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O
ne of the grand challenges con-
fronting both the physical and bio-
logical sciences is the fabrication of

“artificial cells” from purely synthetic com-
ponents. Natural cells are powerful micro-
reactors that involve the controlled uptake
and release of vital components. Within the
cell membrane, protein channels serve to
actively regulate the traffic through the cell;
one of the essential tasks in creating a
synthetic cell is designing channels that
could perform a similar regulatory function.
A possible route for forming a cell-like ob-
ject that contains functional channels is
through the self-assembly of lipids and
“hairy” nanotubes (NTs), which are deco-
rated with polymer chains at both ends.
Under the appropriate conditions, these
components could potentially self-organize
into a hybrid structure, with the lipids form-
ing a vesicle and the nanotubes spanning
the vesicle's membrane. In this configura-
tion, the hairs on the nanotubes' ends could
be harnessed to filter the motion of species
in and out of the vesicle and the entire
structure could be utilized to fabricate bio-
mimetic, small-scale reactors. Additionally,
these assemblies could be harnessed as
controlled release devices, with the hairs
providing a means of regulating the release
of the encapsulated species.
In this paper, we use computational mod-

eling to isolate regions of parameter space
where mixtures of lipids and hairy nano-
tubes in an aqueous solution can sponta-
neously self-assemble into vesicles with
membrane-spanning channels. An example
of this structure is shown in Figure 1. Here,
the hydrophobic shafts of the nanotubes
are embedded in the membrane and the
hydrophilic hairs extend into the external
solution and the interior of the vesicle,

providing a means of reversibly closing or
opening these pores (e.g., through a change
in solvent quality or pH).1 Notably, the
nanotubes have associated into a tripod-
like structure; as we show below, this con-
figuration is quite robust and can be ob-
tained reproducibly. Hence, the vesicles
provide a “reaction chamber” for creating
nanoparticles with distinctive morpholo-
gies2,3 that might be difficult to achieve
through more conventional means.
A number of recent studies have focused

on the self-assembly of lipids in solution,4�24

allowing researchers to identify the salient
features of this process. Significant progress
has also been made in understanding the
dynamic behavior of preassembled, multi-
component lipid vesicles.25�29 Despite the
significant interest in harnessing nanotubes
for biomedical applications, the self-assembly
of dispersed lipid molecules and nanotubes
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ABSTRACT Via dissipative particle dynamics (DPD), we simulate the self-assembly of end-

functionalized, amphiphilic nanotubes and lipids in a hydrophilic solvent. Each nanotube

encompasses a hydrophobic stalk and two hydrophilic ends, which are functionalized with end-

tethered chains. With a relatively low number of the nanotubes in solution, the components self-

assemble into stable lipid�nanotube vesicles. As the number of nanotubes is increased, the system

exhibits a vesicle-to-bicelle transition, resulting in stable hybrid bicelle. Moreover, our results reveal

that the nanotubes cluster into distinct tripod-like structures within the vesicles and aggregate into

a ring-like assembly within the bicelles. For both the vesicles and bicelles, the nanotubes assume

trans-membrane orientations, with the tethered hairs extending into the surrounding solution or

the encapsulated fluid. Thus, the hairs provide a means of regulating the transport of species

through the self-assembled structures. Our findings provide guidelines for creating nanotube

clusters with distinctive morphologies that might be difficult to achieve through more conventional

means. The results also yield design rules for creating synthetic cell-like objects or microreactors that

can exhibit biomimetic functionality.

KEYWORDS: hybrid vesicle . bicelle . self-assembly . lipids . end-functionalized
nanotubes
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has not been extensively explored. To the best of our
knowledge, the simulations presented herein consti-
tute the first studies of the association of the lipids and
nanotubes into vesicles. To probe the structure forma-
tion, we systematically increased the fraction of nano-
tubes in the solution and thereby uncovered a novel
vesicle to bicelle transition. These hybrid lipid/nano-
tube bicelles are stable structures, and consequently,
they too could be used as reaction chambers. On a
fundamental level, the emergence of the bicelles
provides insight into the factors that control the orga-
nization of lipid�nanotube assemblies.
In contrast to the dearth of investigations on lipid/

nanotube vesicles, there have been a number of com-
putational studies on the interactions of cylindrical
inclusions and preassembled lipid membranes.30�46

Recently, we simulated the behavior of hairy nano-
tubes, with hydrophilic hairs at one or both ends, in the
presence of preassembled “flat” membranes.47 We
found that nanotubes with hairs at just one end could
spontaneously insert into the membrane. For nano-
tubes with hairs at both ends, however, themembrane
had to be perforated in order to trap these nanopar-
ticles within the bilayer. On the basis of these findings,
we now examine how self-assembly can be exploited
to spontaneously integrate nanotubes with hairs at
both ends into the bilayer of a vesicle, and thus, in one
step create a cell-like structure with the biomimetic
channels.
It is worth noting that there have been few experi-

mental studies involving the self-assembly of short
nanotubes and lipid molecules; a stumbling block is
creating nanotubes that are comparable in length to

the lipids. Researchers are, however,making significant
progress toward this end. For example, techniques
such as fluorination48 and freezing and cutting49 have
been used to obtain ultrashort (US) single-walled
carbon nanotubes (SWCNT) of lengths 50 nm or less.
In addition, A. Javey et al. used a combination of
photolithography and shadow evaporation to fabri-
cate a device composed of US-SWCNT that are 10 nm
in length.50 Recently, researchers have fabricated
US-SWCNT that are on average approximately 7.5 nm
in length (with the shortest nanotubes being 2 nm)
through the use of density gradient ultracentrifuga-
tion.51 Hence, the average size of the latter nanotubes
is just a factor of 2 longer than the nanotubes con-
sidered herein (with the shortest nanotubes being on
the same length scale as those in our studies).
In the ensuing studies, we also assume that the

nanotubes are end-functionalized and such modes of
functionalization can be readily achieved experimen-
tally. For instance, carbon nanotubes can be functio-
nalized through thermal activation, electrochemical
modification, or photochemical reactions.52 K. M. Lee
et al. demonstrated the asymmetric end-functionaliza-
tion of multiwall carbon nanotubes using hydrophilic
and hydrophobic moieties.53 J.J. Stephenson et al. and
others have functionalized US-SWCNTs using various
moieties both on its ends and side walls.54�58 Thus,
with the fabrication of the appropriate ultrashort nano-
tubes, the chemical functionalization described herein
can be realized.
In carrying out these studies, we use dissipative

particle dynamics (DPD) simulations. The DPD is essen-
tially a coarse-grained molecular dynamics (MD) meth-
od, allowing researchers to examine larger systems
in more computationally realistic time frames.59

