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Permeation Process of Small Molecules across Lipid Membranes Studied by Molecular
Dynamics Simulations

Siewert J. Marrink* and Herman J. C. Berendsen
Department of Biophysical Chemistry, UniVersity of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

ReceiVed: October 5, 1995; In Final Form: July 10, 1996X

The transport of small molecules across a phospholipid membrane is studied by molecular dynamics simulations.
The effects of size, hydrophobicity, and asphericity of the penetrants on the permeation process are investigated.
For this purpose, permeability coefficients of oxygen and ammonia are computed using an inhomogeneous
solubility-diffusion model and compared to the previously computed results of the permeation of water.
Furthermore, solubility and diffusion data are computed for a series of Lennard-Jones particles that differ in
size and shape. The results are discussed within the framework of the four-region model and are especially
related to the free volume characteristics of the membrane. It is concluded that the free energy of solvation
mainly determines the shape of the permeation resistance profile. For hydrophobic particles the membrane
interior will act as a trap instead of a barrier. Moderately hydrophilic and hydrophilic penetrants experience
the largest resistance to permeation in the dense part of the lipid tail region. This region is therefore most
important in discriminating between various penetrants.

Introduction

Recently, we described molecular dynamics (MD) simulations
that were performed in order to reveal the permeation process
of water across a lipid membrane.1 It was shown that the
permeation process could be modeled with an inhomogeneous
solubility-diffusion model, in which both the diffusion rate and
the solubility of the water molecule depend on the local position
within the membrane. It turned out that the membrane differs
significantly from any bulk phase and that the rate-limiting step
for the permeation of water is located at the beginning of the
lipid tails, the most dense and ordered part of the membrane.
Whether a similar permeation process also describes the
permeation of other small molecules across the lipid membrane
is the topic of this paper.
Experimentally, the range of observed permeabilities for

small, nonelectrolyte penetrants is huge: ranging from 101 to
10-6 cm/s. The permeability depends on both the solubility of
the penetrant into the membrane and the diffusion across. The
difference between permeabilities of penetrants can be catego-
rized into three properties: penetrantsize, hydrophobicity,and
shape. In order to elucidate the effects of these three properties
of the penetrants on both the solubility and diffusion step in
the permeation process, we have extended our lipid membrane
simulations.1,2 Part of the computations give detailed, quantita-
tive results, whereas other computations are more oriented
toward qualitative insights. The present study is certainly not
aiming for a complete analysis of all possible variations of
penetrant molecules but is merely trying to give a basic feeling
for the way how the nature of the penetrant molecule determines
the permeation process.
The importance ofhydrophobicityis studied by computing

the permeability coefficients of oxygen and ammonia, analogous
to the method we used for the computation of water perme-
ability. In that way we are able to compare three, almost equally
sized, penetrants ranging from completely hydrophilic (water)
to completely hydrophobic (oxygen), with ammonia, having a

smaller dipole moment than water, in between. The detailed
method of simulation will reveal the effects of hydrophobicity
on the level of molecular interactions. The effect ofsizeon
the permeation process is studied by comparing a series of
Lennard-Jones (LJ) particles that differ in size. The excess free
energy profiles are computed across the entire membrane, the
diffusion rates only in the dense region of the lipid tails which
is deduced to be the rate-limiting region in the permeation
process of most penetrants. Finally, the dependence of mem-
brane permeability on theshapeof the molecule is studied
through comparison of solubility data for a series of connected
LJ particles. Because of computational limits, the diffusion rate
dependence on penetrant shape was not explicitly studied.
The next section presents a brief review of the experimentally

observed trends of penetrant permeation across lipid membranes.
Subsequently, the methods of simulation and analysis that are
used are described, followed by presentation of the results.
Finally, the effects of size, hydrophobicity, and shape of the
penetrant on the permeation process are discussed. The
discussion takes place within the frame work of the four region
model1,3 and will connect the results to the free volume
properties of the simulated lipid membrane (published sepa-
rately4).

Review

In this section we will briefly summarize the experimentally
observed and/or theoretically predicted effects of the hydro-
phobicity, size, and shape of the penetrant molecule on the
permeation process across lipid membranes.
Hydrophobicity. The degree of hydrophobicity of a pen-

etrant molecule predominantly affects the solubility part of the
permeation process. This is clear from the strong correlation
between permeability coefficients and partitioning coefficients
in a hydrophobic solvent.5 The best correlation was originally
obtained for bulk hexadecane. Correlation with more polar
solvents, like octanol or ether, was found to be not as good.
Another, more recent, study6 shows that correlation with a
slightly polarizable solvent as 1,9-decadiene is actually best.
Considering the inhomogeneous nature of the lipid membrane,

it is not likely that either the solubility or the diffusion rate
* E-mail: Marrink@Chem.rug.nl.
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equal a particular hydrophobic solvent throughout the whole
membrane. This is supported by the computation of strongly
position-dependent solubility profiles for some alkane deriva-
tives.7 Experimental evidence comes from the observed inter-
facial resistances that some solutes experience upon permeation8

and the inhomogeneous equilibrium distribution of nonpolar,
alkyl solutes in the membrane.9 The resemblance between
membrane solubility data and solubility data of a particular
solvent as hexadecane or 1,9-decadiene can be understood if it
applies to a specific membrane region which dominates the
resistance to permeation. The large density of hexadecane and
the polarizable nature of 1,9-decadiene both point to the densest
part of the lipid tail region, i.e., the region behind the
headgroups. This region was also identified as rate limiting in
the case of our water permeation study.1

Size. The effect of penetrant size is difficult to understand
even in a qualitative way. Comparing a large series of
permeability data, Lieb and Stein10 showed that for larger
penetrants (50< mol wt < 300) the permeation is not a steep
function of size, in contrast to smaller penetrants (mol wt<
50) which show a much stronger size dependence. Walter and
Gutknecht,5 using an even larger data set, showed that the
solubility data alone could not explain the size effect on the
observed permeation rates. Therefore, they concluded that it
should be the diffusion part of the permeation process which
accounts for the observed relatively high permeability rates of
smaller molecules.
If corrected for the hydrophobicity effect, the observed size

dependence of the permeabilities for the larger penetrants is in
agreement with the values predicted by the Stokes-Einstein
relation for the diffusion rates (D ∼ CV-1/3 with V the penetrant
volume andC a constant that depends on the geometry of the
penetrant). For the smallest penetrants, however, the observed
size dependence is much steeper, scaling with an exponent of
-1.7. Comparing the hydrophobicity-corrected lipid membrane
permeability data with diffusion rates across polymers and bulk
hydrocarbon, Walter and Gutknecht5 further concluded that the
size dependence of the diffusion process in lipid membranes
resembles diffusion in polymers rather than in bulk alkanes.
Experimentally, the slope of the volume dependence of the

diffusion process of small penetrants in soft polymers is found
to be between-1 and-3 (on a double logarithmic scale), thus
incorporating the value of-1.7 found by Walter and Gutknecht
in lipid membranes. Similar power law size dependencies are
also found by molecular dynamics simulations of soft polymer
membranes.11 Various MD simulations11-14 show that the
mechanism of diffusion of penetrants in polymers is a hopping
mechanism. In this mechanism, a penetrant diffuses via jumps
between neighboring free volume pockets. Evidence for a
hopping mechanism in lipid membranes is found in the recent
MD simulations of benzene diffusion in DMPC membranes.15,16

