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Abstract 

Carbon nanoparticles (CNP) have significant impact on the Pulmonary 

Surfactant (PS), the first biological barrier in the respiratory system. CNPs – abundant 

in environment due to combustion – can translocate into our bodies by crossing the 

alveolar epithelium barrier, and they can be retained in lungs due to slow clearance. 

The physical mechanisms of how CNPs perturb PS remain unclear yet such 

knowledge is crucial for developing effective strategies against the adverse effects of 

CNPs. Molecular dynamics (MD) simulations of model PS monolayers in the 

presence of C60 fullerenes were performed at time scales of tens of microseconds and 

varying C60 content. In contrast to bilayers, fullerenes affected both structural and 

dynamic properties of the PS monolayer. Surface tension/area isotherms of the 

monolayer were changed by fullerenes and perturbations of the physical structure of 

the PS monolayer became major at high fullerene concentrations due to fullerene 

aggregation. At high compression (area per molecule of 0.48 nm2), the monolayer 

became unstable and collapsed forming a bilayer in the water phase. At low 

compression, pore formation occurred. Free energy calculations suggest that 

increasing fullerene concentration leads to decreased preference for the fullerenes to 

reside inside the monolayer. However, the free energy barrier for transferring 

fullerene out of the monolayer is rather large at all fullerene concentrations; 

spontaneous translocation of fullerene out of the monolayer is thermodynamically 

unfavorable. The results illustrate some of the potentially harmful effects of CNPs on 

respiratory system and also the physical mechanism of how CNPs disturb pulmonary 
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surfactant. This may be related to the difficulty of CNPs clearance from lung 

surfactant. The total simulation time was 370 microseconds. 
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Introduction 

Carbon nanoparticles (CNPs) have myriads of applications in diverse fields 

from pharmaceuticals to mechanical and electronics industries;1-4 the industrial 

demand for CNPs is expected to reach $1trillion market value by 2015.
5
 CNPs are 

also produced by combustion engines and heating plants, and are increasingly 

abundant in the environment.
6, 7

 Consequently, the general public is constantly 

exposed to CNPs, which raises questions about possible health risks,  particularly 

their direct absorption through breathing – a risk that is serious in urban 

environments.8, 9 CNPs are typically internalized through inhalation and may remain 

in lungs for long times similar to other nanoparticles.
8, 10

 The retained CNPs likely 

interact with the pulmonary surfactant layer11, 12 and may lead to effects similar to 

lung pathologies such as pulmonary fibrosis and lung cancer.13, 14 

Several in vivo and in vitro studies have investigated the effects of 

nanoparticles on pulmonary monolayers.15-20 The results are, due to the complexity of 

the system, however, often conflicting and unclear. For example, minor toxicity of 

CNPs towards lung tissue has been reported21 consistent with minor effects of C60 on 

the surface tension/area isotherms of lipid monolayers.22 Despite the small influence 

on the above properties
23

, C60 may cause a lack of effective surfactant resulting in 

respiratory distress syndrome (RDS).24-26  Moreover, in vivo studies have shown 

CNPs can induce airway fibrosis and granulomas in the mice lung.18, 27-30 In these 

cases, toxicity was attributed to CNP aggregation
31

 which was not easily removed 

from the lungs.27 

Analyzing molecular interactions at the microscopic level through computer 

simulations provides an alternative approach to characterize nanoparticles’ 

interactions with PS. All-atom molecular dynamics32 and coarse-gained molecular 

dynamics (CG-MD)23 simulations have been used to study the effects of CNPs on 

lipid monolayers. Simulations show that CNPs can easily penetrate lipid monolayers, 

while further translocation of CNPs into the water phase was unfavorable.32  CG-MD 

simulations have further suggested a possible pathway for CNP entry into the body 

through lung inhalation.
23

 Despite these advances, the precise physical mechanisms of 

how CNPs perturb monolayers remain unclear.  

