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ABSTRACT: Nanofiltration technology faces the competing
challenges of achieving high fluid flux through uniformly narrow
pores of a mechanically and chemically stable filter. Supported dense-
packed 2D-crystals of single-walled carbon nanotube (CNT) porins
with ∼1 nm wide pores could, in principle, meet these challenges.
However, such CNT membranes cannot currently be synthesized at
high pore density. Here, we use computer simulations to explore
lipid-mediated self-assembly as a route toward densely packed CNT
membranes, motivated by the analogy to membrane-protein 2D
crystallization. In large-scale coarse-grained molecular dynamics
(MD) simulations, we find that CNTs in lipid membranes readily
self-assemble into large clusters. Lipids trapped between the CNTs
lubricate CNT repacking upon collisions of diffusing clusters, thereby facilitating the formation of large ordered structures. Cluster
diffusion follows the Saffman-Delbrück law and its generalization by Hughes, Pailthorpe, and White. On longer time scales, we
expect the formation of close-packed CNT structures by depletion of the intervening shared annular lipid shell, depending on the
relative strength of CNT−CNT and CNT−lipid interactions. Our simulations identify CNT length, diameter, and end
functionalization as major factors for the self-assembly of CNT membranes.
KEYWORDS: carbon nanotubes, membranes, lipids, bioinspired self-assembly, nanopores, diffusion

■ INTRODUCTION
Carbon nanotubes (CNTs) are excellent water conductors
down to subnanometer pore diameters.1−5 Aligned and
hexagonally packed CNTs can form membrane-like struc-
tures.6 Such CNT membranes could be used for the design of
dielectric materials7 and for filtration or desalination.8−11 The
selectivity of the filter can be tuned by functional groups at the
ends of the CNTs.12,13 CNT membranes have been built by
growing forests of CNTs on a substrate and encapsulating
them with silicon nitride,3 epoxy resins,14 or ceramics.15

However, the maximum possible pore density is not reached
and the filled space between the CNTs does not contribute to
solvent conduction. Here, we explore lipid-mediated self-
assembly as an alternative route to densely packed CNT
membranes.
As a key requirement, CNTs have been successfully

introduced into lipid vesicles.16−19 CNTs can be pushed into
or through lipid membranes,20,21 but they can also be
internalized by passive diffusion22−24 or by growing bilayer
structures around CNTs from dispersed solution.25 The
amount of lipid coating plays a major role in the formation
of transmembrane channels with nonfunctionalized CNTs.26

Coarse-grained as well as atomistic simulations13,27 have
shown that the equilibrium orientation of open CNTs in a
membrane strongly depends on their lengths and the chemical

functionalization of their ends. Polar end-functionalizations
keep the nanotube in an up-right orientation and prevent short
pores from becoming blocked by lipid head groups.13

With CNT insertion being comparably well characterized,
we concentrate here on the lipid-mediated CNT assembly into
dense, two-dimensionally (2D) ordered structures as a route
for the production of CNT membranes. CNT porins are open
CNTs and share a cylindrical shape with barrel-shaped
transmembrane proteins.28 We can therefore think of CNTs
as biocompatible artificial pores in membranes. Depending on
shape and hydrophobicity of their transmembrane domains,
proteins can assemble into clusters and form densely packed
two-dimensional crystals.29 CNT porins forming similarly
ordered structures, with or without lipids retained on the
outside, could be placed on top of a porous support, e.g., a
polymeric mesh, to build a mechanically and chemically stable
filter device with much higher pore density than CNT-
containing membranes obtained by previous techniques.3,14 As
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an essential requirement for assembly, CNTs are mobile in
lipid membranes, even for supported membranes as shown
experimentally.30,31 Our focus is thus on the collective self-
assembly process and the identification of the factors
controlling spontaneous CNT membrane formation.

