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ABSTRACT: Emulsions often act as carriers for water-insoluble
solutes that are delivered to a specific target. The molecular
transport of solutes in emulsions can be facilitated by surfactants
and is often limited by diffusion through the continuous phase. We
here investigate this transport on a molecular scale by using a
lipophilic molecular rotor as a proxy for solutes. Using fluorescence
lifetime microscopy we track the transport of these molecules from
the continuous phase toward the dispersed phase in polydisperse
oil-in-water emulsions. We show that this transport comprises two
time scales, which vary significantly with droplet size and surfactant
concentration, and, depending on the type of surfactant used, can
be limited either by transport across the oil—water interface or by
diftusion through the continuous phase. By studying the time-resolved fluorescence of the fluorophore, accompanied by molecular
dynamics simulations, we demonstrate how the rate of transport observed on a macroscopic scale can be explained in terms of the
local environment that the probe molecules are exposed to.

Experiment

Simulation

oil

B INTRODUCTION emulsions the exchange of solutes, poorly soluble in the
continuous phase, is mediated by micelles and limited by
diffusion through the continuous phase.'® The diffusive
process was demonstrated to be faster with increasing
surfactant concentration but slower with increasing spacing

In its simplest form, an emulsion is a surfactant-stabilized
mixture of immiscible liquids, in which one phase is dispersed
in the other.' One increasingly popular application of
emulsions is as delivery systems for bioactive solutes, such as

for drugsz_4 or for functional food ingredients.S Considering between the.dropl.ets. . »

drug delivery, one has to keep in mind that most newly Here, we investigate the transport of a lipophilic molecule

discovered drl’lgs are lipophilic, i, poorly soluble in water.*™ solubilized in micelles in the continuous phase to the interior
, Le, g

For such drugs, emulsions tend to be promising delivery of the droplets in a polydisperse oil-in-water emulsion. As a

agents, given that their oil phase solubilizes lipophilic drugs model system for lipophilic solutes, we use the dye molecule
. . : e 4 . BODIPY-C12, a popular probe to study membranes on the

while they retain a high bioavailability.” As an example, in a 18—20 . . .

recent study oil-in-water emulsions were shown to be nanoscale. By tracking BODIPY-CI2 in these emulsions,

. L . . we find that the molecular transport from the continuous phase
promising delivering agents for the topical delivery of the ) | ) ;
. . . 9 L ) into the oil droplets is a two-step process: the slow depletion of
lipophilic drug bifonazole.” From a thermodynamic viewpoint, ) )
. : 1 BODIPY-CI12 from the continuous phase is followed by dye
emulsions are complex; they are in a metastable state stabilized .
. exchange between the oil droplets. The rate of transport shows
by surfactants, molecules that adsorb to the interface between ) .
. . . a dependence on surfactant concentration and droplet size,
the oil and aqueous phases. When aging, emulsions tend to _ S .
" 1 . . which we explain using simple models based on permeability
destabilize, which involves mechanisms such as flocculation, I
. . S ) theory and diffusion. We find that for some surfactants the
creaming, or coalescence. Emulsion aging is also accompanied

by a material flow that can be composed of the dispersed phase partitioning of the solute molecules at the surface of droplets
itself, in a process termed Ostwald ripening,m’11 or of solutes - _
being exchanged between the phases.'”~"” For emulsions that Received:  September 21, 2022 LANGMUIR
act as delivery systems for solutes, a good understanding of the Revised: ~ March 7, 2023 =
dynamics of such molecular transports is crucial, given that the Published: March 15, 2023
solutes partition between the phases of the emulsions and
eventually have to be delivered to a target. Baret and co-
workers have shown that for monodisperse water-in-oil
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Figure 1. Chemical structures of the molecular rotor BODIPY-C12 (a) and the surfactants SDS (b), TX-100 (c), and SDBS (d). Schematic
representations of the corresponding simulation models and the bead types are shown as well. Note that all beads have the same size in simulations.

can become the limiting step, where the solute exchange is
slowed to a time scale of days. Surprisingly, in our system the
dynamics of the transport can be explained by neither the
surfactant polarity (i.e., the hydrophilic—lipophilic balance)
nor electrostatic interactions. Instead, analysis of the time-
resolved fluorescence of the fluorophore suggests that the
retention at the oil—water interface is due to interactions on a
molecular level, in particular due to the mobility of BODIPY-
C12 in its local environment and the size of the surfactant
molecules. To push further our understanding of the process,
we perform coarse-grained molecular dynamics simulations
that confirm the experimental observations. Additionally,
simulation results suggest that the parameters governing this
surface-mediated molecular transport are the interactions
between the head groups of the dye and surfactant molecules.