We performed microsecond CG-MD simulations to investigate the effects of 

C60 fullerene nanoparticles on model pulmonary surfactant (PS) monolayers. 

Dipalmitoylphosphatidylcholine (DPPC) lipid monolayer was used as a model PS 
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system because DPPC is the major component of lung surfactant.
33

 The surface 

tension/area isotherms at different fullerene concentrations and their structural and 

dynamical properties were analyzed. We also calculated fullerene cluster sizes, 

diffusion coefficients and lipid ordering. To understand the partitioning of fullerenes 

in the monolayer, free energy calculations were performed. Our simulations show that 

aggregated fullerenes are capable of inducing structural disruption and pore 

formation. Simulations also clarify the mechanism of monolayer perturbation by 

fullerenes. 

 

Methodology  

System Setup: The simulated systems consisted of a slab of water bounded by two 

monolayers of DPPC lipids at the interface between the water and vapor phases 

(Figure S1). The same monolayer preparation protocol as described by Baoukina et 

al.34 was used. Fullerenes were randomly placed onto the monolayers with 

[C60]/[DPPC] ratios of 0, 0.1, 0.2 and 0.3. The details of all the systems are provided 

in Table 1. Simulations were performed under constant particle number, volume and 

temperature (NVT). The area per DPPC molecule was varied in the range 0.48-0.68 

nm
2
. In this range, pure DPPC lipid monolayers can be found in three phase regions 

of the isotherm: 1) coexistence of liquid condensed (LC) and liquid expanded (LE) 

phases (Figure S2), 2) pure LE phase, and 3) LE phase coexisting with a gas phase.34  

 

Table 1. System details. Production simulations were run for 5 µs except those 

marked with an asterisk for 10 µs. 

Fullerene 

concentration  

Molecules Surface area (nm2) 

DPPC Fullerene Water 0.48 0.52 0.56 0.60 0.64 0.68 

No fullerene 800 - 26416 � � � � � � 

3200 - 105664 � � � � � � 

10% 

 

728 

 

72 

 

26416 

 

� 

 

� 

 

� 

 

� 

 

� 

 

� 

2912 288 105664 � � � � � � 

20% 

 

664 

 

136 

 

26416 

 

�* 

 

�* 

 

� 

 

� 

 

� 

 

� 

2656 544 105664 �* � � � � � 
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30% 

 

616 

 

184 

 

26416 

 

�* 

 

�* 

 

� 

 

� 

 

� 

 

� 

2464 736 105664 �* � � � � � 

 

Simulation Details: The MARTINI coarse grained (CG) force field version 2.1
35

 was 

used with the latest updated version for fullerenes.36 The newer fullerene model36 is 

optimized by matching experimental free energies of transfer. This version can 

reproduce the atomistic Potential of Mean Force (PMF) profile of transferring 

fullerene through a lipid membrane. The molecular models and systems are shown in 

Figure S1. Simulations were performed with the Gromacs software package version 

4.5.4.37 The NVT ensemble (constant particle number, volume and temperature) was 

used in most simulations, with additional control simulations using the NpT ensemble 

(constant particle number, pressure and temperature). Temperature was kept constant 

at 298 K using the Berendsen weak coupling algorithm38 with a time constant of 1 ps. 

For NpT simulations, the Berendsen barostat38 was semi-isotropically applied for 

constant pressure at 1, 20, 22, and 30 bars with a 1-ps time constant and with 

compressibilities in lateral and z-components set to 5x10–6 and 0 bar-1
, respectively. 

Following standard protocol35, 39, a cutoff of 1.2 nm was used for non-bonded 

interactions: The Lennard-Jones interactions were shifted to zero between 0.9 and 1.2 

nm, and the Coulomb potential was shifted to zero between 0 and 1.2 nm; while 

electrostatic interactions in atomistic systems must be computed using Ewald 

summation or multipole based methods
40-42

, the MARTINI model is parameterized for 

shifting and cutoff.35 The relative dielectric constant was 15 (default required by 

parameterization for this force field35) and the time step was set to 20 fs. First, energy 

minimization using the steepest decent algorithm to remove cavities and close 

contacts was performed. Then, for each of the systems, an equilibration MD run was 

performed over 500 ns. The production runs were simulated for at least 5 µs. 