Jumps of benzene molecules over distances up to 0.8 nm were
found, often moderated by torsional changes in the hydrocarbon
chains, opening up new free volume pockets for the benzene
molecules.
A statistical mechanics study of Xiang and Anderson,17

however, severely doubts the conclusion that the anomalous size
dependence of the lipid membrane permeation process originates
in an anomalous (e.g., hopping) diffusion process. They show
that the solubility part of the permeation process is also likely
to have a size dependency different from that of liquid alkanes.
In their subsequent comparative experimental study6 of perme-
ation rates for a similar set of penetrants as used by Walter and
Gutknecht,5 they conclude that the anomalous steep size
dependency of the permeation across lipid membranes can just

as well be explained by the solubility step as by the diffusion
step. A combination of both mechanisms resulted in an even
better quality fit, but this is natural as more adjustable parameters
are involved.
Shape. Many penetrant molecules deviate significantly from

a spherical geometry, even in the case of the smallest penetrants.
For instance, they can be elongated, as in the case of (un-
branched) alkanes, or have irregular shapes, as urea. From the
regression data of Walter and Gutknecht,5 no anomalous effect
of aspherical penetrants on the solubility part of the permeation
process has been noticed, and the same is true for the study of
Xiang and Anderson.6 The observed correlation between
membrane and hexadecane or 1,9-decadiene solubility holds also
for such elongated molecules as, for instance, hexane derivatives.
The statistical mechanical calculations of Xiang and Anderson17

show a small shape effect predicting that elongated molecules
are relatively stabilized in the ordered part of the lipid membrane
compared to an isotropic hydrocarbon solvent. However, this
shape effect is small compared to the computed size effect of
membrane partitioning.
The presence of shape effects on the diffusional part of the

permeation process is difficult to extract from the experimental
data. For perfectly spherical molecules, the Stokes-Einstein
relation (eq 1) predicts a slope of-0.33 for double logarithmic
plots of diffusion against volume. Molecules that are non-
spherical diffuse slower, as the cross-sectional area and hence
the effective friction increase. Now if we assume that larger
molecules become more aspherical, this implies a volume
dependence of the diffusion constant which is steeper than for
purely spherical penetrants. For a series of penetrants that
become more globular with increasing volume, the opposite is
true. In lipid membranes, Walter and Gutknecht5 found a slope
of -0.88 for a large series of penetrants (excluding the smallest,
for which clearly a non-Stokesian behavior is observed), but
the quality of the fit was not so good. For the same series a
value of -0.5 is predicted by the Stokes-Einstein relation.
Assuming that the steep size effect of small molecules is
predominantly due to the solubility step, Xiang and Anderson6

obtain a slope of-0.8 ( 0.3 for diffusion in the membrane
compared to-0.74 ( 0.1 in decane. The large error bars
prevent any conclusions concerning an anomalous shape effect
in membranes compared to liquid alkanes.

Method of Simulation

The simulated membrane is exactly the same as used for the
study of the permeation of water1 and is more elaborately
described elsewhere.2,3 The simulation box contains 64 di-
palmitoylphosphatidylcholine (DPPC) molecules in a bilayer
configuration, separated by a layer of 736 water molecules
(SPC). The boundary conditions are periodic in all three
dimensions. The system is coupled to a constant temperature
and pressure of 350 K and 1 atm, using weak coupling to an
external bath.18 The membrane force field is all-atom except
for methyl and methylene groups that are treated as united
atoms. The interaction parameters are based on GROMOS with
small modifications.1,2 The originally obtained lipid charge
distribution from ab initio calculations turned out to result in
too attractive headgroup-headgroup interactions. Considering
the insufficient shielding properties of the SPC water model
(especially the high-frequency component), it was therefore
decided to divide the lipid charges by a factor of 2. The final
simulation conditions are such that the membrane is in the,
biologically relevant, liquid-crystalline phase.2 Recent simula-
tions of DPPC membranes with GROMOS parameters indicate

16730 J. Phys. Chem., Vol. 100, No. 41, 1996 Marrink and Berendsen

+ +

+ +



that also with full charges a stable liquid-crystalline phase can
be obtained, however, using excess water19,20 (see also Discus-
sion).
In order to compute the permeability coefficients of oxygen

and ammonia, four separate runs were performed of 200 ps each.
In each of these runs either three oxygens or three ammonia
molecules were constrained at fixed positions in the membrane
(i.e., six different positions sampled for both oxygen and
ammonia). The constraints were applied through resetting of
the z coordinates of the particles at every time step to their
reference positions. The reference positions equaled the initial
positions of the inserted particles except for small fluctuations
parallelling the overall scaling of the system due to pressure
coupling. The initialz positions of the particles were chosen
such as to sample the whole membrane in more or less
equidistant steps; the initialxy positions were selected (based
on the local free volume distribution4) such as to avoid
unfavorable overlap with the surrounding atoms.
Part of the final runs were performed on a Cray-YMP, and

part on a Convex-240. The additional force field parameters
(LJ parametersσ andε and fixed bond lengthb0) for oxygen,
ammonia, and the LJ penetrants are listed in Table 1, together
with the previously used parameters for the water penetrant.
The method of computation of the permeability coefficients

of oxygen and ammonia is the same as described in the previous
study for the permeation of water.1 In order to compute the
permeability coefficients, we used an inhomogeneous solubil-
ity-diffusion model in which both the excess free energy∆G
and the diffusion rateD of the penetrant depend on the position
z within the membrane:

