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Understanding how nanoparticles interact with pulmonary surfactant monolayer (PSM) 

is of great importance for safe applications in biomedicine and for evaluation of both 

health and environment impacts. Here, by performing molecular dynamics 

simulations, we propose a possible origin of the pulmonary nanotoxicity of 

graphene-based nanoparticles that comes from a rigidifying effect of graphene 

nanosheets (GNs) on PSM. This, in reality, indicates that once captured by the PSM, 

the inhaled GN is hard to be removed from the PSM partially because the expiration 

or PSM compression is locally restrained, possibly leading to GN accumulation on the 

PSM. The local rigidifying effect, which is enhanced as multiple GNs approach each 

other, is found to be dependent on the GN hydrophobicity. In the expiration or PSM 

compression process, the hydrophilic GN keeps adhering on the monolayer-air 

interface, while the hydrophobic GN tends to be hosted in the hydrophobic interior 

and internalize into the PSM via self-rotation. Besides the spontaneous internalization 

via PSM compression, our pulling simulations indicate that both pulmonary 

internalization and externalization of GNs can be accomplished by direct translocation 

across the PSM. The effect of GN hydrophobicity on the direct PSM translocation is 

well supported by the free energy analysis. This work will help our understanding of 

pulmonary nanotoxicity of GNs and provide useful guidelines for molecular design of 

GN-based pulmonary drug delivery materials. 
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1 Introduction 

In recent years, bionanotechnology has opened new avenues for both clinical 

diagnostics and therapeutics.1 In particular, nanoparticles (NPs) with different 

physicochemical properties have been designed for drug delivery and bio-sensing.2-4 

Nevertheless, accumulating evidence suggests that NPs may cause adverse health 

effects during or after their internalization.5,6 Therefore, understanding how NPs 

interact with different bio-interfaces is of quite importance for their safe applications 

in broad biomedical area.7  

In the last decade, interactions of NPs with lipid membranes have been intensively 

studied both experimentally 8-17 and theoretically.18-46 In general, both pathway and 

mechanism of NP-membrane interaction are affected by the NP properties, like NP 

size,11,18,19,42 NP shape,8,20,21,24,25,28,31,32,35 surface charge,10 hydrophobicity,13,36 and 

ligand arrangement,16,23,37 but also membrane properties, like membrane tension,42 

membrane asymmetry 45 and transmembrane potential.38  

Besides traditional internalization pathways, the human lung is easily accessible for 

NPs due to its specific properties, like thin epithelial barrier, large surface area, 

abundant underlying vasculature and low acidity.47 The alveolar epithelial cells, where 

the gas exchange takes place, are covered by a thin pulmonary surfactant monolayer 

(PSM) exposed to the air. The PSM is composed of approximately 90% lipids, with 

disalmitoylphosphatidylcholine (DPPC) being the most abundant single lipid 

component for most mammalian species, and 10% proteins. The main physiological 

function of PSM is to ‘switch off’ the tension of the air-water interface. On a 

molecular level, the reduction of surface tension is mediated by reversible 

morphology transformations from monolayer to bilayer and multilayer. Both 

pathways and molecular mechanisms of the PSM morphology transformation have 

been intensively investigated by both molecular dynamics simulations and 

experiments.48-51 

During respiration, external NPs can be captured by the PSM and disrupt its 

function, thus leading to enhanced susceptibility to pathological conditions, such as 
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pneumonia and asthma. As the PSM is the first barrier against NP internalization, the 

specific NP-PSM interaction directly determines both the extent of pulmonary 

nanotoxicity and subsequent fate of NPs. On the positive side, the study of NP-PSM 

interactions will inform novel guidelines for the design of targeted pulmonary drug 

delivery materials with both high efficiency and low toxicity. Experimentally, adverse 

biophysical effects of NPs on natural PSM have been investigated by Zuo and his 

coworkers.14,52,53 Some other research groups have performed coarse-grained 

molecular dynamics simulations to explore the interaction mechanism between 

spherical NPs and model PSM.39,40 Nevertheless, the question of how to balance the 

pulmonary nanotoxicity and pulmonary drug delivery is still open. Therefore, it is in 

urgent need to further study the pathway and mechanism by which the inhaled NPs 

interact with the PSM.  

In this work, our focus is mainly on the interaction of model PSM with graphene 

nanosheets (GNs). The choice of GN is based on its extraordinary electrical, 

mechanical, and thermal properties,54,55 and its great potential for various 

bio-applications.23,33,56-60 In general, the GNs are hydrophobic in nature while 

hydrophilic GNs are usually obtained via surface functionalization. At present, GNs 

have been developed in many different forms in terms of shapes, sizes, 

hydrophobicities, chemical modifications and other characteristics that can produce 

dramatically different results when studied biologically. Therefore, the detailed 

interaction between PSM and GNs with different properties is of equal importance for 

both evaluating their pulmonary nanotoxicity and developing the pulmonary drug 

delivery materials. Here, the PSM is simply represented by a pure DPPC monolayer. 

Both mechanical perturbation of PSM by GN adsorption and pulmonary 

internalization/externalization mechanisms will be discussed.  

It should be noted that the PSM is a mixture, with DPPC the major component but 

there are several other relevant components, like POPG, cholesterol and surfactant 

proteins (including SP-A, SP-B, SP-C and SP-D). Although the DPPC is the major 

component of PSM responsible for the surface tension reduction, the effect of other 

components is equally important. For example, the addition of POPG has a fluidizing 
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effect on PSM and thus assists the morphology transformation.61 As an important 

component of PSM, cholesterol was found to modulate the phase behavior of PSM. 

