energy barrier to cross the hydrophobic core of the bilayer
increases with charge. Such discrepancy between the two dyes has already been reported.?
We then focused on fluorescein to study how its permeability is altered by membrane
composition.

The concentration of fluorescein in the acceptor droplet can be obtained from the conservation
of mass: C,V, + CqV; = C49V4, Where C is concentration and V is volume; “a” reporting for
acceptor and “d” for donor compartment; Cy, is the concentration of the solute in the donor

droplet at to, 250 uM. Since the concentration is proportional to the fluorescence intensity F,

C,/Cq = E,/F4, the mass conservation writes simply as: C,V, + Ca(%)Vd = CqoVy4, Which yields:
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Note that here, the bleaching effects are irrelevant since we consider the ratio of solute

concentrations, and that both acceptor and donor droplets are similarly bleached. On the other

PA(Va+Vgq)
VaVq

hand, the mass conservation and Fick’s law give C,(t)/Cyqo = Ce ™ + %, where p =

A being the membrane area and P the membrane permeability (Figure 1.d).***' Thus, by
measuring the fluorescence signal of the acceptor and donor droplets over time
(Supplementary Figure S2a,b), the evolution of the concentration in the acceptor droplet
C.(t)/Cq is known. We fit this concentration with the above exponential equation (Figure 1.d,
Supplementary figure S2.b, c) and extract the parameter u which gives the permeability value
(Figure 1.d).

Permeability is increased by acyl chain unsaturation and altered by polar heads.

We first studied PE of various acyl chains, with an increasing number of unsaturation, 1 for
POPE, 2 for DOPE and 4 for PufaPE and fully saturated chains for DPPE (Figure 2.a). Making
stable DPPE DIBs in the time scale of permeability was not possible which is why we opted
for studying it in DOPE/DPPE mixtures which enabled stable DIBs. We found that increasing
the number of unsaturation significantly increased permeability, from 0,81.10° cm.s™ for
POPE, to 1.6.10° cm.s™ for DOPE, and 6.5.10"° cm.s™ for PufaPE (Figure 2.d). In contrast, we
did not observe a significant difference in permeability for 3:1 and 1:1 ratios of DOPE:DPPE
mixtures (Figure 2.e). Note that the diffusion of the fluorophore in the droplet volume ~ 4.10°
cm?.s” is much faster than its above permeation kinetics, meaning that the unstirring of the
water layer close to the bilayer is irrelevant with regard to permeation.*243

We then studied the bilayer permeability of PE/PC mixtures (Figure 2.b). We systematically
noticed a decreased permeability with the addition of PC (Figure 2.f). Permeability significantly
decreased as the amount of POPC increased in POPC/DOPE mixtures, from 1.6.10°to 1.5.10°
5and 8.0.10%cm.s™, for 0 to 20 and 40 mol% of POPC. Likewise, DOPC addition significantly
decreased permeability, down to 1.4.10° cm.s™ for 25 mol% and to 1.2.10° cm.s™ for 50 mol%
of added DOPC (Figure 2.f). POPC decreased permeability more than DOPC. Permeation
across DOPE/DPPC bilayers was similar to that across DOPE/DPPE. DPPC addition did not
significantly change permeability.

We also studied the effect of cholesterol and negatively charged phospholipids such as PA
and PS on bilayer permeability (Figure 2.c, g). The addition of cholesterol did not significantly
change bilayer permeability. However, this might result from a difference in the adsorption of
cholesterol and DOPE at the oil-water interface, as both were added from the oil phase. In

such a case, the generated DIB bilayer composition would not be representative of the bulk



concentration. Compared with pure DOPE, negatively charged phospholipids significantly
increased the permeability up to 2.1.10° cm.s™ for DOPA and 4.2.10° cm.s™' for DOPE/DOPS
mixture at 1:1 (Figure 2.g), which was here the maximum DOPS concentration that enabled

stable DIB in the time scale of permeation.

Permeability is strongly altered by unusual phospholipids with contrasted structure.

