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Complex nanoemulsion for vitamin delivery:
droplet organization and interaction with skin
membranes+
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Odivania Kruger,© Airton A. Martin, © ¢ Siewert J. Marrink, © ¢

Paulo C. T. Souza {2 *<9 and Priscila P. Favero @ *d

Lipid nanoemulsions are promising nanomaterials for drug delivery applications in food, pharmaceutical
and cosmetic industries. Despite the noteworthy commercial interest, little is known about their supramo-
lecular organization, especially about how such multicomponent formulations interact with cell mem-
branes. In the present work, coarse-grained molecular dynamics simulations have been employed to
study the self-assembly of a 15-component lipid nanoemulsion droplet containing vitamins A and E for
skin delivery. Our results display aspects of the unique “onion-like” agglomeration between the chemical
constituents in the different layers of the lipid nanodroplet. Vitamin E molecules are more concentrated in
the center of the droplet together with other hydrophobic constituents such as the triglycerides with long
tails. On the other hand, vitamin A occupies an intermediate layer between the core and the co-emulsifier
surface of the nanodroplet, together with lecithin phospholipids. Coarse-grained molecular dynamics
simulations were also performed to provide insight into the first steps involved in absorption and pene-
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tration of the nanodroplet through skin membrane models, representing an intracellular (hair follicle
infundibulum) and intercellular pathway (stratum corneum) through the skin. Our data provide a first view
on the complex organization of commercial nanoemulsion and its interaction with skin membranes. We
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1 Introduction

A nanoemulsion is a colloidal particle system with a droplet
size in the range of 20 to 500 nm. Immiscible liquids are
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expect our results to open the way towards the rational design of such nanomaterials.

mixed to form a liquid-in-liquid dispersion, by means of an
emulsifying agent like surfactants and co-surfactants.'” These
kinetically stable systems appear to be promising for efficient
delivery of active molecules. The range of nanoemulsion appli-
cations spans diverse fields including drug delivery, as formu-
lations for transdermal delivery of celecoxib;® the food indus-
try, where bioaccessibility of long chain triglyceride nanoemul-
sions with p-carotene have been investigated; and in the cos-
metic industry where nanoemulsions have been tested for skin
hydration and ease of application.” The main advantages of
nanoemulsions over other drug delivery vectors are their capa-
bility to: (i) encapsulate both hydrophilic and hydrophobic
molecules; (ii) improve the bioavailability of such molecules;
(iii) deliver selectively at a target site; (iv) and finally, they have
reduced toxicity.>®

Although a great variety of nanoemulsion formulations
have been synthetized and tested, only limited high-resolution
data exist regarding supramolecular organization of such
materials. Relevant efforts have been made using a multitude
of experimental techniques (e.g. solid-state NMR, AFM) to
investigate, for instance: nanoparticle self-assembly from
amphiphilic peptides;'® complexes of cationic lipids and oligo-
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nucleotides;'! and direct and reverse nanodroplets of water,
oil and dioctyl sodium sulfosuccinate'® as well as the inter-
actions of such nanodroplet with membranes. However, the
inherently small size of nanodroplets and the often short life
times of transition states makes simulation an important
complementary approach to experiment.'*'* All-atom (AA) and
coarse-grained (CG) molecular dynamics (MD) simulations
have been used for studies of simple binary and ternary mix-
tures, representative of nanoemulsion formulations,">™*® and
have steadily increased in complexity and scale.

