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Because of the many potential medical applications of nanoparticles, considerable research has
been conducted on the interactions between nanoparticles and biomembranes. We employed coarse-
grained molecular dynamics simulations to study the infiltration of lipid-wrapping C60 and polyhy-
droxylated single-walled nanotubes. Diffusion coefficients and scaling factors are adopted to quantify
the diffusivity of the biomembranes, and the rupture tension is used to measure the lateral strength
of the lipid bilayer. According to our simulations, all wrapped nanoparticles, except those wrapped
by dipalmitoyl-glycero-phosphoglycerol, can be inserted into the bilayers. Our simulations also re-
veal that the bilayers remain in free diffusion after the nanoparticle insertions while their diffusion
coefficient can be altered significantly. The polyhydroxylated single-walled nanotubes lead to signif-
icant changes to the lateral strength of biomembranes and this effect depends on the quantity of the
inserted nanoparticles. The simulations demonstrate the feasibility of using these methods to de-
liver nanoparticles while some suggestions are given for choosing the appropriate lipids for wrapping.
The results also suggest that the functionalized nanoparticles could be applied in strengthening or
weakening the lateral strength of biomembranes for specific purposes.
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1 Introduction

Nanotechnology has been growing fast in the past
decade. Nanoparticles with dimensions between 1 and
100 nm have significant effects on living organisms [1–
3]. Among them, C60 and carbon nanotubes (CNTs)
have been studied extensively [4–7]. Their influence on
biomembranes has revealed that these nanoparticles have
plenty of potential applications in medicine [8–10], par-
ticularly for cancer therapy drug delivery [11]. Experi-
ments and simulations have already shown that the small
size of the nanoparticles results in their uptake through
biomembranes [12, 13]. Studies on C60 have shown that
C60 can infiltrate the membrane and diffuse into the in-
terior [14]. The insertion of these nanoparticles through
the lipid bilayer depends on their shape [15]. The effects
of C60 on the mechanical properties of the biomembranes
also depends on their size and shape [16]. However, other

research on C60 has shown that it alters the mechan-
ical characteristics of human red blood cells and may
even cause extensive damage to the cells [17]. Similar
phenomena or even worse situations such as asbestos-
like pathogenicity may occur if the human cell mem-
branes are exposed to these nanoparticles [18, 19]. Since
biomembranes perform significant functions in a living
organism, any deleterious effects on the membranes from
nanoparticles can result in their dysfunction or even cell
damage. Such cytotoxicity has been reported and there
might be other potential cytotoxicities, so solutions to
this problem require more investigation [20, 21].

Some simulations on single-walled carbon nanotubes
(SWNTs) indicate that they can penetrate a lipid bilayer
and stay in its center bilayer [22]. The penetrability of
SWNTs into biomembranes is usually related to their
length and chirality [5]. Further study of nanoparticles
entering through biomembranes is required for their ap-
plication within living organisms in the future.
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Applications for drug delivery based on these parti-
cles have been developed for specific diseases, although
challenges still remain [23, 24]. A means to deliver the
nanoparticle evenly inside a cell is necessary. As most
carbon nanoparticles including C60 are hydrophobic,
they tend to aggregate together in a aqueous solution
and this property prevents them from distributing evenly
within the cells. A solution is to wrap the nanoparti-
cles with a lipid whose head is hydrophilic while its tail
is hydrophobic. When the lipids and carbon nanopar-
ticles are put into an aqueous solution, the lipids will
aggregate around the nanoparticles and wrap them with
their head pointing outward. A single nanoparticle can be
wrapped in this way, thereby separating them from each
other. Such methods have been adopted in the deliveries
of larger particles, such as DNA, in experiments [25].
Research has been performed on some lipid-wrapping
nanoparticles for delivery [26]. A SWNT wrapped by
lipids can infiltrate the lipid membrane, as suggested by
simulations [22]. Nevertheless, few simulations have been
performed on wrapping smaller nanoparticles (such as
fullerenes) with lipids and delivering them into a lipid
bilayer, though there are already numerous experiments
and simulations on the infiltration of bare fullerenes. Al-
though the wrapping lipids seem nontoxic to the lipid
bilayer, the effects on the mechanical properties of the
biomembranes from using such a nanoparticle delivery
method have not yet been illustrated, nor has the effi-
ciency of infiltration with different types of lipids used
for wrapping been investigated.

