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Permeation of nanocrystals across lipid membranes
Bo Song, Huajun Yuan, Cynthia J. Jameson and Sohail Murad*

Department of Chemical Engineering, University of Illinois at Chicago,
810 S. Clinton Street, Chicago, IL 60607, USA

(Received 10 November 2010; final version received 28 February 2011)

Biological membranes are one of the major structural elements of cells, and play a key role as a selective barrier
and substrate for many proteins that facilitate transport and signaling processes. Understanding the structural
and mechanical properties of lipid membranes during permeation of nanomaterials is of prime importance in
determining the toxicity of nanomaterials to living cells. It has been shown that the interaction between lipid
membranes and nanomaterials and the disruption of lipid membranes are often determined by physicochemical
properties of nanomaterials, such as size, shape and surface composition. In this work, molecular dynamic
simulations were carried out using various sizes of nanocrystals as a probe to explore the transport of
nanomaterials across dipalmitoylphosphatidylcholine (DPPC) bilayers and the changes in the structural and
mechanical properties of DPPC bilayers during the permeation. A coarse-grained model was used to provide
insight at large time and length scales. In this work, an external driving force helps the nanocrystals across the
lipid bilayer. The minimum forces needed to penetrate the model membrane and the interaction of nanocrystals
and lipid bilayers were investigated in simulations. The elastic and dynamic properties of lipid bilayers, including
the local and bulk properties during the permeation of the nanocrystals, which are of considerable fundamental
interest, were also studied. The findings described will lead to better understanding of nanomaterial-lipid
membrane interactions and the mechanical and dynamic properties of lipid membranes under permeation.
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1. Introduction

Biological membranes are one of the major structural
elements of cells, and play a key role as a selective
barrier and substrate for many proteins that facilitate
transport and signaling processes. These selective
permeable membranes define the boundary and main-
tain the essential intracellular environment of the
cell. Transport of chemical species across biological
membranes is of significance in separations, biosensors,
pharmacological applications and drug delivery sys-
tems. Small molecules such as Xe, O, and CO, can
diffuse across the cell membranes passively; however,
ions, such as Na™, Ca>*, C1™, and larger molecules may
not easily cross the cell membranes [1].

Interactions and processes in biological systems
involve inherently nanoscale objects, so engineered
nanoscale materials allow the possibility of affecting
biological processes at a fundamental level. At the
same time, the ability of these nanoscale particles to
enter and be transported within biological bodies in
ways that larger particles cannot, could have adverse
toxicity effects [2-4]. Recently, much effort has been
focused on interactions between nanomaterials and

lipid membranes, experimentally [5-8] and theoreti-
cally [9-15]. Investigation of nanomaterial biocompat-
ibility and toxicity has been of growing interest in
addressing the impact of nanotechnology on human
health and the life environment [16-19]. Some of the
simple questions that motivate these studies include:
How do nanomaterials transport across biological
membranes? What structural changes occur in lipid
membranes during the permeation of nanomaterials?
Can a lipid membrane heal itself after perturbation by
nanomaterials? Due to their complexity, the study of
translocation of nanomaterials through real cell mem-
branes is inherently challenging. Therefore, there is a
clear need for physical insight into the questions
regarding the permeation process of nanomaterials
across simpler model membranes, such as lipid
bilayers, which can provide some understanding of
membrane structural changes during the permeation,
in general, and how the nature of the interactions
between lipid membrane and chemical species on the
surface of the core particle, in particular, determines
the details of membrane penetration by nanoparticles.

Molecular dynamics (MD) is a powerful tool
which can provide structural and dynamic details
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of the permeation process not readily available exper-
imentally. Recent progress has focused on the inves-
tigation of permeation of small molecules across lipid
bilayers [20-23]. These authors used MD simulation
methods at the atomistic or united atoms resolution to
study the permeation process of small molecules.
Atomistic MD simulations are able to reproduce and
predict many fundamental properties of lipid mem-
branes, but the size of system and timescales are still
limited by computer power and algorithms. Coarse-
grained (CG) models where small groups of atoms are
treated as single beads, on the other hand, provide a
promising method to overcome some of these limita-
tions in studying large biomolecular systems [24].
Marrink and co-workers [25,26] recently developed a
coarse-grained force-field called MARTINI force field
for simulation of lipids and surfactants, and extended
it to amino acids and proteins [27]. The MARTINI
force field has been shown to reproduce semi-
quantitatively fundamental structural and thermody-
namic properties of lipid bilayers and proteins.
In previous studies on the small molecule transport
across the lipid bilayer membranes, we have success-
fully studied small molecules, with permeability results
in satisfactory agreement with experimental results
[28,29]. We used a coarse-grained model to simulate
the gas permeation through pure DPPC lipid bilayers
[28] and DPPC lipid bilayers with Outer Membrane
Protein A included [29]. Some applications of CG
simulations for penetration of nanoparticles into
lipid bilayers have been reported recently, and results
from their initial studies are very promising [11,12,14].
There is also an investigation of the effect of nano-
particle shape on its permeation through lipid bilayers
using dissipative particle dynamics [13]. These theoret-
ical studies of translocation of bare nanoparticles
(no surface ligands) [11-13] have examined various
aspects of the permeation process, including altered
membrane thickness around the embedded nanoparti-
cle [12] and structural properties of the bilayer during
permeation, such as average order parameters of the
tails, and area per lipid [11]. In the dissipative particle
dynamics study, the minimum driving forces required
for various shaped nanoparticles (ellipsoids, cylinders,
pushpin shapes) to translocate across the lipid bilayer
was also investigated [13].

