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The pulmonary surfactant monolayer (PSM) is a complex material lining the air—water interface of lung
alveoli to avoid its collapse by reducing surface tension. Once external particles are inhaled and captured
by the PSM, this property might be perturbed to induce inhalation toxicity. However, relatively little is
known regarding the detailed interaction between inhaled particles and the PSM. Here, by applying the
coarse-grained molecular dynamics simulation method, we probe how inhaled single-walled carbon
nanotubes (SWCNTSs) interact with the PSM. For pristine SWCNTSs, they are found to insert into or be
wrapped by the PSM, depending on the tube size and the PSM tension. For hydrophilic tubes, they
spontaneously translocate across the PSM, regardless of the tension. In contrast to SWCNTs with unique
surface properties, the surface patterning of SWCNTs enhances their perturbation on the PSM. Under
expansion, the PSM translocation is frustrated via inducing the ordered or disordered lipid arrangement
adhering to the patterned tube surface. Under compression, the lipid rearrangements further self-adjust
and grow into bilayers, which protrude along the tube surface and finally develop into vesicles. The
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1. Introduction

In the lungs, the branching airways end with small alveoli,
which are covered by a thin film of lung surfactant, called the
pulmonary surfactant monolayer (PSM)." Apart from host
defense, the major biophysical function of the PSM is to reduce
the tension of the air-water interface by 2D phase transition and
3D shape transformation.>” In particular, under deep expira-
tion, the PSM becomes unstable at the interface and collapses.
This is characterized by a loss of material from the interface and
can proceed through different pathways: lipid bilayer folding
and reconstruction via formation of higher ordered structures,
like vesicles, twisted ribbons and giant folds.® All these struc-
tures can be seen as lipid reservoirs which are crucial for
maintaining low surface tension by transferring material
between the monolayer and the reservoirs.”® This material
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determine whether and how the vesiculation takes place.

recycling is facilitated by the SP-B and SP-C proteins, which help
maintain the monolayer-reservoir connectivity.'>**

During respiration, external fine particles, especially the
nanoparticles (NPs), can be inhaled and first captured by the
PSM. It is expected that the detailed interactions of inhaled NPs
with the PSM influence their subsequent fate and, adversely,
cause severe PSM damage, which further leads to the enhanced
susceptibility to pathological conditions, like asthma, respira-
tory distress syndrome and pulmonary inflammation.™**
Having known how the PSM plays biophysical functions, it
becomes urgent to elucidate how the inhaled NPs perturb the
ultrastructure of the PSM and, especially, frustrate its normal
shape transformation.

Single-walled carbon nanotubes (SWCNTs) have attracted
considerable industrial attention due to their inimitable phys-
icochemical properties, which suggest possible applications in
different areas of science and technology.”>™® The large scale
production containing SWCNTs may lead to the environmental
release and the accidental exposure during manufacture, use, or
disposal of the products. Although inhalation of SWCNTs may
cause adverse impact,” relatively little is known about the
mechanism of their pulmonary entry, which is an important
consideration in the pulmonary nanodrug delivery.**~** Inspired
by above facts and considerations, it is thus of quite importance
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to systematically investigate the detailed interactions between
inhaled SWCNTs and the PSM.

In our previous study, we explored how the pristine SWCNT
size and PSM tension cooperate to modulate their interactions.
Four different interaction states, including the vertical inser-
tion, the PSM poration, the lipid extraction and the SWCNT
encapsulation, were identified. In practical applications,
however, SWCNTs may not have homogeneous surface proper-
ties but display distinct regular or irregular patterning. Or, it
can be designed to be patterning to improve the delivery effi-
ciency and reduce the side effects during translocation across
the cell membranes. It has been widely accepted that the
hydrophobicity of NPs, including the SWCNTs, plays critical
roles in their interactions with lipid membranes. For example,
Verma et al. investigated the cell membrane penetration of NPs
with three different surface structures.> They showed that the
NPs decorated with subnanometre striations of alternating
anionic and hydrophobic groups penetrate the membrane with
less bilayer disruption. For SWCNTs, similarly, it has been
experimentally observed that the surface functionalization of
SWCNTs can enhance their penetration through the cell
membrane.” This observation was confirmed by theoretical
investigations, which suggested that certain patterning of
SWCNTs can reduce the system free energy as they traverse
through the lipid bilayer.”® Based on the existing similar
researches,>*?® we surmise that both PSM translocation and
PSM perturbation of surface patterned SWCNTs should be
different to those of pristine SWCNTSs because of the ordered or
disordered arrangements of hydrophilic and hydrophobic
surface properties. In this work, we conducted the coarse-
grained molecular dynamics (CGMD) simulations to elucidate
how the surface patterning of SWCNTs influences their inter-
actions with the PSM, mainly focusing on the PSM perturbation
and the internalization pathway.

