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ABSTRACT
Single-walled carbon nanotubes (SWNTs) are possible nano-injectors and delivery vehicles of molecular probes 
and drugs into cells. In order to explore the interaction between lipid membranes and carbon nanotubes, we 
investigate the binding mechanism of dipalmitoylphosphatidylcholine (DPPC) with SWNTs by molecular 
dynamics. In low concentration range simulations, the DPPC molecules form a supramolecular two-layered 
cylindrical structure wrapped around the carbon nanotube surface. The hydrophobic part of DPPC is adsorbed 
on the surface of the nanotube, and the hydrophilic top is oriented towards the aqueous phase. For higher 
concentration ranges, the DPPC molecules are found to form a supramolecular multi-layered structure wrapped 
around the carbon nanotube surface. At the saturation point a membrane-like structure is self-assembled with a 
width of 41.4 Å, which is slightly larger than the width of a cell membrane. Our study sheds light on the existing 
confl icting simulation data on adsorption of single-chained phospholipids. 

KEYWORDS
Cell membrane, molecular dynamics, carbon nanotubes, self-assembly, nano-injector

Introduction

Single-walled carbon nanotubes (SWNTs) offer 
unique opportunities for chemical and biological 
sensing [1, 2] and have great potential applications 
in electronics, optics, mechanics, and thermal 
transportation [3, 4]. The interaction of biomolecules 
with SWNTs has generated a great deal of interest 
in the past few years. Chen et al.  reported a 
translocation of multi-walled carbon nanotubes 
across a breast cancer cell [5] and demonstrated the 
capability of the tube to act as a nano-injector into 

the cell cytoplasm without cell membrane damage. On 
the other hand, an SWNT inside a cell was reported to 
localize within the nucleus, causing cell mortality in a 
dose-dependent manner [6]. Several studies indicate 
that functionalized SWNTs can be spontaneously 
inserted into a lipid bilayer [7 10]. Klein et al. 
reported that a generic nanotube functionalized 
with hydrophilic termini is assisted in crossing the 
membrane core by transleaflet lipid flips [11, 12]. 
Wallace and Sansom used coarse-grained molecular 
dynamics to simulate the penetration of dipalmitoyl
phosphatidylcholine (DPPC) bilayers by SWNTs: the 
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degree of lipid lining of the inner surface was found 
to be strongly dependent upon the tube penetration 
velocity, with fewer lipids extracted from the bilayer 
at higher rates [13]. There are thus promising 
perspectives for the use of nanotubes and nanopores 
in molecular sequencing and selective molecular 
transport. It is obvious that structural reliability and 
low reactivity are necessary for this kind of nano-
injector to deliver drugs into cells through an artifi cial 
transfer channel. So, it is very important to know the 
mechanism of interaction between cell membranes 
and nanotubes.

The transporter property of carbon nanotubes has 
initiated many studies on the interaction and binding 
mechanism between carbon nanotubes and the lipid 
components of the cell membrane. The observation 
of band gap fl uorescence of individual SWNTs in an 
aqueous dispersion of sodium dodecyl sulphate (SDS) 
led O’Connell et al. to conclude that the nanotube 
was encased in a cylindrical micelle with the 
surfactant molecule oriented perpendicularly to the 
surface of the tube [14]. However, using transmission 
electron microscopy, Richard et al. were able to 
visualize clear striations in the lipid coating on an 
SWNT, which were thought to be due to rolled-up 
half-cylinder lipid structures on the nanotube surface 
[15]. McEuen et al. reported that lipid molecules 
can diffuse freely across the tube [16] and Wu et al. 
examined the coating of SWNTs  with single and 
double-chained phospholipids [17].

