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ABSTRACT
PEGylated gold nanorods are widely used as nanocarriers in targeted drug delivery and other
nanotechnology applications due to the special optical and photo-thermal characteristics of gold
nanorods. In this work, we employ coarse-grain molecular simulations to examine the pathway by
which PEGylated gold nanorods enter and exit a dipalmitoylphosphatidylcholine lipid bilayer mem-
brane and follow the behaviour of the system to investigate the consequences. We find that PEGy-
lated gold nanorods rotate during permeation, lying down and straightening up as they make their
way through the lipid membrane. We find that this rotational behaviour, irrespective of the initial
orientation of the nanorod with respect to the membrane normal, is concomitant with the chang-
ing interactions of polyethylene glycol (PEG) beads with lipid head beads in bothmembrane leaflets.
For a nanorod with hydrophilic ligands, such as PEG, lying down appears to be driven by favourable
hydrophilic interactions with the phosphate and choline groups of the lipid. Mobility of the ligands
offers mechanisms for these favourable interactions and for minimising unfavourable interactions
with the hydrophobic lipid tails that constitute the inner section of the membrane; the PEG ligands
can stretch out to reach the phosphate and choline groups of both leaflets and they can coil in and
interactwith each other and avoid the alkane lipid tails. Recently developed experimental techniques
for imaging, orientation, and rotation of single gold nanorods may be able to observe this predicted
rotational behaviour. We find that lipid flip-flop mechanisms do not differ significantly from a spher-
ical gold nanoparticle to a gold nanorod, and PEGylated gold nanorods like their spherical counter-
parts do not remove lipid molecules from the bilayer membrane. Our results should be of interest to
experimentalists who plan to use functionalised gold nanorods in biomedical applications.

1. Introduction

The diversity of nanomaterials available to the drug deliv-
ery industry has given rise to nanoparticle carriers that
vary in size, shape, chemical functionality, and surface
charge, among other properties [1–3]. Several classes
of nanoparticles have been found to serve as efficient
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therapeutic carriers for targeted drug delivery. In par-
ticular, gold nanoparticles (AuNPs) provide the special
advantages of ease of preparation and of modification of
the surface with many functional groups, in addition to
desirable optical properties that provide opportunities for
thermal heating and imaging. Gold cores functionalised
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by polyethylene glycol (PEGylation) have a hydrophilic
protective layer that helps to prevent the absorption of
opsonin proteins, thereby limiting their recognition and
clearance by macrophages, which in turn prolongs their
lifetime in the circulatory system (thus was coined the
term ‘stealth character’ conferred by PEGylation) [4,5].
PEGylated AuNPs have been investigated in in vitro and
in vivo studies for potential applications [6,7]. Wang et al.
have demonstrated that PEG-AuNPs markedly accumu-
late by approximately 25-foldmore in tumour tissues than
in normal muscle tissue [8]. Therefore, PEG-AuNPs have
valuable applications in enhancing X-ray tumour imag-
ing and radiotherapy and have a great potential for cus-
tomised cancer therapy [9,10]. For example, the possibil-
ity of biologically specific X-ray imaging in living ani-
mals is indicated by the report on PEGylated AuNPs
conjugated to anti-CD4 monoclonal antibodies that pro-
vides molecularly selective X-ray contrast enhancement
of peripheral lymphnodes in livingmice by Eck et al. [11].
Although PEGylated AuNP have been shown to have
very low cytotoxic effect on many cell lines [12], Huang
et al. have demonstrated that PEGylated AuNPs induce
apoptosis in a particular type of leukaemia cells, human
chronic myeloid leukaemia cells. Their results indicated
that PEG-AuNPs markedly inhibited the viability and
impaired the cell membrane integrity of these cells. The
particles caused morphological changes and other indi-
cators typical of cell death [13]. In a recent review arti-
cle [14], the delivery process of nanoparticles into cells
was explained in detail. Nanoparticles inserted into the
human body will make contact with proteins and other
cells present, including phagocytic cells, which remove
foreign bodies from the bloodstream. Once the nanopar-
ticle has escaped the clearance by the immune system, it
will reach the targeted tissues or cells and ultimatelymake
contact with the cell membrane first. Accordingly, it is
necessary to assess the damage functionalised nanocarri-
ersmay cause tomembranes of non-targeted cells present
in vivo since loss of integrity to cell membranes can result
in cytotoxic environments and cell apoptosis.

Shape is an important property of nanoparticles and
it is believed that shape can play a role in therapeutic
delivery processes [15]. Gold nanorods (AuNRs), rod-
shaped AuNPs, have been featured prominently in new
therapies. Blood vessels located near tumours have tiny
pores just large enough for the NRs to enter; NRs accu-
mulate in the tumours, and within three days, the liver
and spleen clear any that do not reach the tumour [16–
18]. Furthermore, AuNRs have unique optical proper-
ties different from spherical AuNPs [19,20]. That is, they
show two surface plasmon bands corresponding to the
transverse and longitudinal surface plasmon bands in
the visible (∼ 520 nm) and the near-infrared (NIR)

regions, respectively. The longitudinal band has a sub-
stantially larger extinction coefficient than the transverse
band. Thus, AuNRs are unusual materials with an intense
surface plasmon band that affords absorption, fluores-
cence [21,22], and light scattering [23,24] in the visible
and NIR region, and inducing two-photon luminescence
[25].

Plasmon-resonant AuNRs, which have large absorp-
tion cross-sections at NIR frequencies, are excellent
candidates as multifunctional agents for image-guided
therapies based on localised hyperthermia. Hyperther-
mia, in which biological tissues are exposed to higher
than normal temperatures, is currently under consid-
eration as a non-invasive approach to cancer therapy,
since tumour cells are considered to be more suscep-
tible to hyperthermic effects than healthy cells due to
their higher metabolic rates. Numerous clinical studies
have demonstrated a marked reduction in tumour size
after treatment by localised hyperthermia. One promis-
ing approach is to introduce photo-thermal agents in
the form of anisotropic (NR) AuNPs, which can support
plasmon resonances with very high absorption cross-
sections at near-IR wavelengths [26–29]. Another appli-
cation of AuNRs is in imaging. Emitting two-photon
luminescence signals that are sufficiently intense for
single-particle detection, due to their large two-photon
absorption cross sections at longitudinal plasmon reso-
nance, permits the direct imaging of NRs in biological
samples.