■ MATERIALS AND METHODS
In a series of molecular dynamics (MD) simulations, we studied the
assembly of 100 initially dispersed CNTs differing in length, diameter,
and functionalization state within membranes of different lipid
compositions (see Tables S2−S7). Lipids were described using the
coarse-grained Martini model,32 which has been extended to many
other types of organic compounds.27,33−35 For the lipid types used in
this work and their abbreviations, see Table S1. Martini simulations
have already been used successfully to study the aggregation of
proteins and nanoparticles in lipid membranes.36−40 We concentrated
on membranes consisting of pure POPC lipids, which are common in
biological membranes, biocompatible, and widely used in biophysical
studies. However, below we study effects of different lipids.
Additionally we used a Martini model for monoolein (MO) originally
designed for simulations of in-meso protein crystallization.41,42 For
the CNT porins, we used a model developed previously13 by adapting
models for fullerenes34 and capped CNTs.27 Our model has already
been used to study CNT-mediated fusion of lipid vesicles19,25 and
CNTs in flat membranes.13,43,44 For more details on the simulations,
see the Supporting Information. Parameter files and results are
available on https://github.com/bio-phys/cnt-clusters.

■ RESULTS AND DISCUSSION
Dynamics of Cluster Formation. Starting from a square

grid of CNTs within a POPC lipid bilayer in a box of 70 nm
width, the CNTs quickly arranged in clusters (Figures 1 and
2B). The size of the biggest cluster as a function of time
follows a power law ∼t0.65 (Figure 2C). The clustered CNTs
are more ordered in terms of their orientation, as can be seen
from the decreasing tilting angle (Figure 2D). First, single
CNTs met and formed small clusters that then fused. The
process led to an increase in the number of next neighbors per

CNT (Figure S7). We have shown previously13 that CNTs
induce order in the lipids in their vicinity. By forming clusters,
CNTs minimize the length of the interface between the highly
ordered annular lipid shells around CNTs13 and bulk lipids.
This interface is associated with a line tension and thus
energetically costly.45,46 Due to depletion effects,47 clusters are
also entropically favored. In contrast to classical Ostwald
ripening,48 small clusters do not dissociate by releasing single
CNTs on the time-scales of the simulations. Thus, fusion of
small clusters, including single CNTs that have not
encountered other CNTs yet, is the kinetically favored path
to form large clusters.
In the clusters, CNTs remained separated by at least one

lipid layer (a shared annular shell) and therefore are not in full
contact (Figure 1 zoom-in and Figure 2A). Strong interactions
between CNTs and lipid tails trap the lipids at the CNT
surface. They lubricate the assembly process but also slow
down the reorganization of existing clusters. The packing of
CNTs separated by a single shared lipid shell gives rise to a
pronounced peak in the radial distribution function at a CNT
center-of-mass distance of about 2.1 nm (Figure 2A) and a
strongly increased order parameter (see the Supporting
Information). This shared lipid shell stabilizes the lipid-
separated state.
Cluster Diffusion. Cluster diffusion is a major determinant

of CNT assembly, which relies on the collision and fusion of
clusters. Large objects embedded in a membrane diffuse more
slowly than small objects. The general dependence of the
diffusion coefficient on the size of the diffusing object in a
membrane can be calculated via the Saffman-Delbrück
model49,50 for small inclusions. Diffusion for very large
inclusions follows approximately a Stokes−Einstein relation.51
The transition between these behaviors in typical experiments
occurs at a hydrodynamic radius of about 10 nm.52,53 A model
that accurately covers the whole range was given by Hughes,
Pailthorpe, and White,54 with a good approximation by Petrov
and Schwille55,56 (HPW-PS). We calculated the diffusion
coefficient for different effective radii of the clusters (details in
the in the Supporting Information) and corrected the estimates
for finite-size effects.43,44

The finite-size-corrected diffusion coefficients from MD
simulations quantitatively match the theoretical prediction of
HPW-PS (Figure 3A). By contrast, the uncorrected values
match the HPW-PS theory only poorly, giving a membrane
viscosity of ηm = 7.2 × 10−11 Pa s m at a mean-squared error
χν
2 = 26.7 ± 0.2 (±1 would indicate a deviation of one

standard error on average). From the fit after finite-size
correction, we obtained an effective membrane viscosity of ηm
= 4.5 × 10−11 Pa s m at χν

2 = 1.1 ± 0.2. For comparison, we
found ηm = 3.97 × 10−11 Pa s m for Martini simulations of pure
POPC in earlier work.44 The slightly higher membrane
viscosity here can be explained by the presence of the 100
CNTs that create hydrodynamic couplings and increase lipid
order. We note that a shape-independent effective cluster
radius (see in the Supporting Information) and a single
constant value of the global membrane viscosity are sufficient
to characterize the cluster-size dependence of the diffusion.
Despite the drastic changes in membrane organization, the
global viscosity does not change significantly during cluster
formation. These methodological insights should help us to
refine parametrization of mesoscale models57 for membrane
inclusions (e.g., proteins) and the analysis of diffusion in
crowded membranes.58,59