Accordingly, the local mechanical property and the resultant morphology 

transformation will be changed.62 Among the surfactant proteins, SP-A and SP-D are 

large hydrophilic glycoproteins that are members of the Ca2+ -dependent 

carbohydrate-binding collectin family. They can only weakly associate with the PSM 

but play a primary role in pulmonary host defense.63 Comparatively, both SP-B and 

SP-C are hydrophobic and thus participate directly in the morphology transformation 

process of the PSM.64 Therefore, it will be much more complex when we take all the 

PSM components into account to study the GN-PSM interaction. Rather than that, we 

choose to first understand the interaction between GNs and pure DPPC monolayers. 

The effect of each other component will be discussed individually in our future work. 

 

2 Model and Methods 

2.1 Coarse-grained models 

Compared with atomistic simulation models, the coarse-grained (CG) models, which 

map a group of atoms into one interaction site, allow simulations to be carried out 

with a larger length scale and longer time scale.65-67 Specifically, one of the most 

widely used CG force field is the Martini force field.65 It has been widely used to 

simulate biomolecules, such as lipids,68 biopolymers 69 and proteins,70 but also to 

simulate NPs.71 The demonstrated ability of the Martini force field to reproduce 

biological phenomena makes it an attractive tool to perform CG simulations of 

GN-PSM interactions. The Martini force field is based on a four-to-one mapping, ie., 

on average four heavy atoms are represented by a single interaction site. Only four 

main types of CG particles, including polar (P), nonpolar (N), apolar (C), and charged 

(Q), are considered. Each particle type has a number of subtypes, which allow for a 

more accurate representation of chemical properties of the underlying atomic 

structure.  

The CG DPPC and water force field parameters were downloaded in details from 

http://md.chem.rug.nl/cgmartini/. The honeycomb structure of GN is reduced to a 
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triangular lattice of CG beads, where every three carbons in the all-atom GN are 

modeled as one particle. The angular force constants and equilibrium angles are given 

by Kangle = 700 kcal mol-1 rad-2 and θ0 = 60º, respectively. The dihedral angle force 

constants, multiplicity and potential minima are defined as Kd = 3.1 kcal mol-1, n = 2, 

and θ = 180º, respectively. The specific GN CG model comes from the previous 

simulation work of Titov et al., and has been successfully used to simulate the 

GN-membrane interaction.72 Besides, both C1 and Nda particle types are used to 

represent a GN particle with hydrophobic and hydrophilic properties, respectively (C1 

and Nda are parameters in Martini force field).40 The GN edge length, lg is fixed to 

7.7 nm and two different initial orientations, including parallel and perpendicular with 

respect to the PSM, are compared in the simulations. 

 

2.2 Simulation method 

As shown in Fig. 1, the simulation setup includes a water slab bounded by air on both 

sides with two symmetric monolayers at each air-water interface. In our system, the 

air space is represented by vacuum and the PSM is simply represented by a pure 

DPPC monolayer, which is composed of 2×4096 DPPC molecules. The number of 

water beads is fixed to 383744. It should be noted that the similar bi-monolayer model 

has been used by other research groups to investigate both structural and dynamic 

properties of PSM.39,40,48,49 

For all simulations, a cutoff of 1.2nm was used for van der waals interactions, and 

the Lennard-Jones potential was smoothly shifted to zero between 0.9 nm and 1.2 nm 

to reduce the cutoff noise. For electrostatic interactions, the coulombic potential, with 

a cutoff of 1.2 nm, was smoothly shifted to zero from 0 to 1.2 nm. Lipids, water, and 

GN were coupled separately to Berendsen heat baths at T = 310 K, with a coupling 

constant τ = 1 ps. The monolayer compression was simulated using semi-isotropic 

pressure coupling. The system compressibility was set to 5×10-5 bar-1 in the lateral 

direction and zero in the normal direction. The latter ensures constant size of the box 

normal to the membrane. The neighbor list for non-bonded interactions was updated 

every 10 steps. In order to accomplish the translocation of GNs across the monolayer, 
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an external spring force is exerted on the center of mass (COM) of the GN. The 

pulling rate and force constant are fixed to 0.0002 nm/ps and 1000 kJ mol-1 nm-2, 

respectively. Snapshots of the simulation system in this paper were rendered by 

VMD.73 All simulations were performed using GROMACS 4.5.3.74 

 

3 Results and Discussion 

3.1 Rigidifying effect of GNs on the PSM 

First, to understand the mechanical perturbation of PSM by GN adsorption, we 

calculate the average surface tension under different lateral pressures (Fig. 2). Four 

different systems are considered here. They are the pure DPPC monolayer, DPPC 

monolayer with one hydrophilic GN, DPPC monolayer with one hydrophobic GN, 

and DPPC monolayer with four hydrophilic GNs. In order to improve the statistics, 5 

independent simulations are performed under each lateral pressure. Each simulation is 

performed for 80 ns and the surface tension is averaged for the last 40 ns. In order to 

verify the reliability of the shorter simulation time, we choose two typical examples 

and extend the simulations to 1.0 µs. 

For pure DPPC monolayer, we gradually increase the lateral pressure from P = -5 

bar to as large as P = 5 bar. We find that the surface tension first undergoes a linear 

decrease as the increase of lateral pressure (-5 bar < P < 3 bar). As the lateral pressure 

exceeds a critical value (P = 3 bar), the monolayer surface tension keeps nearly 

unchanged. Accordingly, a morphology transformation from monolayer to bilayer 

occurs (Fig. S1).48,49 Next, we placed a GN, either hydrophilic or hydrophobic, on the 

monolayer-air interface and performed simulations under different lateral pressures. 

As shown in Figure 2, the biophysical function of DPPC monolayer is in some extent 

restrained by the GN adsorption, that is, in the presence of GN a larger lateral 

pressure is required to induce the monolayer collapse compared with the situation in 

the absence of GN. Comparatively, the effect of hydrophobic GN is less obvious than 

that of hydrophilic GN, especially under the lateral pressure of monolayer buckling (P 

≥ 2 bar). Moreover, when we place four hydrophilic GNs on the PSM, the surface 

tension keeps decreasing even when the lateral pressure is as large as 5 bar. This 
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implies that the GN-PSM interaction is not only dependent on the GN hydrophobicity 

but also affected by the GN concentration.  