To apply AuNRs to medical fields including tumour
imaging, photothermal therapy, gene delivery, and drug
delivery, efficient delivery of NRs to a specific site after
systemic injection is key. For the targeted delivery in
vivo, a ‘stealth character’ is required, as mentioned above,
which is provided by PEGylation. AuNRs modified with
polyethylene glycol (PEG)were prepared for the first time
by Nidome et al.; they then evaluated its cytotoxicity in
vitro and bio-distribution after intravenous injection into
mice. In this study, PEG-modified AuNRs were found
to have long lasting circulation in the blood [30], and
low cytotoxicity (although the conditions under which
this is true is still under debate), an essential property
for medical application. From analysis of biodistribu-
tion of AuNRs after intravenous injection, PEG-modified
AuNRs were found stably circulating in blood with a
half-life of approximately 1 h, and there was no accu-
mulation in major organs except for the liver at least
for 72 h. Using PEG-coated AuNRs, Lin et al. quantita-
tively evaluated the ability of nanoparticles to penetrate
and accumulate in sarcomas through passive targeting
mechanisms. They demonstrated in a genetically engi-
neered mouse model of sarcoma, which accurately mim-
ics the human disease in terms of structure and biology,
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that PEG-NR-mediated photothermal heating results in
significant delays in tumour growth with no progression
of the cancer in some instances [31,32].

These applications provide our motivation to consider
themechanism by which PEGylated AuNRs interact with
and permeate a model membrane. Our previous stud-
ies have focused on understanding permeation of a lipid
bilayer by a spherical AuNP decorated with alkanethiol
ligands [33] and more recently, PEG ligands [34], which
improve the stability and solubility of the functionalised
nanoparticle in vivo [35–37]. In the current study, we
investigate the mechanism of penetration of PEGylated
NRs, designed so the core has the same volume as the
core of the spherical PEG-AuNPs used in our previous
study, into the lipid membrane bilayer, the dependence
of the permeation pathway on the degree of alignment of
the NR axis with the normal to the bilayer, and the con-
tribution of the interactions between the sites represent-
ing the hydrophilic PEG and all components of the lipid
molecules including the hydrophilic phosphate, choline,
and glycerol heads and the hydrophobic tails of the lipids
in the bilayer membrane to the permeation process. Our
results may be of interest to biomedical engineers and
other experimentalists who intend to utilise AuNRs with
biocompatible surface modifications for a variety of drug
delivery applications.

2. Methods

2.1. Coarse-grainedmodel

In order to study the behaviour of PEGylated NRs as they
permeate lipid membranes, we utilise molecular dynam-
ics simulations or ‘computer experiments’ for the inves-
tigation. We have used a coarse-grained (CG) represen-
tation of a dipalmitoylphosphatidylcholine (DPPC) lipid
bilayer for a model membrane [38], and a CG model of
PEG represents the ligands in our functionalised AuNR
[39]. DPPC phospholipids membranes are validated
against experiments frequently in molecular dynamics
simulations [40,41] and are of interest to research groups
since they hold biological importance acting as an inte-
gral part of pulmonary surfactants [42] and other enti-
ties such as lipid rafts [43]. DPPC is fairly rigid main-
taining a tightly packed orientation compared to other
phospholipid bilayers [44]; our studies on DPPC phos-
pholipid bilayers can aid experimentalists in understand-
ing effects of nanoparticle permeation on other phospho-
lipid bilayers of similar rigidity. CG models differ from
atomistic representations where each atom is treated as
an interaction site. In CG models, the degrees of free-
dom in a system are reduced by grouping small clus-
ters of atoms into one interaction site. The reduction of

number of interaction sites allows CG simulation mod-
els to be more efficient than atomistic simulations as
they permit longer time scales for study. CG molecular
dynamics simulations have been used frequently to study
various biomolecular systems, many of which are larger
than the one in the present study [45,46]. The behaviour
of PEG molecules in solvent has been explored using
molecular dynamics as well [47–49].

We adopt the MARTINI CG force field developed by
Marrink et al. [50] and use their interaction parameters
between sites in our system. The MARTINI CG force
field has been established to accurately reproduce semi-
quantitatively the fundamental structural and thermody-
namic properties of biomolecules such as proteins and
amino acids as well as lipid membranes [51]. CG mod-
els cannot reproduce all details that can be elucidated
at the atomistic level however for the permeation conse-
quences that we are exploring, the results from the CG
level details can be considered a realistic representation.
Previously, we showed that the lipid translocation mech-
anism observed as a consequence of AuNP permeation
is the same mechanism observed in atomistic simula-
tions by Gurtovenko and co-workers [52,53]. In addition,
several groups have employed the MARTINI model to
study PEG and the interaction of PEG and PEO polymers
with lipid molecules and found good agreement with
experimental studies [54–56]. Our present lipid bilayer
and PEGylated AuNR system contains charged, bonded,
and non-bonded interactions, all, which are characterised
with unique interaction parameters specific to the type
of interaction site. The MARTINI CG force field con-
sists of a comprehensive library of pre-tested interac-
tion parameters depending on four types interaction sites;
polar (P-type), non-polar (N-type), apolar (C-type), and
charged (Q-type). We assign MARTINI P4-type interac-
tions sites for water molecules and C5-type for the gold
atoms. We use the traditional MARTINI model for water
where four water molecules are mapped as one CG water
bead. Particle pairs which are designated as having non-
bonded interactions are described by a shifted Lennard-
Jones (LJ) potential energy function. Most non-bonded
particle pairs in the MARTINI CG model are typified
with an effective distance of σ ij = 0.47 nm, while inter-
actions between charged or apolar-type sites are charac-
terised with an effective distance of σ ij = 0.62 nm. ϵij, the
LJ potential well depth, is an adjusted parameter based
on the type of interacting particle pairs where ϵij = 2.0–
3.1 kJ/mol is designated for interactions between polar
and non-polar site types. Particle pairs considered to be
non-polar or strongly polar as with aliphatic chains are
described by ϵij ranging from 3.5 to 5.6 kJ/mol.

Interactions between charged particle pairs are mod-
elled using the shifted Coulombic potential energy
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function. We neglect long-ranged electrostatic pairwise
interactions beyond 1.2 nm. In the MARTINI CG force
field, interactions between bonded particle types are char-
acterised with the weak harmonic potential energy func-
tion described.