The technique has proven to be especially useful in
studying the mesoscale behavior of bilayer mem-
branes.4,25,26,30,59�64 We provide a brief description of
the DPD simulations in the Methodology section.

RESULTS AND DISCUSSIONS

The basic structural units in our system are the
amphiphilic, hairy nanotubes and the twin-tailed
lipids shown in Figure 1 panels a and b, respectively.
As detailed in the Methodology, each nanotube encom-
passes a hydrophobic stalk, which is capped by a single
band of hydrophilic beads at both top and bottom.
Hydrophilic hairs are tethered to both ends of these
nanotubes (see Figure 1a). At the onset, we randomly
distribute a mixture of the hairy nanotubes, lipids, and
hydrophilic solvent beads in a simulation box that is 30
� 30� 30 rc

3 units in size, where rc = 1 is the interaction
distance (seeMethodology); the total number of beads
is fixed at 81000. We vary the number of the NTs (from
0 to 18) while keeping the total fraction of amphiphilic
species fixed at 5.6% of the beads in the simulation
box.65

Figure 1. (a,b) Schematic of an amphiphilic NT (a) and
coarse-grained model of a twin-tailed lipid (b). (c�e)
Examples of self-assembled structures: (c) vesicle self-as-
sembled from amphiphilic lipids dispersed in a hydrophilic
solvent, (d) lipid-NT hybrid vesicle (413 lipids and 7 NTs),
and (e) lipid-NT hybrid bicelle (270 lipids and 18 NTs). The
lipid head and tail bead radii have been reduced to one-
fourth of their original values to more clearly reveal the NT
organization in panels d and e. Here and in all the images
below, the solvent beads are not shown.
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In the absence of NTs, we observe the formation of
stable lipid vesicles (see Figure 1c), in agreement with
previous studies involving the self-assembly of similar
lipids at comparable concentrations.4 As we show
below, the introduction of amphiphilic NTs affects
not only the morphology of the self-assembled struc-
tures, but also the dynamics of the self-assembly
process. Depending on the fraction of NTs in the
solution, our results reveal two distinct scenarios. In
the first scenario, the mixture forms a lipid�NT vesicle,
with small clusters of nanotubes being embedded in
the vesicle's membrane (see Figures 1d and 2). The
second scenario occurs at higher fractions of NTs: the
system associates into a hybrid bicelle structure, with
large clusters of NTs (or a single cluster) forming a ring-
like structure close to the edges of the bicelle (see
Figures 1e and 3). For a given NT concentration, we
performed multiple independent simulations and
found these morphologies to be highly robust. Below,
we first focus on specific samples that exemplify the
self-assembly of the hybrid vesicles and bicelles. We
then describe aggregate properties of the system that
are obtained by systematically varying the number of
nanotubes and averaging the data over eight inde-
pendent runs.

To illustrate the self-assembly of hybrid vesicles, we
randomly distribute a mixture of 10 NTs, 374 lipid
molecules and hydrophilic solvent beads in our simu-
lation box (so that the total volume fraction of the
amphiphilic beads is fixed at 5.6%). The structural
evolution of this system is shown in Figure 2 (see
corresponding movie SI.001 in Supporting Informa-
tion). At early times, some of the lipids aggregate into
the small micelles,4,66,67 while other lipids coat the NTs
to minimize the unfavorable shaft�solvent interac-
tions. These small lipid micelles and lipid-coated NTs
merge to form larger assemblies, including bicelles
(Figure 2a). In the transient, hybrid bicelles, the hydro-
phobic shafts of the nanotubes are shielded from the
solvent by the lipid tails or other nanotubes, and the
tethered hydrophilic hairs extend into the solution
(much as in the larger structure in Figure 1e). The
aggregation process continues until all the amphiphilic
species form a single hybrid bicelle (Figure 2c); notably,
the NTs form relatively large clusters located close to
the edge of the bicelle. As can be seen in Figure 2c,
some of the hydrophobic tails are exposed to the
aqueous solution at the periphery of the bicelle. To
alleviate these energetically unfavorable interactions,

Figure 3. Snapshots of the system with 14 NTs (and 322
lipids) during the self-assembly process for times (a) 200, (b)
22800, (c) 23800, and (d) 29800. Snapshots of the NT
organization at times (e) 29800 and (f) 60000 (lipid beads
are not shown). To visualize the dynamics of the self-
assembly process, see movie SI.003 in Supporting
Information.

