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a b s t r a c t

Carbon nanotubes have been proposed to serve as nano-vehicles to deliver genetic or therapeutic
material into the interior of cells because of their capacity to cross the cell membrane. A detailed picture
of the molecular mode of action of such a delivery is, however, difficult to obtain because of the con-
cealing effects of the cell membrane. Here we report a systematic computational study of membrane
insertion of individual carbon nanotubes and carbon nanotube bundles using two entirely different and
unrelated techniques. First a static scan of the environmental free energy is carried out based on
a membrane mimicry approach and different insertion geometries are assessed. Then the dynamics is
investigated with a coarse-grained approach that was previously used in the study of the integration
dynamics of nanoparticles into the bilayer. The results of both models point, for unfunctionalized carbon
nanotubes, at a preference for the horizontal orientation inside the internal hydrophobic layer of the cell
membrane. Finally, the energetics of the formation of bundles of carbon nanotubes is studied. The
cellular membrane promotes aggregation of carbon nanotubes in its hydrophobic core and modifies the
structural stability of the bundles.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A large number of new ordered allotropes of carbon have been
discovered and characterized in recent years: the most widely
known are fullerenes, nanotubes and, recently, the long-thought
impossible graphene [1,2]. The simplest carbon nanotube (CNT) is
a single molecule made of a rolled-up section of a regular network
of planar hexagons composed of carbon atoms. CNTs typically have
extremely high aspect ratios with long axial lengths (up to milli-
meters) compared to just a few Ångströms in diameter. Apart from
this structural peculiarity, CNTs also show a number of interesting
properties; they are tough and robust materials with very high
electric and thermal conductivity, and consequently, they have
been proposed for a large number of novel technological applica-
tions ranging from materials science to nanomedicine.

CNTs are able to translocate across cellular membranes (the lipid
bilayer), and this is the base of interesting devices like the nano-
injector [3] and the unexpected fertilizer effect on tomato seeds
[4]. Computer simulations have played a key role in studying the
energetics and mechanics of how nanotubes and their spherical
cousins, the fullerenes, may pierce through the lipid bilayer [5].
Lopez et al. argued that short hydrophobic tubes with hydrophylic
termini would spontaneously insert into the bilayer [6]. The free
energy of C60 insertion was calculated from molecular dynamics
simulations that showed that the pristine C60, being apolar, is
spontaneously incorporated into the hydrophobic region of the
bilayer [7]. Conversely, polar, functionalized, C60 was experimen-
tally found to enter cells by clathrin mediated endocytosis [8].
Chemical functionalization of fullerene and nanotubes, a common
practice to increase their solubility [9], also affects their toxico-
logical profiles. For example, the lethal dose of functionalized C60
for human cells is by up to 7 orders of magnitude larger than that of
pristine C60 [10]. The reasons for this are yet unclear but aggrega-
tion may play an important role [11]. Moreover, graphene and CNTs
have been found to have different cytotoxic effects in neural cells
[12]. A very recent computational study found the CNT mediated
rupture of a phospholipid bilayer too costly a process to support
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direct spontaneous insertion of CNTs into cellular membranes [13].
Experimentally, pristine CNTs were found to severely damage the
lipid bilayer in E. coli [14]. In contrast, DNA-functionalized, polar,
CNTs were found to enter and leave the cell by endocytosis and
exocytosis at comparable rates, explaining the low cytotoxicity of
these materials [15].

Here we use different computational models to study the
process of membrane insertion of CNTs and their bundles. The focus
is on preferred geometric orientations and the basic dynamics
underlying the insertion process. Only pristine materials are
considered. A suggestion may be made for the toxicology of these
carbon nanomaterials.

2. Materials and methods

2.1. CNT and C60 structures

The CNT used in this study is a (10,0) CNT closed by two hemi-C80 caps. The
(10,0) CNT is a zig-zag, thin, semiconducting nanotube present to a certain degree in

common nanotube samples [16]. Geometries of the (10,0) capped nanotubes and C60
were obtained from ab-initio calculations with the program Gaussian09 [17,18].
Bundle geometries were obtained with a computer program originally developed to
investigate fullerenes in nanotubes and multishell nanotubes [19,20]: the Rigid
Molecule Random Explorer (RMRE) algorithm randomly moves the molecules and
minimizes the energy for a large number of configurations. 200 cycles of RMRE with
a cutoff of 9 Å were used to locate the global minimum for each bundle.