Our systems include bonded interaction sites that
describe complex chemical structures and must include
bond angles and dihedral angle information to more
accurately represent the bond configuration. Bond angles
are characterised by a weak harmonic potential function
of cosine type where

Vangle(θ ) = 1
2
Kangle[cos(θ ) − cos(θ0)]2, (1)

and dihedral interactions between quadruplets of atoms
such as in PEG are represented in theMARTINICG force
field by a dihedral potential function.

In our simulations, we use a methyl-terminated form
of PEGn (often referred to as Peon) which contains ‘n+1’
number of CG beads compared to PEGn with only ‘n’
number of CG beads as described by the MARTINI
model. The original CG model of PEG and PEO devel-
oped by Lee et al. [57] considered a harmonic poten-
tial function with angle potential of the cosine-type
[Equation (1)] and force constant of 85 kJ/mol. More
recently, it was determined by Lee and Pastor [58] that
numerical stability improved when an alternative poten-
tial function described by Equation (2) was used with a
force constant of 50 kJ/mol,

Vangle (θ ) = Kangle [θ − θ0]2. (2)

Thus, we use Equation (2) rather than Equation (1), and
validate our modification against the original MARTINI
model. Critical parameters that have been used custom-
arily [59] to describe behaviour of polymers are radius of
gyration Rg and root mean square end-to-end distance
(<Ree>). In the original CG MARTINI model of PEG
[57], single PEG chains of different lengths were each
placed in a 10 × 10 × 10 Å simulation box with approxi-
mately 9200 previously equilibrated CG water molecules.
The simulation was run for 400 ns at 296 K and pres-
sure wasmaintained at 1 bar with the isothermal-isobaric
(NPT) ensemble time integrator. In obtaining the Rg and
<Ree> values, data were averaged from four simulations
with different initial conditions with the first 20 ns of data
omitted. We repeated these particular simulations for a
PEG9 chain with the updated parameters and Equation
(2) and obtained Rg and <Ree> of 6.4 Å ± 0.03 and
14.69 Å ± 0.17, respectively, which are in acceptable
agreement with their original values of 6.3 Å ± 0.1 and
15.7 Å ± 0.1, respectively.

2.2. Simulated PEGylated NRswith various lengths
of PEG

As in our previous studies where a 3.0 nm in diameter
AuNP was obtained by cutting a nearly spherical struc-
ture from a bulk face-centred-cubic (FCC) lattice of gold
atoms, we have cut a cylindrical rod from the same FCC
lattice of gold atoms to construct an AuNR. For compar-
ison with our previous work [34], we choose the volume
of the NR core to be identical to the spherical core. Thus,
we use an AuNR which has the same volume as that of
the 3.0 nm diameter spherical AuNP with aspect ratio
of 2.2. Aspect ratios of AuNRs synthesised experimen-
tally for biomedical applications range from1 to 5 [60,61].
We use the same procedure as for our previous work
[34] to condense the PEGn-SH ligands onto the surface
of the NR, i.e. a cycled annealing simulation procedure,
where the AuNR was immersed in polymer melts, mim-
icking experimental studies where polymer nanocom-
posites containing polystyrene or polyethylene oxide are
doped with nanoparticles or NRs [62–66]. In principle,
the interaction parameters of Au atoms on the surface of
a NR should depend on the number of nearest Au neigh-
bours the atom has. For a sphere, all Au surface atoms are
equivalent but for a NR this is not true. The majority of
the Au atoms are on the curved cylinder wall but the Au
atoms, which constitute the bases, and the circular edges
are not equivalent to the former. For simplicity, we ignore
such subtleties and assign the same interaction parame-
ter for the Au atoms on the surface as we have used for
the spherical core AuNP. In accordance with our previ-
ous work in constructing a PEGylated AuNPwith various
lengths of PEG, we employed the same cycled annealing
protocol for to the AuNR, starting with PEG3-SH ligands
and obtained a PEGylated AuNR with coverage density
of 2.01 ligands/nm2. We previously demonstrated that it
is not accurate to assume that coverage density is inde-
pendent of ligand length [34]. Subsequently, it has been
found in experimentally synthesised PEGylated nanopar-
ticles that the coverage density of PEG on functionalised
nanoparticles decreases as the chain length or molecular
weight increases [67]. Experimental work by Rahme et al.
[68] corroborated these findings where it was observed
that the grafting density of the mPEG-SH ligands on a
sphericalAuNP15nm indiameter decreased from3.93 to
0.31 PEG nm−2 as the molecular weight of the ligands
increased from 2100 up to 51400 g mol−1, respectively.
Rahme et al. attributed this to increased steric hindrance
and polymer conformational entropy with increase in the
PEG chain length.

After repeating the cycled annealing procedure with
our replacement technique (described in detail in our
previous work [34]), we obtained PEG6, PEG12, and
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PEG18 AuNR’s with coverage densities of 1.54, 0.88, and
0.56 ligands/nm2, respectively, which are lower than the
coverage densities of the respective spherical AuNP of
the same core volume. Our PEG6 and PEG12 spheri-
cal AuNPs had somewhat higher surface coverages of
1.66 and 1.06 ligands/nm2, respectively. Indeed, PEGy-
lated AuNRs (with aspect ratio of approximately 3.6) syn-
thesised experimentally under the same conditions have
been found to have much lower coverage densities over-
all than their spherical counterpart AuNPs (e.g. 0.052
ligands/nm2 compared to 1.63 ligands/nm2, respectively)
[69]. However, Kinnear et al. utilised a two-step reaction
to synthesise a PEGylated AuNR of aspect ratio 3.2 with
higher surface coverage of 0.89 ligands/nm2 [70]. It has
been rationalised that smaller NRs such as this exhibit
higher surface curvature and can allow for increased lig-
and packing to occur on the surface due to reduced
steric contacts between grafted polymers [71,72]. For our
permeation studies, we choose the PEG12 and PEG18
AuNRs since both have grafting densities comparable to
Kinnear’s experimental values.

After cycled annealing, we introduced the equilibrated
PEG12-NR and PEG18-NR into a simulation box with
previously equilibrated water molecules by removing the
water molecules that would have overlapped with the
nanoparticle. We then equilibrated the PEGylated NRs
in this system for 200 ns in order to allow the PEG lig-
ands to explore multiple conformations. Similar to our
work on spherical PEGylated AuNPs [34], we observed
the PEG ligands to exhibit a distribution of configurations
from coiled close to the nanoparticle surface to stretched
out away from the nanoparticle. In the nanoparticle melt,
a majority of the PEG ligands are stretched out while a
few remain coiled close to the nanoparticle surface; in the
presence ofwatermore PEG ligands are found to be coiled
while few are found to be stretched out.Other groupswho
have simulated PEG itself in water utilising polarisable
watermodels have also observed coiling of PEGpolymers
[73].

