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We develop a theoretical framework for understanding dynamic morphologies and stability of droplet
interface bilayers (DIBs), accounting for lipid kinetics in the monolayers and bilayer, and droplet
evaporation due to imbalance between osmotic and Laplace pressures. Our theory quantitatively describes
distinct pathways observed in experiments when DIBs become unstable. We find that when the timescale
for lipid desorption is slow compared to droplet evaporation, the lipid bilayer will grow and the droplets
approach a hemispherical shape. In contrast, when lipid desorption is fast, the bilayer area will shrink and
the droplets eventually detach. Our model also suggests there is a critical size below which DIBs can
become unstable, which may explain experimental difficulties in miniaturizing the DIB platform.
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Droplet interface bilayers (DIBs) are constructed by
bringing together two (or more) lipid monolayer-encased
water droplets submerged in oil [1,2]. As the droplets
contact one another, lipid bilayers form spontaneously.
The lipids can be introduced in the bulk of the oil phase
[lipid out, Fig. 1(a)] or inside the water droplets [lipid in,
Fig. 1(b)]. DIBs can be assembled in several ways,
including connecting millimeter-sized aqueous droplets
using pipettes, electrodes or lasers [1-4], high throughput
microfluidic devices [5—-8], and 3D printing [9].

DIBs have a number of advantages over other lipid
bilayer platforms. Electrical characterization across the
bilayer is easy to perform [10-12]. It is possible to
introduce asymmetric bilayers using the lipid-in method
[13,14] and to construct complex droplet networks [15-17].
A number of membrane proteins have also been success-
fully reconstituted across DIBs, including the viral potas-
sium  channel, the light-driven proton  pump
bacteriorhodopsin, and the mechanosensitive channel of
large conductance [17-20]. Given these advantages, the
potential applications of DIBs are wide ranging, from
droplet arrays for ion channel screening [19,20]
and chemical microreactors [21,22] to responsive materials
[9,23,24] and mimics of electrical circuits and logic
gates [25].

The stability of DIBs, however, remains a major issue
[3,26,27], especially for DIBs below several hundreds of
microns [26]. Furthermore, when DIBs become unstable,
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their morphological evolution is extremely rich [27]. As the
droplets shrink due to evaporation, the lipid bilayer can
(i) zip and increase in size, (ii) unzip until the droplets
eventually detach, or (iii) the system can shrink almost
uniformly. Here we provide a theoretical framework to
address both the issues of DIB stability and dynamic
morphologies, for which there has been no explanation
to date. The ingredients of our model are the balance
between Laplace and osmotic pressures, which determine
the evaporation rate of DIBs, and lipid kinetics, which
include lipid adsorption, desorption, and exchange between
the mono- and bilayers.

Our main results are as follows. First, we are able to
construct comprehensive phase diagrams, which reproduce
and distinguish the dynamic regimes observed in experi-
ments. Second, our theory predicts a size limit of stable
DIBs. For the typical materials used in Refs. [26,27], DIBs
smaller than O(100 ym) can become unstable. Third, we
elucidate a mechanistic understanding for both the dynamic
morphology diagram and DIB stability, arising out of a
competition between four characteristic timescales: lipid
desorptions for the (i) monolayers and (ii) bilayers,
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FIG. 1. Schematic diagrams of (a) lipid-out and (b) lipid-in
droplet interface bilayers (DIBs).
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(iii) droplet evaporation, and (iv) lipid exchange between
the mono- and bilayers.

We begin by describing our model for lipid kinetics. We
use subscripts i = [, r to represent the left and right droplets
(see Fig. 1), superscript b to label the bilayer, and no
superscript for the monolayers (for brevity). The change in
the number of lipids on the monolayers and bilayer is due to
three different processes. The first process is lipid adsorp-
tion from the bulk liquid to the interface:

d
E (FiSi)ad = kon(roo

—T)S;. (1)
The adsorption rate is proportional to the density of
available sites per unit area (I, —T';). T, is the density
of total available sites, while I" is the density of occupied
sites. k,, is the rate constant of lipid adsorption, and S is the
monolayer area.

The second process is lipid desorption from the interface
to the bulk liquid,

d
E (FiSi)de = kogtl';Si, (2)

with k. the desorption rate constant. In general, &, and
ko depend on the lipid density in the bulk liquid [28].
There are several possible underlying molecular mecha-
nisms for lipid transfer, including rupture and extraction
mechanisms [29]. However, in our minimal model, it is
neither necessary nor possible to make an explicit statement
about molecular mechanisms. For simplicity, we assume
ko, and k. to be constants.