It should be noted that the effect of GN adsorption on surface tension of PSM is 

less distinguishable under negative lateral pressure than that under positive lateral 

pressure (Fig. 2). We interpret that the limited effect is on one hand because of the 

much smaller GN size (49 nm2) compared with that of the PSM (1950 nm2 under zero 

surface tension). On the other hand, the effect of GN adsorption on PSM is mainly 

reflected by the increased local bending rigidity. Under negative lateral pressure, the 

PSM tends to undergo expansion while no deformation is induced. Accordingly, the 

effect of increased bending rigidity on the tension reduction of PSM is negligible. 

Under positive lateral pressure, contrarily, the PSM has the tendency to undergo the 

buckling even collapse to release the surface energy. As the GN adsorption can locally 

rigidify the PSM and thus restrain the morphology transformation, the effect on 

surface tension reduction is accordingly enhanced. Recently, Barnoud et al. performed 

MD simulations to show that the lipid monolayer collapse is promoted by C60 

fullerene.75 They interpret that the promoted monolayer collapse is ascribed to the 

lower bending rigidity of monolayer in the presence of C60. The opposite effect of NP 

adsorption on the monolayer collapse indicates that the detailed interaction between 

NPs and lipid monolayer is strongly affected by the NP properties, like size, shape, 

and hydrophobicity. 

Next, we monitored the interaction between DPPC monolayer and GN with 

different hydrophobicity and different concentration. According to Figure 2, the effect 

of GN adsorption on the tension reduction is much more distinguishable under 

positive lateral pressure. Thus, we first fixed the lateral pressure to P = 3 bar, under 

which the monolayer-bilayer transformation occurs in the absence of GN (Fig. 2, Fig. 

S1). When a hydrophilic GN is adsorbed on the monolayer surface, however, the 

monolayer-bilayer transformation is strongly restrained (Fig. 3). In this case the 

hydrophilic GN keeps adhering on the monolayer surface and thus rigidifies the local 

region of the monolayer where it covers. The rigidifying effect is clearly illustrated by 

the typical snapshots, in which two obvious monolayer deformations occurs far from 
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the GN, while the local monolayer beneath and adjacent to the GN keeps flat during 

the simulation (Fig. 3). As a result, the subsequent monolayer-bilayer transformation 

is restrained by the enhanced bending rigidity.  

It should be noted that the time scale of microseconds is not uncommon for the 

simulations of lipid monolayer. For example, Baoukina et al. recently performed 

10-25 µs simulations to investigate the collapse of heterogeneous lipid monolayer.76 

The time scale of microseconds is mainly because the lipid demixing of 

heterogeneous monolayer generally needs much longer simulation time. 

Comparatively, the simulations of morphology transformation of lipid monolayers 

without lipid demixing are much cheaper.48,49 Here, the PSM is simply modeled by 

the pure DPPC monolayer, thus the shorter time scale is suitable for the simulation of 

GN-PSM interaction. Nevertheless, we believe that longer simulation time can make 

the system to relax and thus further minimize the free energy. Therefore, we extend 

the above simulation to 1.0 µs, during which the hydrophilic GN keeps adhering on 

the PSM surface and no obvious morphology transformation is observed (Fig. S2). 

To verify the rigidifying effect of hydrophilic GN on PSM, we next increase the 

local concentration of GNs adsorbed on the PSM. To this end, four hydrophilic GNs 

are placed on the monolayer surface. As in the case having one GN, four hydrophilic 

GNs keep adhering on the PSM surface and no monolayer-bilayer transformation is 

observed at P = 3 bar (Fig. 4A). As we increase the lateral pressure to P = 5 bar, the 

surface tension keeps unchanged (Fig. 2) and accordingly the monolayer-bilayer 

transformation occurs in the presence of one GN. When four close-located GNs 

adsorb on the PSM, however, no morphology transformation is observed (Fig. 4C). 

We then extend the simulation to 1.0 µs and find that the four hydrophilic GNs keep 

adhering on the monolayer surface and thus restrain the subsequent morphology 

transformation (Fig. S3). This indicates that the local rigidifying effect of GNs on 

PSM is dose dependent and is further enhanced as multiple GNs approach each other. 

Similar with the NP concentration, we speculate that the rigidifying effect of GN on 

PSM is also affected by the GN size. Here, we construct three GNs with different 

sizes, including L = 5.5 nm, L = 11 nm, and L = 16.5 nm, respectively. After a number 
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of simulations under different pressures, we calculate the surface tension of PSM as 

functions of average lipid area (Fig. S4A). As a result, we can determine the area 

compressibility modulus KA from the linear relation,77 

0

0

mec A

A A
K

A

−
∑ ≈                             (1) 

where mec∑  represents the mechanical tension of the PSM adsorbed with GN, A is 

the lipid area and A0 is the lipid area under zero mechanical tension.  

  According to Figure S4A, the surface tension of PSM increases linearly but with 

different gradient as functions of the average lipid area. We then calculate the area 

compressibility modulus to KA = 291.3 mN/m, 356.3 mN/m, and 439.8 mN/m for 

PSMs adsorbed with GNs with the size of L = 5.5 nm, 11 nm, and 16.5 nm, 

respectively (Fig. S4B). It should be noted that the area compressibility modulus for 

pure lipid monolayer was determined to KA = 290 mN/m.48 Therefore, it is evident that 

the rigidifying effect of GN on PSM can be enhanced by increasing the GN size. 

