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SURFACE CHEMISTRY

Molecular dynamics simulations reveal how characteristics of surface and permeant 
affect permeation events at the surface of soft matter

Priyanka Oroskara, Cynthia J. Jamesonb and Sohail Muradc 
aDepartment of chemical engineering, university of illinois at chicago, chicago, il, uSa; bDepartment of chemistry, university of illinois at chicago, 
chicago, il, uSa; cDepartment of chemical engineering, illinois institute of technology, chicago, il, uSa

ABSTRACT
Molecular dynamics simulations are particularly useful in providing details that permit understanding 
of phenomena occurring at surfaces, phenomena characterised by surface-sensitive experimental 
methods yielding average properties. The methods and examples that we consider here reveal how the 
characteristics of the surface and the permeant affect permeation events at the surface of soft matter, 
in particular, lipid bilayers. We choose permeation of lipid membranes as our example of the ability of 
molecular dynamics simulations to provide molecular-level mechanisms that are otherwise not available 
via other means. Molecular permeation through lipid membranes is a fundamental biological process that 
is important for small molecules such as therapeutics as well as nanoparticles that have become important 
modes of drug delivery. We describe methods applicable to such large systems and use examples where 
the permeants are uncharged particles: small molecules (Xe, O2, CO2), bare gold nanocrystals, gold-core 
nanoparticles with hydrophobic ligands (alkane thiols of various lengths) and gold-core nanoparticles 
with hydrophilic ligands (methyl-terminated polyethylene glycol of various lengths). In each example, we 
have previously validated our findings by comparisons with experimental data, using such information as 
is available from X-ray diffraction, electron paramagnetic resonance, nuclear magnetic resonance, atomic 
force microscopy, various imaging methods, diffusion measurements, dynamic light scattering. In addition 
to spherical core nanoparticles, we also examine the characteristic permeation mechanisms of gold 
nanorods with polyethylene glycol ligands, where the aspect ratio different from 1 makes the permeation 
event dependent on the angle of the rod axis relative to the membrane surface. This review examines the 
phenomena associated with the interaction of various permeants with the lipid bilayer that serves as our 
model membrane. We consider adsorption at the interface, the permeant within the top lipid leaflet, in 
the middle of the membrane within the lipid tail region, within the bottom lipid leaflet and finally exiting 
the membrane on the way to recovery, for various permeants: gas molecules, bare gold nanocrystal, gold 
nanoparticles with alkane thiol ligands, PEGylated gold nanoparticles and PEGylated gold nanorods. We 
observe formation of a water pore, occasional transport of ions, lipid flip-flops, lipid displacement from 
the membrane, and rotational behaviour of PEGylated nanorods during the permeation process. These 
events differ depending on the chemical nature (hydrophobic or hydrophilic) of the ligands, their length, 
the coverage density on the gold surface and the aspect ratio of the gold core. Direct comparisons across 
the board are possible by using identical interaction models (MARTINI coarse grain), molecular dynamics 
methods, simulation set-ups and analyses of MD results, thereby permitting generalisations to be made 
about mechanisms for the various events and how they are affected by these factors.

1. Introduction

Molecular permeation  through  lipid membranes  is a 
fundamental biological process that is important for small 
neutral molecules and drug molecules. An early discussion of 
permeation of membranes by molecules considered Eyring’s 
Absolute Rate Theory as a theoretical framework [1]. The theory 
regards the movement of molecules within membranes as a series 
of successive jumps from one equilibrium position to the next 
and requires the free energy profile that connects the equilibrium 
positions. Another approach proposes a diffusion mechanism [2] 
analogous to the so-called free volume theory of diffusion within 

polymers [3]. In this theory, it is assumed that transient ‘holes’ 
or pockets of free volume are opened up by thermal fluctuations 
that serve as the passage for diffusing molecules. Yet another 
proposal is that certain types of mobile structural defects, 
so-called kinks, which result from conformational changes in the 
hydrocarbon chains of a membrane, would produce small mobile 
pockets of free volume of different sizes. A molecule present in 
the aqueous phase adjacent to the membrane may jump into the 
free volume of a kink at the membrane surface and may then 
diffuse across the membrane together with the mobile kink, in 
a ‘hitch-hiking’ process [4]. While any of these early proposed 
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if displacement of lipids is significant. For hydrophobic particles, 
the membrane interior may act as a trap instead of a barrier, that 
is, a particle may be able to cross one leaflet and then be unable to 
leave the hydrophobic tail region in the centre of the membrane. 
Moderately hydrophilic and hydrophilic particles, on the other 
hand, may be adsorbed at the phosphate and choline head region 
and experience the largest resistance to permeation in the lipid 
tail region. Discriminating between various particles may depend 
on the size, shape, functionalisation and ligand-grafting density 
of nanoparticles. Dynamic details attending the movement of 
particles of various structure and morphology can be investigated 
using molecular dynamics, and by judicious choice of systems it 
is possible to tease out the various factors. Depending on these 
factors, water and ion permeation may accompany nanoparticle 
penetration to varying degrees. Also, depending on these fac-
tors, events that may accompany particle permeation, flip-flop 
and displacement of lipid molecules from the membrane itself 
or entrapment of particles within the membrane, can thereby 
result in compromising membrane integrity. The results of such 
computer experiments are crucial to the prediction of how these 
factors can affect the efficacy of nanoparticle-based systems for 
the purpose of delivery of drugs or imaging agents.

2. Methodology used

2.1. Coarse-grained force field

Molecular dynamics simulations were carried out for three sat-
urated lipid bilayer systems with different hydrocarbon chain 
lengths: DCPC (C8), DMPC (C14) and DPPC (C16). The molec-
ular structures of these are shown in Figure 1 [6].

The MARTINI coarse grained force field is based on a four-
to-one mapping, with four heavy atoms represented by one 
interaction site [7]. Details of this model have been previously 
published [8]. In summary, the model has four main interaction 
sites categories: polar (P), nonpolar (N), apolar (C) and charged 
(Q). Within a category, sub-categories are distinguished by a 
letter denoting the hydrogen-bonding characteristics (d = donor, 
a = acceptor, da = both, o = non) or a number showing the degree 

‘molecular’ mechanisms are plausible in that thermal fluctuations 
do occur in the positions of the atoms and groups of atoms in the 
lipids constituting a membrane, transient holes of free volumes 
do randomly occur as the groups of atoms undergo thermal 
motion, and kinks may indeed form in hydrocarbon chains that 
constitute the tails of the lipids, each does not by itself constitute 
the unique type of molecular event that makes it possible for a 
molecule to move from one side of the membrane to the other.

We use a lipid bilayer membrane as an interesting and rele-
vant model for a soft matter surface. We use molecular dynam-
ics simulations to study the movements of atoms and groups 
of atoms of the simulations system, explicitly including solvent 
molecules, biologically essential molecules such as O2, drug mol-
ecules, ions, lipids of the bilayer membrane, nanoparticles, and 
ligands on nanoparticle cores, and we can follow, over the course 
of a molecular dynamics trajectory, the passage of a molecule or a 
nanoparticle across a lipid bilayer without the presence of a trans-
membrane protein. In these molecular simulations, we can carry 
out ‘what-if ’ computer experiments to determine the factors that 
affect the permeation events at the surface of soft matter. In par-
ticular, we can determine how the membrane composition and 
dynamics and the morphologies of the membrane and the per-
meating entity can affect transport across the membrane. At the 
same time, we can also map out the free energy profile for move-
ment of these permeating entities from one side of the membrane 
to the other by calculating the potential of mean force. We limit 
our discussion to examples using model symmetric membranes 
of a single composition, and permeating entities such as water, 
ions, gas molecules, nanocrystals and functionalised nanocrys-
tals with ligands of various chemical composition and lengths, 
although the same methods may be applied also to asymmetric 
membranes of mixed composition and to nanoparticles consti-
tuted of polymer cores and dendritic or bio-conjugated ligands, 
with or without entrained drug molecules. We use molecular 
simulations in order to provide information that would be use-
ful for designing nanoparticles for a wide range of biological 
and engineering applications. The permeation of water across 
lipid membranes is of paramount importance in biological and 
technological processes. The membrane conformation is found 
to play a critical function in water permeation, regardless of the 
type of lipid. The fluctuations in the potential energy are found 
to have a significant, if not the exclusive, role in the transporta-
tion of water across lipid membranes [5]. Eliciting this type of 
dynamic information that is crucial to the understanding of the 
driving force for such an energetically unfavorable but essential 
process is only possible through molecular dynamics simula-
tions. Permeation of nanoparticles is accompanied by forma-
tion of a transient water pore, the lifetime of which depends on 
many factors that can be investigated by computer experiments. 
Along with formation of a transient water pore, ion transport 
could occur, again, depending on the lifetime of the water pore. 
Recovery time for the membrane structure after a nanoparticle 
permeation event also depends on various factors, such as size, 
shape, chemical nature of ligands grafted on its surface, and 
surface coverage. Some nanoparticles have been observed, in 
simulations, to induce potentially long-lasting effects on the lipid 
membrane, such as lipid flip flop and displacement of lipids from 
the membrane. Such events can lead to changes in composition of 
the leaflets if mixed lipids are used, and thinning of membranes, 

Figure 1. Molecular structures of DcPc (c8), DMPc (c14) and DPPc (c16) reproduced 
from ref. [6].
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of polarity (from 1 = lower polarity to 5 = higher polarity). As 
an example the mapping of a coarse-grained water site (P4) is 
shown in Figure 2 [6].

For the lipids, a similar mapping strategy is used, the phos-
pholipid DPPC is modelled with 12 CG sites; DMPC and DCPC 
have one and two fewer tail beads from each tail, respectively. The 
mapping of a DMPC molecule is shown in Figure 3 [6].

All site–site interactions i and j at distance rij are modelled via 
a Lennard–Jones (LJ) potential:

 

The energy parameter ɛij values range from ɛij  =  5.6  kJ/mol 
to ɛij = 2.0 kJ/mol for strong polar groups and between polar 
and apolar groups to capture the hydrophobic effect. The LJ 

(1)VLJ (rij) = 4�ij
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parameter σ = 0.47 nm for all interaction types, except it is set 
at σ = 0.62 nm that for interactions between charged (Q type) and 
most apolar types (C1 and C2), to extend the range of repulsion. 
In addition for charged groups a shifted coloumbic potential 
function is added in addition to the LJ interaction:
 

In all simulations, the nonbonded interaction has a cut off dis-
tance of rcut = 1.2 nm. In addition the LJ potential is shifted at 
rshift  =  0.9 to 1.2  nm and the electrostatic potential is shifted 
from rshift  =  0.0  nm to 1.2  nm using the usual standard shift 
function [9].

The bonds are modelled by a harmonic potential Vbond (R)
 

(2)Uelec =
qiqj

4��0�rr

(3)Vbond(R) =
1

2
Kbond(R − Rbond)
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Figure 2. (colour online) coarse-grain mapping strategy for water reproduced from ref [6].

Figure 3. (colour online) coarse-grain mapping strategy for a DMPc molecule (blue = choline group, yellow = phospho group, red = glycol group, green = acyl chain); 
reproduced from ref [6].

Figure 4. (colour online) Simulated DPPc lipid membrane self-assemble process (blue = choline group, red = phospho group, yellow = glycol group, cyan = acyl chain, 
white = water), figure reproduced from ref. [10].
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We propose an approach for examining permeation that 
closely replicates a real experiment. Previous simulation stud-
ies reported often started with gas molecules on both sides of a 
single lipid layer [16] or else in the inner hydrophobic section 
of the lipid membrane [17]. Our system consists of two bilayers 
separated by aqueous phases (‘inside’ and ‘outside’) and with gas 
molecules only in the aqueous middle compartment between 
the two layers, as shown in Figure 6 [6]. The gas molecules must 
cross/permeate the membrane to move from the ‘inside’ to ‘out-
side’. By following changes in the density profile, we were able 
to measure the diffusion coefficient of a gas through the mem-
brane till equilibrium is reached, the net flux across the bilayer 
approaches zero.

2.3. Working definition of permeability

Based on the conventional solubility-diffusion model and 
accounting for the complexity of lipid bilayers, Marrink and 
Berendsen [18,19] have developed a inhomogeneous solubili-
ty-diffusion model. Based on this model, the permeability coef-
ficient P can be calculated by the following equation:
 

(5)
1

P
= ∫

z2

z1

R(z)dz = ∫
z2

z1

exp{ΔG(z)∕kBT}

Dz(z)
dz

and for bond angles a cosine type harmonic potential Vangle(θ) 
is used.
 

First, we characterised the lipid membrane. We monitored 
the self-assembly process of the lipid bilayer membrane with 
128 DPPC molecules and 2000 water molecules, starting from 
random orientations and positions. This is a rather stringent 
test of the model. Snapshots of the configurations for 100 ns 
are shown in Figure 4 [10], which clearly shows a lipid bilayer 
membrane forming spontaneously. We performed MD simu-
lations in three saturated lipid bilayer systems with different 
hydrocarbon chain lengths: dicapryloylphosphatidylcho-
line (DCPC, C8), dimyristoylphosphatidylcholine (DMPC, 
C14) and dipalmitoylphosphatidylcholine (DPPC, C16) [6]. 
Important quantities characterising a lipid bilayer membrane 
are the surface area per lipid and the thickness of the mem-
brane. The area per lipid for the self-assembled DPPC at 323 K 
(50°C) was found to be 68 Å2 [10], which agrees well with the 
experimental measurements which lie between 57 and 71 Å2 
[11]. The average distance between phosphate groups is 3.7 nm 
which is in close agreement with the experimental value of 
3.85 nm [11].