Computational and experimental studies involving the
interaction of nanocapsules with lipid bilayers have been per-
formed in the last years.’® > From a more general perspective,
simulation methods have been extensively applied in the
nano-bio interface, as a way to support and interpret the
experimental results.>>*® For instance, computational studies
with model systems have been performed to understand the
effect of nanocapsule sizes, shapes, charge, elasticity, hydro-
phobicity and coating in the interactions with lipid
membranes.”**° Even the more realistic models usually only
involve hard solid-like nanoparticles, including the ones com-
posed of fullerenes®'** or gold coated nanoparticles with poly-
mers or surfactants.**” The wrapping process of softer deli-
vered systems is less understood, but there are some examples
in the literature as well. For instance, dendrimer nanoparticles
interactions with membrane models have been investigated
using dissipative particle dynamics,*® while CG simulations
were used to study the fusion of perfluorocarbon-based nano-
droplets with phospholipid vesicles.*® Except for recent efforts,
including lipoplexes®®*' and Gelucire 50/13 lipid nano-
particles,’> most of the computational studies used rather
simple bilayer models, and they were focused on understand-
ing how the nanoparticle can penetrate or change the bilayer
properties.*® Recently, much effort has been devoted to model
more complex membranes, including skin membranes,**™*®
which open the possibility to simulate the uptake of nanodro-
plets more realistically.

In the current work, we performed CG MD simulations to
study the complex organization of nanodroplets from a com-
mercial nanoemulsion formulation. Such nanoemulsions are
used as a cosmetic for the delivery of hydrophobic vitamins A
and E through the skin. We show that a nanodroplet of given
composition presents an onion-like organization, with vita-
mins A and E differently distributed in different layers of the
droplet. Besides, we investigate the onset of the fusion of the
multicomponent nanodroplet with two complex bilayer
models, mimicking the hair follicle (infundibulum, INF) and
stratum corneum (SC) of human skin. To do so, we utilized the
CG Martini force field as it provides a wide range of compati-
ble molecules allowing for simulation of complex mixtures,
with only limited additional parametrization.*”*® Another
important aspect of CG is that the potentials are smoother and
the simulations contain less particles, offering a 2-3 order of
magnitude speedup compared to AA models. This allows for
equilibrating the structural organization of the multicompo-
nent nanodroplets near to their realistic sizes, and to simulate
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the initial stages of the fusion of the nanodroplet with skin
membranes. The spatial and time scales explored here are
inaccessible for the current experimental techniques typically
used to study nanoemulsion and their interactions with skin.?
So, our main aim was to provide an molecular picture of
complex nanoemulsion formulations and their possible trans-
dermal delivery mechanisms.

2 Methods

2.1 Building the lipid nanodroplet model

The chemical composition of the lipid nanoemulsion was pro-
vided by Boticario company, which is involved in the pro-
duction and marketing of this formulation. A complete over-
view of the composition can be found in Table 1. The molar
percentage of components of the same type were equally
distributed.

The major carrier components of the formulation are trigly-
cerides, which are often used as carriers of fat-soluble vitamins
and other bioactives. The ST21 (polymer-based polyethylene
glycol with a 16C acyl terminal) is added to enhance emulsion
stability. It is important to note that the nanodroplet has zero
net charge and no negatively charged molecules. Palmitic and
stearic acids were considered in their protonated (neutral) state.

In order to produce the lipid nanodroplet model for the
nanoemulsion, we first assembled the hydrophobic com-
pounds. Then we added the amphiphilic constituents to form
the final nanodroplet. These stages correspond to the experi-
mental process of forming the lipid nanoemulsion (personal
communication).*® In the first phase, vitamins A and E were
mixed with triglycerides (capric and caprylic). The remaining
excipients were added in phase two. For the first stage of lipid
nanoemulsion formation, we used a box of 26 x 26 x 26 nm®
with 123 938 CG water beads (corresponding to 495 752 water

Table 1 Components of the lipid nanoemulsion by type and molar per-
centage. The name of the components follows the INCI nomenclature
for cosmetic ingredients

Molar
Component Abbreviation Type percentage %
Retinol VITA Vitamin A 20.06
Tocopherol VITE Vitamin E 20.03
Caprylic/capric CPLC/CPRC  Triglyceride  28.79
triglyceride
Cetyl palmitate CPAL Lipid 7.21
Glyceryl stearate GLST
Cetyl alcohol CAL
Lauryl alcohol LAAL
Behenyl alcohol BHAL Blend lipids ~ 4.27
Myristyl alcohol MYAL
Palmitic acid PALAC
Stearic acid STAC
Glycerin GLC Humectant 4.80
Hydrogenated lecithin HLEC Phospholipid  4.80
90G
Lecithin 80H LEC Phospholipid  3.02
Steareth-21 ST21 Co- 7.02