HereR(z)denotes the local resistance of the membrane, andP
is the experimentally accessible permeability coefficient. The
theoretical derivation of the inhomogeneous solubility-diffusion
model1 is valid for other small penetrants as well, as long as
the thermodynamic gradients remain small.
In order to compute the local excess free energy∆G(z), we

applied both the method of particle insertion (PI) and the method
of constrained particles (CP). The method of particle insertion
samples the relevant phase space through random insertions of
the penetrant molecule in the membrane. From the difference
between the insertion chemical potential in the membrane and
in the bulk (z ) 0) the excess free energy can be obtained
through

where

is the average Boltzmann factor of the random inserted test
particle. (Eins denotes its interaction energy.) The method gives
qualitatively correct results in the less dense parts of the
membrane only but can provide qualitative insights in the denser
regions, too. The statistics of the method can be increased by
using a free volume based biasing procedure.
The method of constrained particles can be applied to obtain

quantitative good results in the dense parts of the membrane
also but is computationally more costly. A potential of mean
force can be contructed by constraining the penetrant particles
in different regions of the membrane, measuring the average
force 〈Fz(z)〉 (in the direction of the constraint) needed to keep
the constraint, and integrate across the membrane:

As free energy differences can be added, both methods can be
easily combined. Assuming that the constrained particle method
is applied fromz) 0 to z) z1 and the particle insertion method
from z ) z1 to z, combination of the above equations yields

The choice ofz1 can be determined by comparing the magnitude
of the statistical errors of both methods. The PI method will
normally provide smallest errors in the less dense regions
whereas the CP method is expected to be most accurate in the
dense regions. Note that a third method that could be used in
the case of water permeation, based on analysis of local
equilibrium densities, is of no value in the case of other
penetrants.
Diffusion constants can be normally computed in MD

simulations most easily from the slope of the mean square
displacement curve. However, this method fails to work if
thermodynamic gradients are present. In such cases the force
correlation method can be applied to compute the local diffusion
constants. This method relates the time fluctuations of the
instantaneous force∆Fz(z,t) on a constrained particle (in the
direction of the constraint) to the local time-dependent friction
coefficientê(z,t), from which the local diffusion constant in the
z directionDz(z) can be obtained by time integration:

A concomitant advantage of this method is that it also constraints
a penetrant molecule in the membrane, similar to the contrained
particle method. Therefore, the local diffusion constant and the
derivative of the free energy profile can be computed simulta-
neously. For more details of the applied methods we refer to
the water permeation study.1

Due to the symmetry of the membrane, the locally computed
properties in one half of the membrane are valid for the other
half of the membrane as well. For reasons of clarity, the
presented figures show profiles across the whole membrane that
are symmetrized around the middle. Error bars represent
statistical errors (see Discussion).

Results

In this section the results of the various computations are
presented. In order to facilitate the discussion, the results are

TABLE 1: Penetrant Parameters σ (nm), E (kJ/mol), q (e),
and b0 (nm)

σe εe q b0

H2Oa OW 0.317 0.650 -0.820 0.100
HW 0.000 0.000 +0.410

NH3
b N 0.298 0.877 -0.804 0.1012

HN 0.000 0.000 +0.268
O2

c O 0.309 0.363 0.000 0.1016
LJd LJ 0.2-0.6 0.363/0.877 0.000

a SPC model.21 b LJ parameters from GROMOS; bond lengths and
charges from quantum mechanical ab initio calculation, reproducing
the experimental dipole moment.c LJ parameters from Fischer and
Lago.22 d LJ parameters based on oxygen or ammonia.e Interaction
with membrane atoms on basis of standard combination rules:σij )
(σi + σj)/2 andεij ) (εiεj)1/2.

1/P)∫z1z2R(z) dz)∫z1z2 exp(∆G(z)/kT)D(z)
dz (1)

∆GPI(z) ) ∆µins(z) - ∆µins(0) (2)

∆µins(z) ) -kT ln 〈exp(-Eins(z)/kT)〉 (3)

∆GCP(z) )∫0z〈Fz(z)〉 dz (4)

∆G(z) ) ∆GCP(z1) + ∆GPI(z) - ∆GPI(z1) )

∫0z1〈Fz(z′)〉 dz′ + ∆µins(z) - ∆µins(z1) (5)

Dz(z) ) RT/∫0∞ê(z,t) dt ) (RT)2/∫0∞〈∆Fz(z,t) ∆Fz(z,0)〉 dt
(6)
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presented within the framework of the four-region model. This
is a qualitative model, based on our simulation results of the
lipid membrane in combination with relevant experimental and
theoretical data, that divides the membrane into four distinct
regions. Region 1 is the region in which the membrane
headgroup density is still low and is characterized mainly by
loosely bound water molecules attached to choline headgroups.
In region 2 the headgroup density is high, and the water
molecules present in this region are strongly bound. It also
contains the major part of the glycerol backbones. Region 3
contains the more ordered part of the lipid tails, with a density
larger than liquid hexadecane. Region 4, finally, contains the
major part of the lipid end groups. This region is much more
disordered and therefore has a low density. Regions 1 and 2
are also referred to as the interface of the membrane, and regions
3 and 4 as the membrane interior. More details about the four-
region model, including graphical representations, can be found
in the previous publications.1,3

We will also make an extensive use of our analysis of free
volume properties in the lipid membrane.4 Many observed
effects can be related to these free volume properties. In terms
of free volume properties, both interfacial regions 1 and 2 are
similar and can be characterized as isotropic, containing many
small, spherical holes. Region 3 resembles a soft polymer, due
to a strong correlation between the lipid chains that is imposed
by the lipid headgroups. Therefore, larger free volume pockets
are relatively stabilized (although the total free volume remains
small). The free volume is distributed anisotropically, with an
enhanced probability of finding a free volume pocket extended
along the membrane normal. Largest free volume pockets are
found in region 4. In contrast to region 3, these are isotropically
oriented. In Figure 1 we have displayed the accessible free
volume,Vacc, as a fraction of the total volume,Vtot, for a number
of spherical penetrants in different regions of the membrane.
Details about the free volume properties can be found in the
original publication.4