To elucidate the nature of the supramolecular 
assembly between single-chained lysophos-
phatidylcholine (LPC) and carbon nanotubes, 
Qiao and Ke performed 24 ns atomistic molecular 
dynamics (MD) simulations of the interaction of 
LPC with a (18, 0) SWNT and found that the lipids 
were predominately aligned with the tube axis as 
opposed to the hemi-micelle mode [18]. however, 
a later study by Wallace and Sansom, using coarse-
grained MD, proved to be at odds with this result, 
yielding a structure which was more consistent with 
the earlier cylindrical detergent encapsulation mode 
[19]. In view of this discrepancy, the interaction 
mechanism of lipids and SWNTs remains unclear. In 
order to reach a better understanding of the binding 
mechanism of cell membrane lipids with SWNTs, 

we present a molecular dynamics simulation study 
involving the double-chained DPPC. In contrast to 
LPC, such lipids are believed to be curvophobic and 
to induce a bilayer packing [20]. 

1. Computational methods 

We performed classical  molecular dynamics 
simulations to elucidate the binding of DPPC on an 
SWNT. Initially, the dimensions of the simulation 
box were set at 10 nm × 10 nm × 10 nm. The initial 
simulation system consisted of the SWNT fi xed along 
the z-axis at the center of the box, 46 DPPC molecules 
and 30577 water molecules. We chose a (18, 0) zigzag 
SWNT, 13.9 Å in diameter and 96.5 Å in length 
containing 1440 carbon atoms. Since the nature of 
the interactions between carbon nanotubes and 
lipids has been reported to be strongly dependent 
on the concentration of lipid [19], we also performed 
simulations with higher concentrations. In fact, it has 
been reported that the binding mechanism of lipid 
adsorption onto SWNTs not only depends upon the 
concentration of lipid, but also on the weight ratio 
of lipid to SWNT when experimental mass ratios 
were varied from 1:1 to 10:1, and concentrations of 
lipid were in the range 1% to 10%. The initial box 
filled with 46 DPPC molecules yields a mass ratio 
of DPPC to SWNT of about 1.95:1. To cover the 
estimated concentration range, we also performed 
simulations for higher concentrations with 88 and 
173 DPPC molecules in a box of the same size, with 
28529 and 24799 water molecules, respectively. In all 
these simulations, initially the DPPC molecules were 
distributed roughly uniformly over the box. 

Water was simulated with the simple point charge 
(SPC) model [21]. Periodic boundary conditions 
were applied in all three directions. The electrostatic 
interactions were computed using the particle mesh 
Ewald method [22] with a fast Fourier transform 
(FFT) grid spacing of 0.11 nm. The time step size was 
2 fs. Based on previous work, the SWNT atoms were 
modeled as uncharged Lennard-Jones particles using 
sp2 carbon parameters [23, 24] with a cross section 
of σCC = 0.365 nm, and a depth of the potential 
well of εCC = 0.465 kJ/mol. For the DPPC molecule, 
we used Berger’s parameters [25]. For all the bond 
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lengths, valence angles, and improper dihedrals, 
as well as for dihedral angles in the head-group 
region, the standard parameters of the GROMOS 
force fi eld were used. For the hydrocarbon chains the 
Ryckaert-Bellemans potential was used. For more 
details about the parametrization see the reports [26, 
27]. Computer simulation of the cell membrane is 
determined strongly by the available parameter sets 
for the lipid. To study this effect we also performed 
an additional simulation of the same system of 46 
DPPC molecules using the GROMOS force field 
based on the last GROMOS96 parameter set termed 
ffG53a6 for DPPC [28]. A Berendsen thermostat 
with a coupling constant of 0.1 ps was applied in all 
simulations [29]. The reference temperature was set 
to 300 K. Pressure coupling was applied isotropically, 
also using the Berendsen scheme with a coupling 
constant of 1.0 ps. The reference pressure was 1 bar 
in all directions. Bond lengths were constrained with 
the LINCS algorithm [30]. An energy minimization 
of the system using the method of steepest descent 
and a long run with a leapfrog stochastic dynamics 
integrator was carried out for the equilibration at 300 
K with a friction constant of 0.5 ns 1. After energy 
minimization, a simulation with position restraints 
on DPPC molecules was carried out at 300 K for 
400 ps. All the simulations were performed using 
the Gromacs MD simulation package at constant 
temperature (323 K) and pressure (1 bar) [31, 32] .

