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Environmental significance

Extracting pulmonary surfactants to form inverse
micelles on suspended graphene nanosheetsy

Zhen Luo,? Shixin Li,? Yan Xu,? Hao Ren, @2 Xianren Zhang, ©° Guoging Hu,®
Fang Huang® and Tongtao Yue 0O

The increasing risk of human exposure to emerging nanoparticles (NPs) has created a wide concern about
their inhalation toxicity. Once NPs are inhaled, they get through the branching airway to deposit in the al-
veoli, where a thin pulmonary surfactant (PS) layer acts as the first barrier against them entering the deep
lung. However, in terms of the inhalation toxicity of NPs, the mechanisms by which inhaled NPs interact
with the PS layer and how the morphological change of NPs due to the PS layer interactions influences the
subsequent fate of NPs are still elusive. By using molecular dynamics simulations, we investigate the inter-
actions between graphene nanosheets (GNs) and the PS layer. It is found that when GNs suspend above or
slowly penetrate the PS layer, PS molecules can spontaneously be extracted from the layer and made to
form inverse micelles via cooperative molecular motion and rearrangement on the GN surfaces. We dem-
onstrate that the PS layer tension and GN properties like size, oxidation ratio and curvature significantly af-
fect the extraction dynamics. Notably, for curved GNs, only the concave surface can vigorously extract PS
molecules, showing that the dispersive adhesion between GN and PS dominates the extracting and
rearranging process. Our results propose new mechanisims for the experimental findings on the inhalation
toxicity of graphene-family nanomaterials. Moreover, bearing in mind that the surface properties of GNs
have been masked by adsorbed PS molecules, the newly formed structure may act like a corona that influ-
ences the biological identity of GNs. Therefore, anyone either evaluating inhalation toxicity or promoting
biomedical applications of GNs should consider the first contact with PS at the air-water interface in alveoli.

Graphene-family nanomaterials display novel properties that endow them with promising applications in science and technology. However, the increasing

use of graphene also causes a general biosafety concern. As a portal of entry, the human lung can easily be accessed by graphene nanosheets (GNs). Once
inhaled, a large portion of GNs get deposited in the alveoli where a thin pulmonary surfactant (PS) layer acts as the first barrier against GNs entering the
deep lung. As an effort to understand the inhalation toxicity of GNs, we studied the interactions between GNs and the PS layer using molecular dynamics

(MD) simulation. Our central finding is that GNs suspended in alveoli show size-, oxidation- and curvature-dependent performance on extracting PS mole-

cules to form inverse micelles on GN surfaces. Two-fold environmental significances can be reflected. First, the inhalation toxicity of GNs could be derived
from PS extraction, which induces severe PS depletion and biophysical inhibition. Second, the PS extraction represents the initial nano-bio interaction for
GNs upon entering the alveoli, and the formed structures act like a corona that certainly influences the subsequent fate of GNs in the lungs.

Introduction

Nanotechnology has been widely applied in different areas of
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ity of NPs require a complete understanding of their interactions
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with living organisms.” Once inside the body, NPs, on account
of their small size and high surface free energy, can immediately
adsorb biomolecules to form the so-called corona,'® which is be-
lieved to mask the physicochemical properties of NPs and
change their biological identity to a large extent."' Therefore,
studies of nano-bio interactions should consider the influence
of the corona.””"® In general, the detailed organization and
compositions of the corona are determined by the properties of
NPs,""'* but also dependent on which biological fluid NPs first
encounter upon entering the biological system. Specifically, NPs
entering the body via pulmonary inhalation get through the re-
spiratory tract to reach the alveolar surface and first interact
with a thin pulmonary surfactant (PS) layer. The natural PS is
composed of approximately 90% lipids and 10% proteins in
weight and plays a dual role in reducing the surface tension and
acting as the first barrier against inhaled NPs or pathogens en-
tering the deep lung.'® The detailed interactions of inhaled NPs
with the PS layer are expected to influence their subsequent fate
and toxicity."*"® Recently, Hu et al. simulated formation of the
PS corona on two spherical NPs in alveolar fluid."® Other NPs
were found to reside in, suspend above, or aggregate in the PS
layer,*>* thus taking much more time to penetrate through it.
In this context, we hypothesize that both corona formation and
NP invasion should start upon first contact with the PS located
at the alveolar air-water interface.