2. Models and simulation methods

2.1. PSM model

The composition of real PSM is quite complex. By weight, lipids
account for about 90% of the surfactant while proteins make up
the other 10%. Among the lipids, the most abundant compo-
nent is dipalmitoylphosphatidylcholine (DPPC), along with
a few other phosphatidylcholine (PC), phosphatidylglycerol (PG)
and cholesterol.>*° Four kinds of proteins, including SP-A, SP-
B, SP-C, and SP-D, are associated with the PSM and responsible
for different functions.**"*® In this work, we prepared the model
PSM by constructing two symmetric DPPC monolayers, each
consisting 5102 DPPC lipids, and 368 793 water particles in
total (Fig. S1at). The choice of DPPC is because it is the major
component of PSM and responsible for reduction of surface
tension in the lungs to near zero.**

2.2. SWCNT model

The honeycomb structure of SWCNT was reduced to a trian-
gular lattice structure, where every three carbons in the all-atom
SWCNT were modeled as one particle (Fig. Sibt). To
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systematically investigate the influence of surface patterning of
SWCNTs on their interactions with the PSM, four types of
nanotubes were prepared by varying both bead type and bead
arrangement: (1) hydrophobic (pristine) SWCNTs with C1 type
beads (C1 is the Martini parameter representing the hydro-
phobic property); (2) hydrophilic (oxidized) SWCNTs with Nda
type beads (Nda represents the hydrophilic property); (3) stripy
SWCNTs with alternating C1 and Nda type beads; (4) SWCNTs
with random distribution of C1 and Nda type beads. For the
stripy SWCNTs, both tangential and axial stripes were designed
for comparison. To maintain both the tubular structure and
normal mechanical property of SWCNTs, the angular force
constant and equilibrium angle along axial direction are kangic
= 700 keal mol™" rad™> and # = 60°. Along tangential direction,
the equilibrium angle is not constant but determined by the
tube diameter. The bond force constant and equilibrium bond
length are kpong = 700 kecal mol ' and I = 0.3684 nm. The
dihedral angle force constant, multiplicity, and equilibrium
angle are k,, = 3.1 k cal mol ', n = 2, and ¢ = 180°. The specific
CG model as well as parameters comes from the previous
simulation work of Titov et al., and has been successfully used
to simulate interaction between graphene nanosheets and lipid
bilayer and lipid monolayer.***¢

2.3. Simulation details

CGMD simulations were performed using the GROMACS soft-
ware package (v.4.6.7).”” The Martini force field was used for all
simulations.*® In all simulations, the SWCNTs were placed
initially in vacuum above the DPPC monolayer. After energy
minimization, CGMD simulations with constant particle
number, surface tension and temperature were performed. For
all non-bonded interactions, the standard cutoffs for the CG
force field were used: the Lennard-Jones potential was smoothly
shifted to zero between 0.9 nm and 1.2 nm to reduce the cutoff
noise, whereas the coulomb potential, with a cutoff of 1.2 nm,
was smoothly shifted to zero from 0 nm to 1.2 nm. Temperature
was kept at 310 K using the Berendsen weak coupling algorithm
with a time constant of 2.5 ps. The Berendsen algorithm was
applied for constant surface tension to imitate the inspiration
and expiration conditions. The system compressibility was set
to 5 x 107° bar ' in the lateral direction and 0 bar ' in the
normal direction. The neighboring list for non-bonded inter-
actions was updated every 10 steps. Snapshots of the simulation
system in the paper were rendered by VMD.*