B METHODS

Emulsion Preparation. Emulsions were prepared by dispersing
viscous polydimethylsiloxane silicone oil (500 cst, from Sigma-
Aldrich) in aqueous sodium dodecyl sulfate (SDS, >99.0%, from
Sigma), sodium dodecylbenzenesulfonate (SDBS, technical grade,
from Sigma-Aldrich), and t-octylphenoxypolyethoxyethanol (TX-100,
laboratory grade, from Sigma-Aldrich) solutions. We chose an oil
volume fraction of 80% and surfactant concentrations of 1 and 2 wt %,
which are well above the critical micelle concentrations (4 and ~8 X
cmc, respectively).”’ Using a Silverson high-shear industrial mixer at
6000 rpm for =20 min, we produced polydisperse oil-in-water
emulsions,””*> which remained stable for the duration of the
experiments (Figure S1) and beyond. The fluorophore BODIPY-
C12 was synthesized using the method by Lindsey and Wagner.**
Prior to the preparation of the emulsions, a stock solution of
BODIPY-C12 in ethanol was diluted with the continuous phase
(1:100) to obtain a dye concentration of &1 uM. We anticipate the
presence of ethanol not to impact the experiments considering its
strong dilution. BODIPY-C12 dissolves in micellar solution, and in
oil, but is poorly soluble in water (Figure S2). The chemical structures
of the dye molecule and surfactants are drawn in Figure 1.

Fluorescence Lifetime Imaging Microscopy. All fluorescence
lifetime imaging microscopy (FLIM) measurements were performed
using a Leica TCS SP8 HyD confocal fluorescence lifetime
microscope. As an excitation source we used a 470 nm pulsed laser
at 40 MHz, and the emitted light was detected in the range of 500—
700 nm by a Hyd detector. For all experiments we used a 100X
magnification in-oil objective with a numerical aperture of 1.25.
Images were acquired at a scan speed of 100 Hz and accumulated 4
times each, in the course of several hours after sample preparation,
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and for up to six consecutive days after. From these images we
extracted both the fluorescence intensity, which is proportional to the
concentration of the dye ¢ (Figure S3), and the fluorescence lifetime
7, which provides information on the local environments the dye
molecules are exposed to.'®7?*?%¢ For the analysis of the
fluorescence intensity of the microscopy images we used the image
processing package Fiji*” along with the collection of plugins
Morpholib]*® and the ellipse splitting plugin.’® We refer to the
Supporting Information for a more detailed description of the image
analysis. The fluorescence lifetime was analyzed using the Leica
Application Suite X. For each analyzed phase we included at least 10*
photon counts. The time-resolved fluorescence was fitted using a
model based on n-exponential reconvolution. For the fit of
multiexponential decays we used the amplitude-weighted average

%. We considered fits acceptable for y* < 1.5.

Simulation Model and Methods. To reach the length and time
scales associated with the diffusion of the dye molecules through the
oil—water interface and capture experimental trends in a qualitative
manner, we chose to model the systems using a coarse-grained (CG)
description. These calculations using the atomistic resolution of the
compounds would be computationally unfeasible. Additionally, to the
best of our knowledge, there is no full atomistic model for BODIPY-
C12 and TX-100 molecules that are compatible with CG models of
water, SDS, and silicone oil. Thus, we performed CG molecular
dynamics simulations of systems containing a solution of surfactant
and dye molecules in a mixture of water and oil.

As we aimed for a generic model, we deliberately did not take into
consideration the shape anisotropy of the solvent particles and
modeled them explicitly as spherical beads of unit diameter ¢ and unit
mass m. The interaction between solvent particles was modeled via
the Lennard-Jones (LJ) potential

Uy(r) = 48,7[(%)12 - (%ﬂ o

where r is the distance between a pair of particles and &; controls the
interaction strength between particles of type i and j. For particle pairs
of the same type, we used &,, = €,, = € = kT, where kg is the
Boltzmann constant and T is the absolute temperature. The cutoff
radius of the LJ potential was set to r., = 3.00. The interspecies
interaction was modeled using the purely repulsive Weeks—
Chandler—Andersen (WCA) potential, achieved by truncating
Uyy(r) at its minimum r,,, = 266 and shifting it by £ At the
simulation conditions employed, the two fluids are immiscible, which
leads to the formation of a liquid—liquid interface.>" This strategy was
shown to be robust for modeling the immiscibility of two fluids,*"**
including oil—water interfaces.”

