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Abstract

The amphiphilic property of phospholipids drives the spontaneous formation of
various molecular aggregates in response to their surrounding environment. In this
study the concentration of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipids
in water was varied in order to investigate the naturally occurring arrangements over
time, and speci�cally the propensity to form monolayers on the water-vacuum interface.
Several forms of aggregates developed during the 1000 ns long simulations, including
monolayers and spherical- as well as cylindrical micelles. In all simulations the majority
of lipids remained in the bulk and with varying sized patches of monolayers on the 8×8
nm surfaces formed. During a large portion of time the micelles kept close to the surface
without ever opening up. By constructing and simulating 245 new unique systems with
one of the micelles placed close to the surface, it could be con�rmed that the possibility
of these lipids forming a monolayer become greatly enhanced when no other lipids are
present on the surface. Once a micelle had started to open up, it never reversed back to
its original form but transformed, or could be expected to transform, into monolayers
in all cases. In the concentration simulations it was furthermore found that a single
lipid could be attached to the surface monolayer as well as a micelle simultaneously for
over 400 ns. Not a single instance could be found where a lipid with both its tails on
the surface travelled back to the bulk, in any of the simulations performed.

1 Introduction

The interaction between a drug molecule and
cell membrane is highly related to how e�ec-
tively the body can take up the drug. In or-
der for the body to take up a drug, the drug
molecule must �rst be distributed through
out the body to its biological target, which
often is inside the cell. To get there the
molecule must then travel through the bi-
ological membrane separating the cell from

its outer environment, which can be done in
a numerous of ways. A �rst step for studying
the drug molecule's permeability, is to deter-
mine the initial parameters needed to set up
an experiment that yields membranes with
certain characteristics that are suitable for
studying the interaction.

A large portion of biological membranes
consists of phospholipids with embedded
proteins between them. The functionality

1



of such proteins have been suggested to be
dependent on its interactions with the sur-
rounding lipids. An understanding of a sim-
pler pure lipid membrane is therefore of im-
portance before tackling the more complex
membranes [1].

The lipid has a headgroup making up a
hydrophilic (polar) part of the molecule, and
hydrophobic hydrocarbon chains commonly
called tails. It is the amphiphilic nature
of lipids that causes their ability to spon-
taneously form various molecular aggregates
such as monolayers, bilayers and spherical
micelles. The structures hold together due to
van der Waals, hydrophobic, hydrogen bond-
ing, and screened electrostatic interactions.
Their characteristics therefore become vari-
able with properties such as temperature and
pH of the solution that the lipids are in [2].

Molecular dynamics (MD) simulations
of biological membranes is a great tool for
predicting and interpreting experimental re-
sults which otherwise may be hard to anal-
yse. One way of experimentally studying
the development lipid monolayers on a wa-
ter surface is proposedly performed using
XPS on a liquid jet. With this in mind,
MD simulations of 7 systems with di�erent
concentrations of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) lipids in water
with vacuum interfaces have been performed.
These lead to conduct an additional 245
follow-up simulations of micelles placed close
to the water-vacuum interface.

2 Method

In molecular dynamics, a simulation is per-
formed by iteratively solving Newton's equa-
tions of motion. The dynamic process of

an initial starting con�guration can thus be
calculated this way by specifying the forces
acting in the system. The MD simulations
presented here have been performed using
the GROMACS software suite [3]. An all-
atomistic force �eld provided by SLipids was
used, and was developed to accurately in-
corporate the hydrophilic and hydrophobic
forces acting when simulating lipid bilayers
[1].

2.1 Concentration simulations

MD simulations have been performed on 7
systems of ranging concentrations for 1000
ns each. For each system a box with peri-
odic boundary conditions (PBC) in x, y, z
and size 8x8x15 nm was created. The struc-
ture of a single DPPC-lipid was extracted
from a bilayer provided by SLipids [4]. The
lipids were inserted in each of the 7 boxes it-
eratively with a random position until they
contained 75, 100, 125, 150, 175, 200, and
225 lipids. In Figure 1 a) the system contain-
ing 150 lipids can be seen at this stage. The
insertion was performed with a trial and er-
ror method using a neighbour searching with
a cut-o� of 0.45 nm.