3. Results and discussion

3.1. Pristine SWCNTs

We started our simulations to preliminarily examine how the
pristine SWCNTs interact with the PSM. To model different
respiration conditions, we fixed the surface tension to 30 mN
m " and 10 mN m ', respectively.***' MD simulations sug-
gested that the pristine SWCNTs can insert into, translocate
across or be wrapped by the PSM, depending on the tube size
and PSM tension. Specially, ultrashort SWCNTs with lengths
comparable to the monolayer thickness (L = 1.25 nm) were

This journal is © The Royal Society of Chemistry 2017
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found to vertically insert into the PSM, regardless of the PSM
tension (Fig. 1a and e). However, a slight increase of tube length
(L = 4.47 nm) caused distinct interaction pathways, depending
on the PSM tension. Under expansion (30 mN m '), the SWCNT
was found to insert into the PSM and opened a hydrophilic pore
via structural lipid rearrangement inside the tube (Fig. 1b).
Under compression (10 mN m™ '), strikingly, it was encapsu-
lated in PSM via shape transformation (Fig. 1f). For longer
SWCNTs (L = 14.04 nm), they anchored into the PSM under
expansion, being featured with the lipid extraction and the
inverse micelle assembly covering the tube surface (Fig. 1c and
d). Under compression, again, they can be wrapped by the PSM,
but with the final entry angle that was controlled by the tube
diameter (Fig. 1g and h).

3.2. Spontaneous translocation of hydrophilic SWCNTs
across the PSM

To understand how the hydrophobicity of a nanotube influ-
ences its interaction with the PSM, we set the SWCNT to be
hydrophilic by simply replacing the C1 type bead with Nda.
Similar with the spherical NPs,*»** nearly all the hydrophilic
nanotubes spontaneously translocated across the PSM, yet both
the translocation pathway and the accompanied PSM pertur-
bation were affected by the tube size and the PSM tension
(Fig. 2). Under expansion (30 mN m %), all the nanotubes were
found to translocate across the PSM, after which longer tubes
horizontally adhered on the monolayer-water interface (Fig. 2a
and b), while shorter ones maintained their vertical orientation
(Fig. 2c and d). No obvious PSM perturbation was observed
during the translocation process. Under compression (10 mN
m™ '), the translocation was occasionally accompanied with
complex shape transformation of the PSM (Fig. 2e-g). One
exception was for the ultrashort SWCNT which was trapped on
the monolayer-air interface without further translocation
(Fig. 2h). Note that the similar trapping behaviors of solid rod-
like NPs in PSM were reported recently by Lin et al.** As will be
discussed below, the failure of penetration was mainly ascribed
to the mild perturbation of PSM by ultrashort SWCNTs. Besides,
the denser lipid packing under PSM compression further
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restrained the opening of physical defect, thus hindering the
penetration of ultrashort SWCNTs through the PSM.

We choose the SWCNT with diameter of 3.52 nm and length of
14.04 nm to analyze a typical simulated translocation event under
PSM compression. MD simulations suggested that it was the high
aspect ratio of the SWCNT that facilitated its penetration through
the monolayer, similar to a ‘nanosyringe’, as has been experi-
mentally reported* and theoretically simulated* when interacting
with a lipid bilayer. Combining the typical snapshots (Fig. 3a—c),
the time evolution of interaction energy between tube and lipids
(Fig. 3d), and that of the tube orientation angle (Fig. 3e), we
describe the translocation mechanism by several successive stages.
The first stage was featured with random translation and rotation
of SWCNT before contact with the PSM. Once captured by PSM, the
landing was accomplished rapidly via a fast self-rotating, corre-
sponding to the first striking decrease of both the tube orientation
angle and the interaction energy (Fig. 3d and e). In this stage,
several lipids diffused into one mouth of the SWCNT (Fig. 3b), thus
generating a structural defect, from which the SWCNT slightly
tilted and rapidly acted as a ‘syringe’ to penetrate through the PSM
via the tip first mechanism.*** Simultaneously, lipid molecules
beneath the tube rearranged themselves to initiate a folding
transition. After translocation, this folding further grew under
compression and finally developed into a disc-like lipid aggregate,
with one tube mouth inserting into it (Fig. 3c). A similar shape
transformation of the PSM via interacting with spherical NPs has
been reported recently, where the SP-B proteins were found to
participate in it.** Compared with the well-organized shape trans-
formation of natural PSM under compression,* the passive bilayer
folding initiated by penetration of hydrophilic SWCNTs might be
adverse and inhibit the normal bio-function of the PSM.