In the present study, using the coarse-grained
MARTINI force field, we wuse various sizes of
nanocrystals as a probe to explore the transport of
nanomaterials across DPPC bilayers, and examine
the structural and mechanical properties of DPPC
bilayers during the permeation. In this work, an
external force was added as the driving force to help
the nanocrystals across the lipid bilayer, which

mimics the common method used in experiments,
using nanoparticle probe tips [30-34]. The minimum
forces and pressures needed to penetrate the model
membrane are investigated in simulations. We also
study the mechanical and structural properties of
lipid bilayers, including the local and bulk property
changes during the permeation of the nanocrystals,
which are of considerable fundamental interest. There
are experimental data available for comparison.
Nanoparticles with no surface ligands have been
used (nickel ferrite particles [35], silica particles [5]) as
well as surface-modified nanoparticles (PEG-capped
ZnO particles [36], oleic acid coated nickel ferrite
[35], polymeric nanoparticles [34,37], gold nanoparti-
cles with cationic and anionic side chains [3],
derivatized single walled carbon nanotubes [4,38],
PEG-coated Fe304 [39]), employing atomic force
microscopy (AFM) imaging and force measurements,
as well as fluorescence imaging and cell metabolic
activity. Quantitative force measurements of nano-
particle cell membrane interactions have been
reported [37]. We use bare nanoparticles in the
present study. In subsequent work, we will use
surface-functionalized nanoparticles and examine
how the nature of lipid-ligand interactions modifies
the detailed mechanism of translocation. The findings
described in the present work may lead to better
understanding of permeation of lipid membranes
by nanoparticles and help in developing effi-
cient nanocarrier systems for intracellular delivery
of therapeutics, as well as taking a first step
towards understanding and predicting cycotoxity of
nanoparticles.

2. Methods
2.1. Lipid and nanocrystal structures

We performed molecular dynamics simulations for
a lipid membrane system with nanocrystals. The model
membrane in the present work consists of DPPC
(Ci¢) lipid bilayer. The detail of the neutral DPPC
(Cy¢) molecular structure is shown in Figure 1(a).
Gold nanocrystals have been demonstrated to have a
stable structure that is close to a face-centred-cubic
(FCC) structure [40-43] with nearly spherical shape,
which corresponds to the nanoparticle used in this
study. In the present work, the structure of the
nanocrystal is obtained by cutting nearly spherical
nanocrystals out of a bulk FCC lattice, with various
diameters from 0.8 nm to 2.5nm. Some of the struc-
tures of nanocrystals in the simulation are shown in
Figure 1(b).
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Figure 1. Schematic illustration of the structures used in simulations. (a) Dipalmitoylphosphatidylcholine (DPPC) (C16)
molecule; (b) nanocrystals with diameter of 1.0nm, 1.5nm and 2.0nm; (c) coarse-grained mapping strategies for a DPPC

molecule from atomic sites to coarse-grained sites.

2.2. Models

The coarse-grained model for DPPC allows us to extend
the space and time scales of simulations compared with
the all-atoms model. The MARTINI force field [25] is
one of the widely used coarse-grained models in
simulations. It is based on a four-to-one mapping, i.e.
on average, four heavy atoms are represented by a single
interaction site. The model considers four main types of
interaction sites: polar (P), nonpolar (N), apolar (C) and
charged (Q). Within a main type, subtypes are distin-
guished either by a letter denoting the hydrogen-
bonding capabilities (d, donor; a, acceptor; da, both;
0, none) or by a number indicating the degree of

polarity (from 1 =lowest polarity to 5= highest polar-
ity). More details about the MARTINI CG force field
can be found in the literature [25-27]. For the lipid
bilayers, the DPPC molecule is modelled as 12 CG sites,
which include the hydrophilic head groups, glycerol
backbone and two hydrophobic tails. The mapping
strategy of DPPC lipid is shown in Figure 1(c).