Compared with the GN size and local GN concentration, increasing the GN 

thickness has the similar but different effect. Noting that the production of 

multilayered graphene is much easier than that of monolayered graphene, we next 

explore the effect of GN thickness on the interaction with PSM. To this end, we 

construct three multilayered GNs with the same edge length (L = 7.7 nm) but different 

thicknesses (Nlayer = 2, 4, 6). The lateral pressure is fixed to P = 3 bar during the 

simulations. Our simulations suggest that increasing the GN thickness has two aspects 

of effect. One is to increase the inner bending rigidity of GN. Similar with that of GN 

concentration, the PSM compression and deformation is further restrained (Fig. S5). 

The other effect is to reduce the anisotropy of GN. According to the typical snapshots, 

GN with larger thickness (Nlayer = 6) can rotate more easily on the PSM surface (Fig. 

S5C). Accordingly, the PSM undergoes a severe local deformation to wrap the GN. As 

the interaction of PSM with hydrophilic GN is less favorable than that with 

hydrophobic GN, we speculate that the effect of GN thickness may be more 

significant for hydrophobic GNs. 
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Now we turn to the detailed interaction pathway for the case of hydrophilic GN at 

P = 5 bar. As the monolayer is locally rigidified, the monolayer buckling has to occur 

far from the site where the GN locates (Fig. 5A, t=10 ns, white arrow). Contrarily, the 

local monolayer in the vicinity of GN is relatively flat until the monolayer collapse 

occurs. As the simulation proceeds, one of the buckles develops into a collapse and 

the monolayer-bilayer transformation occurs (Fig. 5A, t=55 ns, 65 ns). It is 

noteworthy that the hydrophilic GN keeps adhering on the monolayer-air interface 

during the compression and transformation process. The evolution of angle between 

GN and membrane normal is shown in Figure 5B, which further illustrates the 

interaction pathway of hydrophilic GN with the monolayer. In order to energetically 

explain the interaction mechanism, we monitored the interaction energy between GN 

and DPPC molecules (Fig. 5C). After a drastic decrease, the interaction energy keeps 

fluctuating around the value of -3700 kJ/mol.  

To understand the interaction of hydrophobic GN with DPPC monolayer, we fixed 

the lateral pressure to P = 5 bar, under which the monolayer-bilayer transformation 

occurs in the presence of one hydrophilic GN (Fig. 6). According to the typical 

snapshots and time evolution of angle between GN and membrane normal, the 

hydrophobic GN first adheres on the monolayer surface and undergoes a slight tilt 

during the monolayer buckling process (Fig. 6). Similar to the case of hydrophilic GN, 

the adsorption of hydrophobic GN rigidifies the local monolayer. As a result, the 

monolayer buckling tends to occur far from the GN. As the simulation proceeds, the 

local monolayer-bilayer transformation occurs at one of the buckling sites. Meanwhile, 

the hydrophobic GN is gradually encapsulated in the hydrophobic interior as the 

collapse proceeds. The specific embedding process is accompanied by an obvious GN 

rotation, which is illustrated in both typical snapshots (Fig. 6A, t=60ns, 70ns) and 

time evolution of the angle between GN and membrane normal (Fig. 6B, t=60ns). 

Moreover, the GN embedding and GN rotation are accompanied by a drastic decrease 

of the GN-DPPC interaction energy (Fig. 6C). This is because the hosting of GN in 

the hydrophobic interior maximizes the contact area between hydrophobic GN and 

hydrophobic lipid tails. Therefore, the specific PSM internalization of hydrophobic 
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GN via the monolayer-bilayer transformation is energetically favorable. 

Here we should note that the cut-off is used to treat the electrostatic interaction. The 

choice of cut-off based electrostatics is based on the fact that the GN is electroneutral 

and thus no electrostatic interaction exists between GN with PSM. Moreover, many 

other simulation works have used the cut-off based electrostatic interaction to 

investigate the dynamic properties of pure lipid monolayer.48,49,78 We thus speculate 

that the effect of using cut-off electrostatic interaction on the GN-PSM interaction can 

be very limited. Nevertheless, it has been shown in another work that the PAMAM 

dendrimer can induce pore in DMPC membrane when the PME was used to treat the 

electrostatic interaction. However, the membrane pore was not observed when authors 

used the cut-off based electrostatics.79 Therefore, it is important to explore how much 

the results are influenced by use of cut-off based electrostatics. To this end, we use the 

PME to treat the electrostatic interaction and repeat the above simulation of 

interaction between hydrophobic GN and PSM under lateral pressure of P = 5 bar. 

According to the typical snapshots, the monolayer-bilayer transformation occurs at 

about t = 58 ns, after which the hydrophobic GN is wrapped by the deformed 

monolayer (Fig. S6). This is similar with that using the cut-off based electrostatics 

interaction. Therefore, it can be speculated that the influence of simulation results by 

using cut-off based electrostatic interaction is negligible in this work. 

In fact, recent experiments showed that hydrophobic NPs have minor influence on 

the lateral pressure-area isotherm, but do alter the morphology of the condensed 

domains in the DPPC monolayer.80 This is consistent with our present simulations, in 

which the restraining effect of hydrophilic GN on PSM compression is more obvious 

than that of hydrophobic GN. Moreover, we explain that the minor effect for 

hydrophobic GNs is ascribed to the detailed interaction pathway. Specifically, the 

hydrophobic GNs tend to be wrapped by the deformed PSM and thus internalize into 

the hydrophobic interior. This accordingly reduces the restraining effect on the PSM 

compression. Comparatively, the hydrophilic GNs keep adhering on the PSM surface 

during the compression process. As a result, the subsequent morphology 

transformation can be effectively restrained. 
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3.2 Pulmonary internalization of GNs via PSM translocation 

Due to the extraordinary electrical, mechanical, and thermal properties,54,55 GN-based 

materials have become prevalent in a variety of biomedical applications.56,57 For 

example, the large surface area of GN allows high-density biofunctionalization or 

drug loading.81 In the above section, we showed that hydrophilic GN stays adhering 

on the monolayer-air interface, while the hydrophobic GN can be hosted in the 

hydrophobic interior during the expiration or PSM compression process. This implies 

a potential pulmonary internalization pathway for hydrophobic GNs. In the inspiration 

or PSM expansion process, however, the unique pathway for GN internalization is the 

direct translocation across the monolayer. Therefore, we next fixed the lateral pressure 

to P = -15 bar and performed Pulling MD simulations.  