Figure 2. (a�d) Snapshots of the system with 10 NTs (and
374 lipids) during the self-assembly process for times (a)
3300, (b) 5200, (c) 8900, and (d) 32600. (e�f) Snapshots of
the NT organization at times (e) 32600 and (f) 60000 (lipid
beads are not shown). The dimensionless time is measured
in units of τ (seeMethodology). To visualize the dynamics of
the self-assembly process, see movies SI.001 and SI.002 in
Supporting Information.
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this transient bicelle effectively folds on itself and
merges all its edges. Consequently, the system forms
a relatively spherical vesicle (see Figure 2d and the
corresponding movie SI.002 in the Supporting
Information) that encloses hydrophilic solvent and
the hydrophilic hairs (which emanated from the inner
curved surface). It is worth noting that the enclosed
hydrophilic hairs occupy approximately 70% of the
total volume inside the vesicle shown in Figure 2d.
For self-assembled amphiphilic lipids in the ab-

sence of nanotubes, the transition from the bicelles
(also referred to as a disk-like micelles or bilayers)
to vesicles has been investigated by a number of
researchers.4,14�16,22�24,68�70 The theoretical model
developed by Fromherz68,69 describes the bilayer-
to-vesicle transition in terms of minimizing the sum
of the edge and bending energies. As the bicelle folds
to form the vesicle, the edge energy is decreased, but
correspondingly, the bending energy is increased. The
transition becomes energetically favorable when the
bicelle reaches a certain critical size, which depends on
the bending rigidity of the bilayers.68,69 These observa-
tions were later corroborated in a number of computer
simulations.16,66,67,72 In addition, recent coarse-grained
molecular dynamic studies70 have highlighted the role
of entropic effects in the bicelle-to-vesicle transition.71

A number of experimental studies14,15,22�24 have con-
firmed the formation of lipid vesicles through the
folding of transient bicelles that reached a critical size.
For the system shown in Figure 2, we observe that

the bicelle-to-vesicle transition occurs in a qualitatively
similar manner as in the lipid/solvent mixture (no
NTs).4�9,12,66�70 The self-assembly of the components
results in the formation of a stable hybrid vesicle with
nanotubes positioned in a transmembrane configura-
tion and hydrophilic tethers exposed to the solvent
inside the vesicle cavity and external solution (see
Figure 2d). Figure 2 panels e and f show the late time
organization of the NTs within the vesicle; for clarity,
the lipid beads are not displayed. Figure 2e corre-
sponds to the same simulation time as Figure 2d, while
Figure 2f shows the NT distribution atmuch later times.
The images in Figure 2 panels e and f reveal that the
relative organization of the clusters remains stable over
the long time dynamics of the system. Within each of
the three clusters shown in Figure 2e,f, the NTs are
oriented approximately parallel to each other (with
some fluctuations in the relative organization of the
nanotubes within a given cluster). We emphasize the
robustness of the dynamics illustrated in Figure 2: in all
eight independent runs with 10 NTs, the vesicle is
found to have two to three nanotube clusters, with
each cluster containing approximately two to five nano-
tubes. (We note that three clusters are observed in the
seven of the eight runs at the late time t = 6 � 104).
When the number of end-functionalized NTs is

increased to 14 (and the solution contains 322 lipid

molecules), we find that the system forms a stable
hybrid bicelle, with nanotubes in a transmembrane
configuration and the hydrophilic tethers extending
into the solvent. The structural evolution of this system
is depicted in Figure 3. The smaller aggregates formed
during the initial stages of the self-assembly continue
to merge to form larger structures, including bicelles
(Figure 3a). In some cases, we observe a curved bicelle
to unfold after fusion with amicelle, or a smaller bicelle
(see Figure 3b). The end-functionalized nanotubes
reorganize to lie near the aggregate edges, and the
bicelle is observed to fold again. This aggregation
process continues until a single bicelle is formed; this
large bicelle curves into a transient cup-shaped struc-
ture (see Figure 3c). The aggregate in Figure 3c appears
to be attempting to fuse its edges (similar to the case of
10 NTs); during this process, the end-functionalized
nanotubes diffuse to the edges of the aggregate. The
dynamics of this process can be seen in the cor-
responding Supporting Information movie SI.003. For
this high fraction of the NTs, we do not observe the
fusion of the bicelle edges and the formation of the
vesicle; rather, the nanostructured bicelle morphology
remains stable (see Figure 3d). The nanotubes self-
organize into clusters arranged in a ring-like config-
uration (Figure 3e,f). Near the edge of the bicelle,
the lipids rearrange to minimize the contact between
the hydrophobic moieties and the hydrophilic sol-
vent. In particular, the lipid head groups point toward
the solvent, forming a curved, hydrophilic outer layer
(Figure 3d).
We hypothesize that the stability of the bicelle in this

case (and the inability of the system to form a vesicle)
could be the result of the following factors. First, in
order for the vesicle to form, the hydrophilic hairs must
be accommodated within the interior of the spherical
structure. For the vesicle with 10 NTs, the hairs already
occupied approximately 70% of the interior space. At
14 NTs, an even higher concentration of hairs would
need to be localized inside the vesicle; this type of
confinement could be entropically unfavorable. Sec-
ond, the addition of the rigid NTs increases the bend-
ing modulus of the bilayer. As shown earlier for lipid/
solvent systems,23,42,66�69 during the bicelle-to-vesicle
transitions, the bicelle folds to merge its edges. Be-
cause of the relatively low bending modulus of the
lipid membrane, the increase in the bending energy is
compensated by the decrease in the edge energy. In
our simulation, the bending modulus of the pure lipid
membrane (no NTs) is also low (as described in the
Methodology, the lipid tails are highly flexible). As we
add rigid NTs, however, we effectively increase the
membrane stiffness. Hence, we hypothesize that in-
creasing the bending rigidity of the membrane by
adding a higher fraction of the NTs could effectively
prevent the bicelle-to-vesicle transition and stabilize
the hybrid bicelle.
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To probe the effects of the above factors on the self-
assembly shown in Figure 3, we conducted the follow-
ing studies. First, to elucidate the role of the hydrophilic
hairs, we ran simulations with 14 “hairless” NTs, which
did not encompass the tethered chains at ends of the
shafts; all other parameters were identical to those
noted in Figure 3. Our results showed that the self-
assembly process and the late-time, stable bicelle
structure remains essentially the same as in the case
of the hairy NTs (see Figure S4 in the Supporting
Information). Hence, the hairs are not responsible for
precluding the bicelle-to-vesicle transition.
Next, we investigated the effect of the membrane's