2.3. Simulation of permeation of a PEGylated AuNR
in a lipid bilayermembrane

The lipid bilayer membrane system is 12.8 × 12.6 ×
30.0 nm in size and consists of a DPPC membrane with
512DPPCmolecules and approximately 33,600 CGwater
molecules. In previous investigations, we have observed
that this lipidmembrane self-assembles from an isotropic
solution of DPPC lipid molecules and water in a CG
simulation at 323 K [74]. It is known that the MAR-
TINI force field and CG type simulations accelerate and
influence the self-assembly process however, lipid mem-
brane self-assembly is a realistic process that occurs

spontaneously in biological systems [75,76]. Properties
of this self-assembled DPPC lipid bilayer, e.g. thickness
of the membrane and area per lipid are in good agree-
ment with experimental measurements, which validates
the efficacy of the CG model to represent a lipid mem-
brane [74]. Experimental investigations of permeation in
lipid membranes have utilised phospholipid molecules
maintained on solid supports that mimic the role of
the extracellular membrane matrix in vivo [77]. Conse-
quently, to replicate these experimental permeation stud-
ies more closely in our molecular simulation, we teth-
ered roughly 8% of the boundary lipid molecules (1 nm
from the edge of the membrane) to their initial position
using a harmonic spring force. Tethering a small num-
ber of the boundary lipid molecules ensures that the lipid
membrane does not translate during simulated nanopar-
ticle permeation.

Wehave used external forces in the range of 70–500 pN
to drive the permeation of functionalised nanoparticles
into the lipid membrane. These applied external forces
are significantly smaller than the forces present between
nanoparticles and cell membranes (50–1200 pN) [78]
and between nanoparticles (0–12 nN) [79]. Our com-
putational experiments mimic real biomedical applica-
tions of targeted drug delivery methods where AuNRs
are injected intravascularly for therapeutic applications
[80,81]. The typical flow velocity in an artery ranges from
0.15 to 0.2 m/s where nanocarriers that are 10–100 nm
in diameter can readily be transported during blood cir-
culation [82–84]. Velocities explored in our studies are
three times smaller than typical flow velocities of particles
carried in the bloodstream and thus our computational
experiments represent realistic scenarios where nanocar-
riers may come in contact with biological media and pen-
etrate lipid membranes during circulation in vivo. The
thermal velocities of lipid, water, and ionmolecules in our
system range from 96.6 to 334.5 m/s and 3.0 to 4.0 m/s
for functionalised nanoparticles. The nanoparticle veloc-
ities examined (resulting from applied forces) are several
orders of magnitude smaller than these thermal veloci-
ties.

In our simulations, we will examine a PEGylated
AuNR pulled (by its centre-of-mass) across the lipid
membrane under constant velocity, effectively represent-
ing an experiment where a functionalised AuNR per-
meates from the extracellular (Figure 1 compartment
1) to the intracellular space (Figure 1 compartment 2).
All permeation simulations in the present work were
performed using the LAMMPS [85] simulation pack-
age where a time-step of 10 fs was employed and a
Langevin thermostat was applied with a NVE ensemble
time integrator to maintain the temperature at 323 K. We
realise the functionalised NR is quite large andmay cause
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Figure . (Colour online) DPPC lipid bilayer membrane simulation system for investigation of PEGylated gold nanorod permeation from
() the top compartment to () the bottom compartment across the lipid bilayer membrane where the initial angle to the membrane is
varied by (a) Method (A) = °, (b) Method (A) = °, (c) Method (A) = °, and (d) Method (A) = ° and (e) Method (B) = °
(blue= choline, orange= phosphate, red= glycerol, green= lipid tails, white=water, gold= nanorod core, pink= PEGn-SH ligands).

strong disruptions to the lipid membrane however, our
membrane only occupies approximately 20% of the total
system volume and therefore, we believe it is not sensi-
tive to microcanonical (NVE) ensemble chosen for our
studies.We had previously explored consequences of per-
meation such as water leakage and lipid flip-flop, which
have been observed in simulations with the NVE ensem-
ble time integrator, however others have explored water
pore formation and ion leakage and lipid flip-flop using
the NPT ensemble time integrator [86]. Our model sys-
tem mimics a solid supported membrane for which the
NVE ensemble type integrator is more appropriate.

There are unique aspects to permeation by a NR par-
ticle that differ from permeation by a spherical core
nanoparticle. The most significant is the entry angle, the
initial angle between the NR long axis and the membrane
surface. In our simulations, the centre-of-mass of the NR
is moved at a constant velocity towards the membrane
surface; this allows the NR to rotate about its centre-of-
mass during the simulation. One approach, Method (A)
[Figure 1(a)–(d)] is moving the centre-of-mass of the NR
along the direction normal to the membrane surface; we
vary the initial angle of the NR axis relative to the mem-
brane to explore the effects of the initial angle on per-
meation. In another approach, Method (B) [Figure 1(e)],
we fix the ratio of the normal and transverse veloc-
ity component that is used to move the centre-of-mass
towards the membrane surface, while keeping the abso-
lute velocity constant, again permitting rotation about the

centre-of-mass. We investigate various velocity vectors
for the translation of the centre-of-mass to see the effect
on the permeation event. For each of these methods, we
explore a range of constant velocities and a selection of
initial angles for Method (A) and a selection of pulling
velocity vectors, starting with 45°, forMethod (B). Exper-
imental studies indicate that the entry angle of PEGylated
NRs relative to the lipid membrane surface affects their
internalisation rate [87]. In our studies, we investigate the
molecularmechanismbywhich this dependence on angle
of entry occurs.

In all simulations, the rigid NR is pulled at a con-
stant velocity by its centre-of-mass. This method allows
the NR to rattle during permeation of the membrane and
rotate according to forces in the system. This represents
the most natural way of penetrating the membrane as
opposed to artificially holding the NR at 0° to the mem-
brane throughout the process and not allowing it to fluc-
tuate freely. The PEG ligands attached to the NR are flex-
ible and move freely throughout the permeation.

