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Recent toxicology studies suggest that nanosized aggregates of fullerene molecules can enter cells and alter their functions, and also
cross the blood –brain barrier. However, the mechanisms by which fullerenes penetrate and disrupt cell membranes are still poorly
understood. Here we use computer simulations to explore the translocation of fullerene clusters through a model lipid membrane
and the effect of high fullerene concentrations on membrane properties. The fullerene molecules rapidly aggregate in water but
disaggregate after entering the membrane interior. The permeation of a solid-like fullerene aggregate into the lipid bilayer is
thermodynamically favoured and occurs on the microsecond timescale. High concentrations of fullerene induce changes in the
structural and elastic properties of the lipid bilayer, but these are not large enough to mechanically damage the membrane. Our
results suggest that mechanical damage is an unlikely mechanism for membrane disruption and fullerene toxicity.
The extent of the production and use of nanomaterials is rapidly
growing. Carbon nanomaterials, such as fullerenes and
nanotubes, are among the most extensively studied
nanomaterials. Bulk fullerene production at a scale of tons is
already under way1. Although the effects of nanoparticles on
health and the environment are becoming more of a concern,
studies on toxicology and the environmental impact of
nanoparticles are still scarce2. Inhaled ultrafine carbon particles
deposit in the lung3 and translocate into the brain, especially into
the olfactory bulb, by means of the olfactory nerves and the
blood4,5. Fullerene is soluble in numerous organic solvents and it
forms a stable colloidal suspension in water, also known as
‘nano-C60’6,7. This aggregate has been well characterized
experimentally and its size lies between tens and a few hundreds
of nanometres6–9. Experimental results suggest that, despite their
large size, fullerene aggregates can penetrate cells and cross the
blood –brain barrier4. The mechanism of nano-C60 penetration
through a lipid membrane has not yet been established. The
mechanism of cell membrane disruption is also not well
understood. It has been reported that the toxicity of carbon
nanoparticles depends on their solubility in water; for example,
the cytotoxicity of pristine fullerene is seven orders of magnitude
higher than for functionalized fullerenes with high solubility10. It
has been recently proposed that fullerene causes cell membrane
leakage due to lipid peroxidation11. On the other hand, it has
also been reported that C60 and water-soluble fullerene
derivatives could be used as antioxidants against radical-initiated
lipid peroxidation12, as well as drug carriers13,14. The protection
from lipid peroxidation was found to be higher for pristine C60
than for water-soluble derivatives12. Whether the biological

activity of fullerenes is desirable or not, experimental evidence
published so far indicates that solubility in the membrane
interior is an important determinant of biological activity5.
In the present study we describe the thermodynamics and
mechanism of the permeation of fullerene aggregates through cell
membranes, based on computer simulations. Previous simulation
studies of nanoparticles have investigated the insertion of
individual hydrophobic nanotubes in membranes15,16 and water
transport through carbon nanotubes17,18. Although fullerene is
known to aggregate in water, simulation studies reported so far
have focused on monomeric fullerene and water-soluble
derivatives, and include investigations of fullerene solvation in
water19, the interactions between fullerene molecules in vacuum20
and in water21, the translocation of monomeric C60 across a lipid
bilayer22 and the interaction between two individual C60
molecules inside a lipid bilayer23. Following an earlier
approach24–26, we developed a coarse-grained (CG) model based
on experimental partitioning of fullerene between polar and
nonpolar phases, which is the main determinant of permeation
across a lipid membrane27. Our work provides insight into the
thermodynamics of fullerene clusters permeation through cell
membranes and the effect of high concentrations of fullerene on
the structural and elastic properties of a lipid bilayer, and
suggests that mechanical damage is not likely to be responsible
for membrane disruption and fullerene toxicity.