2.2. Free energy calculations

Environmental free energies, DGenv, were computed according to the membrane
mimicry approach [21] (AQ: aqueous domain modeled by water, PH: polar head
group domain, 10 Å, modeled by ethanol, HC: hydrophobic core domain, 30 Å,
modeled by cyclohexane). Membrane mimicry is itself inspired by the experimental
measurements of Ashcroft et al. [22]. Corresponding molecular mechanics (MM)
energies d when needed d were computed based on AMBER parameters [23].
Atom type CA was assigned to all atoms in C60 and CNTs, applying no partial charge
(QM-derived ESP charges had shown negligible contributions on the order of 1 kcal/
mol) and default van der Waals parameters of rvdw ¼ 1.908 Å and 3vdw ¼ 0.086 kcal/
mol together with the scaling constants reported in ref. [21]. Both terms were
combined to estimate free energies following MM/PBSA directives [24]. However,
the PBSA termwas replaced with DGenv as reported previously in ref. [25] leading to

Fig. 1. Insertion of a small carbon nanotube (CNT) and C60 into the cell membrane. (a) Definition of the two variables d and F used for scanning the free energy landscape. In the
membrane mimicry approach [21] three domains are taken into account, i.e., AQ (aqueous imitated by solvent water), PH (polar head group, 10 Å, simulated by solvent ethanol) and
HC (hydrophobic core, 30 Å, simulated by solvent c-hexane). (b) Environmental free energy landscape for various CNT orientations as a function of d and F inside the lipid bilayer.
(c) Free energy profile for the insertion of C60 into the cellular membrane.
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DGMM/PBþþ free energies. Surfaces were computed with program SIMS [26] but care
has been taken to correct for internal cavities occasionally formed with small sized
probe sphere radii. Membrane layers were defined relative to the CNT (always
assumed to be centered at the origin and oriented along the x-axis). This is simply
achieved by defining the midlayer of the cellular membrane via a specific normal
vector and a central point. Individual atoms in the C60/CNT-structures are then
probed for their position within the cellular membrane and domain-specific
parameters become assigned.

2.3. Dissipative particle dynamics

DPD calculations [27,28] were carried out with program CULGI 4.0.0 [29]. The
simulation systemwas composed of water, lipids and a CNT. Lipids were represented
by single chains of soft spheres and water by coarse-grained soft spheres. A single
lipid unit was composed of three head beads (hydrophilic part) and twelve tail beads
(hydrophobic part). DPD parameters were taken from the model of Shillcock and
Lipowsky [30] capable of reproducing the structural properties and the stress profile
of bilayers. CNTs were set up as colloidal particles of cylindrical shape. We follow the
method described in ref. [31]. Specific methodological details are given in the

Supplementary Information. DPD runs were repeated three times with largely
identical outcome (for analysis and movie rendering a single run was chosen
arbitrarily).

2.4. Advantages and limitations of the techniques employed

The major advantage with both computational techniques employed here is
clearly the efficiency and ease with which atomic scale insight may be gained into
rather complicated processes taking place in a rather complex environment. While
the computation of environmental free energies, DGenv, should be regarded a static
approach (every single pose of the CNT relative to the cellular membrane constitutes
an individual problem, independent from all the rest), DPD is a dynamic approach
[27,28], where we can study the time evolution of CNT insertion over long time
scales. However, this efficiency comes at the prize of reduced accuracy and both
methods are subject to characteristic technical limitations. The DGenv calculations
follow a continuum approximation where the lipid bilayer is just divided into
a reduced set of specific domains (see Fig. 1a), hence detailed local atomic interac-
tions are not represented explicitly. Similarly, DPD does not resolve the involved
molecular structure into atoms (both the CNT as well as the lipid bilayer), but rather

Fig. 2. Membrane insertion of a medium length and a longer length CNT. (a) The medium length CNT (34 Å  8 Å) pathway shows features similar to the small CNT of Fig. 1b. (b) The
longer length CNT (60 Å  8 Å) exhibits increased preference for horizontal orientations (F z 90!) once it is inside the core domain of the cellular membrane.