emulsifier

This journal is © The Royal Society of Chemistry 2021
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molecules). After 1000 steps of minimization, stage 1 was equi-
librated for 400 ns at an elevated temperature of 353 K to
speed up the equilibration. In the second stage, we also used
box of 26 x 26 x 26 nm’, but with slightly less water, with
103193 CG water beads. The equilibration of stage 2 covered
1000 ns. A final step was performed for additional 1000 ns to
equilibrate the nanodroplet at 310 K. In all steps, the pressure
was controlled with an isotropic coupling scheme. The size of
the nanodroplet was controlled by the total number of com-
ponents added to simulation boxes. The choice of nanodroplet
size used (around 20 nm) was based on a compromise between
representing a realistic diameter and computational cost for
the simulations.

2.2 Building the skin bilayer models

The biochemical composition of the skin is strongly depen-
dent on both extrinsic and intrinsic factors (such as sun
exposure, diet, and daily habits; chronological aging),’*™>
thus, the models that we intend to use to mimic the compo-
sition of the skin must contain information that particularizes
the case to be studied. Our studies were based on the construc-
tion of skin models of healthy people.”® Fig. S1 and S27 illus-
trate the INF and SC membranes and the possible permeation
pathways in which the nanodroplet interacts with the respect-
ive membrane. Bilayer compositions are based on Machado
et al. 2016.>* The INF bilayer includes 14 different types of
compounds, among them cholesterol, ceramide, sphingomye-
lins and various types of phospholipids. This membrane
shows similar characteristics to the plasma membrane model
of Ingdlfsson et al. 2014.>> The SC was composed of a mixture
of ceramides, cholesterol and fatty acids. As low pH conditions
could be important for the permeability and phase state of SC
bilayers,”**” we built two models in this case: neutral (low pH,
with fatty acids fully protonated) and charged (neutral pH,
with fatty acids deprotonated). All simulation boxes were built
with insane-py,*® with the bilayers placed in a box of around
35 x 35 x 35 nm® in size, which was solvated with ~300 000 CG
water beads and 0.15 M of NaCl. After 1000 steps of minimiz-
ation, the systems were equilibrated at 310 K for 1000 ns.
Pressure was controlled semi-isotropically. The temperatures
of the membrane, and the solvent were maintained separately
at 310 K.

2.3 Fusion simulations

The equilibrated nanodroplet and membranes generated in
the previous steps were used as initial conditions for the
fusion simulations. We placed the nanodroplet on top of each
bilayer at around 9.7 nm distance between their centers of geo-
metry. At this distance, the nanodroplet starts with one to two
water solvent shells between its surface and the bilayer head-
groups. The standard sized fusion experiments (43 x 43 x
29 nm®) contained ~33 450 CG water beads and 0.15 M NaCl.
Production simulations were performed at 310 K and 1 bar
during at least 1000 ns. In the case of INF bilayers, a box with
lateral dimensions four times larger was also tested.

This journal is © The Royal Society of Chemistry 2021
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2.4 CG models

The Martini force field was used for all CG simulations.*”>®

Concerning the nanodroplet, topologies of standard lipids were
taken from the work of Wassenaar et al. 2015.*® Topologies for a
number of less standard components were optimized to
improve their mapping and water—-octanol partitioning, includ-
ing capric and caprilic triglycerides, hydrogenated lecithin cetyl
palmitate, glyceryl stearate, cetyl alcohol, lauryl alcohol, behenyl
alcohol, myristyl alcohol, palmitic acid, stearic acid, the
mapping for these molecules can be found in Table S1.7 The
topology for the co-emulsifier Steareth 21 was based on the
work of Rossi G. et al. 2012.>° Vitamin A (retinol), vitamin E
(tocopherol) and humectant (glycerin) were parameterized fol-
lowing the standard procedure as described by Marrink
et al*”**° For the non-bonded parameters, the water-octanol
partitioning free energy of the CG model was compared to the
experimental value for each molecule (Table S2t). To calculate
these free energies of transfer we used the same methodology
as was used in ref. 60. For the bonded parameters, the
suggested default values were used (Table S37). For the skin
bilayer lipids, the current Martini models were used.*”**°!
Although the current models of vitamins may suffer from some
pitfalls of Martini 2,°° we do not think that new version of
Martini force field®* would qualitatively change the results pre-
sented here, as Martini 2 has consistently shown reasonably
accuracy in simulations of lipids and complex biomembranes.®®