2. Results and discussion

2.1    Low concentration range

Cell membranes are self-assembled bilayers of 
phospholipids. Using molecular dynamics, Kasson 
and Pande have modeled the creation of bilayer 
gaps through the reorientation of lipids at bilayer 
edges [33]. Near these edges a rapid reorientation 
and movement of phospholipids was observed. The 
rapid local rearrangement of lipids during membrane 
fusion may also facilitate the formation of fusion 
intermediates, thought key to the infection cycle of 
viruses. The alkyl chain of DPPC is hydrophobic, 
whereas the top of the phospholipid is hydrophilic 
[34]. The graphene surface of an SWNT is also 

hydrophobic. We therefore expect that the polar top 
of DPPC would not readily adsorb onto the external 
surface of an SWNT, as compared to the alkyl chain. 
From our simulation at low concentration, we observe 
that during the first stage of the rearrangement (0
1.2 ns), DPPC molecules cluster into small micelle-
like aggregates, and a ring starts to be formed 
around the SWNT from 0 to 1.2 ns (Fig. 1(b)) that 
can reduce the exposed solvent-accessible surface of 
the hydrophobic detergent tails. Gradually, both free 
DPPC molecules and DPPC clusters adsorb from the 
solution onto the SWNT; the process is shown in Fig. 
1. Apparently, the formation of micelle-like structures 
and the adsorption of DPPC on SWNTs are almost 
concerted. The important jump occurs from 1 to 3.0 
ns, and corresponds to the adhesion of a large lipid 
cluster to form a structure with two concentric layers. 
At that time there are about 40 DPPC molecules 
absorbed on the SWNT. Eventually no clusters of 
DPPC molecules remain in solution, indicating that 
the coating may be saturated.

The adsorption of the lipid layers is in fact very 
fast; it only takes about 2 ns. Figures 1(d) and 1(e) 
present front and side views of the simulation 
system at t = 15 ns. We fi nd that the DPPC chains are 
wrapped around the tube, mostly with a wrapping 
angle of 20° 40° with respect to the SWNT long 
axis [19]. Our result is in very good agreement with 
the findings at low concentration by Wallace and 
Sansom [19], where LPC wraps around the SWNT 
at low detergent concentration with an average 
wrapping angle of ~48°. The hydrophobic part of 
the DPPC is adsorbed on the surface of the SWNT, 
and the hydrophilic top is oriented towards the 
aqueous phase, forming two cylindrical layers on 
the surface of the SWNT. Such a structure protects 
the hydrophobic interior of DPPC and the surface of 
the SWNT from exposure to water while keeping the 
hydrophilic head groups in contact with the solution. 
The longitudinal ordering which we observe is rather 
similar to the results of Qiao and Ke for the single-
chained LPC [18]. While for LPC the lipid tails are 
mostly stretched along the tubes axis, we find that 
the DPPC molecules can also be wrapped around 
the tube. The polar heads cluster at regular intervals 
of about 2.5 nm, which is more crowded than in the 
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simulation of Qiao and Ke [18]; this may be due to 
the smaller size of the SWNT which we use in this 
simulation. The novel feature is the clear transversal 
ordering in a two-stack structure, as shown in Fig. 
2. The distance between the surface of the nanotube 
and the fi rst ring is 4.06 Å and the distance between 
the fi rst and the second ring is 4.4 Å (Fig. 2(a)). The 
latter value is the same as the distance between 
two chains of lipid in the cell membrane. For the 
first layer, we find that the entire length of the 
hydrophobic tail of DPPC is almost parallel to the 
surface of the SWNT. This result confi rms the earlier 
expectation that double-chained phospholipids pack 
in concentric double layers [16]. However, we did not 
find evidence for their alleged “curvophobia”. The 
radial distribution function (RDF) of all DPPC atoms 
around the SWNT as a function of radial distance 
between the axis of the SWNT and the DPPC atoms 
is shown in Fig. 2(a). Two discrete adsorption 
peaks can be observed at 11.01 and 15.41 Å, which 
show that there are clearly two layers around the 
SWNT.  The first layer is due to the interfacial van 
der Waals interaction between the DPPC chain and 

the SWNT. The second layer is further supporting 
the high molecular density in the first layer. The 
same structure has been observed in short and long 
polymer molecules wrapped around SWNTs in 
previous simulation studies. Wei reported an MD 
simulation of the conformation of linear polymer 
molecules at an SWNT interface which showed that 
the polymer molecules preferentially adopt certain 
conformations on the SWNT surface to form a two-
layer structure [35]. 