Figure 1. Cluster formation of CNT porins with polar functional end-
groups in a POPC lipid bilayer. (Top) Time series of top views on the
membrane containing 100 CNTs, with CNT carbon beads in black,
polar functional groups in red, and lipid PO4 beads in gray. (Bottom)
Zoom-in on CNT cluster with lipids in the first annular shell colored
light purple. The lower left image shows a side view with lipid PO4
groups in brown.
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The match of our results with the theory for membrane
inclusions shows that each CNT cluster behaves as one large
object, even though the CNTs are not directly connected. The
overall accordance of the corrected diffusion coefficients with
the Hughes-Pailthorpe-White model confirms both the model
itself and the finite-size correction procedure employed here,
and it also allows us to extrapolate the diffusion behavior of
CNT clusters or other membrane inclusions to larger scales.
Conditions for Cluster Formation. CNT Properties. The

behavior of CNTs in the lipid membrane depends on their
structural and chemical characteristics, as probed in explor-
atory simulations (see Tables S2−S7). CNTs that are
significantly longer than the thickness of the membrane tilt
to minimize the hydrophobic mismatch (Figures 4A and S4).
This behavior is expected from previous simulations.27,60 In
experiments, CNTs are usually coated by detergents or lipids.
These coatings might prevent tilting and reduce the sensitivity
of the assembly process to the length of the CNT.26,61 In the
simulations, the shortest CNTs did not form stable clusters.
Lipids bent over them and destroyed the order needed for
controlled assembly (Figures 4B and S5). CNTs with larger
diameter (Figure 4C) formed clusters with a more hexagonal
structure. But in this case, there is a higher risk of lipids getting
into the tube during preparation. Nonfunctionalized CNTs
tilted to a horizontal position, often before they formed
clusters (Figure 4D). These results show that the general
behavior of the CNTs and therefore the process of cluster
formation can be finely tuned.
In unbiased simulations, no spontaneous transition of two

CNTs from a lipid-separated state to contact was observed.
Therefore, we inserted pairs of CNTs that were already in full
contact without being separated by lipids. These preassembled
pairs stayed together over the whole simulation time (Figure
4E). This means that the contact state is at least metastable;
but so is the lipid-separated state, as no additional direct
contacts formed during the course of the simulation. In

Markov chain Monte Carlo simulations of strongly hydro-
phobic transmembrane domains,62−64 the lipid-separated state
was the minimum of the potential of mean force for strongly
hydrophobic cylindrical inclusions. Dissipative-particle dynam-
ics simulations of cylindrical membrane proteins,60,65 however,
favored the contact state, also for end-functionalized carbon
nanotubes in small lipid vesicles.66,67 These different results
illustrate the subtle balance between direct and solvent-
mediated interactions as well as entropic effects that govern the
equilibrium and kinetics for transitions between lipid-separated
states and contact states. These subtle interactions are
challenging to capture in simulations and thus preclude firm
predictions of the dominant state over very long time scales
and in real systems.
Cluster formation depends on the hydrophobicity pattern of

the CNT porin. We varied the size of the hydrophobic region
of the carbon nanotubes by changing the number of rings of
polar bead type at both ends of the CNT (Figure S1). We
chose six configurations from completely hydrophobic (no
polar rings at all; CNT functionalization type f0; see the
Supporting Information) to five polar rings at each end (CNT
type f5). The latter configuration has only two apolar rings in
the middle of the tube, resulting in a strong negative
hydrophobic mismatch. None of these CNTs in the different
configurations made direct contacts with each other. Only for
small hydrophobic regions at the end, full clustering was
observed. The nonfunctionalized CNTs strongly tilted, which
hampered further fusion. Cluster formation of CNTs with
three or four polar rings soon saturated at about four to five
CNTs per cluster. In this case, clusters rarely grew further and
even disintegrated again. The strong order around the CNTs is
thus necessary for the stability of large lipid-separated clusters.