For shorter hydrophilic nanotubes (D = 5.28 nm, L = 4.47
nm), they were found to directly translocate across the PSM
under expansion with no apparent PSM perturbation (Fig. 2c).
Under compression, however, a severe perturbation was
observed (Fig. 4a). After penetrating through PSM via a fast self-
rotating (Fig. 4b), similarly, a small protrusion was generated
and plugged into one tube mouth (¢ = 7 ns). Interestingly, the
protruding did not terminate but developed into a folding
bilayer, the growth of which drove further tube rotation from

Fig. 1 Size dependent PSM interaction of pristine SWCNTs under both expansion (a—d) and compression (e—h). The SWCNT size was L =
1.25nm,D=528 nm(aande); L=4.47nm, D =3.52nm (bandf); L =14.04nm,D =528 nm(cand g); and L =14.04 nm, D =176 nm (d and h).
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Fig. 2 Direct translocation of hydrophilic SWCNTSs across the PSM. Both diameters and lengths of SWCNTSs are: (a and e), D = 1.76 nm, L =
14.04 nm; (b and f), D = 3.52 nm, L = 14.04 nm; (cand g), D =528 nm, L = 4.47 nm; (d and h), D =5.28 nm, L = 1.28 nm. The PSM tension was
fixed to 30 mN m~t and 10 mN m~! to model both expansion (a—d) and compression (e—h) conditions.
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Fig. 3 (a) A typical simulated translocation event for a hydrophilic nanotube with diameter of 3.52 nm and length of 14.04 nm. (b) Instantaneous
configuration illustrating the local lipids that diffused into nanotube to open a structural defect, from which the penetration is initiated. (c) The
final configuration where lipids were set to be transparent to illustrate the anchorage of one tube mouth into the folding bilayer. (d) Time
evolution of tilt angle of SWCNT during translocation process. (e) Time evolution of interaction energy between SWCNT and lipids. The PSM
tension was fixed to 10 mN m™.
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Fig. 4 (a) A typical simulated translocation event of a hydrophilic SWCNT with diameter of 5.28 nm and length of 4.47 nm. (b) Time evolution of

tilt angle of SWCNT during translocation process. The PSM tension was fixed to 10 mN m™™,

horizontal back to the vertical orientation (Fig. 4b). Finally, the Besides the tube size effect, further extensive simulations
tube was partially wrapped, with two ends anchoring into the illuminated the importance of random entry angle in both
curved folding bilayer and the upper monolayer. translocation and PSM perturbation. We first take the SWCNT