Snapshots showing the last frames of all the systems with 400 molecules/monolayer 

are shown in Figures S2 and S3. 

 

Potential of Mean Force (PMF): The PMF of a single fullerene transferring across 

the lipid monolayer was calculated using the umbrella sampling technique43 with the 

Weighted Histogram Analysis Method44 (WHAM). The pure DPPC monolayer 

contained 200 DPPC molecules and 6604 waters. The simulation box was 
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 6 

7.48x7.48x50.00 nm3, corresponding to the area per molecule of 0.56 nm2. The initial 

configuration of each sampling window was extracted from an equilibrium trajectory 

where the fullerene was placed in the vacuum phase. Monolayers were oriented with 

their normal in the direction of the z-axis. The distance in z-direction between the 

center of mass (COM) of the fullerene and the monolayer as defined by the phosphate 

groups of the lipid molecules was restrained with a harmonic potential (force 

constant: 1000 kJ mol−1 nm−2) between -4.5 nm and 2.0 nm, with 0.1 nm increments 

(0.0 nm corresponds to the COM of the phosphate group). Those distances correspond 

to the fullerene being placed in the vapor and water phases, respectively. Simulations 

were performed in the NVT ensemble at 298 K for the total time of 66 µs (1 µs/each 

window). The statistical uncertainty in umbrella sampling simulations was estimated 

using the bootstrap analysis method.45 To investigate the effect of fullerene 

concentration, we determined the free energy profiles of a single fullerene transferring 

across the lipid-fullerene monolayer in the presence of other fullerenes with 

[C60]/[DPPC] ratios of 0, 0.1, 0.2 and 0.3. 

 

Results and discussion 

Effects of fullerene on the structure of lipid monolayer  

 

Figure 1. Surface tension-area isotherms with different C60/DPPC ratios for a) small 

systems (400 molecules/monolayer) and b) large systems (1600 

molecules/monolayer). The error bars are of the size of the symbols. 
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 7 

 Surface tension is an essential determinant of monolayer structure.
46-48

 To 

investigate the effect of fullerenes upon it, systems with 400 DPPC molecules per 

monolayer with varying [C60]/[DPPC]  and constant areas per molecule (A) of 0.48, 

0.52, 0.56, 0.60, 0.64, and 0.68 nm
2
 (Table 1) were studied. The surface tension for 

planar monolayers was calculated from the average diagonal components of the 

pressure tensor: 

   (1) 

where  is the lateral pressure,  the pressure in the direction of the 

membrane normal, and  is the length of the box in the direction normal to the 

surface. The factor of 1/2 is due to the two monolayers in the system. Figure 1 shows 

the surface tension/area isotherms. Each point was obtained from at least 5 µs of 

simulation. As a reference, we computed the isotherms for the pure DPPC lipid 

monolayers and found them to be in both quantitative and qualitative agreement with 

previous coarse-grained studies.
34

 The pure DPPC monolayers remained planar for all 

simulated areas. The maximum and minimum values of surface tension were 44.01 

±0.01 and 16.09 ±0.03 mN/m, corresponding to areas per molecule of 0.64 and 0.56 

nm2, respectively. Three regimes were identified: A coexistence of the LE and LC 

phases (0.48-0.52 nm2), an LE phase (0.56-0.64 nm2), and an LE phase coexisting 

with a gas phase (0.68 nm2).34 

Next, fullerenes were added. In their absence, the surface tension maximum 

and minimum were found at 0.64 and 0.56 nm2. With fullerenes present, the 

maximum and minimum were shifted to smaller areas per lipid, 0.60 and 0.52 nm2, 

respectively. After the addition of fullerenes, LC phase could be rarely observed 