If we assign electrons associated with each group of atoms, 
we can compare the electron density from the simulations with 
experimental values [11]. Although this comparison of probabil-
ity profiles is not accurate due to the coarse graining, this permits 
a direct comparison with atomistic simulations. Our results in 
Figure 5 [10] show qualitatively consistent behaviour with the 
experimental electron density profile from X-ray studies and also 
mimics reasonably well the atomistic profile.

2.2. Simulation set up for permeation of gases

The gas molecules investigated included xenon, oxygen and car-
bon dioxide. In the case of xenon and oxygen we chose a central 
LJ model. For CO2, because of the importance of the electrostatic 
interactions, we chose a three centred model with point charges. 
The potential parameters used for these molecules are listed in 
Table 1.

For all cross-interactions between gas sites and lipid/water 
sites, the Lorentz–Berthelot mixing rule was used, although 
we may in the future used cross parameters to obtain a better 
description of the interactions [15].

(4)Vangle(�) =
1

2
Kangle{cos(�) − cos(�0)}

2

Table 1. Potential parameters of gas molecules studied.

Molecule
Interaction 
sites σ(Å) ε(k) Q (e) rbond (Å)

o2 [12] central lJ 3.36 120 0 　
Xe [13] central lJ 3.9478 228 0 　
co2 [14] c 2.757 28.129 0.6512 1.149

o 3.033 80.507 −0.3256

Initial Gas 
Solution 

Figure 6.  (colour online) Simulation system for gas permeability measurement 
(DMPc example), figure reproduced from ref. [6]. For colour key please see  
Figure 3.

Figure 5. (colour online) comparison of simulated electron density (ρ* in electrons/
Å3) for the DPPc bilayer with X-ray experimental measurements and with atomistic 
simulations ref. [11], figure reproduced from ref. [10]
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2.5. Construction of nanoparticles

There is significant interest in gold nanoparticles (AuNP) func-
tionalised for biological and biomedical applications; some 
examples include bio-imaging, single molecule tracking, drug 
delivery and diagnostic applications [26–29]. Gold nanoparti-
cles can be engineered to preferentially target tumor cells using 
appropriately functionalised ligands, which could then be an 
effective tool for cancer diagnosis and therapy [30]. These appli-
cations have motivated our work to employ gold nanoparticles as 
our model nanoparticles. The structure of the gold nanocrystals 
(nanoparticle without ligands can be simply obtained by cutting 
a nearly spherical nanocrystal out of a bulk face-centred-cubic 
(FCC) structure gold lattice, with a diameter of 2.1 nm. We then 
attach ligands to the surface of such a 2.1 nm gold nanocrystals 
using the following procedure: The nanocrystal is placed in the 
centre of a 12.0 × 12.0 × 12.0 nm3 simulation cube to which are 
added butanethiol (ligands) in excess of what would be required 
to form a compact monolayer. We then followed cycled anneal-
ing simulations to condense the ligands onto the surface of the 
nanocrystal, following the method reported by Luedtke et al. 
[31] in a similar atomistic investigation. The temperature cycled 
from 200 to 500 K to allow adsorption, stable binding and des-
orption of excess ligand molecules. We found the final number 
of the equilibrated butanethiol chains on the gold core to be 
87, resulting in a thiolate surface gold atom coverage of 48.3%  
(a surface density of 6.28 ligand nm−2), which is within the range 
of experimental coverage measurements, up to 52–57% for 
2.1 nm diameter alkanethiolate gold nanoparticles [32]. As can 
be seen from Figure 7(a) [33], following the annealing process, 
the surface sulfur atoms are uniformly distributed on the nano-
particles and the distances between sulfur atoms range from 0.44 
to 0.51 nm (Figure 7(b)). To investigate longer ligand lengths, the 
butanethiol ligands are replaced by R = (CH2)8 and R = (CH2)12 
to form gold nanoparticles with neutral hydrophobic ligands of 
medium length and longer length, shown in Figure 7(c).

The gold nanoparticles used here (2.1  nm diameter) are 
smaller than those typically used in biomedical applications. In 
experimental studies a wide range of sizes of Au nanoparticles 
have been used for applications such as drug delivery and as 
imaging agents. Nanoparticles in most studies range from 1 to 
100  nm [34]. PEG-coated AuNPs (4 and 100  nm) have been 
reported to be administered intravenously to mice [35]. Pan 
et al. have studied the size dependence of cell toxicity of gold 
nanoparticles that are water soluble with sizes between 0.8 and 
15 nm in diameter and concluded that all were most sensitive 
to gold particles 1.4 nm in size in all four cell lines investigated 
[36]. Hainfeld [37] used 1.9 nm diameter Au NPs for imaging 
in mice. We believe, our 2.1 nm nanoparticles, while small, are 
appropriate for many applications. We do note that gold nan-
oparticles used for biomedical applications such as gene and 
drug delivery are usually larger (20–100 nm). This is because 
they are often conjugated with other biomolecules or drugs and 
thus these larger sizes are known to permeate cell membranes 
efficiently using mechanisms such as endocytosis, which is not 
studied in our work.

In our simulations, we followed the following atomistic to 
coarse-grained mapping strategy: the gold and sulfur atoms are 
mapped 1:1 and assumed rigid/fixed. The residues of alkyl chains 

where z1 and z2 represent the z coordinates of the two end points 
of the bulk aqueous phase, R(z) is the local resistance to per-
meation, ΔG(z) and Dz(z) are the excess free Gibbs energy and 
the local diffusion coefficient, respectively, of a small molecule 
permeating the membrane, while kB is the Boltzmann constant, 
and T the temperature.

An alternate approach to the solubility-diffusion mechanism 
has been proposed by Jansen and Blume [20] based on the tran-
sient pore mechanism. This mechanism is based on transport 
of water molecules largely occurring across a transient pore in 
the lipid bilayer. The actual mechanism of permeation of small 
molecules across a lipid bilayer is still not well understood and 
in addition experimental results are often inconsistent with each 
other too [21].

To enable direct comparisons with experimental measure-
ments, we introduce a definition of gas permeability as follows 
[22]:

 

If the membrane is completely impermeable, the ratio of D⊥

D∕∕

 will 
approach zero. At the other extreme, if the gas molecule can 
freely permeate the membrane, the ratio will be 1. In most cases 
the permeability will be between 0 and 1. Our previous work on 
permeability of ions through membranes, [23] has shown that 
this definition is qualitatively very comparable with experimental 
measurements.

2.4. Cycled annealing

Cycled annealing simulation methods are useful in cases where a 
model system might get stuck in a local minimum and where a 
global minimum needs to be reached. When model systems are 
subjected to high temperatures, parameter space is more widely 
explored for the many degrees of freedom of the system. At lower 
temperatures, the exploration is restricted and molecules can 
become trapped in local minimum structures that are artificial 
when compared to experimental observations. In cycled (or sim-
ulated) annealing, a model system is heated to temperatures high 
enough for molecules to explore the parameter space sufficiently. 
This is followed by step-wise cooling to the final desired temper-
ature. When the cooling is carried out at a slower rate, the global 
minimum of the molecular positions and configurations may be 
reached. Simulated annealing is used in many computational appli-
cations including obtaining the structure of functionalised nano-
particles with various ligand types [24] or determining the correct 
folded structure of a protein [25]. We employed cycled annealing 
in our work to obtain equilibrium structures for gold nanoparticles 
with various lengths of attached alkanethiol or PEG ligands.

(6)P =
D

⊥

D∕∕

(7)Here D
⊥
= Dz =

1

2 × 1
lim
t→∞

⟨|r(t) − r(0)|2⟩
z

t

and D∕∕ = Dx+y =
1

2 × 2
lim
t→∞

⟨|r(t) − r(0)|2⟩
x+y

t
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gold atoms modelled as either C-class [41] or P-class [42] using 
MARTINI force fields). In our studies we have used MARTINI 
C5 type interaction sites for gold atoms, N0 type have been used 
for sulfur atoms and C1 type for alkyl chains. These classes of 
interaction sites and the corresponding potential parameters 
have been tested and verified against atomistic simulations by 
Marrink et al. [17] and we have, in addition, tested them in our 
simulation studies by comparing with experimental data for lipid 
membranes [10]. The parameters for non-bonded and bonded 
interactions for gold nanoparticles are shown in Table 2. As was 
done previously, for the cross-interactions we used the standard 
Lorentz–Berthelot mixing rules [15].

For PEGylated nanoparticles we equilibrated a 10.0 × 10.0 × 
10.0 nm3 simulation box of PEG3-SH which resulted in a density 
of 1053.6 kg/m3 using the NPT ensemble at 400 K (above the 
glass transition temperature of PEG [43,44] for 5 ns. This agrees 
well with the value 1048 kg/m3 from experimental measurement 
and extrapolation [45]. We then inserted a 3.1 nm diameter gold 

are 4:1 mapped and flexible (1(d)). The interactions between 
the gold nanoparticle and lipid molecules is modelled by L–J 
potential model. A wide range of potential parameters have been 
used in previous studies for gold atoms; these include all-atom 
[38–40] or coarse-grain (these include atomistic structures but 
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Figure 7.  (colour online) a schematic illustration of the structures of nanoparticles used in simulations. (a) Distribution of surface atoms on the gold core (2.1  nm);  
(b) the distance between sulfur-sulfur atoms on the surface of the gold core; (c) the structure of the nanoparticles. the residues are replaced by r = (cH2)n to form 
nanoparticles; shown here are structures for n = 4, 8, 12 from left to right; (d) the structure of one alkyl residue and the coarse-grained mapping strategy from atomic sites 
to coarse-grained sites. Figure reproduced from ref. [33].

Table 2. nanoparticle force field (R0 in nm, Kbond in kJ mol−1 nm−2, Θ0 in deg, Kangle 
in kJ mol−1 rad−2)

aMartini classification. 

Non-bond Bond Angle

Interaction 
site Typea

Connecting 
block R0 Kbond

Connecting 
block Θ0 Kangle

au c5 au-S 0.445 1250 au-S-ligand 180 25
S n0 S-ligand  0.445 1250  S-ligand- 

ligand
180 25

ligand c1 ligand- 
ligand

 0.47 1250  ligand-  
ligand- 
ligand

180 25
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in the range 0.35 to 1.4 m/s [33,53] (The nanoparticle permea-
tion velocities we examined here are 0.35, 0.525, 0.7 and 1.4 m/s 
respectively. The external forces we applied are significantly 
smaller than the forces for example between two nanoparticles 
– 0 to 12 nN [54] or nanoparticles and cell membranes – 50 to 
1200 pN [55]. The nanoparticle velocities investigated (resulting 
from the forces applied) are larger than some experimental stud-
ies, these are however still several orders of magnitude smaller 
than the thermal velocities of water, ions and lipid molecules 
(96.6–334.5 m/s) at the temperature investigated, and an order 
of magnitude smaller than thermal velocities of nanoparticles 
(7.5–51.0 m/s). Therefore, we believe our simulations still rep-
resent the permeation process realistically, although the process 
has been facilitated to shorten the permeation time significantly 
due to computational constraints. This is also demonstrated by 
the recovery of the lipid layer between two permeation cycles 
indicating no permanent damage to the membrane at these 
velocities [6]. Other simulations [56,57] have used similar veloc-
ities and their results also appear in reasonable agreement with 
experiments.

These described methods are generally applicable to many 
simulation systems; in addition we also have used methods of 
describing our simulation results in various ways that reveal phys-
ical insight provided by MD. The latter methods are described 
and illustrated in the various examples below.

3. Examples

Examples that we consider here reveal how the characteristics 
of the surface and the permeant affect permeation events at the 
surface of soft matter, in particular, lipid bilayers. We choose 
permeation of lipid membranes as our example of the ability 
of molecular dynamics simulations to provide molecular-level 
mechanisms that are otherwise not available via other means 
because molecular permeation through lipid membranes is a 
fundamental biological process that is important for small mol-
ecules such as therapeutics as well as nanoparticles that have 
become important modes of drug delivery. We will group our 
examples in terms of the molecular level events and phenomena 
that have been ‘observed’ in MD simulations. We will discover 
how these events and phenomena are affected by various factors, 
particularly those factors that are characteristic of the intruding 
particle. All the simulations were performed with the LAMMPS 
simulation package [58].

3.1. Adsorption of small molecules at the interface and 
penetration of small molecules through the lipid bilayer

The permeation rate of gas molecules through biomembranes 
is relatively small. To observe the permeation of gas molecules 
across the membrane quantitatively would either require large 
concentration of gas molecules (which is not realistic except 
under very high pressures which may affect the stability of the 
biomembrane), or very large systems, or long simulation times. 
The dynamics in CGMD are faster than that for fully atomistic 
simulations because the CG interactions are much smoother 
compared with atomistic interactions. We have used molecu-
lar dynamics simulations with the CG MARTINI force field to 
gain semi-quantitative insights into the gas permeation process 

nanoparticle in this system but now in an NVE ensemble at 400 K 
for another 5 ns. Once we approached equilibration, we switched 
to the NPT ensemble once again for the cycled annealing sim-
ulation. Many groups have simulated polymer nanocomposites, 
nanoparticles immersed in polymer melts, where polystyrene 
or polyethylene oxide polymer melts were doped with spherical 
nanoparticles or nanorods of various aspect ratios [43,45–48]. 
Generally, simulations with polymer melts must be carried out 
with temperatures higher than the glass transition temperature 
to properly capture the structural properties of the polymer melt, 
which would otherwise begin to order at lower temperatures [49].