Graphene is an emerging two-dimensional NP with a sin-
gle layer of carbon atoms.** It has fascinating mechanical,
electrical, optical and thermal properties, which make it a de-
sirable material for a wide range of applications, including
solar cells,” light-emitting diodes,*® bioimaging and drug de-
livery.”” In spite of its excellent performance and wide poten-
tial applications, the toxicity of graphene has been extensively
debated.*®*° Here we used coarse-grained molecular dynam-
ics (CGMD) simulation to study the interactions between
graphene nanosheets (GNs) and the PS layer. A central find-
ing is that under certain conditions of GN suspension and
slow PS layer translocation,””*" PS molecules can be sponta-
neously extracted from the PS layer and made to form inverse
micelles stably adsorbed onto the GN surfaces. Two-fold im-
plications of this finding can be considered. First, both
in vivo and in vitro experiments have reported the inhalation
toxicity of GN-based nanomaterials, while the underlying
mechanisms still remain elusive.*® Our simulations suggest
that the inhalation toxicity of GNs could be derived from PS
extraction, which induces severe PS depletion and biophysi-
cal inhibition. Second, extraction of PS molecules by
suspended GNs represents the initial nano-bio interaction
upon entering the alveoli, and the newly formed structures
can be regarded as a corona that certainly influences the sub-
sequent fate of GNs in the lungs.

Experimental
Models and system setup

To simulate the GN-PS interactions in adequate temporal and
spatial scales, we adopted the widely used MARTINI CG force
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field.>* The system setup included a water slab in vacuum
with two symmetric PS layers at the two air-water interfaces
(Fig. 1a). Each PS layer contained 2266 dipalmitoylphospha-
tidylcholine (DPPC), 704 palmitoyloleoylphosphatidylglycerol
(POPG) and 704 cholesterol molecules (Fig. 1b). Two types of
hydrophobic PS-associated proteins, including 13 SP-B and 13
SP-C, were included in the PS system (Fig. 1b). The middle fluid
contains 238 858 water beads and 1148 Na' ions to neutralize
the system. CG models for both proteins were derived from
their all-atom models in the protein data bank. Mini-B (PDB
ID: 2DWF) is a 34-residue peptide composed of the C- and
N-terminal helical regions of the full-length 79-residue SP-B. It
has been shown that Mini-B retains major properties of the
full-length SP-B.>* The SP-C model (PDB ID: 1SPF) has two
palmitoyl tails that are critical for its chemical properties.**

In the CG model of GN, the honeycomb atomic structure
was reduced to a triangular lattice of SC4-type beads, where
every three carbons in the all-atom GN were modeled as one
bead (Fig. 1c).*® The angular force constant and the equilib-
rium angle are xange = 700 keal mol™ rad ? and 6 = 60°, re-
spectively. The bond force constant and equilibrium bond
length are xpong = 700 keal mol ™ and 7 = 0.3684 nm, respec-
tively. The dihedral angle force constant, multiplicity and
equilibrium angle are «, = 3.1 keal mol™, n = 2 and J = 180°,
respectively. To study the influence of oxidation ratio of GNs
on the PS extraction, a defined number of beads were ran-
domly selected and replaced with the hydrophilic Nda type
beads. We also prepared GNs with defined curvature to ex-
plore the effect on PS extraction.

