
1 INTRODUCTION

Mechanisms of lipids extraction from skin lipid bilay-
ers by sebum triglycerides†

Anna Sofia Tascini,∗a Massimo G. Noro,b‡ John M. Seddon,a Rongjun Chenc and Fer-
nando Bresmea

The skin surface, our first barrier against the external environment, is covered by the sebum oil, a
lipid film composed of sebaceous and epidermal lipids, which is important in the regulation of the
hydration level of our skin. Here, we investigate the pathways leading to the transfer of epidermal
lipids from the skin lipid bilayer to the sebum. We show that the sebum triglycerides, a major
component of sebum, interact strongly with the epidermal lipids and extract them from the bilayer.
Using microsecond time scale molecular dynamics simulations we identify and quantify the free
energy associated with the skin lipids extraction process.

1 Introduction
The skin surface is the outermost protective barrier between our
bodies and the external environment. There are three possible
routes for external pathogens, particles and molecules to pene-
trate the skin barrier: transcellular delivery, intercellular delivery
(i.e. through the skin lipid matrix), and via the skin appendages,
namely the hair follicles (appendageal route). The main barrier
for absorption in the first two routes is the top layer of the skin,
the Stratum Corneum (SC), a dense layer populated by dead cells
called corneocytes. The crystalline-like SC lipid matrix1,2 has a
very low permeability, and represents the main barrier against
absorption via intercellular pathways. The follicle route, instead,
provides a pathway for the permeation of slowly diffusing com-
pounds and high molecular weight assemblies, such as nanopar-
ticles3,4. The sebum fills the gap between the hair follicle and
the skin, and it is considered to be the main transport route of
the follicular pathway5. The high permeation ability of follicles
has promoted the development of transdermal drug delivery ap-
proaches which target this pathway3,6–8.

The skin surface is coated with a lipid film composed of a mix-
ture of sebaceous lipids (the sebum oil) and a small fraction of
epidermal lipids, which can detach from the outermost layer of
the skin, the stratum corneum9,10. Different parts of the body
have different concentrations of sebaceous lipids, for example the
forehead and the forearm are examples of sebum-rich areas and
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sebum-poor areas11, respectively. The distribution of these areas
in our body, is correlated with the location of the hair follicles,
since the sebum oil is released onto the surface via these follicles.
The sebum oil has been found to play a key role in regulating
the hydration and, more generally, waterproofing properties of
the skin12–14. Sebum oil also features antimicrobial properties15,
and it assists in the transport of antioxidants, such as vitamin E,
through the skin16,17. Both, the lack (hyposeborrhea) and excess
(hyperseborrhea) of sebum can make the skin more fragile and
vulnerable to irritations. Typically, sebum poor areas are often
subjected to discomfort and itching, and become more sensitive
to all external aggressive agents. Sebum rich areas, instead, have
a higher concentration of antioxidants17.

A microscopic understanding of the skin surface is essential to
explain and predict its performance as a barrier for water loss
and penetration of foreign molecules via both intercellular18,19

and appendageal routes20. This information will be useful for
designing better strategies for transdermal drug delivery.

Molecular dynamics (MD) simulation provides a powerful ap-
proach to quantify the interactions between biological molecules,
and to disentangle the interaction mechanisms with atomistic res-
olution21. MD has been used to investigate the structure and
phase behaviour of a single component SC lipid model in wa-
ter22–26. In addition, more complex mixtures consisting of ce-
ramides, cholesterol and free fatty acids have been investigated
to assess the impact of the lipid composition on the permeability,
structure and fluidity of the SC membrane18,27–31. The perme-
ation of small molecules19, ethanol19,32, DMSO19,22 , oils33,34

and nanoparticles35,36 has also been quantified using MD simu-
lations2. Most simulations on skin lipids have focused so far on
bilayers or stacks of bilayers in contact with water. The role of
sebum on permeation and specifically its interactions with skin
lipids has not been considered using MD simulations. Such study
is needed, since there is experimental evidence showing that the
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interactions between the SC and the sebum oil can be significant
to determine the properties of the lipid film of the skin surface10.