The third process is the exchange of lipids from the
monolayer to the bilayer, and vice versa:

d | 2zag

E(Fisi)mb - ksT [ﬂh(rh) _ﬂi(ri)]' (3)

We assume the current to be proportional to the difference
in chemical potentials for the lipids in the monolayers and
bilayer, with a proportionality constant £. The prefactor 2za
corresponds to the contact line perimeter where the
monolayers meet the bilayer, with a the bilayer radius
and A = a® the bilayer area. Here, kj is the Boltzmann
constant and 7 is the system temperature.

The chemical potential of the monolayer can be
calculated using the Gibbs-Duhem equation [30],
—I'du = dy. We employ a standard relation between
the monolayer tension and its surface excess [31],
vi(Ti) =70 + kTl In (1 —=T;/T). yo is the surface
tension of a clean oil-water interface, when there is no
adsorbed lipid. Substituting this equation to the Gibbs-
Duhem equation leads to the following relation for the
chemical potential:

ui = kgTIn[[;/ (T, = T7)]. (4)

Similar to Egs. (1)-(3), equivalent relations for lipid
adsorption, desorption, and exchange can be written for the
bilayer, as given in the Supplemental Material (SM) [32].
For the lipid-out method, there is no direct lipid exchange
from the bulk liquid to the bilayer. The variation in the
number of lipids is only due to the exchange between
the monolayers and bilayer. Additionally, we assume the
bilayer to be incompressible with constant chemical poten-
tial u” and lipid density I'?. Changes in the total number of
lipids in the bilayer thus necessarily involve changes in the
bilayer area. To justify this assumption, we note that
bending deformation to the bilayer is not appreciable in
the typical experiments [26,27]. Using the DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine) bilayer as an exam-
ple, the compressibility is 290 mN m~' while its bending
modulus is ~29 kzT [50]. Consequently, for an energy
scale of order of the bending energy, the relative change in
lipid density on the bilayer due to compression is negli-
gible, of order 0.01%. Indeed, for higher compression, the
lipid bilayer buckles [26,27].

To model droplet evaporation, here we focus on cases
where the two droplets forming the DIBs are exactly or
close to being symmetric. Thus, evaporation is driven by
the imbalance between the osmotic pressure difference AIT
and the Laplace pressure PL between outside and inside the
droplets. The osmotic pressure difference and the Laplace
pressure between the two droplets themselves are negli-
gible. The outward flux of water from droplet i can be
written as [51]

dVi _ Psiw
dt  RgpT

T = - (AIL; = PE)S;. (5)
v,, is water’s molar volume, Rp is the gas constant, and p;
is the monolayer’s water permeability coefficient. The
osmotic pressure outside the droplets IT°" is taken to be
constant with time, while inside the droplets we use
van 't Hoff’s law [30] for dilute solutions, H?‘ =
C"V.(0)RspT/V;, with C the inside osmolarity and
V;(0) the initial droplet volume. The Laplace pressure is
Pt =2y,(T';})/R;, where R; is the radius of droplet i;
see Fig. 1.

Recent experiments demonstrate that as DIBs become
unstable, their dynamic morphologies can follow several
distinct pathways. Mruetusatorn et al. [27] reported three
classes of behavior. Class I (“bilayer expansion”) is high-
lighted by the observation that the bilayer area grows
[Fig. 2(a)] and the droplets’ polar angles decrease
[Fig. 2(b)] upon evaporation. The polar angles, 6, and
0,, are defined in Fig. 1. In contrast, for class III (“unzip-
ping”), the bilayer area shrinks [Fig. 2(e)] while the polar
angles increase [Fig. 2(f)] until eventually the two droplets
detach. Finally, in class II, the DIB shrinks while main-
taining approximately constant polar angles (see SM [32],
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FIG. 2. (a),(e) Surface areas and bilayer area fraction as a function of time superposed with experimental data [27] for the “bilayer
expansion” and ‘“‘unzipping” modes, where the bilayer area expands and shrinks, respectively. (b),(f) In the bilayer expansion
(unzipping) mode, this is accompanied by a decrease (increase) in the polar angle. The insets show the initial DIB configurations
(¢), (g) and their configurations upon evaporation (d), (h). The best-fit parameters to the experimental data are Ci,’/‘r =
(5.11 £0.07) x 1072 mol m™3, TI°" = (3.64 4 0.03) x 10* Pa, ko = (4.78 £0.04) x 1073 57!, T(0) = 1.42 x 10'"® m™2, and u’ =
(743 £0.02) x 1072 k3T for (a)~(d), and CI"=(1.74+£0.01)x 102 molm=3, C" = (0.72£0.01) x 107> molm~,
o4 = (2.19 £ 0.03) x 10* Pa, ko = (2.50 £0.01) x 1073 57!, T'(0) = (1.620 £ 0.004) x 10" m™2, and u® = (9.96 £ 0.07) x