Fig. 3. Dissipative particle dynamics (DPD) simulations [27e29,32]. Distribution of angles, F, for different CNT lengths (21 Å, green, 34 Å, red and 70 Å, blue). The longer the CNT, the
more likely horizontal orientations are established.
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uses coarse-grained beads instead (a group of atoms forms a single bead and the
interaction between beads is given from a reduced set of simple rules). Conse-
quently, DPD calculations can be very useful to obtain a qualitative understanding of
a certain process while DGenv considerations can provide a first semi-quantitative
assessment of the energetics involved. Care must be taken with either approach
and the availability of experimental data for the process under investigation
increases the likelihood to apply such models in a constructive analytical way. With
regard to error bounds, the conformational dynamics of molecular sizes comparable
to the ones studied here accounts for DGenv variations on the order of �10 kcal/mol
mainly due to DGpol [21]. Because here all atomic partial charges are set to zero, the
DGpol term does not contribute. The major source of inaccuracy will therefore be the
DGcav term from which a �10 kcal/mol variation may still be regarded as a reason-
able error estimate.

3. Results and discussion

A scan of the environmental free energy landscape was carried
out for various orientations of a single carbon nanotube (CNT) that
was gradually immersed into the cellular membrane. In addition to
the CNT also C60 was used for comparison. The intent was to
provide a basis for comparison with data published previously in
ref. [7]. Evaluations are based on the membrane mimicry approach
[21] that was recently validated experimentally [25]. We define two
geometric variables, d andF, that identify the positionwith respect
to the cellular membrane, d is the center-to-center distance
between the CNT and the midplane of the cellular membrane, F is
the angle defined between the membrane normal and the axis of

the CNT (see Fig. 1a). Angles, F, in the range [0 ,180 ] are probed
with increments of 18 and distances, d, between 0 Å and 37 Åwere
examined with increments of 1.5 Å.

Initially a short CNT, 21 Å ! 8 Å, was studied. A total number of
250 different d, F combinations was examined and the results are
summarized in Fig. 1b. The landscape describing the environmental
free energy must be symmetric with respect to F ¼ 90 , a property
that can be used tomonitor the internal consistency of the model. A
CNT approaching from the outside aqueous domain, AQ, first gets
into contact with the polar head group layer, PH, at d z 35 Å. The
subsequent movement toward the interior of the membrane
produces, at dz 29 Å, a small barrier of 3.5 kcal/mol (DGcav slightly
increased) which is minimal for F z 90 . Along the insertion
coordinate, there is a subsequent local minimum at dz 20 Å (DGcav

significantly decreased), and a final minimumwhen the CNT is fully
immersed in the hydrophobic core domain, HC, at d z 11 Å with
z#40 kcal/mol of stabilization energy resulting from membrane
embedding. Despite the small variations, the free energy surface
forms a funnel favoringFz 90 that can pictorially be described as
“orientational funnel”. Once embedded into the HC, all F angles
become accessible to the CNT without any other type of environ-
mental penalty. A short CNT should therefore be able to assume all
possible orientations inside the HC domain.

Similarly, the free energy profile for the insertion of C60 (see
Fig. 1c) exhibits a tiny barrier of z1 kcal/mol upon entry at

Fig. 4. Accumulation of small carbon nanotubes (CNTs) in the cellular membrane. The bundle size in terms of CNT units is given. (a) Schematic representation of the series of CNT
bundles studied. (b) Environmental free energies and partial contributions for CNT bundles studied inside the cellular membrane. (c) Full association free energies (DGMM/PBþþ

[24,25]) for CNT bundles of increasing size.
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d z 27 Å, i.e., when the C60 has halfway penetrated into the PH
domain. From this point, the penetration proceeds downhill on the
free energy profile to an intermediate plateau at 15 Å < d < 20 Å of
z�10 kcal/mol environmental free energy when C60 is fully inside
PH or at the interface between PH and HC. The thermodynamically
preferred domain for C60 is the HC domain with a free energy gain
comparable to that reported previously (compare the�20 kcal/mol
by Bedrov et al. [7] to the �16 kcal/mol obtained here).