All particle pairs (in the Martini force field) i and j at
distance r; interact via a Lennard—Jones (L-J) potential:

o2 /g \6
= (2) (2] o
y i
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The well depth &; depends on the interacting
particle types and values range from g;=>5.6kJ/mol
for interactions between strong polar groups to
gj=2.0kJ/mol for interactions between polar and
apolar groups mimicking the hydrophobic effect.

The effective size of particles is governed by the L-J
parameter 0 =0.47nm for all normal particle types,
except that for interaction between charged (Q type)
and most apolar types (Cl and C2), the range of
repulsion is extended by setting o =0.62 nm. In addi-
tion to L-J interaction, charged groups interact via a
shifted coulombic potential function:

9i9;

Ue ec = 2
4 dmege, r 2)

In the simulations, the non-bonded interaction
are cut off at r,,=12nm. The L-J potential is
shifted from rg,;; =0.9nm to 1.2nm and the electro-
static potential is shifted from ry;; =0.0nm to 1.2nm
following a standard shift function [44].

The bonds are described by a harmonic potential
Viona (R) and a cosine type harmonic potential V()
is used for bond angles.

1
Vbond(R) = EKbt)nd(R - Izhond)2 (3)

1
Vangte(0) = EKangle{COS(g) - COS(GO)}2 4)

The interaction between the gold atoms is also
described by L-J potentials. Various potential param-
eters have been used previously for gold atoms, from
‘all-atoms’ [41,45-47] to ‘coarse-grained’ (atomistic
structure but modelling gold atoms as C-class [14],
P-class [48] using MARTINI force fields). Li et al. [12]
and Lin et al. [49] used C-Class and N-Class param-
eters to investigate the hydrophobicity and size effect
of model nanoparticles interacting with lipid mem-
brane. The parameters we used for gold nanocrystals
are from references [45,46], and are listed in Table 1.
For the cross-interactions between gold atom sites
and lipid/water sites, we use the standard Lorentz—
Berthelot mixing rules [50] as a starting point in this
study. Several previous studies have shown that
AA and CG models can be combined in simula-
tions successfully. Such studies include simulating

Table 1. Potential parameters of
gold nanocrystals.

Atoms o (nm) &(KJ/mol)

Au 0.2569 44.19

membrane-bound ion channels [51] and lubricated
contact between two planar solid substrates that
sandwich a soft film; the results obtained agreed with
previous all atom studies [52,53].

2.3. Model validation

To validate the MARTINI force field used in this
study, we carried out a simulation for lipid membrane/
water system first with comprehensive series of tests
before introducing the nanocrystals. The lipid mem-
brane/water system consists of 128 DPPC molecules
and 3764 CG waters in a 6.3 x 6.5 x 15.5 nm”® simula-
tion box shown in Figure 2(a).

The initial configuration of the lipid bilayer comes
from the self-assembly process of the lipid bilayer
membrane with 128 DPPC molecules and 2000 water
molecules, starting from random orientations and
positions [29]. We used an extended water region to
allow for the inclusion of the nanocrystal. A range of
properties of this lipid membrane were examined in the
present work. Important quantities characterizing a
lipid bilayer membrane include the thickness of the
membrane, the surface area per lipid and the tail
segment order parameter. The density profile of each
component of the lipid was obtained during the
simulation, which is shown in Figure 2(b), from
which we obtained the distance between the phosphate
groups as 3.79 nm, in close agreement with the exper-
imental value of 3.85nm [54]. The area per lipid of the
DPPC membrane was found to be 0.6308 nm” in our
simulation (Figure 2(c)), which also agrees well with
the experimental values, which lie in the range
0.629 4 0.013 nm? at 323 K [55].

The conformation of the hydrocarbon tails of the
lipid is another important property for lipid bilayers.
Generally, the conformation and orientation of lipid
hydrocarbon tails are highly disordered. A measure of
the internal order of a lipid bilayer is the order

parameter P,
3cos’h — 1
P = <72 > %

where 0 is the angle between the bond and the
axis normal to the lipid bilayer [56]. P=1 implies
perfect alignment, P=—0.5 anti alignment, and P=0
random orientation. Because we use a coarse-grained
scheme, only a limited number of indicators of
internal order may be obtained from the simulation.
Although we cannot compare directly with C,_;—-C,
order parameters derived from experiment and all-
atoms simulations, the order parameters can be
derived for the four sites that constitute the tail
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Figure 2. Simulation of DPPC lipid membrane and water system. (a) Simulation system with 128 DPPC molecules and 3764
water molecules in a 6.3 x 6.5 x 15.5 nm® simulation box, blue dots represent the choline group, yellow the phosphate group, red
the glycol group, green the acyl chain tail group, while white dots are water molecules. (b) Density profile of components of
DPPC membrane along the z direction, (NC3 represents the choline group, PO4 the phosphate group, while GL represents the
glycerol backbone). (c) Area per lipid for the DPPC lipid membrane for 40 ns. (d) Comparison of tail segment order parameter

with experimental measurements [56].