In Method (A), we varied several parameters to com-
pare permeation of the PEGylated AuNRs.We tested sev-
eral translation velocities of 0.05, 0.075, 0.1, and 0.2 m/s,
which will be referred to as V1, V2, V3, and V4, respec-
tively. These velocities are the same magnitude veloci-
ties studied with our spherical PEGylated NP. We varied
the initial orientation of the NR in the system by choos-
ing the various initial tilt angles of the axis of the core
NR relative to the normal to the membrane surface. In
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Figure 1, we show snapshots of the starting points for
our systems where we vary the starting tilt angle of the
NR axis at 0°, 10°, 45°, and 90° (parallel to the mem-
brane). In the subsequent figures, these initial angles for
the PEG18-NR will be referred to as A0, A1, A2, and A3,
respectively. In Method (B), we studied a system where
the PEG12-NR tilted at 45° is placed near the left bound-
ary of the system [Figure 1(e)] and pulled at a constant
absolute velocitywhilemaintaining the angle of the veloc-
ity vector at 45° (this is referred to as B2 in the subsequent
plots). Our findings fromMethod (A) demonstrated that
the permeation pathways of PEG12-NR and PEG18-NR
were similar and thus chose to study only the PEG12-NR
byMethod (B). Our focus in the present work is on inves-
tigating the accessible routes of penetration of a PEGy-
lated NR given various possibilities for entry angle, and
not on comparing effects of grafting densities and ligand
lengths on certain consequences of permeation, since we
have already investigated these in our previous work on
spherical PEGylated AuNPs [34].

3. Permeation pathway of PEGylated NRs
through a lipid bilayer membrane

Our results provide a consistent scheme for the perme-
ation pathway of a PEGylated AuNR through a lipid
bilayer membrane. The trajectories resulting from our
simulations clearly show similarities irrespective of entry
angle, but also differences. We summarise the observa-
tions of the change the change in the angle of tilt of the
axis of the NR relative to the z-axis, the normal to the
plane of the membrane surface for the smallest pulling
velocity in Figure 2. In this figure, we have arbitrarily
chosen to denote the entry and exit of the NR by mark-
ing with vertical pink dashed lines the times at which
the centre-of-mass of the PEGylated NR is 2.0 nm above
from the topmembrane leaflet and later, when it is 2.0 nm
below the bottom membrane leaflet.

We see that in the simulations with starting tilt angles
of 0°, 10°, 45°, and 90°, the tilt angle progresses from
the initial value through a series of changes that passes
through or close to 90° (lying down, indicated by the
green dashed line in Figure 2) and, eventually, as the
NR exits the lower leaflet of the membrane, it begins to
straighten up. The tilt angle upon exit can be close to 0°
or 180° (signifies a half rotation-flip of top and bottom
flat areas), that is, the NR sometimes exits pointing up or
down. Cartoon representations of the orientation of the
NR in three-dimensional space during the permeation
event is given in Figure 3, where we show the trajectories
of a NR starting from various angles upon approach to
the membrane surface. The arrow representing the func-
tionalised NR in Figure 3(a)–(e) is the line through the

centre of the AuNR core along its length. The trajectory
can be considered as a sequence of three events: the NR
is adsorbed, engulfed, then released by the membrane.

We see in Figure 2 only the change in the tilt angle rel-
ative to the normal to the membrane surface (x–y plane),
while in Figure 3, we see that the rod also turns in the x–
y plane during the permeation process. For Figures 2–8,
we have chosen to illustrate only the results obtained for
the lowest velocity, which provides sufficient time for the
interactions between the ligands and the lipids to direct
the NR. However, the trajectories at higher pulling veloc-
ities (not shown) are similar to those in Figure 3. The car-
toons in Figure 3 each represent only one example of a tra-
jectory of the PEGylatedNR through the lipidmembrane;
it is clear fromFigure 2 that there are a variety of pathways
available to the NR during the permeation. Nevertheless,
every trajectory [from both Method (A) and (B)] passes
through a lying down orientation at or close to 90° and
straightening up upon exit at or close to 0° or 180°, not
only in these examples at a pulling velocity of V1 = 0.05
m/s but also for all other pulling velocities used in this
study for up to 0.2m/s. ForMethod B, the direction of the
velocity vector (at 45°) pulling the centre-of-mass leads to
a more consistent exit angle of 180°.

In the cartoon trajectories shown in Figure 3 and the
snapshots from Figures 4–8, we notice a theme followed
in the permeation pathway of a NR; As the PEGylated NR
enters the membrane, we observe that it tilts even further
until it is almost parallel to the plane of the membrane;
this occurs as soon as the leading PEG ligands start to
interact with the lipid head groups. Upon exiting from
the membrane, the NR begins to straighten up along the
membrane normal as the trailing PEG ligands interact
with the lipid head groups from the bottom layer of the
membrane.

It appears that the tilting of theNRoccurs so as tomax-
imise the favourable hydrophilic interactions between the
PEG ligands and lipid head groups. At the time noted
by the first pink dashed line, the PEG ligands of the NR
have begun to interact with the hydrophilic phosphate
and choline beads, causing the NR to lie down and the
tilt angle to increase close to 90°, as seen in Figure 2, to
enhance the favourable hydrophilic interactions. At the
time of the second pink dashed line in Figure 2, the PEG
ligands are slowly leaving the membrane with the NR
and consequently the NR is straightening up on exit, i.e.
a tilt angle close to 0° or 180°. We illustrate the path-
way, driven in part by hydrophilic interactions of the per-
meating NR, by highlighting in blue those interactions
sites on the ligand-coated NR that are within 1 nm of
the choline and/or phosphate groups in the molecular
snapshots in Figures 4–8. The cut-off for the shifted LJ
potential in our simulations is 1.2 nm. With the patch of
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Figure . (Colour online) The tilt angle from the z-axis (normal to the membrane surface) of the nanorod axis is shown for each starting
angle (a) A = °, (b) A = °, (c) A = °, (d) A = °, and (e) B = ° at zero time. Data from three independent simulations are
shown as individual runs. The horizontal green dashed 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 vertical pink dashed lines represent the time when the centre-of-mass of
the PEGylated nanorod is . nm above from the top membrane leaflet and later, when it is . nm below the bottommembrane leaflet.
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Figure . (Colour online) Cartoon representation of permeation of PEG-NR in the lipid bilayer membrane at V= . m/s and various
initial angles. The green planes represent the equilibrated position of the phosphate groups in the top and bottom membrane leaflets.
Initial angles are (a) A= °, (b) A= °, (c) A= °, and (d) A= ° and (e) B= °. The cartoons correspond to the snapshots from
Figure  (A), Figure  (A), Figure  (A), Figure  (A), and Figure  (B). Each arrow is at  ns intervals starting with  ns. The isometric
view has been adjusted depending on which viewpoint gave the clearest three-dimensional picture of the permeation pathway for the
functionalised nanorod.
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Figure . Molecular snapshots of permeation of PEG-NR in the lipid bilayer membrane at V = . m/s and initial angle of A = °
where pink = choline, green = phosphate, yellow = AuNR core, white = PEG-SH ligands, and blue = PEG beads within . nm of
choline and phosphate molecules. The cartoon in Figure (a) shows this particular trajectory.