Water, Oxygen, and Ammonia. In order to reveal the effect
of hydrophobicity on the permeation process, we computed the
excess free energy profiles and diffusion rate profiles of
ammonia and oxygen. The results obtained for water in a
previous study1 are added for comparison.
The excess free energy profiles of water, ammonia, and

oxygen in the lipid membrane are shown in Figure 2. The
profile for ammonia is calculated from the constrained particle
method in regions 1 and 2 and from the particle insertion method
in regions 3 and 4. For the oxygen profile the insertion method

yielded most accurate results in all regions, due to the absence
of electrostatic interactions.
If we compare the excess free energy profiles of water and

ammonia, it turns out that the shapes of both curves are very
similar. The main difference is the total height of the barrier,
which is ≈10 kJ/mol lower in the case of ammonia. This
difference originates from the fact that the dipole moment of
ammonia is much smaller than that of water (in our force field
µH2O ) 2.27 D vsµNH3 ) 1.47 D). From the experimental
value23 of the partition coefficient of ammonia between water
and bulk hexadecane, we calculate a solvation free energy of
15 kJ/mol atT) 300 K. This value is similar to the values we
calculate in the membrane interior. Just as in the water profile,
the ammonia profile also shows a pronounced dip in region 4,
which we contribute to the lower local density or larger
accessible free volume (Figure 1). Another interesting observa-
tion is the fact that both the water and ammonia profiles increase
with about the same slope in regions 1 and 2, whereas in region
3 the water excess free energy continues to increase, unlike the
excess free energy of ammonia. If the magnitude of the dipole
moment would be the sole factor determining the local excess
free energy, one would have expected the slope of the water
profile to be larger in regions 1 and 2 also. In our view, a
plausible explanation would be that the water molecules are
able to form stronger hydrogen bonds with the headgroup atoms
and/or with the other water molecules, resulting in a relatively
lower excess free energy in regions 1 and 2.
The excess free energy profile of oxygen is completely

different. Being a hydrophobic penetrant, i.e., lacking electro-
static interactions, the oxygen molecule prefers to dissolve into
the membrane interior. The shape of the excess free energy
profile is complementary to the accessible free volume profile
of the membrane (Figure 1) and similar to the free energy profile
of water in the absence of electrostatic interactions.1 The value
of the excess free energy of oxygen in the middle of the
membrane is close to the excess free energy of oxygen in the
gas phase relative to aqueous solution,-10.7 kJ/mol atT )
323 K, computed from the partition coefficient of oxygen
between the gas phase and water.23 An average value for the
excess free energy of oxygen in the membrane can be computed
from the partition coefficient of oxygen between water and lipid
membrane,24 which results in-3.7 kJ/mol atT ) 300 K. The
value that we obtain, averaged over the whole membrane (from
z ) 0.0 to z ) 5.4), is -4.5 kJ/mol, which is close to the
experimental result. Note, however, that the definition of
membrane boundaries, as well as the temperature difference
between the experimental and MD data, makes a fair comparison
difficult.

Figure 1. Accessible free volume distribution across the membrane
of spherical penetrants with diameters ranging from 0.2 to 0.6 nm. The
middle of the water layer is located in region 1.

Figure 2. Excess free energy profiles of water, ammonia, and oxygen.
The middle of the water layer is located in region 1.
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The results of the diffusion rate calculations of ammonia and
oxygen, using eq 6 at various positions in the membrane, are
shown in Figure 3. The previously computed diffusion rate
profile of water1 is also included. As can be clearly seen from
this figure, the diffusion pattern for all three penetrants is similar.
Highest diffusion rates are found in region 4, where the
membrane density is lowest, and much lower diffusion rates in
region 2, the region of large headgroup density. The minima
in the profiles are not completely located at the same position.
However, considering the error bars, the observation of an
inward shifted minimum for oxygen diffusion is not significant.
In the membrane interior, the diffusion of ammonia is observed
to be highest and that of oxygen to be lowest. This clearly
points to a size effect, ammonia being the smallest penetrant
and oxygen the largest.
Experimentally, the direct measurement of diffusion rates of

small penetrants within the membrane is not possible. From
fluorescence measurements,25 however, a value ofD ) 1.54×
10-5 cm2/s was derived for oxygen diffusion in DPPC mem-
branes in the liquid crystalline phase (atT ) 318 K). Tem-
perature-dependent measurements of the same authors revealed
a surprisingly small, activation energy of∼4.4 kJ/mol for
oxygen diffusion in a liquid crystalline DPPC membrane.
Assuming an Arrhenius type of temperature dependence, we
estimate a value ofD ≈ 2 × 10-5 cm2/s atT ) 350 K. This
value is somewhat smaller than the average value that we find,
which is 4.7× 10-5 cm2/s. Considering the experimental
uncertainties and the uncertainties in the force fields that we
used, the agreement is good.
We can also compare the diffusion rates of oxygen in the

membrane interior to the diffusion rates of oxygen in bulk
alkanes. In cyclohexane,23 a value of 5.3× 10-5 cm2/s is
reported atT) 300 K. Using the same temperature correction
as described above, a value ofD ≈ 7.5× 10-5 cm2/s results at
T) 350 K. Considering the density of cyclohexane, this value
should be similar to the value we find in region 4, where the
density is comparable. On average,D ) 8 × 10-5 cm2/s in
region 4, so in this case the agreement is even better.
The results for oxygen diffusion may also be compared to

the simulation of oxygen diffusion through a monolayer of
constrained hexadecane molecules, modeling a lipid mem-
brane.26 In this study, it was shown that the resistance to
diffusion in the constrained part of the system (modeling the
headgroup region) was considerably larger than in the free part,
in qualitative agreement with our profile. The mean value for
the oxygen diffusion coefficient in the hexadecane system was
computed to beD ) 2.6× 10-5 cm2/s atT) 300 K. Applying

the temperature correction, the value atT ) 350 K is
extrapolated to be 3.7× 10-5 cm2/s, close to our averaged value
of 4.7 × 10-5 cm2/s. Unfortunately, we did not find any
experimental data on ammonia diffusion, neither in membranes
nor in bulk alkanes.
Although the diffusion profiles for ammonia, oxygen, and

water are very much the same, this does not automatically imply
that also the time-dependent friction coefficients are similar.
Different diffusional mechanisms could in principle result in
the same diffusion coefficients. Comparison of the local time-
dependent friction coefficients for ammonia and oxygen, with
those of water,1 revealed that the diffusional mechanism is
similar for these penetrants. In regions 1 and 2 the frictional
forces are high. Fitting the curves to exponentials resulted in
decay times that are short (∼0.1 ps). In region 3 also high
frictional forces are observed, but the curves had to be fitted to
two exponentials, characterized by a very short decay time (<0.1
ps) and a longer one of∼2 ps. This double exponential decay
in region 3 is also observed for the LJ particles (of different
sizes, see Figure 6), and may result from the constrained motion
of the penetrants in their local free volume pockets. In region
4, the frictional forces are much smaller, and only one
exponential is needed to fit the curves. The resulting decay
times in region 4 are on the order of 0.5 ps. As we discussed
in our water permeation study,1 the small values of the
correlation times imply that the motion of the penetrants across
the membrane is diffusive for these kind of molecules; inertia
effects can be neglected.
From the local diffusion rates and the local excess free energy,