lifetime, (7) =
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We approximated both dye and surfactant molecules as chains
made up of several beads connected through springs, which were
modeled via the finitely extensible nonlinear elastic (FENE) potential
combined with the WCA potential. We used the standard Kremer—
Grest parameters for the FENE potential to prevent unphysical bond
crossing.®* In a recent numerical study on the oil—water interfaces
decorated by surfactant molecules, a CG mapping for water and SDS
molecules was proposed.35 In this representation, five water molecules
were lumped together into one bead. Thus, the volume occupied by
five water molecules at room temperature, v,, = 0.15 nm?, defines the
volume of one bead in the simulations. The hydrophobic tail of SDS is
equivalent to two water beads in size and is represented by two beads
(bead type T). The headgroup (bead type H,) was modeled by a
single bead resulting in three beads per surfactant (n, = 3). Because
SDS and BODIPY-C12 molecules are quite similar with respect to
their chemical structure (compare Figures la and 1b), ie, both
molecules are composed of a hydrophobic tail containing 12 carbon
atoms and a headgroup (bead type H;), we used the same mapping
for both BODIPY-C12 and SDS. To investigate how the length of the
headgroup of a surfactant molecule influences the diffusion of dye
molecules, we additionally introduced a surfactant type that is similar
to TX-100 (Figure 1c). The hydrophobic tail of TX-100 was also
modeled by two T-type beads, as its length is similar to the
hydrophobic tails of SDS or BODIPY-C12 molecules. The headgroup
of TX-100, however, is a poly(ethylene oxide) (PEO) chain. For ten
monomers, the Kuhn length for PEO is ~0.68 nm, which roughly

. 36 . . .
equals the size of two monomers.” Because in our simulations the

unit of length I, = (6y,/7)"> ~ 0.66 nm, we modeled the head-
group of TX-100 using five H, beads (n, = 7). A schematic mapping
and the detailed summary of bead types are provided in Figure 1.

Nonbonded interactions between all bead types were also modeled
using the Uy potential introduced above. As the parameter choice is
crucial to adequately model the system, we chose the strength of the
potential ¢;/¢ based on the available experimental information to
capture the relative strength between the compounds. The resulting
values are summarized in Table 1.

Table 1. Values of the Interaction Strength €;/€ Used in the
Pair Potential Uy; to Model Nonbonded Interactions
between i and j Particle Types

w () Hihort /plone Hy T
w 1.0 WCA 1.9/1.1 0.9 0.2
0 1.0 0.2 0.9 0.9
Hehort /plong 1.0 3.6/0.225 0.2
Hy 1.0 0.9
T 1.0

For the intraspecies interaction, we used Epr = EH,-H,- = eHde = €.

In our simplified modeling approach, we use a single interaction
strength, &, = 0.2¢, to capture the immiscibility between some
species in the system: H,/O, H,/T, and T/W. Because the headgroup
of the dye molecule is miscible in both types of solvents, we set up the
interactions between the headgroup and solvents as
€h,0 = Epgw = 0.9¢.” For the oil-soluble tail of both the dye and

surfactant molecule, we also chose &y /¢ to be equal to 09.

Experimentally, the surfactant molecules are found either at the oil—
water interface screening the interaction between the immiscible
fluids or in aqueous solution. To achieve such a scenario in the
simulations, we set the interaction strength &y, between the water

beads and the headgroup of the surfactants H, to 1.9¢ and 1.1¢ for the
three- and seven-bead surfactant models, respectively. This choice of
interaction parameters results in a similar interfacial coverage by the
two surfactant types (Figure S4).

To qualitatively capture the hydrophilic strength of the surfactant
headgroups employed in the experiments, we make use of their HLB
values.*® As we represent the SDS headgroup by a single bead (short),
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while using five beads for the headgroup of TX-100 (long) (Figure
1b,c), the ratio of the interaction strength is then estimated as
ef{}:}'}:/e}l{i‘f{i = 38/(12/5) ~ 16. Thus, we choose &y /e to be
equal to 3.6 and 0225 for short and long surfactant chains,
respectively.