Besides their use in drug delivery and biosensors,
nanoparticles can be modified with functional groups on
their surface so that the nanoparticles can be function-
alized and used for drugs [27–29]. These groups can be
connected to nanoparticles by chemical bonds. The study
of cellular transport of functionalized gold nanoparticles
suggests the value of this method [30]. Fullerenes can be
polyhydroxylated for applications in tumor theranostics
[31]. They can also be implemented into biosensors, mod-
ified by other chemical functional groups [32]. However,
this functionalizing process contributes to some changes
in the behavior of the nanoparticles within the biomem-
brane. A polyhydroxylated C60 is inclined to attach to
the surface of a lipid bilayer though a bare C60 prefers
to enter the interior of the bilayer and interacts with
the biomembrane [33, 34]. Nevertheless, whether the hy-
droxyl can still change the infiltration behavior if it is
coated on nanoparticles of other shapes and sizes, such
as SWNTs, has not been completely explored.

To gather more details of this method of delivering
nanoparticles by wrapping them with lipids, and to test
its feasibility, a series of simulations have been performed

in this study. To understand the effects the wrapped or
polyhydroxylated nanoparticles have on a biomembrane,
in this study we focused on the influence on the lat-
eral diffusivity and lateral strength of the lipid bilayer
induced by lipid-wrapping C60 and polyhydroxylated
SWNTs. We used coarse-grained molecular dynamics
simulations offering a time scale and system size at least
one order of magnitude larger than available with tra-
ditional all-atom molecular dynamics simulations. The
diffusion coefficient and scaling factor are adopted to
quantify the lipid bilayer diffusivity. The rupture surface
tension is used for measurement of the bilayer lateral
strength.

2 Methods

The Martini coarse-grained (CG) force field (FF) is em-
ployed in the molecular dynamic simulation [35, 36]. The
CG nanoparticles C15 are models of real C60 fullerenes
with diameters of 0.72 nm. The interaction site “SC4”
is assigned to the CG beads while harmonic bonds with
a force constant of 1250 kJ·mol−1·nm−2 connect these
beads. Models for dipalmitoyl-glycero-phosphocholine
(DPPC) and water are taken from the Martini lipid FF.
To build models for dipalmitoyl-glycero-phosphoglycerol
(DPPG), lysophosphatidylcholine (LPC), and lysophos-
phatidylglycerol (LPG), we remove one lipid tail or re-
place a choline bead with a glycerol bead (at interaction
site “P4” in the Martini FF) [37]. The Lennard-Jones
(LJ) and Coulomb potentials are cut off at 1.2 nm and
shifted to zero from 0.9 to 1.2 nm smoothly. We have con-
structed three sets of fullerenes wrapped by three kinds of
lipids, respectively. The number of wrapping lipids varies
but the lipid type remains the same in one set of simula-
tions. A bare nanoparticle C15 is wrapped by 6, 9, or 12
lipids in a set. We wrap C15 with DPPC, DPPG, LPC,
and LPG, respectively, by putting a C15 with a certain
number of lipids in a water box and simulate for 1 µs to
equilibrate the system. All the lipids in the box aggregate
around the fullerene after the simulation time. Then, a
fullerene wrapped by lipids is placed 3 nm away from a
equilibrated DPPC lipid bilayer in a water box. The bi-
layer consists of 768 DPPC lipids (24 × 16 in one leaflet
of the bilayer). All simulations including lipid-wrapping
fullerenes are run until 2 µs.

To obtain the model for polyhydroxylated SWNTs,
we generate a 4.58-nm-long (6,6) SWNT including 288
carbon atoms with the TubeGen tool [38]. The SWNT
modeling has been presented in other studies as follows
[37]: The carbon atoms on the SWNT were replaced
by an “SC1” CG bead via a one-to-one mapping whose
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mass is reduced to 12 atomic mass units to fit the ac-
tual mass. To fit the experimental data, ε = 2.7 is ap-
plied to the SWNT–lipid tail (SC1-C1) LJ interaction(
xVLJ (rij) = 4εij

