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Perturbation of the pulmonary surfactant monolayer by
single-walled carbon nanotubes: a molecular dynamics study

The large scale synthesis of single-walled carbon nanotubes
(SWCNTSs) has put human health at high risk. In this work, by using
the molecular dynamics simulation method, how the diameter
and length of inhaled SWCNTs critically regulate their interactions
with the pulmonary surfactant monolayer was demonstrated.
These advanced results could help reveal the inhalation toxicity
of SWCNTs, and pave the way for the safe use of SWCNTs as
vehicles for pulmonary drug delivery.
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Introduction

Perturbation of the pulmonary surfactant
monolayer by single-walled carbon nanotubes:
a molecular dynamics study+

Yan Xu,? Zhen Luo,? Shixin Li,2 Weiguo Li,° Xianren Zhang, © € Yi Y. Zuo,®
Fang Huang?® and Tongtao Yue @ *2

Single-walled carbon nanotubes (SWCNTs) are at present synthesized on a large scale with a variety of
applications. The increasing likelihood of exposure to SWCNTs, however, puts human health at a high risk.
As the front line of the innate host defense system, the pulmonary surfactant monolayer (PSM) at the air—
water interface of the lungs interacts with the inhaled SWCNTSs, which in turn inevitably perturb the ultra-
structure of the PSM and affect its biophysical functions. Here, using molecular dynamics simulations, we
demonstrate how the diameter and length of SWCNTSs critically regulate their interactions with the PSM.
Compared to their diameters, the inhalation toxicity of SWCNTs was found to be largely affected by their
lengths. Short SWCNTSs with lengths comparable to the monolayer thickness are found to vertically insert
into the PSM with no indication of translocation, possibly leading to accumulation of SWCNTSs in the PSM
with prolonged retention and increased inflammation potentials. The perturbation also comes from the
forming water pores across the PSM. Longer SWCNTSs are found to horizontally insert into the PSM during
inspiration, and they can be wrapped by the PSM during deep expiration via a tube diameter-dependent
self-rotation. The potential toxicity of longer SWCNTs comes from severe lipid depletion and the PSM-
rigidifying effect. Our findings could help reveal the inhalation toxicity of SWCNTSs, and pave the way for
the safe use of SWCNTSs as vehicles for pulmonary drug delivery.

biomedicine,*® such as biomedical imaging’® and drug

delivery."**?

Single-walled carbon nanotubes (SWCNTs) display a number
of unique properties which render them with potential appli-
cations in different areas of science and technology.'
Currently, the worldwide production of SWCNTs is on the
scale of several thousands of tons per year.> The ever-increas-
ing demand for SWCNTs, however, increases the risk of
human inhalation, especially for people who work with
them.> On the positive side, SWCNTs have been used in
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SWCNTs have been investigated in the past few decades
from the aspects of reducing the toxicity and promoting bio-
medical applications,"*™® both of which require a systematic
understanding of the interaction between SWCNTs and a
variety of biomolecules.'®?° The intensive study of SWCNT-
membrane interaction provides information on both cell
internalization and perturbation on cell membranes.*’” In
addition, interacting with SWCNTs may change both the struc-
ture and activity of proteins.*®**? Both the size and surface pro-
perties of SWCNTs were found to be important in affecting
their interactions with biomolecules.>**”*°

Among all possible portals, the human lung can be easily
accessed by SWCNTs due to its specific properties, e.g., its thin
epithelial barrier and large surface area.*’ Recently, SWCNTs
were discovered in the bronchoalveolar lavage of asthmatic
children.’® Once inhaled, a large portion of the SWCNTs can
reach the alveolar surface. The air-water interface of alveoli is
covered by a thin pulmonary surfactant monolayer (PSM). The
composition of the PSM is quite complex. Besides lipids that
account for 90% of the pulmonary surfactant, proteins make
up the other 10%.°*?* For lipids, the most abundant com-
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ponent is dipalmitoylphosphatidylcholine (DPPC) along with a
few others: phosphatidylcholine, phosphatidylglycerol and
cholesterol.*® Four kinds of proteins, including SP-A, SP-B, SP-C
and SP-D, are associated with the pulmonary surfactant.*®?”
The major role of PSM is to reduce the surface tension of the
alveolar air-water interface to prevent alveolar collapse during
breathing and to modulate the innate immune defense.*®