bending rigidity. The bending rigidity can be increased
by either increasing the volume fraction of the rigid
inclusions (in which case, the bending modulus of the
membrane would vary locally), or increasing the stiff-
ness of the lipids by introducing an angle-dependent
potential73,74 between contiguous beads in the tails.
Here, we use a three-body stiffness potential of the
form Eangle = Kangle(1 þ cos θ) where θ is the angle
formed by three adjacent beads.73,74 With this mod-
ification, we obtained the self-assembled morpholo-
gies for lipids in solution (no NTs) for Kangle = 5, 10, 15,
and 20. Our simulations show that the stable, self-
assembledmorphology is a bicelle for Kangle = 20, and a
vesicle for lower values of Kangle (Kangle = 5, 10, 15).
(Similar results were shown in earlier simulations for
lipid-solvent systems.70) We then set Kangle = 10, and
studied mixtures of amphiphilic lipids and different
numbers of the end-functionalized nanotubes in the
aqueous solution. The NTs are the same as shown in
Figure 1a, and the total concentration of amphiphilic
beads (lipids and NTs) is kept fixed at 5.6%. We found
that only the system with one nanotube formed a
stable vesicle, whereas systems with larger fractions of
nanotubes formed stable bicelles. The same results
were obtained for eight independent runs
The above observations indicate that an increase in

the bending rigidity of the aggregate (achieved either
through the addition of a sufficient number of NTs or
by increasing the rigidity of the lipids or by a combina-
tion of both factors) drives the transition from a vesicle
to a bicelle.75 In other words, our simulations provide
the first evidence that an increase of the fraction of the
NTs prevents the late time bicelle-to-vesicle transition
and yields a stable, hybrid bicelle as a result of the self-
assembly process.
As was previously observed for lipids in solvents

without nanotubes,4,16,66,67 the self-assembly illu-
strated in Figures 2 and 3 minimizes the total energy
of themixture (see black and red curves in Figure 4a for
the respective cases shown in Figures 2 and 3). The
points on the curves correspond to the indicated
snapshots in Figures 2 and 3. In these plots, the total
energy consists of the following:59,62,73 the pair inter-
action energy between all the beads in the system, the

bond energy of the harmonic springs within the lipids
and chains tethered to the NTs, and a three-body
stiffness potential within the tethered chains. (It is
important to remind the reader that the magnitude
of the pair interaction between the DPD beads is
directly related to the solubility of the respective
species. In effect, the DPD pair interaction energy is
directly related to the Flory�Huggins energy of im-
miscible polymer blends.59 For more details, see ref 58
and Methodology section). We observe a significant
decrease in this energy during the early to intermedi-
ate times, when the components are assembling into a
single hybrid aggregate. On the other hand, the total
energy during late times, when the vesicle or bicelle is
undergoing a restructuring, remains approximately
constant (within the range of the fluctuations). We also
plotted the evolution of all the energy components
(see S4�S6 in Supporting Information); the plots reveal
that a decrease in the total energy is mostly due to the
decrease in the pair interaction energy between the
hydrophobic and hydrophilic beads (as was observed
for the purely lipid system4). The minimization of the
total energy of the system during the self-assembly
process seen in Figure 4a is also observed in all the
eight independent simulations. In the Supporting In-
formation (S7), we provide the plot of the total energy
averaged over the eight independent runs for the case
of vesicle formation with 10 NTs. This plot confirms the
features highlighted above; namely, it illustrates a
significant decrease in energy during the assembly
process into a single hybrid aggregate and shows that
the actual decrease in energy during the bicelle-to-
vesicle transition is relatively constant within the range
of fluctuations.
The images in Figures 2 and 3 show that the NTs

within the assemblies organize into the well-defined
structures. There are three distinct features of the NT
organization that are common to both the stable
vesicles and bicelles described above: (1) the NTs
self-organize into large clusters; (2) NTs preferentially
orient parallel to each other within a given cluster, and
(3) NT clusters assume trans-membrane positions with-
in each of the configurations, with the hairs extending
into the solvent.
While our simulations provide the first examples of

systems that entail all three events, some of these
features have been observed in previous studies. For
instance, the clustering of self-assembling amphiphilic
rods, as well as the preferential parallel orientation of
the rods within a cluster (resulting in the formation of
liquid crystalline phases), was observed for hairy rods
in solution in the absence of lipids.77,78 Studies on
rigid inclusions interacting within preassembled lipid
membranes31,33,35�37,40�43 have also demonstrated
that the inclusions associate into distinct clusters.
There are number of factors controlling the inter-
actions between these rigid inclusions; among these
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factors are a hydrophobic mismatch, the packing den-
sity of the lipids around the inclusions, and a depletion
attraction between the inclusions.31,33,35�37,40�43 For
our systems, we can rule out the effect of hydrophobic
mismatch since the NT length is comparable to the
membrane thickness (see Methodology). On the other
hand, we hypothesize that depletion attraction plays
an important role in the clustering of the NTs during

the self-assembly of the vesicles and bicelles seen in
Figures 2 and 3. Below, we isolate factors that affect the
formation of the NT clusters within these self-organiz-
ing hybrid aggregates.
We quantify the interaction between the nanotubes

through the “interaction count” or the number of
interactions between pairs of sites on two nanotubes
that are separated by a distance less than rc. The sites

Figure 4. Time evolution of (a) the total energy per bead, (b) the NT�NT interaction count per number of NTs in the system,
and (c) the NT cluster count for systems with 10 NTs (374 lipids) and 14 NTs (322 lipids). The data corresponds to systems
shown in Figures 2 and 3. The data points that correspond to the snapshots in Figure 2 panels a�f and Figure 3 panels a�f are
labeled as 2a�2f and 3a�3f, respectively.
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include the hydrophobic beads in the shaft, the hydro-
philic beads at the ends of the shaft, and the hydro-
philic beads in the tethered hairs. We compute the
nanotube�nanotube interaction count in a given sys-
tem from the beginning of the self-assembly process
and normalize this value by the number of nanotubes.
The interaction counts for the systems in Figures 2 and
3 are given in Figure 4b. The plot shows that, as could
be anticipated, at early to intermediate times, the
nanotube�nanotube interaction count increases with
time as the nanotubes cluster within the lipid aggre-
gates. At late times, however, the interaction count per
nanotube is observed to saturate and fluctuate around
a steady-state value. Hence, at late times, the number
of neighboring NTs remains approximately constant.
To further characterize the self-organization of the