To model the interface, we chose a simulation box elongated along
the z-direction. The box size was set to L, = L, = 366 and L, = 3L, =
1080. Because of the periodic boundary conditions, there are two
interfaces within the simulation box. In our simulations we
determined the position of the interface between the water and oil
phases from the maximum of the surfactant concentration profile
along the z-axis.”® The overall particle number density was set to p =
0.66672.%> We chose the composition of the solvent mixture as 50:50,
leading to approximately 43000 particles for each type of liquid. As in
the experiments, we assumed that the liquid—liquid interface is
saturated with surfactant molecules. We estimate the number of
surfactant required as N = 2LxLylu2/As, where A & 0.5 nm?/molecule
is the experimentally determined surface area per SDS molecule
adsorbed at the interface between silicone oil and water.”” The
resulting values for N is 2253 surfactant molecules per simulation for
the surfactant model based on three beads. This leads to the
surfactant concentration ¢, = n,N,/Vj,,, = 0.05673, which is close to
the experimental values. For the seven-bead surfactant model, we kept
the same concentration resulting in N; = 966 chains per simulation.
We then added Ny = 100 dye molecules into the system to investigate
their diffusive behavior. In total, the systems are composed of 92378
beads.

Starting configurations were generated by randomly placing all oil
beads in one-half of a simulation box, while placing the remaining
beads in the second half. We followed a multistep equilibration
procedure. First, we ran a short simulation for 1 X 10° time steps
where only the position of the liquid beads was integrated to
equilibrate the phase-separated fluids. Next, we achieved a
homogeneous distribution of surfactant molecules in a box by
simulating a system for 1 X 107 time steps in which the interaction
strength between the T, H, beads, and liquids was set to €. Afterward,
a simulation of 3.5 X 107 time steps was conducted in which the
surfactant and solvent beads interact with the parameters presented in
Table 1. This simulation results in the formation of a liquid—liquid
interface decorated by surfactants. To keep the dye molecules in the
aqueous phase during the equilibration stage, we set a purely repulsive
interaction (WCA) between the Hy and T beads and the oil phase.
Finally, we set all interactions according to Table 1 and conducted a
production run of 2 X 10® time steps. Three independent runs were
performed for each value of the interaction strength &y .

Simulations were conducted in the NVT ensemble at T = 1 using a
Nosé—Hoover thermostat. The equations of motion were integrated
using the velocity-Verlet algorithm with a time step of At = 0.0057,

where 7 = \/mo?/ (kgT) is the intrinsic MD unit of time. All
simulations were

Iperformed using the HOOMD-blue simulation
package (v.2.92)*

B RESULTS AND DISCUSSION

Experimental Results. In the case of SDS stabilized
emulsions, at f,, which for all samples is ~10 min after
emulsion preparation, we detect the fluorophore in the
continuous phase only (Figure 2a), where it is loaded onto
micelles (Figures S2 and SS). BODIPY-C12 then diffuses from
the initially swollen micelles into the oil droplets, which
happens gradually over the course of 24 h (Figure 2b,c), with a
rate that is dependent on the size of the oil droplets; the
smaller droplets “fill up” faster. In addition, we observe highly
fluorescent regions at the periphery of the droplets, which
suggests aggregation of the dye molecules at the oil—water
interface.*”~** After the continuous phase is depleted of
BODIPY-C12 (Figure S6), we find the dye diffusing from the
brighter small droplets toward the empty larger ones until the

https://doi.org/10.1021/acs.langmuir.2c02597
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Figure 2. Molecular transport in an emulsion. (a—d) Fluorescence microscopy images show the molecular transport of the lipophilic dye BODIPY-
C12 from the continuous phase toward the dispersed phase of a model oil-in-water emulsion stabilized with 1% SDS. Once the continuous phase is
depleted of BODIPY-C12 (after ~24 h), the fluorophore is also transported between oil droplets. The whole exchange takes several days. The scale
bar is 20 ym. (e) We quantify this exchange using the parameter Ac, which gives the difference in concentration of dye molecules in the continuous
phase and in the oil droplets: c,, — c,. For different oil droplet sizes, d (average drop sizes: (d) ~ S, 7,9, and 11 pm), Ac decays exponentially and is
fitted using eq 2. Normalizing Ac by its initial and final value, and rescaling this normalized concentration difference using a single time scale 4,
collapses all data (inset). (f) The time scale 4 increases linearly with droplet size with a slope independent of surfactant concentration. (g) To
quantify the exchange between the oil droplets, we use the parameter AC, which gives the difference in concentration of dye molecules in oil
droplets of different sizes: Ac((d) = S um) — Ac({d) = 11 pm). The dynamics of AC as a function of time reveal two time scales for both
emulsions stabilized with 2% (top) and 1% SDS (bottom). Initially, AC grows as the smaller droplets fill up faster (inset). Then, as the continuous
phase is depleted of dye molecules, BODIPY-C12 is being transported from concentrated small droplets toward less concentrated large droplets.
This process happens at a time scale of days. The fit is the exponential model presented in eq 3.