It should be noted that the pulling simulations of PSM translocation of GNs are 

based on the fact that the inhaled NPs have nonzero speed and thus first collide with 

the PSM after their inhalation. We speculate that the PSM translocation can be 

accomplished once the membrane resistance is overcome. In reality, the triggering 

force needed for PSM translocation of NPs is derived from the increased NP 

translocation speed, which is generally determined by the inhalation speed. It was 

measured that the average inspiratory reserve volume is about 3.0 litres for adults. 

Besides, the average human respiratory rate is 12-20 breaths per minute. Therefore, it 

normally takes 1 second to get about 500-1000 cm3 of air into the lung. As the volume 

flow rate is Q = velocity*area, the inhalation velocity is thus Q/area. Considering the 

terminal bronchiole is about 0.5 mm in diameter and the average number is about 

60000, the total cross area of the terminal bronchiole is about 0.012 m2. Therefore, the 

inhalation velocity is estimated to about 0.04-0.08 m/s.  

In order to accomplish the GN translocation, an external spring force is exerted on 

the center of mass (COM) of the GN. Both the COM pulling energy and the angle 

between GN and membrane normal is monitored to thermodynamically and 

dynamically elucidate the translocation process. First, the translocation of 

hydrophobic GN is divided into two stages (Fig. 7, Video S1). In the first stage, the 
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GN keeps adhering on the monolayer surface and no translocation occurs. Meanwhile, 

the monolayer undergoes a severe caving due to pushing of the GN (Fig. 7A, 96ns). In 

the second stage, the GN translocation is initiated by piercing of one corner across the 

monolayer (Fig. 7A, 108 ns). Subsequently, the translocation is completed via a 

spontaneous GN rotation (Fig. 7A, B). After translocation completes, a number of 

DPPC molecules is extracted out of the monolayer and adsorb on the GN surface (Fig. 

7A, 120 ns). In fact, graphene was shown to have antibacterial activity on Escherichia 

coli.82,83 Recent MD simulations revealed that graphene can penetrate into and extract 

large amounts of lipids from the cell membranes.33 The destructive extraction offers a 

novel mechanism for molecular basis of graphene’s cytotoxicity. This is similar with 

our present case, in which a large number of DPPC molecules are extracted by the 

PSM translocation of GNs. Besides, it has been suggested experimentally that large 

structural disruptions of DPPC monolayer can make some DPPC molecules detach 

from the air-water interface, which may further affect PS homeostasis.84 Therefore, 

we speculate that the structure and biofunction can be disrupted in some extent by the 

penetration of hydrophobic GNs.  

It is noteworthy that the GN self-rotation is followed by a sudden decrease of COM 

pulling energy. This energetically highlights the importance of GN rotation in its 

translocation process (Fig. 7C). In fact, the promoting effect of spontaneous 

nanoparticle rotation on cellular internalization is generous and has been proved by 

other simulation works.21,23-25,85,86 Nevertheless, the high COM pulling energy 

indicates that the pulmonary internalization of hydrophobic GNs via translocation 

across the PSM is rather difficult, at least when they are initially parallel with the 

monolayer surface. As the high COM pulling energy is mainly ascribed to the severe 

monolayer deformation by GN pushing, we next set the GN keep standing during the 

translocation process. Indeed, both typical snapshots and evolution of COM pulling 

energy indicate that the translocation of GN across the monolayer is highly facilitated 

by decreasing the contact area between GN and monolayer (Fig. S7). 

We note that the translocation speed is fixed to 0.0002 nm/ps (0.2 m/s), which is 

much higher than the normal inhalation speed (0.04-0.08 m/s). Considering that in 
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some cases one need to intensionally increase or decrease the inhalation speed, it is 

significant to explore the effect of GN speed on the PSM translocation. To this end, 

we decrease the pulling rate to 0.00002 nm/ps to repeat the PSM translocation of 

hydrophobic GN. According to the typical snapshots and time evolution of COM 

pulling energy, the extent of membrane resistance is strikingly reduced by decreasing 

the translocation speed (Fig. S8). In more detail, the PSM first undergoes a 

deformation to resist the GN translocation. Subsequently, the PSM translocation is 

initiated by flipping of the GN (Fig. S8A, t = 430 ns). We note that at higher 

translocation speed (0.0002 nm/ps), a number of lipid molecules are extracted from 

the monolayer and adsorb on the GN surface (Fig. 7). Comparatively at lower speed, 

the GN flipping and translocation is accompanied by the local morphology 

transformation of the PSM. This is because the decreased translocation speed can 

leave more time for the PSM to relax and thus the GN is encapsulated in the 

hydrophobic interior and forms the GN-sandwiched structure. Finally, the GN is 

detached from the PSM and the COM pulling energy further decreases to zero (Fig. 

S8B). 

Comparatively, the translocation of hydrophilic GNs across the PSM is different 

from that of hydrophobic ones. First, when the hydrophilic GN is parallel with the 

monolayer, the translocation is rather difficult and is accompanied by the monolayer 

rupture (Fig. S9). This is ascribed to the large contact area and unfavorable interaction 

between hydrophilic GN and hydrophobic monolayer surface. However, when the 

hydrophilic GN is initially perpendicular with the monolayer, the translocation is 

highly improved (Fig. S10). It should be noted that a number of lipids are extracted 

from the monolayer by the hydrophilic GN. This is mainly due to the attraction 

between hydrophilic bead of lipids and hydrophilic GN. Nevertheless, we analyze that 

the lipid extraction is energetically unfavorable because the hydrophobic tail of lipid 

is exposed to the water (Fig. S10, t = 80 ns). Therefore, we speculate that the 

extracted lipid may return to the monolayer if we decrease the translocation speed. 