nanotubes, we calculate the number of nanotube clus-
ters during the course of the simulation for the cases
shown in Figures 2 and 3. Here, we define a NT cluster as
the number of nanotubes that are effectively “in con-
tact”, that is, each pair of NTs within the cluster have at
least one interaction count where a bead within the
shaft of one NT is separated by a distance de rc from a
beadwithin the shaft of anotherNT. (Wedonot consider
interactions between the tethered hairs when calculat-
ing the NT clusters and the NT cluster is distinctly
different from the cluster of amphiphilic species).
At the onset of the simulation, all the NTs are

randomly distributed in the solution; at this stage,
the number of NT clusters is just equal to the number
of NTs in the system. As theNTs begin to aggregate, the
total number of NT clusters, k, decreases in a stepwise
manner (see Figure 4c). Typically, the NTs within a
cluster are oriented approximately parallel to each
other, so that there is a high interaction count per
nanotube within the cluster (as can be anticipated
from the data in Figure 4b). The formation of k = 3
distinct NT clusters is clearly evident in Figure 2 panels
e and f. Similarly, Figure 3 panels e and f show two and
three large NT clusters, respectively. The latter clusters
form a “broken necklace” pattern, which is located
close to the bicelle edges.
Figure 4c clearly illustrates that after the NTs have

formed three distinct clusters within the vesicle, these
clusters remain stable (see black curve for 10 NTs). For
the case of the 14 NTs, however, we observe the
formation of either two or three NT clusters (see red
line in Figure 4c and the respective images in Figure 3
panel e and f). These late-time fluctuations between
the two and three NT clusters within the bicelle do not
change the interaction count and the average energy;
both values remain constant within the range of
fluctuations, as can be seen from the respective points
in Figure 4a,b.
Up to this point, we have described two examples of

different hybrid structures formed by the self-assembly
of lipids and hairy nanotubes in solution. Our results

indicate that this self-assembly process provides a
viable approach for creating two types of distinctly
different hairy NT/lipid structures. It is important to
note that we carried out additional simulations on
systems involving lipids and bare (nonfunctionalized)
amphiphilic nanotubes and found that the major
features of the self-assembly process are similar to
those presented herein. For example, in a mixture of
10 bare NTs and lipids, the self-assembly process yields
a stable vesicle with a few (three in the majority of the
cases) clusters of bare NTs (see Supporting Informa-
tion, Figure S4.a), while the self-assembly of a mixture
of 14 bare NTs and lipids yields a stable bicelle (see
Figure S4.b). Additional simulations showed that all of
the features of the late-time NT organizationwithin the
hybrid structures discussed above are similar for bare
NTs (namely, the NTs self-organize into large clusters,
preferentially orient parallel to each other within a
given cluster, and these clusters assume trans-mem-
brane positions within each of the configurations). In
the following section of the paper, we focus solely on
the hairy nanotubes. Themain reason for our interest in
the self-assembly of hairy NTs and lipids is that, as we
noted in the introduction, the hairs could be a key to
regulating the trans-membrane traffic. And, impor-
tantly, while bare NTs can spontaneously insert into a
lipid bilayer, such spontaneous insertion is not possible
for the hairy NTs.47 Hence, the self-assembly of hairy
NTs and lipids could provide the only route to creating
a number of hybrid NT�lipid structures that permit
controlled transport through the membranes.
In the following studies, we systematically vary the

number of hairy NTs from 0 to 18 (while fixing the
number of amphiphilic beads at 5.6%of all the beads in
our simulation box). We present results obtained from
averaging over eight independent runs for each case
and thus, generalize our findings on the self-assembly
of the nanotubes and lipids in solution.
The aggregation of the species in these mixtures is a

free-energy minimizing process (see Figure 4a), which
involves reducing the number of unfavorable interac-
tions, and proceeds by minimizing the number of
interfaces. We demonstrate the interface minimization
during the aggregation process for the various systems
(the legend indicates the number of functionalized
nanotubes in each system) by computing the time
evolution of the solvent�lipid head interaction count
per lipidmolecule (see Figure 5a) and the solvent�lipid
tail interaction count per lipidmolecule (see Figure 5b).
The insets in each graph highlight the interaction
counts within the time frame of 104 to 4 � 104. Both
the interaction counts fluctuate about steady-state
values after the formation of a single aggregate. As
could be anticipated, these steady-state values de-
crease with the increase in the fraction of the NTs
(and hence, with the respective decrease in the fraction
of the lipids in the system). Our studies indicate that the
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dynamics of the aggregation process is notably similar
for all the cases considered (from the pure lipid system
to systemswith the number ofNTs varying from1 to 18).
To quantify the rate of aggregation, we calculate the

number of clusters and the average cluster size during
the course of the self-assembly process. Here, we
define a cluster as a collection of nonsolvent beads
(i.e., lipid and NTs beads), which are within a cutoff
interaction distance rc from at least one of their
neighbors. Therefore, a cluster i encompasses all non-
solvent beads that are interacting with at least one
other member of the cluster i, and the total number of
beads participating in a cluster i is denoted as nc

i . At a
specific time t, the total number of clusters for a given
system is themaximum value of i, imax, and the average
cluster size nc

ave is given by nc
ave = (∑i

i
maxnc

i )/imax. We
calculate the time evolution of the number of clusters
(imax) and the average cluster size (nc

ave) for systems
with different numbers of functionalized nanotubes
and average over eight independent simulations.