We recently proposed a computer simulation model of the se-
bum oil, consisting of triglycerides, and used this model to in-
vestigate the triglyceride-water interactions14. Building on this
model, using atomistic MD simulations, here we study the inter-
action between sebum triglycerides (TG) and a multicomponent
model of the skin. The latter incorporates the three most abun-
dant constituents of the stratum corneum: ceramide 2 (CR2),
cholesterol (CHO) and free fatty acids (FFA), here represented by
lignoceric acid. In our study we uncover the penetration mecha-
nisms of TG into the membrane and identify different pathways
for lipid extraction from the SC membrane to the sebum. We pro-
pose that these pathways define the routes followed by SC lipids
when they are extracted from the bilayer, and they might explain
the presence of SC lipids in the sebum films coating the skin sur-
face, previously reported in in vivo experiments on human skin10.

Fig. 1 a) Schematic representation of the top of the skin surface, show-
ing how the sebum oil interacts with lipids at the outermost layer of the
skin, the stratum corneum b) Chemical structure of the lipids investigated
in this work. The sebum is modelled with its most abundant component,
the triglyceride tri-cis-6-hexadecenoin (TG). The multicomponent model
of the SC is made up of ceramide 2 (CR2), cholesterol (CHO) and ligno-
ceric acid (FFA). c) Representative snapshot of the system used in this
work. The colour code is the same as that of the chemical structures on
the right panels.

2 Methods
2.1 Input configurations and simulation details
Molecular Dynamics simulations have been used to investigate
the interactions between the main component of the human se-
bum oil (triglyceride tri-cis-6-hexadecenoin - TG), and SC lipids.
All the simulations were performed using the GROMACS/4.5.5
molecular simulation package37.

Following previous studies2,23,38,39, the stratum corneum lipid
matrix was modelled with a ternary mixture of the main three

components: ceramide 2 (CR2), cholesterol (CHO) and lignoceric
acid (FFA). Their chemical structures are shown in Fig. 1-b. A
molar ratio of CR2:CHO:FFA equal to 2:2:1 was used to ensure
the structural and mechanical properties of healthy skin27.

The SC membrane was constructed using the open source soft-
ware Packmol40 to place 288 SC lipid molecules in each of the
two leaflets of a bilayer, symmetrically about the bilayer mid-
plane as specified in ESI (see Fig. S1). The system was then
equilibrated in water, with the same procedure as described in
ref. 27.

Following the approach of our previous work (see ref. 14),
the human sebum was represented by the triglyceride tri-cis-6-
hexadecenoin. The chemical structure of a TG molecule is shown
in Fig. 1-b. Starting from an equilibrated configuration of SC bi-
layer in water, the solvent molecules were replaced with two se-
bum slabs, made up of 256 TG molecules each. The TG slabs were
then equilibrated for 300 ns following the procedure described in
ref. 14. The final SC-TG configuration is shown in Fig. 1-c.

We used the Berger et al. 41 forcefield to describe the bonded
and non-bonded interactions of the lipid molecules. This force-
field has been used in many simulations of skin lipids23,32,38,42.
It is based on the OPLS43 and GROMOS8744 forcefields and in-
cludes the Ryckaert-Bellemans dihedral potential45 to model the
hydrocarbon chains. The unsaturated region of the acyl tails of
the TG molecule was modelled using the Berger’s description of
the double bond for the POPC molecule46 and the cis geometry
was enforced using a dihedral potential. van der Waals interac-
tions were truncated at 1.2 nm and electrostatic interactions were
computed in full using the Particle Mesh Ewald algorithm47. The
intra-molecular bonds were constrained using the P-LINCS48 al-
gorithm and periodic boundary conditions were applied in all di-
rections.

