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Abstract Motivated by recent experimental observations
that carbon nanotubes (CNT) can enter animal cells, here
we conduct coarse grained molecular dynamics and theore-
tical studies of the intrinsic interaction mechanisms between
CNT’s and lipid bilayer. The results indicate that CNT-cell
interaction is dominated by van der Waals and hydropho-
bic forces, and that CNT’s with sufficiently small radii can
directly pierce through cell membrane while larger tubes tend
to enter cell via a wrapping mechanism. Theoretical models
are proposed to explain the observed size effect in transition
of entry mechanisms.

Keywords Molecular dynamics - Carbon nanotube -
Cell membrane - Interaction mechanism

1 Introduction

The question of whether and how nanomaterials enter human
and animal cells is a significant issue for the development of
efficient gene and drug delivery systems as well as for asses-
sing the potential hazards of nanotechnology on ecology and
human health. Due to their unique physical, chemical, electri-
cal and optical properties, carbon nanotubes (CNT) and other
nanomaterials have shown enormous potential and promise
to be adapted and integrated into biomedical devices, such
as site-specific drug delivery systems [1-3], non-viral gene
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carriers [4] as well as biosensor and screening systems [5-7].
Along with these promising applications, there is also increa-
sing concern about the effects of nanomaterials on human
health. For example, in assessing responses of animal/human
cells to CNT’s, it was found that some cells tend to wrap
CNT’s into nodular structures and isolate CNT-attached parts
from the main cell population [8]. It has also been convin-
cingly shown that CNT’s can cross the cell membrane into
cytoplasm, even entering cell nucleus [9-16]. On the other
hand, the mechanisms and pathways CNT’s entering cells
are not fully resolved. So far, two different uptake pathways
have been suggested based on experimental observations:
one is endocytosis [9-13] and the other is direct insertion
and diffusion through the lipid bilayer of cell membrane
[14-16]. Since the CNT’s used in experiments are not pure
and often functionalized in different ways, and cell mem-
branes are chemically more complex than just lipids, relati-
vely little is known about the intrinsic mechanism of
interaction between CNT’s and the lipid bilayer. Yet from
a fundamental point of view, a first step to understand CNT-
cell interaction mechanisms, and cellular responses to CNT’s
in general, should be to clarify how a CNT interacts with a
pure lipid bilayer. For this problem, coarse grained molecular
dynamics (CGMD) is a powerful tool of investigation.

In the present work, we conduct CGMD and theoreti-
cal studies to investigate how carbon nanotubes of different
sizes interact and enter a patch of lipid bilayer. By redu-
cing the number of degrees of freedom together with the use
of short range potentials, CGMD models can gain four to
five orders of magnitude in speed compared with full-atom
models, achieving length scales on the order of micrometers
and timescales on the order of milliseconds. Encouraged by
such computational efficiency, a number of CGMD models
have been developed and used to study lipids and surfac-
tants systems, including micelles [17,18], bilayers [19,20],
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micelle aggregation [21] and vesicle formation [22]. Howe-
ver, it should be noted that the computational efficiency of
CGMD models is usually gained at the cost of loss in accu-
racy. An optimal balance between efficiency and accuracy
is a key aspect to the development and implementation of
CGMD models. Recently, Marrink et al. [23] have develo-
ped anew CGMD model for lipid and surfactant systems, and
it has been shown that this model gives quite accurate results
for structural, elastic, dynamic as well as thermodynamic
properties for a number of lipid systems. We will therefore
adopt this model in our study.