[(σij

rij

)12

−
(σij

rij

)6])
while relatively

high force constants are applied to the harmonic po-
tential of the bonds (Vbond(b) = (1/2)Kb(b − b0)2) and
angles (Vangle(θ) = (1/2)Kb(b − b0)2). These force-field
constants will lead to a rigid-rod SWNT so that the ef-
fects of deformation of the SWNT can be ignored in
our simulations. After modeling the SWNTs, we coat
one SWNT with 30 hydroxyls symmetrically on its sur-
face using chemical bonds, as shown in Fig. 1. Because
the hydroxyl in an octanol is treated as a coarse-grained
bead and given an interaction site of “P1” in the Mar-
tini FF, the CG bead “SP1” is chosen to represent the
hydroxyls in the SWNTs to simulate its polar proper-
ties in ring particles. The force constants for bonds and
angles between the hydroxyl and a carbon atom are the
same as those in the Martini FF. The parameters for the
bonded interactions in an SWNT are listed in Table 1.
We have constructed three systems, containing zero, one,
or two coated SWNTs, respectively. A polyhydroxylated
SWNT is initially placed 1 nm parallelly from the surface
of a equilibrated DPPC bilayer to study the effects of a
polyhydroxylated SWNT on the lipid bilayer. When the
simulation involves more than one hydroxylated SWNT,
the initial distance between two hydroxylated SWNTs is
about 3 nm.

The lateral strength of the DPPC bilayer affected by
the polyhydroxylated SWNTs is investigated by measur-
ing the rupture pressure of the bilayers. As in our pre-
vious work, a constant semi-isotropic pressure coupling
is applied on the bilayer system in one simulation [16].

Fig. 1 Structure of a polyhydroxylated SWNT. Black and red
represent the carbon atoms and the hydroxyl groups, respectively.
The lines in the figure represent the chemical bonds between atoms.
(a) Front view of a polyhydroxylated SWNT. (b) Side view of a
polyhydroxylated SWNT.

Table 1 Parameters for the bonded interaction in polyhydroxy-
lated SWNTs.

Bond Angle

b0/nm kb/(kJ·mol−1· θ0/(◦) kθ/(kJ·
nm−2) mol−1)

Carbon-carbon 0.142 20 000 120 1500

Carbon-hydroxy 0.143 1250 110 25

Initially, the system is coupled to high pressure close to
the threshold for rupture (−60 to −120 bar, depending
on the size of the simulation box) and it becomes equili-
brated. Then, the system is coupled to higher pressure,
and this leads to breakage of the bilayer. In this way, the
critical rupture tension is measured. To estimate the lat-
eral strength, the surface tension is computed from the
average surface tension:

R = Lz(PN − PL), (1)

where R is the surface tension, Lz is the thickness of the
bilayer, and PN and PL are the normal component and
lateral components, respectively, of the pressure tensor.

Gromacs software, Version 4.6.3, is used for all simula-
tions [39, 40]. A constant temperature of 320 K is applied
in all simulations using the Berendsen scheme [41]. Peri-
odic boundary conditions are used in all simulations. The
coupling constant is 0.2 ps for pressure coupling and 0.1
ps for temperature. The time step of the simulations is 40
fs, except for those including polyhydroxylated SWNTs,
for which we use 8 fs. All systems are duplicated at least
three times.

3 Results and discussion

The mixture of C60 and wrapping lipids is sphere-like
with the lipid heads pointing outward and the C60 being
almost in the core of this mixture. The initial placements
of the mixtures away from the bilayer are the same. Af-
ter 1 µs, the mixture of C60 and wrapping lipids DPPC,
LPC, and LPG enter one leaflet of the DPPC bilayer
as a whole. Then, the wrapping lipids around the C60

drop off from the C60 after infiltration. These lipids mix
with the original DPPC lipids in the bilayer and dif-
fuse through the membrane. The process of insertion is
shown in Fig. 2. However, the insertion of C60 wrapped
by DPPG is not observed in the simulations, as is sim-
ilar to the results of DPPG wrapping SWNTs [22]. A
bare C60 enters the DPPC bilayer in our simulation, as
has been indicated by other simulations and experiments
[14, 42]. In the simulations of polyhydroxylated SWNTs,
the polyhydroxylated SWNT attaches onto the surface
of the DPPC bilayer and it is later half buried beneath
the surface with a side of the coated SWNT exposed to
the water, as shown in Fig. 3, unlike the insertion of a
bare SWNT in which one end of the SWNT inserts into
the bilayer first and finally the entire SWNT stays in
the center of the bilayer [22]. In previous experiments
[33], the results suggest that the polyhydroxylated C60

prefers to attach onto the surface of the bilayer rather
than getting into the interior of the biomembrane, which
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Fig. 2 (a) Snapshot of the system before the fullerene wrapped by LPC lipids inserts into the DPPC lipid bilayer. Blue, brown,
pink, and cyan represent the choline, phosphate, glycerol, and lipid tail of the LPC lipids while black represents the coarse-
grained beads of the carbon atoms in C60. Water is omitted. For clarity, the DPPC lipid molecules are represented in gray. (b)
The mixture of fullerene and LPC lipids begins to touch the surface of the lipid bilayer. (c) At the beginning of the insertion,
the mixture enters one leaflet of the bilayer as a whole. (d) As the mixture enters the bilayer, the LPC lipids began to drop off
the fullerene with their lipid heads pointing toward the water environment. (e) After the insertion, the LPC lipids drop off the
fullerene completely and they diffuse into the lipid bilayer. The fullerene stays in the interior of the lipid bilayer.