Besides the initial orientation of GNs, the PSM translocation of hydrophilic GNs is 

also affected by the translocation speed. As we decrease the translocation speed from 
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0.0002 nm/ps to 0.00002 nm/ps, no monolayer rupture is observed during the 

translocation process. Besides, the translocation of hydrophilic GN is initiated by 

piercing of the corner across the PSM, which is similar with that of hydrophobic GNs 

(Fig. S11). Moreover, the strikingly decreased COM pulling energy indicates that the 

translocation of hydrophilic GN can also be accomplished without PSM damage by 

decreasing the translocation speed. 

 

3.3 Pulmonary externalization of GNs via PSM translocation 

After pulmonary internalization, one may ask whether or how the internalized GNs 

are exhausted from the lung. To answer this question, we placed one hydrophobic GN 

in the water phase and performed pulling simulations. According to the typical 

snapshots, the GN first adheres on the monolayer-water interface (Fig. 8, Video S2). 

The upward pushing force exerted on the monolayer results in a severe monolayer 

deformation (Fig. 8). Accordingly, the COM pulling energy keeps increasing until the 

translocation starts (Fig. 8B). At about 35 ns, the GN translocation is initiated by a 

transient GN flipping (Fig. 8A, C), which is accompanied by a sudden decrease of the 

COM pulling energy (Fig. 8B).  After translocation, the exhausted GN keeps 

adhering on the hydrophobic monolayer surface and keeps pulling the monolayer 

upwards. As a result, the COM pulling energy continues to increase after translocation. 

Comparatively, the translocation is much easier when the GN is initially perpendicular 

with the monolayer (Fig. S12, Video S3). After the tip-first translocation (Fig. S12A, 

12 ns), the GN undergoes a rotation (Fig. S12A, 14 ns-40 ns) and keeps adhering on 

the hydrophobic monolayer surface (Fig. S12A, 80 ns). Therefore, once internalized 

into the PSM, the reverse translocation of hydrophobic GNs across the monolayer is 

easy but the detachment from the monolayer surface is rather difficult.  

For hydrophilic GNs, the pulmonary externalization via PSM translocation is 

relatively easier, at least when the GN is initially perpendicular with the monolayer. 

According to the typical snapshots and time evolution of COM pulling energy, the 

translocation process is stepwise (Fig. S13, Video S4). In the first stage, the COM 

pulling energy keeps increasing until the whole monolayer thickness is crossed by the 

Page 16 of 40RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

hydrophilic GN (Fig. S13A, 30 ns; Fig. S9B). The increase of COM pulling energy is 

ascribed to the unfavorable interaction between hydrophilic GN and hydrophobic lipid 

tails. After that, the translocation is much easier as the COM pulling energy starts to 

decrease. It is noteworthy that no obvious membrane deformation is observed during 

the simulation. However, when the GN is initially parallel with the monolayer, the 

translocation is strongly restrained by a severe membrane deformation (Fig. S14A). 

Moreover, an obvious monolayer pore is generated by the large upward pushing force 

(Fig. S14B).  

 

3.4 Free energy analysis 

To understand the effect GN hydrophobicity on the PSM translocation, we then 

calculate the potential of mean force (PMF) to provide an estimate of the free energy 

change as the GN penetrates across the PSM. The detailed procedure is as follows. 

First, the harmonic potential with a force constant of 1000 kJ mol-1 nm-2 was applied 

to the GN. Consequently, the GN is pulled to penetrate across the PSM in a constant 

rate (0.0001 nm/ps). For simplicity, both hydrophobic and hydrophilic GNs are 

constrained to keep parallel with the PSM normal during the translocation process. 

After the pulling simulation completes, a number of frames are extracted from the 

trajectory that correspond to the desired COM of the GN. Then the umbrella sampling 

simulation was performed on each configuration to restrain it within a window 

corresponding to the chosen COM position. Finally, we used the Weighted Histogram 

Analysis Method (WHAM) to extract the PMF from the biased distribution. 87 

For the hydrophilic GN, the PSM translocation can be divided into three stages. 

The first stage is featured by the short increase in the free energy (Fig. 9A). This short 

membrane resistence is ascribed to the unfavorable interaction between hydrophilic 

GN and hydrophobic lipid tails (0→1). Once the whole monolayer thickness is 

crossed by the GN, the PMF shows a long decrease in the free energy (Fig. 9A). In 

this stage, the favorable interaction between hydrophilic GN and water dominates the 

PSM translocation. In addition, the monolayer undergoes an upward local 

deformation in order to maximize the contact number between GN and water 
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molecules (2). After the whole GN is submerged in the water phase, the local 

monolayer deformation gradually disappears and the PSM slowly decreases to zero 

(3). 

For the hydrophobic GN, the corresponding PMF profile first shows a short 

decrease in the free energy and reaches a local minimum as the GN enters the lipid 

monolayer (Fig. 9B, 0→1). The decreasing PMF indicates that the interaction 

between hydrophobic GN and hydrophobic lipid tails is favorable and thus promotes 

the insertion process. However, after the whole monolayer thickness is crossed (Z < 

12.5 nm), the PSM turns to increase as more and more GN beads get contacted with 

the hydrophilic lipid heads and water molecules. In order to protect the hydrophobic 

GN from water, a number of lipid molecules are extracted from the monolayer and get 

attached on the GN surface. Meanwhile, the lipid monolayer undergoes a severe 

damage induced by the GN insertion (2). This is energetically unfavorable and thus 

the PMF undergoes a continuous increase until more than half of the GN is below the 

monolayer-water interface (1→2). As the GN further moves downwards, more GN 

surface is wrapped by the lipid and the monolayer damage is gradually repaired. 