forming three ‘bonds’ between them and the order
parameters for these ‘bonds’ can be compared with
experiment effectively. From the results shown in
Figure 2(d), we see that our model reproduces the
correct trends qualitatively, with our model showing
somewhat higher order near the head than the actual
DPPC lipid bilayer.

In summary, our simulation results are in reason-
able agreement with available experimental results,
which validate the effectiveness of the coarse-grained
model we are using for the lipid bilayers.

2.4. Simulation of lipid bilayer with nanocrystals

After allowing for the equilibration of the lipid-water
system (40 ns), we introduced one nanocrystal into our
simulation system, as shown in Figure 3. Note that the
results reported are for only one nanocrystal permeat-
ing the lipid membrane. The results observed would
have significantly changed if several nanocrystals were
permeating the membrane simultaneously. An external
driving force was applied to aid the permeation of
nanocrystals across the lipid membrane. We then
performed molecular dynamic simulations in the lipid
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Figure 3. Side view of the simulation system for investigating
the transport of a nanocrystal across the DPPC lipid
membrane. (Yellow dots represent the gold nanocrystal,
blue the choline group, red the phosphate group, orange the
glycol group, green the acyl chain tail group, white dots are
water molecules.) Nanocrystals, of sizes from 0.8nm to
2.5nm, are introduced into the water phase. A range of
external forces are applied as described in the text.

bilayer system with various sizes of nanocrystals using
a range of external forces. The simulation system
consists of 128 lipid molecules and approximately
3700 CG water molecules, with one rigid-body nano-
crystal of the desired size. All the simulations were
performed using the LAMMPS simulation package
[57]. A Langevin thermostat [58] was applied in the
NVT ensemble to maintain the desired temperature.
To ensure stability, we used a time step of 10fs.
A typical simulation takes about 0.75h per ns on Intel
Core2Quad CPU system.

Velocity (nm/ns)

0.0 LA L L I LA R EEL N B
0 2 4 6 8 10 12 14 16

Position (nm)

Figure 4. A comparison of velocity profiles of a nanocrystal
(modelled using either an AA or CG model) permeating the
lipid bilayer membrane.

2.5. Potential model for nanocrystal

In the studies reported here we used an atomistic
model for gold particles, with parameters for the gold
atoms as shown in Table 1. We also carried out a study
with a CG model for the nanocrystal investigated to
determine if that would have a significant effect on the
permeations being examined in this study. Figure 4
shows a comparison of the results obtained for the
permeation velocities using the CG and AA models
for nanocrystals. The results obtained for an exter-
nal force of 170pN for a Inm nanocrystal are
shown in Figure 4. As can be clearly seen the CG
and AA models exhibit almost identical behaviour.
The CG model for the nanocrystal had parameters
ocGg = 1.2nm and SCG:3-2 EAA-

3. Results and discussion

3.1. Driving force and pressure for permeation

We first examine the minimum driving force needed for
the nanocrystals to permeate through the lipid mem-
brane. The minimum driving forces needed for cross-
ing the first and second layers of the lipid are shown in
Figure 5(a). In our simulations we have defined the
minimum force as that required to permeate the
membrane in 160ns or less. The minimum force
for permeation across the first layer is in the range
55-425pN, and for permeating both layers between
80 and 520 pN. The larger the nanocrystals, the larger
the force needed. We also examined the minimum
driving pressure (external force/cross-sectional area of
nanocrystals), which is shown in Figure 5(b). We found
that the pressure needed to permeate the first layer
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Figure 5. Minimum driving force (a) and pressure (b) needed for various sizes of nanocrystals to permeate the first and second

layers of the lipid membrane.

is almost independent of the size of the nanocrystals.
For the permeation of both the first and second layers,
the required pressure decreased with increase of
nanocrystal size. A larger nanocrystal introduces
more disruption in the bilayer as it permeates across
the first layer. At the same time, the larger nanocrystal
is closer to the second layer of the lipid membrane after
it gets past the first layer, so it more easily penetrates
the second layer provided it can get across the first
layer. This is consistent with the observed minimum
pressure for larger nanocrystals being smaller than that
for the smaller crystals.