we can now compute the local resistance to permeation
according to eq 1. In Figure 4, the local resistances that are
experienced during the membrane permeation process of water,
ammonia, and oxygen are shown. As we already noticed in
the case of water permeation, the shape of the resistance profiles
are mainly dominated by the shape of the excess free energy
profiles. Only the dips in the middle of the membrane are
clearly enhanced due to the fast diffusion rate in this region.
The permeation resistance is largest in the case of water
permeation, as a result of the low equilibrium concentration of
water in the membrane. Both ammonia and water have a
maximum of the permeation resistance in region 3, which is
shifted somewhat inward for water with respect to ammonia.
The origin of this shift can be found in the excess free energy
profiles, where we observed the same shift of the maxima and

Figure 3. Diffusion rate profiles of water, ammonia, and oxygen. The
middle of the water layer is located in region 1.

Figure 4. Local resistance to permeation of water, ammonia, and
oxygen in the membrane. The middle of the water layer is located in
region 1. For reasons of clarity, the profiles of ammonia and oxygen
are scaled by a factor of 10 and 104, respectively. To match the diffusion
data with the free energy data and to improve integration of the
resistance profiles, additional points have been interpolated.
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which we attributed to the weaker hydrogen bonding capacities
of ammonia with respect to water.
In the case of oxygen, the maximum resistance to permeation

is not located in the membrane, but in the water layer. For
such a hydrophobic penetrant, the concentration in the mem-
brane is larger than in the more hydrophilic regions, and the
membrane behaves as a permeation “accelerator” instead of a
permeation barrier.
Integration of the resistance profiles over the membrane

results in the total permeation resistance, which is inversely
related to the permeability coefficient (eq 1). For ammonia we
compute a value ofPNH3 ) (9 ( 6) × 10-1 cm/s, which is 1
order of magnitude larger than the permeability coefficient of
water, which was found to bePH2O ) (7 ( 3)× 10-2 cm/s. In
the literature we only found measurements of the permeability
coefficient for ammonia through egg-PC. A value ofPNH3 )
(1.3( 0.4)× 10-1 cm/s is reported using an electrical method
which is based upon the fact that net fluxes of weak acids or
weak bases produce pH gradients in the unstirred layers adjacent
to the membrane, which can be measured with a suitable
protonophore.5 A smaller value ofPNH3 ) 3.7× 10-2 cm/s,
using the same method, has also been reported.27 Since both
measurements were performed at room temperature, we need a
temperature correction in order to compare our value with the
experimental ones. Since there are no activation energies
reported for the permeation process of ammonia, we base our
estimate on the activation energy we used to compare the water
permeability with the experimental data, which was 45 kJ/mol.1

Assuming that the activation energies of the diffusion process
are similar for water and ammonia, and using the calculated
difference of∼10 kJ/mol for the excess free energies of both
penetrants, we estimate the activation energy for ammonia to
be 35 kJ/mol. From an Arrhenius type of temperature depen-
dence, the experimental data are then converted toPNH3 ) 9×
10-1 cm/s5 and PNH3 ) 3 × 10-1 cm/s27 at T ) 350 K.
Although the temperature correction factor remains quite
uncertain, and the permeabilities are measured across egg-PC
instead of pure DPPC, the value that we calculate seems to be
on the right order of magnitude.
For oxygen, we calculate a permeability coefficient ofPO2

) (2 ( 5)× 102 cm/s across the the whole membrane (fromz
) 0.0 toz ) 5.4). This value is clearly much faster than for
the more hydrophilic penetrants. Note that the calculated value
depends very much on the position of the integration boundaries.
Whereas in the case of ammonia and water permeation the
resistance in the water layer is practically zero, this is not the
case for oxygen. If we integrate only over regions 3 and 4, the
permeability coefficient becomes even larger:PO2 ) (15( 4)
× 102 cm/s.
To our knowledge, no experimental permeability measure-

ments are performed in the case of oxygen. This is not
surprising as the permeation resistance for oxygen in the
membrane is negligible compared to its resistance in water.
Therefore, standard permeability measurements are impossible.
However, we can estimate a permeability coefficient from
fluorescence measurements in artificial DPPC membranes.25 In
these measurements, the decay of pyrene fluorescence due to
quenching by oxygen was measured, which can be related to
the product of oxygen diffusion rate and oxygen concentration
in the membrane. The permeability coefficient can be obtained
by dividing this number by the width of the pyrene-probed
region of the membrane. A difficulty is that it is not completely
clear which parts of the membrane are probed by the pyrene
molecule. Assuming that the concentration of pyrene is
homogeneous across regions 3 and 4 and negligible in regions

1 and 2, we estimate a permeability coefficient ofPO2 ) 2.7×
102 cm/s atT ) 298 K. This value has to be compared with
the value ofPO2 ) (15 ( 4) × 102 cm/s that we computed
across regions 3 and 4. The temperature correction will be small
in this case, as the activation energy for oxygen diffusion is
measured in the same study to be only 4.4 kJ/mol, which is
largely canceled by the average excess free energy of oxygen
in the membrane. The difference of roughly a factor of 5
between our data and the data derived from the experiment
therefore has to be attributed to the uncertainties in the
experimental as well as in the computational methods.
Series of LJ Particles. The excess free energy profiles (with

respect to an ideal gas phase) of a series of LJ particles with
different sizes give information about the size dependency of
the solubility process. These LJ profiles, which are computed
with the particle insertion method, are plotted in Figure 5. The
LJ interaction parameterε is based on the one that we used for
oxygen. The parameterσ is increased from 0.2 to 0.6 nm. Note
that the values obtained in the dense parts of the membrane are
subject to systematic errors, especially for the larger penetrants.
(Therefore, the profiles for LJ particles withσ > 0.4 nm are
not shown.) Real free energies in those regions will be lower.
The qualitative features are presumed to be realistic, however.
Comparing the LJ particles with different sizes, one sees that

the larger penetrants are relatively stabilized in region 4, the
center of the bilayer. This is clearly a result of the large amount
of accessible free volume in this region (Figure 1). Even
penetrants with diameters larger than 0.5 nm (not shown) seem
to fit into free volume holes large enough to allow for a
favorable excess free energy in this region. The high-density
lipid region 3 shows a much steeper size dependence, similar
to that of regions 1 and 2.
To study the effect of asphericity on the solubility step, the

free energy profiles for a series of connected strands of LJ
particles (based on atomic oxygen, see Table 1) were computed.
Note that the strands were taken to be rigid; i.e., no sampling
of internal conformations was allowed. Again the particle
insertion method was used, implying quantitatively accurate data
inside the membrane only. The results for strands of one
(atomic oxygen), two (molecular oxygen), three, and five LJ
particles are compared in Figure 6.
The aspherical particles show a different trend in comparison

with the trend seen in the previous figure. If the size of the
penetrant is increased in an aspherical way (i.e., connecting LJ
particles as a strand), region 3 stabilizes relatively more than