fluorescence intensity is uniform among the oil phase (Figure thermodynamics and dictated by differences within the
2d). This molecular transport is not limited to an emulsified chemical potential of the solute over which the system
system and also occurs in bulk (Figure S7). equilibrates."*'® The time scale of the transport was previously

We characterize the exchange of dye by first analyzing the found to be determined by the permeability P of the micellar
temporal evolution of the concentration difference Ac = ¢, — phase, the droplet volume V, and surface area S and can be
¢o, which is defined as the difference between the concentration expressed as 4 = V/ (SP)."'® This relation predicts the time
of dye molecules in the water phase, c,, and the concentration scale to scale linearly with droplet size, which our data confirm
of dye molecules dissolved in the silicone oil droplets, ¢,. To (Figure 2f), albeit with an offset A, that varies with the
obtain the concentration from the fluorescence intensity, we surfactant concentration. Using the slope of A({d)) (fit in
need to know the different extinction coeflicients of BODIPY- Figure 2f), we derive a permeability P, defined as the diffusion
C12 in micellar solution and in oil. We therefore first measure rate of the dye molecules through the micellar phase, which,
the fluorescence intensity of the dye in both neat phases regardless of surfactant concentration, is on the order of 107"
separately and then correct the concentrations accordingly. m s

To analyze the dependence of the exchange on the oil We first investigate whether the transport is limited by
droplet size, d, we binned Ac(d) into four intervals (Figure S8) diffusion of the dye through the continuous phase. In this case,

to obtain Ac(t) for the average droplet sizes. (d) % 5,7,9, and the permeability can be expressed as P = &,45 with
11 um. A plot of Ac versus time (Figure 2e) reveals “) !
exponential decays that we fit using K= CC° (t‘”) the partition coefficient, D,, the diffusion coefhicient
Ac = Acoe—(t—t(,)//l + Ac, @) F)f the micelle—dye aggregates, agd I the thlckr‘l‘essA of the
interface. From the fluorescence images at equilibrium we
) ) L Ac—Ac, estimate K & 4 and K =~ 2 for the emulsions stabilized with 2%
Rescaling the normalized data AZ = Acy— Acy, between Ac(fo) SDS and 1% SDS, respectively. In addition, we find that the
= Acyand Ac(t,,) = Ac, (measured at day 6) by the time scale ratio in Ay between 2% and 1% SDS is given by the ratio
A produces a master curve (Figure 2e, inset). This exponential between surfactant concentration in the continuous phase,
relaxation is in agreement with theory based on diffusive which has been found to scale linearly with the partition
transport facilitated by surfactants; the transport is governed by coefficient K.'® Micelles formed by SDS were shown to be
4210 https://doi.org/10.1021/acs.langmuir.2c02597
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~10~°m in diameter*® and are thus, according to the Stokes—
Einstein equation, expected to diffuse at D, & 107" m* s7".
Then, estimating the diffusing object to cross an interface of
nanometric thickness I, we predict permeabilities a factor of
10° larger than what we experimentally observe.

We thus conclude that for the molecular transport of
BODIPY-CI12 in our oil-in-water emulsions stabilized by SDS,
crossing the oil—water interface is the rate-limiting step, not
micellar diffusion through the continuous phase. Once the
continuous phase is depleted of fluorophore, we observe
exchange of the dye between the droplets (compare Figures 2c
and 2d)."'® To quantify this, we define the concentration
difference between the largest and smallest droplets within the
samples, ie, AC = Ac({(d) ~ § ym) — Ac({(d) ~ 11 pm).
Irrespective of surfactant concentration, AC first increases as a
consequence of the depleting continuous phase (Figure 2g), in
agreement with the data shown in Figure 2e. Subsequently, AC
goes through a maximum AC_,, followed by relaxation to AC
— 0. Using the previous arguments based on diffusion, we
model this using

AC = (AC, — AC, e "/ AC, e 0/ ()
which combines the depletion of the continuous phase with
the exchange of the dye molecules between the droplets. The
initial uptake occurs on a time scale of 4, & 400 and 200 min
for the emulsions stabilized with 2% and 1% SDS, respectively.
These values are as expected, similar to the ones measured for
the relaxation of Ac between the continuous phase and the oil
droplets (Figure 2f), ie,, 1 obtained from Ac = 4, obtained
from AC. The relaxation describing the exchange between
droplets happens on much longer time scales of 4, &~ 6200 min
for 2% SDS and 5400 min for 1% SDS. We note that the
nonoverlapping values for Ac(t,,) and the fact that AC > 0 at
t, suggest that the smaller droplets still exhibit slightly higher
concentrations in dye. This small, but noticeable effect might
arise from either experimental errors or the possibility that the
system did not fully reach equilibrium at the last measuring
point. Considering the structural similarities of BODIPY-C12
and SDS with respect to their nonpolar alkyl moieties
(compare Figures la and 1b), it is reasonable to assume that
dye—surfactant interactions affect the transport rate.