blue on the NR surface constituting the number of ligand
beads favourably interacting with hydrophilic choline
and/or phosphate heads, we can follow in Figures 4–8, the
progress of attractive interactions that favour the NR tak-
ing a position parallel to the plane of the membrane, dur-
ing the permeation process shown in the corresponding
cartoons in Figure 3(a)–(e).

We now report the details (Figure 5) of a typical mech-
anism of permeation of the PEGylated AuNR (at 10°
angle to themembrane normal) in the DPPC lipid bilayer
membrane with PEG18-NR at constant velocity of 0.05
m/s. Figure 5 shows that the NR axis tends to lie down
parallel to the membrane surface at the same point in the
trajectory where the blue hydrophilic patch grows in area.
The NR axis begins to straighten up along the normal as
the ligands on the NR begin to interact with hydrophilic
groups in both the top and bottom leaflet, as seen in the
larger areas of blue patches developing. Finally, the axis is
nearly along the normal as theNR leaves, with the leading
end of the NR concomitantly losing its blue patches. We
observe this tilting and lying down behaviour of the axis
of theNRduring the permeation at all velocities (V1–V4),
with the only difference being the exit from the mem-
brane, where at higher velocities the NR will straighten
up earlier in the trajectory as it exits the second leaflet.
At lower velocities, the NR has more time to interact with

lipid head groups from both the top and bottom leaflets
and thus takes longer to straighten up and leave themem-
brane.

In Figures 6 and 7, we present molecular snapshots of
permeation of the NR with initial angle of 45° away from
the normal and 90° (parallel to the membrane), respec-
tively. These correspond to the cartoon representations
showing the tilting behaviour of the axis of the NR, in
Figure 3(c) and 3(d), respectively.

For the permeation with initial angle of 45° from the
normal to the surface, we see in Figure 6 that the NR
begins to tilt toward the membrane surface even before
permeating the first bilayer leaflet. The attractive interac-
tions between the PEG18 beads and the phosphate and
choline head groups causes the NR to lie in such a way
that a large number of PEG18 beads (blue patches) are
interacting with the lipid head groups. We see this also in
Figure 6 where the leading PEG18 ligands begin to inter-
act with the first bilayer head groups even before perme-
ation of the top leaflet occurs. We see in both examples in
that the PEGylated NR will straighten out before exiting
the second membrane leaflet, as shown in the cartoons of
Figure 3(c) and 3(d), respectively.

For NRs permeating with initial angle of 45° or higher,
we see in both sets of snapshots (Figures 6 and 7)
that once the PEG beads on the NR start to interact
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Figure . (Colour online) Molecular snapshots of permeation of PEG-NR in the lipid bilayer membrane at V= .m/s and initial angle
of A = ° where pink = choline, green = phosphate, yellow = AuNR core, white = PEG-SH ligands, and blue = PEG beads within
. nm of choline and phosphate molecules. The cartoon in Figure (b) shows this particular trajectory.

Figure . (Colour online) Molecular snapshots of permeation of PEG-NR in the lipid bilayer membrane at V= .m/s and initial angle
of A= °where pink= choline, green= phosphate, yellow= AuNR core, white= PEG-SH ligands, and blue= PEG beads within
. nm of choline and phosphate molecules. The cartoon in Figure (c) shows this particular trajectory.
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Figure . (Colour online) Molecular snapshots of permeation of PEG-NR in the lipid bilayer membrane at V= .m/s and initial angle
of A= °where pink= choline, green= phosphate, yellow= AuNR core, white= PEG-SH ligands, and blue= PEG beads within
. nm of choline and phosphate molecules. The cartoon in Figure (d) shows this particular trajectory.

with the lipid head groups, the NR will immediately
lie down along the membrane surface to allow a larger
number of lipid heads and PEG beads to experience
favourable hydrophilic interactions, as seen in the larger
patches of blue on the nanoparticle. The increasing area
of blue patches accompanying the NR axis lying par-
allel to the membrane clearly hydrophilic interactions
of the ligand with the phosphate and choline groups of
the lipids.

We now consider molecular snapshots from Figure 4
of the permeation pathway of a PEGylated NR given no
initial tilt angle. We choose to examine this case last,
given that a NR with no initial tilt angle is the least likely
case where many NRs are penetrating a single membrane
at a variety of entry angles. The cartoon in Figure 3(a)
shows that even when the NR axis starts out not at all
tilted from the normal, the sequence of changes in orien-
tation occurs nonetheless. With the thermal fluctuations
in individual ligand positions, any ligand that gets close
to the membrane surface can attractively interact with
the choline and phosphate head groups, thereby break-
ing the symmetry and initiating a tilt toward a partic-
ular direction. When this happens, it brings the ligands
closer to the choline and phosphate groups, engendering
additional tilting, as indicated by growing areas of blue
patches. Therefore, even when the NR axis starts out at

0° from the normal, this sequence of events makes the
orientation go in favour of increasing hydrophilic inter-
actions (i.e. axis parallel to the membrane surface). Even
when starting from 0°, the cartoon in Figure 3(a) shows a
marked similarity with Figure 3(b)–(d). Thus, even in the
case where the PEGylated NR is given no initial angle, the
NR will still follow the same pathway of permeation; tilt-
ing toward the membrane surface, lying down and then
slowly moving to straighten out before exiting the mem-
brane.