The first step to equilibrate the SC-TG configuration was a
500 ps equilibration in the NVT ensemble setting the velocity
rescaling algorithm49 to a temperature of T = 310K (to mimic
the physiological temperature of the skin), using a time cou-
pling constant, τ, of 0.1 ps. This was followed by a 400 ns run
in the NPT ensemble, with the Nosé-Hoover thermostat, with
T = 310K and τ = 1ps, and the Parinello-Rahaman barostat, ap-
plied semi-isotropically with p= 1bar, τ = 5ps and compressibility
4.5×10−5 bar−1. The production run was extended for 2 µs in the
NPT ensemble at the same conditions. The time-step of the simu-
lations was set equal to 0.002 ps. We found that all the parameters
converge after an equilibration time of ≈ 0.75µs. In particular, we
monitored the time dependence of the number of CR2, CHO, and
FFA in the bilayer (see section S5.1 in ESI), area per lipid (see
section S5.2 in ESI), hydrogen bonding (see section S5.3 in ESI).

2.2 Tracking the extraction mechanisms

The numbers of TG insertions and lipids extractions were ob-
tained through the method explained below, which was imple-
mented in an in-house code.

The centre of the bilayer was calculated, as described in ESI
(see Fig. S2), in order to define two slices parallel to the xy plane
at a specified height, dSLICE , above and below the bilayer mid
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3 RESULTS AND DISCUSSION 2.3 Free energy pathway of lipid extraction

Fig. 2 The position of the slices used to determine the number of ex-
traction events is shown on a representative system configuration. The
inset shows the section of the bilayer used to determine the position and
configuration of the molecules.

plane. A graphical example of the definition of the slices is shown
in Fig. 2. The height, dSLICE , was set to 1.45 nm, so that the slices
were just below the head group planes. The slice thickness must
be larger than the largest bond length for molecules within the
bilayer to ensure that if the slice passes though a molecule, at
least one of the molecules’ atoms are within the slice volume. In
this analysis it was set to 0.15 nm.

The atoms inside each slice are recorded as shown in Fig. 2,
and individual molecules are assigned to one of the two leaflets
or to the TG phase by checking whether at least one of their atoms
was inside or outside the slices. Specifically, if a SC lipid molecule
does not have atoms in either of the two slices, it is assigned as
being outside the bilayer and one extraction event is counted. If
a TG molecule is found to be in one of the slices it is consid-
ered to be anchored to the bilayer. For molecules with more than
one chain, i.e. TG and CR2, each chain is considered separately
in order to assign part of the molecule to the bilayer or the TG
phase, based on the positions of the atoms in the chain. The re-
sulting configuration of TG or CR2 molecules is then determined
by considering the relative assignment of the individual chains,
as specified in ESI.

2.3 Free energy pathway of lipid extraction

The free energy for lipid extraction from the bilayer to the sebum
phase can be estimated by analysing the density distribution of
the SC lipids.

From the coordinates of the head group atoms along the simu-
lation box, it is possible to determine and estimate the probability
of the atoms visiting a particular z coordinate, Z (i) = ρ(z)

ρ(0) , where
ρ (z) is the average number of lipids at a particular height, z, and
ρ (0) indicates the number of lipids in the reference state, which
we locate at the minimum of the distribution. The free energy
profile, ∆G, can therefore be obtained from Z (i), as

∆G(z) = G(z)−G(0) =−kBT ln
(

ρ (z)
ρ (0)

)
. (1)

Another important parameter for the characterisation of the ex-
traction process is the tilt angle, θT , of the lipids. The tilt angle
has been found to be critical in explaining intra-leaflet dynamics
in lipid membranes, e.g. cholesterol flip-flop50. The tilt angle
of CHO and FFA molecules, along with the position of the head
group, were used as reaction coordinates to build the 2D energy
landscape, ∆G(ρ (z) ,θT ), of lipid extraction and to discuss the
mechanism of extraction from the bilayer, as reported below.

One head group atom for each species was selected to track
the position of the lipids along z, specifically O21 for CR2, O6 for
CHO, O1 for FFA (see Fig. 3 for labels). The tilt angle is defined
as the angle between the lipid molecular axis and the z axis. The
molecular axis of CHO was defined as the vector between atoms
C5 and C21, i.e. the axis of the rigid ring structure. The FFA
molecular axis was defined, instead, from the carbon atoms at
the ends of the acyl chain, C1 and C24 (see Fig. 3 for labels).