2 Methods
2.1 Simulation model

In the CGMD model [23] adopted for the present study, non-
bonded interactions between two particles are described by
the Lennard-Jones (LJ) potential. The equilibrium distance
between two particles is selected as 0.47 nm in all pair groups.
The strength of the interaction, however, is set at five different
levels, namely I (¢ = 5.0kJmol™ 1), II (¢ = 4.2kJmol ™),
I (¢ = 3.4kJmol™!), IV (¢ = 2.6kJmol~!) and V (¢ =
1.8kJmol~1) [24]. A cutoff distance of 1.2 nm is selected for
the LJ potential to smoothly shift to zero between the distance
of 0.9 and 1.2nm. Normal Coulombic potential is used for
the electrostatic interaction. The bonded interaction is des-
cribed by a harmonic potential with an equilibrium distance
of 0.47 nm and a force constant of 1,250kJ mol~! nm~2. In
our simulations, we select a bilayer of dipalmitoylphosphati-
dylcholine (DPPC) lipids, each lipid molecule consisting of
12 particles, two of which have attractive interaction (level
I) with water molecules (hydrophilic head group), eight have
repulsive interaction (level V) with water molecules (hydro-
phobic tail) and the other two have intermediate interaction
(level IIT). Multi-walled nanotubes with radii from 1 to 5nm
and single-walled nanotubes with radii from 0.5 to 0.75nm
are constructed with the same length 6 nm. The multi-walled
tubes are formed by assembling single-walled tubes with dif-
ferent radii with an inter-layer spacing of 0.68 nm (Fig. 1).
The single-walled tube is constructed by folding a plane of
rhombic cells, each cell consisting of four particles with
the nearest neighbour distance 0.42nm and internal angle
60°. In the multi-walled tubes, all the nearest and second
nearest particles are connected through harmonic potential
with a force constant equal to 300kJmol~! nm~2, so that as
a whole the tubes become almost rigid. Such multi-walled
tubes can mimic hollow single wall tubes with closed ends
and prevent unintended insertion of lipid molecules into the
tubes. Since CNT’s are commonly functionalized by binding
with some proteins or other molecules on their surfaces to
enhance their affinity with the cell, the interaction between
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Fig. 1 Schematic illustration of a coarse grained model of multi-
walled carbon nanotubes formed from several single-walled nanotubes
with an inter-layer spacing of 0.68 nm. The single-walled nanotube is
constructed by rolling up a plane composed of rhombic cells, each cell
consisting of four particles with nearest neighbour distance 0.42 nm and
internal angle 60°

tube particles and the head group of lipid molecules is set
at level 1. The interactions of tube particles with water and
tails of lipid molecules are set at level III. All the parameters
in the CGMD simulations are taken according to the above
arrangement unless mentioned otherwise.

2.2 Simulation set-up

An equilibrated bilayer containing 128 DPPC lipids from
Ref. [24] is copied seven times in two lateral directions to
generate a patch of membrane consisting of 6,272 lipids with
an in-plane lateral dimension of 42 nmx42 nm. Initially, the
nanotubes are arranged in close proximity above the cen-
ter of the bilayer (at a distance of 1nm to the bilayer sur-
face) with tube axis perpendicular to the plane of the bilayer.
Since living cells are usually covered with glycocalyx, a layer
of polysaccharides on the outer membrane, we assume that,
due to the lateral confinement of glycocalyx, the nanotubes
would enter the lipid bilayer with their axis perpendicular
to the layer. In the simulations, this lateral confinement is
realized by constraining the lateral degrees of freedom. The
bilayer and a selected nanotube are placed in a water box of
volume 47 nm x47 nm x 35 nm which contains 586,000 water
particles (234,4000 water molecules). Periodic boundary
condition is applied in three orthogonal directions. All
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Fig. 2 a-f Time sequence of
six snapshots of a multi-walled
nanotube entering a membrane
via a wrapping process driven
by the van der Waals force. The
red particles indicate the head
group of lipid molecules.

g, h Fusion of the membrane d
neck. i Separation of the lipid
covered tube from the
membrane

simulations reported in this paper are carried out in the NPT
ensemble at temperature 323 K and pressure 1 atm. Through
Berendsen’s method [24], the temperature and pressure are
scaled with time constants of 5 and 10 ps, respectively. In all
systems, the time step is taken as 20fs to keep the simula-
tions stable. All simulations are performed with the molecu-
lar dynamics package GROMACS [25].