Fig. 3 Final position of the polyhydroxylated SWNT after its
insertion into the DPPC bilayer. Blue, brown, pink, cyan, black,
and red represent the choline, phosphate, glycerol, lipid tail, and
carbon atoms of the polyhydroxylated SWNT hydroxyl, respec-
tively. The lines in the figure represent the chemical bonds between
carbon atoms. After the insertion, the polyhydroxylated SWNT
does not get into the interior of the lipid bilayer. It is beneath the
membrane’s surface, and part of the polyhydroxylated surface is
exposed to the water. For clarity, water is omitted.

is similar to our results obtained from simulations on
polyhydroxylated SWNTs, though they are different in
geometry. (e) After the insertion, the LPC lipids drop
off the fullerene completely and they diffuse in the lipid
bilayer. The fullerene stays in the interior of the lipid
bilayer.

The molecules or functional groups around the surface
of the nanoparticles can greatly affect the nanoparticle
insertion process and the final state of the nanoparticles
inside the biomembrane. The observation that a bare C60

inserts into the DPPC while the one wrapped by DPPG
does not might be attributed to interaction between the
wrapping DPPGs and the DPPC bilayer. The hydroxyls
coated on the SWNTs make the SWNTs attach onto the

membrane surface initially and prevent it from going in-
side to the center of the bilayer, which is suggested by
experiments with polyhydroxylated fullerenes [33].

To characterize the effects of C60 wrapped by lipids or
polyhydroxylated SWNTs on the diffusivity of the lipid
bilayer after the nanoparticles get inside the bilayer, the
lateral diffusion coefficient and lateral scaling factor of
the DPPC bilayer are calculated. As the lipid-wrapping
C60 and the polyhydroxylated SWNT infiltrate only one
leaflet of the DPPC bilayer, the diffusion coefficients and
lateral scaling factors are averaged through this leaflet.
The diffusion behavior of a lipid in a bilayer satisfies the
scaling law

L(t) ∼ tk, (2)

where L(t) is the root-mean-square displacement of a
lipid molecule, t represents time, and k is the scaling
factor. The calculated diffusion coefficient and scaling
factor are averaged over all the DPPC lipids within the
bilayer in 1 µs. The calculation does not consider the con-
tribution of the wrapping lipids that enter the membrane
later.

The rupture surface tension is also computed to quan-
tify the lateral strength of the DPPC bilayer affected by
the wrapped C60 and polyhydroxylated SWNTs. Because
previous work on rupture tension has already shown that
the fullerenes C60 could strengthen the membrane lateral
strength [16], only the rupture tension of the lipid bilayer
affected by hydroxylated SWNTs is computed.

3.1 Effects of the wrapped or coated nanoparticles on
the lipid bilayer diffusivity

3.1.1 Lateral diffusion coefficient is computed when the
lipid bilayer is equilibrated

The lateral diffusion coefficient of the DPPC bilayer is
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Table 2 Diffusion coefficients and scaling factors of the DPPC bilayer when the system is equilibrated after the insertion of different
types of nanoparticles.

Type of nanoparticles None1) Bare fullerene2) 6DPPC3) 6LPC 6LPG 12DPPC 12LPC 12LPG 1SWNT4) 2SWNTs

Diffusion coefficient/ 0.0751 0.0701 0.0712 0.0770 0.0722 0.0729 0.0725 0.0794 0.0629 0.0690

(10−5cm2·s−1)

Scaling factor 0.50801 0.48508 0.47703 0.47706 0.51065 0.48295 0.45951 0.48573 0.46955 0.49210
1)“None” represents the controlled group without nanoparticles insertions.
2)“Bare fullerene” stands for the samples with a bare C60 insertion.
3)The effects induced by 6 DPPCs wrapping C60 is illustrated in “6DPPC” and the other samples are represented in a similar way.
4)The diffusion coefficient of the lipid bilayer inserted by one polyhydroxylated SWNTs is represented in “1SWNT” and the result for

two polyhydroxylated is illustrated in the same way.