Like other nanoparticles,>®** inhaled SWCNTs are sup-
posed to be able to translocate across the PSM. Concurrently,
both the ultrastructure and mechanical properties of the PSM
could be perturbed by the SWCNTs,** leading to toxicological
effects, such as inflammation, conditions similar to asthma
and respiratory distress syndrome.’®™*® As a common type of
C-allotrope found in the atmosphere, fullerenes were found to
rapidly aggregate in water but disaggregate after entering the
membrane interior.*> Once deposited on the PSM, differently,
they were found to promote PSM collapse by reducing the
mechanical rigidity.*> By forming aggregates in the PSM, both
the structural and mechanical properties of the PSM would be
perturbed, thus causing fullerene toxicity.***® Therefore, a
thorough understanding of how the inhaled SWCNTs disrupt
PSM is of great importance for developing effective strategies
against the adverse effects of SWCNTs. Furthermore, the
rational design of SWCNT-based pulmonary drug delivery
requires a deep understanding of their translocation with both
high efficiency and low toxicity. However, it is still difficult for
the current experimental technologies to systematically probe
and visualize the whole process of translocation and the
accompanying PSM perturbation. Molecular dynamics simu-
lation, on the contrary, can provide useful insights into the
molecular mechanism of the interaction.”® Here we present
the first simulation study on SWCNT-PSM interaction, aiming
at systematically studying the underlying mechanism of both
PSM perturbation and translocation of inhaled SWCNTs.

Model and simulation method
System setup

Our simulation setup consists of two symmetric monolayers
(PSMs) confining a water slab (Fig. S1t).>> Each PSM is rep-
resented by a pure lipid monolayer, which is composed of
5102 DPPC molecules (Fig. Slat). The DPPC model, taken
from the Martini force field, is constructed by connecting a
head group of four hydrophilic heads to two tails, each con-
taining four hydrophobic beads (Fig. S1bf). The choice of
DPPC was made because it is the major component of PSM
which is responsible for reducing surface tension in the lungs
to nearly zero.>® Besides, a number of simulations have used
the DPPC monolayer as a model PSM to investigate its inter-
actions with nanoparticles.'®*>%%>%3435 I the coarse grained
(CG) model, the honeycomb atomic structure of the SWCNT
was reduced to a triangular lattice of the C1-type beads, where
every three carbons in the all-atom (AA) SWCNT were modeled
as one particle (Fig. Sict). The angular force constant and the
equilibrium angle along the axial direction are kange = 700
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keal mol™ rad™ and 6 = 60°, respectively. Along the radial
direction, the equilibrium angle is not constant but determined
by the tube diameter. The bond force constant and the equili-
brium bond length are kpong = 700 kcal mol™ and [ =
0.3684 nm. The dihedral angle force constant, multiplicity and
equilibrium angle are x, = 3.1 kcal mol™, n = 2 and § = 180°,
respectively. The specific CG model was developed by Titov
et al,’® and has been successfully used to simulate inter-
actions between graphene and POPC bilayers. Recently, the
same model of graphene was used to simulate its interaction
with the DPPC monolayer.**”” Considering that the SWCNT
has the same atomic structure as graphene, our simulations of
interactions between SWCNTs and PSM should obtain accurate
results using current CG models.

Simulation details

The MARTINI force field®® was used for all simulations.
Compared with the AA model, the CG models map a group of
atoms into one interaction site and thus allow simulations to
be carried out on a larger length scale and a longer time scale.
Each simulation started with two SWCNTs under vacuum
above and below the pre-equilibrated PSM. After energy mini-
mization, the CGMD simulations with constant particle
number, surface tension and temperature were carried out. In
all simulations, a cutoff of 1.2 nm was used for van der Waals
interactions. The Lennard-Jones potential was smoothly
shifted to zero between 0.9 nm and 1.2 nm to reduce the
cutoff noise. The Coulomb potential, with a cutoff of 1.2 nm,
was smoothly shifted to zero from 0 nm to 1.2 nm. The temp-
erature was kept at 310 K by using the Berendsen weak coup-
ling algorithm with a time constant of 2.5 ps. The surface
tension, which is given by the formula: y, = (P, — Py)L,/2, was
kept constant at 10 mN m ™" and 30 mN m™*, under which the
PSM is considered to exist in the compressed state and the
expanded state, respectively.”®> The normal pressure for the
z-direction was kept at 1.0 bar. The compressibility in the x-y

. . . 1 _
plane, which is defined as f = — , was set at 5 x 107>

Aor,
bar™'. The size of the box normal to the membrane was kept a
constant by setting the compressibility in the normal direction
at 0 bar~'. The neighboring list for non-bonded interactions
was updated every 10 steps. All simulations were performed
using GROMACS 4.6.7.°° Snapshots of the simulation system
were taken using VMD.®!