Figure 6 shows the time evolution of the average
cluster size (see Figure 6a) and the number of clusters
(see Figure 6b) for systems with a varying number of
nanotubes (indicated in the legend) but with the total
concentration of lipids and nanotubes fixed at 5.6%.
For the lipid/solvent system (no NTs), we find that the
scaling exponent of the average cluster size with time
is approximately 1, or nc

ave� tRwhere R≈ 1. This result
is in a good agreement with the prior simulation
studies on the dynamics of self-assembly in lipid-
solvent mixtures.16 We emphasize that in the above
studies, we define the cluster size by counting the
number of beads in the cluster (similar to the definition
of the cluster size in ref 16). Since the density in our
system is approximately constant, the value of nc

ave

calculated above effectively gives the volume of the
cluster (occupied by the nonsolventmolecules); hence,
the linear size of the cluster scales as R≈ (nc

ave)1/3 = t1/3

(assuming a spherical shape of the average cluster).
Thus, the growth exponent we find in our studies is in

Figure 5. Time evolution of the (a) solvent-head interaction count per lipid and (b) solvent-tail interaction count per lipid, for
pure lipids andmixtures of lipids and end-functionalized NTs. The legend shows the number of NTs in each system. The data
set marked “lipids” indicates a pure lipid system. The insets in (a) and (b) show the data for the times 104 to 4� 104. Here and
below, the error bars are calculated based on eight independent simulation runs.

A
RTIC

LE



DUTT ET AL . VOL. 5 ’ NO. 6 ’ 4769–4782 ’ 2011

www.acsnano.org

4777

agreementwith the Lifshits�Slyozov growth exponent
describing the coarsening dynamics during the phase
separation of binary mixtures at early times.79 The
same growth exponent (R ≈ t1/3) was reported in an
experimental study on the self-assembly of unilamellar
vesicles.22

As compared to the pure lipid/solvent system, our
results indicate a slight decrease in the growth expo-
nent with an increase in the fraction of end-functiona-
lized nanotubes; namely,Rdecreases to approximately
R ≈ 0.8 for the systems with larger numbers of NTs,
where stable bicelles are formed (see Table 1). In
agreement with these calculations, we also find that
the average cluster count, imax, scales with time as imax

� tβ, where β≈�1 for systemswith smaller numbers of
NTs (when a hybrid vesicle is formed), and decreases to
approximately β ≈ �0.8 with larger numbers of NTs
(when a stable bicelle is formed) (see Table 1). Calcula-
tions of the exponents provided in Table 1 (for both
average cluster size and the cluster count) span a time

interval from the beginning of the aggregation process
to the formation of a single aggregate. Our results on
the cluster growth rate, togetherwith the results on the
interface minimization, indicate that the dynamics of
the system remains remarkably similar for all the cases
considered here: from the pure lipid system to the
systems with the number of NTs varying from 1 to 18.
In the above examples (Figures 2 and 3), we illu-

strated two distinctly different types of NTs organiza-
tion within the late-time, nanostructured aggregates. It
is likely that a depletion attraction34,35,39,80�84 between
the NTs is the leading cause for the clustering we
observe in our studies. In the cases considered here,
the conformational entropy of the lipid tails is reduced
when these moieties lie near the nanotube shaft. The
drive tomaximize the entropy of the system induces an
attractive force that effectively pushes the nanotubes
together. This phenomenon has been observed in
earlier studies of nanoparticles or model proteins
interacting with lipid membranes.34,35,39�41,43

Figure 6. Time evolution of (a) the average cluster size and (b) the average cluster count for a pure lipid system andmixtures
of lipids and end-functionalized NTs. The legend shows the number of NTs in each system. The line in panel a serves to
indicate a growth exponent of 1. The growth exponents for the systemswith different numbers of NTs are provided in Table 1.
The inset in panel b shows the average cluster count for times 104 to 4 � 104.
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To gain further insight into the NT interaction and
self-organization, we systematically vary the number of
NTs from 1 to 18. In particular, we calculate the number
of nanotube clusters during the course of the entire
simulation in each of the cases. (Recall that the NT
cluster is defined as a number of nanotubes that are
effectively “in contact”). Figure 7 shows the time
evolution of the average number of NT clusters, Ækæ,
for the cases of hybrid vesicle formation (7 and 10 NTs,
marked by the black and red lines, respectively), and
for the cases of nanostructured bicelles formation
(cases for 12, 14, 16, and 18 NTs). In each of the curves,
we average the number of NT clusters over eight
independent runs.

As seen in Figure 4c, the total number of NT clusters
decreases in a stepwise manner for a given run;
averaged over eight runs, this decrease is relatively
smooth (see Figure 7). At early times, we observe a
faster decrease in <k> (a faster NT clustering rate) for
the larger number of NTs; this can be attributed to the
shorter average distances between the NTs.
At later times, the number of NT clusters saturates to

steady-state values in all the cases; for clarity, the late
time dynamics is shown in the inset to Figure 7. We
note that significantly longer times are needed to
reach the steady-state distribution of NT clusters than
to form a single cluster encompassing all the amphi-
philic species (see Figure 6b). Namely, as we showed
above, a single aggregate encompassing all the lipids
andNTs is already formed in themajority of the cases at
times in the range of 104 to 2 � 104; during the same
time frame, the total number of interfaces in the
majority of cases has also reached its minimal values
(see Figure 5). The restructuring of the NTs clusters,
however, continueswell beyond this time frame; as can
be seen from the inset in Figure 7, the saturation values
of the NT clusters, Ækæ, are reached only by the time
interval of 4 � 104 to 6 � 104 for all the cases con-
sidered here. This clearly indicates that NTs (or clusters
of NTs) continue to diffuse within the single aggregate
and form larger clusters until the steady-state NT
distribution is reached. Additional calculations showed
that in all the cases considered here, the late-time
restructuring of the NT clusters does not change the
NT�NT interaction count and the total average energy
(during the late-timeNT clustering, both values change
within the range of fluctuations, as we illustrated for
two representative cases in Figure 4d).