Process of the CGMD simulations

Our simulations were based on the fact that high inhalation
concentration of GNs could lead to a portion of them being
suspended in the alveolar cavity, thus having a high probabil-
ity to obtain contact with and extract PS molecules. Before
simulations of GN-PS interactions, the PS layer system was
equilibrated under four different surface tensions of 10 mN
m™, 20 mN m™, 30 mN m™* and 40 mN m™". Fig. S11 shows
evolutions of the PS layer area under different tensions. After
that, two identical GNs were placed above and below the two
symmetric PS layers in the simulation box. The initial sus-
pension distance from the layer was found to not critically af-
fect the simulation results. After multiple simulations, we
found that a slight initial contact between the proximal edge
of GNs and the PS layer always led to the spontaneous extrac-
tion of PS molecules. To maintain suspension of GNs above
and below the PS layers, the distal edges were frozen during
the whole simulation process.**® If GN edges were freed,
the rectangular GNs were found to lie down and finally ad-
here onto the PS layer, similar to our previous simulation re-
sults (data not shown).>"

All simulations were performed with constant particle
number, PS layer tension and temperature. The surface ten-
sion, which is given by the formula y,, = (P, - Py)L,/2, was
kept constant using the semi-isotropic Berendsen barostat
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Fig. 1 Coarse-grained models and simulation system setup. (a) the complex PS layer model; (b) lipid and protein models used in our simulations;
(c) models for graphene nanosheet, graphene oxide and curved graphene with different curvatures.

with a coupling constant of 7 = 4 ps. The system compress-
ibility was set to be 5 x 107> bar™* in the x-y plane and 0 in
the z-direction. The temperature was maintained at 310 K by
Berendsen coupling with a coupling constant of 7z = 1 ps. Pe-
riodic boundary conditions were applied in all three direc-
tions. The time step of simulations was 20 fs, and the neigh-
bor list was updated every 10 steps. All simulations were
performed using GROMACS 4.6.7.%° Snapshots were rendered
by VMD.*°

Results and discussion

Kinetics for extracting PS molecules to form inverse micelles
on GN surfaces

For the initial simulation, a rectangular GN with a lateral size
of 36.8 nm X 9.2 nm was positioned vertically with its proxi-
mal short edge in close contact with the PS layer. Surface ten-
sion of the PS layer was fixed to 30 mN m™" to model the in-
halation condition, under which the layer was expanded."®
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Fig. 2 Kinetics of the PS extraction by GN. (a) Time sequence of typical snapshots showing the extraction process. (b) Time evolutions of the
extraction number and the interaction energy between GN and PS molecules. (c) The final configuration with the local enlarged structure
illustrating the inverse micellar structure formed by extracted PS molecules adsorbing onto the GN surface.
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One typical simulated extraction event is depicted in Fig. 2a
(the dynamic process of extraction can be found in Video S1
of the ESI}). It is clear that adjacent PS molecules started to
be extracted upon contacting the suspended GNs. In the early
stage, the extracted PS molecules stacked loosely on the
GN surface. As more PS molecules were extracted, previously
extracted molecules were repelled upwards to form a more
compact PS arrangement. Fig. 2b shows evolutions of the ex-
traction number and the GN-PS interaction energy. Clearly,
the extraction number first increased rapidly from zero to
about 1500, then increased at a slower rate to the final value
of 2000, and finally stayed nearly unchanged in the rest of
the simulation, suggesting that the whole process can
roughly be divided into the rapid extracting and the slow
rearranging stages. We observed a corresponding decrease of
the GN-PS interaction energy, showing that the rapid extrac-
tion is driven by the favorable GN-PS adhesive interactions.
Moreover, different types of PS molecules were found to

12 ns

36 ns
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interact with GNs in different strengths (Fig. S27). Specifi-
cally, similar binding strengths were obtained for DPPC and
POPG molecules, whereas the lower value was for the choles-
terol molecule, indicating that GNs could preferentially ex-
tract DPPC and POPG molecules rather than cholesterol mol-
ecules. A local enlarged ultrastructure is displayed in Fig. 2c,
showing that the PS molecules rearranged themselves to form
inverse micellar structures where the polar headgroups were
centralized with tails scattering to maximize interactions with
the GN.