The degree to which surfactant molecules are hydrophilic or
lipophilic can be estimated using their hydrophilic—lipophilic
balance (HLB), which is based on the molecular structure of
the emulsifier. Using the advanced technique proposed by Guo
and co-workers,*® we calculate a HLB number of 39.7 for SDS,
reflecting its strong hydrophilicity. Substituting SDS by the
more hydrophobic TX-100 (compare Figures 1b and 1c) leads
to an exchange at the time scale of the emulsion preparation
itself because at f, the continuous phase is already depleted of
BODIPY-C12 (compare Figures 3a and 3b). The TX-100
emulsion was also prepared in clear excess of its critical micelle
concentration (at 1 wt %, =70 X cmc).”” However,
substitution of SDS with the structurally similar but more
hydrophobic SDBS (compare Figures 1b and 1d) results in
hardly any increase in the transport rate (Figure S9). This is
surprising considering the comparable HLB values of SDBS
and TX-100, which we calculate as 10.7 and 13.7, respectively.
To rule out any electrostatic effects slowing down the transport
(both SDS and SDBS are anionic), we repeated the experiment
with 1 wt % NaCl added to the continuous phase. In this case
the time scale of the molecular transport of BODIPY-C12
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Figure 3. Effect of the surfactant on the molecular transport. (a, b)
Fluorescence intensity images of BODIPY-C12 in SDS (a) and TX-
100 (b) stabilized emulsions recorded after the emulsions were
prepared, at t,, and after a couple of days when all oil droplets
equilibrated to equal dye concentrations, at t,. The scale bar is 10
pum. The fluorescence decays of BODIPY-C12 recorded in micellar
solutions (c) and at the bright oil—water interface (d) show faster
decays for TX-100. The extracted lifetime values are summarized in
Table 2. (d, inset) Using the two components found at the oil—water
interface, we construct a FLIM image, shown here for a single oil
droplet stabilized with TX-100. The fast component corresponds to
the oil phase (green), while the slow component shows BODIPY-C12
in the surfactant phase (red). The scale bar is 2 ym.

increases, which indicates a change in the partition coeflicient
(Figure $9).'° These additional experiments suggest that
neither the HLB value nor electrostatic effects can explain the
increased transport rate of the dye molecule in the case of
emulsions stabilized with TX-100.

To get at the core of this, we resort to the analysis of the
time-resolved fluorescence of BODIPY-C12 to study its local
environments upon exposure to both surfactants, in micellar
solutions and at the oil—water interface. The fluorescence
decay of BODIPY-C12 was shown to be monoexponential with
a lifetime sensitive to viscosity but insensitive to polar-
ity."72%* The relationship between fluorescence lifetime 7
and macroscopic solvent viscosity # is given by Forster—
Hoffmann’s equation 7 o k#*, where k and x are empirical
constants obtained from calibration with solvents of known
viscosity (Figure S10)."” We anticipate the local viscosity to
vary with surfactant structure given the presence of large
gradients in lateral pressure between the headgroups and
tails.”” The fluorescence decay curves of BODIPY-C12 in oil,
micellar solutions, and at the oil—water interface for both SDS
and TX-100 are shown in Figures 3c and 3d, respectively. The
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extracted (amplitude-weighted average) lifetimes and corre-
sponding viscosities 1;,,, which we determined using Forster—
Hoffmann’s equation, are summarized in Table 2. The

Table 2. Time-Resolved Fluorescence Parameters”

7i[ns] 7 [ns] A/A, (7) [ns] mo[mPas]
SDS,, 1.28 1.28 55 1.154
TX-100,, 054 137 12 092 25 0976
oil 0.52 0.52 6 1.367
SDS,_, 066 156 21 0.96 28 1.044
TX-100,., 055 195 61 0.75 15 1.029

“The local viscosities 77;, are inferred from the amplitude-weighted
average lifetimes, (7), using a calibration measurement of ethanol—
glycerol mixtures (Figure S10).

fluorescence of BODIPY-C12 in micellar solutions of SDS
decays monoexponentially with a lifetime 7 = 1.28 ns (Figure
3c), indicating that the dye molecules are exposed to a single
environment.