MECHANISM AND ENERGETICS OF FULLERENE PERMEATION
Fullerene is not soluble in water and only marginally soluble in
polar organic solvents, but its solubility in hydrocarbons is
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Figure 1 Kinetics of fullerene permeation. Local diffusion coefficient D(z ) and
local resistance R(z ) of fullerene at different depths in a DOPC lipid bilayer. In
the insets, the position of fullerene (red sphere) relative to the lipid bilayer (blue)
is shown. The permeability of fullerene is higher than for water but much lower
than for benzene and other small hydrophobic molecules.

high28. Because of its hydrophobic character, fullerene is expected
to partition mainly into the lipid bilayer interior, as has been
shown previously using atomistic simulations22. This is
confirmed by calculations of the potential of mean force (PMF)
of monomeric fullerene as a function of distance from the centre
of the lipid bilayer (see Supplementary Information, Fig. S1). The
results show qualitative agreement with atomistic studies22,
although the coarse-grained model suggests that fullerene has an
even stronger preference for the bilayer interior.
To characterize the dynamics of fullerene penetration into the
bilayer, we calculated the local diffusion coefficients along the
bilayer normal D(z) and the local resistances R(z) (Fig. 1).
Fullerene diffuses in the bilayer more slowly than in bulk water.
The local diffusion coefficients for fullerene are about one order
of magnitude less than for small molecules27,29. The diffusion rate
drops by over an order of magnitude in the head group
region. Fullerene permeability is 6  1022 cm s21 at 300 K,
higher than for water30 and about two orders of magnitude lower
than for benzene29.
Unbiased simulations confirm that monomeric fullerene placed
in bulk water spontaneously enters the bilayer within a few hundred
nanoseconds. Fullerene rapidly passes the lipid head group region
(average time, 500 ps) and then moves more slowly towards the
lipid tails region (Fig. 2a). Inside the bilayer, it dwells within
about 1 nm of the centre and translocation outside is never
observed, consistent with the large energy barrier for transfer
from the bilayer to water. We performed additional simulations
of fullerene permeation in a dipalmitoylphosphatidylcholine
(DPPC) lipid bilayer. Translocation kinetics and thermodynamics
did not show significant differences between the two model
membranes (see Supplementary Information).
To investigate fullerene aggregation and its effect on
permeability, we performed 22 simulations (4 ms each) of a large
dioleoylphosphatidylcholine (DOPC) bilayer with 16 fullerenes.
Fullerene molecules were initially placed either close to the
centre (5 simulations), close to the lipid head group region
(5 simulations) or in bulk water (12 simulations). In the water
phase, fullerenes aggregated into a large cluster within hundreds
of nanoseconds. In two simulations the clusters included all 16
molecules and did not penetrate the membrane within the
simulation time. In all other cases (10 simulations), smaller
clusters of up to ten molecules formed, which penetrated the
bilayer (Fig. 2b). The average waiting time for the penetration of
fullerene aggregates in the bilayer was 1 ms. The first step of
fullerene translocation is the formation of a small pore in the
364

lipid head group region. This free space is readily filled by one
fullerene (protruding from the aggregate; Fig. 2b, 768 ns).
Averaging over ten simulations, the lifetime of the pore is less
than 500 ps. The pore does not appear to be induced by the
proximity of the fullerene cluster; nanoparticles were found
within 0.6 nm of the lipid head group region several times in
each simulation before translocation occurred. Instead, local area
fluctuations in the bilayer play an important role in the
penetration mechanism. After the first fullerene is inserted in the
head group region, it readily moves towards the lipid tail region,
followed by the rest of the cluster (which does not substantially
change its geometry). As the lipid head groups move aside to
make room for the fullerene cluster, no free space pockets are
formed. A cluster of ten fullerenes requires 15 ns to completely
pass the lipid head groups, compared with 500 ps for
monomeric fullerene.
When fullerenes are placed close to the lipid head group region,
only small clusters (two or three molecules) form rapidly and
penetrate the bilayer within a few hundred nanoseconds. After
penetration, they disaggregate on a microsecond timescale. When
fullerenes are placed inside the bilayer, they do not form
stable aggregates.
It is known that fullerene in water spontaneously forms
nanosized aggregates6–8. Therefore, it is important to evaluate
the energetic balance for its transfer from an aggregate in water
to a position inside the bilayer. For computational reasons, we
started from a solid-like (periodic) fullerene aggregate and
calculated the energy required to move a single fullerene from
the aggregate into the gas phase. We then calculated the
hydration free energy (for a single fullerene), corresponding to
the transfer from the gas phase into bulk water, and finally the
free energy of transfer from bulk water into the centre of the
lipid bilayer. These artificial steps combined describe the full
process of interest. Transferring one fullerene from the
aggregated form into bulk water is highly unfavourable, with a
free energy cost of 60+20 kJ mol21. The energy gain upon
transfer from bulk water to the bilayer interior is 110 kJ mol21.
Summing the contributions, the overall balance indicates that
removing one fullerene from a large fullerene aggregate and
placing it into the bilayer interior is favourable by
50+20 kJ mol21. This result is consistent with our unbiased
simulations, showing that fullerene clusters spontaneously
penetrate the lipid bilayer.