especially at high concentration of fullerenes.  Because fullerenes mostly occupied the 

hydrophobic chain region49-51, the orientation and ordering of the lipid head groups 

did not change significantly with increasing concentrations of fullerene. Perturbation 

of the monolayers could be observed in hydrocarbon chain region (Figure S5a), 

especially at the level of the last hydrocarbon bead: The order parameter decreased 

significantly with increasing fullerene concentration (Figure S5b). This result is in 

agreement with previous studies showing that hydrophobic nanoparticles inhibit the 

monolayer ordering transition under compression.50, 52 With fullerenes present, the 

lipids tails are no longer stretching along the membrane normal but they wrap around 

γ m = PN − PL( ) ⋅ Lz / 2

PL = Pxx + Pyy( ) / 2 PN

Lz
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 8 

the fullerene surface, due to strong dispersion interactions; wrapping of fullerene by 

the lipids causes a decrease in the ordering of the lipid chains and in the thickness of 

the monolayer (Figure S6). We notice that changes in lipid chain ordering, area per 

lipid, and monolayer thickness were small in comparison with the fullerene-lipid 

bilayer systems.49, 53  

At areas per molecule larger than 0.52 nm2, the monolayers were flat and the 

fullerenes were homogeneously distributed over the xy-plane in the lipid chain region. 

At the area of 0.60 nm2, the surface tension of monolayers with fullerene increased 

significantly compared to the ones without fullerene. This is in agreement with 

previous experimental studies.
19, 54

 When the area per molecule was increased to 0.64 

and 0.68 nm2, pore formation was observed (Figure 2), indicating the coexistence 

between the LE phase and a 2D gas phase. As noticed by Baoukina et al.34, the 

MARTINI model underestimates the area at which the 2D gas phase is formed. This 

is due to a severe underestimation of water-vapor surface tension34 and can be easily 

seen when compared to atomistic simulations of pure DPPC monolayers.
55

 Qualitative 

behavior, however, is not influenced. Our results suggest that, at high enough areas, 

the presence of nanoparticles favors the formation of pores.  

At area per molecule of 0.52 nm
2
, surface tension decreased significantly and 

became negative in the presence of high concentration of fullerene ([C60]/[DPPC] 

ratios of 0.2 and 0.3). Note that monolayers with negative surface tension are 

generally unstable and collapse via buckling.
56

 In our simulations, the amplitude of 

bending increased with increasing fullerene concentrations (Figure S3). However, the 

monolayers did not collapse within the simulation time. Only when the area per lipid 

reached 0.48 nm
2
, monolayers collapsed. In this case, the monolayer folded into a 

bilayer for [C60]/[DPPC] ratio of 0.2 and a hemi-spherical budding for [C60]/[DPPC] 

ratio of 0.3 (Figure 3). Once the monolayer was completely folded, surface tension 

increased and positive values were restored (Figure 1). This behavior is fully 

consistent with recent observations on monolayers consisting of ternary lipid 

mixtures; in that case, monolayer collapse was observed at higher values of surface 

tension in the presence of fullerene.
52

 

To investigate the monolayer structure under the NpT ensemble, the 

monolayer at 0.64 nm2 for all fullerene concentrations was used as the initial structure 

and performed at 1 bar. The area per molecule of the monolayer was decreased and 

equilibrated at 0.467±0.001, 0.517±0.004, 0.537±0.001, and 0.527±0.001 nm2 for 
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 9 

[C60]/[DPPC] ratios of 0, 0.1, 0.2, and 0.3, respectively. The structure of monolayer 

was similar to the simulations under NVT ensemble at equivalent areas per molecule 

for all [C60]/[DPPC] ratios in which monolayer structure deformation and pore 

formation could not be observed. On the other hand, the monolayers at 0.48 nm
2
 were 

expanded with lateral pressures of 20, 22, and 30 bars. The results show that pore 

formation occurs only for [C60]/[DPPC] = 0.3 at 20 bars and [C60]/[DPPC] =0.2 and 

0.3 at 22 bars (Figure S7). At 30 bars, pores occurred for all [C60]/[DPPC] ratios. 