In all of the cycled annealing simulations, the thiol group is 
the attachment site of the PEGn-SH ligand. We began by heating 
the system to a high temperature of 1200 K to allow the ligands 
to explore a variety of stable binding sites on the nanoparticle 
surface and to favour desorption of excess ligands from the nan-
oparticle surface. In previous simulations of silica nanoparticles 
with PEG melts, temperatures of up to 1200 K [50] have been 
used. During the system cooling stages, we permitted the tem-
perature to drop slowly by 20 K/ns for 5 ns. Once the system had 
been cooled to the final temperature (323 K for our simulations), 
we equilibrated the system for over 50 ns.

When constructing PEGn-SH functionalised gold nanopar-
ticles with various ligand lengths, it is not reasonable to assume 
that coverage is independent of ligand length, since experimen-
tally synthesised PEGylated nanoparticles show that the coverage 
density of PEG on the nanoparticle surface decreases as the chain 
length/molecular weight increases [51]. The cycled annealing 
simulation with short PEG ligands resulted in a PEGylated AuNP 
with high coverage density. In the case of PEG3-SH ligands, we 
found that 75 ligands condensed on the nanoparticle surface 
which translates to a coverage of 2.49 ligands/nm2. To investi-
gate PEG6-SH AuNP and PEG12-SH AuNP systems, we used 
our equilibrated PEG3-SH AuNP nanoparticle in solution of 
PEG3-SH ligands as a starting point for our next simulations 
to construct PEGylated AuNPs with longer PEG ligands; to 
construct PEGylated gold nanoparticles with longer ligands, we 
attached additional beads to the former and attached additional 
beads to the ligands in the melt. After we equilibrated the new 
nanoparticle with longer ligands in the solution of its respective 
melt, we subjected the system to the same cycled annealing pro-
cedure. From this, we obtained a PEGylated AuNP with longer 
PEG ligands that had, in comparison, a lower coverage density. 
For example, these simulations resulted in a PEG6-SH AuNP 
with 50 ligands condensed and a PEG12-SH AuNP with 32 lig-
ands condensed, corresponding to a coverage of 1.66 and 1.06 
ligands/nm2, respectively. In separate simulations, we also com-
pleted a cycled annealing simulation for a bare gold nanoparticle 
in an isotropic melt of longer PEG ligands, directly. Using this 
alternate method, we obtained the same surface coverages for 
longer length PEGylated AuNP as we obtained using the replace-
ment method. Other groups who have synthesised PEGylated 
nanoparticles have also reported a range in PEG coverage of 
0.2–2.0 ligands/nm2 [52].

2.6. Nanoparticle permeation

We used an external force in the range of 50–1000 pN to aid the 
permeation of the nanoparticles in the membrane with velocity 
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of permeability. The comparison of our calculated results with 
their experimental results is shown in Figure 8 [6]. We find that 
our result at 323 K is qualitatively consistent with their exper-
imental results at three lower temperatures [61]. Since details 
of the structure for the membranes being studied here are only 
available at higher temperature (323 K) and phase changes can 
occur at lower temperatures, simulations at the lower tempera-
tures to compare directly with the experimental data would not 
be realistic.

We also carried out simulations in which the outer mem-
brane protein A (OmpA) is included, spanning the model mem-
brane [10]. In the OmpA protein, some amino acid sites include 
charges; the overall OmpA is negatively charged (-3e). For sim-
plicity, we did not include counterions and we employed the 
known structure for open pore OmpA. One OmpA N-terminal 
transmembrane protein is represented by 369 CG sites. Water 
molecules spontaneously fill the OmpA channel. The density 
profile of water is quite uniform in the middle of the pore, with 
an average density of water in OmpA channel of 0.027/Å3. With 
the OmpA protein channel present, the pathways for the gas 
molecules are either through the OmpA pore or through the 
lipid bilayer directly. Over a 100 ns simulation, we monitored 
the permeation of various gases in OmpA-containing mem-
branes. We observe that in the DPPC membranes as well as in 
the OmpA channel, the permeation rate increases as the molecular 
size decreases, as expected. However, the rate of increase is much 
more dramatic in the OmpA channel than the DPPC bilayer 
which offers a much more tortuous path to the molecules. From 
Table 3, we can see the effect of the OmpA channel on gas per-
meability. Here, we compare with gas permeation through pure 
lipid bilayer [6]. Overall it does not appear that the permeability 
of small molecules is particularly enhanced by the presence of 
the OmpA channel, although there is a consistent increase of 
about 20% in our system with stoichiometry of 1 OmpA/205 

through lipid bilayers [6]. We studied low-pressure (below 
10 bar) solutions and carried out simulations for 100 ns. Our 
simulations gave us a relatively reliable qualitative picture of 
the permeation rates in these systems. Instead of aiming for 
a complete analysis, we have attempted to gain a basic insight 
of the mechanism by which the gas molecules permeate lipid 
membranes.

Our approach for examining permeation closely replicates a 
real experiment. We designed a system with two bilayers sep-
arated by aqueous phases (‘inside’ and ‘outside’) and with gas 
molecules to be introduced into the aqueous middle compart-
ment formed by the two layers, as shown in Figure 6. First, the 
DPPC–water system is equilibrated; then, eight xenon atom as 
molecules, since the solubility of xenon in water is rather low. 
This avoids the situation where the pressure in the middle com-
partment becomes large and affects the stability of the lipid 
bilayer membranes. At the onset of the simulation, the gas mol-
ecules can therefore only permeate from ‘inside’ to ‘outside’. At 
10 ns, the xenon has started to permeate through the lipid bilayer. 
The xenon density in the compartments outside is low and the 
xenon atoms are starting to exit the membrane. Between 10 and 
100 ns, the xenon continues permeating across the lipid bilayer 
and finally after 100 ns the system approaches equilibrium, the 
inside and outside density profiles become almost uniform. We 
measure the diffusion coefficient of the gas through the mem-
brane until the gas concentration gradient has diminished to 
nearly zero, which is a sign of equilibrium, and a net flux across 
the bilayer of zero.

A meaningful comparison with experimental studies is pos-
sible with permeability as defined in Equation (6): the ratio of 
diffusion coefficients in the z direction (perpendicular to the 
membrane surface) to diffusion coefficient in the xy plane (par-
allel). The mean square displacement (MSD) curves for the first 
10 ns can be used to calculate the permeability using Equations 
(6)–(8) [6].

By using this definition of permeability, we can compare our 
simulation results directly with the experimental results without 
additional concerns about the conversion of the CG time scales 
to real time, a well-known problem in CG simulations [59]. For 
diffusion constants, the CG model results are 2- to 10-fold larger in 
comparison with the atomistic simulations [60]. These problems 
do not affect our permeability values because we take a ratio.

The permeability of xenon through DPPC membrane at 
323 K is found to be 0.334 ± 0.06 and for oxygen it is 0.775 ± 
0.11. The value for oxygen can be compared with experiment. 
Subczynski et al. [61] have reported an experiment to meas-
ure permeability of oxygen through a Chinese hamster ovary 
plasma membrane using spin-labelled stearic acid. Spin labels 
were synthesised into the hydrocarbon tail of stearic acid at one 
of three locations: at the end, in the middle, or near the head. A 
very low concentration of these spin-labelled stearic acid mol-
ecules were intercalated within the membrane. By measuring 
the relaxation time change of the spin labels in the lipid bilayer 
portion of the membrane, the collision rate of oxygen with the 
spin labels was estimated and hence profiles of the local oxygen 
transport parameters across the membrane were obtained. The 
authors calculated the permeability for O2 as the ratio of the 
permeability coefficient across the membrane to the permeability 
across the water layer, which is comparable with our calculation 

Figure 8. (colour online) comparison of permeability of oxygen in biomembrane 
and our model membrane (Sim.), figure reproduced from ref. [6], experimental 
data ref. [61].

Table 3.  Permeability of gas molecules in lipid and ompa-lipid systems, repro-
duced from ref. [10].

Gas Permeability through DPPC
Permeability through DPPC with 

OmpA
Xe 0.334 ± 0.06 0.548 ± 0.04
co2 0.464 ± 0.07 0.65 ± 0.10
o2 0.775 ± 0.11 0.714 ± 0.09
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we calculated the nanoparticle diffusion coefficient by inserting a 
nanoparticle insert into a CDCl3 solution. The overall system was 
similar to the previous case, except a C4 bead represented the CG 
CDCl3. The diffusion coefficient is estimated using the long-time 
slope of the MSDs. The values for nanoparticle radius of gyration 
and the diffusion coefficient for AuNP nanoparticles with 8- and 
12- alkane ligands, are shown in Table 4, [33] and can be seen 
to be consistent with Lin’s previous coarse-grained simulation 
study [62]. We also observe that our radius of gyration is slightly 
larger than the experimental measurements, accompanied by a 
smaller diffusion coefficient in CDCl3 solution compared to the 
experimental study [63]. These results are internally consistent 
because a larger gyration radius will induce more friction in the 
solution, thus having a negative effect on the diffusion. These 
observations show that our simulations are in reasonable qual-
itative agreement with available experimental results, which we 
believe validate the applicability of the coarse-grained model we 
are using for the ligand-coated gold nanoparticles.

To validate our obtained PEGylated nanoparticles, with cover-
age densities between 1.0 and 2.5 ligands/nm2 [64], we compare 
with experimental data for synthesised PEGylated gold nano-
particles. Many groups [65] reported a range in PEG coverage 
density of 0.2–2.0 ligands/nm2 with the exception of Rahme 
[66] and co-workers who observed a higher grafting density of 
3.93 ligands/nm2. Our PEGylated gold nanoparticles obtained 

lipid (approximately 4 percent of the surface is occupied by the 
OmpA channel).

For CO2 an increase is observed, primarily because of the 
availability of the OmpA channel. For oxygen, the effect is rel-
atively small. Because of its smaller size it can readily permeate 
both the channel and the membrane. We did not observe any 
xenon atoms transported through the OmpA channel (Xe is 
too large); they permeate through the water–lipid interface. We 
observed the xenon permeability is increased in the OmpA/lipid 
system. Since all xenon atoms permeate through the lipid mem-
brane via dynamically formed pores at the water–lipid surface, 
this increase is probably attributable to the change in lipid struc-
ture near the protein lipid interface; the incidence of dynamically 
formed pores is enhanced by having a protein embedded in the 
membrane. Based on the simulation results, the overall phys-
ics of membrane permeation by gases is straightforward and 
easily understood as a consequence of lateral area fluctuations. 
In some cases (not Xe) additional permeation occurs through 
pores of transmembrane proteins embedded in the membrane. 
These proteins also affect permeation through the lipid bilayer 
via protein–lipid interactions which change lipid structure near 
the proteins.

Our studies do not include active transport, where the mech-
anism of permeation can be much more complicated.

3.2. Characterisation of the ligand-coated nanoparticles

The structure of the ligand-covered nanoparticle can influence 
the nature of its interactions with the membrane molecules; 
thus testing its properties against experimental characteristics 
is crucial. To validate the models used, a wide range of proper-
ties of ligand-coated gold nanoparticles were investigated to test 
the effectiveness of the model we have used for gold nanopar-
ticles. For example, for the alkanethiol-coated nanoparticles, a 
10.8 × 10.8 × 10.8 nm3 simulation system with a nanoparticle 
placed at the centre in a solvent was examined. In this system 
we calculate the nanoparticle radius of gyration by allowing each 
gold nanoparticle to dissolve in a hexane solution at 300 K. Two 
C1 beads having a 0.47 nm harmonic bond between them repre-
sented the CG hexane solvent. This particle-solvent system was 
allowed to equilibrate for 20 ns with a time step of 10 fs and the 
radius of gyration was averaged after every 400 ps. Following this, 

Table 4. comparison of radius of gyration and diffusion coefficient of the cG gold nanoparticles with simulation reports and experimental measurements.

Ligand Radius of gyration (nm) in hexane Diffusion coefficient (10−6 cm2/s)
Simulation [33] Simulation [62] experiment [63] Simulation [33] Simulation [62] experiment [63] 

HS-(cH2)7-cH3  0.991 1.310 1.333 ± 0.25 2.6 ± 0.3
HS-(cH2)11-cH3 1.138 1.145 ± 0.004 0.924 ± 0.005 1.073 0.918 ± 0.04 2.3 ± 0.2

Figure 9. (colour online) Snapshots of equilibrated PeGylated gold nanoparticle in 
the (a) melt and (b) in presence of water. the gold nanoparticle core is pictured in 
white with the sulfur beads (blue) and PeGn ligands (red). For clarity, the solvent 
molecules are not shown.

Table 5. characteristic properties of individual PeG chains on PeGylated gold nanoparticle.a

athis table reproduced from ref. [64]. 

PEGylated gold nano-
particle (Coverage = 1.06 
ligands/nm2) Rg of PEG AuNP (nm) Avg. Radius of NP (nm) Avg. Vligand (nm3) Avg. Rg of PEG chain (nm)

Avg. Ree of PEG chain 
(nm)

equilibrated in PeG melt 1.86 – 1.87 2.97 ± 0.69 2.89 ± 0.04 0.75 ± 0.14 1.79 ± 0.71
equilibrated in water 1.62 – 1.63 2.35 ± 0.51 1.23 ± 0.04 0.75 ± 0.12 1.56 ± 0.66
equilibrated in 1.4 mol % 

nacl
1.62 – 1.63 2.35 ± 0.39 1.20 ± 0.04 0.73 ± 0.11 1.55 ± 0.56
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of the PEGylated nanoparticle in the salt solution do not differ 
significantly from that in water.