Fig. 5 Final configurations of PSM interaction of SWCNTSs having tangential (a—d) and axial (e—h) stripes. Al SWCNTs have the same size of L =
14.04 nm and D = 5.28 nm. The stripe width was varied by changing the number of stripes: 2 (aand e), 4 (b and f), 8 (c and g) and 45 (d and h). The
PSM tension was fixed to 30 mN m~. Both top and side views of each configuration were provided for clarity.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 20851-20864 | 20855
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with size of L = 14.04 nm and D = 3.52 nm as an example. Our
repeat simulation revealed a distinct interaction pathway,
where the SWCNT directly penetrated through the PSM without
formation of the folding bilayer (Fig. S2at). By comparing the
evolutions of tube orientation angle (Fig. S2bt), we speculate
that it was the tilt angle of SWCNT being captured by the PSM
that influenced its subsequent translocation and accompanied
PSM perturbation. Specifically, larger tilt angle (close to vertical
orientation) of the SWCNT can facilitate its translocation since
it has the minimum contact area with lipids.>**” If the SWCNT is
captured by the PSM in a small tilt angle (close to horizontal
orientation), the large contact area would induce a severe lipid
rearrangement, which is requisite to the generation of folding
bilayer or a higher dimensional shape transformation. For
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shorter SWCNT (L = 4.47 nm), similarly, different interaction
pathways were observed (Fig. S31). Generally, once captured by
the PSM, it first flips on the monolayer surface to find or open
a defect to initiate the subsequent penetration (Fig. S3at).
Otherwise, the translocation is failed and the tube would be
trapped on the monolayer surface for a long time (Fig. S3b¥).
After translocation, both nature and extent of PSM perturbation
could also be different. Similarly, the PSM perturbation should
be reduced by increasing the entry angle of SWCNT. Though
a slight protruding event was initiated both inside and outside
the tube, interestingly, it rapidly recovered back to the mono-
layer, leaving the penetrated SWCNT standing with one mouth
embedding in the monolayer (Fig. S3ct).
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Fig. 6 PSM interaction of the SWCNT having two tangential stripes under compression. (a) Typical snapshots from both side and top views
revealing the interaction mechanism that featured with half wrapping and half translocation. (b) Time evolutions of lipid number contacting with
hydrophobic (red) and hydrophilic (black) segments of SWCNT. The inset shows the evolution of tilt angle of SWCNT. (c) Cross sectional view of
the final configuration. (d) Water beads inside the SWCNT. (e) Inner lipid arrangement of SWCNT. The SWCNT size was D = 5.28 nm and L =

14.04 nm. The PSM tension was fixed to 10 mN m™%,
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3.3. Surface patterning of SWCNTs frustrates their
translocation across the PSM under expansion

Above simulations have indicated that SWCNTs with the unique
surface properties interact with the PSM via mechanisms that
depend on the homogeneous surface hydrophobicity. While
hydrophilic tubes spontaneously translocate across the PSM,
hydrophobic tubes insert into, translocate across or are wrap-
ped by the PSM, depending on the tube size and the PSM
tension. Considering that the surface patterning of SWCNTs is
prevalent and can be easily generated in reality via both surface
self-assembly and covalent modification, we next investigate
how the surface patterning of SWCNTs affects their interactions
with the PSM. In fact, it has been observed that regular surface
patterning of SWCNTs can enhance their penetration through
a cell membrane,” and can reduce the membrane damage
compared with no or other types of modification.**?**** However,
the case should be different for the PSM system due to the
monolayer structure and striking asymmetry at the interface.
Here, we distinguished two types of stripes decorating the
tube surface. One is along tangential direction and the other is
along axial direction (Fig. S1bt). For each type, four SWCNTs
with the same size (L = 14.04 nm, D = 5.28 nm) but different
stripe widths were constructed. Surface tension of the PSM was
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fixed to 30 mN m ™' to model the expansion condition. The
equilibrium configurations from both top and side views are
given in Fig. 5, which shows that the PSM translocation of
SWCNTs was frustrated by surface patterning. For the SWCNT
having two tangential stripes, the interaction was featured with
a half wrapping and half translocation mechanism (Fig. 5a).”
While the hydrophilic segment directly translocated across the
PSM, the hydrophobic segment was wrapped by lipids to protect
it from water. To further decrease the interactive free energy,
several lipid molecules were extracted from the PSM and
formed inverse micelles covering the top surface of the tube.*
For SWCNTs having four stripes, similarly, the hydrophilic
stripes were immerged in water, leaving the hydrophobic parts
covered by lipid aggregates, thus trapping the tube at the
interface (Fig. 5b). Note that lipids adhering on the tube surface
organized regularly with tails arranging along axial direction
and heads facing towards the hydrophilic surface, so the
configuration was analogous to a ‘bilayer’ distribution. As we
further decreased the stripe width, the ‘monolayer’ rather than
the ‘bilayer’ lipid arrangement covering the patterned tube
surface was observed (Fig. 5c). The reduced order of lipid
arrangement further frustrated the PSM translocation. For
SWCNTs decorated with extremely narrow stripes, lipids were
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Fig. 7 PSM vesiculation via interacting with a SWCNT having four tangential stripes. (a) Typical snapshots showing the detailed vesiculation
pathway. (b) Time evolution of tilt angle of SWCNT. (c) Cross sectional view of the final configuration revealing that two hydrophobic bands

anchored themselves into the bilayer walls to stabilize the vesicle.
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further confused and the assembly was more like a banded
micelle, with tails arranging along the tangential direction
(Fig. 5d). The final configurations for axial striped SWCNTs
show the similar results that ordered or disordered lipid
arrangement adhering on the patterned tube surface frustrated
the translocation (Fig. 5e-h).