Our above results show that the nature of the acyl chains modulates permeability, namely
permeation is increased by unsaturation (Figure 2.d). We decided to further test this by using
synthetic phosphatidylcholine DPhPC and Pufa?PC which are uncommon phospholipids with
very contrasted structures, both with symmetric acyl chains, methylated or fully unsaturated
respectively (Figure 3.a). DPhPC is often used to prepare DIBs because it offers high
membrane stability with no detectable gel to liquid crystalline phase transition.** Pufa?PC is
also able to form flexible and stable bilayers.* Compared with PE phospholipids, DPhPC and
Pufa?PC altered permeability very differently (Figure 3.b). We noticed an order of magnitude
difference between these two phospholipids with a permeability of 0.75 10° cm.s™' for DPhPC
and of 9.0 10° cm.s™ for Pufa2PC (Figure 3.b). Pufa2PC yielded the highest permeability to
fluorescein of studied DIBs, similarly to other observations made when using giant unilamellar
vesicles.*® We thus tested whether it would increase the permeability to carboxyfluorescein,
which did not cross PE DIBs (Figure 1.d). Permeation was still abolished, suggesting again a
strong energy barrier for caboxyfluorescein to cross the bilayer, probably because of its

additional charge (Supplementary figure S3).

The bulk oil phase modulates permeability.

Our goal is to identify the physico-chemical conditions of DIBs that best mimic cell membrane
permeability. So far, we used glyceryl trioctanoate and wanted to determine if the nature of the
oil impacts permeability. In fact, oil molecules can be trapped in the DIB bilayer to a level
dependent on the oil type and the phospholipid composition.?®?* Permeability could thus
depend on the oil type.

We made DIBs with squalene oil, a cholesterol derivative which can be found abundant in
specific cells, especially of skins, plants of fishes.*” Permeation through squalene DIB was
slower than trioctanoate, suggesting that it somehow increased the energy cost for
translocating through the bilayer. Due to this slow permeation, fitting the one-hour permeation
with a standard diffusion profile was not possible. For comparison purposes, we instead
decided to consider the rate of translocation at 15 min, p., which enables a good appreciation
of the difference in permeation between the two oils (Figure 3.c, d). Compared with
trioctanoate, permeability significantly decreased with squalene by a three- and two-fold

reduction for DOPE and DPhPC respectively (Figure 3.d). Interestingly, the permeability



between DOPE and DPhPC, which are structurally very different phospholipids, is significantly
different for trioctanoate whilst similar for squalene.

DIBs made in squalene are reported to be thicker than triglyceride-based bilayers.*® The
increase in membrane thickness for squalene could thus decrease the permeability for DOPE
and DPhPC. However, in our experimental set up, permeability does not necessarily correlate
exclusively with thickness since PE DIBs, bearing more oil than PC DIBs*®, are probably thicker
while being more permeable than PC DIBs. Thus, other factors rather than thickness alone
also influenced permeability. Based on the solubility diffusion model, permeability would also
dependon the partition coefficient of the solute K, between the aqueous phase and the
membrane, composed of phospholipids and oils.*' Here, squalene could have a predominant
contribution to the partition coefficient as compared with phospholipids, so that it took control
over permeability, on the contrary to trioctanoate (Figure 3.d). These data illustrate the

importance of the oil choice while studying permeation with DIBs.

Membrane lateral pressure modulates the permeability of DIBs made in triglycerides.
Squalene seemed to mask the contribution of phospholipids in permeability, while trioctanoate
did not (Figure 1d). Thus, we focused on trioctanoate to study how the permeability is varied
by phospholipids. Following our above analysis, we posited that phospholipids would modulate
the partition coefficient of the solute to the bilayer hydrophobic core. Indeed, phospholipids
have different intrinsic curvatures, or shapes, meaning that their spacing in membrane can
change. In other words, depending on the phospholipid type, the packing of the bilayer or its
lateral pressure may vary °°. Accordingly, the probability for solutes to reach the bilayer
hydrophobic region also varies.

We decided to determine the relative lateral pressure 1T of a monolayer composing the bilayer,
which is given by T = y,,0 — Ymp, Where y,,,,, is the surface tension of a monolayer of the bilayer
and y,,o is that of the free standing water/oil interface saturated with phospholipids. This
relative pressure compares the compaction of a DIB monolayer (related to y,,;) relatively to
the non-adhering monolayer counterpart (related to y,,o). The tension of a monolayer in the
bilayer can be inferred from the Young-Dupré equation which yields ¥, = ¥mo(cos(8)),
where 0 is the half contact angle between the droplets (Figure 1.d). The relative lateral
pressure simply writes as Tt = y,,0(1 - cos(6)) and can be calculated by determining the initial
monolayer tension and the DIB contact angle (an increase in this pressure translates a
decrease of the bilayer tension, due to cos(8)). We measured these parameters for the studied
lipid compositions (Figure 4.a, b, Supplement figure S4) and determined this pressure.