We focused on how the extracted PS molecules rearrange
themselves to form the final inverse micellar structures on
the GN surfaces. By tracing formation of each inverse micelle
during the simulation, we identified three typical pathways,
depending on the onset time of PS extraction. For the PS mol-
ecules extracted in the early stage (Fig. 3a), they first distrib-
uted dispersively on the GN surface (8-12 ns). As more mole-
cules were extracted, they were repelled upwards to occupy a

16 ns

51ns 130 ns 150 ns

Fig. 3 Three typical pathways of the inverse micelle assembly for extracted PS molecules, depending on the onset time of extraction: early stage

(a), middle stage (b) and late stage (c).
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more crowded space (16 ns). To create space for subsequent
extraction, they gradually approached each other to form the
final inverse micellar structure (47 ns). Fig. 3b shows the sec-
ond pathway for the PS molecules being extracted in the mid-
dle stage. At t = 12 ns, these molecules started to climb the
GN surface and rapidly formed several small inverse micelles
due to existing PS molecules that made the GN surface
crowded. Subsequently, these small inverse micelles fused
with each other as they were further repelled by newly
extracted PS molecules. For the PS molecules being extracted
in the late stage, there was no space for them to further
climb the GN surface. They thus remained at the bottom of
the GN surface, locally rearranging themselves to form a large
inverse micelle (Fig. 3c).

Effect of PS layer tension on extraction

In cycles of respiration, the PS layer tension varies from tens
mN m™' to near zero, during which transitions between
liquid-expanded and liquid-condensed phases occur repeat-
edly.*" Thermodynamically, the extraction of PS molecules is
driven by favorable adhesive interactions with GNs, but hin-
dered by PS-PS interactions inside the layer. It was expected
that the PS extraction could be affected by changing the PS
layer tension due to the change in intralayer PS-PS interac-
tions. Before introducing GNs, we first equilibrated the PS
layer under different tensions of 10 mN m™*, 20 mN m™, 30
mN m ™ and 40 mN m™, respectively (Fig. $11). Then we sim-
ulated the PS extraction by GNs under different tensions. As
expected, more PS molecules were extracted by GN under
lower surface tension (Fig. 4). The evolutions of GN-PS inter-
action energy under different tensions were also provided
(Fig. S3t), further verifying that the tension effect on PS ex-
traction is energetically relevant. Even SP-C proteins could be
extracted and stably attached on the GN surface under lower
tension of 10 mN m™ (Fig. $4f). In contrast, the PS extrac-
tion was suppressed by increasing the PS layer tension,
reflected by an obvious decrease of the extraction number
(Fig. 4). Moreover, the PS layer underwent rupture once a
number of PS molecules were extracted under a higher ten-
sion of 40 mN m™" (inset of Fig. 4; for the dynamic process,
see Video S2f). Our simulations indicate that PS extraction
can induce severe depletion from the layer and cause me-
chanical inhibition and ultrastructure perturbation, as has
been experimentally observed when placing GNs on cellular
membranes.*®

Effects of GN size and oxidation ratio on extraction

Among physicochemical properties of GNs, both size and oxi-
dation ratio should have profound effects on the PS extrac-
tion. For the size effect, three GNs with the same width (D =
9.2 nm) but different lengths (L = 18.42 nm, 27.63 nm and
36.84 nm) were compared for their interactions with the PS
layer. To increase the statistical quality, three independent
simulations were performed for each GN size. The PS layer
tension was fixed to 30 mN m™, and the results are displayed
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Fig. 4 Effect of the PS layer tension on extraction of PS molecules by
GN. Four different tensions of 10 mN m™, 20 mN m™, 30 mN m™ and
40 mN m™, were used to compare evolutions of the extraction
number. The insert shows a local enlarged structure of PS layer
rupture under a tension of 40 mN m™.