computed and the results are listed in Table 2 when the
system is equilibrated after the insertion of the nanopar-
ticles. The lateral diffusion coefficient is averaged from
1 to 2 µs after the insertion, which took place at 0 µs.
Compared with the data averaged from 2 to 6 µs, the
data show that the system is well equilibrated at 2 µs.
The data from 2 to 6 µs are shown in the inserted figure
of Fig. 4. The ratio of C60 to lipids within the bilayer
is 1:768 after the wrapped C60 insertion. A controlled
sample of a DPPC bilayer without any nanoparticles in-
sertion is used for contrast.

The membrane affected by wrapped or coated
nanoparticles has a lower diffusivity, except those in-
serted with C60 wrapped by either 12 LPGs or 6 LPCs.
A bare C60 without wrapping leads to a smaller bilayer
diffusion coefficient than the controlled group, which cor-
responds to the results obtained from previous work [16].
The diffusion coefficient of the controlled group in which
only a DPPC bilayer is in the water box also corresponds
to the reported results [16, 36]. The C60 wrapped by 12
LPGs and those wrapped by 6 LPCs increase the dif-
fusion coefficient at 5.73% and 2.52%, respectively, com-
pared with a DPPC bilayer of the same structure without
nanoparticle insertion. The polyhydroxylated SWNTs
hinder the diffusivity of the membrane. The mixture of
lipid bilayer and one polyhydroxylated SWNT has 19.4%
lower diffusivity than the controlled bilayer. Neverthe-
less, one single polyhydroxylated SWNT causes larger
decrease in the biomembrane diffusivity than two poly-
hydroxylated SWNTs. The smaller diffusion coefficient
of the polyhydroxylated SWNT–bilayer mixture is sug-
gested by research on a CNT-embedded lipid bilayer, in
which the bare CNTs hinder the diffusion of the bilayer

[43]. This result demonstrates that the polyhydroxylated
SWNT hampers the diffusion of the lipid molecule in the
bilayer like a bare SWNT.

To characterize the effects of the wrapping lipids on
the diffusivity of the DPPC lipid bilayer, samples con-
taining only12 wrapping lipids inserting without C60 into
the bilayer are studied. When the system is equilibrated,
the diffusion coefficient has increased 16.2%, led by 12
wrapping LPCs, while the 12 wrapping LPGs have little
effect on the diffusivity. The diffusion coefficients of the
lipid bilayer inserted by 12 wrapping DPPCs approxi-
mates the controlled bilayer as expected for they are of
the same type of lipid. The ratio of the inserting wrap-
ping lipids to the original lipids in the DPPC bilayer
< 1.7%. The results suggest that wrapping lipids of dif-
ferent type may cause an increase in the extent of DPPC
bilayer diffusivity. It also suggests that a mixture of dif-
ferent types of bilayer lipids and wrapping lipids may
contribute to a change in the bilayer diffusion coefficient
after the system is equilibrated, even though the ratio
of the inserted lipids to the initial bilayer lipid is low.
This corresponds to the result that bilayers built up by
different types of lipids may have different diffusion co-
efficients [44]. It also suggested that the diffusion coeffi-
cient of the bilayer system can be changed by mixing the
bilayer with other types of lipids [44]. This result might
explain the extraordinary increase in the bilayer’s dif-
fusivity induced by the 12 LPGs and 6 LPCs wrapping
fullerenes, though a bare C60 reduces it. The results of
the diffusion coefficient affected by wrapping lipids are
listed in Table 3.

The changes in diffusion coefficients show that a bare
C60 insertion induces a decline in bilayer diffusivity while

Table 3 Diffusion coefficients and scaling factors of the DPPC bilayer affected by the wrapping lipids. 1)

Type of nanoparticles Bare fullerene2) None3) 12DPPC4) 12LPC 12LPG

Diffusion coefficient/(10−5cm2·s−1) 0.0701 0.0751 0.0737 0.0873 0.0753

Scaling factor 0.48508 0.50801 0.51829 0.51354 0.50407
1)C60 is removed from the system and the wrapping lipids insert the bilayer in the simulations.
2)“Bare fullerene” stands for the samples with a bare C60 insertion. It is presented for comparisons.
3)“None” represents the controlled group without any nanoparticle insertion.
4)The effects of the 12 wrapping LPCs on the biomembrane is represented in “12 LPC” and the others are in a similar way.
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the insertion with wrapping lipids leads to an increase
of diffusion coefficient. While the bare C60 and wrapping
lipids combine together and become a wrapped nanopar-
ticle, a decline of diffusivity is observed in most of the
samples except for the 12 LPGs and 6 LPCs wrapping
C60.