Consequently, the PMF profile shows a long drastic decrease in the free energy (2→3). 

This indicates the preferential location of GN below the lipid monolayer and 

completed wrapped by the lipid molecules (3). However, the PMF shows a drastic 

increase of the free energy as the wrapped GN further moves downwards. We analyze 

that the increased membrane resistance is mainly ascribed to the severe monolayer 

deformation induced by the GN (4). After the neck connecting the GN and monolayer 

breaks (5), the extent of membrane resistance is effectively reduced. 

We have to note that the perpendicular orientation of GNs is less statistically likely 

in reality due to the extremely small contact area with the PSM. Therefore, it 

promotes us to further calculate the free energy change of PSM translocation of GNs 

which are initially parallel with the PSM. According to Fig. 9C, the PMF keeps 

increasing during the whole translocation process. This clearly indicates that PSM 

translocation of GN is very energetically unfavorable when the GN is parallel with the 

PSM. The typical snapshots suggest that the high energy barrier comes from the 
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severe membrane deformation (Fig. 9C). Nevertheless, the PMF increases with a 

lower gradient once the PSM translocation is initiated by the GN flipping (Fig. 9C, 3). 

This is quite similar with our previous pulling simulations, in which the pulling 

energy drops after the GN flipping takes place (Fig. 7, Fig. S8).  

 

3.5 Implications to pulmonary nanotoxicity and pulmonary drug delivery 

It has been known that PSM reduces the surface tension of the air-water interface 

by reversible morphology transformation and thus can accommodate the large size 

change of alveoli. During respiration, either harmful or beneficial NPs can be inhaled. 

As the PSM forms the first alveolar capillary barrier against inhaled NPs, both 

examination of pulmonary nanotoxicity and development of pulmonary drug delivery 

should consider the NP-PSM interaction. However, we must admit that it is quite 

difficult to systematically probe and visualize the interaction under various conditions, 

due to available experimental technologies. Computer simulations, on the contrary, 

may offer the underlying mechanism because it allows the investigation on a 

molecular level. Besides, it can provide distinct insights from the microscopic to 

mesoscopic view into the interactions in well-controlled conditions. Recently, Ding et 

al. have presented the recent theoretical and computational progress on the 

NPs-membrane interaction under different biological processes.88 Besides, the links 

between simulations and experiments are also connected and well discussed. Here, 

both equilibrium and non-equilibrium MD simulations are performed to investigate 

the interaction mechanism between GNs and DPPC monolayer. We think our 

simulation results have implications for both understanding of the pulmonary 

nanotoxicity and designing of NP-based pulmonary drug delivery.  

First, our equilibrium simulations suggest that the inhaled GNs have adverse effects 

on the biophysical function of PSM. The pulmonary nanotoxicity of GNs is in some 

extent derived from the rigidifying effect of GN adsorption on the PSM. As one of the 

results, the respiration will be strongly hampered due to the restrained PSM 

compression. Although the rigidifying effect of NPs on the PSM has been previously 

reported experimentally,14 we speculate that the rigidifying effect is more obvious for 
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GNs because of the two-dimensional shape. On the other hand, once captured by the 

PSM, the GNs especially hydrophobic GNs are difficult to be removed from the PSM. 

This may lead to their accumulation on the PSM surface and thus further intensify the 

adverse effect. In fact, several animal studies have verified the pulmonary 

accumulation of NPs by determining their quantity in total lung homogenate 

preparations following their ingestion.89-91 Consequently, the likelihood of free NPs 

being respired is reduced and thus the pulmonary nanotoxicity will be further 

amplified.92  

Here, we should note that the rigidifying effect of GN on PSM is strongly affected 

by the inner bending rigidity of GN. For example, GNs with higher bending rigidity 

usually have stronger rigidifying effect on PSM, while flexible GNs are expected to 

undergo deformations during the PSM buckling process. Experiments on bulk 

graphite give ≈ 1 Tpa for the in-plane Young’s modulus,93 while Young’s modulus in 

graphene varies between 0.5 and 1.0 TPa.94,95 The GN CG model used in this work 

comes from the previous simulations by Titov et al. By adjusting the bond and 

angular constant, they obtained the Young’s modulus to 928 Gpa, which is similar 

with the experiment result.95 It also should be noted that the bending rigidity of 

graphenes can be tuned via a number of strategies, like introducing defects or 

modulating the functional groups.96 Therefore, exploring how bending rigidity of GNs 

affects the interaction with PSM will help us to design drug delivery materials with 

both high efficiency and low toxicity.  

The pulmonary nanotoxicity of GNs is also reflected by the destructive extraction 

of lipids from the PSM. Our non-equilibrium simulations suggest that the PSM 

translocation of hydrophobic GNs is generally accompanied by the lipid extraction. 

This is speculated because the lipid extraction from the air-water interface can induce 

the structural destruction of PSM and finally affects the PSM homeostasis.84 Besides, 

GNs have been shown to have antibacterial activity on Escherichia coli.82,83 Recent 

MD simulations explained that the GNs can penetrate into cell membranes and extract 

a number of lipids from the bilayer.33 This offers a novel mechanism for molecular 

basis of GN’s cytotoxicity. Therefore, we suggest that the intentional inhalation of 
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NPs should avoid the lipid extraction from the air-water interface. 