Next we turned our attention to the effect of an increased aspect
ratio of the CNT. A medium length CNT (34 Å  8 Å) and a longer
CNT (60 Å  8 Å) were subjected to the same procedure outlined
above to scan the free energy landscape. Results are summarized in
Fig. 2. Similar general characteristics of the environmental free
energy surface are observed for both of the longer CNTs (compare
Fig. 2a and b to Fig. 1b). The entry into the cellular membrane is
marginally favored when the tube is flat on the surface. The global
minimum is reached when the CNT is fully embedded in the lipid
bilayer. However, when the medium length CNT is fully immersed
in the HC domain (dz 0 Å) the extreme angles are less favored than
in Fig. 1b (see the green island in Fig. 2a delimited by 0! < F < 40!

and 140! < F < 180!). Accordingly, a medium length CNT prefers
a slightly tilted orientation with both tips avoiding the PH domain.

The longer length CNT (60 Å) further confirms this general picture,
except that the overall stabilization free energy grows inmagnitude
and the window of preferred angles becomes narrower (see the
shrunk green island in Fig. 2b, 60! < F < 120!). Consequently, the
general picture emerging from themembrane mimicry calculations
is that with increasing CNT length there is a preference for hori-
zontal embeddings in the core domain of the cellular membrane.

Application of a second d entirely different and unrelated d

method was deemed necessary to complement the results. We
performed simulations in the framework of Dissipative Particle
Dynamics (DPD) [27,28,32] which had been shown to provide
reasonable descriptions of the lipid bilayer. DPD is a coarse-grained
model based on the “poor” and “good” interactions that are typi-
cally used to describe solventepolymer interactions. The presence
of hydrophilic and hydrophobic regions in the cellular membrane
and the hydrophobicity of pristine CNTs makes the system ideal for
this kind of treatment. DPD allows to follow the evolution in time of
a chemical system of larger dimensions over longer time scales
than purely atomistic simulations.

Three different CNTs were set up of 21 Å, 34 Å, and 70 Å in length
and10Å indiameter. The chosendimensions are comparable to those
used in the membrane mimicry study. Results are best illustrated by

Fig. 5. Comparison of different geometric arrangements of 3 small carbon nanotubes (CNTs) in the cellular membrane. (a) Schematic representation of different model geometries
examined for a group of 3 CNTs embedded in the lipid bilayer. (b) Environmental free energies and partial contributions for the 3 model geometries of 3 CNTs inside the lipid bilayer.
(c) Full association free energies, DGMM/PBþþ.
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the 3 movies available in the Supplementary Information
(DPD_CNT21.mpg, DPD_CNT34.mpg and DPD_CNT70.mpg). Key
results are also summarized in Fig. 3 and Supplementary Figs. 1e4.
TheDPD-time-averageddistributionsof the characteristic angle,F, of
Fig.1a are shown in Fig. 3 for the threeCNTs (21Å ingreen, 34Å in red
and 70 Å in blue). Increasing the CNT lengthmakes dominant the flat
or horizontal orientations of the CNT with respect to the cellular
membrane. Fig. 3 shows the shift in the angle distribution toward
Fz 90� for the longest CNT. The relative positions of the CNTcenter
with respect to the cellular membrane, as a function of DPD simula-
tion time, are shown in Supplementary Fig. 1a. The initial short
entrance stage is followedbyan extended residenceperiod inside the
core domain of the cellular membrane. In practice, Supplementary
Fig. 1a presents the process in which the CNT pierces through the
lipid bilayer and accommodates itself in the hydrophobic core.
Shorter CNTs showakinetic preference for orientations parallel to the
lipid tails. During the penetration, the F angle changes as shown in
Supplementary Fig. 1b. It appears that the longest CNT prefers F

angles close to Fz 90�.
An important point can now be made: the DPD simulations as

well as the environmental free energy scans suggest a preference of
longerCNTs forhorizontal embeddings in thecorepartof the cellular
membrane (also consultmovies DPD_CNT21.mpg, DPD_CNT34.mpg
and DPD_CNT70.mpg and Supplementary Figs. 2e4).