When pores formed under the NpT ensemble, they were unstable and continuously 

expanded leading to monolayer rupture. This shows that pore formation is not 

simulation artifact. Furthermore, it was also observed in pure DPPC monolayers.
57, 58

  

To study the effect of system size on monolayer collapse, we simulated large 

systems consisting of 1600 lipids per monolayer at area per molecule of 0.48 nm2. We 

found that the monolayers collapsed for the fullerene-lipid mixtures but not for the 

pure DPPC monolayer (Figure 3). In the case of [C60]/[DPPC] = 0.1, the shape of the 

bilayer fold was semi-elliptical (disk-like) and oriented approximately perpendicular 

to the monolayer. At [C60]/[DPPC] ratios of 0.2 and 0.3, the monolayer fold shape 

became a hemisphere with clustered fullerenes inside, similar to the small systems. At 

high fullerene concentrations ([C60]/[DPPC] ratios = 0.3), lipid flip-flop was 

observed, in which lipid molecules transferred from lipid-water into lipid-vacuum 

interface at the base of hemi-spherical budding. The time evolution of budding in 

monolayer can be seen in Figure S8. 
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 10 

 

Figure 2. Snapshots illustrating pore formation when the area per molecule is 0.64 

nm2 at [C60]/[DPPC] ratio of 0 (a), 0.1 (b), 0.2 (c), and 0.3 (d). Green: lipid tails, 

yellow: phosphate group in lipid heads, and red: fullerene molecules. Water 

molecules are not shown for clarity. 
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Figure 3. Snapshots illustrating systems with the area per molecule of 0.48 nm2 with 

[C60]/[DPPC] ratios of 0 (a, e, i, and m), 0.1(b, f, j, and n), 0.2(c, g, k, and o), and 

0.3(d, h, l, and p) The systems consist of 400 (a-h) and 1600 (i-p) molecules per 

monolayer. Colors as in Figure 2.  
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Fullerene aggregation in the monolayer  

 

Figure 4. Time evolution of the largest cluster size in the systems of 400 

molecules/monolayer for different [C60]/[DPPC] ratios at the area per molecule of a) 

0.48 nm
2
 and b) 0.60 nm

2
.  

 

Figure 5. The average largest cluster size as a function of the area per molecule in the 

systems of a) 400  and b) 1600 molecules/monolayer at different [C60]/[DPPC] ratios. 
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 13 

 

Figure 6. Population of monomeric and fullerene as a function of the area per 

molecule, in systems of 400 (left panel) and 1600 (right panel) molecules/monolayer, 

at different [C60]/[DPPC] ratios. 

 

To study the aggregation of fullerenes in PS monolayers, we calculated 

aggregation as a function of simulation time using previously validated software 

(g_aggregate, see Ref. 51). Two fullerene molecules were considered to be aggregated 

when the distance between their centers of mass was less than 1.30 nm. The value of 

1.30 nm corresponds to the first maximum of the PMF for fullerene dimerization. 

Figure 4 shows the time evolution of the largest cluster of fullerenes in the systems of 

400 molecules/monolayer. At high compression (area per molecule of 0.48 nm2), 

fullerenes aggregated rapidly, and the cluster size reached a steady state in about 5 µs. 

At the area per molecule of 0.60 nm2, the cluster size was rather stable with few 

monomeric fullerene molecules even at high concentration ([C60]/[DPPC] = 0.3). 