in Fig. 5a. Simply, the final average extraction number in-
creased roughly linearly with the GN size. No obvious change
of the PS arrangement (inverse micelle) was observed for GNs
with different sizes (Fig. S5t), except that shorter GNs
reached the extraction saturation earlier than longer ones
(Fig. S6atf). Our results suggest that larger GNs might be
more toxic due to the more acute PS depletion, which is in
line with previous in vitro experimental results. For example,
using a constrained drop surfactometer method, Valle et al.
have measured a higher PS inhibition by larger suspended
graphenes.*?
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Fig. 5 Effects of GN size and GN oxidation ratio on the PS extraction.
(@) The final extraction numbers for GNs with the same width of 9.2
nm but different lengths. (b) The final extraction numbers for GNs with
the same lateral size (9.2 nm x 36.8 nm) but different oxidation ratios.
The PS layer tension was fixed at 30 mN m™. Under each condition,
three independent simulations were performed.
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Graphene oxide (GO) is a derivative of graphene containing
different levels of reactive oxygen functional groups. It has
attracted substantial interest due to its advantages for many
biological applications such as drug delivery, diagnostics and
bioimaging.** Accordingly, the risk of human exposure to GO
has been increasing and generating a general biosafety con-
cern. Here, we studied PS extraction by GNs with different oxi-
dation ratios. The average extraction numbers as a function of
the GN oxidation ratio are given in Fig. 5b. It is clear that PS ex-
traction can be retarded by increasing the oxidation ratio, fur-
ther infering that the driving force for extraction is derived
from adhesive interactions between PS tails and GN surface.
Moreover, the inverse micellar structures of PS molecules were
perturbed by increasing the oxidation ratio. For the randomly
oxidized GNs, the extracted PS molecules rearranged their polar
headgroups in contact with the oxidized region, leaving their
tails covering the non-oxidized region (Fig. 6). Specifically for
the GN with 100% oxidation, almost no PS molecules were
extracted during the simulation (Fig. 5b and S6bt). Note that
there have been both cell and mice experiments reporting acute
lung injury and pulmonary fibrosis induced by inhaled GOs.***
Along this line, our simulations suggest that the inhalation tox-
icity of GOs might not derive from the PS extraction, but may be
ascribed to other mechanisms. For example, Chang et al. and
Mittal et al. both reported that GOs can be internalized by hu-
man lung cells (A549) and induce oxidative stress mediated cyto-
toxicity.*>*” When incubated with 10% fetal bovine serum, the
concentration-dependent toxicity of GOs could be largely attenu-
ated.” More recently, Zhu et al. found that GOs can induce
plasma injuries and cytoskeletal damages by interacting with
integrin to perturb signal transduction, thus helping kill cancer
cells.”® The same research group also reported the size depen-
dence of GO in stimulating inflammatory responses in cells.*’

Role of GN curvature

Though considered one of the strongest materials ever tested,
monolayer GN can easily undergo deformation under external
shearing or pressing force.’® In our simulations, we observed
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a wrinkling in GNs when interacting with the PS layer. Intui-
tively, such GN deformation was explained as a result of
asymmetric forces exerted by PS molecules interacting with
two different GN surfaces. More importantly, the generated
GN curvature further led to the asynchronous extraction of
PS molecules by its two surfaces (Fig. S7af). That is, more PS
molecules were first rapidly extracted and climbed the GN
surface with a negative curvature, whereas the extraction by
the convex surface obviously lagged behind (Fig. S7bt). This
finding indicates the importance of GN curvature in PS
extraction.