In the presence of the polymer melt (Figure 9(a)), the PEG 
polymers attached to the nanoparticle surface are stretched out 
to interact with surrounding polymers in the melt (not explicitly 
shown in the figure). In contrast, when the PEGylated nanopar-
ticle is in the water environment, the PEG chains are collapsed 
on the nanoparticle surface or oriented in loops close to the 
surface; the chains are overall more coiled compared to in the 
polymer melt where they are stretched out. Attractive intermo-
lecular interactions between PEG polymers cause them to stretch 
in the melt to network with surrounding PEG polymers. This 
attractive interaction causes them to coil close together on the 
nanoparticle surface in the presence of water. The decrease in 
average radius and Rg of the PEGylated nanoparticle in the pres-
ence of water is owed to this coiling due to PEG polymers being 
more attracted to each other than to water molecules, causing 
entanglement and coiling on the nanoparticle surface. This is 
shown clearly in Figure 9(b). The decrease in the average volume 
per grafted ligand in the water environment is consistent with 
the snapshots in Figure 9(b) where the PEG ligands are collapsed 
on the nanoparticle surface. The coiling of PEG ligands onto the 
nanoparticle surface results in a loss of conformational degrees 
of freedom for individual attached chains, leading to a lower 
volume available per PEG ligand. PEG chains with larger average 
Rg and 〈Ree〉 values are consistent with chains stretched out away 
from the nanoparticle surface, consistent with Figure 9(a). In 
Table 5, there is a significant difference in 〈Ree〉 values for the PEG 
chains; this is not the case for the average Rg values. The small 
standard deviation of the Rg values of individual PEG chains in 
the melt and in the water environment indicates that Rg values 
may not give an appropriate description to how the PEG chains 
are behaving in different environments; Rg values describe the 
overall space that the PEG ligand is contained in but is not useful 
to describe the average molecular configuration of the ligand in 
different environments.

Experimental and theoretical research groups who have stud-
ied PEGylated nanoparticles in water or in polymer melts have 

from simulations have grafting densities comparable to what is 
observed experimentally.

We equilibrated the PEGylated nanoparticle in water for over 
200 ns and obtained characteristics of the structure of the func-
tionalised nanoparticle to compare with the structure obtained 
in the presence of the polymer melt. We present in Figure 9, typ-
ical snapshots of a typical PEGylated gold nanoparticle in pres-
ence of the polymer melt after cycled annealing was completed  
(Figure 9(a)) and the same PEGylated gold nanoparticle in water 
after 200 ns of equilibration was completed (Figure 9(b)).

Important defining properties of polymers include their 
average radius of gyration (Rg) and the average end-to-end 
distance of individual PEG chains (〈Ree〉). These characteristics 
are used to describe the behaviour of the polymer in various 
solutions such as polymer melts, or other aqueous solutions. 
We obtained the average radius of the PEGylated nanoparticle, 
average volume occupied by a condensed PEG ligand, average 
radius of gyration (Rg) and the average end-to-end distance of 
individual PEG chains (〈Ree〉). We defined the average radius of 
the functionalised nanoparticle as the mean distance between 
the centre of the gold core to the terminal bead on the attached 
chain. The average volume of a grafted chain was obtained by 
taking the difference in volume of the gold nanoparticle pre- and 
post-functionalisation with PEG and dividing this by the total 
number of attached chains. We also examined the behaviour of 
PEGylated gold nanoparticles in a salt solution to compare to 
the behaviour of the PEGylated nanoparticle in water in Table 5.

Each value in the table is obtained by averaging configura-
tions of the PEGylated nanoparticle every 100 ps over 1 ns post- 
equilibration by 200 ns.

From Table 5, it is clear that the radius of gyration, the average 
radius of the PEGylated nanoparticle, and the average volume 
per PEG ligand decrease in the presence of water compared to 
in the polymer melt. The average end-to-end distance of indi-
vidual PEG chains (〈Ree〉) decreases when the nanoparticle is 
equilibrated in water compared to when it is in the polymer melt, 
but the average radius of gyration of individual PEG chains does 
not differ significantly in the melt or in water. The characteristics 

Figure 10. (colour online) Distribution of Ree of ligands on (a) PeGylated aunP with (a) lower PeG coverage and (b) higher PeG coverage equilibrated in water. Snapshots 
of typical configurations from that distribution are included with blue representing the thiol atom and red the beads of the PeG ligand. these are averages over 1 ns after 
equilibration is complete. this figure reproduced from ref. [64].
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3.3. Adsorption of nanoparticles at the interface

The interaction of nanoparticles with membranes is of great 
interest to experimentalists who are designing nanocarriers for 
drug delivery applications [76,77]. These nanocarriers used in 
biomedical applications are often functionalised with biocom-
patible ligand groups that aid the passage of the nanoparticle 
through the body. Ultimately, the role of the nanocarrier is 
to reach targeted tissues and cells for therapeutic applications 
such as delivery of anti-cancer agents to cancerous areas in the 
body [78]. Polyethylene glycol is a widely used chemical group 
in biomedical drug delivery applications. The circulation time 
in blood of nanoparticles has been observed to increase due to 
functionalising with PEG groups [79]. This has led to investiga-
tions of the interaction of PEG with erythrocytes [80] since upon 
intravenous administration of PEGylated nanoparticles, the first 
cells these functionalised nanoparticles will come in contact with 
are erythrocytes [80]. Erthyrocytes, like other cells in the body, 
are comprised of many organelles protected by a lipid bilayer 
membrane. Nanoparticle permeation may cause disruption to 
the lipid membrane integrity and affect the passage of ions and 
other important molecules in and out of the cell. Damage to 
lipid bilayer membranes of erythrocytes or other important cells 
can result in in vivo cytotoxicity, which can result in cell death.

We have examined penetration of bare gold nanocrystals [53], 
alkanethiol-coated gold nanoparticles [33,81,82], and PEGylated 
gold nanoparticle penetration of a DPPC lipid bilayer membrane. 
These specific nanoparticles provide ideal model systems to gain 
an understanding of how the permeation process differs between 
a hydrophobic bare nanocrystal and two different functionalised 
nanoparticles, one containing a hydrophobic group that interacts 
favourably with the lipid tails and one containing a hydrophilic 
group that interacts favourably with the phosphate, choline and 
glycerol head groups of the lipid molecule. The permeation 
begins with the adsorption of the nanoparticle onto the mem-
brane surface. The nanoparticle passes through the first lipid leaf-
let, is then engulfed by the membrane and is finally released from 
the lower membrane leaflet. In the following Figures 11–14, we 
display snapshots of the permeation process at these significant 
points for the bare gold nanocrystal, alkanethiol-functionalised 
and PEGylated gold nanoparticle. The results shown in the fol-
lowing figures compare permeation behaviour for nanoparticles 
with identical core size and functionalised nanoparticles with 
similar Rg. All snapshots displayed were obtained from permea-
tion studies with the same nanoparticle velocity.

First, we consider how the adsorption process occurs. 
Snapshots from Figure 11(a), (c) and (e), were taken when the 
average position of the nanoparticle was 1.0 nm above the equi-
librium position of the phosphate groups of the top membrane 
leaflet (where the nanoparticle has only partially penetrated the 
lipid–water interface). In Figure 11(b), (d) and (f), the top view 
of the choline groups from the top membrane leaflet are shown 
for the same position of the nanoparticle from Figure 11(a), (c) 
and (e).

Examination of the top view of the lipid head groups at the 
point of the first lipid–water interface Figure 11(b) shows that the 
top leaflet is intact and minor disturbance has taken place when 
the bare nanocrystal approaches the top leaflet of the bilayer 
membrane at the first lipid–water interface. The approach of the 

characterised the behaviour of PEG in the so-called ‘mushroom’ 
or ‘brush’ regimes and examined the dependence of grafting den-
sity of PEG for these regimes [67–71]. The mushroom regime 
is described as a case where surface coverage of PEG is low, and 
PEG chains are found to be collapsed on the nanoparticle surface. 
Low grafting densities of PEG yield individual PEG ligands with 
more conformational degrees of freedom. In PEGylated nano-
particles with high grafting density, the characterisation is brush 
regime, where individual PEG chains are likely to be stretched 
away from the nanoparticle surface in order to minimise steric 
repulsion and overall free energy of the system. Individual PEG 
chains on brush type PEGylated nanoparticles have lower volume 
available due to reduced conformational degrees of freedom.

In Figure 9, we see that there is no uniformity to the behaviour 
of ligands on the nanoparticle surface; a distribution of molec-
ular configurations exists where some chains are coiled close to 
the nanoparticle surface while some chains are flattened and 
stretched out away from the nanoparticle surface. This gives rise 
to a distribution of individual 〈Ree〉 values. As seen in Table 5, 
the standard deviations of the 〈Ree〉 values for the PEG ligands 
in the melt and in water suggest that there exists a wide distri-
bution of configurations that PEG ligands can assume, from the 
coiled to the stretched state. We illustrate this by providing the 
distribution of 〈Ree〉  values for the ligands on a low-coverage 
and high-coverage example in Figure 10. For Figure 10(a) and 
(b) we examined each PEG ligand and binned them according 
to 〈Ree〉 values, and we provide a molecular configuration of a 
typical PEG ligand found within each range of 〈Ree〉 values. We 
find that in both cases of low and high coverages, a wide distribu-
tion of 〈Ree〉 values exist, with a wider distribution occurring for 
the PEGylated nanoparticle with higher coverage. ‘Mushroom’ 
and ‘brush’ are terms which are inadequate to describe a ligand-
coated nanoparticle since they imply more uniformity than the 
actual case.

The snapshots in Figure 9 alone suggest that on a given 
PEGylated nanoparticle, the PEG ligands are present in various 
configurations where the mushroom shape (curled and flattened 
on the nanoparticle surface), or PEG ligands with smaller 〈Ree〉 val-
ues can exist alongside the brush-type (stretched out) PEG ligands 
with larger 〈Ree〉 values. There is neither mushroom nor brush 
behaviour of PEG ligands in comparing nanoparticles with var-
ying surface coverage density; in all cases, PEG ligands exist in 
multiple types of molecular configurations on the same nanopar-
ticle. Only the distributions vary with coverage density.

The configuration of PEG ligands has been recently observed 
to vary in the presence of salt solution due to the favourable inter-
action of PEG ligands with sodium ions [72,73]. Utilising atom-
istic simulations, other groups have noted single PEG chains to 
wrap around sodium ions to form helical configurations [74,75]. 
In comparing the behaviour of the PEGylated nanoparticle in 
water to that in the salt solution from Table 5, we see that the 
characteristic values do not differ significantly. This indicates 
that the overall structure of the PEGylated nanoparticle does not 
change considerably in the presence of salt solution. We attribute 
this to the competition between various PEG chains in solution 
with the sodium ions in the environment. When multiple PEG 
chains are present, the sodium ions have a number of PEG beads 
where possible interactions occur and thus may not associate 
with an individual chain.
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place as a receptor-mediated process; however, we anticipate that 
even without such special receptors, endocytosis may be feasible 
for nanoparticles with PEG ligands.

3.4. Nanoparticle penetration of the top leaflet

Once the nanoparticle has been adsorbed it begins to move into 
the membrane. We examine the behaviour as it is passing through 
the first membrane leaflet in snapshots from Figure 12(a)–(c) that 
show the bare nanocrystal, alkanethiol-coated gold nanoparticle 
and PEGylated gold nanoparticle, respectively, at the position of 
the equilibrated phosphate groups of the first bilayer membrane 
leaflet. In Figure 12(a) the bare gold nanocrystal has mostly pen-
etrated through and continued to form an even larger hole in the 
membrane (evident in top view, not shown here). There are some 
choline groups surrounding the leading part of the gold nano-
crystal forming a slight curvature of the membrane. Overall, the 
hole formed in the membrane shown in Figure 11(b) becomes 
larger since the bare nanocrystal is pushing apart the lipid head 
groups as it permeates the membrane. In Figure 12(b), we see 
that the alkanethiol ligands have pushed through the first leaflet 
completely in order to interact with the lipid tails to enhance 
favourable hydrophobic interactions; the membrane exhibits no 
curvature; the lipid heads hold an unfavourable interaction with 
the alkanethiol ligands and are pushed away from the nanopar-
ticle during the permeation. In Figure 12(c), we see a signifi-
cant curvature of the membrane where lipid head groups are 
essentially surrounding the PEGylated nanoparticle due to the 
favourable interactions between the hydrophilic PEG ligands and 
hydrophilic lipid head groups. At closer view, the PEG ligands 
are seen to curve upwards and towards the nanoparticle surface 

alkanethiol-coated gold nanoparticle (Figure 11(c) and (d)) at the 
first lipid–water interface is significantly different from the bare 
nanocrystal in that it breaks through the lipid head groups and 
disturbs the integrity of the membrane. Head groups of the DPPC 
lipid bilayer membrane have an unfavourable interaction with 
alkanethiol ligands and are therefore pushed away from the lead-
ing ligands on the functionalised nanoparticle upon approach of 
the first membrane leaflet. In Figure 11(d), that the alkanethiol lig-
ands have completely penetrated the lipid membrane and pushed 
the head groups far apart creating a hole in the top membrane 
leaflet. The hole in Figure 11(d) suggests a substantial change to 
the self-healing properties of the first lipid–water interface and 
its ability to resist penetration of foreign molecules and ions. 
In examining the approach of the PEGylated gold nanoparticle 
from Figure 11(e), we see that the top membrane leaflet begins to 
develop a slight curvature while still maintaining its integrity and 
continuity as a membrane leaflet. In contrast, Figure 11(f) shows 
that the PEG ligands have curved upward towards other PEG lig-
ands and the nanoparticle core, leaving the top membrane leaflet 
intact. The curvature we observe is a possible explanation as to 
why experimentalists observe the receptor-mediated endocyto-
sis of PEGylated nanoparticles and the wrapping of lipid bilayer 
membranes around such approaching nanoparticles [83,84]. The 
DPPC lipid bilayer membrane in our system is tethered at the 
edges and therefore, we cannot observe endocytosis in our sim-
ulations. The observation of the membrane curving around the 
PEGylated gold nanoparticle already indicates that lipid mem-
branes are capable of wrapping around PEGylated gold nanopar-
ticles more easily than the alkanethiol-coated gold nanocarriers 
due to a favourable interaction between the PEG ligands and lipid 
head groups. In vivo, endocytosis of such nanoparticles can take 