Nowadays, the concern about potential diagnostic and therapeutic applications of 

NPs in respiratory and systemic diseases has been growing.97-99 As the PSM forms the 

first barrier of pulmonary internalization of NPs, the detailed NP-PSM interaction will 

not only determines the extent of pulmonary nanotoxicity but also affects the 

subsequent fate of inhaled NPs. Here we distinguish two possible PSM internalization 

mechanisms of GNs. On one hand, the PSM internalization of GNs can be a result of 

the morphology transformation. In this scenario, the GN is wrapped by the deformed 

PSM and delivered to the hydrophobic interior of PSM. Our simulations suggest that 

this pathway is feasible only for the hydrophobic GNs (Fig. 6), while hydrophilic GNs 

keep adhering on the PSM surface during PSM compression process (Fig. 5). The 

other scenario is that the internalization is due to direct translocation across the PSM, 

although the structure of PSM can be disrupted more or less. In reality, the inhaled 

NPs have nonzero speed, the value of which is mainly determined by the inhalation 

speed. Thus, the inhaled NPs first collide with the PSM and penetrate across it once 

the barrier is overcome. 

 

4 Conclusions 

In this paper, we have presented a systematical investigation on interactions of 

graphene nanosheets (GNs) with pulmonary surfactant monolayer (PSM). First, our 

simulations suggest that the pulmonary nanotoxicity of GNs can in some extent be 

reflected by rigidifying locally a region of the monolayer larger than the domain area 

they covered. This, in reality, indicates that once a number of GNs are captured by the 

PSM, the expiration or PSM compression will be strongly restrained. Comparatively, 

the restraining effect is more obvious for GNs with hydrophilic property. In particular, 

hydrophilic GNs stay adhering on the monolayer-air interface during the expiration 

process, while the hydrophobic GNs can be encapsulated in the hydrophobic interior 

and form the GN-sandwiched structure. The specific interaction pathway implies a 

potential pulmonary internalization pathway for the hydrophobic GNs. 

In the inspiration or PSM expansion process, the unique pulmonary internalization 
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pathway for GNs is the direct translocation across the PSM. Our pulling simulations 

suggest that the pulmonary internalization of GNs is strongly dependent on both the 

GN hydrophobicity and the initial orientation with respect to the monolayer. In 

general, the translocation of GNs with an initial orientation perpendicular with the 

monolayer is much more favorable than that parallel with the monolayer. After 

pulmonary internalization, the externalization via translocation is quite different for 

hydrophobic and hydrophilic GNs. Moreover, after translocation, the detachment of 

hydrophobic GNs from the monolayer surface is comparatively difficult, while for 

hydrophilic GNs the detachment is almost spontaneous. The present investigation of 

interaction between GN and model PSM should provide fundamental information 

needed to help understand pulmonary nanotoxicity and imply potential applications in 

pulmonary drug delivery. 
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Fig. 1 Schematic representation of the simulation setup. (a) bi-monolayer PSM model, 

(b) DPPC lipid model, (c) hydrophilic (purple) and hydrophobic (yellow) GN model, 

with the edge length of 7.7nm. 
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Fig. 2 The average surface tension as a function of lateral pressure. Four different 

systems are considered, including the pure DPPC monolayer (black), DPPC 

monolayer with one hydrophilic GN (red), DPPC monolayer with one hydrophobic 

GN (blue), and DPPC monolayer with four hydrophilic GNs (cyan). 
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Fig. 3 Restraining effect of hydrophilic GN on morphology transformation of DPPC 

monolayer. The lateral pressure is fixed to P = 3 bar, under which a monolayer-bilayer 

transformation occurs in the absence of GN (Fig. S1). Two membrane deformations 

are labeled by white arrows. 
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Fig. 4 Rigidifying effect of 4 hydrophilic GNs on local DPPC monolayer. A-C show 

typical snapshots under different pressure (A: 3 bar; B: 4 bar; C: 5 bar), D shows time 

evolution of area per lipid under lateral pressure of P = 3 bar in the presence of 1 and 

4 GNs; E shows time evolution of area per lipid under lateral pressure of P = 5 bar in 

the presence of 1 and 4 GNs. 

 

 

 

 

 

 

 

0 20 40 60 80

45

46

47

48

49

50

51

A
re
a
 (

Å
2
/m
o
le
c
u
le

)

Simulation time (ns)

 1 hydrophilic GN

 4 hydrophilic GNs

d

0 20 40 60 80

25

30

35

40

45

50

55

A
re
a
 (

Å
2
/m
o
le
c
u
le
)

Simulation time (ns)

 1 hydrophilic GN

 4 hydrophilic GNs
e

Page 35 of 40 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Fig. 5 Monolayer buckling and collapse in the presence of hydrophilic GN. A shows 

the typical snapshots, B shows the time evolution of the angle between GN and 

membrane normal, and C shows the time evolution of the interaction energy between 

GN and DPPC molecules. The lateral pressure is fixed to P = 5 bar. 
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Fig. 6 Monolayer buckling and collapse in the presence of hydrophobic GN. A shows 

the typical snapshots, B shows the time evolution of the angle between GN and 

membrane normal, and C shows the time evolution of the interaction energy between 

GN and DPPC molecules. The lateral pressure is fixed to P = 5 bar. 
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Fig. 7 Pulmonary internalization of hydrophobic GN via translocation across the 

monolayer. The GN is placed initially in the air phase and is parallel with the 

monolayer. A shows the typical snapshots, B shows the time evolution of angle 

between GN and membrane normal, and C shows the time evolution of COM pulling 

energy. 
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Fig. 8 Pulmonary externalization of hydrophobic GN by translocation across the 

monolayer. The GN is placed initially in the water phase and is parallel with the 

monolayer. A shows the typical snapshots, B shows the time evolution of COM 

pulling energy, and C shows the time evolution of the angle between GN and 

membrane normal.  
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Fig. 9 Potential of mean force (PMF) for the PSM translocation of both hydrophilic (a) 

and hydrophobic (b, c) GNs. Two different initial orientations for hydrophobic GNs 

are considered. One is perpendicular with the PSM (b) and the other is parallel with 

the PSM (c). 
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