Fullerene cluster size increased with increasing fullerene concentration, and it rapidly 

decreased with increasing area per molecule (Figure 5). A comparison between the 

system shows that the number of molecules in the largest cluster size for the large 

system (1600 molecule/monolayer) is significantly higher than the small system (400 

molecule/monolayer) especially when monolayer folded. Figure 6 shows that the 

monomeric fullerene is the most population in monolayer. At areas per molecule ≥ 

0.56 nm2, the fractions of monomeric fullerene for both system sizes were 0.91, 0.72, 

and 0.48 at C60:DPPC molar ratios of 0.1, 0.2, and 0.3, respectively; these values are 

similar to the ones found in lipid bilayers.
51

 At the area per molecule of 0.48 nm
2
 the 

fraction of monomeric fullerene significantly decreased, reaching 0.60, 0.56 and 0.43 

at C60:DPPC molar ratios of 0.1, 0.2 and 0.3, respectively for the small systems, and 
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0.87, 0.55 and 0.44 at C60:DPPC molar ratios of 0.1, 0.2 and 0.3, respectively for the 

large systems. The population of aggregated fullerene increases with fullerene 

concentration and with increasing compression of the monolayer compression, as 

expected. We conclude that, at relatively large values of the area per molecule, the 

aggregation behavior of fullerene in lipid monolayers is similar to lipid bilayers, 

where fullerene aggregation is limited.49, 51 In contrast, at high monolayer 

compression, fullerene aggregation is more pronounced. Fullerene aggregation causes 

a decrease of the effective area per molecule, resulting in lower surface tension, as 

also observed by Chiu et al.23. Fullerene clusters have a larger size than the monolayer 

thickness, resulting in bending and folding of the monolayer into a bilayer, which then 

folds into a hemi-spherical budding to prevent exposure of fullerene clusters to the 

vapor phase.  

 

Diffusion coefficients of fullerene and lipids  

In order to quantify the effect of fullerene concentration on the dynamical 

properties of the monolayer, we calculated the lateral diffusion coefficients of the 

lipid and fullerene molecules. Lateral diffusion coefficients for the lipid molecules 

were calculated from the mean squared displacement (MSD) after removing the 

motion of center of mass of the monolayer. Diffusion coefficients were calculated 

using Einstein’s relation <r2> ~4Dt, where D is the diffusion coefficient and t is time. 

Figure 7 shows them for the DPPC lipids as a function of area per molecule. For the 

pure monolayer, the diffusion coefficient increases with increasing area per molecule, 

in agreement with previous results on pure lipid monolayers.34, 59 In the presence of 

fullerene, diffusion coefficients decreased significantly, in agreement with previous 

bilayer studies.49, 60 The diffusion coefficients of fullerene showed qualitatively 

similar behavior as a function of area per molecule (i.e., they decrease with decreasing 

area). Fullerenes move more slowly than the lipids (Figure 7). Diffusion coefficients 

in the smaller and larger systems are similar, and minor differences can be ascribed to 

the deviations from the 2D geometry in the larger systems. 
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Figure 7. Diffusion coefficients of a) DPPC lipids and b) fullerenes as a function of 

the area per molecule. The systems consisted of 400 (dot line) and 1600 (solid line) 

molecules/monolayer. The error bars for DPPC are of the size of the symbols. 

Diffusion coefficients were not calculated in simulations with an area per molecule of 

0.48 nm
2
 and [C60]/[DPPC] ratios of 0.2 and 0.3 because the monolayers collapsed.  

 

Monolayer expansion 

During the process of breathing, PS expands and compresses. To model the 

expanded state following compression, i.e., when the lipids in the PS monolayer have 

the largest area available for them, the lateral box dimensions (Lx and Ly) were 

increased at equal rates while keeping the z-dimension (Lz) constant. The initial 

compressed systems containing 1600 molecules per monolayer with an area per 

molecule of 0.48 nm
2
 were used as the starting configurations.  The systems were 

expanded at a constant rate of 0.264 nm/ns to areas per molecule of 0.56 and 0.64 

nm2. After reaching the target areas per lipid, the simulations were run for 1 µs. The 

folds disappeared at low fullerene concentration: both the lipids and the fullerene 

molecules translocated back into the interfacial monolayer (Figure 8). This is 
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analogous to the behavior observed in the absence of fullerene.
61

  At molar ratios of 

0.2 and 0.3, the initial fullerene clusters persisted, although budding become smaller 

and lipid molecules enclosed it. At A = 0.64 nm2 all monolayers had one large pore, 

while at A = 0.56 nm
2
 only the [C60]/[DPPC]=0.3 had a pore (as shown in Figure 8). 