3.2. Characteristics and mechanism of nanocrystal
permeation

To characterize the dynamics of nanocrystal penetra-
tion into the lipid bilayer, we calculate the velocity
along the z direction of transport. We consider
different sizes of nanocrystals permeating under the
same driving pressure (160 £ 5pN/nm?) to study the
particle size effect. The typical velocity profile for
various sizes of nanocrystals under the same driving
pressure is shown in Figure 6(a). The velocity of the
nanocrystal decreases when it approaches the lipid
head group. The velocity drops by an order of
magnitude in the first head group region. In order to
permeate the first layer of the lipid membrane, the
nanocrystal has to compress the first layer and separate

the head groups away to make room for its cross
sectional area. The resistance from the head group
increases in this region, which we measured by letting
the nanocrystals permeate at a constant velocity
(1.55 x 107° nm/fs) through the lipid membrane to
obtain the force profile (Figure 6(b)). Vasir et al. [37]
used AFM to measure the force between nanoparticles
and cell membrane as the nanoparticle-decorated tip
approached and retracted from the cell membrane. The
early part of our force profile (Figure 6(b)), which
corresponds to the approach of the nanocrystal to the
top layer, follows the same trend as the experimental
force profile they generated as their tip with unmodi-
fied nanoparticles approached the live cell surface.
They described this typical force—distance behaviour as
follows: as the AFM tip started to compress the cell
surface, ‘a short-range repulsive force was observed
due to steric repulsion presented by the viscoelastic
surface of the cell.” Unlike their experimental curve,
our force profile for nanocrystal penetration does not
exhibit any adhesion. Our force profile resembles that
observed for an Au-coated nanotube tip penetrating
the cell membrane in the experiments reported by
Vakarelski et al. [32]. Following the initial force
increase as the tip approaches the cell membrane,
there is a sharp drop in the force exerted by the tip,
after which the indentation into the cell continued with
little resistance. This drop in force is indicative of the
penetration of the nanotube through the cell mem-
brane. Their force profile has a single peak. We have a
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Figure 6. Permeation of nanocrystals of various sizes in our
simulations. The green dash line indicates the equilibrium
position of the phosphate groups. Using the same driving
pressure during the permeation of gold nanocrystals, we
obtain (a) velocity profiles of gold nanocrystals (z compo-
nent); (¢) boundary lipid densities and (d) boundary water
densities. Using fixed velocity, we obtain (b) the force profile
for the permeation of nanocrystals (1.0 nm).

more detailed force profile in Figure 6(b) because,
unlike the experiments, we have better resolution
which allows us to show the variation in the force as
the nanoparticle traverses each layer. We have also
used this force profile to calculate the Potential of

Mean Force (PMF) by the usual integration method
described in reference [20]. The results obtained are
shown in Figure 7(a) and (b), where the results have
also been compared with normalized experimental
results [32]. The experimental results were also
obtained by integrating the force profile reported in
reference [32]. Since the probe used in the experiments
was 25nm, which is significantly larger than our
nanocrystal we normalized the system size to corre-
spond to our size. In addition we used two energy
normalization methods. (a) In the first case we
normalized the experimental minimum energy in the
PMF profile (not the position of the minimum nor the
shape), and (b) in the second case the maximum energy
(again not the position of the maximum nor the shape)
was normalized. These two normalization methods are
shown to give almost identical results in Figure 7(a)
and (b). Our results and those from experiments clearly
show that an external force would be necessary to
permeate the membrane initially, and once the nano-
crystal has permeated the head group it would move
rapidly towards the tail region, as our results have also
clearly shown. The typical boundary lipid (lipid mol-
ecules in contact with the nanocrystals) density profile
and the boundary water (water molecules in contact
with the nanocrystals) density profile under the same
external pressure are shown in Figure 6(c) and 6(d).
The boundary lipid density increases along with the
nanocrystals permeating into the membrane since the
lipid molecules are compressed by the nanocrystals.
The boundary water density shows a reverse trend.
Some water molecules enter the lipid bilayer region
during the permeation of nanocrystal, compared with
the water density profile (purple line) in Figure 2(b)
for the unperturbed membrane, which has a sharp
drop in the lipid region. This occurs because the
penetration of nanocrystal creates a pore in the lipid
bilayer and allows some water molecules into the lipid
region. The water density profile in Figure 6(d) is
further evidence of the disruption of the lipid bilayer.