Lipid Properties. As long as the length of the CNTs roughly
matches the thickness of the membrane, the clustering
behavior is only marginally affected by the specifics of diacylic
lipids. Changing from pure POPC to a different lipid

Figure 2. Clustering of CNT porins with polar functional end-groups from coarse-grained simulations containing 100 CNTs. (A) Radial
distribution function of CNT−CNT center-of-mass distances. Vertical lines indicate the cutoff radii used to define CNT clusters with full contact
(1.7 nm) and separation by one layer of lipids (2.25 nm). (B) Number of distinct clusters of CNTs (100 means each CNT is separate) according to
the two different cutoff radii. (C) Number of CNTs in the biggest cluster Nmax for a 2.25 nm cutoff (with fit to a power law) and average size N̅ of
clusters. Note the double-logarithmic scale. (D) Cosine of the tilting angle averaged over all 100 CNTs.
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composition (POPE:POPG:Card. at a ratio 14:5:1, see Table
S1 for lipid name abbreviations) did not change the behavior
qualitatively (Figure 4F). By contrast, monoolein (MO)
membranes sped up the clustering process by an order of
magnitude and allowed for quicker reorganization to a
hexagonal structure (Figures 4G and S7). This effect is similar
to what is observed in simulations with POPC lipids at a higher
temperature (350 K, Figure 4G).
We performed a systematic study for various different lipid

types. For comparison with POPC lipid membranes, we
considered lipids with short acyl chains (DLPC), lower
saturation (DOPC), higher saturation (DPPC), a smaller
headgroup (POPE), a net negative charge (POPG), and a
single tail (MO). The cluster formation was similar for all
lipids except for DLPC. The influence of the lipid headgroup is
therefore negligible. The saturation of the tails also appears to
play a comparably minor role, as the saturated palmytoyl tails
in DPPC enhanced clustering only slightly compared to the
monounsaturated oleoyl tails in DOPC. However, the length of
the tails greatly influences clustering. The short tails of DLPC
cause a hydrophobic mismatch that led to tilting of the CNTs
as seen for overly long CNTs in POPC membranes. The
consequence was a marked slowdown in the CNT assembly for

DLPC lipids. The greatest speedup in assembly was observed
for MO. It has only one acyl chain and therefore can rearrange
more easily.

CNT−Lipid Interaction Strength. Reducing CNT−lipid
interactions facilitates the formation of direct contacts between
CNTs (Figure 5C). We ran simulations in which we reduced
the values of the Lennard-Jones energy parameters from 100%
to 60% in steps of 10% for the CNT interactions with lipids
and solvent, while keeping CNT−CNT interactions constant.
Independent of the interaction strength, the clustering process
(cutoff distance rc = 2.25 nm between CNTs to identify
clusters) was fast and saturated within the first few micro-
seconds. However, the strength of the cross-interactions
strongly influenced the formation of direct contacts (cutoff
distance rc = 1.7 nm between CNTs). For Lennard-Jones
interactions reduced to 60% of the original values, almost all
clusters were at close CNT−CNT contact; for 80% strength,
almost no direct CNT−CNT contacts were observed, and
none at all for 90% and 100%. A similar effect has been
described for a simpler and more generic model of membrane
inclusions.62 We conclude from these results that the strong
cross-interactions between the CNTs and the lipid tails
compared to the CNT−CNT interactions are the main
cause for the lipid separation.

■ CONCLUSIONS
Lipid-mediated self-assembly of CNTs promises to produce
2D hexagonal arrays with higher pore densities than in
currently available fabrication techniques. Our simulations
show that short, membrane-spanning CNTs have a strong
tendency to aggregate into clusters in a lipid membrane. In our
coarse-grained CNT model,43 the CNTs in these clusters
retained an annular shell of lipids that prevented direct contact
to the neighboring CNTs. Reasons are the comparably strong
CNT−lipid interactions and the lipid order induced by the
cylindrical geometry.28,43 Due to these strong interactions, the
assembly of CNT clusters is dominated by the acyl chains
whereas head groups have less effect. Especially monoolein led
to a large speed-up compared to diacylic lipids. Cluster
formation worked best with CNTs that carried polar end-
functionalizations and whose length matched the thickness of
the membrane. The process is sensitive to the tube length,
whereas the diameter plays a minor role. For the assembly of
longer tubes, the thicker membranes formed by diblock
copolymers68 could be used instead of lipid membranes. In
addition, solvent composition and conditions could be varied
to manipulate the energetics and dynamics of the assembly
process. We expect the most important solvent properties to be
hydrophobicity and viscosity. An overly hydrophobic solvent
could prevent the CNTs from inserting into the membrane
while adding lipid coating or lipid-like detergents could
facilitate the insertion process.22,26 According to the Saffman-
Delbrück law, the viscosity of the fluid has an influence on the
diffusivity of the membrane inclusions and thus influences
cluster formation. A more viscous fluid slows down CNT
diffusion but the dominant factor is the membrane viscosity, as
we had shown in earlier work.13