2.2    High concentration range

Both Qiao and Ke [18] and Wallace and Sansom [19] 
reported that the mechanism of adsorption of LPC 
onto SWNTs is dependent upon LPC concentration. 
Low concentrations of detergent lead to LPC tails 
adsorbing in between the thread lines of the SWNT. 
In order to clarify the concentration effect for the 
case of DPPC, we have repeated the simulations for 
two higher concentrations of DPPC, with 88 and 173 
DPPC molecules, keeping the same box size. 

For the case of 88 DPPC molecules, after 15 ns, we 
again observe the formation of two concentric layers, 

Figure 1    The self-assembly of DPPC and an SWNT for 46 DPPC molecules. (a), (b), (c), and (d) show radial views of the SWNT-DPPC 
simulation system ((a): 0 ns; (b): 1.2 ns; (c): 3 ns; (d): 15 ns). (e) Side view of the simulation system confi guration at 15 ns

(a) (b) (c)

(d) (e)



949Nano Res (2009) 2: 945 954

Figure 2    RDF as a function of distance between the center of the 
SWNT and the DPPC atoms ((a) 46 DPPCs, (b) 88 DPPCs, and (c)173 
DPPCs) (distances in Å)

Figure 3    The self-assembly of 88 DPPC molecules on an SWNT:  (a) side view of the simulated system  at 15 ns; (b) front view of the 
simulated system at 15 ns

as shown in Fig. 3. For the fi rst layer, the distance to 
the wall of the SWNT is about 4.3 Å, which is almost 
the same as in the previous low concentration case of 
46 DPPCs. The RDF of the DPPC molecules around 
the SWNT as a function of radial distance from the 
center of the SWNT, as illustrated in Fig. 2(b), displays 
two peaks at 11.03 and 15.43 Å, which confirm the 
existence of two adsorption layers. Compared to the 
previous case, fewer DPPC molecules have the whole 
length of their hydrophobic tail in contact with the 
first layer. Moreover, the DPPC molecules undergo 
a rotation such that the contact angle between the 
tube wall and the lipid is larger than is the case 
at low concentration. Presumably, this transition 
enables more DPPC molecules to be incorporated 
into the DPPC–SWNT complex, thereby minimizing 

(a) (b)

(c)

(a) (b)
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exposure of the hydrophobic SWNT and the DPPC 
hydrophobic tail to the aqueous environment. In fact, 
at this concentration, the lipid chain of DPPC in the 
fi rst layer is around the SWNT and the entire length 
of the hydrophobic tail of DPPC is nearly parallel 
with the surface of the SWNT. Undoubtedly, this 
contact mode must be attributed to the interfacial 
van der Waals interaction between the DPPC chain 
and the SWNT. The hydrophilic top of DPPC is 
mainly oriented towards the aqueous phase, and 
makes a large angle with the z-axis of the SWNT. The 
adsorption mechanism observed at this concentration 
is in good agreement with the cylindrical detergent 
encapsulation model, and partly consistent with the 
result for high concentration reported by Wallace and 
Sansom [19].