This is different from pure DPPC bilayers which tend to rupture after pore formation 

starts.62 The results show that monolayer disruption during expansion  depends 

strongly upon the fullerene concentration and is also directly related to the fullerene 

aggregation. The energy to break a fullerene cluster may be greater than the energy to 

create a hole in the monolayer, and therefore both a fullerene cluster and pore 

formation could be observed after expanding the monolayer fold. These results 

suggest that high fullerene concentrations may induce physical damage on the PS 

monolayer during monolayer expansion. However, care should be taken when pore 

formation in monolayer is observed in simulations with the MARTINI model. 

Coexistence between a gas phase and a liquid phase is observed in experiments20, 63, 64 

and atomistic simulations
57, 58

 at significantly larger area per lipid (~0.98 

nm2/molecule). The MARTINI model lacks hydrogen bonding interaction and 

orientation of the dipoles, which results in a severe underestimation of the surface 

tension at the water-vapor interface.
34

 Therefore the low surface tension stabilizes the 

pores and prevents the actual expansion of the monolayer. Moreover, this work had 

been focused only on a simple CG model with the homogenous monolayer. In order 

to gain more realistic fashion, one could consider an atomistic modeling and more 

complex system with the heterogeneous compositions to represent a real pulmonary 

surfactant system.  However, the increase of system complexity was limited by the 

computational power and is beyond the current manuscript. 
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Figure 8. The 0.48 nm
2 

systems were expanded to A = 0.56 nm
2
 and A = 0.64 nm

2
, 

and then equilibrated for 1 µs. The simulations consisted of 1600 molecules per 

monolayer with varying [C60]/[DPPC] ratios. Lipids are shown in gray and fullerenes 

in red. Water beads are not shown for clarity. 
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Potential of mean force (PMF) profiles for fullerene translocation into 

monolayers 

 

Figure 9. Potential of mean force for fullerene translocation across the monolayer 

from the vacuum phase through the DPPC lipid monolayer into the water phase as a 

function of distance in the z-direction between the COM of fullerene and phosphate 

group (PO4 beads). The vertical lines represent the positions of COM for PO4 (z = 

0.0 nm) and C4 (z = 1.9 nm) beads. The most stable position of fullerene in 

monolayer is indicated by the red arrow at z = -0.9 nm. The error bars for 

[C60]/[DPPC]= 0, 0.1, 0.2 and 0.3 are smaller than 0.4, 0.5, 0.9, and 1.4 kJ/mol, 

respectively. 

 

We used the umbrella sampling method43, 44 to study the free energy of 

transferring a fullerene from the vapor phase through the DPPC lipid monolayer into 

the water phase. We calculated the potential of mean force (PMF) profiles for the 

translocation of a single fullerene molecule across all four systems with different 

concentration of C60, with an area per lipid of 0.56 nm2. All PMF profiles show that 

the systems reach a free energy minimum when fullerene is inside the monolayer, at a 

distance of about 0.9 nm from the lipid phosphate groups (z = 0.0 nm) (Figure 9). 
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This result shows that fullerenes can spontaneously diffuse into lipid monolayers and 

preferably stay in lipid tail region, similarly to lipid bilayers.36, 49  The most stable 

position (the lowest energy) of fullerenes for all concentrations was found at around 

0.9 nm away from the phosphate groups, corresponding to the hydrocarbon region in 

between C1 and C2 beads. The free energies of transfer of a single fullerene from 

vacuum to the most stable position in the monolayer ( ) are -175.4, -

172.3, -160.2, and -152.0 kJ/mol for monolayers with [C60]/[DPPC] ratios of 0, 0.1, 