EFFECT OF FULLERENE ON THE LIPID MEMBRANE
The perturbation of bilayer properties upon insertion of a single
fullerene molecule was calculated in bilayers of two sizes using
biased molecular dynamics (MD) simulations, in which
fullerene was restrained at different positions along the bilayer
normal. Despite the large size of fullerene, perturbation of the
bilayer structure is relatively small; bilayer thickness, area per
lipid and lipid order parameters change only slightly upon
fullerene insertion (Fig. 3). The deformations are largest when
fullerene is found between 1.5 and 2.9 nm from the centre of
the bilayer. However, even in the smallest bilayer, the area
decreases by less than 2% during fullerene permeation. The
increase in bilayer thickness and in the ordering of the lipid
tails are also minor. These structural changes can be explained
by the appearance of lipid protrusions when fullerene is
inserted in the head group and carbonyl regions. As the lipids
close to fullerene protrude towards the water phase, their tails
stretch and become more ordered. This, in turn, reduces the
area and increases the thickness of the membrane. Structural
nature nanotechnology | VOL 3 | JUNE 2008 | www.nature.com/naturenanotechnology
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Figure 2 Mechanism of permeation of fullerene through a lipid membrane. a, Monomeric fullerene rapidly crosses the lipid head group region, then diffuses
more slowly in the membrane interior. Fullerene is shown in red, the lipids in cyan with blue head groups (phosphodiester groups), and water is yellow. The
simulation time is indicated in each snapshot. b, Penetration of a cluster of ten fullerenes. Lipid phosphodiester groups are shown as blue spheres, lipid tails as
cyan lines; water is not represented. The permeation of fullerene clusters is much slower than for monomers, and starts with the insertion of a single fullerene in the
lipid head group region. The simulation time is indicated in each snapshot.

modifications are smaller in the largest bilayer (data not shown).
Significant curvature of the bilayer is observed, and lipid
protrusions are not observed.
To test the effect of higher fullerene concentrations on the
properties of the membrane, we performed simulations of a large
lipid bilayer (1,152 DOPC molecules) in the absence of
nanoparticles and with fullerene:DOPC ratios of 1:72, 1:18 and
1:9 (molar fractions: 1.4%, 5.5% and 11.1%). The initial position
of fullerene molecules was chosen randomly within 3.5 nm from
the bilayer centre, so most fullerenes were inside the membrane
(or close to it) at the beginning of the simulations. We
performed three simulations at each concentration, each for 4 ms.
All fullerene molecules penetrated the bilayer in each simulation.
Even at the highest concentration, we did not observe the
formation of stable aggregates inside the bilayer on the
simulation timescale (see Fig. 4a). Fullerenes are most often
found 0.5 –1 nm displaced from the centre (Fig. 4b).
Because of the relatively large size of fullerene (diameter of
1 nm), its displacement from the centre of the bilayer induces
asymmetry in the membrane, leading to transient distortions,
both in-plane and out-of-plane. These deformations include area
stretching, bilayer thickening, individual lipid protrusions and

bilayer bending. In order to quantify these deformations, we
calculated different structural, dynamic and elastic properties of
the membrane as a function of fullerene concentration (Table 1).
As the nanoparticle concentration increases, we observe an
increase in both the projected area and the thickness of the
bilayer. At the highest ratio, the area per lipid increases by 4%
and the bilayer thickness by 2.7%. Analysis of the order
parameter of the bonds in the lipid tails shows that even the
highest concentration of nanoparticles has a negligible effect on
lipid chain order. On the other hand, dynamic and elastic
properties of the bilayer are affected by the nanoparticles to a
larger extent. The lipid diffusion coefficient decreases with
increasing fullerene concentration in an approximately linear
fashion. For DOPC lipids in the absence of fullerene, the
diffusion coefficient (1.0  1027 cm2 s21) is in excellent
agreement with experiment31. The bending modulus of the pure
DOPC bilayer is (5.5+1.0)  10220 J, close to values previously
reported for DPPC bilayers24 (4  10220 J) and to experimental
data by Evans and co-workers32 (8.5  10220 J). A fullerene
concentration of 11.1% reduces the lateral diffusion coefficients
by 40%, the area compressibility modulus by less than 10%
and the bending modulus by 20%. The decrease in both elastic

nature nanotechnology | VOL 3 | JUNE 2008 | www.nature.com/naturenanotechnology

© 2008 Nature Publishing Group

365

Average order parameter

ARTICLES
0.3

0.29

0.28

0.27
0

1

2

4

3

0.69

4.68

0.68

4.64
4.60

0.67
Area
Thickness

0.66

4.56

Thickness (nm)