In Method (B), we study permeation of the PEGylated
AuNR by pulling the centre-of-mass at a constant veloc-
ity such that the velocity vectormaintains the angle of 45°
relative to themembrane normal (or z-axis).We label this
B2 (same initial tilt angle of 45° as A2). In Figure 2(e), we
show the angle of the NR relative to the z-axis along the
course of permeation for three independent simulations
for case B2. In Figure 3(e), we see that the NR lies flat on
the surface of the lipid heads as soon as the permeation
begins. As the permeation continues, the NR turns to
straighten out and exit themembrane in the samemanner
as the other cases A0–A3. Figure 8 is a series of molecular
snapshots similar to Figure 6, except that here the velocity
vector pulling theNR is at 45° relative to the normal of the
membrane plane. In this case as well, the NR maintains a
motion that allows it to maximise contacts with the lipid
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Figure . (Colour online) Molecular snapshots of permeation of PEG-NR in the lipid bilayer membrane at V= .m/s and initial angle
of B = ° where pink = choline, green = phosphate, yellow = AuNR core, white = PEG-SH ligands, and blue = PEG beads within
. nm of choline and phosphate molecules. The cartoon in Figure (e) shows this particular trajectory.

head groups in favourable hydrophilic interactions as
seen in the blue patches. Similar to cases A0–A3, the NR
lies down parallel to the membrane surface and eventu-
ally when exiting, straightens up forming an angle close to
180°, as seen in Figure 2(e). In Method (B2), the straight-
ening of theNRoccurs 1.5x faster compared to all cases of
Method (A) since theNR lies downon themembrane sur-
face after 60 ns compared to all cases inMethod (A)where
the NR lies down after 90 ns. This is because the veloc-
ity vector in part facilitates such a rotation. Figure 2(e)
shows that the NR moves through an angle close to 180°
upon exit and in some cases, will continue the perme-
ation pathway (after penetrating the second membrane
leaflet) in a lying down position. This occurs due to the
pulling of the NR at a velocity vector at an angle close
to 45° relative to the membrane normal. For the same
reason, the exit angle for this case is more consistently
180°, unlike the other cases where the exit angle can be
0° or 180°.

In looking at Figures 4–7, we should notice that there is
significant disruption of the phosphate and choline posi-
tions in both top and bottom leaflets observed in the
frames from 120 to 300 ns during the time that the NR is
in transit through the membrane; the z-positions of these
lipid groups indicate awider spread of values compared to
the equilibrated membrane before adsorption of the NR.

Also, we note that after the NR has exited, in the 330 ns
frame, the choline and phosphate positions have already
reverted back to the equilibrium starting positions. We
find this in all cases from Method (A) (Figures 4–7).
In Method (B) (Figure 8), the disruption of the choline
and phosphate groups occurs earlier because the NR lies
down immediately, and the phosphate and choline groups
return to equilibrium by 300–330 ns.

The consistencies in the changes of the blue patches
along the permeation pathway that we have noted for
the various entry angles are more easily seen by aver-
aging over several trajectories for each entry angle. We
show in Figure 9, a quantitative view of the number
of PEG18 beads within 1.0 nm of the phosphate and
choline head groups of the DPPC lipid molecules as the
NR permeates the lipid membrane in cases of Method
(A) and Method (B) averaged over several simulations.
We observe that the number of PEG18 beads interacting
closely with phosphate and choline head groups remains
consistent over a period of about 150 ns from when
the NR has begun the ‘engulfing’ stages up to when it
has begun the ‘releasing’ stages. The lack of a sharp
decrease in favourable interactions along the course of the
permeation demonstrates that the NR continuously
positions itself to maximise interactions with the lipid
head groups while permeating themembrane.We denote
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Figure . (Colour online) Number of PEG beads within . nm of phosphate and choline head groups on DPPC lipid bilayer membrane
along the course of nanorod permeation under initial angles and Method (a) A, (b) A, (c) A, (d) A and (e) B. Each simulation was
carried out with a PEG-NR [for (a), (b), (c), and (d)] and a PEG-NR [for (e)] with velocity of V= . m/s and 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 . nm above from the top membrane leaflet and later, when it is . nm below the bottommembrane leaflet;
these are the same pink dashed lines from Figure .
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by two pink dashed lines in Figure 9, just as in Figure 2,
the approach of the NR to the lipid membrane and the
release of the NR after passing the second membrane
leaflet, respectively. We now associate the tilt angles in
Figure 2, with the number of favourable interactions in
Figure 9: The tilt angle increased after the time of the first
pink dashed line, which is concomitant with larger num-
ber of interactions between PEG beads and phosphate
and choline head groups in Figure 9. After the time of
the second pink dashed line, the straightening of the NR
upon exit (the tilt angle became 0° or 180°) is accompa-
nied by fewer interactions between PEG beads and the
hydrophilic lipid head groups. From Figure 9(a)–(d), it is
clear that the average number of PEG beads interacting
with the NR is similar for all entry angles of Method (A).
In Figure 9(e), the number of lipid head beads interacting
closely with the PEG12-NR are slightly higher than the
average in Figure 9(a)–9(d) due to the larger total num-
ber of ligands on the PEG12-NR compared to the PEG18-
NR (corresponding to the higher coverage density of
0.88 ligands/nm2 for PEG12-NR,whereas PEG18-NRhas
0.56 ligands/nm2), allowing more favourable hydrophilic
interactions to occur.

The rotational behaviour of theNRduring permeation
of the lipid membrane occurs at all velocities and allows
the top leaflet of the membrane to start to recover while
the NR is exiting the membrane. We also note that as the
NR passes within themembrane interior, the PEG ligands
tend to stay close to each other flattening against the NR
instead of interactingwith the lipids, so as tominimise the
unfavourable interaction between the hydrophilic PEG
ligands and hydrophobic lipid tails. This permits the lipid
heads from the top leaflet to return to their equilibrium
position. Upon exit, the NR begins to straighten out (as
seen in the examples in Figure 3); in all cases, theNR exits
the membrane after straightening out, irrespective of the
initial entry angle, at all velocities.

The interaction energy between the PEG beads and
phosphate and choline head groups from the top and
bottom leaflets of the lipid bilayer membrane do indeed
follow the same profiles as in Figure 9. As an exam-
ple, in Figure 10 we show this calculated interaction
energy along the course of NR permeation for initial
angle of Method A1 = 10°. We can see that this fol-
lows a similar profile as in Figure 9(b) where the high-
est interaction energy occurs at 180 ns when the NR
is in the middle of the membrane and PEG beads are
interacting with both leaflets of the bilayer membrane.
Thus, we have shown that the rotational behaviour of
the PEGylated NR, lying down and straightening up in
the process of permeation, is driven by the attractive
interactions between the PEG and the phosphate and
choline groups.

Figure . (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 Method
A = °. 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
. nm above from the top membrane leaflet and later, when it
is . nm below the bottommembrane leaflet; these are the same
pink dashed lines from Figures  and .

