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Abstract
Rafts are nanoscale ordered domains in bio-
logical membranes that are rich in saturated 
phospholipids. In this study, the influence of 
chain unsaturation and temperature on oxygen 
diffusion through lipid membranes is exam-
ined using advanced computational modeling. 
The studied phospholipids with increasing 
unsaturation are: 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 
and 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC). The unsaturation correlates with 
the area per lipid and the order parameter. 
Oxygen diffusion is found to be faster at 
higher temperature, and the solubility of oxy-
gen in the membrane with respect to water 
decreases. Diffusion varies over a larger range 
across the membrane at 323 K in DPPC than 
in DOPC, whereas POPC has intermediate 
diffusivity. Oxygen diffusion in saturated lip-
ids is faster at the membrane center and slower 
near the head group region than in unsaturated 

lipids. Oxygen solubility in DPPC is higher 
than in unsaturated lipids.

1	 �Introduction

An important step in the energy supply to cells is 
the transport of molecular oxygen through bio-
logical membranes. These membranes can con-
tain ordered domains that are rich in cholesterol, 
sphingomyelin, saturated phospholipids and 
membrane proteins. These nanoscale domains, 
called rafts, are surrounded by disordered 
domains. The rafts are believed to function 
together with integral and peripheral proteins and 
could play a role in signal transduction, intracel-
lular transport, and protein sorting in these mem-
branes [1, 2]. Both experimental [3] and 
computational [4] work have demonstrated that 
addition of cholesterol reduces the permeability 
of POPC phospholipid bilayers, and experimen-
tal work [5] confirms this trend for DOPC. 
Another characteristic of rafts is the richness in 
saturated lipids. In this paper, the effect of unsat-
uration and temperature on the permeability for 
oxygen are therefore investigated at the atomic 
scale. Because of the highly complex composi-
tion of cell membranes and the limitation of com-
putational modeling, this study is performed on 
phospholipid bilayers with only one type of 
phospholipid. The phospholipid bilayers lack 
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embedded compounds that are present in the cel-
lular environment, such as proteins, carbohy-
drates and ions, and they are thus not actual cell 
membranes. DOPC, DPPC, and POPC (Fig.  1) 
are selected, because these membranes have a 
different degree of ordering as is observed in the 
structure factors [6, 7]. This study is therefore a 
precursor to studying liquid (dis)ordered phases 
(Lo and Ld) [8], which are models of membrane 
rafts.

A DOPC molecule contains two oleic acids 
and a DPPC molecule two palmitic acids. Oleic 
acids are unsaturated with a cis double bond 
between carbons 9 and 10 in the tail; this intro-
duces packing disorder in bilayers. Palmitic acids 
are fully saturated and pure DPPC bilayers are 
relatively more ordered than those with unsatu-
rated chains [6]. POPC molecules contain one 
oleic and one palmitic acid, and is the more com-
mon lipid in biological membranes.

Molecular dynamics (MD) are performed at 
the human body temperature of 310 K for DOPC 
and POPC. Because the DPPC membrane is a gel 
at this temperature, the temperature is set to 323 K 
for DPPC. To allow for comparison, the DOPC 
and POPC membranes are also studied at 323 K.

The MD trajectories are used as input for the 
Bayesian analysis (BA), as presented in the 
Methods section. This methodology was  

previously developed and tested on a model mito-
chondrial membrane at 310 K [9]. The BA yields 
the free energy F(z), the diffusion D⊥(z) normal 
to the membrane, and the diffusion D//(z) parallel 
to the membrane, which are shown in the Results 
section. These profiles give the preferred location 
of O2 (F) and the anisotropy of the O2 transport 
(D// versus D⊥). Comparison between the five 
simulated systems provides insight in the effect 
of unsaturation and temperature on solubility and 
diffusion.

2	 �Methods

Each simulation box (Table 1) contains a phos-
pholipid bilayer with 36 phospholipids per leaf-
let, a water layer, and 10 oxygen molecules 
(Fig. 1). Periodic boundary conditions are applied 
on the tetragonal box with sizes given in Table 1.

The MD simulations were performed with the 
CHARMM software [10] using the CHARMM36 
lipid force field [11] and the modified TIP3P 
water model [12]. The MD simulation consists of 
two parts: the equilibration (NPT simulation) and 
the data collection (NVT simulation). Four 
uncorrelated snapshots of the NPT simulation 
were selected as the starting point for an NVT 
simulation of 50 ns [9].