The systems were then energy minimized
using a steepest descent algorithm before be-
ing �lled with water, as shown in Figure 1
b). The water model used was TIP3P, which
was developed to reproduce accurate density,
heat vaporization and O-O radial distribu-
tion function at 298.15 K [5]. Energy min-
imization was then performed twice before
letting the systems undergo a short relax-
ation through MD for 1.5 ps.

In order to create a water-vacuum inter-
face, the boxes were then extended to 60 nm
in the z-direction and with the solution be-
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ing placed in the centre as in Figure 1 c). By
keeping the same periodic boundary condi-
tions as in the prior con�gurations, the num-
ber of molecules in each system remains con-
stant. Any water molecule escaping the sur-
face with velocity in direction away from the
solution will thus eventually come back on
the opposite side of the box. These con�gu-
rations were then used as the starting struc-
ture in the MD simulations that followed.

Figure 1: The construction of the systems used in the
DPPC concentration simulations viewed in 3 main
steps. a) Insertion of lipids at random position in-
side a box with periodic boundary conditions. b)
Adding water. c) Creation of surfaces by adding vac-
uum along the z-axis as denoted by the coordinate
system.

The simulations were performed using
the Nosé-Hoover algorithm for Temperature
coupling with a reference temperature of 300
K. The electrostatic interactions were cal-
culated using the Particle-mesh Ewald algo-
rithm with a cut-o� of 1 nm and were up-
dated every 10 step along with the neighbour

searching. Using a time step of 2 fs, the total
simulation time 1000 ns was achieved by con-
tinuations from checkpoint �les from which
the full state of the systems can be read.

In order to visualize the systems' full tra-
jectories, 2500 average cross sectional densi-
ties were calculated of the DPPC molecules
over 400 ps time intervals. The cross sections
were taken along the z-axis by dividing the
box into 240 slices, which for the 60 nm long
boxes yields 0.25 nm thin slices.

2.2 Micelle simulations

A total of 245 starting structures were ob-
tained by extracting di�erent states of a well
established micelle-like cluster formed in the
concentration simulation of the system con-
taining 75 DPPC lipids. The 53 lipids form-
ing the cluster were grouped such that the
trajectory of the simulation could be rewrit-
ten with the structure of the cluster remain-
ing intact instead of being split o� by the
PBC, as in Figure 2 a).

Each clusters were then inserted in the
centre of a box with a distance of 0.25 nm
between the molecules and the walls of the
box as shown in Figure 2 b). Water was
then �lled in the box (Figure 2 c)) and en-
ergy minimized twice. Vacuum was added
by changing the box size in the z-direction
to 4 times its initial length. The systems
were then energy minimized twice, relaxed
through MD for 7 ps, and �nally simulated
for 8 ns.

To speed things up the temperature cou-
pling was set to 325 K for these simulations
and were performed with the V-rescale al-
gorithm. All other simulation settings were
the same as the ones for the concentration
simulations.
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Figure 2: The construction of the systems used in
the micelle simulations viewed in 4 main steps. a)
Using the boundary conditions to obtain the coor-
dinates of the intact micelle, formed in the concen-
tration system with 75 DPPCs. b) Extracting 245
micelle structures from subsequent steps of the con-
centration simulation trajectory, and inserting them
in boxes whose walls measure a distance of 0.25 nm
from the micelle. c) Adding water to the boxes. d)
Adding vacuum by extending the length of the boxes
in order to create surfaces.

To evaluate the outcome of the 245 mi-
celle simulations, 3 di�erent stages were de-
�ned. The state of a system was categorized
to stage 1 if the micelle was still inside the
bulk with no de�nite signs of it being on the
way to the surface. If the micelle was ap-
proaching the surface but had yet not formed
a monolayer, it was con�ned to stage 2, and
if all lipids had reached the surface, it be-
longed to stage 3.