107! kgT for (e)—(h). In all cases we have used & = (9.85 4 0.34) x 10'° (ms)~'.

including comparison with our model). According to our
theory, class II corresponds to one of several possible
crossover behaviors between the two dominant dynamic
modes: bilayer expansion and unzipping.

Figure 2 demonstrates that our model reproduces exper-
imental results with good agreement. The experimental
data were obtained using the lipid-out approach, in which
DOPC lipids are introduced in soybean oil (top row) and
hexadecane (bottom row). As the droplet evaporates, we
find the lipid surface density I' closely approaches the
saturated density I'y.. Thus, far from equilibrium, lipid
adsorption at the monolayer is very small compared to
desorption, kg, (I, — ;) < koI, and can be neglected.
To reduce the number of free parameters, we assume the
initial lipid monolayer density is the same for the right and
left droplets, and equal to the bilayer lipid density,
I'” = T'(0). We also assign typical literature values to the
following parameters: p, = 80 pm s7! [52-56], Ty, =
2.3 x 10" m=2 [57], and 7, =25 and 44 mNm™! for
soybean oil-water and hexadecane-water interfacial ten-
sions [33]. The remaining parameters in our theory [&, k.,
°(0), pb, 10, Ci,‘fr] are optimized against experimental data
using a Markov chain Monte Carlo method [58]. The
details are presented in SM [32]. The best-fit parameters are
given in the caption of Fig. 2. They compare well to
literature values for similar systems, tabulated in SM [32].

Beyond being able to fit the reported experimental data,
an important insight from our theory is that we can explain

the key factors determining the observed dynamical path-
ways. From Egs. (2), (3), and (5), we identify four
characteristic timescales: (i) and (ii) lipid desorptions for
the mono- and bilayers, 74 = 1/kot and 74, = 1/k5.,
(iii) droplet evaporation, 7, = (RgpTR)/(psv,I1°"), and
(iv) lipid exchange from the mono- to bilayer,
Tiow = L R/E. We construct a dynamic morphology dia-
gram in Fig. 3, concentrating on the role of the lipid
desorption and droplet evaporation timescales. We vary
Paes = Taes/ T and ﬂges = Tges/Te while keeping 74y /7, =
0.59 constant. We also neglect lipid adsorption, following
the results in Fig. 2, where it is negligible compared to lipid
desorption. We observe two dominating regimes. The first
one is broadly defined by f4. = 1 and ﬂges 2 1: if desorp-
tion is slow, to compensate the increase in lipid monolayer
density upon evaporation (shrinkage in monolayer area),
lipids flow from the monolayer to the bilayer, resulting in
bilayer zipping and growth. In contrast, for 4., <1 or
ﬂges < 1, desorption from either the mono- or bilayer is fast
enough to tackle the rise in lipid density. As the droplets
shrink, the bilayer unzips and the droplets detach.
Between these two dominating behaviors, we observe a
crossover regime, which occurs when the evaporation
timescale becomes similar to the desorption timescale
(Baes ®1 or ph ~1). Class II behavior reported by
Mruetusatorn et al. [27] is one of three possible crossover
behaviors between the bilayer expansion and unzipping
modes (see SM [32]). Varying the value of p,,, /7, leads to
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FIG. 3. Dynamic morphology diagram in terms of timescale
ratios between lipid desorptions and droplet evaporation, f,., and
ﬂges. The bilayer expansion mode is observed when desorptions
are slow, and the unzipping mode when one of the desorption
timescales is fast. The dotted line is a guide to the eye separating
these two regions, and the crossover behaviors are detailed in
SM [32]. We use u? =0.25 kT, TI°" = 2.48 x 10* Pa, and
C}), = 5x 107> molm™>. The other parameters are as in Fig. 2
(top row) for DOPC at soybean oil-water interface.

a similar dynamic morphology diagram, where the bilayer
expansion mode is favored at large f4., and /)’ges, while the
unzipping mode is favored for small S, or ﬂges. With
decreasing 7,y /7., the boundary between the two dom-
inant modes shifts to larger ., and smaller ﬂges [59].