Figure 11. (colour online) Snapshots of the (a, b,) bare nanocrystal, (c, d) alkanethiol-coated gold nanoparticle, and (e, f ) PeGylated gold nanoparticle. Snapshots indicate 
(a, c, e) the approach of the nanoparticle to the top leaflet of the membrane, (b, d, f ) the top view of the choline headgroups of the first membrane leaflet, each set of 
snapshots contains omitted atoms (orange = choline, blue = phosphate, red = glycerol, green = alkyl tails, yellow = gold nanoparticle core, magenta = alkanethiol ligands, 
and pink = PeG ligands). representation of groups in Figures 12–14 is the same as defined here.
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alkanethiol-coated nanoparticle upon exit. Lipid molecules 
surround the bare nanocrystal and move with it as it exits. We 
find in our simulations that some lipid molecules are carried into 
the bulk solution along with the bare nanocrystal while most 
return to the top membrane leaflet. The alkanethiol-coated gold 
nanoparticle drags many more lipid molecules into the bulk 
solution upon exit due to a favourable hydrophobic interaction 
between the lipid tails and alkanethiol ligands. In contrast to 
the bare nanocrystal, these lipid molecules do not return to the 
bilayer membrane but remain with the nanoparticle well after it 
exits the membrane. In Figure 14(c), we see that lipid molecules 
are not dragged by the PEGylated nanoparticle upon exit from 
the membrane. Given the less favourable interaction between the 
hydrophilic PEG ligands and hydrophobic lipid tails, hardly any 
lipid molecules are displaced from the membrane.

A smaller gold core would result in less damage overall to the 
membrane, especially in the cases of the bare nanocrystal and 
alkanethiol-coated gold nanoparticle. We found smaller diameter 
gold cores result in smaller induced pores upon permeation as 
well as allowing fewer lipid molecules to be dragged into the 
bulk solution. An alkanethiol-coated nanoparticle with higher 
grafting density and longer ligand lengths would result in a larger 
induced pore upon permeation and increased damaged to the 
lipid membrane; both result in more available favourable inter-
action sites with the hydrophobic tails and thus cause increased 
damage to the lipid membrane by removing even more lipid 
molecules upon exit from the membrane. A PEGylated gold nan-
oparticle with larger gold core and/or higher coverage density 
and/or longer ligand lengths would cause less damage to the 
membrane because lipid molecules would not be displaced upon 
exit from the membrane. We quantify these occurrences in the 
following sections.

and the interfacial region of the membrane to avoid interaction 
with the hydrophobic lipid tails.

3.5. Nanoparticle in the middle of the membrane

While hydrophobic ligands will maintain a favourable interac-
tion with the lipid tails in the membrane interior, hydrophilic 
ligands will attempt to avoid interacting with the alkyl tails in 
the environment. Snapshots from Figures 13(a)–(c) highlight 
differences in behaviour of a bare gold nanocrystal and func-
tionalised gold nanoparticle in the middle of the lipid mem-
brane. Figure 13(a) shows that a few lipid molecules have been 
carried from both the top and the bottom layer and are sur-
rounding the bare gold nanoparticle. The same has occurred in  
Figures 13(b) and (c), however the view is not clear since the 
ligands are also present in the snapshot. Note that whereas the 
alkane ligands have reached out to engage the hydrophobic tails, 
the PEG ligands have withdrawn away from the tails of the lipids 
and formed coils on the surface of the Au to avoid interactions 
with the hydrophobic units. We also see in Figure 13(c), a few 
PEG ligands interacting with the lipid head groups in the top 
and bottom membrane leaflet.

3.6. Nanoparticle penetration of the bottom leaflet

Once the nanoparticle has passed through the hydrophobic 
interior of the membrane, it begins the releasing stage as it 
begins to exit the second membrane leaflet. Figures 14(a)–(c) 
display the onset of the exit of the bare nanocrystal, alkanethiol-
coated gold nanoparticle and PEGylated gold nanoparticle, 
respectively, at the second lipid–water interface. It is clear 
that DPPC molecules surround the bare nanocrystal and 

Figure 12. (colour online) Snapshots of the (a) bare nanocrystal, (b) alkanethiol-coated gold nanoparticle and (c) PeGylated gold nanoparticle. Snapshots indicate (a, b, c) 
the nanoparticle within the top membrane leaflet.

Figure 13. (colour online) Snapshots of the (a) bare nanocrystal, (b) alkanethiol-coated gold nanoparticle and (c) PeGylated gold nanoparticle. Snapshots indicate (a, b, c) 
the nanoparticle located in the middle of the membrane.
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membrane recovery in our system is achieved when zero water 
molecules are found in the membrane interior.

In Figure 15, we compare the water penetration profiles of a 
bare nanocrystal, alkanethiol-coated nanoparticle and PEGylated 
gold nanoparticle, all with the same permeation velocity. These 
are the same cases considered in the snapshots of Figure 11–14, 
where all the gold cores are the same diameter and the alkanethiol-
coated and PEGylated gold nanoparticle are nearly identical in 
overall size. We see from Figure 15 that the profiles for the bare 
nanocrystal and PEGylated gold nanoparticle are similar; the 
maximum occurs close to the equilibrated position of the second 
leaflet, and water molecules begin to exit the membrane soon after 
the nanoparticle exits the second leaflet completely. This maximum 
occurs earlier for the PEGylated nanoparticle. Since the bare gold 
nanoparticle is hydrophobic, it removes a few lipid molecules 
from the membrane, disrupting the membrane integrity and 
allowing water molecule entry to persist. From Figure 15, we see 
that the bare nanocrystal is less damaging than the alkanethiol-
coated gold nanoparticle. For the alkanethiol-coated case, the 

3.7. Formation of a water string or pore and the 
subsequent expulsion of water from the centre of the 
membrane

The DPPC model membrane used in our permeation studies 
contains two aqueous compartments on either side of the lipid 
bilayer membrane. This effectively represents the intracellular 
and extracellular cell space with the lipid membrane protecting 
the intracellular components (organelles, other molecules). As 
we have shown clearly in Figures 11–14, nanoparticle permeation 
causes pores to form in the lipid membrane and as a result, water 
molecules present in the extracellular space can enter the mem-
brane interior and may translocate past the inside leaflet and into 
the intracellular region as the membrane reseals. Observations 
from other investigators have indicated that nanocarriers per-
meating from extracellular to intracellular space are observed 
to induce defects in the membrane such as pores which allow 
water molecules to enter the hydrophobic membrane interior 
[85,86]. An excess of water molecules within a cell may cause 
lysing, and possibly result in cell apoptosis. This is an area of 
great interest to researchers in the biomedical industry who are 
designing nanocarriers for various applications and want to avoid 
unnecessary movement of water molecules into the cell interiors 
of non-targeted cells.

We compare water penetration resulting from permeation 
of the bare nanocrystal, alkanethiol-coated nanoparticle and 
PEGylated nanoparticle. For these three cases, we investigated 
the dependence of water penetration on nanoparticle permea-
tion velocity, presence of ion concentration gradient, and ligand 
length and coverage density (which we display for the PEGylated 
case only). We have defined water penetration in all of our studies 
in the same manner; the number of coarse-grained water mole-
cules found in the hydrophobic interior of the membrane in the 
course of nanoparticle permeation are regarded as ‘leaked’ water 
molecules. These water molecules may enter the hydrophobic 
membrane interior from both aqueous compartments. The water 
molecules located at the position of the phosphate head groups 
near the lipid and water interface are not included in this count.

We report in Figures 15–17 the number of water molecules 
present in the hydrophobic membrane interior under varying 
conditions, where the equilibrated positions of the phosphate 
head groups in the top and bottom membrane leaflets (the lipid–
water interface) are indicated by green dashed lines. Complete 

Figure 15.  (colour online) number of coarse-grained water molecules that 
permeate into the hydrophobic membrane interior during permeation of a 
bare nanocrystal, alkanethiol-coated gold nanoparticle and PeGylated gold 
nanoparticle with the same permeation velocity. in this and succeeding Figures 
16 and 17, the green dashed lines represent the equilibrated positions of the 
phosphate head groups at the top and bottom membrane leaflets. each data point 
has error bars included based on three independent simulations.

Figure 14. (colour online) Snapshots of the (a) bare nanocrystal, (b) alkanethiol-coated gold nanoparticle and (c) PeGylated gold nanoparticle. Snapshots indicate (a, b, c) 
the nanoparticle exiting the membrane at the bottom leaflet.
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take longer to be expelled into the aqueous compartments. As 
shown in Figure 16, the number of water molecules found in the 
hydrophobic membrane interior increases with increasing ligand 
length, for PEGylated nanoparticles as well.

We see in Figure 17 that water penetration increases for nan-
oparticles with higher surface coverage. Increasing the density of 
surface ligands on a nanoparticle increases its overall size [64]; a 
larger nanoparticle will induce a larger water pore in the mem-
brane and allow more water molecules to enter the hydrophobic 
interior during permeation. From Figure 15, we observed that 
the bare nanocrystal was more damaging than the PEGylated 
case, although not significantly. Addition of hydrophilic ligands 
to the bare nanocrystal is thus less damaging since lipid mole-
cules are not removed from the membrane. When compared to a 
bare nanocrystal with addition of hydrophobic ligands however, 
lipid displacement is significant and the membrane integrity is 
compromised.

In the case of the PEGylated nanoparticle, water molecules 
begin to enter the membrane interior even before the nanopar-
ticle itself has permeated the first membrane leaflet as seen in 
Figures 15–17. This occurs since the PEGylated nanoparticle 
allows closely associated water molecules to move along with it 
near the membrane interior due to favourable hydrophilic inter-
actions. This occurs, less significantly so with the bare nanopar-
ticle, since unlike the alkanethiol-coated nanoparticle, it does 
not contain hydrophobic ligand entities to push water molecules 
away from the pore formed at the entrance to the membrane. This 
consequence of the hydrophobic alkanethiol ligands is demon-
strated in Figure 15 where we see that few molecules enter the 
membrane interior until the nanoparticle has left the second 
membrane leaflet, whereupon water molecules enter. We had 
observed (Figure 14(b)) that upon exit, lipid molecules asso-
ciate closely with the alkanethiol gold nanoparticle and do not 
immediately return to their equilibrated position after the nan-
oparticle exits; a large pore is formed where water molecules can 
continue to permeate the membrane interior. Water molecules 
do not begin to leave the membrane interior until well after the 
nanoparticle has exited the membrane, showing signs of slow 
recovery. Overall, our examination of water penetration demon-
strates that highly hydrophobic nanoparticles will not only allow 
many water molecules to permeate the membrane interior, they 
hinder the self-healing recovery of the membrane, thus possibly 
damaging the cell in a likely permanent way. In some cases with 
longer ligands and higher surface coverages of alkanethiol on 
gold nanoparticles, if too many lipids have been dragged into the 
bulk solution, the membrane may not be able to recover at all.

3.8. Passage of ions during nanoparticle permeation 
events, mechanism by which this occurs

Natural biological systems include ions in the extracellular and 
intracellular compartments which are present at well-regulated 
concentrations. This concentration, in addition to the electric 
potential across the membrane, plays an integral role in regulat-
ing the entry and exit of certain ions into cells [87]. In biological 
environments, ion permeation across lipid bilayer membranes 
normally occurs by a transmembrane protein pore-mediated 
process or with assisted transport for ions that cross from the 
extracellular to intracellular cell space. Since we observed water 

maximum occurs after the nanoparticle has completely exited the 
membrane. This is expected from the snapshot in Figure 14(c) 
where we observe that the alkanethiol-coated gold nanoparticle 
drags many lipid molecules along with it after the permeation, 
inducing a huge disruption in the membrane; thus, we expect 
that with the alkanethiol-coated case, expulsion of water occurs 
later and membrane recovery is slower.

In our study [82], we found that longer ligands in the alkan-
ethiol-coated case induced more disturbance to the membrane 
leaflet and overall integrity of the membrane, which resulted 
in formation of larger water pores. Larger water pores increase 
the recovery time of the membrane since more water mole-
cules can continue to penetrate the membrane interior and will 

Figure 16.  (colour online) number of coarse-grained water molecules that 
permeate into the hydrophobic membrane interior during PeGylated gold 
nanoparticle permeation, illustrating the effect of PeG length. the green dotted 
lines represent the equilibrated positions of the phosphate head groups at the top 
and bottom membrane leaflets. each data point has error bars included based on 
three independent simulations. Figure reproduced from ref. [64].