2.5 Simulation parameters

All simulations were performed using GROMACS 5.x/2016.%* %%

The parameters were accordingly taken from the Martini default
settings.®® Each CG production run was preceded by an initial
energy minimization of the system using the steepest descent
algorithm. The integrator used for equilibration and production
runs was the leap-frog algorithm,”® with an integration time
step of 20 fs. Neighbour searching was calculated using the
Verlet scheme’® at a 20 step interval. Electrostatic interactions
were calculated using the Reaction-Field algorithm with a
dielectric constant of 15. The cut-off for van der Waals and
electrostatic interactions were set at 1.1 nm, furthermore, the
van der Waals and Coulombic interactions were shifted between
0.9-1.1 and 0.0-1.1 nm respectively using Potential-shift-Verlet.
Temperature was set using V-rescale,’>”® with each phase
coupled separately to the thermostat with a coupling time con-
stant of 1.0 ps. Pressure control was performed with the
Parrinello-Rahman barostat’* with a reference pressure of 1 bar,
a coupling time constant of 12 ps and an isothermal compressi-
bility of 3 x 107* bar™". The pressure coupling was set to semi-
isotropic and isotropic for systems with and without a bilayer
respectively, unless specifically stated otherwise. Cuboid peri-
odic boundary conditions were used in all cases.

2.6 Analysis of the skin membranes models

The skin membrane models were characterized based on the
order parameter. The order parameter was calculated on the
last 100 ns of a 1 ps spanning production simulation of the
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respective bilayer (infundibulum, stratum corneum with and
without charged fatty acids). Making use of MDAnalysis,”>”®
Numpy,”’ Freud,”® Matpotlib”® and Lipyphillic,®* we calculated
the order parameter of all lipid tails in the membranes and
projected it on the lipid linkers (GL1 and GL2 beads), as
defined in the Lipyphilic® order parameter tutorial. The order
parameter algorithm for coarse grained systems was first pub-
lished in the work of Seo et al. 2020.%' This procedure was
designed to work well for relatively flat bilayers.

2.7 Analysis of nanodroplet and fusion simulations

The radius of gyration (R,) was used as a simple metric to verify
the equilibration of the assembled nanodroplet in both stages. R,
over time of the nanodroplet was determined using the default
GROMACS 2016 gmx gyrate tool. The solvent accessible surface
area (SASA) was used to estimate the diameter of the assembled
nanodroplet (in both stages). SASA has been computed using the
GROMACS 2016 gmx sasa tool, with 400 grid points and a
1.00 nm probe. The nanodroplet was approximated to a perfect
sphere, with its surface area (SA) approximated to be SA = 4w =
SASA. The diameter (d) was obtained with the radius (r), which
was shifted considering the size of the probe — d = 2 X (r — 7probe)-

Besides looking at the nanodroplet as a whole we used the
radial distribution function (RDF) to study the spherical organ-
ization of the individual components and their internal chemi-
cal groups with respect to the center of mass of the nanodro-
plet. The RDF was calculated using the GROMACS rdf tool.
The chemical groups were specified based on their CG bead
types, separating the hydrophobic (tails; C type) and hydro-
philic regions (heads, linkers; N, P, Q types).

Mixing of components during fusion was analyzed using a
custom VMD script written partially in TCL and python3. First
we determined the distances of all components with respect to
all the other components (taking into account periodic bound-
ary conditions). All query molecules within 0.8 nm of a target
molecule were considered in contact. Molecules could have
multiple contacts between them by this definition. As position
of the minimum in the Lennard-Jones potential of Martini 2
regular beads is 0.53 nm, a cutoff of 0.8 nm was considered a
reasonable choice, as it would include beads in slightly longer
distances, given the thermal fluctuation. The contacts were
split into two groups: nanodroplet and bilayer. Contacts within
one group were normalized by the initial contacts value, where
contacts between the droplet and the bilayer were normalized
based on their final amount of contacts. The contacts were cal-
culated for the first 1000 ns of the fusion process.