To further investigate the pressure effect on the
nanocrystals, we specify one size of nanocrystal and
carry out the simulations using different external
pressures. The velocity profiles, force profiles and the
boundary lipid and water density profiles showed the
same trends reported in Figure 6 and hence are
not shown here. We then examine the details of the
deformation of the first and second layers of the lipid
membrane as the nanocrystal approaches. In Figure 8
we show snapshots at various stages of the penetration
process. Further, in order to see the local density
changes compared to the rest of the bilayer, in Figure 9
we examine the Xy plane density profile of the
entire membrane at three stages of the penetration
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Figure 8. Snapshots in the permeation of the nanocrystal (1.5nm) across the lipid membrane. The behaviours of the first and
second layers of the lipid are shown. (a) The initial equilibrium configuration; (b) nanocrystal attaches to the first layer;
(c) nanocrystal leaves the first layer; (d) nanocrystal attaches to the second layer; (e) nanocrystal leaves the second layer.

process: at the outset, before penetration of the first
layer and before penetration of the second layer. As a
complement to Figure 9, we examine in Figure 10 the
curvature of the lipid layers at various stages of the
penetration process.

The snapshots in Figure 8(b) show the deformation
of the first layer. The second layer of the lipid
membrane does not show any significant change
during the permeation of the first layer for this size
of nanocrystal. The deformation of the first layer
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induces the deformation of the second layer gradually
as the nanocrystals go deeper into the membrane
centre. Due to the attractive tail-tail interactions of
the lipids in the second layer, the deformation of the

second layer is gradual. After the nanocrystal has
crossed the first layer and starts to attach to the second
layer, the first layer recovers and closes again, as can be
seen in Figure 8(d) and Figure 10. At the same time,
the second layer starts to be compressed and the alkyl
tails start to separate from each other to make room
for the nanocrystal, dragging their heads apart and
thus the second layer starts to open up. In order to
penetrate the second layer, the nanocrystal has to push
the tail segments of the second layer away, which will
drag the head group eventually. A pore is formed in the
head groups of the second layer before the nanocrystal
arrives there, which can be clearly seen in Figure 8(d).
The xy-plane density profiles of DPPC lipid bilayer
are shown in Figure 9, from which can be seen the local
decrease in lipid density before permeating the second
layer (blue line), in contrast to the permeation of the
first layer (red line). Accordingly, in Figure 6(a),
we observe a speed-up in the velocity profile and
in Figure 6(b) a significant drop in the force profile
as the nanocrystal passes through the second layer.
The larger the size of the nanocrystal, the smoother
the velocity profile. After a nanocrystal has perme-
ated through the second layer, both layers tend to
recover their original status, as seen in Figure 8(e).
Curvature of the lipid membrane occurs by elastic
deformation of the membranes. In order to obtain the
lipid membrane curvature profile, we define circular
areas at different distances away from the surface
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Table 2. Effective times for opening up the first layer.

Diameter (nm) Driving force (pN) Time (ns)
1.0 150 8

1.2 150 12.1
1.5 150 48.2
1.5 280 17.7
1.8 280 48.7

of the nanocrystal and then average the z coordinates
(normal to the surface of the membrane) of phosphate
atoms included in each region. The membrane curva-
ture for the permeation of a 1.8nm nanocrystal is
shown in Figure 10. When the nanocrystal is attached
to the first layer (and the second layer), we observe the
obvious curvature. On the other hand, after the
nanocrystal has totally penetrated the lipid membrane,
the curvatures almost disappear, which shows the
elastic property of the lipid membrane.

Compared with atomistic MD simulations, a
coarse-graining method represents a system by a
reduced number of degrees of freedom. Due to the
reduction in the number of degrees of freedom and
elimination of fine interaction details, the dynamics of
the coarse-grained simulation are observed to be
accelerated by a constant amount, called the speed-
up factor, compared with the same system in all-atom
representation. Usually, the effective time sampled
using CG is 3—6 times larger than the atomistic models
[25]. When interpreting the simulation results with the
MARTINI CG model, Marrink et al. find that a factor
of 4 appears to describe the general dynamics present
in many membrane systems quite well. Using this
factor gives rates in good agreement with experiment
and/or all-atom simulations for a variety of CG-
simulated dynamic process (water permeation rates
across the membrane [25], lipid lateral diffusion rates
[25], aggregation of lipids into bilayers [25] or vesicles
[59] and the sampling of the local configuration space
of a lipid in a bilayer [44, 60]), and they suggest using
this factor to find effective times [61]. The effective
time for opening up the first layer shown in Table 2 is
longer for the larger nanocrystals subjected to the same
external forces, which is not surprising.

3.3. Effect of nanocrystal on the internal order and
structural properties of the lipid membrane

It is known that the penetration of nanocrystals can
affect the stability and the mechanical strength of the
lipid membrane. Microscopy experiments have exam-
ined the formation of nanoscale holes caused by

nanoparticles in model membranes [62-64]. Chen
et al. observed data that were consistent with
dendrimer nanoparticles making 3 nm holes in living
cell membranes [7].