3.4. Surface patterning of SWCNTs causes bilayer
vesiculation of the PSM under compression

Consider then what is different under compression. It has been
known that PSM undergoes well-organized 2D phase transition
or 3D shape transformation, like bilayer folding and twisting, to
maintain low tension at the air-water interface. Based on the

a
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above results, we surmise that the normal shape transformation
of the PSM under deep compression might be perturbed by
interacting with surface patterned SWCNTs. Here, by varying
the stripe width, a general interaction mechanism featured with
inserting, rotating and lipid protruding, was identified. Strik-
ingly, different stripe widths and stripe orientations, among
other factors, were found to generate entirely different
configurations.

We first look the SWCNT having two tangential stripes
(Fig. 6). Multiple repeat simulations showed that the hydro-
phobic segment of SWCNT first contacted with and inserted
into the PSM, leaving the hydrophilic segment lagged behind
and temporarily exposed in vacuum (Fig. 6a). Several lipid
molecules were extracted from the PSM and formed inverse
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Fig. 8 PSM vesiculation via interacting with a SWCNT having 27 tangential pin-stripes. (a) Typical snapshots showing the detailed vesiculation
pathway. (b) Time evolution of tilt angle of SWCNT. The inset shows the evolution of order parameter of lipids that adjacent to the tube surface.
(c) Cross sectional view of the final configuration where the SWCNT anchored itself into the inner leaflet of the vesicle bilayer. Water molecules

inside the vesicle were displayed for clarity.
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micelles covering the top hydrophobic surface, like that under
expansion condition (Fig. 5a). Under compression, the mono-
layer bent downwards to wrap the hydrophobic segment, thus
dragging the hydrophilic part to get contact with lipid tails and
generated unfavorable interactions (Fig. 6b). Shortly, it opened
a structural defect from which the translocation occurred via
a fast tube self-rotating (Fig. 6b inset). As the hydrophobic
segment being wrapped by the PSM moved downwards under
compression, the hydrophilic segment detached from the PSM,
corresponding to a decrease of contact number between
hydrophilic tube surface and lipids (Fig. 6b). Finally, the
composite reached equilibrium with the steady tube orientation
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angle of 50° (Fig. 6b, inset). In Fig. 6¢, we provide the cross
sectional view to illustrate the novel configuration of half
wrapping and half translocation. A short bilayer neck was
formed to connect the SWCNT with the upper monolayer. The
cavity of the hydrophilic segment was filled with water mole-
cules (Fig. 6d), while the inner surface of the hydrophobic
segment was attached with lipids by forming an inverse micelle
configuration with a small water cluster encapsulated (Fig. 6d
and e).

For the SWCNT having four tangential stripes, it followed
a similar mechanism interacting with the PSM, but the final
configuration was more like a vesicle. We describe in Fig. 7a
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Fig.9 PSM vesiculation via interacting with a SWCNT having two axial stripes. (a) Typical snapshots. (b) Time evolution of tilt angle of SWCNT. (c)
Cross sectional view of the final configuration. The rolling behavior was denoted by the black arrow in (a) and further verified by evolution of tube

angle along axial direction, given in inset of (b).
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a typical simulated vesiculation event of the PSM by interacting
with a striped SWCNT. More detailed process can be found in
Video S1.f After penetrating through the monolayer, two
hydrophilic segments of the SWCNT were immerged in water,
while the other two hydrophobic segments were covered by
lipids via forming two regular ring-like aggregates. Under PSM
compression, the lipid aggregates kept protruding and devel-
oped into two bilayer patches, which fused with each other to
finally construct a vesicle. The time evolution of the orientation

View Article Online

Paper

angle of SWCNT is given in Fig. 7b. It indicates that the self-
rotating of SWCNT can facilitate both early translocation and
late bilayer protruding to accomplish the PSM vesiculation. The
cross sectional view of the final configuration shows that the
SWCNT embedded its hydrophobic segments in two bilayers of
the vesicle to stabilize it by playing a role like scaffolding
(Fig. 7c).