TABLE 1. Growth Exponents for Cluster Size and Count

Measurements

number of NTs

exponent calculated

from cluster size data

exponent calculated

from cluster count data

0 1.05 �0.97
1 0.97 �0.96
2 0.98 �0.90
3 1.09 �1.01
4 0.88 �0.90
5 0.89 �0.87
6 0.91 �0.95
7 0.97 �0.94
8 0.91 �0.86
10 0.94 �0.87
12 0.88 �0.85
14 0.81 �0.76
16 0.81 �0.76
18 0.81 �0.76

Figure 7. Time evolution of the number of NT clusters for systemswith different number of NTs (indicated in the legend). The
inset highlights the results for late times (4� 104 to 6� 104). The inset on the upper right corner shows the hybrid NT�lipid
vesicle for a system with 10 NTs. The inset on the lower right corner illustrates a stable bicelle in a system with 14 NTs .
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Our results show that for the systemswith sevenand ten
functionalized nanotubes, which generate a stable vesicle,
the late-time nanotube cluster count is 2.9 ( 0.1 (see
Figure 7). Namely, in the majority of cases the transmem-
brane NTs form three distinct clusters (similar to the
distribution shown in Figure 2e,f). For example, for the
systemwith 10NTs, at the latest instant of time considered
in our studies (t = 6� 104), in seven out of eight indepen-
dent simulation runs,weobserve the formationof threeNT
clusters; it is only in one case that two large NT clusters
(located at the poles of the vesicle) are formed.
For NT numbers varying from three to 10, we also find

that the formation of three NT clusters is robust process
that occurs in themajority of the cases (as long as the late
timedynamics results in the formationof ahybrid vesicle).
Table 2 provides more detailed information on the num-
ber of NT clusters within these vesicles (calculated at time
t = 4 � 104) and shows that the average number of
clusters is close to three in all of the cases.
The NTs clustering is significantly different for the

larger fractions of NTswhere components self-assemble
into bicelles (see curves corresponding to NT numbers
of 12 and higher in Figure 7). For these systems, in the
majority of cases we observe the formation of one or
two large clusters. These clusters tend to be located
close to the edges of the bicelles (see inset for NTs = 14
in Figure 7 and Figure 3c�e). We note that the bending
rigidity of the hybrid bicelles increases with the addition
of a higher fraction of NTs; thus, while the structures we
observe with 12 and 14 NTs are relatively “floppy”
(especially for the case of 12 NTs), the bicelles with 16
and 18 NTs remain relatively flat.

CONCLUSIONS

We undertook the first computational studies of the
self-assembly of mixtures of hairy nanotubes and lipids

in an aqueous solution and thereby demonstrated that
these components can spontaneously organize into
stable vesicles or bicelles. For relatively low fractions of
NTs, the self-assembly process provides a route for
integrating nanotubes with hairs at both ends into the
bilayer of a vesicle, and thus, creating a cellular object
with biomimetic membrane-spanning channels. We
showed that such nanostructured, hybrid vesicles form
through a transient bicelle-to-vesicle transition, similar
to vesicle formation in the pure lipid/solvent systems.
Notably, we found that the nanotubes self-organize
into a tripod-like structure (shown in Figure 1d and
Figure 2) within these vesicles.
For higher fractions of NTs, the systemassociates into a

hybrid bicelle structure, with the NTs clustering into a
ring-like arrangement,which lies close to theedgesof the
bicelle (shown in Figure 1e and Figure 3). Our simulations
provide the first evidence that an increase in the fraction
of the NTs prevents the late time bicelle-to-vesicle transi-
tion and hence, yields a stable, hybrid bicelle.
In addition to characterizing the equilibrium morphol-

ogy of the vesicles and bicelles, we systematically varied
the fractionofNTs todetermine thegrowth rateof clusters
formed by amphiphilic species during the assembly pro-
cess. Furthermore, we determined the temporal evolution
of the interactionsbetween thenanotubesduring the self-
assembly and the subsequent rearrangements of the
nanotube clusters within the self-assembled structures.
Our results indicate that the self-assembly of hairy

nanotubes and lipids in solution provides a new route for
the spontaneouscreationofnanotubeclusterswithdistinct
morphologies. The NT clusters can be stabilized by chemi-
cally cross-linking the tethered hairs and can be extracted
from the lipid assemblies to be used in other applications.
In thismanner, the vesicles and bicelles formmicroreactors
of forging nanotube clusters with tunable morphologies.
The hydrophilic hairs, which extend into the external

solution and the interior of the vesicle, also provide a
means of reversibly opening or closing the trans-
membrane nanotube channels and thus, regulating
the traffic through the vesicle's membrane. Namely, by
varying temperature or pH, the hairs can be made to
extend or collapse and thus, open or close the nano-
tube pores. The hybrid vesicles with controllable pores
can constitute a fundamental building block in the
formation of synthetic cells that exhibit biomimetic
functionality. The responsiveness of the hairs also
permits the regulated release of encapsulated species
and thus, the hybrid assemblies could be useful in
controlled release applications.

METHODOLOGY
Similar to MD simulations, DPD captures the temporal evolu-

tion of a many-body system through the numerical integration

of Newton's equation of motion,m(dvi/dt) = fi, where the mass

m of a bead of any species is set to 1. Unlike MD simulations,

DPD involves the use of soft, repulsive interactions and a

TABLE 2. AverageNumber andDistribution of NTClusters

number of cases (out of 8) with k NTs clusters

number

of NTs

average number

Ækæ of NT clusters k = 5 k = 4 k = 3 k = 2 k = 1

3 2.375 0 0 5 1 2
4 2.75 0 1 4 1 0
5 3.125 1 1 4 2 0
6 2.875 0 1 5 2 0
7 2.75 0 0 6 2 0
8 3.25 0 2 6 0 0
10 3.25 1 1 5 1 0
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momentum-conserving thermostat.59 The force acting on a
bead consists of three parts, each of which is pairwise additive:
fi(t) = ∑ (Fij

Cþ Fij
Dþ Fij

R), where the sum runs over all beads jwithin
a certain cutoff radius rc. The conservative force is a soft,
repulsive force given by Fij

C = aij(1 � rij)̂rij, where aij is the
maximum repulsion between beads i and j, rij = |ri � rj|/rc, and
r̂ij = rij/|rij|. The drag force is Fij

D =�γωD(rij)(̂rij 3 vij)̂rij, where γ is a
simulation parameter related to viscosity, ωD is a weight
function that goes to zero at rc, and vij = vi � vj. The random
force is Fij

R = σωR(rij)ξiĵrij, where ξij is a zero-mean Gaussian
random variable of unit variance and σ2 = 2kBTγ. Finally, we use
ωD(rij) =ωR(rij)

2 = (1� rij)
2 for rij < rc.