Area per lipid (nm2)

Distance from the centre of the bilayer (nm)

4.52

0.65

4.48

0.64
0

1

2

4

3

Distance from the centre of the bilayer (nm)

Figure 3 Structural properties of the membrane during fullerene
permeation. a, Average order parameter of the lipid tails as a function of the
distance of fullerene from the centre of the bilayer. b, Area per lipid and
thickness of the lipid bilayer as a function of the distance between fullerene and
the centre of the bilayer. Vertical bars represent standard deviations. The area
per lipid was not corrected for the presence of the nanoparticle. The
perturbation of membrane structural properties is minor.

moduli indicates a slight softening of the membrane. However, no
noticeable mechanical damage (bilayer rupture, micellization,
formation of pores) occurred within the simulation time.

DISCUSSION
It has been reported in the literature that carbon nanoparticles can
pass through the blood – brain barrier and translocate into the brain
and the olfactory bulb8. Our simulations show that fullerene
clusters can easily penetrate into a lipid membrane by means of
passive transport. Considering the overall thermodynamic
balance for the transfer of fullerene from an aggregate into the
membrane interior, the value of 250+20 kJ mol21 indicates
that the process is spontaneous.
Both the free energy of fullerene translocation (from water to the
membrane) and its kinetics are similar in DOPC and DPPC
membranes, suggesting that the main conclusions of our study are
only weakly dependent on the nature of the lipid tails. The time
required for monomeric fullerene to completely pass the head
group region is 500 ps, on the same timescale of 70–160 ps as in
previously reported atomistic simulations22. Compared with such
simulations22, the PMF, however, is significantly different; atomistic
simulations gave a total stabilization of 35+8 kJ mol21. On the
other hand, the position of the energy minimum (1 nm from the
centre of the membrane) is in excellent agreement. Deviations
from atomistic results can be ascribed to differences in the details
of the force fields and insufficient sampling in atomistic
simulations due to prohibitively high computational cost.
The mechanism of permeation for fullerene clusters is similar
to that for the monomer, with small pores being formed in the
lipid head group region immediately before penetration and
being rapidly filled by one nanoparticle. On the other hand, the
366

Figure 4 Distribution of fullerene in the membrane. Snapshots are taken
from a simulation with 128 fullerenes and 1,152 DOPC lipids, after 4 ms of
simulation. Phosphate groups are shown as blue spheres, fullerenes are in red;
lipid tails and water are not shown for clarity. a, Top view, showing the lateral
distribution of fullerene in the membrane. Even at very large concentrations,
fullerenes do not form aggregates in the membrane. b, Side view, showing the
distribution of fullerene along the membrane normal.

kinetics is significantly slower, with both waiting times and
penetration times about one order of magnitude longer in the
case of aggregates. Translocation of fullerene clusters is observed
on a timescale of microseconds, a relatively short time for
biological processes. The formation of pockets of free volume
sufficiently large to accommodate a fullerene molecule is a rare
event and depends on local area fluctuations, not on the presence
of fullerene. The head group region of lipid bilayers is very polar
and highly hydrated. Free volume pockets have a short lifetime
and do not reach the lipid tail region, so they do not disrupt the
hydrophobic barrier represented by the lipid membrane.
Fullerene differs from some small hydrophobic molecules27 in
that it does not show a preference for the centre of the bilayer and
is more often found displaced (1 nm) from the centre. The
preference of fullerene for a region at 1 nm distance from the
centre of the bilayer has also been observed previously in
atomistic simulations22, although in that case the preference
was stronger (20 kJ mol21 relative to the bilayer centre). This
tendency can be explained as the result of opposing forces; the
large amount of accessible free volume27 and the minimal
perturbation of the bilayer structure drive fullerene towards the
centre, and the higher number of dispersion interactions
favours displacement towards a denser region of the bilayer.
nature nanotechnology | VOL 3 | JUNE 2008 | www.nature.com/naturenanotechnology
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Table 1 Structural, dynamic and elastic properties of DOPC lipid bilayers at different fullerene concentrations. Results are the average over three independent
simulations (+
+error estimate).
Fullerene concentration (molar)
2