The �rst attempts to de�ne the require-
ments of each stage involved evaluating the
data of the same sort of cross sectional den-
sities as the ones used for the concentration
simulations, e.g. calculated from the full
DPPC lipids. However, in order to increase
the resolution when mapping the tails posi-

tion, the cross sectional densities of the out-
ermost carbon atoms on each tail (denoted
C216 and C316, see Figure 3) were deter-
mined to be used instead. The simulations
could then be categorized in the three stages
by comparing how the tails' centre of mass
shifted with time for all systems.

Figure 3: DPPC lipid with its tails outermost car-
bons marked out.

The average centre of mass position of
the tails, Z, in a certain system, n, at a cer-
tain time, t, is given by the sum of the sys-
tems C216 and C316 densities along the z-
axis at time t multiplied by the correspond-
ing z-coordinate, divided by the sum of n's
densities at time t;

Z(n, t) =

∑
z z ·Dz(n, t)∑
z Dz(n, t)

[
m

kg
m3

][ kg
m3

] . (1)

The relative distance from the starting
position is therefore given by

Z(n, t)

Z(n, t = 0)
− 1. (2)

3 Result and discussion

3.1 Concentration simulations

After 1000 ns the majority of DPPC lipids
were still con�ned inside the bulk and the re-
maining lipids were distributed to both the
left and right surfaces in all of the 7 concen-
tration systems, as speci�ed in Table 1. The
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highest numbers of lipids on either the left or
right surface are marked in bold. In under
113 ns all systems had only 1 cluster. The
last lipid to reach the surface belonged to the
system containing a total of 125 DPPCs and
occurred after 65 ns.

Table 1: Distribution of lipids in the boxes after 1000
ns. The �rst column speci�es the system, denoted by
the total number of lipids present in the con�gura-
tion. The number of lipids that is present on the left
and right surface at the end of the simulations are
stated under # L surface, respective # R surface.
The surfaces containing the most lipids are marked
in bold. The remaining number of lipids, all forming
one single cluster, are stated under Cluster size along
with the percentage of lipids in the system belonging
to the cluster in parenthesis.

System # L surface Cluster size # R surface

75 12 53 (70.67 %) 10
100 27 67 (67.00 %) 6
125 18 94 (75.20 %) 13
150 17 80 (53.33 %) 53

175 20 128 (73.14 %) 27

200 21 160 (80.00 %) 19
225 28 136 (60.44 %) 61

In the system containing 75 DPPCs, the
lipids in the bulk merges into one complete
micelle at around 48 ns. For the system
containing 100 DPPCs, this happens at 42.8
ns as two larger micelles merges. One of
them appearing at both the top and bottom
due to PBC, and the other one positioned
in the middle, being close to both parts of
the other micelle. This is shown in Figure
4, right before the merge happens. Consid-
ering the case where this top and bottom
part would in fact be parts of two distinct
micelles, the outcome could very well have
been a much larger micelle. In the system
containing 125 DPPCs, the last standing
micelle becomes intact after 7.2 ns, but an-

other cluster keeps lingering in the bulk and
doesn't reach the surface until after 65.2
ns. The lipids in the system containing 150
DPPCs merges into one complete micelle at
around 68.8 ns, and in the system with 175
DPPCs the last merge happens after 72.8
ns. In the system containing 200 DPPCs, a
cylindrical aggregate occurs between 2 ns to
51.2 ns before it becomes spherical. After
112 ns the bulk lipids left have formed into
one complete micelle. From the very start in
the simulation with 225 DPPCs, at 0.4 ns,
one lipid have one of its tails at the surface
and its other tail in contact with a smaller
cluster. All clusters merges into one com-
plete micelle at around 19.6 ns. At 346.8
ns the micelle merges with itself and creates
a cylindrical aggregate and keeps this form
through out the rest of the simulation. Up
until 404 ns the in between-lipid managed
to have its tails both on the surface and in
the cluster which formed into a micelle. The
surface tail has at this point pulled back and
lies in the water between the surface and the
micelle. At the next time step both tails of
the lipid belongs to the cylindrical aggregate.