Results and discussion

At present, it is possible to synthesize SWCNTs with specified
sizes for their practical applications,®>®® while the size distri-
bution of SWCNTs is generally polydisperse. SWCNTs with
random size distribution can also be produced via incomplete
combustion of fossil fuels.®® Here, SWCNTs with diameter
d ranging from 1.76 nm to 7.04 nm and length [/ ranging from
1.25 nm to 18.82 nm were constructed (Fig. Slct). Two
PSM configurations with surface tensions of 30 mN m™" and
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10 mN m~ ' were prepared to model, respectively, the con-
ditions of inspiration and expiration.>*

SWCNT size modulates its interaction with PSM

Since inhaled SWCNTs attack the PSM most probably during
inspiration, we first studied the SWCNT-PSM interaction
under a surface tension of 30 mN m™".>? 24 independent simu-
lations were performed to determine the molecular mecha-
nisms and kinetics behaviors of SWCNTs interacting with the
PSM. Representative interaction pathways are summarized in
Fig. 1a and b, which provide the typical snapshots as well as a
phase diagram of the interaction states on the d-I plane. As
indicated in Fig. 1b, the phase diagram is divided into four
characteristic regions according to the interaction states and
kinetic pathways.

First, regarding short SWCNTs with lengths comparable to
the monolayer thickness, they were found to vertically insert
into the PSM (Fig. 1). The difference is that ultrashort SWCNTs
(I <2 nm) simply inserted into the PSM with no indication of
PSM perturbation, while a little bit longer SWCNTs (2 nm <[ <
6 nm) opened water pores via lipid rearrangement inside the
tubes if d > 3 nm. This indicates severe perturbation on the
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PSM ultrastructure. Thinner SWCNTs (d < 2 nm) simply lay
down and were immersed in the PSM, being well covered by
adjacent lipid tails. By increasing the tube diameter and
length (d > 3 nm and [/ > 6 nm), a more severe PSM pertur-
bation was induced via lipid rearrangement both inside and
outside the tube. To increase the contact area with SWCNTSs in
horizontal alignment, adjacent lipid molecules diffused to
cover the SWCNTs from both the inner and outer sides.
Besides, a number of lipids were extracted from the PSM and
covered the SWCNTs from the top side by forming inverse
micelles.

During expiration, the PSM undergoes a transition from the
expanded state to the compressed state,”® and buckling or
even collapse may take place under PSM compression.>> By
fixing the surface tension of the PSM at 10 mN m ™", we investi-
gated the SWCNT-PSM interaction under compression. Five
typical interaction states were identified and shown in Fig. 1c
and d. Indeed, they are quite different from those under PSM
expansion (30 mN m™"), and the differences, again, strongly
depend on the tube size. First, for ultrashort SWCNTs (I <
2 nm), they inserted vertically into the PSM with no indication
of either PSM perturbation or translocation, just like that
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Fig. 1 Typical states for the interaction between SWCNTs and PSM (a, ¢) and the corresponding phase diagrams (b, d) under both inspiration and
expiration conditions. The surface tensions of PSM were set at 30 mN m~ and 10 mN m™2, under which the PSM exhibits the expanded state (a, b)
and the compressed state (c, d). The tube diameter ranges from 1.76 nm to 7.04 nm and the tube length varies from 1.25 nm to 18.82 nm. In the
phase diagrams, symbols are colored and grouped according to the states. Under inspiration conditions (b): (blue rhombus) vertical insertion,
(purple circle) vertical insertion with a PSM pore, (yellow hexagon) PSM insertion with horizontal alignment, (green triangle) horizontal insertion
with lipid extraction and inverse micelle assembly; under expiration conditions (d): (blue rhombus) vertical insertion, (red triangle) vertical insertion
with lipid extraction, (purple triangle) SWCNT encapsulation by PSM vesiculation, (yellow square) translocation with horizontal alignment, (green
pentagon) translocation with an entry angle of 90°.
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under PSM expansion. This behavior indicates that the
inhaled ultrashort SWCNTs are hard to remove from the
monolayer, possibly leading to their accumulation in the PSM
and hence causing prolonged retention and increased inflam-
mation potentials. Interestingly, a small increase of tube
length could result in an obvious PSM perturbation (2 nm </ <
4 nm and d > 5 nm). Due to the mismatch between tube
length and monolayer thickness, several lipid molecules were
extracted from the PSM and adsorbed onto the end of the
SWCNT. In this case, the water channel formed during inspi-
ration was blocked. With a further increase of tube length, the
translocation of SWCNTs can be accomplished via shape trans-
formation of PSM under compression. Specifically, SWCNTs
with both a length and diameter of about 3-5 nm were finally
encapsulated via PSM vesiculation and/or folding. Regarding
longer and thinner SWCNTSs, they were wrapped by the PSM
via transforming from monolayer into bilayer. This state
occupies the right bottom of the diagram and becomes ter-
raced narrower when the diameter increases. With the same
length but increasing diameter, the SWCNTSs were wrapped by
the PSM with an entry angle of 90°.