In this environment, according to our calibration, BODIPY-
C12 molecules experience a viscosity of 55 mPa s, which
implies a significantly lower mobility of the dye than the one
measured in bulk solution at low viscosities (Figure S10). The
fluorescence decay of BODIPY-C12 in TX-100 micelles,
however, is biexponential, which indicates that the dye
molecules probe a second local environment. The amplitude-
weighted average lifetime of BODIPY-C12 within TX-100
micelles relates to a lower viscosity of 25 mPa s. Strikingly, the
viscosity experienced by BODIPY-C12 in the oil phase appears
to be decoupled from the macroscopic viscosity; i.e., the local
viscosity 1#,. is orders of magnitude lower than the one
reported from conventional rheometry.”' ~>* This might also
explain the lower values for (z) and 7, at the interface, where
the presence of oil inevitably affects the lifetime. Indeed, fitting
both components to construct a FLIM image (Figure 3d,
inset) reveals that the fast component belongs to the oil phase.
Regardless of whether BODIPY-C12 resides in the micellar
phase or at the oil—water interface, samples prepared with TX-
100 instead of SDS show a local viscosity a factor of 2 lower.

We tentatively interpret these results as follows: given the
structural similarities between the surfactant molecules and
BODIPY-C12, we hypothesize that the dye molecules
intercalate into the micelles. In the case of SDS the dye
molecules are subject to a higher degree of molecular crowding
and are thus more stable within the macromolecular assembly.
Within TX-100 micelles, however, BODIPY-C12 molecules are
less localized and more mobile, as suggested by the
biexponential decay and significantly lower lifetime. One
possible explanation would be that the dye molecules in the
TX-100 case are populating both the hydrophobic core of the
micelles and their outer palisade layer,”*>* which is composed
of a poly(ethylene ox1de) chain. Hence, for SDS, the exchange
to neighboring micelles’>*” and oil droplets is more restricted
compared to the TX-100 case. These considerations are
illustrated in Figure 4. From a structural perspective, the
differences in mobility could also be related to differences in
the surface density between SDS and TX-100 micelles, where
the much less dense surface of TX-100 micelles could facilitate
the fast exchange. Additional structural information on the
micelle—dye aggregates could for instance be inferred from X-
ray studies. We thus conclude that neither the HLB nor
electrostatic effects determine the transport rate of the
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Figure 4. Proposed local environments of BODIPY-C12 in micelles.
As suggested by the analysis of the fluorescence decay of micellar
solutions, BODIPY-C12 is more localized in SDS micelles (a). In this
case, its exchange between micelles and micelles and oil droplets is
limited. In the larger TX-100 micelles, however, BODIPY-C12 is less
localized and also populates the outer palisade layer (b), which
facilitates a fast exchange.

lipophilic dye within this emulsion, but rather the mobility
of the dye molecules within the micelle—dye assemblies.

We further substantiate these claims by performing
molecular dynamics simulations.

Simulation Results. In our simulations, we observe the
rapid formation of micellar aggregates (composed of dye, oil,
and surfactant molecules) in the water phase during the initial

10° time steps. We characterize the formation of these
aggregates using the density-based clustering algorlthm
DBSCAN.*’ For this clustering we consider O (oil), T
(hydrophobic tail), H, (hydrophilic headgroup of the
surfactants), or Hy (hydrophilic headgroup of the dye) beads
(Figure 1) located in the water phase and whose z-coordinates
are at least 30 away from the position of the interface. This
ensures that the micelles do not interact with the interface
when their composition is analyzed. Dye molecules, not
participating in the formation of micelles, diffuse freely through
the interface. In the experiments, at t;, the dye molecules are
already partitioned into micelles in the aqueous phase. Hence,
we excluded the first 10° time steps from the analysis of the
diffusion of the dye.

Figure Sa shows representative snapshots of the systems
investigated, at the time of the micelle formation and at the
end of a simulation. Figure Sb shows a plot of the temporal
evolution of the normalized concentration difference AT of the
dye molecules present in the water and oil phase using the
same definition for AZ(t) as employed in the experiments.