Figure 17.  (colour online) number of coarse-grained water molecules that 
permeate into the hydrophobic membrane interior during PeGylated gold 
nanoparticle permeation, illustrating the effect of coverage density. the green 
dotted lines represent the equilibrated positions of the phosphate head groups 
at the top and bottom membrane leaflets. each data point has error bars included 
based on three independent simulations. Figure reproduced from ref. [64].
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at the instant of time where the number of water molecules found 
in the membrane interior is at a maximum. In Figure 18(a), 
for the bare gold nanoparticle a visible water finger is formed, 
in which a few ions will travel along to permeate through the 
membrane. In Figure 18(c), we do observe a water column for-
mation as well because PEG ligands associate favourably with 
water molecules during the permeation. This water molecule 
chain however is not long-lived (as shown in our previous stud-
ies); therefore most ions that enter that water pore, similar to 
the case of the bare nanocrystal, return to the bulk solution as  
the membrane begins to recover. Overall, in the cases of both the 
bare nanocrystal and PEGylated gold nanoparticle, we found that 
ion penetration events were sensitive to larger effective nanopar-
ticles either in size of gold core, or overall size of functionalised 
nanoparticle with different ligand lengths and/or grafting den-
sities. Longer ligand lengths and higher grafting densities both 
resulted in larger effective nanoparticles which induced larger 
water pores in the membrane, thereby allowing more ions to 
enter the interior and travel to the opposite compartment. For 
the PEGylated gold nanoparticle, the PEG ligands cause minimal 
disturbance to the membrane, since lipids are not dragged by the 
nanoparticle and the membrane is allowed to recover immedi-
ately after permeation of the first membrane leaflet. This drives 
ions to return to the region near the phospholipid head groups 
at the interfacial region.

We observed few to no ion transport events to take place 
during permeation of the alkanethiol-coated gold nanoparti-
cle. This is consistent with our observation and snapshot from  
Figure 18(b) where we see no noticeable formation of a water 
column. During permeation of an alkanethiol-coated gold nan-
oparticle, the long mobile ligands push lipid head groups and 
water molecules away from the nanoparticle due to unfavourable 
interactions. This does not allow formation of a water column 
and thus few to no ions are able to permeate the lipid bilayer, 
despite the formation of a hole in the top leaflet as the nanopar-
ticle enters the membrane.

3.9. Lipid flip-flop events accompany nanoparticle 
permeation and with potential for leaflet composition 
changes

Lipid molecule flip-flop occurs when a lipid molecule translo-
cates from one leaflet of a bilayer membrane to the other leaflet 

molecules to penetrate the membrane interior, we expect ions 
to be able to translocate to the other aqueous compartment via 
the water pore formed by nanoparticle permeation.

We examined the penetration of ions across a lipid bilayer 
membrane as a consequence of nanoparticle permeation by a 
bare gold nanocrystal, alkanethiol-coated gold nanoparticle and 
a PEGylated gold nanoparticle. In these systems, an unequal ion 
concentration gradient was implemented by adding sodium and 
chloride ions to the top aqueous compartment of the bilayer 
membrane system at a concentration less than the saturation 
limit of sodium chloride in water. The system contained two 
walls cut from an FCC structure and placed on either side of 
the system; these walls were impermeable to ions and water and 
isolate the ions in the top compartment (ions that would other-
wise move to the bottom compartment due to periodic boundary 
conditions).

Ions already present in the top compartment of the lipid 
bilayer membrane system cannot translocate to the other com-
partment on their own due to a resistance present at the lipid–
water interface against such a permeation; this is a direct result 
of the Columbic interaction between the ions and phospholipid 
head groups. The interior of the lipid membrane being highly 
hydrophobic also prevents translocation of ions. In previous 
theoretical investigations [88–92], a ‘water finger’ or chain of 
linked water molecules has been observed to protrude across 
the lipid membrane through a water pore connecting the aque-
ous compartments to one another. Atomistic simulations from 
various groups [88,89,93], in agreement with our findings, have 
shown ions to permeate across the lipid membrane by traveling 
along the water molecule network formed across the water pore 
induced by nanoparticle permeation in the lipid membrane. It 
has been observed previously that chloride ions are able to inte-
grate into these water molecule networks easily due to its lower 
surface charge density and increased flexibility of the hydrated 
ion. Many studies, including those from our previous work, indi-
cate that chloride ions have a tendency to stay close to the interfa-
cial region while sodium ions concentrate near the phospholipid 
head groups [81,88]. This supports our observations that overall, 
more chloride ions tend to translocate across the lipid membrane 
as compared to sodium ions, in cases of bare and ligand-coated 
nanoparticle permeation.

Since the formation of the water finger is vital to the ion trans-
location process, we examined the behaviour of water molecules 

Figure 18. (colour online) Snapshots of the (a) bare nanoparticle, (b) alkanethiol coated nanoparticle, and (c) PeGylated nanoparticle at the position where the maximum 
amount of water molecules are found in the membrane interior. Gold = nanoparticle core and ligands, white = cG water molecules, blue = sodium ions and red = chloride 
ions.
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events. In the case of the alkanethiol-protected gold nanopar-
ticles, we observed few to no instances of lipid flip-flop. On the 
other hand, we observed that lipid translocation increased with 
longer ligand lengths and increased surface coverage density of 
PEG. We found that longer PEG ligands cause greater distur-
bances to the membrane bilayer leaflets during the nanoparticle 
permeation; this resulted in more instances of lipid dislocation 
from the membrane, resulting in completion of a lipid flip-flop. 
For nanoparticles with increased coverage density, more ligands 
can disturb the top layer of the membrane during permeation 
and thus, larger numbers of lipid molecules are translocated. 
We observed lipid molecules to also flip-flop from the bottom 
leaflet of the membrane to the top leaflet; this was unique to 
PEGylated gold nanoparticles. We did not observe this particu-
lar phenomenon in the case of the bare gold nanocrystal or the 
alkanethiol-coated gold nanoparticle.

We examined the mechanism by which the flip-flop occurs; 
in Figure 19 are snapshots of typical lipid flip-flop events that 
take place as a consequence of PEGylated gold nanoparti-
cle permeation. We show lipid molecules translocating from 
the top membrane leaflet to the bottom membrane leaflet in  
Figure 19(a) and (b) and translocating from the bottom mem-
brane leaflet to the top membrane leaflet in Figure 19(c) and (d). 
These snapshots indicate that the mechanism of lipid flip-flop 
does not differ whether it originates from the top membrane 
leaflet or the bottom membrane leaflet; in both cases, the lipid 
molecule will fully reorient itself in the z-direction, translating 
through the pore formed by the intruding PEGylated gold nan-
oparticle. As it joins the opposite membrane leaflet, it has under-
gone complete reorientation. For lipid flip-flop events occurring 
as a consequence of bare gold nanoparticle permeation, this same 
reorientation mechanism was observed as well. Only a few lipid 
molecules complete a flip-flop from the bottom membrane 
leaflet as a consequence of PEGylated nanoparticle permeation 
with short PEG lengths, at any coverage. For PEGylated gold 

across a defect in the lipid bilayer. These defects or pores are 
often induced by external penetration of foreign molecules and 
can be a consequence of nanocarrier permeation, as we have 
shown. Lipid flip-flop is a natural biological process supported 
by lipid translocators, either integral or transmembrane pro-
teins, or by specific enzymes (flipases) that can catalyse lipid 
flip-flop [94]. Experimentally, it has been observed that specific 
peptide molecules can accelerate the frequency of lipid flip-flop 
events through membrane pores containing peptides and lipid 
molecules [95]. Lipid membranes are asymmetric in nature and 
unwarranted lipid translocation can influence the molecular 
recognition capabilities of the outer bilayer membrane surface 
[96]; this can have damaging effects on the lifetime of biological 
cells. We observed lipid flip-flop events in our simulations, as 
lipid molecules are displaced from the top membrane leaflet 
during permeation of the bare, alkanethiol, and PEGylated 
gold nanoparticles and eventually re-join the other leaflet. The 
penetration by these nanoparticles, albeit different in chemical 
properties, still caused movement of lipid molecules from the 
top membrane leaflet during the adsorption and permeation 
of the first leaflet steps. We studied the mechanism by which 
lipid flip-flop occurs and the factors that affect the number of 
such events.

We defined lipid flip-flop events to occur when a lipid mole-
cule originally present in the top leaflet, is found in the bottom 
leaflet (or vice versa) after permeation is complete and the mem-
brane has recovered to its equilibrium situation. In our studies 
with bare nanocrystals, we observed that the number of lipid 
flip-flop events increased with increasing nanoparticle size. An 
increase in core diameter results in larger pore formation in the 
membrane; this allows more lipid molecules to move into the 
water pore and have the potential to complete a lipid flip-flop. 
Larger functionalised nanoparticles tend to disturb the mem-
brane more during permeation and have propensity to displace 
more lipid molecules, therefore giving rise to more lipid flip-flop 

Figure 19. (colour online) Snapshots of lipid flip-flop events from the top leaflet (a, b) and bottom leaflet (c, d) of the membrane with a PeGylated gold nanoparticle with 
permeation velocity of 0.075 m/s figure reproduced from ref. [64].
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nanoparticles with longer PEG ligands and higher surface cov-
erage densities, there are higher incidences of lipid translocation 
from the bottom membrane leaflet. Larger nanoparticles with 
longer ligand lengths and increased surface coverage densities 
cause larger perturbations to both the top and bottom mem-
brane leaflet even at the early stages of the permeation while the 
nanoparticle core is at the position of the top membrane leaflet. 
These perturbations cause many lipid molecules to be displaced 
from their original position and result in lipid flip-flop originat-
ing from both leaflets. For the lowest nanoparticle permeation 
velocities, the incidences of lipid flip-flop events are few; less than 
3% of the total lipids in the bilayer membrane translocated to the 
other leaflet as a result of PEGylated nanoparticle permeation.

3.10. Displacement of lipids from the membrane itself

We observed in Figure 14(c) that many lipid molecules are still 
associating closely with the alkanethiol-coated nanoparticle 
upon leaving the lower membrane leaflet. When we followed 
the alkanethiol-coated nanoparticle after it had left the lower 
membrane leaflet, we found that a majority of the lipid mole-
cules dragged along by the nanoparticle did not return to the 
membrane leaflet to complete a lipid flip-flop (unlike in the 
bare gold particle case). Instead, we found that most of the lipid 
molecules associated with the alkanethiol-coated nanoparticle 
were dragged into the bulk solution and did not return to the 
membrane. We examined the molecular mechanism by which a 
lipid molecule is displaced as a consequence of nanoparticle per-
meation. We found that the lipid tails open and close frequently 
within the alkanethiol ligand space, indicating close interaction 
with the mobile alkane chains. We found that this occurs by 
means of the lipid molecule tails becoming entangled in the 
alkane chains attached to the nanoparticle. Once this entangle-
ment occurs, the lipid tails adhere to the nanoparticle and are 
displaced from the membrane instead of completing the lipid 
flip-flop. In Figure 20 [64], we show snapshots of the mechanism 
by which a lipid molecule from the bilayer membrane is carried 
into the bulk solution after entangling with alkanethiol ligands 
on the nanoparticle.

In Figure 20, we have identified a group of ligands that are 
contained within the interaction volume of a particular lipid 
molecule. This lipid entangles with a pair of ligands located near 
the lipid tails and is subsequently dragged by the nanoparticle 
into the bulk solution. Interestingly, this arrangement mimics 
the configuration a lipid molecule would have in a bilayer mem-
brane where it is surrounded by other hydrophobic tails. Owing 
to the favorability of the hydrophobic interaction between the 
alkanethiol ligands and lipid tails, the ligands on the nanoparticle 
essentially compete with the surrounding lipid tails for inter-
action with the lipid molecule. If the lower leaflet wins, a flip-
flop event completes. Otherwise, entanglement results in lipid 
displacement from the membrane. This entanglement effect 
becomes more critical with nanoparticles that are larger and/or 
have longer hydrophobic ligands. For this reason, we observe 
much fewer flip-flops to take place with nanoparticles contain-
ing longer hydrophobic ligands where lipid displacement is the 
dominant consequence as a result of permeation with an alkan-
ethiol-coated nanoparticle.

Figure 20. (colour online) Snapshots of mechanism of lipid displacement from a 
bilayer membrane driven by entanglement of lipids in the alkanethiol ligands. the 
red dots represent the position of the nanoparticle in the system at each snapshot; 
for clarity, other molecules and ligands on the nanoparticle are not shown. Figure 
reproduced from ref. [82].

Figure 21.  (colour online) number of lipid molecules lost from both membrane 
leaflets as a function of type of alkanethiol-coated gold nanoparticle where type 
1 = small diameter gold core and short ligand length, type 2 = small diameter gold 
core and long ligand length, type 3 = large diameter gold core and short ligand 
length, and type 4 =  large diameter gold core and long ligand length. the error 
bars are based on three independent simulations.
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We see that in the case of the PEGylated gold nanoparticle, water 
molecules begin to leave the membrane interior as soon as the 
nanoparticle crosses the second membrane leaflet in the bilayer. 
This indicates that the recovery process begins immediately as 
the PEGylated nanoparticle exits the membrane, at around 50 ns. 
The bare nanoparticle crosses the second membrane leaflet, and 
at about 70 ns, the water molecules begin to exit the membrane 
interior. We showed in the snapshots that the bare nanoparticle 
does disrupt the membrane by dragging lipid molecules away 
from the bilayer membrane (though not nearly as significantly 
as in the alkanethiol-coated case) which explains why water mol-
ecules continue to penetrate the membrane interior. The most 
significant difference is in the alkanethiol-coated case where the 
water molecules do not begin to exit the membrane until about 
90 ns, i.e. 40 ns longer than it took for water molecules to exit 
in the PEGylated case. In some instances of alkanethiol-coated 
nanoparticles with larger cores and longer ligands, too many lipid 
molecules may be removed from the membrane, which cause sig-
nificant disruption and does not allow the membrane to recover. 
In Figure 22, we see that even after the alkanethiol-coated nan-
oparticle has exited the membrane at (120 ns), water molecules 
remain in the interior. They are eventually expelled after 200 ns. 
Membrane recovery times may be important when nanocarriers 
are used in drug delivery applications.