In our simulations, we observe the structural
changes of the lipid bilayer at a more fundamental
level, including the local and bulk tail segment order
parameter, the local tail length of the lipid molecule.
We also observe the elastic properties of the lipid
bilayer by calculating the thickness change of the
lipid membrane and observe whether the thickness
of lipid membrane can recover or not after the
nanocrystal permeation in our simulation period.

We extend our simulation time so as to observe
the nanocrystal permeating the lipid membrane three
times and observe the instantaneous thickness changes.
The thickness (defined here as the head-to-head
distance across the membrane) is shown for the
unperturbed membrane (Figure 11(a)). The membrane
thickness is shown with perturbation by small (1.0 nm,
Figure 11(b)), medium (1.5 nm, Figure 11(c)), and large
(2.0nm, Figure 11(d)) nanocrystals. As seen in the
Figure 11(a), the thickness of the lipid membrane
oscillates around the equilibrium value stably in
the absence of the perturbation of the nanocrystal.
The permeation of the nanocrystal affects the thickness
of the lipid membrane. As the nanocrystal begins to
permeate the surface of the lipid membrane, the
thickness starts to increase. After the nanocrystal has
moved into the lipid membrane, the thickness of the
lipid membrane increases significantly. The larger the
nanocrystal, the greater the increase in the thickness of
the lipid membrane. For the nanocrystals with diam-
eter 1.0nm and 1.5nm (Figure 11(b) and Figure 11(c)),
the thickness of the membrane recovers after perme-
ation, which means the lipid membrane can heal itself
quickly after perturbation of small nanocrystals. For
the 2.0nm nanocrystal, the thickness of the lipid
membrane does not recover during our simulation
period. This is due to the size of the simulation box.
Under periodic boundary conditions, the membrane is
approached again by the nanocrystal before it has had
a chance to recover. We carried out two more
simulations with the 2.0 nm nanocrystal to see if we
can observe the recovery. After the nanocrystal has
permeated through the lipid membrane and almost
reached the far wall, we held the nanocrystal in place
(this was accomplished by removing the external force
on the nanocrystal and tethering it at this desired
location) and continued the simulation for an addi-
tional 200 ns. We found that the membrane thickness
remained elevated. We then carried out an additional
simulation with a system size of (12.6 nm x 12.8 nm x
16.4nm) and a 2nm nanocrystal. In this larger
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Figure 11. The changes in the lipid membrane thickness during the permeation of the nanocrystals. (a) The lipid—water system
without perturbation of the nanocrystal. The extended simulation time permits the observation of the nanocrystal permeating
three times through the membrane; instantaneous thickness of the lipid membrane is shown as an indication of the ability to
recover; (b) permeation of the 1.0 nm nanocrystal; (c) permeation of the 1.5nm nanocrystal; (d) permeation of the 2.0 nm
nanocrystal. The green dashed line indicates the equilibrium position of the phosphate group and the red solid line indicates the
boundary of our simulation box.

simulation system, we did observe healing of the
membrane. This result is expected since lipid mem-
branes have been observed to self-assemble from even
an initial random configuration of DPPC [29].

The density profile of the DPPC lipid bilayer in the
xy-plane shows the damage of the lipid membrane after
the permeation of the 2.0nm nanocrystal (Figure 12
blue line). We find that for the smaller nanocrystals,
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the xy-plane density profile of the lipid (not shown
here) is able to recover its original status, which is
almost a uniform distribution in the xy-plane just like
the unperturbed lipid membrane. However, for the
2.0nm nanocrystal, the local density in the region
where the nanocrystal penetrates is lower than other
regions, which means the local elastic property of
the lipid membrane is disrupted by the permeation of
the nanocrystal. This is consistent with the much
longer recovery of the membrane thickness found in
Figure 11(d) for this size nanocrystal.

We calculated the effective permeation times
for three successive permeations, which are listed in
Table 3. The results shown are for three sizes with
equal pressure (the force would vary as the square of
the nanocrystal diameter). For the 1.0nm and 1.5nm
nanocrystals, the effective times for the last two
permeations are slightly different from the first per-
meation time. However, for the 2.0 nm nanocrystals,
the permeation time for the last two permeations are
obviously reduced, which is caused by the reduced
local density and the disruption of the lipid membrane
already mentioned above which has not had sufficient
time to heal. We also notice that the permeation time
for larger nanocrystals is shorter than those smaller
ones in our cases. This has also been reported
previously [49] and the most likely explanation is that
the larger particles can affect the internal structure

Table 3. Effective times (ns) for three permeations.