Visual inspection and image rendering was performed
using VMD®? and graphs were generated using XMGRACE and
the python3 ®* matplotlib library.®*

3. Results

3.1 Assembling the nanodroplet

The nanodroplet was assembled in two stages (Fig. 1), which
mimics the experimental procedure used to produce the lipid
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Fig. 1 Stage 1 and 2 of the nanodroplet self-assembly. In (A) is shown
the names and color legend of all the nanodroplet components.
Snapshots of the self-assembly of components over time for stage 1 (B—
D) and stage 2 (E-G) are exemplified. The final snapshot of each stage
(D and G for stage 1 and 2, respectively) also indicate an estimate of the
nanodroplet diameter (see Methods section for more details). The radius
of gyration (Rg) of the nanodroplet was used as metric to verify the equi-
libration in stage 1 (H) and 2 (I).

nanoemulsion. In stage 1 (Fig. 1B-D), at an elevated tempera-
ture of 350 K, only the vitamins (A/E) and the capric/caprylic
acids were added in a dispersed fashion. The components
immediately started to aggregate and within 250 ns a spherical
assembly was formed with a diameter of 15.2 + 0.4 nm (Fig. 1D
and H). After obtaining stable hydrophobic aggregate, the
remaining components of stage 2 (Table 1, excluding the stage
1 components) were added in the same dispersed fashion but
quickly start to associate to the stage 1 nanodroplet (Fig. 1E
and F). The stage 2 simulation was performed for 1000 ns with
R, indicating a new stable aggregate at 650 ns (Fig. 1I). After
the assembly was completed the whole system was cooled
down to 310 K, in line with the manufacturing protocol, result-
ing in a nanodroplet a diameter of with 19.3 + 0.5 nm
(Fig. 1G).

3.2 Characterization of the nanodroplet

To obtain a deeper understanding of the structure of the
cooled stage 2 complex, we looked at the relative position of all
the components (Fig. 2A and B). In addition, we labeled the
hydrophilic and hydrophobic parts of the components
(Fig. 2C). We reduced the complexity of the figure by splitting
the components based on their relative general position separ-
ating the core, intermediate and external layer (Fig. 2D, F and
H respectively). This splitting was based on the intersections

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Nanodroplet structure. (A) The spatial distribution of all com-
ponents in the nanodroplet, with zero indicating the center of mass. (B)
A snapshot of the final nanodroplet. (C) The spatial distribution of the
heads and tails as defined by their CG bead type. (D, F and H) Snapshots
of the individual layers of the nanodroplet, classified as external (D),
intermediate (F) and core (H). (E, G, and ) Distribution of heads and tails
for each indicated layer.

of the hydrophilic heads and the hydrophobic tails curves
observed in the head-tail graph (Fig. 2E, G and I).

Based on the radial distributions, vitamin E (more hydro-
phobic than vitamin A) shows to be highly enriched in the
inner core together with cetyl palmitate (Fig. 2H and I),
whereas vitamin A was distributed both in the core and inter-
mediate layer. The intermediate layer is formed by the phos-
pholipids (in blue), providing support to both the core and the
formed layer of vitamin A (in red) and short-tailed triglycerides
(Fig. 2F and G). The surface of the nanodroplet was coated by
the emulsifier steareth 21, with its hydrophilic polyethylene
glycol tail mainly lying on the complex surface and its 16C acyl
chain anchored in the outer layer of the nanodroplet. Except
for cetyl palmitate, the nanoemulsion components show a
strong preferred orientation in the nanodroplet as indicated by
the large difference between the solid and dashed curves in
the RDF graphs, representing the head and tail parts of the
constituents, respectively (Fig. 2E, G and I).