Vertical insertion and PSM pore formation

It has been observed that under PSM expansion (30 mN m ™),
short SWCNTs (I < 5 nm) inserted vertically into PSM and kept
standing during the simulations (Fig. 1a and b). The vertical
insertion not only maximizes the interaction with lipid tails,

0
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but also reduces the PSM perturbation compared with horizon-
tal alignment. Nevertheless, the PSM perturbation by short
SWCNTs should not be neglected. Fig. 2a-h shows the typical
snapshots from both the top and cross sectional views to illus-
trate PSM perturbation by SWCNTs with the fixed diameter of
5.28 nm and lengths of 1.28 nm, 2.55 nm and 4.47 nm,
respectively. The local structure of the PSM in the absence of
the SWCNT was also provided as a reference (Fig. 2a and e).
The order parameter that represents the molecular orientation
of lipids is generally used to reflect the phase transition and
coexistence of the PSM.>>% To quantitatively compare both
the nature and extent of lipid rearrangement both inside and
outside the tube, the order parameter diagram of lipid mole-

1 . . . . .
cules, S = <5 (3cos* @, — 1)>, is provided in Fig. 2i-1, where 6,

is the angle between the bond connecting two adjacent tail
beads and the PSM normal (Fig. S21).>* Considering that both
lipids and SWCNTs keep diffusing in the PSM during the simu-
lation, the order parameter for each lipid was calculated accord-
ing to the final structure rather than averaged over time.*"

Our simulations showed that the PSM perturbation by lipid
rearrangement around SWCNTs is strongly dependent on the
tube length. For an ultrashort SWCNT (I = 1.28 nm), no appar-
ent lipid rearrangement was observed (Fig. 2b and f). The neg-
ligible PSM perturbation is also demonstrated in Fig. 2j which
shows a homogeneous distribution of the lipid order para-
meter, similar to the PSM in the absence of the SWCNT

L
.
Y

pul -3 0

Fig. 2 Vertical insertion of short SWCNTSs with length dependent PSM perturbation: (a—d) the local configuration from the top view; (e-h) the local
configuration from the cross sectional view; (i-l) the corresponding diagram showing the order parameter of each lipid molecule. The PSM surface
tension was set at 30 mN m™, and the tube diameter was set at 5.28 nm. The local structure of PSM in the absence of SWCNTs is provided for com-
parison (a, e, i). The tube length was set at 1.28 nm (b, f, j), 2.55 nm (e, g, k) and 4.47 nm (d, h, 1), respectively. The locations of SWCNTs are marked

by red circles in the diagrams.
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(Fig. 2i). For the SWCNT with a length of 2.55 nm, the lipid
molecules appear to undergo rearrangement inside the tube
(Fig. 2¢, g and k). This perturbation is more evident for the
SWCNT with a length of 4.47 nm (Fig. 2d, h and 1). The blank
area in the order parameter diagram suggests that a water pore
has formed inside the tube. For lipids adjacent to the pore, the
higher order parameter suggests that they adhered on the
inner tube surface to increase their contact area, while in the
area away from the SWCNT, the order parameters follow a
normal composite distribution, indicating that short SWCNTs
affect the phase behavior of the PSM significantly only in the
local range. We interpret that the lipid rearrangement inside
SWCNTs is ascribed to the mismatch between the tube length
and monolayer thickness. To increase the contact area
between lipids and SWCNTs (Fig. S37), lipids inside the tubes
reassembled with tails adhering onto the inner tube surface
and heads pointing towards the water channel.

Despite the fact that the PSM perturbation by inserting
short SWCNTs is reduced via vertical alignment, potential tox-
icity exists due to the formation of water pores throughout the
monolayer. We monitored the number of water molecules
escaping from the monolayer both with and without water
pores. It appears that the extent of water leakage was enhanced
by opening of water pores (Fig. S41). Besides, the opened water
pore was found to be stable during the simulation, even under
further compression of the PSM (Fig. S51). This indicates that
the destructive PSM poration on insertion of SWCNTs might
be lasting. By comparing the area of the PSM inserted by a
short SWCNT with that of the pure PSM under different ten-
sions, we found that PSM compression is strongly inhibited by
inserting short SWCNTs (Fig. S5T). We ascribe the mechanical
inhibition to lipids inside the SWCNT, which are separated
from those at the PSM and are immune to the outer com-
pression. This is an important indication of biophysical
inhibition.