For an even higher concentration of 173 DPPC 
molecules the lipid molecules have a strong tendency 
to form small micelle-like aggregates. So, the rate of 
adsorption is lower than that at low concentrations, 
and it takes approximately 6 ns before the adsorption 
is completed. In an initial time span of 2 ns, individual 
DPPC molecules rapidly fuse to form small micelle-
like aggregates of several DPPC molecules each, 
thereby reducing the exposed solvent accessible 
surface (SAS) [36] of the hydrophobic detergent tails. 
Consequently, lipids that bridge the micelles lead to 
the creation of larger, lamellar aggregates as shown 
in Fig. 4(a). The lamellar structures are in essence 
curved layers around the SWNT. Within ~5 ns, only 
three isolated detergent micelles remain, which is 
consistent with a reduction in the average SAS per 
detergent from 10.6 to 5.2 nm2, primarily as a result 
of burial of DPPC tails. Figure 5 shows the variation 
of detergent SAS per detergent molecule over time. 
In the fi rst 1 ns, the average SAS of DPPC molecules 
decreases very fast from 10.6 to 6.7 nm2 for the total 
molecule, from 6.5 to 4.2 nm2 for the tail and from 4.4 
to 2.6 nm2 for the head. The average SAS of DPPC 
converges towards the end of the simulation after 
15.6 ns to almost 4.3 (total), 2.5 (tail), and 1.6 (head) 
nm2, which suggests that the SWNT–DPPC system 
has reached a stable minimum. Water-bounded edges 
appear to attain stability by reorienting to present a 
polar surface at the lipid–water interface, protecting 
the hydrophobic tail groups.

Figures 4(c), 4(d), and 4(e) give the end and side 
views of equilibrated DPPC–SWNT complexes 
with 173 DPPC molecules. Very interestingly, as 
can be see from Figs. 4(c) and 4(e), a membrane-like 
structure is established, in which the SWNT occupies 
the center so as to form a nano-injector on the cell 
membrane, that bears similarity to the experimental 
result reported by Chen et al. [5]. In this structure, the 
DPPC forms a large oblate micelle, and the tube is 
oriented across this. The structure is analogous to that 
observed in MD simulations of SWNT penetration in 
a bilayer membrane, as recently reported by Wallace 
and Sansom [13]. In this paper, the authors used 
coarse-grained molecular dynamic to simulate the 
penetration of DPPC bilayers by SWNTs and found 
that the SWNTs can be used as delivery system. The 
difference between this coarse-grained study and our 
simulation is that Wallace and Sansom pulled the 
SWNT through the membrane at a constant velocity. 
Hence, both the orientation and forces in this study 
are subject to bias, which is absent in our study. From 
the side view (Fig. 4(d)), this membrane is a gapped 
bilayer, and the micellization at gap boundaries is 
clearly visible. This introduces a large curvature of 
the cell membrane which can help to minimize the 
edge energy [37]. Our simulations of the gapped 
bilayer show a very slight increase in bilayer width 
near the edges. This “bulging” of the bilayer ends 
may help to solve the packing problem created by 
micellization. In fact, such a cell membrane structure 
can protect the hydrophobic interior of the bilayer 
from exposure to water. The width of the membrane 
is about 41.4 Å, which is slightly larger than the 
width of a cell membrane. The presence of gaps in 
this kind of membrane will lead to a slight increase 
in bilayer width. Kasson and Pande [33] presented 
a model for gap formation in which the width of 
the lipid bilayer indeed increases slightly. For a 
dimyristoylphosphatidylcholine (DMPC) bilayer, the 
increase in width is almost 3.7 Å. Figure 2(c) shows 
the RDF for the high-concentration limit as a function 
of distance between the SWNT centers and the DPPC 
molecules. Three main peaks are clearly visible at 
11.31, 15.91, and 20.52 Å, which indicate that at least 
three adsorption layers were formed. This result is 
very different from the micelle-like conformation 
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which was reported for high LPC concentration [19].
W h y  i s  t h e  s t r u c t u re  o f  S W N T – L P C  s o 

different from the SWNT–DPPC aggregate at high 
concentration? From a structural point of view, LPC 
molecules may be regarded as an extreme case of the 
asymmetric phosphatidylcholine system in which the 
entire sn-2 acyl chain (the second chain) of DPPC is 
substituted by a hydrogen atom. The wedge shape 
of LPC molecules strongly favors the formation of 
micelles over bilayers [33]. In contrast, in DPPC 
there are two chains, sn-1 and sn-2, which yield a 
larger area for the hydrophobic tail as compared 
to the area of the hydrophilic top. This means that 

it is impossible to pack the non-polar tails in a 
micellar surface formed by the polar tops. Lu et al. 
[38] have reported the effect of LPC on the behavior 
and structure of phosphatidylcholine liposomes: a 
high concentration of LPC additives will convert 
the DPPC bilayer to a micelle, which confirms that 
LPC itself tends to micellization, while DPPC prefers 
to form a membrane. This explains very clearly 
why a micellar structure was obtained by the self-
assembly of LPC on SWNTs in the simulation study 
of Wallace and Sansom [19], while in our study at 
high concentration of DPPC on SWNTs we observe 
the gradual development of a cell membrane. 