O21

(a) CR2

O6

C5

C21

(b) CHO

C24

C1
O1

(c) FFA

Fig. 3 (a) CR2 molecule with atom labels for O21 (b) CHO molecule
with atom labels for O6, C5 and C21. (c) FFA molecule with atom labels
for O1, C1 and C24.

3 Results and Discussion
Representative simulation snapshots illustrating the different in-
terdigitation modes between TG and SC lipids that we identified,
are shown in Fig. 4. The different mechanisms are represented
in coloured boxes. Each of the four molecular species present in
these simulations show very different behaviour in the sebum-SC
system and each is described and further characterised in the fol-
lowing.

3.1 TG anchoring
A number of TG molecules (≈ 20 insertions in each leaflet) anchor
to the SC bilayer via their acyl chains, corresponding to a frac-
tional concentration of TG in the bilayer of ≈ 0.1 TG chains per
SC lipid. The evolution of the number of insertion events vs. time
in the top and bottom leaflets and the criterion used to define the
anchoring can be found in Fig. S6-a and section S2 in the ESI. The
most common type of anchoring (≈ 89.7% of the TG molecules)
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3.2 CR2 splitting 3 RESULTS AND DISCUSSION

Fig. 4 Representative snapshots illustrating the main mechanisms of SC lipids-sebum interaction. The behaviour of each lipid species is represented
in a separate coloured box. Blue box: CR2 splitting, with either the fatty acid (left) or the sphingosine (right) motif in the oily layer; orange box: TG
penetration with one (left) or two (right) chains inserted into the SC bilayer; green box: CHO flip-flop at different times (from left to right: 0, 90, 180,
240 ns); red box: the extraction of FFA at different times (from left to right: 0, 40, 100, 240 ns). Representative simulation trajectories illustrating these
mechanisms are available in the ESI.

involves the insertion of one of the three chains, as shown in the
left-hand side orange box of Fig. 4. Anchoring via the penetra-
tion of two chains (see right-panel in orange box in Fig. 4) is also
observed, although much less frequently (≈ 10%). These results
are consistent with the assumption that the multi-tail penetration
might involve a higher energy barrier, connected to the required
alignment of two chains and the concomitant increase of the area
of the bilayer.

Several methods to classify the conformations of triglyceride
molecules are available in literature14,51,52. Here, the preferen-
tial conformations of the TG molecules were analysed with the
method reported in ref. 14 and ESI (see section S2). This cri-
terion identifies the dominant conformations that are consistent
with previous studies51,52 and enables a direct comparison with
the analysis of sebum TG interacting with water14. Fig. 5 shows
the 3D distributions of TG conformations as a function of the
three angles described by the mutual orientation of the chains:
θ12, θ23 and θ13 for anchored TG molecules (bottom graph) and
non-anchored TG molecules (top-graph). The analysis confirms
that, the “tuning fork” shape, with two chains in the sebum phase
and the central chain inserted into the bilayer, is the dominant
configuration. This configuration was also found to be the domi-
nant one in bulk TG14.

3.2 CR2 splitting

The CR2 molecules in contact with the sebum layer, are generally
very stable in the bilayer. After 2 µs we found that only ≈ 1% of
lipids left the bilayer, and adsorbed at the TG-SC interface (see
Fig. S9 in ESI). The retention in the bilayer and the adsorption
is facilitated by the strong hydrogen-bond network formed by the

Bulk-TG

Fig. 5 3D distribution of triglyceride conformations as a function of the
three angles described by the mutual orientation of the chains: θ12, θ23
and θ13, for bulk TG (top) and TG in SC bilayer (bottom). The definition of
the region associated with each shape is available in ESI and in ref. 14.
The tables next to the 3D-histograms summarise the % of occurrence of
the different shapes.