The simulation runs between Acy(t = 10°) and Ac,(t = 2 X
10%) and recovers the exponential decay (eq 2) that we also
observed in the experiments (Figure 2d,e). The results suggest
a slower exchange for the diffusion of solutes in systems where
the interface consists of short surfactant chains than in the ones
with long surfactant chains. The characteristic time scale
obtained from the fitting reveals that for the short surfactant
chains "™ = 1.8 X 107 time steps is more than two times
larger than the value for long surfactant chains A°"8 = 7.7 X 10°
time steps. These findings are in good qualitative agreement
with the experimental results (Figure 3a,b). Thus, our
computational results suggest that the energetic penalty to
cross the interface decorated by the long surfactant is lower
than for the interface decorated by short surfactant as
supported by the temporal evolution of the nonbonded
potential energy in the system (Figure S11). For a more
quantitative description, calculations of the transfer free energy
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Figure S. Simulations of the dye diffusion through a oil—water interface decorated by short (n, = 3) and long (n, = 7) surfactants. (a)
Representative simulation snapshots that correspond to the formation of micelles at ¢ = 10° time steps and to the end of a simulation. The
snapshots have been rendered using Visual Molecular Dynamics.*® Dye molecules are colored red (H;) and orange (T), surfactant chains are
colored green, and oil and water beads are colored orange and blue, respectively. (b) Temporal evolution of the normalized concentration
difference A% of dye molecules present in both water and oil phases. The data are fit using e */* (dashed lines). (c) Concentration profiles c/c§ of
beads belonging to dye molecules along the z-axis normalized by the bulk values. (d) Number density of beads belonging to a dye (py), oil (p,), or
surfactant molecule (p;) with respect to the radial distance from the center of mass of a micelle, Ry, normalized by its size, Ry.. The light and
dark curves correspond to systems with short and long surfactant chains, respectively. Shaded areas represent the error bars, calculated as the

standard error of the mean from three independent realizations.

of a dye molecule from an aqueous to an oil phase through the
interface decorated by two surfactant types could be
performed.

Next, we compute the concentration profile of beads
belonging to dye molecules along the z-axis (Figure Sc). For
systems composed of surfactants with long headgroups, dye
molecules are homogeneously distributed inside the oil phase.
In contrast, dye molecules are more prone to stick to the
interface when the headgroup of the surfactant is small. We
note that due to a rather small number (Ny = 100) of dye
molecules simulated and on the time scales accessible in the
simulations, the difference in the concentration profiles
between these systems is amplified. Qualitatively, it resembles
the experiments at the early stage, where highly fluorescent
regions at the periphery of the droplets were observed (Figure
2b). Experimentally, such aggregation was shown to occur for a
variety of molecules, independent of charge, and could be
attributed to the presence of a gradient in the electric field at
the oil—water interface.”® For future studies, it could be
interesting to elucidate the mechanism behind the aggregation
in more detail, for instance, by performing free energy
calculations as described above or by performing neutron or
X-ray scattering experiments.

Finally, we study the composition of the micelles by
calculating the number density profiles of each component.
For both simulated systems, the micelles are predominantly
made up of dye and surfactant beads, with a small number of
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oil beads present at the core (Figure Sd). We find a
comparable amount of surfactant beads in both simulated
systems and that the density of dye beads is higher for systems
containing weakly interacting headgroups. Consequently,
clusters containing surfactant molecules with long headgroups
are less stable against dissolution; this results in a faster
diffusion of dye molecules into the oil phase, which is in line
with our experimental results, showing a faster molecular
transport of the dye molecule for emulsions stabilized with TX-
100 (long headgroups) than for the ones stabilized with SDS
(short headgroups).

B CONCLUSION

To conclude, we observe experimentally that the molecular
transport of a lipophilic dye molecule in a model oil-in-water
emulsion is a two-step process that depends on droplet size,
surfactant concentration, and surfactant type, for which we
suggest simple models. For some surfactants, this transport can
be limited by diffusion through the interface, a phenomenon
that we find to be independent of both the hydrophilic—
lipophilic balance of the surfactant molecules and the presence
of electrostatic effects. Instead, the analysis of the time-resolved
fluorescence of the molecular rotor suggests that the mobility
of the dye molecules within the micelles plays a role; micelle—
dye assemblies consisting of surfactant molecules with smaller
headgroups stabilize the dye molecules against dissolution into
the oil phase. Our findings are supported by molecular
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dynamics simulations, which recover the behavior of dye
depletion from the continuous phase. They show that there is
indeed a strong dependence of this molecular transport on the
molecular size of the surfactant molecules stabilizing the oil—
water interface. We believe these results can be valuable for
designing any application in which emulsions are being used as
compartments, particularly for drug delivery.”’
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