As we further decreased the stripe width, a different vesicu-
lation pathway was observed (Video S2). Compared with the

0O ns 4 ns

10 ns 40 ns

50 ns 90 ns

110 ns 125 ns

150 ns 200 ns

(2]

220 ns 250 ns

Tilt angle (degree)

0 50000 100000 150000 200000 250000
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Fig. 10 PSM vesiculation via interacting with a SWCNT having six axial stripes. (a) Typical snapshots. (b) Cross sectional view of the final

configuration. (c) Time evolution of tilt angle of SWCNT.
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Fig. 11 Failure of PSM vesiculation by interacting with a SWCNT having 8 axial stripes. The shrinking of two bilayer protrusions covering the

hydrophobic stripes was denoted by three black arrows.

SWCNTs having wider stripes, the pin-stripe of the SWCNT made
it frequent alternating of hydrophobicity along axial direction.
This configuration hindered adjacent lipids from forming
ordered arrangement adhering on the tube surface. Nevertheless,
the first stage of entry followed a wrapping-rotating mechanism
(Fig. 8a and b, ¢ < 75 ns), which has been observed for pristine
SWCNTs and other rod-like NPs (Fig. S21).>**¢ In the process of
tube rotating, two bilayer protrusions appeared, with the SWCNT
standing and embedding in the bilayer junction.”” Under further
compression, the two protrusions gradually grew along tube
tangential direction and fused to generate a vesicle. Interestingly,
by calculating the order parameter of lipids that were adjacent to
the SWCNT (Fig. 8b, inset), a self-adjustment of lipid arrange-
ment was observed and expected to facilitate both wrapping and
vesiculation. The final vesicle configuration from cross sectional
view clearly shows that the vesicle was filled with water molecules
and stabilized by embedding the SWCNT into the inner vesicle
leaflet (Fig. 8c).

Besides the stripe width, further MD simulations showed
equal importance of the stripe orientation of SWCNTs that
influences their interactions with the PSM. We look the SWCNT
having two axial stripes. To our surprise, it triggered PSM
vesiculation (Fig. 9, Video S3t), which was not observed for the
SWCNT having two tangential stripes (Fig. 6). Once captured by
the PSM, the SWCNT first tilted and behaved as a ‘syringe’ to
penetrate through the PSM (Fig. 9a and b, ¢ < 18 ns). Only the
hydrophobic side was covered by a lipid aggregate, which was
connected via a bilayer neck with the upper monolayer (Fig. 9a).
Shortly, a reverse rotation towards horizontal orientation was
observed to reduce the wrapping asymmetry (Fig. 9b). More
interestingly, the covering lipid aggregate was found to grow
together with the neck to roll up and encapsulate the SWCNT.
The rolling behavior was clarified by evolution of tube angle
along its axial direction (Fig. 9b, inset). Finally, a bilayer vesicle
was formed with the hydrophobic side of SWCNT anchoring in
bilayer and the hydrophilic side facing the inner water phase
(Fig. 9¢).

To prove the importance of tube rotation, we performed one
restrained simulation. The configuration of SWCNT with two
axial stripes at ¢ = 18 ns was chosen as the initial structure
(Fig. S4t). During the simulation the SWCNT was fixed along x

This journal is © The Royal Society of Chemistry 2017

and y directions but free along z direction. The aim was to
restrain the SWCNT from rotating during translocation. As ex-
pected, no vesiculation of the PSM was observed. Instead, the
SWCNT kept moving downwards, with the hydrophobic surface
being covered by lipids and hydrophilic surface exposed in
water (Fig. S47).