3.3 Fusion with skin membrane models

After obtaining a stable nanodroplet, we constructed two
bilayers to model the skin membrane - SC and INF. Both the SC
and INF model might be relevant for delivery of active com-
ponents such as vitamin A/E over the skin barrier. The SC
model represents the rather saturated, ordered and rigid mem-
brane of cells in the outer layer of the skin.>*®* As the real pro-
tonation state of the fatty acids is unknown, we created both a
protonated and deprotonated version of the SC model to at least
cover the extremes. The INF model mimics the membrane con-
ditions inside a hair follicle and is known to be less ordered,
more soft and flexible in nature due to its higher unsaturation

This journal is © The Royal Society of Chemistry 2021
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compared to the SC.*>®¢ Equilibrated snapshots for both INF
and SC membranes are shown in Fig. S1 and S2.f Order para-
meters was computed for both membrane models, with the SC
model confirmed to be more ordered than INF (Fig. S3-S57). To
simulate fusion, in both models the full nanodroplet was
placed in close proximity of the target bilayer (~1 nm). The
simulation parameters were chosen such that they mimic bio-
logical conditions with respect to salt, pressure and temperature
(0.15 M NaCl; 1 bar; and 310 K respectively). All fusion simu-
lations spanned 1 ps and were performed three times except for
the large INF system which was only simulated once.

The charged SC fusion experiments ran stable in all cases
and no major membrane deformations were observed. Over a
period of 1 ps the nanodroplet adsorbed onto the membrane
and the exchange of components between the membrane and
nanodroplet was visible by eye (Fig. 3A). To quantify this mixing
we used the change of molecular contacts over the simulation.
From the reduction in nanodroplet self-contacts (Fig. 3C) it is
clear that lecithins and some blend lipid species mixed the
most. Steareth 21, which is in the outer layer, did mix slightly
less than lecithins, which may be a kinetic effect, given the
larger mass of this polymeric surfactant. Finally, the com-
ponents dominantly present in the core show an extremely low
change in contacts. From the decay in bilayer self-contacts we
conclude that all bilayer components are moving equally fast
from the bilayer into the nanodroplet, with very small differ-
ences when considering the charged states of the SC model
(Fig. 3E). The neutral SC membrane showed a near identical
fusion profile, with respect to both the membrane curvature and
mixing (Fig. S6T). Details of the system can be found in the ESL ¥

In contrast to the SC simulations, the INF membranes
showed heavy undulation in our fusion experiments (Fig. 3B).
Blend lipids of the nanodroplet, as myristyl and lauric alcohols
(MYAL and LAAL, respectively), were the components mixing
the most with this skin membrane model (Fig. 3D). In general,
these blend lipids mixed around 1.3 times more with INF than
the SC models. The rest of the components, which includes
the vitamins in the nanodroplet core, shows similar results
with SC membrane models, with almost no mixing with the
skin membranes. Surprisingly, the decay in INF bilayer self-
contacts (Fig. 3F) indicates that cholesterol seems to be the
membrane component that diffuses faster to the nanodroplet,
with 1.3 to 1.5 times more contacts than all the other com-
ponents in the INF membrane.

The heavy undulations observed with INF models were also
observed in additional fusion simulations with larger mem-
brane models (Fig. S7t). As we observe some unrealistic mem-
brane folding (Fig. S8%), given the periodic boundary con-
ditions, the simulations could not be extended to more than
1 ps, which is a limitation of the approach.

4 Discussion and conclusion

Characterizing the complex molecular organization of nanoe-
mulsions can be fundamental to understand its delivery
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Fig. 3 Nanodroplet fusion with skin membranes. The fusion of the
nanodroplet with the stratum corneum (A) and infundibulum (B) mem-
brane models are shown, with some snapshots of unbiased fusion simu-
lations illustrating successive moments in time. The change in self-con-
tacts between the initial 0 ns and final frame 1000 ns are shown with
bar plots (C, D, E, and F). They show the change in self-contacts of
nanodroplet (C and D) and bilayers (E and F) between the initial (O ns)
and final (1000 ns) frames. The components of the nanodroplet are
sorted by the distance of their peak in the RDF from the center of mass
of the nanodroplet.

mechanism. However, given the high computational cost to
model the macroscopic emulsion, only a representative droplet
was considered in this work. Using the same components and
procedures described by the nanoemulsion manufacturer, we
were able to obtain a stable nanodroplet, which is representa-
tive model of the smaller particle sizes expected in the dia-
meter distribution of typical nanoemulsions. The nanodroplet
contained a fuzzy-layered onion like internal organization,
with the vitamins enriched at its core. Most components
showed a strong preferred orientation although the inner core
was less ordered than the outer layers.