To further understand the influence of GN curvature on
PS extraction, we prepared four GNs with the same lateral
size (36.8 nm x 9.2 nm) but different curvatures. To maintain
constant GN curvature during the simulations, each bead of
GNs was fixed. The final configurations are displayed in
Fig. 7a, in which the influence of GN curvature is evidenced.
Our simulations showed that the PS molecules were extracted
significantly by the GN surface having a negative curvature,
while almost no PS molecules were extracted by the convex
GN surface. Reminiscent of previous simulations on lipid ex-
traction by curved GNs from bacterial cell membranes,®" pre-
ferred PS extraction by the concave GN surface can similarly
be understood as a wetting process and is mainly driven by
the enthalpic interactions between PS molecules and the GN
surface. We should note that the PS extraction was somewhat
restrained by freezing the GN, suggesting the importance of
GN undulation in interacting with the PS molecules.

By further increasing the GN curvature (0.51 nm™), how-
ever, we observed a decrease in the extraction number
(Fig. 7b and c). Unlike the inverse micellar structures of PS
molecules adsorbing onto the flat and slight concave GN sur-
faces, PS molecules were found to form separate hollow
bicellar structures on the deeper concave GN surface. Com-
bining evolutions of the extraction number and time se-
quence of typical snapshots (Fig. 7b and 8a), the extraction
process seems to be stepwise. Especially in the late stage, the
PS extraction was blocked by a SP-C protein (Fig. 8b; for the
dynamic process, see Video S31). By artificially removing this

Fig. 6 The final configurations with local enlarged structures for PS extractions by GNs with different oxidation ratios, including 20%, 50%, 80%
and 100%, respectively. The GN lateral size is 9.2 nm x 36.8 nm, and the PS layer tension is 30 mN m™.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Effect of GN curvature on the PS extraction. (a) The final snapshots of PS extraction by four GNs with the same lateral size (9.2 nm x 36.8
nm) but different curvatures, including 0.0 nm™, 0.17 nm™, 0.34 nm™, and 0.51 nm™. (b) Time evolutions of extraction number on both concave
(solid lines) and convex (semi-transparent lines). (c) The final extraction number per GN surface area as a function of GN curvature. The purple
open square represents the result with removed SP-C protein which blocked the entrance of the semi-closed GN. The cyan line represents the re-

sults for GNs with decreased width of 5.5 nm.

protein from the layer, the final extraction number was in-
creased, but it was still less than that for the GN having a
smaller curvature (Fig. 7c). Another explanation of the de-
creased extraction is the hindered diffusion of PS molecules
from the bulk to the hemi-closed GN inner surface. To test it,
we fixed the curvature and decreased the GN width from 9.2
nm to 5.5 nm. In each case, the average extraction number
per GN surface area was decreased (Fig. 7c). Also, both in-
verse micellar and bicellar structures were perturbed by de-
creasing the GN width (Fig. S8t), albeit with no change of the
optimal GN curvature (0.34 cm™') for maximum extraction.
We speculate that increasing the GN curvature can enhance
adhesive interactions with PS molecules, but also affect the
PS assembly pattern, thus collectively modulating the extrac-
tion performance.

Thermodynamic analysis

We present a simple energetic analysis to thermodynamically
understand the spontaneous extraction of PS molecules by
GNs. First, a DPPC molecule was stably adsorbed onto the
flat, convex, and concave GN surfaces, respectively. Then a
spring force with a constant of 200 kJ mol™ nm™ was exerted
on COM of the lipid along the GN surface to pull it apart
from the GN at a slow rate of 0.01 nm ns". Evolutions of the