3.1.2 Evolution of the lateral diffusion coefficient is ob-
served before the bilayer is equilibrated

After the wrapped nanoparticles insert into the lipid
bilayer, the diffusion coefficient will experience a rise
before it returns to the value when the system was is
equilibrium, no matter whether the latter is larger or
smaller than the diffusion coefficient before insertion. To
illustrate this phenomenon, the diffusion coefficient aver-
aged from 0 to 1 µs is computed and it is compared with
that averaged from 1 to 2 µs. The time evolution of the

Fig. 4 (a) Evolution of the diffusion coefficient after the nanopar-
ticles wrapped by lipids insert into the biomembrane. The diffu-
sion coefficient rises and then falls to the value when the system
becomes equilibrated. At time 0 µs, the nanoparticles insert into
the lipid bilayer. The behavior of the diffusion coefficient after 2
µs is shown in the inserted figure. The diffusion coefficient changes
little after 2 µs, which suggests that the system has equilibrated
in 2 µs. (b) Relation between the quantity of wrapping lipids and
the diffusion coefficient averaged from 0 to 1 µs before the system
becomes equilibrated. The ratio of C60 to lipids within the bilayer
is 1:768 after the wrapped C60 insertion. The diffusion coefficient
increases as the quantity of wrapping lipids grows except that the
diffusion coefficient affected by 9 LPCs wrapping C60 is lower than
that by 6 LPCs wrapping C60.

diffusion coefficient induced by C60 wrapped by different
types of lipids is shown in Fig. 4. At 2 µs, the system is
considered to be equilibrated.

This increase of diffusivity before the system reaches
equilibrium has a regular pattern that is positively cor-
related with the number of wrapping lipids around C60,

except that 6 LPCs wrapping fullerenes leads to higher
diffusivity than 9 LPCs wrapping fullerenes. This pattern
is shown in Fig. 4. The data in Fig. 4 are averaged from
1 to 2 µs, before the system is equilibrated. Considering
the samples wrapped by LPCs, we see that the diffusion
coefficient of the biomembrane has increased 7.02% as
the ratio of inserting LPC lipids to the original DPPC
lipids in the bilayer increases from 0.78% to 1.56%. For
a certain type of wrapping lipid, as the quantity of the
wrapping lipids increases, the diffusivity of the lipid bi-
layer 1 µs right after the insertion took place is enhanced.
The enhancement is also related to the type of wrapping
lipid. For the same number of wrapping lipids, the in-
crease of diffusivity of the bilayer induced by DPPCs or
LPGs is greater than that by LPGs.

Interestingly, the wrapping DPPCs can also result in
an enhancement in diffusivity 1 µs after the infiltration
even though they are of the same kind as the lipids build-
ing up the bilayer. Especially, the increment of diffusiv-
ity in 1 µs rises as the quantity of the wrapping DPPCs
increases. This phenomenon suggests that the enhance-
ment of the diffusivity before equilibrium may not be
only attributed to the effects of the mixture between dif-
ferent sorts of lipids but may also result from some other
factors, such as the size of the wrapped nanoparticles.
Though the size effect on the diffusivity of biomembranes
by lipid-wrapping nanoparticles was not illustrated in
previous research, the size of bare carbon nanoparticles
affecting diffusivity has been investigated, which might
support our inference [16].

The results have shown that the bilayer diffusivity
is affected by the wrapped nanoparticles regardless of
whether the system is equilibrated. The diffusivity is
changed by the wrapped nanoparticles before equilib-
rium. This change has a regular pattern related to the
quantity and type of wrapping lipids. When the system
is equilibrated, the wrapped nanoparticles also cause a
change in the diffusivity of the DPPC bilayer because the
wrapped C60 decreases the bilayer diffusion coefficient
while the wrapping lipids enhance it. The changes of dif-
fusivity after 2 µs might be attributed to the interaction
between different types of lipids or to the interactions
between C60 and lipids, while the changes at 1 µs might
be related to the total size of the inserting nanoparticle
wrapped by lipids.
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3.1.3 Scaling factor is computed when the lipid bilayer
is equilibrated

However, unlike the obvious and regular variation in dif-
fusion coefficient, only a slight and irregular change of
the scaling factor of the DPPC bilayer is observed, as
demonstrated in Table 2. A controlled bilayer that is not
affected by nanoparticles has a scaling factor ∼ 1.58%
larger than 0.5. The insertion of bare C60 and hydroxyl-
coated SWNTs causes a slight reduction in the scaling
factor but is no larger than 10% compared with the con-
trolled bilayer. The scaling factors of the bilayers influ-
enced by wrapped C60 or polyhydroxylated SWNTs re-
main ≈0.5. The data are presented in Table 2.