4



3 RESULTS AND DISCUSSION 3.3 CHO flip-flop and FFA escape

CR2 head groups. This network has been previously observed
and discussed in several simulation studies22,33,38,39 and in the
ESI (see section S5.3). A higher fraction of CR2 lipids (≈ 11%)
partially detach from the bilayer, with one of the aliphatic chains
remaining within the bilayer while the other moves to the sebum,
resulting in an angle of ≈ 180◦ between the two chains (see blue
box in Fig. 4). We define this event as “CR2 splitting”. We have
quantified the number of CR2 splitting events vs. time by differ-
entiating between conformations where the chain detaching from
the bilayer is the free fatty acid or the spinghosine (see Fig. S6-a
in the ESI). Our analysis shows that the free fatty acid motif is
three times more likely to be involved in the splitting event. This
observation can be rationalized by considering the asymmetry of
the CR2 tails. When the longer fatty acid chain bends in the head-
group region22, the energy penalty for the splitting event to occur
is lower and the free fatty acid chain penetrates into the oily layer
(see Fig. S6-b in the ESI).

3.3 CHO flip-flop and FFA escape

The sebum extracts a significant number of CHO and FFA lipids
(≈ 15% of the lipid molecules originally placed in the bilayer, as
shown in Fig. S9 in the ESI). The mole fractions of SC lipids (dis-
tinguishing the contribution of CHO and FFA) in the sebum phase,
XSC, with respect to the total number of lipids in the oily phase,
XSC = NSC/(NT G +NSC), are reported in Table 1.

Table 1 Mole fractions of SC lipids (CHO and FFA) extracted and dis-
persed in the TG phase.

SC XSC
CHO 0.06
FFA 0.04

The extraction mechanisms of these two lipids are very differ-
ent. The CHO molecules preferentially leave the bilayer through
a flip-flop like event (see green box in Fig. 4), with the CHO
molecules reversing their orientation before adsorbing at the SC
bilayer interface. Specifically, CHO first lies flat at the SC-sebum
interface and from there can either insert into the sebum or back
into the bilayer. In Fig.6-left, we show a representative snap-
shot from the simulations where the extracted CHO molecules
(in green) are mostly found at the TG-SC interface.

Most FFA lipids are extracted directly without undergoing a
flip-flop-like event, diffusing straight into the TG phase (see red
box in Fig. 4). The extraction pathway of FFA is similar to that
of the fatty acid tails of the CR2 lipids. Due to the long acyl
chain (counting 24 carbon atoms), the FFA aliphatic tail bends
near the carboxylic acid group at the bilayer-TG interface (see
the first snapshot in the red box in Fig. 4). The bending allows
a closer interaction between the OH group in FFA and the glyc-
erol groups (GLY) of TG . We have shown previously that the GLY
in TG molecules interact strongly with each other and form per-
colating networks14. At the SC bilayer surface the formation of
this network is partially inhibited due to the direct interaction be-
tween SC and TG lipids. In Fig. 6-left we show the clusters of TG
GLY groups using different colours (see ESI for information about

Fig. 6 Representative snapshots from the simulation. All the lipid head
groups are represented as a spherical bead and the tails as sticks of
different colours: green for CHO (left panel), red for FFA (right panel)
and yellow for TG (left and right panel). The formation of GLY clusters
is highlighted with coloured surfaces that bridge all the glycerol groups
belonging to the same cluster. We distinguish different clusters by using
different colours, i.e. blue, light-blue, orange, yellow and grey. Left) TG
and CHO molecules in the bilayer and in the oil phase. Most of the ex-
tracted CHO are absorbed at the TG-SC interface. Other SC lipids (CR2
and FFA) are omitted for clarity. Right) Snapshot showing representative
location of the TG and FFA lipids within the system. Most of the FFA head
groups extracted from the bilayer interact directly with the GLY network.
Other SC lipids (CR2 and CHO) are omitted for clarity.

the clustering criteria and colour legend). The picture shows how
the sites where the TG network meet the bilayer serve as path-
way for FFA escape. Once extracted to the sebum phase, FFA OH
groups interact with the GLY-clusters and the acyl chains, dragged
behind, are placed in the space occupied by the TG aliphatic tails.