3 Results and discussion
3.1 Wrapping of nanotubes into membrane

To explore the interaction of multi-walled carbon nanotubes
with membrane, we perform a series of CGMD simulations
of nanotubes interacting with the lipid bilayer patch described
above. Figure 2a—f show the time sequence of six snapshots of
a selected nanotube with radius 2.3 nm being wrapped into
the bilayer. For clarity, the water molecules are not shown
here. The nanotube, initially arranged at a distance of 1 nm
above the relaxed planar bilayer (Fig. 2a), is seen to approach
and adhere to the bilayer, causing a small fluctuation as the
lipid molecules spread onto the bottom surface of the nano-
tube (Fig. 2b). With more and more lipid molecules in the
upper monolayer of the bilayer adhere to the tube, the bilayer
changes its shape into an invagination to wrap around the tube
(Fig. 2c—e). At the later stage of this wrapping process, the
membrane near the top end of the tube forms a neck (Fig. 2f).
To complete the wrapping process so that the tube can cross
over to the other side of the membrane, the bilayer around the

e

neck must fuse so that the lipid covered tube can detach from
the membrane. This wrapping-fusion process is quite similar
to budding/wrapping of viruses for which dynamics and other
transmembrane proteins in the necked region are known to
facilitate the detachment or fission process by reducing the
binding affinity of membrane [26,27]. In the CGMD simu-
lations, we mimic this process by reducing the interactions
between lipid molecules at the neck region. Figure 2g, h show
the fusion of bilayer and Fig. 2i shows the final state of the
fission process, where the outer monolayer fuses and the lipid
covered tube is completely separated from the membrane.

Figure 3 shows the variation of interaction energy between
the tube and lipid molecules as a function of time. The steep
slope of the energy profile in Fig. 3 indicates rapid wrapping
at the initial stage. As the wrapping proceeds, the flattening
of slope shows a gradual decrease of the wrapping speed. At
the later stage, the increasing curvature deformation near the
top end of the tube significantly slows down the wrapping
process.

What is the driving force for wrapping the tube into the
bilayer? As the particle forming the tube carries no electric
charge, the tube interacts with lipid and water molecules pri-
marily via van der Waals forces. To check the importance
of van der Waals force in the wrapping process, we reduce
the interaction strength between lipid and tube particles and
repeat the simulation. The magenta line in Fig. 3 shows that,
with 50% reduction in van der Waals interaction strength, the
tube will adhere to the membrane but no wrapping occurs.
Because the simulations are performed in a water box and
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Fig. 3 Interaction energy (normalized by the maximum interaction
energy with corresponding interaction parameters) between the nano-
tube and membrane as a function of simulation time. The black line
shows the case of strong interaction between the nanotube and DPPC
in the presence of hydrophobic effect. The red line shows the case of
weak interaction between the nanotube and DPPC in the presence of
hydrophobic effect on. The blue line shows the case of strong interac-
tion between the nanotube and DPPC in the absence of hydrophobic
effect. The magenta line corresponds to the case when the interaction
between the nanotube and DPPC is reduced by 50%

the carbon nanotubes are hydrophobic materials, how impor-
tant is the hydrophobic effect in this process? To clarify this
question, we change the interaction between water and tube
molecules from level Il to level IV and repeat the simulation.
The blue line in Fig. 3 shows that the tube is rapidly wrapped
into the membrane with significant reduction in wrapping
time, indicating that the hydrophobic effect has a significant
effect on the wrapping process. We have also considered the
case when the interaction between lipid and tube molecules is
changed to level II. The red line in Fig. 3 shows that the wrap-
ping speed is initially slower but eventually catches up with
the blue line. These studies indicate that both van der Waals
attraction (between the tube and bilayer) and hydrophobic
interaction (between the tube and water) play important roles
in the wrapping process.

To investigate the effect of tube radius on the wrapping
process, we consider a smaller nanotube with radius 1.2nm
and repeat the simulation. Figure 4 shows the wrapping depth
as a function of simulation time. The wrapping rate is about
0.7nm/ns for the 2.3nm tube and about 0.45nm/ns for the
1.2 nm tube. This size effect can be understood from the fact
that the thinner tube causes larger curvature energy of the
membrane which tends to resist the wrapping process.

3.2 Piercing of nanotube through membrane

As the radius of the nanotube is further decreased, we observe
an interesting change of entry mechanism. For the wrapping
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Fig. 4 The depth of wrapping as a function of simulation time. The
wrapping velocity is about 0.7 nm/ns for a nanotube with radius 2.3 nm
(black line) and about 0.45 nm/ns (red line) for a smaller tube with radius
1.2nm

process to be successful, the driving force due to van der
Waals and hydrophobic interactions must exceed the resis-
tance force due to the curvature energy of the membrane.
For sufficiently small tubes, the driving force would become
comparable to or smaller than the resistance force. To
illustrate this, we repeat the simulation for a single-walled
nanotube of 0.5nm in radius while keeping all the other
conditions identical to the previous simulations. Figure Sa—c
show that, instead of crossing the membrane via wrapping,
the tube simply pierces through the membrane. Our results
also confirm the work by Lopez et al. [28] that a small radius
tube (~0.65nm) with hydrophilic caps would insert into
membrane and serve as a synthetic channel. Apparently, with
decreasing radius, a nanotube would change its pathway of
entry from wrapping to piercing.