To investigate whether the wrapping lipids have little
effect on bilayer diffusion, the scaling factors of samples
that include only wrapping lipid insertion without C60

are computed. The results are listed in Table 3. The scal-
ing factors stay at ∼0.5, and no more than 2% variation
is observed. This illustrates that the DPPC bilayer re-
mains in approximate free diffusion after the wrapping
lipids infiltrated.

All the samples exhibit a slight change in the scal-
ing factor though some of them have huge distinctions
in diffusion coefficient. The scaling factor approximates
0.5 in all the samples, which suggests that the diffusion
patterns remain free. However, the scaling factor is not
always 0.5 in crowded systems. Our simulations show
that the lipid bilayer remains in free diffusion when the
ratio of the C60 to the lipids in the membrane is <1:768.
Nonetheless, the approximation of the scaling factors be-
fore and after the nanoparticle insertions still suggests
that these nanoparticles have only a slight influence on
the diffusion pattern.

3.1.4 Scaling factor is computed before the lipid bilayer
is equilibrated

The scaling factor of the DPPC bilayer before the system
is equilibrated is computed to contrast the enhancement
of the diffusion coefficient averaged from 0 to 1 µs. As
shown in Fig. 5, the scaling factor is ∼0.5 in 1 µs and
changes little, although the diffusion coefficient rises be-
fore the system is equilibrated. No regular pattern of scal-
ing factor change is observed as the number of wrapping
lipids increase. The quantity and type of wrapping lipid
may have a slight influence on the scaling factor before
the system is equilibrated. The scaling factor for LPC
wrapping is lower than those of DPPC or LPG wrapping,
but the difference of the scaling factor in 1 µs between
LPC wrapping and the controlled sample is <10%.

The scaling factors before or after equilibrium are≈0.5

Fig. 5 Scaling factor of the DPPC bilayer averaged from 0 to 1
µs before the system is equilibrated. The scaling factor is slightly
changed after the wrapping fullerene insertions, especially in the
samples that contain LPCs wrapping C60. However, the scaling fac-
tor is still near 0.5. There is no regular change of the scaling factor
as the quantity of the wrapping lipids grows. The results suggest
that the insertion of the lipid-wrapping C60 has little effect on the
diffusion pattern of the biomembrane, regardless of whether the
membrane is equilibrated.

after the insertion of wrapped nanoparticles. It can be
seen from this result that the diffusion mechanism of the
DPPC bilayer is only slightly changed. Given the nature
of the diffusion, the equilibrated diffusion behavior might
be similar to that before equilibrium.

There is only a slight change of the scaling factor when
the system evolves into equilibrium, while the diffusion
coefficient has experienced an increase and finally returns
to its equilibrated value. The scaling factor is near 0.5
all the time while the diffusion coefficient changes as the
quantity and type of wrapping lipids vary. The diffu-
sion coefficient is also influenced by the polyhydroxylated
SWNTs. This suggests that the extent of diffusivity of
a membrane can be affected by the wrapped nanoparti-
cles, wrapping lipids, and coating molecules, whereas the
change in the diffusivity pattern is very slight because the
scaling factor is always near 0.5, which indicates that the
diffusion pattern is very similar to free diffusion.

The infiltration process of the wrapped C60 and its
slight effects on the diffusivity mechanism of the lipid
bilayer serve as a test of the feasibility of delivering
nanoparticles with certain types of lipids. Our simula-
tions suggest that the diffusivity patterns of the biomem-
branes are not changed, regardless of the type of lipid.
To deliver a specific nanoparticle into a DPPC bilayer, if
we want to maintain the influence on the bilayer by this
wrapped nanoparticle, the DPPC lipid should be chosen
for wrapping. If we hope the extent of diffusivity to re-
main steady after the infiltration of a fullerene such as
C60, we can wrap the fullerene with LPCs to increase
the diffusivity of the bilayer when they are mixed with
the DPPCs and compensate for the decline induced by
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the fullerenes. However, wrapping the nanoparticles with
DPPGs might lead to delivery failure as the insertions
of fullerenes wrapped by DPPGs are not observed in the
simulations.