Area per lipid (nm )
Thickness (nm)
Average order parameter
D (107 cm2 s21)*
K A (1023 N m21)†
k C (10220 J)‡

0%

1.4%

5.5%

11.1%

0.669+0.004
4.30+0.09
0.283+0.001
1.01+0.03
371+8
5.5+1.0

0.673+0.004
4.43+0.02
0.283+0.001
0.98+0.03
364+8
5.1+1.2

0.683+0.004
4.46+0.01
0.283+0.001
0.77+0.03
365+5
4.9+0.6

0.697+0.004
4.53+0.01
0.284+0.001
0.62+0.02
346+9
4.4+0.6

*Self-diffusion coefficient of DOPC lipids.
†
Area compressibility modulus of the bilayer.
‡
Bending modulus of the bilayer.

Table 2 Free energy of transfer of fullerene between organic solvents (in
kJ mol21).

DG (calculated)
Benzene
Cyclohexane
Acetone
Ethanol
DG (experimental)28
Benzene
Cyclohexane
Acetone
Ethanol
DDG (expt– calc)
Benzene
Cyclohexane
Acetone
Ethanol

Benzene

Cyclohexane

Acetone

—
24.1+2.8
210.2+2.3
219.5+2.3

—
—
25.1+1.9
215.4+2.0

—
—
—
210.3+1.0

—
212.1
218.5
222.5

—
—
26.4
210.4

—
—
—
24.0

—
28.0
28.3
23.0

—
—
21.4
5.0

—
—
—
6.3

The formation of stable aggregates inside the bilayer was not
observed on the simulation timescale. This observation is consistent
with other atomistic simulations showing that interactions between
two C60 molecules in a lipid bilayer are repulsive at short distances23.
The deformations induced by fullerene on the lipid membrane
depend on its concentration. High loads of fullerene affect the
structural, elastic and dynamic properties of the bilayer. The
bilayer thickness is increased, in qualitative agreement with
experimental results on multilamellar oriented bilayers33, but
lipid diffusion becomes slower and the bilayer becomes more
flexible. The magnitude of these effects is comparable to reduced
diffusion by the addition of cholesterol31 and increased flexibility
by the addition of moderate concentrations of short-chain
alcohols34 or lysolipids35. Larger changes in membrane flexibility
have been observed in lipid bilayers with two unsaturations per
acyl tail or with shorter acyl tails32. More sizeable effects on
dynamic and elastic properties have also been predicted for lipid
rafts36. In all the cases mentioned above, modifications of
dynamic and elastic properties did not lead to membrane
disruption. Moreover, no indication of membrane instability was
found in our simulations. Therefore our results suggest that the
presence of fullerene at a high concentration is unlikely to result
in mechanical damage to lipid membranes.
Changes in cell membrane elasticity can alter cellular functions
by modifying the properties and functioning of membrane
proteins. Activation of some membrane proteins has been shown
to depend on the elastic properties of the membrane, which in
turn depend on membrane composition (for recent reviews, see
refs 37 and 38). This mechanism does not imply membrane

disruption. It is reasonable to expect that fullerene permeation
would affect cell function by changing the elastic properties of
cell membranes. Another possible mechanism for fullerene
biological activity had been proposed recently based on the active
radical chemistry of fullerene. Some earlier studies have indicated
that the toxicity of nanosized fullerene aggregates is due to lipid
peroxidation11, but elsewhere it has been found that C60 can act
as an antioxidant against radical-initiated lipid peroxidation12.
Because fullerene is found preferably in the lipid tail region, close
to the double bonds (which are susceptible to peroxidation), our
observations are compatible with these findings. Finally, it is
possible that fullerene interacts directly with other components
of cell membranes, including other lipids, carbohydrates and
proteins that are not considered in our simulations.
In summary, we investigated the thermodynamics and the
kinetics of fullerene translocation into lipid bilayers using
molecular dynamics simulations. Although fullerenes rapidly
aggregate in water, they do not aggregate in the bilayer at high
concentrations of up to one fullerene per nine lipids. Both
monomeric and oligomeric fullerenes penetrate easily in DOPC
lipid bilayers on the microsecond timescale. Once inside the
bilayer, fullerene clusters disaggregate on a timescale of hundreds
of nanoseconds. Free energy calculations indicate that although
dissolving a fullerene aggregate in water presents a high energetic
cost, the energy gain of transferring fullerene inside a lipid
bilayer is higher, so the balance of the overall process is
thermodynamically favourable. Upon penetration, fullerene
induces small distortions in the structure of the bilayer and a
modest increase in membrane softness. Our results suggest that
even high concentrations of fullerene are unlikely to cause
mechanical damage to the membrane.