Figure 5. Free energy profiles of a series of LJ particles with different
sizes, based on oxygen. The middle of the water layer is located in
region 1.
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region 4. In the case of “pentaoxygen”, region 3 is even
preferred above region 4 considering the excess free energies.
The effect of penetrant size on the diffusion rates in the

membrane is studied through the comparison of three LJ
particles (based on the moderately hydrophilic penetrant am-
monia, see Table 1) that differ in size. The penetrant diameters
were taken as 0.3, 0.45, and 0.6 nm. Due to computational
limitations, the diffusion rates were only evaluated in region 3
of the membrane. Since the rate-limiting step is located in this
region for most penetrant molecules (see Discussion), the size
dependence of the diffusion rate in region 3 is most important
for understanding the general permeation process. The method
that was used is the force correlation method. For every
penetrant size a simulation of 120 ps was performed, with three
penetrants constrained in region 3 of the membrane. The time-
dependent friction coefficients, averaged over the three pen-
etrants, are shown in Figure 7. The figure shows that the friction
in region 3 increases upon increasing penetrant size. The static
friction coefficient is proportional to the area underneath the
time-dependent friction coefficient. Both the height of the
frictional forces and the longer decay time contribute to the
larger friction experienced by larger penetrants. All curves
could be fitted to double exponentials, one with a short decay
time (tshort ) 0.1-0.2 ps in all cases) and a long decay time
tlong of 2( 0.5, 6( 1, and 10( 2 ps for the smallest, medium,
and largest penetrant, respectively. The short decay time arises
from the immediate response to the local environment of the

particles, i.e., the friction due to the surrounding lipids that keep
the particles in their local cage. The interpretation of the long
decay times is not so straightforward, however. Considering
the resemblance between region 3 of the lipid membrane with
a soft polymer,4 one would expect a hopping type of diffusion,
and the long decay times can be interpreted as average residence
times of the penetrants in their free volume pockets. Our results
then indicate that the time between subsequent hops increases
with penetrant size, in agreement with the intuitive picture. Small
penetrants will make many small jumps, and large penetrants
will make few, larger jumps.
The increased friction for larger penetrants results obviously

in lower diffusion rates. The insert in Figure 7 shows the time
evaluation of the integral in eq 6, showing the convergence of
the computed diffusion coefficient for times longer than the
largest correlation time. We derived values ofDz ) (8( 1)×
10-5, (10 ( 2) × 10-6, and (3( 0.5) × 10-6 cm2/s for the
small, medium, and large penetrant, respectively. Comparing
these results with the experimental trend of a steep size
dependence for the smallest particles (up to∼0.5 nm) and a
less steep size dependence for the larger ones, we can conclude
that our results reproduce this trend in region 3 of the membrane.
It should be noted that the force correlation method becomes
more unreliable as the size of the penetrants increases. In the
case of the largest penetrant we observe a substantial correlation
time (on the order of 10 ps), and the limit of overdamped
Markovian dynamics may be in reach. In that case inertia
effects become important for an accurate description of barrier
crossing rates.

Discussion

Errors. Inevitably connected to the method of MD simula-
tions is that the results are sensitive to force field parameters
and simulation time. Wrong parameter choices or insufficient
sampling may lead to systematic errors. In utopia one could
eliminate such errors by sampling a few microseconds and
comparing a dozen different force fields, but this is not a realistic
approach nowadays. However, the following arguments should
indicate that our force field and simulation time are sufficient
to validate our conclusions.
Mean field MD simulations28 of lipid membranes have

indicated that correlation times of more than 1 ns exist (e.g.,
lipid wobbling motions), which are certainly not adequately
sampled in the trajectory that we used for our present computa-
tions. It is therefore necessary to make an estimation of the
importance of these long time lipid modes on the properties of
the membrane. During a series of simulations of DPPC
membranes with similar force field parameters as we used in
the present study, we have already reached a total simulation
time of several nanoseconds. During these simulations we have
tested a number of membrane properties upon the appearance
of significant changes. All of the calculated properties, includ-
ing lipid headgroup area, atomic distributions, and free volume
distributions, remained rather close to those of the original
simulation. Therefore, we conclude that the trajectories ana-
lyzed in this paper have a distribution of membrane conforma-
tions representative of the equilibrium state. Long time
correlations seem to be not very important for the main
characteristics of any of the membrane regions. The penetrant
properties that we have calculated, such as diffusion rates and
excess free energies, also showed a reasonably good conver-
gence in most cases (except for the results in Figures 5 and 6,
which only have qualitative value). Apparently, the dominant
penetrant-membrane interactions are determined by short time
relaxation processes, such as position correlation times of water
(in regions 1 and 2) or transitions of dihedral angles (in regions

Figure 6. Free energy profiles of rigidly connected linear strands of
1, 2, 3, and 5 LJ particles, all based on oxygen. The middle of the
water layer is located in region 1.