When the tube becomes a transmembrane tube as shown
in Fig. 5d, there is no more driving force for the tube to
move further. On the other hand, living cells exist in a com-
plicated chemical environment influenced greatly by the ion
concentrations in solution. The osmotic gradients across the
cell membrane are known to drive much of transmembrane
transport. We modify the interaction between tube and water
molecules on the lower side of the membrane to level 1I,
thus artificially adding a potential gradient across the mem-
brane. This potential is seen to drive the tube through the
bilayer (Fig. Se, ). Figure 6 shows the variation of the inter-
action energy between the tube and water molecules above
and below the bilayer.

3.3 Theoretical models of wrapping and piercing
mechanisms

To aid the understanding of the observed change in path-
way of nanotubes entering cell, we propose two theoretical
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Fig. 5 Time sequence of six
snapshots of a (single-walled)
nanotube piercing through a
membrane driven by the van der
Waal force

1

1.0F

08

061 tube with upside water

04}

0.2 | tube with underside wate

normalized interaction energy

0 5 10 15 20 25 30
simulation time t (ns)

Fig. 6 a Interaction energy (normalized by the maximum interaction
energy with corresponding interaction parameters) between the (single-
walled) nanotube and water as a function of time during piercing. The
blue line corresponds to interaction between the nanotube and water

models to describe the wrapping and piercing mechanisms.
It is well known that the lipid bilayer behaves like a two
dimensional fluid in the plane of the membrane and a
bending-resistant solid in the third dimension. In the wrap-
ping process, the bilayer undergoes large deformation with
rearrangement of lipid molecules to form a cylindrical shape.
In the piercing process, the lipid molecules beneath the bot-
tom end of the tube are squeezed outwards by the piercing
tube. We propose two different theoretical models to describe
these two entry mechanisms.

For the wrapping mechanism, we model the lipid bilayer
as a two dimensional incompressible viscous fluid with fixed

Q

1o (d) :

(c)

0.6 b

02F i

U]
0.0} .

normalized interaction energy o
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simulation time t (ns)

above the bilayer, while the red line corresponds to interaction between
the nanotube and water below the bilayer. b Normalized interaction
energy of the nanotube with lipid molecules as a function of time. The
letter ¢, d, and f indicate the states shown in Fig. 5

thickness % in the third dimension. Consider an infinite flat
bilayer wrapping around a nanotube with radius R. In cylin-
drical coordinates (Fig. 7), the components of the rate of
deformation tensor are expressed as

dvy
Vr:a s
r
1
_181)9 v U M
0= e ror

where v, and vy are the radial and circumferential velocities
of the planar membrane, respectively (Fig. 7a). Because of
the axisymmetry, vg should not change along the circumfe-
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Fig. 7 The theoretical models
for wrapping and piercing of
nanotubes into cell. a Schematic
illustration of cell membrane
wrapping around the tube. The
membrane is considered as a
two dimensional viscous fluid
with fixed thickness /4 in the
third dimension. b Schematic
illustration of a vacancy
diffusion model for a cylindrical
tube indenting a bilayer under
stress o

rential direction. On the other hand, in-plane incompressibi-
lity requires

v, Uy

V’+V9=ar+7:o’ ()

and Eq. (1) is simplified as

Vo=-2 V=2, 3)
r r

with the radial velocity related with radius by
ro, = Ci, “)

where C| is a constant.