Fig. 1  Simulation box contains a bilayer (thickness ≈ 
50 Å) of phospholipids, 10 oxygen molecules, and water. 
Phospholipids DOPC, DPPC, and POPC vary in their 

degree of unsaturation and order. DPPC is more ordered 
(higher <SCD> in Table 1) and DOPC is more disordered 
(lower <SCD> in Table 1)
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The 200 ns data of the NVT simulation was 
used to determine F(z), D⊥(z) and D//(z) for O2. 
The protocol to create the profiles is based on BA 
of the trajectories, assuming that the 
Smoluchowski equation describes the oxygen 
diffusion in the inhomogeneous and anisotropic 
membrane [9, 13]. In the analysis, the coordinate 
of each O2 at time t is compared to its coordinate 
at time t + τ, while keeping track of its location in 
the membrane to account for inhomogeneity. The 
diffusion profiles depend on the studied lag time 
τ. The diffusion profiles with lag times 20, 30, 40 
and 50 ps are fitted in order to omit the short time 
behavior and reach the long time scale diffusive 
behavior [9]. The POPC/310 system has been 
reported in [9], which compared them to O2 dif-
fusion in the inner mitochondrial membrane at 
310 K. The MITO/310 system in [9] contained 10 
oxygens, 72 phospholipids of various types, 2980 
waters, and some ions.

The plateau value <SCD> of the deuterium 
order parameter is calculated by averaging over 
the CH vectors of the C4, C5 and C6 carbon atoms 
of both tails [6].

3	 �Results

3.1	 �General Shape of Profiles

Figure 2a plots F(z) for each system, while Fig. 3 
presents D⊥(z) and D//(z). Overall, the same trends 
are found for the new profiles as for the previ-
ously investigated POPC/310 and MITO/310 
membranes [9]. Each system has a free energy 
dip at the tail region and at the center of the mem-
brane (Fig. 2a). The dip in F is 2.5–3.5 kBT lower 
than the reference at the water phase, showing the 
higher solubility of O2 in fatty acids than in water, 

as expected [14]. In the head group region, a free 
energy barrier is found of approximately 1 kBT. 
Comparison of F(z) with the electron density 
(Fig. 2b) shows that the shape of F(z) is largely 
explained by the packing density of the lipids: the 
greater the free volume, the higher the solubility.

Both D⊥(z) and D//(z) show a peak at the mem-
brane center (Fig. 3), indicating that O2 diffusion 
is fast in the interleaflet space. Near the head 
group region, the diffusion drops considerably. 
The anisotropy ratio D///D⊥ shows that oxygen 
diffusion is faster radially in the interleaflet space 
and is faster normally in the tail regions (Fig. 4), 
which agrees with the observation for POPC/310 
and MITO/310 [9].

3.2	 �Precision of Profiles

For each of the four studied lag times, the Monte 
Carlo procedure in the BA generates 1000 profiles, 
which are used to determine the average F, D⊥ and 
D// profiles [6]. The standard deviation on these 
profiles is evaluated in 100 bins. The maximum 
standard deviation on the F values over all bins, 
systems, and lag times is 0.036 kBT, which is very 
small compared to the F range of about 4 kBT, and 
error bars are omitted in Fig. 2. The relative stan-
dard deviation for D⊥ and D// is at most 1.2%, 
which is very low for diffusivities. Differences in 
the maximum (relative) standard deviations 
between the four lag times were negligible.

Moreover, the linear fit for the diffusion pro-
file with different lag times gives a relative stan-
dard error on the intercept (D⊥ or D//). For D⊥, 
this is on average 1.0% and at most 3.4%, taken 
over all systems and all bins. Since the fit is based 
on four lag times for each bin, the 95% confi-
dence interval for D⊥ is obtained with t(0.975,2) = 4.3, 

Table 1  The five modeled systems with lipid type, temperature T, simulation box size, number of water molecules per 
box, area per lipid A, and plateau value <SCD> of the order parameter. Each box contains 72 lipids and 10 O2

System name Lipid type T (K) a = b (Å) c (Å) # waters A (Å2) <SCD>
DOPC/310 DOPC 310 50.3 66.0 2409 70.4 0.179
DOPC/323 DOPC 323 50.9 65.3 2409 72.0 0.172
DPPC/323 DPPC 323 47.8 68.0 2189 63.5 0.213
POPC/310 POPC 310 48.1 67.9 2242 64.2 0.208
POPC/323 POPC 323 49.7 65.0 2242 68.6 0.188
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giving on average ±4.4% and a maximum of 
±14.7%. The D// profile is less precise with a rela-
tive standard error of on average 2.8% taken over 
all systems and bins. This higher average is in 

part due to large errors near the head group 
region, where the steepness of the D// profile 
gives rise to apparent large variations when the 
profile stretches slightly along the z-axis.

Besides the statistical error associated to the 
BA, additional errors in the profiles can arise 
from low sampling, e.g. of oxygen in the water 
phase. Such sampling errors are not reflected in 
the above BA errors. The BA standard deviations 
are therefore an underestimation for F and D in 
the water and head group region, while errors in 
the tail region are small because of high sam-
pling. Note that the accuracy of F in the water 
phase and at the barrier is limited, because O2 
spends less time in the water, giving less sam-
pling. The water phase was nevertheless chosen 
as the reference point in Fig. 2a to show the rela-
tive solubility of each membrane.