Lipid extraction and inverse micelle assembly

Longer SWCNTs were found to insert into PSM with horizontal
alignment. The final snapshots are shown in Fig. 3, which
reveals the diameter dependent interactions. Clearly, a thinner
SWCNT (d = 1.76 nm) was simply immersed in the PSM with
slight PSM perturbation (Fig. 3a). With the increase of tube
diameter, a severe PSM perturbation was observed.
Specifically, a number of lipid molecules were extracted from
the PSM and assembled into inverse micelles to adsorb onto
the SWCNT from the top side, indicating lipid depletion from
the PSM (Fig. 3b-d). Fig. 3e shows that the number of extracted
lipids increased roughly linearly with the tube diameter.
Accordingly, the monolayer area of the PSM decreased with the
tube diameter, indicating enhanced PSM perturbation with
increasing the tube diameter (Fig. 3e). In fact, lipid molecules
can also be extracted from cell membranes by carbon nano-
particles, like graphene and SWCNTs.**°*°” In the pulmonary
system, similarly, the lipid extraction from PSM would cause
severe lipid deficiency and thus disturb its biophysical
properties.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Insertion of SWCNTs into PSM with lipid extractions and inverse
micelle assembly. Figures (a—d) show the local configurations, showing
the diameter dependent interaction states, and figure (e) gives the
number of extracted lipids and corresponding lipid area as a function of
tube diameter, revealing the enhanced PSM perturbation by the increase
of tube diameter. The PSM surface tension is fixed at 30 mN m™. The
tube length is 14.04 nm, and the tube diameter varies from 1.76 nm (a)
to 3.52 nm (b), 5.28 nm (c) and 7.04 nm (d).

Lipid extraction could be one potential source of the pul-
monary nanotoxicity, especially for long SWCNTs. In addition,
for long SWCNTs, e.g. longer than 20 nm, the nanotoxicity
could also come from the rigidifying effect of SWCNTs: the
long SWCNTs rigidify locally a region of the monolayer larger
than the domain area they covered, as demonstrated for gra-
phene nanosheets.** To measure the rigidifying effect, we cal-
culated the area of the PSM deposited with a longer SWCNT
( = 18.82 nm) and compared it with that of the pure PSM
(Fig. S67). The sudden decrease of the monolayer area indi-
cates a phase transition for the pure PSM, while compression
for the PSM deposited with a long SWCNT is inhibited. This
means that once a number of long SWCNTs adhere onto the
PSM surface, expiration or PSM compression will be strongly
affected, thus likely leading to respiratory failure.

Nanoscale, 2017, 9, 10193-10204 | 10197
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To visualize how SWCNTs insert into PSM and extract lipids
from the PSM, the time sequence of typical snapshots as well
as the time evolutions of both the SWCNT-PSM distance and
the angle between them are given in Fig. 4 (for more details,
see Video S1t). The tube diameter and tube length were set at
5.28 nm and 14.04 nm, respectively. Before deposition, the
SWCNT first translated and rotated freely under vacuum
(Fig. 4a, t < 1.5 ns). Shortly afterwards, it came into contact
with the PSM with a finite attack angle (¢ = 1.5 ns). To increase
the contact area with PSM, it rapidly lay down on the PSM
surface, corresponding to a sudden increase of angle between
the tube axis and the PSM surface (Fig. 4b). Subsequently, the
SWCNT was immersed in PSM, with lipids adhering on the
tube surface to prevent its exposure to both water and vacuum.
In Fig. 4c, we counted the number of lipids in contact with
both the inner and outer surfaces of the SWCNT. Apparently,
once deposited (¢ = 1.5 ns), adjacent lipids started to cover the
SWCNT from both sides rapidly and synchronously, confirm-
ing that both the exterior and interior of SWCNTs contribute
to their insertion into the PSM.

To illustrate the distinct lipid rearrangements inside and
outside the tube, the final snapshots from different views are
given in Fig. S7.} First, from the top view, the lipid molecules
extracted from the PSM assembled into inverse micelles on the

View Article Online

Nanoscale

outer surface of the SWCNT with heads clustering into several
patches and tails covering the tube cooperatively (Fig. S7aft).
The inverse micelle assembly is ascribed to the unfavorable
exposure of lipid headgroups under vacuum, and this specific
arrangement maximizes the interaction between the lipids and
the SWCNT. Comparatively, adjacent lipids in the plane of
PSM were less perturbed (Fig. S7bt), while those beneath the
tube protected it from water by forming the semi-cylindrical
micelle (Fig. S7ct). There were also some lipid molecules
diffusing to cover the inner tube surface. From the sectional
view, lipids inside the tube arranged with tails attached on the
inner surface and heads pointing inside, leaving a narrow
channel filled with water molecules (Fig. S7d¥). This compo-
site structure indicates that this kind of SWCNT could be used
as drug carriers for translocation across the PSM. Similar lipid
arrangement and water pore formation inside SWCNTs were
previously reported by Lelimousin and Sansom when investi-
gating the insertion of SWCNTs into a cell membrane.”*