As explained in the Methods sections, the extraction events
can be monitored throughout our microsecond simulations and
the free energy differences can be quantified using ∆G(z,θT ) =

−kBT ln
(
ρ (z,θT )/ρ0,0

)
where ρ (z,θT ) is the number of lipid head

groups with z coordinate normal to the bilayer surface and tilt an-
gle θT , with respect to the axis normal to the bilayer plane. This
multivariate free energy landscape can be used to quantify the
energy cost associated with the extraction of the lipids from the
bilayer. ρ0,0 is taken as a reference for the free energy. We choose
(z,θT ) of the lipids placed in the bilayer as a reference (see labels
T and B in Fig.7). The free energy densities are reported in kBT
units and shown in Fig.7. The free energy surface features two
well defined energy basins, T and B, which correspond to stable
conformations of the CHO and FFA lipids in the bilayer. The CHO
molecules are preferentially tilted with average angles, θT ≈ 8◦

and 172◦ relative to the bilayer normal, while the FFA lipid tilt
angles are θT ≈ 15◦ and θT ≈ 165◦. These tilt angles agree with
previous simulation studies of SC lipid bilayers39.

The energy cost associated with the extraction process from
the stable basins T and B is 4 kBT and 3.5 kBT for CHO
and FFA, respectively. These values define the partitioning
of the lipids between the sebum phase and the bilayer. Our
model predicts, ρCHO,sebum/ρCHO,SC = exp(−∆F/kBT ) = 0.02 and
ρFFA,sebum/ρFFA,SC = exp(−∆F/kBT ) = 0.03.
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Fig. 7 2D Free energy landscape for (a) CHO and (b) FFA extraction as a function of tilt angle and head group z coordinate. The 1D plots are also
reported on the x and y axes. The colour bar represents the free energy in kBT . Letters T and B correspond to the top and bottom leaflets in the bilayer.
(a) The magenta arrows indicate CHO flip-flopping to the TG phase, but maintaining contact with the bilayer. (b) Here the magenta arrow shows the
activation energy barrier.

The partitioning of FFA in the sebum phase is more homoge-
neous than that of CHO (c.f. free energy densities at z > 8nm and
z< 4nm in the left and right panels shown in Fig. 7), reflecting the
fact that CHO adsorbs preferentially at the SC bilayer with a tilt
angle of 90◦ (see magenta arrows in the left panel of Fig. 7), while
the FFA lipids detach and disperse in the sebum phase. Interest-
ingly, we find that the FFA extraction can occur via an activation
barrier or not. In the region below the lower leaflet (z < 4nm) we
observed an activation barrier of ∼ 7kBT units (see magenta ar-
row in Fig. 7). This difference is related to the TG glycerol group
network arrangement, which is not perfectly symmetric around
the bilayer (as also shown in Fig. 6, and Fig. S8 in ESI).

4 Conclusions

In summary, we have investigated the interactions between se-
bum TGs and SC lipid bilayers using atomistic simulations. Our
computations confirm that the sebum extracts epidermal lipids by
TG anchoring at the interface. The preferential conformation of
TG molecules is the tuning fork (≈ 50% of the molecules in the
system), as in bulk TG14. CR2 molecules remains stable inside
the bilayer, while CHO lipids remain mostly adsorbed at the SC
bilayer upon extraction and the FFA lipids detach from the bilayer
dissolving into the sebum phase by interacting with the TG glyc-
erol group network. Our model predicts that the free energies
associated with the extraction are of the order of ∼ 4kBT , indi-
cating a small concentration of SC lipids in the skin surface lipid
film. Our investigation of symmetric SC bilayers suggests that
the outermost layers of SC lipids, closer to the skin surface, might
preserve their integrity despite the presence of the sebum oil. Fur-

ther experimental and computational studies are required to shed
more light into the role that the SC lipid–sebum interactions have
on the properties of the skin.
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