Figure 7. Time-dependent friction coefficients in region 3 for LJ
particles with different sizes. Smooth lines are fits to double-exponential
functions. The inserted graph shows the convergence of the relative
diffusion constantD* ) D(t)/D(∞) against relative timet* ) t/tlong.
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3 and 4). Therefore, the presented errors are statistical errors
obtained from a division of the trajectory into separate intervals
corresponding to these relaxation times. From our water
permeation study,1 we have deduced that in region 1 the water
is on average only weakly bound to headgroup atoms, resulting
in a correlation time of∼5 ps. In region 2 the hydration is
stronger, with correlation times of 30 ps on average. Analysis
of dihedral transition times2 revealed lifetimes of∼30 and∼10
ps for regions 3 and 4, respectively. Thus, in order to determine
the statistical errors, the trajectory was divided into subtrajec-
tories of 5, 30, 30, and 10 ps for regions 1-4, respectively.
On first sight it might seem surprising that convergence times

for penetrant diffusion in polymers often requires simulation
times of several nanoseconds.11,29 There is, however, an
important difference. These long convergence times in polymer
simulations originate from the long-range correlations in the
polymer matrix, which initially result in fractal diffusive
behavior. Only after long sampling times has the penetrant lost
its memory of the initial fractal environment, and normal
diffusion is observed. In lipid membranes, however, such long-
range correlations are not present. Considering diffusion in the
perpendicular direction only, the part of the membrane which
resembles a polymer measures less than 1.0 nm width. There-
fore, fractal diffusion as is observed in polymers is not important
in lipid membranes, and convergence can be achieved much
more rapidly.
Regarding the choice of force field, recently the equilibrium

properties of a number of DPPC membrane systems with both
SPC and SPC/E water model and with full and reduced charges
have been compared.20 It was concluded that the SPC-
membrane interface is somewhat broader than the SPC/E-
membrane interface, which can be attributed to the difference
in chemical potential of both water models. Since the chemical
potential of SPC is closest to the experimental value for bulk
water, the SPC model is to be preferred for free energy
calculations. On the other hand, the SPC/E model describes
the diffusional behavior of water better. In the DPPC simula-
tions, a difference of roughly a factor of 1.5 between the
diffusion constants of SPC vs SPC/E was found across the whole
interface. As the permeation resistance is determined mainly
by the free energy profile, we conclude that the resistance to
permeation for SPC/E would be somewhat larger than for SPC.
The comparison of full headgroup charges with reduced charges
led to the conclusion that actually full charges can produce a
stable liquid-crystalline phase, using furthermore the same
parameters as we do except for the presence of an excess water
layer. The resulting interfacial atom distributions are, however,
similar to ours. The width of the interface, for instance, defined
as the distance over which the water density drops from 90%
to 10% of its bulk value, is 1.3 nm in our simulation and 1.2
nm in the full charge simulation. Also, the electron density
profile and the lipid order parameters are similar to ours (and
also similar to results of MD simulations of closely related
membranes). Although we do not fully understand the effects
of the magnitude of the lipid charges and the amount of
watersprobably a rather delicate electrostatical balance between
headgroup-headgroup interactions in the same and in opposite
halves of the bilayer existsswe believe that a different force
field would not significantly change the results. We note again
that most of the results should be interpreted primarily in a
qualitative way.
In the folowing sections we will systematically discuss some

characteristics of the dependence of the permeability process
on the hydrophobicity, size, and shape of the penetrant molecule
as it follows from the presented simulation results.

Hydrophobicity. The large hydrophobicity dependence of
the permeation process is reflected very clearly in the differences
in permeation resistance for water, ammonia, and oxygen (Figure
4). Especially the difference between a completely hydrophobic
penetrant on one hand (oxygen) and the more hydrophilic
penetrants on the other (ammonia and water) is large. Whereas
for the hydrophilic penetrants the rate-limiting step for perme-
ation is located in region 3, the dense part of the lipid tails, the
rate-limiting step for the hydrophobic penetrant is the passage
of the water layer, and not the membrane itself. The origin of
this difference is almost entirely due to the differences in
membrane solubility. The excess free energy profiles (Figure
2) show that the average solubilities of the penetrants in the
membrane interior, i.e., regions 3 and 4, are close to the excess
free energies of solvation into hexadecane. This is in agreement
with the experimentally observed strong correlation between
penetrant permeation rates and partition coefficients between
hexadecane and water.5,10 The even better correlation with the
slightly more polar 1,9-decadiene6 was reason to believe that
the rate-limiting step of the permeation process of the experi-
mentally studied penetrants (i.e., penetrants that are at least
moderately polar) lies in region 3, which is more polar due to
the adjacent membrane/water interface. Our results for water
and ammonia underline this picture.
Size. The excess free energy profiles, computed for a series

of LJ particles, reaffirm the fact that the membrane interior
differs considerably from a homogeneous alkane phase. Es-
pecially in the middle of the membrane, the solubility remains
high for larger penetrants, due to the large fraction of accessible
free volume in region 4 (see Figure 1). As a consequence, we
expect the location of the rate-limiting step in region 3, the high-
density part of the lipid tails, even more pronounced for larger
(hydrophilic) penetrants than for smaller ones.
According to Xiang and Anderson,6 part of the anomalous

(i.e., steep) size dependency of membrane permeation originates
possibly from the dissolvation into region 3. Experimentally,
Walter and Gutknecht5 observed a strong resemblance between
the size dependency of the permeation across lipid and polymer
membranes. In our free volume study4 we have showed that
the free volume properties in region 3 of the membrane are
indeed close to those of a soft polymer. Not only are the density
and total free volume similar, but also the accessible hole size
distribution and the scaling behavior of the accessible free
volume. Therefore, one can expect that the local environment
for a penetrant in the soft polymer is very similar to that of
region 3 of the membrane. The size distribution of the free
volume pockets in this region obeys an extended power law
decay, indicating a relatively large amount of free volume
accessible to small penetrant molecules. This would facilitate
the solvation step for the smallest penetrants considerably
compared to their solubility into a bulk hydrocarbon solvent.
Unfortunately, our solubility data in region 3 are not accurate
enough to extract a quantitative relationship between solubility
and size.
The anomalous size dependency could also originate (partly)

from the diffusional part of the permeation process. Our
computation of diffusion rates in region 3 of the membrane
indicates a rather steep size dependency, steeper than predicted
by the Stokes-Einstein relation. The double-exponential decay
of the time-dependent friction coefficients (Figure 7) probably
points to a hopping type of diffusion in region 3. The longer
decay time can be interpreted as the typical time that the
penetrants are captured in a specific free volume pocket for a
while, which is a prerequisite for hop diffusion. The observed
increase in this correlation time with penetrant size (from 2 to
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10 ps for penetrants with diameters from 0.3 to 0.6 nm) agrees
with the intuitive picture of less frequent hops for larger
molecules. In polymers, direct evidence for hop diffusion arises
from various simulation studies.11-14 The reason for hop
diffusion in polymer membranes is the presence of very slow
rearrangment times of the polymer matrix, in combination with
relatively long-range order. The available free volume is
therefore rather static, and a penetrant molecule diffuses fastest
by making jumps from one free volume pocket to the next. On
the contrary, in bulk liquid hydrocarbons, the reorientation times
of the hydrocarbon chains (and thus the free volume!) are much
faster. In this case, a normal diffusion process can take place
in which small displacement steps are made continuously. In
region 3 of the lipid membrane, resembling a soft polymer, also
large reorientation times exist. This can be concluded from the
less frequent trans-gauche transitions in this region.2 Relatively
slow relaxation times of lipid order at the beginning of the lipid
tails have also been concluded from MD simulations of a DPPC
bilayer compared to bulk hexadecane.30 Therefore, hop diffu-
sion is likely to be the dominant type of diffusion in the dense
and ordered parts of the lipid membrane as well. MD
simulations of benzene diffusion in a DPPC membrane15,16