Figure 4    The self-assembly of DPPC on an SWNT for 173 DPPC molecules. (a) and (b) show radial views of the SWNT–DPPC simulation 
system ((a): 1 ns; (b): 3 ns). (c) Side view of the simulation system confi guration at 15 ns. (d) and (e): Front views of the simulation system 
confi guration at t = 15 ns

(a) (b) (c)

(d) (e)
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(b)

Figure 6    The self-assembly of DPPC and an SWNT for 46 DPPC 
molecules using GROMOS96 parameters [28] for DPPC: (a) side view 
of the simulation system configuration at 15 ns; (b) front view of 
the simulation system confi guration at 15 ns; (c) RDF as a function 
of distance between the axis of the SWNT and the center of mass of 
each DPPC molecule

2.3    Infl uence of the force fi eld parameters

As a further check we have repeated the simulations 
for the low-concentration case with 46 DPPC molecules 
using the GROMOS96 force field parameters for 
DPPC [28]. The result from the simulation is in good 
agreement with the previous results using Bergerʼs 
parameters and confirms that the DPPC tails wrap 
around the SWNT to form two concentric layers as 
shown in Figs. 6(a) and 6(b). This observation also is 
in line with a previous MD investigation by Wei [35]. 
Such a structure protects the hydrophobic interior of 
DPPC and the surface of SWNTs from exposure to 
water while keeping the hydrophilic head groups in 
contact with the solution. After 5 ns, no clusters of 
DPPC molecules remain in solution, indicating that 
all DPPC molecules were adsorbed on the SWNT. 
Figure 6(c) gives the RDF of the DPPC molecules, 
as obtained with the alternative parameters. Two 
adsorption layers are found at 11.31 and 15.73 Å. 
These values are about 2% larger than the ones 
obtained by Bergerʼs parametrization, indicating 
that the alternative parameters very slightly tend to 
reduce the van der Waals attraction between DPPC 
and the SWNT. Overall the agreement is very good, 
which indicates that the parametrization is reliable.

(a)

(c)

Figure 5    Variation of SAS area per detergent molecule over 
time, for all detergents of the main detergent aggregate with a 
concentration of 173 DPPC molecules. The SAS per detergent is 
shown for the entire detergent molecule (top green line), for the 
hydrocarbon chain tail (central black line) and for the polar head 
group regions (bottom red line)
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3. Conclusions

Our simulations clearly reveal that the interaction 
between SWNTs and DPPC is concentration-
dependent. For low concentrations, the DPPC 
molecules form a supramolecular two-layer 
cylindrical structure wrapped around the SWNT 
surface. The hydrophobic part of the DPPC is 
adsorbed on the surface of the SWNT, and the 
hydrophilic top is oriented towards the aqueous 
phase. Our results confirm that nanotubes provide 
a suitable template for molecular self-organization, 
which is characterized by small tilting angles due to 
hydrogen bonding. However, for high concentration, 
the DPPC molecules form a supramolecular multi-
layered structure wrapped around the SWNT surface. 
The first layer is due to van der Waals interactions 
between DPPC chains and the SWNT. The second 
layer further supports the high molecular density in 
the first layer. A membrane-like structure develops, 
with a width of 41.4 Å. This result is typical for DPPC, 
and is at variance with the micellar characteristics of 
LPC simulations. This result suggests that SWNTs 
may be promising nanotools for the delivery of cargo 
into a cell. The experimental observations of DPPC 
coatings on nanotubes with regular striations are in 
line with the side-on modes of aggregation suggested 
by our atomistic simulations. 
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