136 | Environ. Sci.: Nano, 2018, 5, 130-140

pulling force are given in Fig. S9a,f which illustrates the pre-
ferred adsorption of PS molecules on the concave GN surface.
Note that when a moving lipid was approaching the convex
GN rim, a sudden lipid flipping toward the opposite concave
surface was observed (Fig. S9bt), accompanied by a sudden
increase of the pulling force (Fig. S9at). After that, the evolu-
tion of the pulling force resembles that for the concave GN
surface. To compare PS extraction performance for the three
GN surfaces more accurately, we performed two more pulling
simulations for both flat and convex GN surfaces, in which
the spring force was exerted along the GN normal direction.
After that, we estimated the free energy change based on the
Jarzynski equality®® exp(—~AG/kT') = exp(—W /kT), where AG de-
notes the free energy change and W represents the work
exerted on the moving lipid. According to Fig. 9a, transfer-
ring a lipid from adsorbtion on the concave GN surface to
vacuum is more energetically unfavorable than from the flat
GN surface. In the other group, we observed a higher free en-
ergy increase for the flat GN surface than the convex one
(Fig. 9b). Combining the above simulation results, it is con-
vincing that PS molecules can spontaneously be extracted by
GNs, and this effect is further enhanced by GN surfaces hav-
ing negative curvature. In contrast, the convex GN surface
provides less adhesive interactions, thus having a lower PS
extraction performance.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 The detailed process of PS extraction by a highly curved GN (0.51 nm™). (a) Time sequence of typical snapshots from the side view. (b) The
local structures from the top view showing blocking of the GN entrance by a SP-C protein (white arrow).

PS depletion and mechanical inhibition

In vitro experiments showed that NPs with increasing hydro-
phobicity cause a higher degree of PS inhibition, likely due to
increased NP retention and PS depletion.>*>* The strong cor-
relation between NP hydrophobicity and pulmonary toxicity
was confirmed by subsequent in vivo experiments in mice.>®
Cell experiments also confirmed that phospholipids can be
extracted by hydrophobic GNs from bacterial cell mem-
branes, inducing serious membrane stress and significantly
reducing cell viability.’®*® Our simulations are in agreement
with those experiments, suggesting that PS extraction is prob-
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ably destructive and related to the inhalation toxicity of
graphene-based nanomaterials. To quantify how the
suspended GNs induce PS layer stress, we calculated the av-
erage PS layer area as a function of the PS layer tension
(Fig. 10a). For the pure PS layer system, the area increased
roughly linearly with the tension, with the area compressibil-
ity, defined as x = (1/4)(0A4/9y), estimated as less than 0.01 m
mN~, similar to that measured by in vitro exepriments using
the constrained drop surfactometer method.** After introduc-
ing the suspended GNs, PS molecules were extracted, caus-
ing a reduction of PS layer area under the same tensions. The
area reduction was more evident under lower tension due to
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Fig. 9 The estimated free energy changes as a function of distance between lipid and GNs. (a) System free energy changes along the surfaces of
both flat and concave GN surfaces. (b) System free energy changes along the normal direction of both flat and convex GN surfaces. All
calculations were based on the Jarzynski equality, in which the free energy change can be estimated as the exerted work on lipid when the

transfer rate is quite slow.
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the higher extent of PS extraction. Apparently, the PS layer
compressibility was increased. Note that the natural PS layer
should have very low compressibility contributing to lung re-
coil.” The increase in compressibility by suspended GNs is
thus an important criterion for evaluating biophysical inhibi-
tion of the PS. Our simulations suggest a new mechanism for
PS inhibition, that is, PS molecules can be extracted from the
layer by suspended GNs that cause severe PS depletion and
biophysical inhibition.

Under a higher tension of 40 mN m™, we observed a PS
layer rupture from interaction with GNs (Fig. 4 and Video
S27). Fig. 10b shows evolutions of the local lipid densities in
both adjacent and distant regions with respect to the GN in-
vasion site. At ¢ = 75 ns, the striking decrease of the local
lipid density shows the sudden layer rupture close to the GN.
A simultaneous slight increase of lipid density in the distant
region suggests a transient release of the layer stress. As the
simulation proceeded, the rupture rapidly expanded to the
whole region, reflected by a subsequent decrease of lipid den-
sity in the distant region. Correspondingly, the box lateral
size continued to increase under the high tension. We next
increased the GN size (36.8 nm x 18.4 nm) and found a PS
layer rupture under a lower tension of 30 mN m™ (Fig.
S10at). Even under a low tension of 10 mN m ™", local rupture
occurred around the GN, albeit with no rupture expansion
being observed (Fig. S10bt). Similar results were also ob-
served for larger curved GNs, where a hydrophilic pore was
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Fig. 10 Mechanical inhibition of the PS layer by GNs. (a) Average PS
layer area as a function of PS layer tension, with (red) and without
(black) suspended GNs. The missing value at 40 mN m™ in the
presence of GN is due to the PS layer rupture. (b) Time evolutions of
the local PS densities both adjacent to (black) and distant from (red)
the GN and the simulation box lateral size (blue).
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formed inside the GN cavity (Fig. S117). These findings sug-
gest that the PS layer integrity can be perturbed by GNs
through destructive PS extraction.