3.12. Rotational behaviour of nanorods in lipid bilayers 
during permeation

The variety of nanoparticle shapes available in the biomedical 
industry has given rise to many types of functionalised nano-
particles with different impacts on biological pathways due to 
the size and shape of these nanocarriers [98–100]. Recently, gold 
nanorods have become popular in the drug delivery industry 
for applications ranging from phototherapy [101] to the direct 
targeting of cancer cells [102]. For this reason, we studied the 

In Figure 21, we the quantify lipid molecules that have been 
lost from both the top and bottom bilayer membrane leaflets as 
a function of type of nanoparticle with differing core size and 
ligand length. We observe that nanoparticles with longer lig-
ands cause more displacement of lipids from the membrane; the 
longer ligands enhance the hydrophobic interactions between 
the ligands and lipid tails and allow for entanglement to be more 
favourable. Also, we observed more incidences of lipid displace-
ment for permeation by larger nanoparticles. Larger nanoparti-
cles, having increased surface area, can extract more lipids from 
the membrane owing to the larger water pore formed during 
permeation, which disturbs the membrane leaflets. Overall, we 
observed more lipid molecules to be lost from the lower mem-
brane leaflet compared to the top leaflet, which is consistent with 
results on a computational investigation of single-walled carbon 
nanotube permeation of DPPC lipid bilayer membranes [97]. The 
bare nanoparticle studied has been found to cause lipid displace-
ment as well, but these events are far fewer compared to those 
with the alkanethiol-coated nanoparticle. On the bare nanopar-
ticle, the lipid molecule adheres to the gold surface, essentially 
mimicking the role of a ligand. In these situations, the lipid head 
of the displaced lipid tends to face the nanoparticle surface with 
the tails pointing away, which favours the completion of lipid 
flip-flop as opposed to a lipid extraction. With the alkanethi-
ol-coated nanoparticle, the lipid molecules tend to entangle 
closely with the alkane chains, with the lipid head groups facing 
outward, favouring lipid displacement. We observed that greater 
numbers of lipid molecules are displaced from the membrane 
at smaller permeation velocities. Even though some permeation 
velocities studied here are slightly higher than velocities used in 
experimental settings, this indicates that lipid molecule removal 
will likely occur in many experimental studies such as in drug 
delivery. The loss of lipid molecules in some cases may be more 
harmful to the membrane compared to lipid flip-flop, and pos-
sibly result in cell death if the membrane is unable to recover. 
In PEGylated nanoparticle permeation, we do not observe lipid 
displacement to occur at all, indicating that nanoparticles with 
hydrophilic ligands are potentially more useful as nanocarriers 
for therapeutic or biomedical applications.

3.11. Steps towards membrane recovery after 
nanoparticle penetration

After nanoparticle permeation is complete, the membrane recov-
ery process begins. Water molecules are expelled from the mem-
brane since the hydrophobic interior is not favourable for water 
molecules. Membrane recovery can be achieved only when all 
water molecules have left the membrane interior; thus we inves-
tigated the time it takes for water molecules to be expelled after 
permeation by various nanoparticle types. Membrane recovery 
also requires that lipid molecules tend towards their equilibrium 
position where the preferred configuration is with the hydro-
philic head groups facing the aqueous compartments and the 
hydrophobic tails packed together.

We return to the same examples where we examined the 
bare gold nanocrystal, alkanethiol-coated gold nanoparticle and 
PEGylated gold nanoparticle and quantify the number of water 
molecules present in the hydrophobic membrane interior as a 
function of time during nanoparticle permeation (Figure 22). 

Figure 22.  (colour online) number of coarse-grained water molecules that 
permeate, with respect to time, into the hydrophobic membrane interior during 
permeation of a bare nanocrystal, alkanethiol-coated gold nanoparticle, and 
PeGylated gold nanoparticle. the green dotted lines represent the equilibrated 
positions of the phosphate head groups at the top and bottom membrane leaflets. 
each data point has error bars included based on three independent simulations.
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such as to maintain the ratio of the normal and transverse velocity 
components. This still permits the nanorod to rotate about its 
centre-of-mass; however, it has a fixed pulling velocity vector 
along the direction of the original entry angle. We examined a 
range of constant velocities and initial angles for Method 1; and 
in Method 2, we investigated the effect of a pulling velocity vector 
with angle of 45°.

Many experimental studies indicate that the internalisation 
rate of PEGylated nanorods is affected by their entry angle rel-
ative to the lipid membrane surface [106]. Consequently, in our 
simulations, we examined the molecular mechanisms of nanorod 
permeation by following the permeation trajectory and noting its 
dependence on angle of entry. In a situation where many nano-
rods may permeate a bilayer membrane, the statistically least 
likely angle of approach would be 0° to the membrane normal. 
For a collection of AuNRs entering a membrane with various 
thermal velocities, at a distribution of entry angles, the paths 
taken by the AuNRs will be found among the various trajectories 
that we have observed for various entry angles while pulling 
along the normal to the membrane surface, together with those 
trajectories resulting from pulling the centre of mass along var-
ious angles. A complete set of all these trajectories constitute the 
distribution of trajectories for permeation of a membrane surface 
by a collection of PEGylated AuNRs having a distribution of 
thermal velocities and having a distribution of initial orientations 
relative to the membrane surface.

In comparing multiple simulations, we tracked the tilt angle 
of the nanorod axis relative to the membrane normal along the 
course of the permeation to investigate whether there is a pattern 
in the permeation trajectory and if this is dependent on entry 
angle. We show in Figure 24, the changing tilt angle, along the 
course of the nanorod permeation; independent simulations 
were studied so that multiple permeation pathways could be 
analysed.

permeation of our model DPPC lipid bilayer system by a gold 
nanorod, functionalised with PEG ligands [103].

For comparison with our previous work on PEGylated spher-
ical gold nanoparticles [64], we chose the volume of the gold 
nanorod core to be identical to the spherical core. We obtained 
PEGylated gold nanorods with short and long PEG ligands by 
completing a cycled annealing procedure with the same protocol 
as was used to construct our PEGylated spherical gold nanoparti-
cle [103]. We obtained PEGylated gold nanorods with lower cov-
erage densities than the spherical gold nanoparticle of the same 
volume. Experimentally synthesised gold nanorods [104] have 
been found to have much lower coverage densities compared to 
their spherical counterparts (e.g. 0.052 ligands/nm2 compared 
to 1.63 ligands/nm2, respectively. Recently, however,

We show in Figure 23 the set-up of our system where we 
examined a PEGylated AuNR pulled across the lipid membrane 
under constant velocity in the direction of the arrows for a 
PEGylated gold nanorod to permeate from the extracellular 
(compartment A) to the intracellular space (compartment B). We 
maintain a consistent system set-up as we had used for the bare 
nanocrystal, alkanethiol-coated nanoparticle, and PEGgylated 
spherical nanoparticle. There are, however, unique aspects to 
permeation by a nanorod-shaped particle. The angle at contact 
(entry angle) between the nanorod axis and the membrane 
surface may differ among a set of experiments, with possibly 
distinct outcomes. Similar to our simulations with spherical gold 
nanoparticles, the centre-of-mass of the nanorod is moved at a small 
constant velocity towards the membrane, allowing the nanorod to 
rotate about its centre-of-mass during permeation. In Figure 23, 
we show two approach methods we used. In the first approach, 
Method 1 (Figure 23(a)–(d)), we move the centre-of-mass of the 
nanorod along the direction normal to the membrane surface 
and vary the initial entry angle. In another approach, Method 2  
(Figure 23(e)), we apply a constant velocity to the centre-of-mass 

Figure 23.  (colour online) DPPc lipid bilayer membrane simulation system for investigation of PeGylated gold nanorod permeation from the top compartment  
(a) (or the extracellular membrane compartment) to the bottom compartment (B) (or the intracellular membrane compartment) across a DPPc lipid bilayer membrane 
where the initial angle to the membrane is varied by (a) 0°, (b) 10°, (c) 45°, and (d) 90°; (e) 45° where another method of permeation was employed (blue = choline, 
orange = phosphate, red = glycerol, green = lipid tails, white = water, gold = nanorod core, pink = PeGn-SH ligands). Figure reproduced from ref. [103] higher grafting 
densities (0.89 ligands/nm2) were obtained by Kinnear and colleagues [105]. Since our PeGylated goldnanorods with short and long PeG ligands had grafting densities 
(0.5–0.9 ligands/nm2) comparable to that obtained experimentally by Kinnear et al., we used these in our simulations for permeation of a DPPc lipid bilayer membrane by 
PeGylated gold nanoparticles with aspect ratio > 1.
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exit (the second pink dashed line corresponds to the time point 
when the centre-of-mass of the nanorod core is 2.0 nm away 
from the lower leaflet of the membrane), the tilt angle comes 
close to 0° or 180°, signifying the straightening up of the nanorod 
during exit.

The rotational pathway of nanorods in lipid membranes is 
more clearly shown in a 3D cartoon representation. One each of 

We see from Figures 24(a)–(d), in simulations where the ini-
tial entry angle is 0°, 10°, 45° and 90° normal to the membrane 
surface, that there is a great variety in the trajectories taken by the 
nanorod starting from the same entry angle; but all trajectories 
have two things in common: (a) The tilt angle passes through 
or close to 90°, where the nanorod is lying down parallel to the 
membrane surface (indicated by the green dashed line). (b) Upon 

Figure 24.  (colour online) the tilt angle from the z-axis (normal to the membrane surface) of the nanorod axis is shown for each starting by (a) 0°, (b) 10°, (c) 45°,  
(d) 90° and (e) 45° at zero time. Data from three independent simulations are shown as individual runs. the green dotted line represents the angle at which the nanorod 
is perpendicular to the z-axis (in a plane parallel to the membrane surface or, lying down) and the pink dotted lines represent the time when the centre-of-mass atom 
of the PeGylated nanorod is 2.0 nm above from the top membrane leaflet and later, when it is 2.0 nm below the bottom membrane leaflet. reproduced from ref. [103].
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approaching along the normal to the membrane surface while in 
(e) it is being pulled along a 45° velocity vector. For Figures 24 
and 25, we have chosen to illustrate the change in tilt angle and 
cartoon representation for nanorods with the lowest permeation 
velocity providing the nanorod sufficient time for interaction 
between the PEG ligands and the lipid molecule head and tail 
groups. However, cartoon trajectories are similar to those pic-
tured in Figure 25 for all pulling velocities we studied. We display 
only one example of a nanorod trajectory in Figure 25, but it is 
clear from Figure 24 that there are many permeation pathways 
accessible to the functionalised nanorod for any given initial 
angle. Note that in all trajectories, regardless of the initial angle 
of entry, the PEGylated nanorod passes through the parallel to 
the membrane surface configuration inside the membrane, and 
in all cases, leaves the membrane at close to either 0° or 180°, i.e. 
perpendicular to the membrane surface.

In the cartoon representations from Figure 25, we noticed a 
theme in the permeation pathway of a nanorod; in every instance, 
the nanorod undergoes a rotational motion, passing through a 
lying down orientation and then straightening up upon exit. To 
further understand the mechanism of this rotational behaviour, 
we produced snapshots of the permeation pathway at 30 ns inter-
vals for PEGylated nanorods permeating at the lowest velocity 
(0.05 m/s). We display these snapshots for Method 1 and Method 
2 in Figures 26 and 27. Although we have data for many entry 
angles we show only the examples where the initial tilt angle is 
45° but the difference lies in the way we allow the nanorod to 
permeate the membrane, as described above, corresponding to 
the cartoons in Figure 25(c) and (e).

We observe that the PEGylated nanorod tilts further to lie 
parallel to the membrane as it begins the adsorption stage. This 
occurs immediately when the leading PEG ligands begin to inter-
act with the lipid head groups in the first membrane leaflet. As 
the nanorod exits the membrane, it begins to straighten up along 
the membrane normal while the trailing PEG ligands continue 
to interact with the lipid head groups in the bottom leaflet of 
the membrane.