We reported the permeability for different phospholipid acyl chain and headgroup as a function

of the relative lateral pressure and found a clear trend (Figure 4.c). For weaker lateral



pressures, e.g. beneath 1.5 mN.m™", the permeability is larger by one order of magnitude than
for higher lateral pressures. Permeability plateaus above 2 mN.m™" in pressure. Compositions
at the plateau are of higher lateral pressure, as for a bilayer membrane, and would thus match
more biologically relevant physico-chemical situations; the permeability obtained for these
conditions are in the range of values reported in the literature, between 0.5 10 cm.s" and 1.7
105 cm.s.282951-53 Qur results suggest that bilayers made from trioctanoate and specific
phospholipids, above 2 mN.m™" in lateral pressure, result in membranes with relevant
permeability. In particular, it points out the bilayer compressibility as a determining factor for

the passive permeability of solutes.



Discussion

DIBs are promising tools for screening molecules able to cross bilayer membranes.?82°
However, their relevance depends on how closely they can mimic cell membranes, which is
currently not well understood. To reach such knowledge, we probed the impact on permeability
for a variety of phospholipid compositions, under given oil phases, so as to depict conditions

that closely mimic the cell membrane permeability.

In trioctaonate DIBs, our data support that phospholipids alter the membrane lateral pressure
that seems to be a major parameter controlling membrane permeability. Higher lateral
pressures correspond to lower permeability. Based on the solubility diffusion model, the
membrane permeability follows KD/d, where D is the diffusion coefficient across the
phospholipid layers and d is the thickness of the latter*'. PE DIBs bear more oil than PC DIBs,
based on our previous work.?* Thus, one could expect a slower diffusion coefficient D and a
thicker membrane d in PE, which would both decrease permeability. Instead, a higher
permeability was observed in PE as compared with PC. This finding indicates that the partition
coefficient K may have been more affected in our system, at least for the above phospholipid
conditions. More generally, by altering the DIB lateral pressure in the case of trioctanoate,
phospholipids may particularly impact the partition coefficient of the solute.

The membrane lateral pressure depends on the phospholipids since varying acyl chains and
headgroup overall alters the phospholipid shape, thereby impacting bilayer packing. The
presence of unsaturation allows acyl chains to bend and to move along the phospholipid axis,
resulting in a looser bilayer.*® Accordingly, increasing unsaturation, e.g. from POPE to PufaPE
or DPhPC to Pufa®?PC, leads to leakier membranes (Figure 2.d, 3.b). Also, cone shaped lipids
such as DOPE or DOPA loosen bilayers and hence lead to bilayers with a higher permeability
than in PC whose cylindrical shape offers better bilayer packing.?*% However, DOPS which is
also cylindrical, increased permeability compared with DOPE (Figure 2.g). High levels of
DOPS, which is negatively charged, may have induced lateral phospholipid-phospholipid
repulsions, which would result in a higher spacing of phospholipids, favorable for

permeation.56:57

The nature of the oil phase influences DIB membrane permeability. Notably, we found that
permeability is decreased by squalene (Figure 3.c, d), and even more by hexadecane
(Supplementary figure S5). This discrepancy could be due to a difference in fluorescein
partitioning between trioctanoate vs. squalene/hexadecane. In particular, trioctanoate has
ester headgroups which offers the possibility to form hydrogen-bonds with solutes, which could
significantly impact the partition coefficient.’® Qils of similar nature such as squalene and

hexadecane, which are hydrocarbons, could have similar partition coefficient. In this case, their



difference in permeability could come from a difference in DIB thickness for a given
phospholipid composition. Indeed, the bilayer thickness decreases with increasing
hydrocarbon length?®, which would promote less permeable hexadecane than squalene DIBs.
This is in agreement with the low permeability values reported for fluorescein through
hexadecane DIB, between 2.0 and 6.0.10 cm.s™",262%53 |ower than our results with squalene
DIBs.