59 Because all three of these
forces conserve momentum locally, hydrodynamic behavior
emerges even in systems containing only a few hundred
particles.59 The equations of motion are integrated in time with
a modified velocity-Verlet algorithm.85

We take rc as the characteristic length scale and kBT as the
characteristic energy scale in our simulations. A characteristic
time scale is then defined as τ = (mrc

2/kBT)
1/2. The remaining

simulation parameters are σ = 3 andΔt = 0.02τwith a total bead
number density of F = 3 and a dimensionless value of rc = 1.73

As shown in Figure 1b, our system contains short-chain lipids.
The bonds between beads in the chain are represented by the
harmonic spring potential Ebond = Kbond((r� b)/rc)

2, where Kbond
is the bond constant and b is the equilibrium bond length. We
use Kbond = 64 and b = 0.5.73

The hydrophobic shaft of the nanotube is formed from a
stack of seven concentric rings. Each ring has a radius of 1.5 and
contains 13 beads; the spacing between the centers of neigh-
boring beads on a given ring is 0.5, and the distance between
the center of a bead and its nearest neighbor on an adjacent
layer is also 0.5. (All distances here and below are given in units
of rc, which is the characteristic interaction range and, as noted
above, is set to rc = 1 in dimensionless units.) There is perfect
hydrophobic matching between the nanotube and the
bilayer,47 namely, the length of the nanotube's hydrophobic
shaft is chosen to be equal to the width of the hydrophobic part
of the lipidmembrane. The hydrophilic domain in the nanotube
is formed from a single ring of beads (drawn in green in
Figure 1a) that are located on both ends of the shaft. The
nanotubes encompass end-tethered chains, which emanate
from both the hydrophilic end rings and are attached at equally
spaced intervals. The length of the tethers is fixed at four
hydrophilic beads. Within the nanotube, there is no interaction
between the hydrophilic ring (green beads in Figure 1a) and the
hydrophobic shaft; the hydrophilic tethers do, however, interact
with each other and the hydrophobic shaft. The bond potential
parameters for the hydrophilic tethers are the same as those for
the lipid tails. Additionally, we include a three-body stiffness
potential along the tethers of the form Eangle = Kangle(1þ cos θ)
where θ is the angle formed by three adjacent tether beads,62,73

and we set the coefficient to Kangle = 20.
The amphiphilic nature of the lipids is captured by specifying

the repulsive interactions between the components. Our
choices for the interaction parameters between the compo-
nents, aij, are based on the available data, as explained below.
For any two beads of the same type, we take the repulsion
parameter to be aii = 25 (measured in units of kBT). This aii is
equal to the value calculated by Groot and Warren48 based on
the compressibility of water for the chosen dimensionless
density of F = 3. The excess repulsion between the hydropho-
bic�hydrophilic beads can be calculated based on the Flor-
y�Huggins interaction parameters, χ, as aij = aii þ 3.496χ.59

Note that the latter expression is written for the fixed density F=
3 and is valid for relatively high values of χ, that is, sufficiently far
from the critical point.59 Here, we chose the value of the
interaction parameter between the different hydropho-
bic�hydrophilic moieties as aij = 100. Given that S stands for
solvent, H stands for a lipid head bead, and T stands for a lipid
tail bead, we specifically set aSS = 25, aHS = 25, aHT = 100, and aST
= 100. These values were used in a number of previous DPD
simulations of lipid bilayers73,74 and as previously observed,62,73

we find that lipids spontaneously self-assemble into bilayers for
these interaction parameters.

To capture the amphiphilic nature of the nanotube, we
specify an additional set of interactions parameters to account
for the unfavorable interactions between the nanotube's hydro-
phobic shaft and the solvent, and between this shaft and the
hydrophilic tethered chains. The hydrophilic hairs could be
PEG (polyethylene glycol, C2nþ2H4nþ6Onþ2, see ref 54) or AZT
(30-azido-30-deoxythymidine, see ref 53). In the following nota-
tion, s stands for the hydrophobic shaft beads, e stands for the
band of hydrophilic beads at both ends of the hydrophobic
shaft, and t stands for beadsmaking up the hydrophilic tethered
chains. Given this notation, we set aTt = 100, aTs = 25, aTe = 100,
aHt = 25, aHs = 100, aHe = 25, aSt = 25, aSs = 100, aSe = 25, att = 25,
ats = 100, and ate = 100. Note that we chose the values of the
parameters describing the interactions between all the hydro-
phobic and hydrophilicmoieties to be aij= 100. The same values
were previously used to describe the respective interactions
between the hydrophobic and hydrophilic beads of hard Janus
particles and a lipid bilayer74 and end-functionalized amphi-
philic nanotubes and lipid bilayer.47

The simulationparameters canbe related tophysical length and
time scales by examining the properties of a tensionless mem-
brane.73 The lipids in our investigations represent DPPC (dipal-
mitoylphosphatidycholine,C40H80NO8P). Typicalexperimentalmea-
surements of DPPC membranes73 in a tensionless state yield an
equilibrium area per lipid of approximately 0.6 nm2. This value can
be used to establish a dimensional length scale in the DPD
simulations and gives rc = 0.67 nm.73 The DPD time scale τ can be
estimated from the in-plane diffusion constant of lipids, which, for a
flat DPPC membrane, has been measured73 as D = 5 μm2/s. By
matching the latter value to the diffusion constant in a simulation,
weobtainτ=7.2nsand, for a single timestep,Δt=0.02τ=0.14ns.73
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