Lipid-separated CNTs retained some degree of fluidity in
nanoarrays. On the simulation time scale, contacts between the
nanotubes did not form spontaneously for standard inter-
actions.27,34,43 Such contacts only formed if CNT−lipid
interactions were reduced. In standard simulations, already
prepared contacts remained stable, which is indicative of a

Figure 3. Dependence of diffusion coefficients of CNT clusters in the
membrane on the effective cluster size. The size (x-axis) is given by
the effective cluster radius =R R sceff CNT in units of nm, with RCNT
= 1.05 nm the CNT radius, and sc the number of CNTs in a cluster.
(A) Diffusion coefficients without (blue squares) and with correction
for finite-size effects (orange circles). Curves show the Saffman-
Delbrück model (SD theory; green dashes) and the Petrov-Schwille
interpolation55,56 of the Hughes-Pailthorpe-White model (HPW-PS;
solid red line). (B) Average mean squared displacements of the
carbon nanotubes for different cluster sizes in one of the clustering
simulations. Curves are colored from dark to light with increasing
cluster size. We observed all cluster sizes from 1 to 20, all from 23 to
29 as well as 41 and 64. The window from 5 to 15 ns was used to
extract cluster diffusion coefficients.
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larger kinetic barrier between full-contact and lipid-separated
states. It is not clear from simulations whether the lipid-
separated clusters are stable or a metastable intermediate step
toward crystallization. If the loose clusters were stable, it could
lead to a new sort of material. The lipids would retain some
fluidity and enhance the flexibility and biocompatibility, which
are all desirable properties. If the lipid-separated state is only
metastable, the delay in the transition to full CNT−CNT
contact will be advantageous for assembly. A high concen-
tration of CNTs could be reached before local nucleation cores
can form that are mutually incompatible in their form or
orientation. As a possible issue, areas of lipids can be encircled
by a growing cluster and trapped inside. Such lipid islands
could limit the maximum pore density. This might be
overcome by chemically removing lipids from the membrane
during cluster formation, e.g., by adding mild detergents.69

The diffusive dynamics of the clusters in the membrane is
well-described by the Hughes-Pailthorpe-White extension by
Petrov and Schwille54,55 of the Saffman-Delbrück model49,50

after accounting for finite-size effects in the MD simula-

tions.43,44,70 The correct description of diffusive behavior will
be important to estimate time scales for the assembly of large
clusters, not only of CNTs but also of membrane proteins.57

In conclusion, our MD simulations establish the general
feasibility of CNT−lipid-based nanomembranes with a high
pore density. Due to the high flexibility concerning lipid
properties, the possibilities to engineer suitable membranes for
various applications are manifold.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsabm.2c00585.

Details on lipid names and simulation setup, parameters,
and analysis; figures showing lipid order parameter,
diffusion for different cluster sizes, simulation snapshots
of differently sized CNTs, radial distribution of CNTs
upon scaling of CNT−lipid interactions, and number of

Figure 4. Snapshots from coarse-grained simulations of system setups with variations from the standard scheme (100 CNTs of 4.5 nm length with
polar functionalization in POPC membranes). (A) CNTs longer than the thickness of the membrane. (B) CNTs shorter than the thickness of the
membrane. (C) CNTs without polar end-groups. (D) CNTs with larger diameter. (E) 200 CNTs started as pairs. (F) Standard CNTs in
POPG:POPE:cardiolipin mixture. (G) Standard CNTs at 350 K. (H) Standard CNTs in monoolein. For details of the simulation setups, see the
Supporting Information, in particular Table S4.

Figure 5. Dependence of CNT cluster formation on (A) hydrophobic mismatch for CNTs fX, with X the number of bead rings at each end that are
polar, (B) lipid composition, and (C) CNT−lipid interaction strength. The number of clusters decreases as the CNTs merge into clusters of
increasing size. See Figure S1 for details on the hydrophobicity patterns and Table S1 for the lipid name abbreviations.
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