Figure 4: The system containing 100 DPPC lipids
after 42.0 ns. Here one of the clusters can be seen
to be split o� by the periodic boundary conditions
such that both its top and bottom becomes close to
another cluster positioned further in to the bulk.
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On each surface of the simulations the
monolayers appeared in the form of a solid
patch surrounded by water. For the two
systems with the highest number of surface
lipids it also existed as a monolayer with a
whole in the middle. A visual inspection re-
veals that the lipids located at the edge of
the monolayers with wholes in them appear
to lay more along the water surface instead of
standing out from it, thus taking up a larger
surface area. The opposite seems to be true
for the monolayer patches. Around those
edges the lipids rather appear to be caving
slightly inwards. A relationship could there-
fore exist between the coverage of the sur-
face and the spread in angle distribution of
the lipid tails. However, if such an ordering
indeed exist, it is possible that such a rela-
tion could be more complicated to �nd than
to simply study the tails orientation by com-
paring the outermost carbons and the phos-
phorus atom of each phospholipid.

Figure 5 shows the visualization for the
system containing 75 lipids. The x-axis in
the �gure spans the z-position (as de�ned
in Figure 1 c)) in the box, and the y-axis
shows the time throughout the simulation.
The cross sectional densities are viewed using
a colour map ranging from dark blue where
no lipids are present, to bright yellow at the
highest cross-sectional densities.

In the �gure the lipids that reached the
surface shows of as two light blue narrow
bands, enclosing the bulk lipids in the mid-
dle. It appears as if the lipids at the surface
was there already from the start of the sim-
ulation, only because the lipids move to the
surface in such a short time-scale relative to
the total simulation time. The micelle moves
around inside the bulk and does at times
come fairly close to the surface lipids, yet

without ever opening up to create a complete
monolayer. This behaviour appeared for a
longer portion of time in the higher concen-
tration systems.

Figure 5: Cross sectional density of DPPCs taken
along the z-direction in one of the concentration sys-
tems throughout the 1000 ns simulation.

By visually inspecting all seven trajecto-
ries the micelles rather seem to be attracted
to remain close to the patch of lipid heads
than toward the water surface. This could be
examined by comparing the amount of move-
ment of a monolayer patch with and with-
out a micelle present in the bulk. If such
an attraction is present for large saturated
micelles inside the bulk, then those might
clump together and inhibit a large amount
of the lipids to further reach the surface. It
is of great importance however to note that
not a single lipid that had once reached the
surface fully, i.e. with both its tails, travelled
back inside the bulk during the hole 7000 ns
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that were simulated.

3.2 Micelle simulations

Three stages were de�ned in order to clas-
sify the current state of a simulation with
regards to the development of a monolayer
from the initial micelle structure. In Fig-
ure 6, an example of how a system would
look like when it is in stage 1, 2, and 3 is
shown. The cross-sectional density plot cal-
culated from the C216 and C316 atoms of the
same system is shown in Figure 7. Here the
densities are calculated only from the C216
and C316 atoms of the DPPC lipids, in con-
trast to the hole lipids as in Figure 5. This
way the peak that emerges as the lipids reach
the surface becomes much more narrow and
o�-centred, thus making the data easier to
analyse.

Figure 6: Examples of states belonging to each stage.
To the left are the �rst states in the simulation that
belongs to stage 1 (top), 2 (middle), and 3 (bottom),
and to the left are the last states of the respective
stages.

Figure 7: Cross sectional density of the C216 and
C316 atoms taken along the z-direction throughout
one of the micelle simulations.

Figure 8 shows a detailed overview of
what stage each simulation is in at all time
steps. The centre of mass of the C216
and C316 atoms, calculated from the cross-
sectional density according to eqn. 2, is plot-
ted relative to its starting position with a di-
amond shaped marker at each time step.

Depending on the whether the simulation
is in stage 1, 2, or 3 the marker is coloured
blue, turquoise, or green, respectively. Fur-
thermore, if the �nal stage of the simulation
is 2, the colour scheme is slightly darker for
all data points belonging to that simulation,
and the markers of the simulations whose �-
nal stage is 1 is plotted with yet an even
darker blue colour.