In conclusion, our study enables to get molecular insights on the permeability mechanism of
solutes through DIBs. We identified physico-chemical conditions with a permeability of ~ 10°°
cm.s™ for fluorescein, similar to the permeability reported for this molecule in cells of rat
jejunum or small intestine, ~ 0.4.10° cm.s™.5%2 Qur studies constitute an important step for
further using DIBs to properly assay the passive translocation capacities of pharmaceutical

molecules.
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Figure 1: Passive permeability assay. (a) Schematic illustration of common in vitro assays used to
assess membrane permeability, Caco-2 cells, PAMPA and DIBs. (b) Schematic of the proposed
permeability assay. Two sets of W/O droplets, empty and analyte-filled (respectively acceptor and
donor), are produced with a millifluidic device and dropped on a treated glass slide for monitoring under
an epifluorescence microscope. (c¢) Top: examples of formed DIBs via droplet pairing off chip. Bottom,
the passage of analyte (top: fluorescein; bottom: carboxyfluorescein) from the filled droplet to the empty
one is followed over 60 minutes. Scale bars, 100 ym. (d) Permeation kinetics of fluorescein and
carboxyfluorescein through glyceryl trioctanoate DOPE DIB; Permeability is calculated by fitting the

curve of the acceptor concentration. Scale bars, 50 um.
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Figure 2: Permeability assay investigation through glyceryl trioctanoate DIB (analyte: fluorescein).
(a)(b)(c) Phospholipids with various polar heads and acyl chains are studied. (d)(e)(f)(g) group
phospholipids per nature. Permeability as a function of phospholipid compositions is represented (mean
value, error bars represent the SD). ns indicates p > 0.05 not significant, * indicates p < 0.05, **
indicates p < 0.01.
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Figure 3: Impact of extreme phospholipids and of the oil on membrane permeability of fluorescein. (a)
Diagram of rare symmetric phospholipids with either saturated or unsaturated acyl chains, displayed
against DOPE. (b) Permeability as a function of phospholipid composition shown in (a). (c) Adhesion
behavior of glyceryl trioctanoate and squalene DOPE DIBs (top). Permeation kinetics of analyte through
DOPE DIBs depending on the oil composition. Scale bars, 100um. (d) Introduction of permeation
parameters p15 and pc which better describes slow permeation. Permeability as a function of oil nature
and phospholipid compositions (mean value, error bars represent the SD). ns indicates p > 0.05 not
significant, * indicates p < 0.05, ** indicates p < 0.01.
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Figure 4: Influence of the bilayer physico-chemical state on the permeability. (a) DIB morphology as a
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Material and Method

Products. All phospholipids (Avanti Polar Lipids), glyceryl trioctanoate (Sigma-Aldrich),
squalene (Sigma-Aldrich), hexadecane (Sigma-Aldrich), fluorescein sodium salt (VWR
Chemicals), carboxyfluorescein (Sigma-Aldrich), HEPES (Sigma-Aldrich), potassium acetate
KAcetate (Sigma-Aldrich) and magnesium chloride MgCl, (Sigma-Aldrich) are used without

further purification.

Preparation of the Oil Phase. Phospholipids used for the oil phase are conditioned in
chloroform. We first evaporate chloroform under a stream of argon; the dried lipids are
subsequently re-solubilized to the desired concentration in the desired oil, notably glyceryl
trioctanoate (TO) and squalene (SQ). Unless stated otherwise, a lipid concentration of 0.1 wt.
% is used for all experiments, value above the critical concentration for every studied

phospholipid composition.

Millifluidic setup to fabricate monodisperse W/O droplets. Unless mentioned otherwise,
experiments are performed with a 0.1 wt. % lipids in oil solution and the following HKM buffer
recipe: 50 mM HEPES, 120 mM KAcetate, and 1 mM MgCl; in Milli-Q water (at pH 7.4). For
permeability assays, it is necessary to produce two types of droplets: acceptor droplets filled
with buffer and donor droplets filled with a 250 uM solution of analyte in buffer. To do so, we
use parallel circuits both composed of two Nemesys syringe pumps (Cetoni GmbH,
Deutschland), one for the oil continuous phase and the other for the aqueous solution. The
tubes (250 pm internal diameter) coming from the 1000 uL dispensing syringes (Gastight 1000
uL, Hamilton Company, US) are connected via a T-junction (IDEX Health & Science LLC, US)
enabling the formation of W/O droplets. Flow rates for the oil and aqueous solution are
respectively fixed at Qo = 600 pL.h"" and Qw = 30 pL.h" resulting in about 150 um diameter
droplets. We finally placed the generated two families of droplets on a glass slide coated with
PDMS (Figure 1.b).