For the SWCNT having six axial stripes, a similar vesiculation
event by the mechanism featured with penetrating, rotating and
protruding was observed (Fig. 10, Video S41), confirming the
robustness of PSM vesiculation by interacting with the surface
patterned SWCNTs. As we further decreased the axial stripe
width, surprisingly, no vesiculation was observed (Fig. 11). We
ascribe the failure of vesiculation to the negative mismatch
between the hydrophobic stripe width and the bilayer thick-
ness. That is the lipid aggregate covering the hydrophobic
stripes has to shrink to avoid its contact with adjacent hydro-
philic stripes, thus disconnecting it from the upper monolayer.
Therefore, further bilayer protruding, which is requisite to
vesiculation, was inhibited by cutting off the lipid sources.

At last, we ended our simulations to probe the PSM inter-
action of SWCNTs having random surface patterning. By
varying the ratio of hydrophobicity of SWCNTs, MD simulations
showed that PSM vesiculation could occur only by interacting
with SWCNTs having lower hydrophobic ratios (Fig. S51). Both
the pathway and the mechanism are similar with that of the pin-
striped SWCNTs (Fig. 8), where lipids adjusted their arrange-
ment adhering on the tube surface and formed lipid bilayers,
the growth of which finally developed into a vesicle. Higher ratio
made it more hydrophobic and thus behaved like a pristine
nanotube and was finally wrapped in the folding bilayer (Fig. S6
and 77).

4. Conclusions

In summary, we have presented the simulation study to uncover
the pivotal role of surface patterning of single-walled carbon
nanotubes (SWCNTs) interacting with the pulmonary surfactant
monolayer (PSM). For SWCNTs having unique surface proper-
ties, our simulations revealed direct translocation, vertical
insertion, PSM poration and encapsulation events, together
with the PSM perturbation that depends on the SWCNT size,
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Scheme 1 Summary of the interactions between surface patterned SWCNTs and the PSM under compression, illustrating the importance of

both stripe width and stripe orientation.

homogeneous surface hydrophobicity and the PSM tension. For
SWCNTs with surface patterning, we observed enhanced PSM
perturbation. Under expansion, the PSM translocation was strik-
ingly frustrated via inducing ordered or disordered lipid arrange-
ments covering the patterned tube surface. Under compression,
the lipid aggregates adjusted themselves to form bilayer protru-
sions, the growth of which finally developed into vesicles.

As shown in Scheme 1, both stripe width and stripe orien-
tation can influence whether and in what pathway the vesicu-
lation takes place. For the SWCNTs having two tangential
stripes, it interacts with the PSM via a mechanism that is
featured with half wrapping and half translocation (Scheme 1a).
Decrease of the stripe width can induce PSM vesiculation and
stabilizes it by anchoring the hydrophobic bands in the vesicle
bilayer walls (Scheme 1b). Further decrease of the stripe width
still triggers vesiculation, yet higher extents of lipid rearrange-
ment and self-adjustment are required (Scheme 1c). For axial
striped SWCNTSs, only wider stripes could induce vesiculation
(Scheme 1d and e). If the hydrophobic stripe width is smaller
than the bilayer thickness, the final composite is stabilized by
two shrinking micelles adhering on the hydrophobic stripes
with no further protruding and vesiculation (Scheme 1f).

Though the regular surface patterning of SWCNTs was found
to enhance their penetration through a lipid bilayer* and

20862 | RSC Adv., 2017, 7, 20851-20864

reduce the membrane damage,”?® our simulations have
revealed an opposite behavior in the monolayer system. That is
the PSM perturbation is enhanced by surface patterning of
SWCNTs. Apart from the frustrated translocation under
expansion, surface patterning of SWCNTs could trigger PSM
vesiculation under compression. Both behaviors adversely
disturb the organized shape transformation of natural PSM and
inhibit its normal biophysical functions. Recent experiments by
Valle et al. showed that the inhaled carbon nanotubes can
induce a concentration-dependent PSM inhibition under
physiologically relevant conditions.”® Our simulations thus
provide the molecular view of biophysical inhibition of PSM by
inhaled SWCNTs with different surface properties. Therefore,
our results can help reveal the inhalation toxicity of SWCNTs
and, on the positive side, provide guidelines to design func-
tionalized SWCNTs for use as vehicles in the pulmonary nano-
drug delivery.
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