METHODS
COARSE-GRAINED FORCE FIELD CALIBRATION

Coarse-grained models allow systems to be studied on longer time- and lengthscales than more detailed atomistic models. We built CG models for fullerene
compatible with the MARTINI CG force field for lipids and proteins developed by
Marrink24–26. Parameters for the lipids were taken from the MARTINI force
field25. Based on comparison of diffusion constants in CG and atomistic
simulations, the effective time sampled using our CG model is larger than the
formal simulation time, and a similar scaling factor applies to all molecules in the
simulated systems24,25. In the rest of the paper we use an effective time, instead of
the formal simulation time, and the conversion factor is a factor of four.
The fullerene model consists of 16 particles, with an approximate 4:1
mapping of the atoms onto CG beads. The solubility of fullerene in water is
extremely low and currently not measurable accurately39, so free energies of
hydration or partitioning into water are not available experimentally. Therefore,
we parameterized the non-bonded interactions based on the free energy of
transfer of fullerene between polar (ethanol and acetone) and apolar (benzene
and cyclohexane) solvents. Free energies were calculated using the
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thermodynamic integration technique (see Supplementary Information for
details of the methods), and are reported in Table 2 together with experimental
transfer of free energies. According to solubility measurements28,39, transferring
fullerene from acetone to cyclohexane implies a gain in energy of 6.45 kJ mol21.
In the case of our model, we found a value of 5.1 kJ mol21, in good agreement
with experimental results. Differences between experimental and calculated free
energies of transfer were less than 9 kJ mol21 in all cases. Although there is
clearly room for improvement of the force field, the agreement with
experimental partitioning data is reasonable.
MOLECULAR DYNAMICS SIMULATIONS

Molecular dynamics simulations of monomeric fullerene were carried out in a
water/DOPC system at 300 K and in a water/DPPC system at 325 K. We placed a
single fullerene at different distances from the centre of the bilayer and used
harmonic restraints on the fullerene for 40 ns to allow for equilibration of the
solvent and the lipids. The restraints were then released and five simulations
(with different initial velocities) were run in DOPC (and two additional ones in
DPPC) for 4 ms each, for a total (production) simulation time of 28 ms.
Simulations of fullerene aggregation were performed both in water and in a
DOPC bilayer. Sixteen fullerene molecules were placed at different distances from
the centre of the bilayer, corresponding to (a) the bulk water phase, (b) the
interface and (c) the bilayer interior. Five simulations were performed (using
different seed numbers for the generation of the initial velocities) with fullerenes
inside the bilayer, five with fullerenes at the lipid/water interface, twelve with
fullerenes in bulk water. Each simulation was carried out for 4 ms, for a total
simulation time of 88 ms.
Properties of the DOPC membrane were calculated from a separate set of
simulations on systems containing 1,152 lipids. Three simulations were carried
out for each fullerene ratio (no fullerene, 1:72, 1:18 and 1:9), each 4 ms long, for a
total simulation time of 48 ms.
FREE ENERGY CALCULATIONS

The thermodynamic integration method was used to calculate the free energy of
transfer of one fullerene from a fullerene aggregate containing 512 fullerene
molecules into the gas phase, and from the gas phase into water. The PMF of
fullerene as a function of the distance from the centre of a DOPC lipid bilayer was
calculated using the umbrella sampling technique40 and the weighted histogram
analysis method (WHAM)41. The calculation of fullerene permeability through
lipid bilayers was performed using constraint simulations, using previously
described methods27,42. All simulations were carried out at constant temperature
(300 K) and with semi-isotropic pressure coupling, allowing for changes in the
box size in all dimensions. Additional PMF calculations were performed in a
DPPC bilayer at 325 K, using identical methodology and simulation parameters.
All simulations were run using GROMACS 3.3.1 (ref. 43).
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