Permeability Assay. All permeability assays are performed at room temperature Tia, = 21°C
under an epifluorescence inverted microscope (Leica DM-IRB, Leica Microsystems SAS,
France). Two droplets, one acceptor and one donor filled with analytes are selected. We then
put the droplets in contact and a bilayer is formed spontaneously with a “zip-up” of monolayers.
Just after DIB formation, we follow the passage of the analyte through the interface by taking
pictures of the droplets every 5 minutes. The permeation is studied over 60 minutes (Figure
1.c, d).
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Quantification of permeability. The analyte concentration is proportional to the fluorescence
intensity. The initial concentration in the acceptor droplet is considered negligible, giving Cao =
0 mol.L", even though during the monolayer adhesion process a little fraction of solute can

already translocate through the bilayer. Mass conservation equation is given by:
CaVa + CaVq = CqaoVy (1)

where Vaorqaand Caorg are respectively the volume and concentration of the acceptor and donor
droplets; Cqois the initial concentration of the donor droplet. We consider that throughout the
permeation process, the volume and the patch area do not vary (see Supplement figure S1).

Using the mass conservation and Fick’s law*>#!, one gets:

d(Ca/Cqo) 1 1 A
Ll = A+ ] CalCa) + Py (2)

Where P is the permeability coefficient and A is the bilayer area. The resolution of this equation

gives:

_ b VaVv,
Ca(t)/Cap = Ce™ + , and P =A(Hva+ Igd) (3)

The fit of our dataset with this exponential function gives access to the parameters y, b, C and

then permeability P.

We use the epifluorescence images of DIBs to measure the concentration of fluorescein in
donor and acceptor droplets. As fluorescence intensity is proportional to concentration, we are
able to study the evolution of the acceptor concentration (Supplementary figure S2). The
concentration in the acceptor droplet is obtained from equation (1):

knowing that C, = sF, and Cq = sFy, where F denotes for the fluorescence intensity, one can

write:
Fq
CaVa + Ca(7)Va = CaoVa
a
which yields
Ca _ Va
Coo y 4 VaFa
a

a
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Note that F;/F, annihilates the bleaching effect. By measuring the droplets’ volume and
intensity, the value of C,/Cy, is known. By fitting our dataset with an exponential equation (3),
we can thus extract a permeation parameter « u » and estimate the permeability of the bilayer.
Each permeability value was determined by its mean and standard deviation. We performed a

minimum of 3 measurements for each lipid condition.

Morphological analysis of DIBs. Compartment volumes V. o ¢ are measured from a
brightfield picture taken before droplet adhesion. Contact area A is obtained from the mean
value of patch radius measured throughout the experiment. We also measure the contact angle

robustly from droplets and patch radii with the following equation:

R R
— Pp— _p . -1 _p
20 = sin <Ra) + sin <Ra)

where R, and Ra o g are respectively the radii of patch, acceptor and donor droplets.

Measurement of monolayer tension at a water/oil interface stabilized with
phospholipids. Measurements are performed using a drop tensiometer device (Tracker,
Teclis-IT Concept, France). The principle of the drop profile analysis is based on the
determination of the shape of a liquid drop suspended in another liquid and its comparison with
theoretical profiles calculated from the Gauss Laplace equation (Supplementary figure S4). In
our case, the rising drop is the oil-containing lipid phase, dispersed in the aqueous buffer.
Immediately after drop formation, the tension decreases along with the continuous inclusion of
phospholipids at the oil/water interface. After a few minutes, the drop area and volume are
maintained constant. Equilibrium surface tension is determined after 10 minutes. In the case
of a slow adsorption, we extrapolate the curve with a theoretical experimental profile to get the

equilibrium surface tension value y,, (Supplementary figure S4). Each surface tension was

determined by a minimum of 3 independent measurements for each lipid condition studied.

Quantification and statistical analysis. Statistical significance is evaluated by Welch’s t tests
(unpaired parametric test, two-tailed P value) using Prism 8.0 (GraphPad Software, US). All
values shown in the text and figures are mean + S.D, and taken from at least 3 experiments
(ns indicates p > 0.05 not significant, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p
< 0.001, **** indicates p < 0.0001).
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