Competition between SWCNT rotation and PSM invagination
determines the final entry angle

Under the conditions of expiration, longer SWCNTs (I > 6 nm)
were found to accomplish translocation via shape transform-
ation of PSM (Fig. 1c). We chose the SWCNT with a length of
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Fig. 4 Insertion of SWCNTs into PSM: figure (a) gives the time sequence
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of typical snapshots; (b) the time evolution of the distance between the

center of SWCNTs and the PSM and that of the angle between the tube axis and the PSM surface; (c) the number of lipids attached on both the
inner and outer surfaces of SWCNTs. The tube diameter and tube length are 5.28 nm and 14.04 nm. The PSM surface tension is 30 mN m~. Water

molecules are omitted for clarity.
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14.04 nm and a diameter of 3.52 nm to investigate the translo-
cation process (Video S27). According to Fig. 5, the transloca-
tion process can be roughly divided into several stages. The
first stage was characterized by random translation and
rotation under vacuum (Fig. 5a, t < 0.5 ns). Once captured by
the PSM in a finite attack angle, the SWCNT quickly lay down
to increase the contact area with PSM (¢ = 1 ns). The transient
rotation was reflected by a sudden decrease of angle between
the tube axis and the PSM surface (Fig. 5b, ¢ < 5 ns). When the
most segment of the SWCNT was immersed in PSM, a second
rotation of the SWCNT towards vertical alignment was cap-
tured (see the increase of angle at 5-10 ns in Fig. 4b). We
ascribe the rotation to reducing the asymmetric elastic strain
of the bending PSM around the tilted SWCNT.>*%®
Nevertheless, the fast PSM invagination under compression
prevented the SWCNT from further rotating. Afterwards, the
tilt angle of the SWCNT reached equilibrium at the value of
40° for 20 ns, until a third rotation attempt occurred before
detaching from the PSM (¢ = 40 ns). However, the detachment
of the SWCNT was achieved via formation of the bilayer neck
that connects the SWCNT with the PSM. Finally, the wrapped
SWCNT rotated gradually back to horizontal alignment and
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kept moving downwards under PSM compression in the rest of
the simulation.

With the same length but increasing diameter, surpris-
ingly, the SWCNT finally stood up and was completely
wrapped by the PSM (Fig. 1c), similar to its interactions with
lipid bilayers.>® Clearly, increasing tube diameter results in a
distinct pathway of interaction between the SWCNT and PSM
(Fig. 6 and Video S3t). As shown in Fig. 6a, the entry of the
SWCNT with the diameter of 5.28 nm is featured with a wrap-
ping-rotation mechanism.®® Upon deposition, the SWCNT
first lay down to increase the contact area with the PSM.
Meanwhile, the PSM bent downwards and wrapped the
SWCNT in an endocytic pathway. Due to the anisotropic
shape, the invagination of the SWCNT with a finite tilt angle
resulted in an asymmetric elastic strain of the bending PSM
around it. To reduce the bending asymmetry, the SWCNT
kept rotating and finally achieved an entry angle close to 90°
(Fig. 6b). The top view of the final configuration clearly shows
the regular and symmetric arrangement of lipids standing on
the outer surface of the SWCNT, while those inside the tube
adhered on the inner surface, leaving a narrow porous
channel filled with water molecules (Fig. 6c). To check the
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Fig. 5 Efficient PSM translocation of SWCNTSs with a diameter of 3.52 nm and a length of 14.04 nm. Figure (a) shows the time sequence of typical
snapshots, revealing the detailed translocation pathway with self-rotation; figure (b) gives the time evolutions of the distance between the tube

center and the PSM and that of the angle between the tube axis and the PSM surface. The PSM surface tension is set at 10 mN m™.

This journal is © The Royal Society of Chemistry 2017

1

Nanoscale, 2017, 9, 10193-10204 | 10199


http://dx.doi.org/10.1039/c7nr00890b

Published on 27 April 2017. Downloaded on 21/08/2017 08:35:12.

Paper

View Article Online

Nanoscale

Distance(nm)

=20 B

Time(ps)

0 20000 40000 60000 80000 100000

Fig. 6 PSM wrapping of SWCNTs with a final entry angle of 90°: (a) the typical snapshots illustrating the detailed PSM wrapping with SWCNT
rotation; (b) the evolution of the tube position along the z direction and that of the angle between the tube axis and the PSM surface; (c) the local
configuration from the bottom view, illustrating the regular arrangement of lipids attached on the outer surface of SWCNTs, and the formation of

water channels inside the tube. The tube diameter and tube length are 5.28 nm and 14.04 nm. The PSM surface tension is 10 mN m

results, we launched five independent MD simulations start-
ing from the same initial configuration but with different
initial velocity distributions. As expected, all simulations
showed similar behaviors of SWCNT rotation during PSM
wrapping.