Particle volume

Diameter (nm) (nm?) Ist 2nd 3rd

1.0 0.523 28.7 29.9 29.4
1.5 1.766 26.7 24.8 23.6
2.0 4.187 9.2 6.8 6.4

more easily and create larger holes, which facilitate
somewhat faster permeation. The permeation time for
the second and subsequent permeations is usually
shorter; between the first and second permeation
enough time has not clapsed to allow the lipid to
fully heal.

We also calculated the order parameter of the tail
segment to characterize the internal order of the lipid
membrane when the nanocrystals are in the lipid
membrane region. The bulk order parameter is shown
in Figure 13(a). We call it bulk order parameter
because the value is averaged over all lipids, not
only the lipids at the local site of the nanocrystal.
Overall, the bulk order parameters change only slightly
upon the insertion of the nanocrystals; minor struc-
tural changes are also observed from Wong-Ekkabut
et al’s work in the simulation of Cg, insertion into
a bilayer [11]. The bulk order parameter of the
tail segment is a little bit larger compared to the
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unperturbed lipid membrane. The larger the inserted mobility and lesser extent of isotropic averaging for
nanocrystal, the larger the bulk order parameter. We lipid molecules of the entire lipid bilayer.

believe this phenomenon is due to the decrease of the We obtain the local order parameter, which is an
dynamic space for the lipid membrane after the average over the lipids at the local site. We take the

insertion of the nanocrystal, which induces lower nanocrystal as the centre and calculate the order
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parameter for those lipid molecules 1.0 nm, 1.5 nm and
2.0nm away from the nanocrystal surface during the
permeation. It can be observed in Figure 13(b) that
the structural change for those lipid molecules closer
to the nanocrystal is more obvious than for those
farther away. The tails of the boundary lipids are
more ordered than the remote lipids since the dynamic
space for the local lipid molecules is compressed much
more than for the remote lipid molecules. Finally, we
obtain the bulk and local average tail length of the lipid
molecules (Figure 13(c)) by calculating lipid tail end-
to-end distances. From our simulations, the average
tail length of the lipid bilayer without the perturbation
of the nanocrystals is 1.944 nm. During the perme-
ation, the average length of the tails is shorter for those
lipids close to the nanocrystal. The closer the lipid, the
shorter the tails, which is not surprising because
compression by the nanocrystal results in bending of
the lipid tails in the local region. Since the nanocrystals
are moving under an external force, it is possible/likely
that local equilibrium has not been achieved around
the nanocrystals. We therefore also compared our
results for the bulk order parameter and local order
parameter shown (Figure 13(a) and (b)) with cases
when the nanocrystals permeated the membrane at half
the average velocity (where it can be assumed that the
system would be closer to quasi-equilibrium). Within
the accuracy of the simulations we detected no
differences in our results.

4. Conclusions

In summary, we have investigated the translocation of
nanocrystals across the lipid membrane using coarse-
grained molecular dynamics simulations. The velocity
profile and the force profile of the nanocrystal during
the translocation of the nanocrystal across the lipid
bilayer are obtained in the present work, as well as the
changes in local structure (boundary lipid density and
water density) arising from the interaction between
the nanocrystal and the lipid membrane. Our force
profile results are in satisfactory agreement with avail-
able experimental data of Vakarelski et al. [32]. The
minimum force and pressure for a nanocrystal to
penetrate the lipid bilayer is dependent on particle size.
We found that the minimum pressure for penetrating the
first layer is almost independent of the size of the
particles while the minimum pressure for permeat-
ing both layers is smaller for the larger size particles.
We obtain more detailed information on the force
profile as the nanocrystal penetrates the lipid mem-
brane, compared with experiments [32], which are
unable to resolve passage through two layers.

Observation of the lipid curvature profile shows the
elastic property of the lipid membrane during the pen-
etration by a nanocrystal. The thickness of the lipid
membrane exhibits recovery to the original status.
We found that the order parameter of the tails of the
bulk lipids change only slightly during the permeation of
nanocrystals, while the tails of those surrounding lipids
are more ordered than the remote lipids. The average
length of the lipid tails is shorter for those lipids close to
the nanocrystal. All these findings are consistent with
the ability of lipid membranes to heal after penetration
by bare nanocrystals, which have no strong or specific
interactions with lipid molecules. We plan to investigate
nanoparticles functionalized with ligands that are
capable of significant interactions with lipid molecules
in the future. The findings in this work may lead to better
understanding of mechanisms for translocation of
nanoparticles across lipid membranes and may
help in developing efficient nanocarrier systems for
intracellular delivery of therapeutics.
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