The path of the lipids in each individ-
ual system is traced by connecting the mark-
ers with solid lines of the same colour as its
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connecting markers. The line is plotted in
turquoise when it's connecting any two data
points of a simulation where an advancement
in the stage has been made.

By looking at the slope of all traces in
stage 2, all except for one of the micelles can
be seen to have taken roughly the same time
to form a monolayer. The mean time taken
between the last step in stage 1 and the �rst
step in stage 3 is 1.02 ns with standard de-
viation of 0.27 ns. Out of the simulations
whose �nal stage is 2, the longest time spent
in this stage is 0.8 ns, and thus falls within
the range of expected time to transition into
a monolayer. Furthermore, none of the simu-
lations advancing in to stage 2 ever returned
to being in stage 1 again, meaning that once
the micelle had started to break it never be-
came intact again.

Presenting the data this way evidently
enables for an easy way to �nd unexpected
results in the simulations performed. The
aberrant trace whose slope di�ers signi�-
cantly from all others serves as a perfect ex-
ample of this. After identifying this simu-
lation, its density plot revealed the reason
being that the lipids became distributed to
both the left and right surfaces as the mi-
celle split up. The stages of this particular
simulation was therefore assigned manually
by viewing its trajectory.

The plot also shows that about the same
amount of monolayers were formed on the
right surface as on the left, as expected for
the simulations. In an experiment using a
liquid jet, the jet is however much wider
(the most narrow beams extends to a width
of about 1000 nm) than the width of the
systems used in these simulations and such
a micelle could thus only be close to one sur-
face at the time.

Figure 8: Movement of the lipids in each simulation.
The distance is calculated from the centre of mass,
which have been obtained by the density of the outer-
most carbons of the lipid tails. The lines connecting
the diamond shaped cursors tracks the path taken
by the lipids in each simulation with respect to the
initial centre of mass.

After 8 ns the number of systems being in
stage 1, 2, and 3 are 100, 16, and 129, respec-
tively. How they are distributed through out
the simulations are shown in Figure 9. Using
the same colour scheme for the stages as be-
fore, a clear trend in the number of micelles
that have transformed into complete mono-
layers can be seen in green. After 6.8 ns the
number of simulations in stage 3 have just
passed the number that are still in stage 1.
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Figure 9: Quanti�ed overview of the numbers of sys-
tems in each of the three stages at every time step.

4 Conclusions

The spontaneous formation of molecular ag-
gregates have been investigated at di�erent
DPPC lipid concentrations in water. Mi-
celles were formed in all of the 7 concen-
tration simulations. None of the simulations
would form a complete monolayer covering
the 8x8 nm water vacuum interfaces during
the full simulation times of 1000 ns. The
surface containing the greatest percentage of
the bulk lipids (35.3%) belongs to the sys-
tem containing a total of 150 lipids. This is
also the system whose micelle consist of the
least percentage of lipids in the system. The
micelle with the least total lipids (53 DPPCs
was formed in the lowest concentration sys-
tem containing 75 lipids.

In the two simulations with highest con-
centration, micelles took on a cylindrical
form. The fact that one of these was formed
from a micelle merging its top and bottom
through PBC indicates that more informa-
tion could be gained from simulations using
a larger boxes. The relation between the
lipid concentration and the size of the mi-

celles forming could for an example be stud-
ied better.

The simulations performed indicates that
micelles tends to form inside the bulk during
a longer time than it takes for the DPPC
lipids to saturate the water-vacuum inter-
face, at least locally. In the micelle simula-
tions the micelles were placed in water near a
lipid free surface. None of the micelles that
had started to open up, i.e. got to stage
2, ever went back to form an intact micelle
again. In under 8 ns, 59% of the micelles
had opened up and and had either formed
a complete monolayer or were about to do
so. Altogether the simulations indicate that
in order for the monolayer to grow in area,
there exist a requirement of a minimum sized
patch on the surface that is free of lipids.
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