For the part of membrane which is wrapped around the
nanotube, the velocity components are denoted as u, and u;
(Fig. 7a) which satisfy the continuity condition

du;/dz + dug/as = 0. o)

Due to the axisymmetry, both uy and u, should not change
along the circumference of tube. Thus this part of the mem-
brane has no shear deformation and simply flows at a constant
rate, making no contribution to the viscous dissipation. If
there is no slipping between the nanotube and the membrane
in the wrapping process, the entry velocity of the nanotube is
then given by u . Given the condition that there is no surface
area change during the deformation of membrane, we obtain

nrg =mr? +2m(R + h/2)L, (6)

where ro and r, are the initial and deformed dimensions of
membrane and L is the wrapping depth of the nanotube. The
time rate of change of Eq. (6) gives

FeFe = FoUre = —(R + h/Z)L =—(R+h/2)u,. @)
It follows directly from Egs. (4) and (7) that

rv, = —(R 4+ h/2)u;. (®)
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The rate of viscous dissipation per unit volume during the
deformation of membrane is given by [29]

R+h/2u.\>
b = (v /1) =4 (%) ,

©))
where 7 is the viscosity of the bilayer. Integrating Eq. (9) on
the entire plane of the bilayer, we obtain the rate of viscous
dissipation associated with the viscous deformation of the
membrane as

<I>=/¢dV=
\%4

r

i R+ h/2)u. >

/ 4n (—( * 2/ )”z) h-2mrdr.
r

R+h/2

(10)

On the other hand, the free energy change during the wrap-
ping process is given by

F = (%kccz - Ay) 2m(R+h/2)L, (1)

where k. is the bending modulus, ¢ = 1/(R + h/2) is the
curvature of wrapped bilayer and Ay is the work of adhesion
between the nanotube and the bilayer. The power balance
during the wrapping of the tube requires

d = —dF/dt. (12)
Combining Egs. (6), (10), (11) and (12) yields

_ AY(R+h/D) (1 1 k. )
RS Y 27y (R + h/2)?

5 e —2(R+h/2)L a3
re—2(R+h/2)L—(R+h/2)? )

Since the overall size of the membrane is much larger than
the tube, for simplicity we assume rop — oo and simplify
Eq. (11) as

Ay(R+h/2) ( 1 ke )
u, ~ ——— | 1 .

: 2nh  2AY(R+h/2)? (14)
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Fig. 8 The rates of entry associated with wrapping and piercing of
nanotubes as a function of the tubes radius. The blue line denotes the
theoretical model for the wrapping case and the red one denotes that for
the piercing case. The blue dots denote the CGMD simulation results for
the wrapping mode of entry and the red dots denote simulation results
for the piercing mode of entry. The intersection of the two lines gives
rise to a critical size for transition

To check the reliability of this model in describing the wrap-
ping process, a series of MD simulations with nanotubes
of different radii are performed and the wrapping rates are
shown in Fig. 8, together with Eq. (14) where the parame-
ters are chosen as & = 4nm, Ay/2n = 0.52nm/ns and
k./2Ay = 0.35nm”. We emphasize that these are reaso-
nable values since the bending modulus is about 4 x 10720 J
[23,30], the viscosity of membrane at 323 K is about 15 x
103 Pas [31] and the work of adhesion in our simulations
is about 0.047 N/m.

For the piercing mode of entry, we adopt a vacancy diffu-
sion model which has been previously developed to describe
impression induced creep of a thin film [32]. Figure 7b shows
a cylindrical punch being pushed into the bilayer with velo-
city u under stress o. The two free surfaces of the membrane
are assumed to be a constant source of vacancies with concen-
tration Cp. Considering steady state vacancy diffusion, we
write Fick’s second law

D Lo o¢ + D —82C 0, 0<Z<h (15)
——r— =0, < <n,

"rar \ or ‘922

with associated boundary conditions

C=Cy, Z=0, r>R, (16a)
C=Co Z=h (16b)
aC

" 720 0<r<R, (16¢)
Z QD,

where D, and D, are vacancy diffusion coefficients in the
radial () and vertical (z) directions, and €2 is the molar
volume of the diffusion species. During the piercing, the
mechanical work due to punch stress is transformed into the

chemical energy as

NakgT C
i/1n O Vds =00, (17)
TR2 C(r,0)
S

where N4 is Avogadro’s number, & g is Boltzmann’s constant,
T is the temperature and S the area of the cross section area
of the punch. Solving the above equations gives

u=u"fx, (18)
where u* = %, x =ah/R,a = /D,/D; and
L 836 3 2805 _s
O
2
+é (@) X C+0x, (19)
T