0.2 and 0.3, respectively. The free energies of transfer from the most stable position in 

the monolayer to bulk water ( ) are -81.8, -78.3, -69.6, and -59.8 

kJ/mol, for monolayer with [C60]/[DPPC] ratios of 0, 0.1, 0.2 and 0.3 respectively. 

 and  suggest that the higher the [C60]/[DPPC] ratio, 

the lesser the preference for  a fullerene to be inside the monolayer. This is probably 

due to the decrease in the free volume in the monolayer interior at higher 

[C60]/[DPPC] ratio. In the case of high [C60]/[DPPC] ratio and small area per 

molecule, the unbiased simulation showed that the monolayer folded to form a bilayer 

in the water phase in order to accommodate fullerenes in the hydrophobic region. On 

other hand, the free energy barriers of transferring fullerene out of the monolayer are 

rather large for all fullerene concentrations, and therefore spontaneous translocation 

of fullerene to water and vacuum is thermodynamically unfavorable. This result 

suggests that an active mechanism would be required in order to remove fullerene 

(and possibly other carbon nanoparticles) from lung surfactant.23, 27  

 

Conclusions 

Proper lung function requires low surface tension at the air-liquid interface to 

minimize the work needed for breathing, and this is provided by lung surfactant.65-67 

Pure DPPC monolayers can provide the necessary low surface tension on 

compression of the alveolar interface that accompanies exhalation. However, during 

the expansion that occurs on inhalation, the rapid spreading or adsorption of pure 

DPPC to cover the new interface is not possible.
25, 26, 68

 Therefore, multiple lipid and 

protein components are necessary to achieve both low tension and fast spreading of 

the surfactant monolayer.  In the present work, we studied the interaction of C60 

fullerene with DPPC lipid monolayers. We found that fullerene partitioning into lipid 

monolayers is highly favorable, indicating that lipid monolayers (as well as bilayers, 

∆Gvacuum−monolayer

∆Gwater−monolayer

∆Gvacuum−monolayer ∆Gwater−monolayer
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see Refs. 
36, 49

) can act as a trap for fullerenes, and potentially other carbon 

nanoparticles. This result suggests that clearance of carbon nanoparticles might be 

difficult, which points to one possible mechanism of lung membrane damage.  

The deposition of fullerenes into lung membranes may affect the surface 

tension of the interfacial monolayer. To obtain the surface tension-area isotherms, a 

total of 48 systems over 250 microseconds were simulated.  Our results show that, at 

high compression (small area per molecule), fullerene decreases the surface tension of 

the monolayer. Fullerenes reduce lipid tail order50, 52  causing LE and LC phases in 

monolayer at the regions with the presence and absence of fullerenes, respectively. 

Recent results in bilayers
69

 suggest that fullerene may show preferential partitioning 

to the LE phase. Therefore, the DPPC monolayer in the presence of fullerene 

collapses at larger areas per molecule compared to the pure DPPC monolayer, 

consistent with recent results from simulations of phase separated monolayers 

consisting of ternary lipid mixtures.52 On the one hand, this result may have important 

consequences on breathing, as the LC phase plays a fundamental role in monolayer 

collapse in which the lung surfactant contains different lipid species, and the LC and 

LE phase coexist at physiological temperature, over a wide surface pressure range.70 

At low compression (large area per molecule), fullerene increases the surface tension. 

As a result, pores formed at the area per molecule of 0.64 nm2. In agreement with the 

expanding box simulations of the collapsed monolayer, pore formation in monolayers 

was observed at the area per molecule of 0.64 nm
2
 for [C60]/[DPPC] = 0.1, 0.2 and 

0.3 and at the area per molecule of 0.56 nm2 for [C60]/[DPPC] = 0.3. These findings 

suggest a physical mechanism for how CNPs may cause the respiratory system to 

malfunction by changing the surface tension of the lung surfactant which can 

contribute to respiratory distress syndrome.25, 26, 71, 72
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