To obtain a better understanding of the possible delivery of
active components, the nanodroplet was placed on different
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skin membrane models. The main questions considered in
this approach were: (i) which skin membrane models is the
most favorable for the delivery of vitamins (ii) which is the
most probable delivery mechanism: passive mechanisms as
diffusion through the membranes or endocytosis of the
droplet. Passive diffusion would depend on the mixing and
flip-flop of the vitamins in the membrane, which does not
seem to be meaningful in our simulations. The results
suggested that only little vitamin A/E entered the target in
both bilayers model, as the core of nanodroplets tends to stay
intact during the simulation time (1 ps). This behaviour is in
line with other examples of systems containing high concen-
tration of oils in membranes as triglycerides in lipid droplets®”
and certain hydrophobic polymers added to membranes.®®
Only the lipids and surfactants in the external and inter-
mediate layer tends to mix with the membranes, with no
noticeable flip-flop of the components of the external layer of
the nanodroplet to the inner layer of the skin bilayers. On
average, the blend lipids of the nanodroplet mixed 30% more
with the INF than the SC bilayers (considering both neutral or
charged SC models). In addition, the nanodroplet extracted
more cholesterol from the INF than SC membranes. Besides
the difference in mixing of nanodroplet components between
the INF and SC bilayer models, there was a clear difference in
membrane undulation. The SC showed little to none bilayer
curvature, where the INF showed heavy undulation. Such
results suggest that this curvature might induce lipid triggered
endocytosis/invagination by the target cells, allowing the nano-
droplet components to enter the cell by other means than
passive diffusion. Although our simulations show curvature in
a random direction, the asymmetry in the plasma membrane
has been shown to cause such curvature to bend inwards and
can be strongly dependent on cholesterol depletion.®>°° Other
means of endocytosis such as clathrin or caveolin dependent
pathways are an option as well for the INF.°" Therefore it
seems likely that more active components would cross over the
INF than the SC membrane. However, it is important to con-
sider that the hairsacks only take up roughly 0.1% of the
surface of the exposed skin, possibly influencing the delivery
efficiency of this path.”>°® Future experimental evidence about
the delivery capacity via the different transdermal pathways
can validate our CG models and should confirm the role of
INF membranes for the specific formulation used in this work.
In summary, our results indicate an “onion peeling”
mechanism of the nanodroplet for this particular cosmetic for-
mulation, where the external layers are peeled off while the
internal ones, which include the vitamins, tend to stay more
intact. This process seems to be combined with another one,
involving a component exchange mechanism of nanodroplet
blend lipids with cholesterol from the INF bilayer. The result-
ing leaflet asymmetry and depletion of cholesterol in the INF
membrane are both aspects that can lead to curvature and
possibly trigger endocytosis. More importantly, both mecha-
nisms indicate new possible strategies that could be used in
rational in silico design of nanoemulsion formulations for
transdermal delivery. For instance, in this particular system
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studied here, one possible suggestion would be to fine-tune
the saturation level of aliphatic chains of certain components
as lecithins. As the preference for cholesterol in lipid systems
seems to be related to the saturation level of aliphatic
chains,” a higher ratio of hydrogenated lecithin could
increase the partitioning of cholesterol from INF membranes
to the nanodroplet. Additional future studies should also
focus on the improvement of the simulation protocols, as the
high-undulation in the membrane seems to promote mem-
brane folding, given the periodic boundary conditions. The
strong undulation hindered execution of simulations longer
than 1 ps for INF membranes. In any case, we expect our work
to open the way towards the Martini CG simulations of such
delivery processes.
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