From our earlier studies with PEGylated spherical gold nan-
oparticles, we observed that favourable hydrophilic interactions 
between the PEG ligands and lipid head groups resulted in curv-
ing of the membrane in the nanoparticle adsorption stage. This 
is in contrast to our studies with alkanethiol-protected gold 
nanoparticles in which the alkanethiol ligands break the mem-
brane leaflet to form a hole in order to interact favourably with 
the hydrophobic lipid tails. We therefore expect that the tilting 
behaviour of the nanorod occurs in order to maximise the favora-
ble hydrophilic interactions between the lipid head molecules 
and PEG ligands, as well as to overcome the energetic barrier of 
permeation. In Figures 26 and 27 we highlight in blue the PEG 
beads which come within 1.0 nm of the choline and phosphate 
lipid head groups (the cut-off distance for the shifted LJ potential 
in our system is 1.2 nm). The blue patches in the snapshots thus 
constitute the number of favourable interactions between PEG 
and the lipid head groups. Thus, in Figure 26, we can visually 
follow the progression of attractive interactions that favour the 
nanorod positioning itself during the permeation process. The 
favourable hydrophilic interactions between the PEG beads and 
phosphate and choline head groups (shown by the blue patches) 
drives the nanorod to lie in a particular way that maximises this 

those trajectories in Figures 24(a)–(e) is depicted in Figure 25; 
for various initial angles, along the course of the permeation, 
the change in orientation of the nanorod (represented by the 
red arrow) in three-dimensional space show general similarities. 
We can consider the trajectory to occur in three stages; first the 
nanorod is adsorbed on the membrane surface, then engulfed 
where it fully enters the membrane, and finally it is released by 
the membrane. While Figure 24 shows only the change in tilt 
angle relative to the normal to the membrane surface in the 
x–y plane, our cartoon representations in Figure 25 show that 
the nanorod also turns in the x–y plane during the course of  
the permeation. Comparing Figure 25(c) and (e), we see that the 
trajectories are very similar even though in (c) the nanorod is 

Figure 25.  (colour online) cartoon representation of permeation of a PeGylated 
gold nanorod in the lipid bilayer membrane at low velocity and various initial 
angles. the green planes represent the equilibrated position of the phosphate 
groups in the top and bottom membrane leaflets. initial angles by (a) 0°,  
(b) 10°, (c) 45°, (d) 90° and (e) 45°. each arrow is at 30 ns intervals starting with 0 ns. 
reproduced from ref. [103].
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whereas the PEG ligands in the torso seem to retract, present-
ing a slimmer projectile passing through the lipid tail regions. 
Keeping the trailing end in touch with the lower leaflet head 
groups as it exits permits the final bit of favourable interactions, 
and so of course exit has to be in a straightened up orientation 
to facilitate all these.

In Figure 27, we present snapshots of Method 2, where the 
nanorod was pulled by its centre-of-mass atom at a constant 
velocity with a velocity vector that maintained the angle at 45° 

interaction, i.e. so as to allow a large number of PEG beads to 
interact favourably with the lipid head groups.

In Figure 26 we see that lying down is accompanied by an 
increasing blue-patch area as the lying down position permits 
more contacts of PEG with head groups. As the nanorod pro-
ceeds through the middle region of the membrane, the PEG lig-
ands of the nanorod reach up to the heads of the top leaflet, the 
PEG ligands at the bottom of the nanorod reach out to the heads 
of the bottom leaflet, as seen by the blue patches at both ends, 

Figure 26. (colour online) Molecular snapshots of permeation (utilising Method 1) of PeGylated gold nanorod in the lipid bilayer membrane initial angle of 45° where 
pink = choline, green = phosphate, yellow = aunr core, white = PeG ligands, and blue = PeG beads within 1.0 nm of choline and phosphate molecules. the cartoon in 
Figure 8(c) shows this particular trajectory. reproduced from ref. [103].

Figure 27. (colour online) Molecular snapshots of permeation (utilising Method 2) of PeGylated gold nanorod in the lipid bilayer membrane initial angle of 45° where 
pink = choline, green = phosphate, yellow = aunr core, white = PeG ligands, and blue = PeG beads within 1.0 nm of choline and phosphate molecules. the cartoon in 
Figure 8(c) shows this particular trajectory. reproduced from ref. [103].
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exit the membrane. This shows that the rotational behaviour of 
the PEGylated nanorod is driven by the attractive interactions 
between the PEG ligands and the lipid head groups.

Neither the nanorod nor the spherical nanoparticle drag 
lipid molecules away from the membrane (advantage of PEG, 
discussed earlier). In terms of a nanocarrier choice, the spheri-
cal nanoparticle causes less damage to both the top and bottom 
membrane leaflets compared to the gold nanorod. This is brought 
home more clearly by considering the water penetration profiles 
in Figure 30.

relative to the membrane normal. We see in the snapshots from 
Figure 27 that the nanorod lies down in the membrane surface 
almost immediately as the permeation process begins and the 
growth of the blue patches explains why. As the permeation con-
tinues, the nanorod begins to straighten up and finally exits the 
membrane, in a similar way as in Figure 26. There is a slight 
difference between the two sets of snapshots where we see that 
the nanorod exits the membrane more quickly in Method 2 at 
210–240 ns while in Method 1, the exit occurs closer to 270–
300 ns. This occurs since in Method 2, the nanorod lies down 
on the membrane surface immediately compared to Method 2 
due to the applied velocity vector facilitating such a rotation.

For comparison, we also show the snapshots of the per-
meation pathway of a spherical PEGylated gold nanoparticle  
(Figure 28). Upon approach to the membrane (the adsorption 
stage), the membrane develops a curvature where the PEG lig-
ands curl upwards toward the nanoparticle surface and interact 
closely with the lipid head groups; this occurs in both the nanorod 
(Figures 26 and 27) and spherical nanoparticle case (Figure 28).  
In Figure 28, we see at 210 ns that the nanoparticle has passed 
the first bilayer membrane leaflet and is at the position of the 
second membrane leaflet. In Figure 26, at 210 ns the nanorod is 
interacting with both the bottom and the top membrane leaflet, 
lying down in an orientation that maximises its favourable hydro-
philic interactions with PEG ligands and lipid head groups. We 
see that at 240 ns, even while the nanorod is beginning to exit, 
it is still interacting favourably with the top membrane leaflet 
unlike the spherical case, where minimal interactions with the 
top leaflet occur at this stage.

In Figure 29, we show the interaction energy between the PEG 
beads and lipid head groups from both bilayer membrane leaflets. 
We see that this follows the snapshots we display in Figures 26 
and 27 where the highest interaction energy (180 ns) coincides 
with the largest occurrence of the blue patches. The interaction 
energy decreases significantly as the nanorod straightens up to 

Figure 28.  (colour online) Molecular snapshots of permeation of PeGylated spherical gold nanoparticle in the lipid bilayer membrane where pink  =  choline, 
green = phosphate, yellow = aunr core, white = PeG ligands, and blue = PeG beads within 1.0 nm of choline and phosphate molecules.

Figure 29.  (colour online) total interaction energy between all PeG beads and 
phosphate and choline lipid head groups along the course of nanorod permeation 
under initial angle of 10° (utilising Method 1). each data point has error bars 
incorporated based on three independent simulations. the pink dashed lines 
represent the time when the centre-of-mass of the PeGylated nanorod is 2.0 nm 
above from the top membrane leaflet and later, when it is 2.0  nm below the 
bottom membrane leaflet. reproduced from ref. [103].
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waters did not return to their original compartment. This was 
consistent for all entry angles at the lower pulling velocities. For 
higher permeation velocities, around 6% of the water molecules 
did not return to their original compartment once they entered 
the membrane interior. Essentially, few water molecules translo-
cated to the opposite membrane compartment during PEGylated 
nanorod permeation.

4. Conclusions

What distinguishes soft matter from more rigid solids is its range 
of dynamics, structural dependence on temperature, large num-
ber of internal (conformational) degrees of freedom and magni-
tudes of thermal fluctuations (entropy considerations), greater 
range of response to interfacial intrusion, primarily stemming 
from the weak interactions between structural elements, thereby 
resulting in a delicate balance between enthalpic and entropic 
contributions to the free energy. In turn this leads to sensitivity of 
structure and dynamics to minor changes in external conditions 
and minor alterations in composition. The consequences of these 
characteristics are that prediction of macroscopic behaviour is 
not as straightforward as in surfaces of rigid ionic or covalently 
bonded inorganic networks. Soft matter is where MD can make 
significant contributions to the understanding and prediction of 
behaviour. By following the motions of atoms or small group-
ings of atoms behaving under the influence of a pre-determined 
set of interatomic or intergroup interaction potentials, the del-
icate balance between the enthalpic and entropic contributions 
to free energy is taken into account and detailed mechanisms 
of sub-molecular level behaviour can be ‘observed’ in addition 
to obtaining those average quantities such as counts of events, 
distributions of conformations, distributions of constituents, 
average values of macroscopic properties, that could be com-
pared with experimental observations. In this paper we have pro-
vided many examples of detailed sub-molecular level behaviour 
by exploring various parameters of the permeant, such as size, 
shape, bare or surface-functionalised (ligand-grafted), type of 
ligands, lengths of ligands, etc. We now can make the following 
generalisations from our examples: we have observed that func-
tionalised nanoparticles with hydrophobic ligands potentially 
have negative consequences on lipid bilayer membranes after 
permeation is complete, the extent of which depending on size, 
surface coverage and ligand length. Hydrophobic nanoparticles 
cause lipid molecules to be displaced from the membrane due to 
favourable hydrophobic interactions with lipid tails. Incidences 
of lipid displacement increase with hydrophobic nanoparticles 
that have large core diameters and longer ligands; in these cases 
a larger pore is formed in the membrane during permeation and 
greater numbers of lipid molecules are displaced. Lipid flip-flop 
events rarely occur as a result of permeation with a hydrophobic 
nanoparticle since a majority of lipid molecules are carried away 
into the bulk solution and lose the ability to return to the leaf-
lets. On the other hand, lack of formation of a water column as 
a consequence of permeation with a hydrophobic nanoparticle 
hinders undesirable ion transport across the membrane. Overall, 
we observe that full recovery of the membrane is least likely with 
a nanoparticle functionalised with hydrophobic ligands.

Both the PEGylated spherical gold nanoparticle and gold 
nanorod have the same core volume, but the grafting density 
differs as mentioned previously, due to the shape of the gold core. 
We examine the water leakage for the PEGylated AuNR where 
the initial tilt angle is 90°. We see in Figure 30 that a greater 
number of water molecules enter the hydrophobic interior dur-
ing the permeation of the PEGylated gold nanorod compared 
to a spherical nanoparticle. It is expected that permeation with 
a PEGylated gold nanorod results in higher numbers of water 
molecules penetrating the hydrophobic membrane interior; since 
the PEGylated nanorod disturbs both the top and bottom mem-
brane leaflet while lying down, it allows more water molecules to 
enter the membrane interior. As shown in Figure 30, there is a 
slight increase in water molecule penetration before the nanorod 
enters the membrane; this occurs since the nanorod not only 
lies down on the membrane before entry, it also disturbs the 
lipid head groups in the top leaflet in the process of changing its 
orientation towards lying down. This results in water molecules 
entering the membrane interior even before the leading edge of 
the nanorod has travelled past the first membrane leaflet (indi-
cated by the vertical dashed line in Figure 30). At the exit stage, 
we observe in both cases that water molecules begin to leave 
the membrane interior as soon as the nanoparticle passes the 
second membrane leaflet (indicated by the second vertical line 
in Figure 30). This is characteristic of PEGylated nanocarriers 
which cause less disturbance to the membrane overall and allow 
for recovery to begin immediately. We notice however that there 
are more water molecules within the membrane interior at this 
stage for the PEGylated nanorod case; this can be attributed to 
the turning of the nanorod upon exit, which does not occur in 
the spherical PEGylated nanoparticle.

During permeation of the PEGylated nanorod, we tracked 
the compartments into which the water molecules eventually 
reached and found that of the approximately 300 water mole-
cules that entered the hydrophobic interior, around 2% of these 

Figure 30.  (colour online) number of coarse-grained water molecules that 
permeate into the hydrophobic membrane interior during permeation of 
PeGylated gold nanoparticles with au cores of identical volume, illustrating the 
effect of aspect ratio. the green dotted lines represent the equilibrated position of 
the phosphate groups in the top and bottom membrane leaflet. each data point 
contains error bars associated with three independent simulations.
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In cases where a nanoparticle is functionalised with hydro-
philic ligands, membrane recovery was observed to occur imme-
diately after the nanoparticle exited the membrane. We found 
that water molecules present in the membrane interior begin 
to leave the membrane as soon as the nanoparticle passes the 
second leaflet. Nanoparticles with larger core diameters, longer 
ligands, and higher surface coverage densities of hydrophilic 
ligands develop larger pores in the membrane due to a larger 
overall size. Nevertheless, we observed that even in cases with 
high surface coverage and long ligands, membrane recovery was 
successful for nanoparticles with hydrophilic ligands. Lipid mol-
ecules complete the flip-flop events and are not dragged into the 
bulk solution; unlike in the case of the hydrophobic nanoparti-
cle. Ion penetration rarely occurs since the membrane recovery 
occurs immediately and water and ion molecules present in the 
membrane interior are expelled to the aqueous compartments. 
With the exception of lipid flip-flop events, we have determined 
that nanoparticles functionalised with hydrophilic ligands are 
less damaging in comparison to those protected by hydropho-
bic ligands and should be considered viable candidates for drug 
delivery applications.

We found that nanorods protected with hydrophilic ligand 
groups undergo rotational behaviour where, irrespective of the 
initial orientation of the nanorod to the membrane, a ‘lying down 
and then straightening up upon exit’ permeation pathway occurs. 
Similar to their spherical counterparts, they do not remove lipid 
molecules from the membrane leaflets and also allow for mem-
brane recovery to occur. Larger numbers of water molecules 
enter the membrane as a consequence of permeation with nano-
rods, in comparison to spherical nanoparticles; however, they are 
still practical candidates for biomedical applications since the 
hydrophilic ligands permit permeation with little or no damage 
to the lipid membrane.

In conclusion, molecular dynamics simulations are an essen-
tial tool for the understanding of the molecular-level events 
accompanying adsorption, permeation, and possible entrap-
ment/accumulation of small molecules at/into soft matter sur-
faces. Experimentalists designing nanocarriers for drug delivery 
can use the results from our simulations when considering devel-
opment of nanoparticles protected with biocompatible hydro-
philic ligand groups that can aid in the non-disruptive movement 
of the nanocarrier in vivo.
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