Based on the previous modeling of membrane wrapping of
nonspherical nanoparticles.”**7> we infer that the asym-
metric elastic strain of the bending PSM provides the driving
force for rotation of the SWCNT, which minimizes the elastic
energy. To test this hypothesis, one restrained MD simulation
was performed. The configuration of the SWCNT with a dia-
meter of 3.52 nm and a length of 14.04 nm at ¢ = 10 ns was
chosen as the initial structure (Fig. 5a). During the simulation
an extra spring force along the z direction with a constant of
1000 k] mol™' nm™ was exerted on the center of mass of the
SWCNT towards the box center. The pulling velocity was set at
zero to restrain the SWCNT from further invagination, thus
providing sufficient time for it to adjust its orientation. As
expected, the tilted SWCNT gradually stood up rather than lay
down on the PSM (Fig. S8, Video S47). Despite the fact that a
final entry angle of 90° is energetically favorable due to the
minimized elastic energy of the PSM, in reality, the speed of
PSM invagination can be altered by varying the surface tension
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of the PSM. We fixed the tube diameter at 5.28 nm and gradu-
ally increased the surface tension of the PSM from 5 mN m™*
to 30 mN m™". Indeed, the final entry angle of the SWCNT is
regulated by the surface tension (Fig. S91). Under surface
tension below 10 mN m™", the PSM becomes unstable at the
air-water interface and easily undergoes shape transformation
to wrap the SWCNT. The efficient wrapping restrains the
SWCNT from rotation to adopt a 90° entry pathway (Fig. 7).
Under the intermediate tension of about 10 mN m™, the inva-
gination is slowed down, thus leaving enough time for the
SWCNT to rotate toward the vertical alignment. By further
increasing the surface tension, however, the SWCNT was only
partially wrapped by the PSM in a horizontal alignment.
Besides, lipids were extracted from the PSM and assembled
into inverse micelles adsorbing on the top surface of the
SWCNT. Both inefficient wrapping and lipid extraction restrain
the SWCNT from rotating. We thus conclude that the steady-
state entry angle is determined by competition between the
speed of tube rotation and that of PSM invagination. Once the
former dominates, the SWCNT will adopt a 90° entry pathway.
Otherwise, the SWCNT will adopt a smaller entry angle and be
efficiently wrapped by the PSM via buckling or folding of the
monolayer.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 PSM tension regulates the translocation pathway of SWCNTs with a defined entry angle: (a) the time evolution of the angle between the tube
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location state. The tube diameter and tube length are 5.28 nm and 14.04 nm.

Vesiculation of the PSM to encapsulate short SWCNTs

Finally, we study the pulmonary entry of short SWCNTs.
Similar to inspiration, ultrashort SWCNTs (I = 1.28 nm) verti-
cally inserted into the PSM with no indication of translocation
under expiration (Fig. S10a and bt). However, longer SWCNTSs
(I = 2.55 nm) were found to extract lipids to cover the top end
from exposure to vacuum (Fig. S10c and df). As we increased
its length to 4.47 nm, the SWCNT still stood in the PSM, but
interestingly, the induced PSM configuration was more like a
vesicle (Fig. 1c and Video S57). Fig. 8a shows that the early
invagination completed via a wrapping-rotation mechanism
(t < 50 ns). In this process both the inner and outer surfaces of
the SWCNT were covered by lipid molecules with different
arrangements. The bottom end allowed water to diffuse inside
the tube, thus creating a hydrophilic environment (Fig. 8b).
After invagination with an angle of 90° (¢ = 50 ns), the wrap-
ping did not terminate but continued to develop into a new
configuration. As the simulation proceeded, more lipid mole-
cules were found to accumulate beneath the SWCNT and
closed the mouth. Consequently, the PSM invagination gradu-
ally grew into a vesicle configuration. Finally, the SWCNT
detached from the PSM and was encapsulated in the cavity of
newly formed vesicles. The detailed lipid arrangement with

This journal is © The Royal Society of Chemistry 2017

encapsulated SWCNTs is clarified by the sectional view in
Fig. 8c.