&(n) being the Riemann zeta function. Equation (19) is an
asymptotic series which converges with the condition y >
1. In present study the mobility of lipid molecules in the
bilayer is usually much larger in the lateral direction (inter-
membrane diffusion) than in the vertical direction (flip-flop),
suggesting o > 1. For nanotubes with radius comparable to
the thickness of the bilayer, x is much larger than 1 and as
discussed in Ref. [32], Eq. (19) would converge to 1 and the
rate of piercing becomes inversely proportional to the radius
of the tube. To check the validity of this model, CGMD simu-
lations are performed with tubes of different radii piercing
into the membrane (the degrees of freedom of some lipid
molecules in the direction perpendicular to the plane of the
bilayer is constrained to prevent them from wrapping around
the tube). Figure 8 shows that the theoretical model fits the
CGMD results if the parameters in Eq. (18) are chosen such
that u*ah = 0.75nm?/ns, i.e. u = 0.75/R.

Figure 8 shows that the observed change of pathway from
wrapping to piercing as the radius of the nanotube is reduced
to below a critical size may be understood from a kinetic
competition between the two modes of entry. For piercing, the
rate of entry is governed by the diffusivity of lipid molecules
beneath the nanotube to be pushed outward by the tube. In
contrast, for wrapping, the rate of entry is controlled by the
viscous flow of lipid molecules near the nanotube to wrap
around the tube. Below the critical radius R, the piercing
mode is faster due to small distance of diffusion underneath
the tube while the wrapping mode becomes less favorable
due to the high curvature associated with wrapping. Above
the critical radius, the wrapping mode becomes dominant
compared to piercing as the curvature energy is reduced and
the diffusion distance is extended. In this way, the radius of
the nanotube plays an important role in selecting the pathway
of entry into a cell.
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4 Conclusions

Through coarse grained molecular dynamics simulations and
theoretical models, we have shown that, depending on the
radius, a carbon nanotube can enter a cell either by wrapping
into the cell membrane or by directly piercing through the
membrane. Both van der Waals and hydrophobic forces are
found to be important in these processes. A critical radius
exists for the transition between the two modes of entry:
sufficiently small tubes favor piercing due to small diffusion
distance and large curvature energy, while larger tubes favor
wrapping due to larger diffusion distance and lower curvature
energy.

The limitation of this work is that we have artificially
set the interaction parameters between CNT’s and the lipid
head group (level I and II). Since chemically pure CNT’s
are hydrophobic and should have weak interactions with the
hydrophilic head groups of lipids, our selection of interaction
parameters may have overestimated the interactions between
CNT’s and the bilayer. The justifications for this set-up are
that CNT’s entering cells are commonly functionalized and
we are primarily interested in the effects of their geometry on
tube-bilayer interaction. In other words, we have considered
interaction parameters that are only appropriate for decorated
CNT’s in our CGMD simulations.

Compared to viruses entering cells via endocytosis, there
are some similarities and differences for the observed entry
mechanisms of carbon nanotubes. Viruses usually enter
animal cells via a wrapping process mediated by specific
adhesion with receptors and aided by protein coats in the
membrane. As a consequence, the wrapping of viruses may
be highly dependent on factors such as the temperature and
the concentration and diffusivity of receptors and clathrin.
In contrast, the slender geometry and perfect atomic struc-
ture of carbon nanotubes make them capable of adhering
to lipid membranes via non-specific adhesion via van der
Waals force. Such non-specific adhesion is less sensitive to
temperature and other environmental factors. Nevertheless,
the later stage of the wrapping of nanotubes may require the
action of energy consuming motor molecules to facilitate the
fission process, similar to endocytosis. It has been found that
there exists an optimal particle size for the fastest entry in
receptor-mediated endocytosis (see, e.g. [33]). In the present
work, we have found another interesting size effect for car-
bon nanotubes: the radius of the nanotube determines the
selection of entry pathway. Sufficiently thin nanotubes can
pierce through the membrane while larger nanotubes tend to
enter cells via wrapping mediated by non-specific adhesion.
Bearing in mind that living cells are covered with glycoca-
lyx, there should be an upper size limit above which the tube
will no longer be able to effectively reach the surface of the
bilayer. Therefore, we suggest there is a size window within
which a nanotube will tend to enter cells via wrapping.
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