Generation of so-called PS corona

To date, numerous studies have highlighted the importance of
the corona that determines the biological identity of inhaled
NPs in interacting with the pulmonary system.'®*”*® By con-
trast, the mechanism of how the structure of PS corona is
formed still remains elusive, mainly due to the limited spatio-
temporal resolution for current experimental methods.”® Our
simulations can provide molecular insights into the formation
of PS corona on inhaled GNs. Since the PS layer forms the first
alveolar capillary barrier against inhaled particles, the PS co-
rona formation should start from the air-water interface
through interaction with the PS layer. In this context, the pre-
adsorption of PS molecules may play a role as the “precursor”
that further influences subsequent biomolecule adsorption to
form the final “hard” or “soft” corona layers.’”®! Very recently,
Hu et al. simulated formation of PS corona on spherical NPs in
the alveolar fluid,"® different from our findings simulated at
the air-water interface. To find whether and how the formed
structure evolves in the alveolar fluid, we transferred the GN-
PS complex into a water box. It was found that the preformed
inverse micellar structures shrank and transformed to micellar
structures with the hydrophobic PS tails shielded inside a shell
composed of PS headgroups (Fig. S12t). This structure mini-
mizes the system free energy by increasing interactions with
GN and preventing water molecules from contacting the PS tail
moities. Note that in real alveolar fluid, a variety of biomole-
cules, including PS molecules and PS-associated proteins, exist
to possibly interact with inhaled NPs. It is suggested by our
simulations that the final composition of the PS corona should
consider the pre-adsorption of PS molecules onto the NP sur-
face upon contact with the PS layer. Along this line, further in-
vestigations should be conducted in the future to elucidate
how the pre-formed structures influence subsequent adsorp-
tion of biomolecules to form the final corona structures.

Conclusions

In summary, we have presented the simulation investigation
on how inhaled GNs interact with the complex PS layer at the
air-water interface, mainly focusing on the spontaneous ex-
traction of PS molecules by suspended GNs. We demon-
strated that the vigorous extraction is driven by strong disper-
sive interactions between GNs and PS molecules. To
maximize interactions with GNs, the extracted PS molecules
cooperatively move and rearrange themselves to form inverse
micellar structures on the GN surfaces. By varying the GN
size, oxidation ratio and curvature, both the extraction perfor-
mance and assembly pattern can be significantly manipu-
lated. For curved GNs, only the concave surface can vigor-
ously extract PS molecules, while weaker or no extraction was
observed for the convex surface. The PS extraction mediated
by GNs is convincing according to our energetic analysis.
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Our simulations have implications for understanding both
inhalation toxicity of GN-family nanomaterials and formation
of PS corona structures. First, the inhalation toxicity of GNs
could derive from the destructive PS extraction that causes se-
vere depletion and biophysical inhibition of the PS. Even PS
layer rupture can be prompted by interaction with larger
GNs, suggesting the size-dependent inhalation toxicity of
GNs. Second, bearing in mind that the PS layer, located at
the air-water interface of lung alveoli, behaves as the first
barrier against inhaled particles, our findings imply that the
formation of so-called corona should start from the alveolar
air-water interface by extracting PS molecules and further in-
fluence the toxicity and subsequent fate of GNs in the lungs.
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