Implications to inhalation toxicity and pulmonary drug
delivery

Our simulations have implications for understanding the inha-
lation toxicity of SWCNTs. Since the PSM forms the first bio-
logical barrier against inhaled particles, the perturbation of
PSM by SWCNTs should contribute to the observed toxicity of
SWCNTs in the respiratory system. In addition, the detailed
interaction pathway influences the subsequent fate of SWCNTs
once inhaled. For example, incubating NPs with natural PS
was found to trigger NP phagocytosis, and even alter the bio-
distribution of NPs translocated into secondary organs.”®
Previous experiments have shown that increasing the length of
SWCNTs results in increased toxicity.”” Consistently, our simu-
lations demonstrate that longer SWCNTs can induce more
severe PSM perturbation via lipid rearrangement, lipid
depletion and PSM-rigidifying effects. For short SWCNTs, our
simulations showed that they vertically insert into the PSM
regardless of the surface tension. This may cause toxicological
effects. Firstly and most importantly, the inhaled ultrashort
SWCNTs are hard to remove from the PSM, thus leading to

Nanoscale, 2017, 9, 10193-10204 | 10201
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Fig. 8 PSM wrapping with subsequent vesiculation to encapsulate the SWCNT: (a) the time sequence of typical snapshots; (b) SWCNT configuration
with the water molecules inside; (c) the sectional view of local configuration, illustrating the detailed lipid arrangement covering the SWCNT. The

tube diameter and tube length are 5.28 nm and 4.47 nm. The PSM tension is 10 mN m

their accumulation in PSM with prolonged retention and
increased inflammation potentials. In fact, it has been demon-
strated that inhaled SWCNTs have prolonged lifetime in the
lungs and induce inflammation by forming aggregates in the
alveoli.”®”® Therefore, our simulations may provide a possible
molecular mechanism underlying the observed inflammatory
response to SWCNTs. Secondly, once inserted into the PSM
with vertical alignment, short SWCNTs with a larger tube dia-
meter could induce water pores in the PSM (Fig. 2). In fact,
similar behavior of pore formation for PSM was also observed
for deposited graphene oxide, but with a rather different mech-
anism.”” Here, we relate this effect to that of antimicrobial
peptides, which are thought to embed into the membrane and
generate a pore-like structure that kills the target. Thirdly, after
inserting into PSM, lipids inside the tubes are apparently sep-
arated from the outer phase, which is expected to increase the
compressibility of the PSM. Notably, this may lead to respirat-
ory failure and is an important indication of biophysical
inhibition.

On the positive side, as short SWCNTs vertically insert into
PSM with no indication of translocation, a stable SWCNT-PSM
composite may be formed by creating water channels inside
the short SWCNTs. Importantly, insertion of the short
SWCNTs into the PSM allowed them to create an interface that
mimics transport in biological pores. Despite the extremely
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simple structure, these pores could reproduce the major func-
tional behavior of biological channels, such as selective trans-
port of water, ions, and small molecules, via carefully changing
the tube diameter and length. Our simulations can also help
develop SWCNT-based pulmonary drug delivery. As shown by
our simulations, longer SWCNTs can accomplish PSM translo-
cation under compression. During translocation, lipid mole-
cules assemble into inverse micelles inside the tube. This may
enable the use of longer SWCNTSs as drug delivery vehicles by
providing a means of encapsulation of drugs. Furthermore,
the final entry angle of SWCNTs under PSM compression can
be modulated to achieve a desired value, which strongly
depends on the tube diameter (see Fig. 1d). In addition to the
size of synthesized SWCNTs, in reality, we can intentionally
alter the expiration speed to modulate the competition
between tube rotation and PSM invagination. Therefore, both
the entry efficiency and drug loading capacity of SWCNTs can
be increased.

Conclusions

In summary, we have presented a simulation study of the inter-
action between inhaled SWCNTs and PSM, focusing on the
perturbation of PSM by SWCNTs, the formed composite struc-
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ture and the PSM translocation of SWCNTs that are modulated
by the tube size and PSM tension. Ultrashort SWCNTs verti-
cally insert into the PSM, with no indication of translocation
regardless of PSM tension. Thus, stable SWCNT-PSM compo-
sites are formed, creating a porous interface that mimics trans-
port in biological channels. The vertical PSM insertion of short
SWCNTs implies potential inhalation toxicity from three
aspects. First, the inserting ultrashort SWCNTs are hard to
remove from PSM, thus leading to their accumulation and
causing permanent lung damage; lipid rearrangement inside
SWCNTs generates water pores across the monolayer; the PSM
compressibility is increased by segregating inner lipids from
the outer phase. For longer SWCNTs, they inserted into the
PSM with horizontal alighment under expansion. The PSM
perturbation is induced via lipid rearrangements inside and
outside the tubes. Under compression, they can be wrapped
through rotation that is driven by asymmetric elastic strain of
the bending PSM. The final entry angle is sensitive to tube dia-
meter and determined by the relative timescales for tube
rotation and PSM invagination. For much longer SWCNTs, the
nanotoxicity could come from both lipid depletion and the
PSM-rigidifying effect. We hope that this study can help
develop effective strategies against the inhalation toxicity of
SWCNTs, and provide guidelines for the use of SWCNTs as
pulmonary drug delivery vehicles.
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