The overall agreement of the two unrelated models can be used
to explore further issues with the less computational intensive
membrane mimicry model. One such issue is related to the finding
that the degree and type of bundling has been found to affect CNT
cytotoxicity [11]. A graphical representation of the systems inves-
tigated (bundles composed of up to 7 small CNTs) is given in Fig. 4a.

The CNTs selected to investigate the bundles are 10 Å in length
and8Å indiameter. Individual groupsof CNTs (bundles)were set up,
optimized in vacuum by a global minimization procedure, placed in
the cellular membrane and assessed for their environmental free
energies. The parallel bundling of CNTs positioned perpendicular to
the lipid bilayer allows a straightforward lateral extension to larger
CNT assemblies. Fig. 4b summarizes environmental free energies,
and their partial contributions, for CNT bundles inside the cellular
membrane. Main contributions stem from dispersion (green) and
cavitation (black) while polarization (blue) appears negligible. The
trend of Fig. 4b shows that for the bundle with 7 CNTs the total
environmental free energy (dashed red line) reaches a plateau, that
is there is a saturation effect that is caused by the presence of the
cellularmembrane rather than by the bundling. This is an important
feature that is amenable to experimental verification. However, full
association free energies, DGMM/PBþþ [25] do invert this trend (see
Fig. 4c). The latter is avariantofMM/PBSAanalysis [24] that accounts
for environmental effects as well as direct interaction between
complex-formingunits, i.e., individual CNTs in this particular case (D
refers to the same number of isolated CNTs). Here the additional
MM-term is responsible for the consideration of the stabilization/
de-stabilization resulting from inter-molecular interaction
between adjacent CNT units (in the different geometric arrange-
ments shown in Fig. 4a). MM-terms are completely absent in
Figs. 1e3 because there we are looking only at a single object
interacting with just the environment whereas with bundling also
inter-CNT type of interaction comes into play. MM-terms are clas-
sically computed within the “molecular mechanics” approximation
using the AMBER force [23]. Contrary to the environmental effect
alone (see Fig. 4b) full association free energies do not show any
tendency to level off. Consequently, self-assembly of large CNT
bundles can be anticipated.

A final issue worth exploring is related to the effect of embed-
ding different bundle arrangements in the cellular membrane. In
order to investigate this aspect, we used a cluster of three CNTs in

three different configurations, A, B, C shown in Fig. 5a. Configura-
tion A is the global minimum in vacuum, while B and C are local
minima. Environmental free energies and partial contributions for
the three model geometries are given in Fig. 5b (dispersion, green,
cavitation, black). Model geometry B is slightly favored by�13 kcal/
mol over A and C (red bars) with dispersion being the decisive
factor (compare trend of green/black bars to trend of red bars in
Fig. 5b). However, in combining environmental effects as well as
direct interactions, i.e., computing again DGMM/PBþþ energies
[24,25], model A is clearly the favored arrangement (see Fig. 5c
where the reference state regarding the D is again a set of three
isolated CNTs considered non-interacting in vacuum). Conse-
quently, the model suggests the possibility of regular accumulation
of parallel CNTs in the hydrophobic core domain of the lipid bilayer.

4. Conclusion

Two entirely unrelated techniques have been applied to study
insertion of CNTs into the cellular membrane. The free energy
surface describing the insertion process is very smooth. Horizontal
conformations that place the CNT in the innermost hydrophobic
layer of the cellular membrane are preferred by both approaches.
Themodeling also shows that short CNTs can be accumulated in the
hydrophobic core domain of the cell membrane.
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Appendix. Supplementary information

Supplementary data associated with this article can be found in
the online version, at doi:10.1016/j.biomaterials.2011.06.011.

Three movies showing DPD simulations of CNTs of varying
length integrating into the cellular membrane (DPD_CNT21.mpg,

DPD_CNT34.mpg and DPD_CNT70.mpg). Five figures showing
time-resolved DPD data and selected movie frames. Two

sections with details on DPD unit conversion and employed DPD
parameters.
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