Fig. 3  D⊥ profile (a) and D// profile (b) of oxygen diffusion. Range of D inside the membrane at 323 K is indicated with 
an arrow; it is larger in the saturated (sat) than in unsaturated lipids (unsat)

Fig. 4  Anisotropy ratio D///D⊥ of oxygen diffusion

Fig. 2  F(z) profile (a) and electron density (b). The oxygen concentration is proportional to the Boltzmann factor 

e B− ( )F z k T/ . Profiles are shifted to let the reference coincide with the water phase
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3.3	 �Effect of Unsaturation

First, consider F(z) in Fig. 2a. The F profile of 
DPPC has a remarkably deeper well than for the 
others membranes, which indicates that the solu-
bility in the saturated lipids is higher than in 
unsaturated lipids. If this observation also holds 
for more complex ordered domains, like rafts, it 
would imply that ordered domains rich in satu-
rated lipids can act as storage of oxygen. DPPC 
differs from DOPC and POPC because it has 
higher ordering with a higher plateau value <SCD> 
(Table  1). This correlates well with the denser 
packing (lower area per lipid in Table 1) and a 
more defined interleaflet space (lower electron 
density in Fig. 2b).

The C16 chains of DPPC are shorter than the 
C18 chains of DOPC. For saturated lipid chains, 
simulations at 320 K show that the free energy 
barriers in the head group regions become lower 
and move further apart with increasing chain 
length [15]. The present F profile for DPPC has 
also lower and more distant free energy barriers, 
despite having shorter chains. This shows that the 
presence of double bonds overrules the effect of 
the chain length for these PC lipids.

Second, the range of the diffusivity across the 
membrane is considered. In Fig. 3a, the range of 
D⊥ at 323 K is clearly larger in the DPPC mem-
brane than in the DOPC membrane. D⊥ is higher 
at the center and lower near the head group region 
of the saturated lipids than for the lipids with two 
unsaturated tails. Experimentally, the effect of 
unsaturation on the dynamics has been measured 
by means of the oxygen transport parameter 
W z D z F z k T( ) ( ) − ( )~ /e B  (lower F), and it was 
found that the incorporation of a double bond at 
the C9–C10 position of the alkyl chain decreases 
W(z) at all locations z in the membrane at 45 °C 
[5]. By combining Figs. 2a and 3a, we can predict 
for DPPC that the product of the higher e B− ( )F z k T/  
and the higher D⊥ values in the chain region 
indeed yields a higher transport parameter than 
for DOPC, thus confirming the experimental 
finding. POPC/323 follows the trend of the 
ordered DPPC/323 in the interleaflet space, and 
is similar to DOPC/323 near the head group 
region. POPC with intermediate unsaturation 

thus shows diffusive behavior intermediate to the 
saturated and unsaturated lipids. Quantitatively, 
unsaturation has a fairly small effect on D⊥. An 
increase of about 25% is observed from the low-
est D⊥ value of the saturated system to the lowest 
value of the unsaturated systems.

In Fig. 3b, the range of D// at 323 K shows the 
same difference between saturated and unsatu-
rated lipids as D⊥. The D// profile of POPC/323 
lies again between DPPC/323 and DOPC/323. 
The anisotropy ratio D⊥/D// lies closer to 1 near 
the head group region in saturated lipids than in 
unsaturated lipids (Fig.  4). In the interleaflet 
space and the tail region, the opposite is observed 
with saturated lipids showing more anisotropy 
than unsaturated lipids.

3.4	 �Effect of Temperature

For DOPC and POPC, the O2 solubility in the 
membrane with respect to the water phase 
decreases with increasing T, which is reflected by 
F being less deep at higher temperature in Fig. 2a. 
Given the possibly lower accuracy for F in the 
head group region and water, it is uncertain 
whether these relatively small differences are 
significant.

Both D⊥ and D// increase substantially when T 
increases from 310 to 323 K (Fig. 3). This is in 
agreement with experimental observations that 
membrane permeability increases for POPC 
between 35 and 45  °C [3]. The effect of T is 
larger for POPC than for DOPC, with even a 
reduction of a factor 2 for D⊥ of POPC near the 
head group region. Moreover, the anisotropy 
increases slightly at the interleaflet space due to 
this decrease of T (Fig. 4). In other regions the 
anisotropy reduces, with the ratio D///D⊥ getting 
closer to 1.

4	 �Conclusion

The unsaturation and temperature are found to 
have an effect on oxygen solubility and diffusion 
through phospholipid bilayers. At 323 K, the O2 
solubility in DPPC is higher, and the range of 
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both D⊥ and D// is larger, than in unsaturated lip-
ids. When T decreases from 323 to 310 K, D⊥ and 
D// decrease considerably and the O2 solubility 
increases. Since the chain unsaturation correlates 
with the order parameter, these findings warrant 
further study on the effect of order in liquid 
ordered phases, which are rich in saturated 
lipids.
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