clearly show the occurrence of occasional jumps. Note that
for larger penetrants, which locally distort the lipid environment,
i.e., penetrants that are larger than the local correlation length
of the lipid matrix, a normal nonhopping diffusion process
(following Stokes-Einstein relation) may begin to dominate.
Shape. The largest anisotropy of the membrane is found in

region 3, and also the free volume in this region shows
anisotropic behavior.4 As a result, the main difference between
the permeation process of nonspherical particles vs spherical
particles will originate from region 3. Since this is also the
region which dominates the permeation process itself for most
of the experimentally accessible penetrants, one could expect
that even small differences in molecular geometry are reflected
in the permeation process. The effect of an elongated shape of
the penetrant on the excess free energy profile is illustrated in
Figure 6, where we showed that the elongated shape results in
a relative stabilization in region 3. (Although we only used
hydrophobic penetrants to study this effect, we assume that this
will also be the case for hydrophilic penetrants.) This stabiliza-
tion is a direct result of the possibility for an elongated penetrant
to have more favorable LJ interactions when it resides in an
aspherical free volume pocket. This may also account for the
experimentally observed feature that flat molecules have a
relatively more favorable enthalpic interaction with the mem-
brane interior than with a bulk alkane solvent.31,32 This
observation has led to the concept of a “nonclassical” hydro-
phobic effect, indicating that enthalpy is the driving factor for
nonpolar solute partitioning into lipid membranes, instead of
entropy as in the case of the normal, “classical” hydrophobic
effect. From our data, we conclude that it is especially region
3 from which the nonclassical effect originates.
We did not study the effect of penetrant shape on the diffusion

process directly. On the basis of the free volume study,4 which
showed that in region 3 the free volume pockets are more
elongated with their long axis oriented along thez direction,
we expect that more elongated penetrants will have an accessible
free volume which is higher. Therefore, the diffusion rates are
expected to be larger than predicted from their effective
diameter, i.e., their apparent diameter in the Stokes-Einstein
relation. Taking both effects together, i.e., a somewhat faster
diffusion coupled to a larger solubility in region 3, one predicts
a permeation rate for nonspherical-shaped penetrants across lipid
membranes which is faster than expected from their effective

diameter. The accuracy of the experimental data does not allow
to justify this conclusion, however.

Permeation Process in the Four-Region Model.On the
basis of our simulation results in connection with other available
data, we characterize the resistance that is imposed by each of
the four membrane regions as follows:

Region 1: Bulk Water. This region behaves essentially as
bulk water. Although solubilities and diffusion constants do
not remain completely constant across this region, the effect
on the total permeation resistance will be close to that of bulk
water. That means for most penetrants the resistance is
negligible. Only in the case of hydrophobic penetrants (e.g.,
oxygen or benzene) has the water layer the largest resistance.

Region 2: Interphase. Although this region is the most
complicated region considering the variety of atoms found, in
its function as resistance to permeation it can be approximated
very well by an effective medium with a high dielectric constant
and a high viscosity. In this respect it is quite unique and does
not resemble any other bulk phase. The high viscosity, a
consequence of the high density, results in low diffusion rates
in this region. The high dielectric constant resulting from the
high mobile charge density allows for a low excess free energy
for hydrophilic penetrants. Since the excess free energy profile
dominates the permeation resistance, the resistance in region 2
will remain rather low as well. For some penetrants, where
the excess free energy in the membrane is close to zero, the
diffusion profile may dominate the resistance profile, and the
rate-limiting step could be located in region 2. Possible
candidates of such molecules are for instance carbon dioxide
or certain benzene derivatives which have hydrocarbon/water
partition coefficients close to 1.

Region 3: Soft Polymer. This is the most important region
considering the permeation process. Since traditional experi-
mental permeation measurements can only be performed for
hydrophilic penetrants, the experimentally observed trends are
likely to find their origin in this region. Not only because the
largest resistances are found in this region, but also because
most of the anomalous effects originate from this region. This
is essentially due to the high density, which imposes a strong
correlation between the chain conformations. In this respect it
resembles a soft polymer. As a result, the small penetrants likely
diffuse via a hopping mechanism, which possibly accounts for
the steep size dependence of the permeation process for the
smallest penetrants. The large resistance in this region is due
to the low solubility of hydrophilic penetrants in this region,
where the charge density is low. In that respect, it behaves not
very different from a dense alkane liquid. In another aspect,
however, it deviates significantly: the accessible free volume
to small penetrants is relatively high, causing an enhanced
possibility for the dissolvation of small molecules. Hence, the
anomalous size dependency of membrane permeation could also
originate from the membrane solubility. Finally, we predict that
the anisotropic nature of this region is likely to favor the
permeation process of nonspherical molecules above spherical
ones.

Region 4: Fluid Decane. Due to the high end group density
in this region, it resembles a low-density alkane fluid, like
decane. Both the solubility and the diffusion process of this
region will therefore be similar to those in decane, a medium
characterized by a low dielectric constant and a low viscosity.
Because of the low viscosity, the diffusion rate is fast, and
therefore the resistance imposed by this region is relatively small
compared to region 3, for any kind of penetrant.
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Conclusion

Our simulations have shown that the most important function
of a lipid membrane, to act as a permeation barrier, is in itself
a very complicated one. Due to the inhomogeneous and
anisotropic nature of the bilayer, the permeation properties differ
considerably for different penetrants. Describing the permeation
process with a homogeneous solubility-diffusion model is
therefore a definite oversimplification. Within the four-region
model, a more appropriate description can be given. We have
shown that especially region 3, the dense part of the lipid tails,
in general poses the largest resistance to the total permeation
process for a wide range of penetrants. This is especially the
case with hydrophilic penetrants for which the permeation rates
are experimentally accessible. Therefore, this region is also
responsible for most of the anomalous effects that are experi-
mentally observed in the permeation process of small penetrants
across lipid membranes, compared to the permeation process
across bulk alkane phases.
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