3.2 Effects of nanoparticles on biomembrane rupture
tension

The rupture tension can be affected by nanoparticles ei-
ther wrapped by lipids or coated by hydroxyls. To ex-
plore the effects of polyhydroxylated SWNTs on a lipid
bilayer, the critical tension at the instant that the irre-
versible pore forms is measured to quantify the strength
of the bilayer. The rupture tension is shown in Fig. 6.

The rupture tension varies as the quantity of the poly-
hydroxylated SWNTs increases. The rupture tension
of the controlled sample, which contains only a DPPC
bilayer without polyhydroxylated SWNTs, is about 64
mN/m. This result is consistent with previous work in
which the rupture tension of DPPC bilayers was mea-
sured [16]. When one polyhydroxylated SWNT is added
to the system, the rupture tension has decreased by
5.05%. Nevertheless, when one more polyhydroxylated
SWNT is added to the system, the rupture tension has
increased by 13.40% compared to that of the controlled
DPPC bilayer. When two polyhydroxylated SWNTs
affect the lipid bilayer, the rupture tension increases
by 19.43% compared with that when the system con-
tains only one polyhydroxylated SWNT. This variation
suggests that the hydroxyl-coated SWNT will affect the

Fig. 6 Rupture tension of the lipid bilayer infiltrated by polyhy-
droxylated SWNTs. The controlled group, which only contains a
DPPC bilayer in a water box, is represented by “none.” When one
polyhydroxylated SWNT infiltrates the bilayer, the rupture ten-
sion after this insertion is shown by “1SWNT” and the result for
two polyhydroxylated SWNTs is represented in a similar way. The
rupture tension of the DPPC bilayer is reduced if one polyhydrox-
ylated SWNT is inserted. However, when two polyhydroxylated
SWNTs are added to the system, the tension is increased, com-
pared with that of the controlled group.

strength of the biomembrane. When only one polyhy-
droxylated SWNT is buried beneath the surface of the
membrane, the strength of the lipid bilayer is weakened.
When two coated SWNTs are within the membrane, the
lateral strength is enhanced.

4 Conclusion

We have discussed the influences on the diffusivity and
lateral strength of a lipid bilayer induced by lipid-
wrapping C60 and polyhydroxylated SWNTs. The results
are obtained by using coarse-grained molecular dynam-
ics and they are contrasted with each other and other
studies to reach our conclusions.

Lipid-wrapping C60 can infiltrate the lipid bilayer, ex-
cept those wrapped by DPPGs, and the C60 stays in
the interior while the wrapping lipids shed from the
C60 and diffuse within the bilayer like other lipids that
make up the membrane. The polyhydroxylated SWNT is
buried beneath the surface of the bilayer, unlike a bare
SWNT. The lipid bilayer remains in free diffusion after
the infiltration of the lipid-wrapping C60 or hydroxylated
SWNTs while these nanoparticles can change the extent
of the diffusivity. Before equilibrium, this change is re-
lated to the quantity and type of wrapping lipids. Af-
ter the system is equilibrated, there is still an obvious
change in the diffusion coefficient but the scaling factor
changes only slightly, suggesting that the lipid-wrapping
C60 affects the extent of the bilayer’s diffusivity but that
the diffusion pattern of the lipid bilayer remains approx-
imately free. These results serve to test the feasibility
of delivering lipid-wrapping nanoparticles into biomem-
branes. Some suggestions for choosing appropriate lipids
for wrapping are given.

The lateral strength of the lipid bilayer is affected by
polyhydroxylated SWNTs. In our observation, the rup-
ture tension of the biomembrane is not linearly related to
the quantity of polyhydroxylated SWNTs inserted into
the bilayer. The lateral strength of the biomembrane can
be either increased or decreased by the polyhydroxylated
SWNTs, depending on their quantity.

Our studies have demonstrated the influence on the
mechanical properties of the lipid bilayer by lipid-
wrapping nanoparticles and hydroxylated nanoparticles.
These results might be of help in the application of drug
delivery, enabling the choice of the proper lipid to use for
the drug envelope and helping us understanding the ef-
fects induced by such envelopes. They also provide some
insight into intentionally changing the lateral strength of
biomembranes, a method that could be implemented in
biomembrane synthesis.
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