We now focus on the equilibrium states of DIBs and their
relative stability. For simplicity, the left and right droplets
are taken to be identical. At equilibrium, lipid adsorption
is balanced by desorption. Equating Egs. (1) and (2)
gives equilibrium lipid density, I'; = I'okon/ (kon + Kofr)-
Furthermore, the chemical equilibrium between the mono-
and bilayers imposes the chemical potential of lipids on the
bilayer: y® = u = kzTIn (ko,/kog). Finally, from Eq. (5),
the balance between the Laplace and osmotic pressures
gives the equilibrium radius of the droplets:

2 k
= — —kxTT In (1 UUS 6
ATl [}’o B n( +koff>:| (6)

Thus, to realize stable DIBs at different sizes for a given set
of materials (lipids and oils), it is necessary to adjust the
osmotic pressure difference inside and outside the droplets.

Next, starting from the equilibrium states, we perturb
the DIB morphologies by randomly varying the outside
osmotic pressure, bilayer radius, monolayer lipid densities,
and polar angles of the droplets within +10% of the initial
equilibrium value. In agreement with experimental obser-
vations [26], the DIBs are not always stable. Figure 4
shows a transition between stable and unstable DIBs at
around 10 gm to 1 mm depending on the polar angle. The
simulation parameters are provided in the caption. Each
data point is the average behavior from 120 random
perturbations [60], and the color intensity signifies the
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FIG. 4. Stability diagram of DIBs in terms of the droplet radius
R* (equivalently fp,,) and polar angle. The dotted lines are
guides to the eye. The color intensity for each data point signifies
the propensity of the simulation outcomes over 120 runs with
random perturbations to the equilibrium configuration. Data
points with no dominant behavior (defined as > 55% of the
outcomes) are shown in gray circles. Since we start the simu-
lations close to equilibrium, both lipid adsorption and desorption
are relevant. We use ko = 5 x 1073 s™!and k,, = 8 x 1073 571,
The other parameters are as in Fig. 2 (top row) for DOPC at
soybean oil-water interface.

frequency at which we find (i) the DIB is stable (green
triangle), or it destabilizes via (ii) bilayer expansion (red
diamond; slightly preferred for polar angle <155°), or
(iii) unzipping (blue square; preferred for polar angle
2155°) mechanisms upon perturbations.

The stability diagram in Fig. 4 can be further understood
in terms of timescales. The critical parameter is the ratio
between lipid adsorption or desorption and lipid exchange
timescales. Here we have set k,,/ky; = 1.6 and define
Priow = Tilow/ Tdes = | oo Rkosr/E. DIBs are stable when [,
is large. As detailed in SM [32], in the stable regime, the
system can reequilibrate without activating lipid flow to the
bilayer. In contrast, when the DIBs become unstable for
small fow, lipid exchange between the monolayers and
bilayer is significant. We observe (detailed in SM [32]) the
bilayer expansion mechanism is typically accompanied by
net desorption and monolayer to bilayer lipid transfer,
while for the unzipping mechanism we have net adsorption
and bilayer to monolayer lipid transfer.

To conclude, we have studied the stability of DIBs and
the dynamic morphologies they follow when they become
unstable. Our theory captures the various dynamic path-
ways observed in experiments. The bilayer expansion mode
is dominant when the timescales for lipid desorptions both
in the mono- and bilayers are slow compared to the
timescale for droplet evaporation. However, if one of the
desorption timescales is fast, either in the monolayers or
bilayer, then the unzipping mode is preferred. We also
predict the presence of crossover behaviors at the boundary
between these two dominant modes in the dynamic
morphology diagram. Interestingly some of the timescales
identified in our theory are size dependant. This proves to
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be important for the stability of DIBs, where the timescale
for lipid exchange between the mono- and bilayers
becomes faster for smaller DIBs. This drives instability,
and for the experimental systems to which we fitted our
model, we predict there is a critical size of order 10 ym to
1 mm below which DIBs can become unstable. An
important future work is to exploit this solid theoretical
foundation for improving the stability and reproducibility
of the DIB platform, which remains a major experimental
issue to date, including understanding its possible limit in
miniaturization. Another interesting avenue for research is
to complement our model with molecular studies on the
lipid transfer mechanisms, which determine the rate con-
stants in our model, and consequently the observed
dynamic behaviors.

Research data supporting this article can be accessed
in Ref. [61].
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