Our molecular simulations are of direct penetration
of a membrane by diffusion, permeation, and pore for-
mation, involving only non-specific interactions. A com-
pletely different pathway of internalisation and translo-
cation through a membrane is the process called endo-
cytosis. It is interesting to note that a similar rotational
behaviour (termed ‘laying (sic.) down to stand up’) of
a spherocylindrical nanoparticle has been observed in
simulations of the sequence of events in the endocyto-
sis process of docking, recognition and binding of the
ligands on the NP to the complementary receptors on
the cell membrane surface, wrapping of the NP by the
membrane, and completion of internalisation [14,88–92].
Huang et al. [89] simulated the endocytosis of a sphe-
rocylindrical nanoparticles by a lipid membrane hav-
ing special attraction sites (receptors) as the head beads
of a three-bead lipid, and found that the endocyto-
sis of NRs with no initial angle to the membrane but
with a special attraction site at the tip occurred through
a lying-down-then-standing-up pathway which is sim-
ilar behaviour to what we observe in our simulations.
These endocytosis simulations assigned relatively large
ligand-receptor binding energies of 60 kBT and high
receptor densities in the membrane. Other endocyto-
sis simulations compare PEGylated AuNP systems with
identical nanoparticle surface area but various shapes
such as cubic, rod-, and disc-like [2,93]. These authors
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find that spherical nanoparticles exhibit the fastest inter-
nalisation rate for endocytic uptake by a lipid bilayer
using a H3(T5)2 (H = hydrophilic, T = hydrophobic)
representation of the lipid molecule, and using PEGy-
lated nanoparticles which are CG by one bead per PEG
monomer like ours. When the PEGylated nanoparticles
approach the cell surface, the targeting moieties attached
to each PEG end recognise the receptors and bind with
them, due to the specific ligand-receptor attractive inter-
actions that have been defined in their model. Simulta-
neously, the lipid bilayer starts to bend and wrap around
the PEGylated nanoparticles. Eventually, more and more
receptors diffuse into the membrane-bending region and
bind with the targeting moieties. This stage is mainly
driven by the free energy release from the specific ligand-
receptor binding that was built into the system, accom-
panied by the large bending of the lipid bilayer. The entry
angle is found to play an important role during the inter-
nalisation process in their study. NRs starting at a hori-
zontal docking position internalise in a shorter time than
NRs starting at a perpendicular position since the latter
need extra for time to rotate and lie down for the binding
of targeting moieties with receptors.

The similarity in the rotational behaviour is interesting
to note, but endocytosis is a completely different path-
way for internalisation of nanoparticles than the direct
permeation through the lipid bilayer that our simula-
tions depict. Our model indicates that specific receptors
may not be necessary to include in a dynamic model in
order to observe the rotational behaviour that accom-
pany a NR during the permeation. Note that this rotation
observed in our model is dependent on the choice of lig-
and (hydrophilic) for our AuNR; there would likely be a
different pathway observed had a different type of ligand
(hydrophobic) been implemented for the NR.

4. Consequences of PEGylated NR permeation

4.1. Water leakage

Observations from our previous work as well as those
from other investigators reveal that nanocarriers perme-
ating from the extracellular to intracellular space can
induce defects and pore formation in the membrane,
which facilitates water leakage into the hydrophobic
membrane interior [94,95]. We have defined water pene-
tration in terms of the number of CG water molecules,
originally present in the top compartment of the lipid
bilayer membrane, that are found to have moved into the
hydrophobic interior of the membrane by nanoparticle
permeation. The highly hydrophobic interior of the lipid
membrane is the region extending 0.75 nm in both the
+z and −z direction from the centre of the lipid bilayer

membrane at equilibrium that is composed of the lipid
tails. Water molecules located near the phosphate heads
at the entrance region of the formed water pore are not
counted in the total number of waters leaking into the
membrane interior.

We now report our observations of water leakage due
to PEGylated NR permeation under varying conditions
of nanoparticle velocity, and initial angle of the NR axis.
In each case, we have quantified the number of water
molecules entering into the hydrophobicmembrane inte-
rior along the path of the NR permeation. In our sys-
tem, water molecules counted can enter the hydropho-
bic membrane interior from both the top (1) and bot-
tom (2) membrane compartments in Figure 1. Each data
point in Figure 11 has an error bar based on data gathered
from three independent simulations; the thicker lines in
Figure 11 represent data points of larger error. The green
dashed lines represent the equilibrated positions of the
phosphate groups in the top and bottom leaflets of the
DPPC lipid bilayer membrane. There are differences in
water leakage owing to the nature of our systemwhere the
functionalised NR is allowed to rotate about its centre-of-
mass during permeation, resulting in a variety of path-
ways available to the NR.

From Figure 11(a), with increasing NR velocity, we
observe the number of water molecules entering the inte-
rior of the membrane for case A0 to increase after the
NR has exited the lower leaflet of the membrane. We
also found this to be the case with the spherical PEGy-
lated AuNP when comparing water leakage at increasing
nanoparticle velocities. During the first part of perme-
ation, while the NR is passing the first membrane leaflet,
water leakage is nearly velocity-independent. Upon exit,
however, NRs traveling at higher velocities will cause
increased disturbance to the lower leaflet of the mem-
brane and recovery of themembranewill be slower. In our
work, complete membrane recovery corresponds to that
situation when the membrane has zero water molecules
found in its hydrophobic membrane interior. At high
velocities, the water pore formed will survive for longer
times andmore water molecules can enter the membrane
interior. Nevertheless, themembrane eventually expels all
the water molecules.

In examining the effect of varying the entry angle
on water leakage, we see in Figure 11(b) and 11(c) that
water penetration is not sensitive to a difference in entry
angle between 0° and 10° and between 45° and 90°. We
observed in the snapshots in Figures 4 and 5 that the
PEGylatedNR at initial angle of 0° and 10° take on a simi-
lar path during permeation of the lipidmembrane. This is
the case also when comparing the PEGylatedNR at initial
angle of 45° and 90°where similar paths are identified.We
observed a difference between initial angles 10° and 90°
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Figure . (Colour online) Number of coarse-grained water molecules that permeate into the hydrophobic membrane interior during
PEGylated gold nanorod permeation under the following conditions: (a) effect of nanorod velocity, Effect of changing initial angle from
(b) A toA, (c) A toA, and (d), A toAwhereA, A, A, andA are °, °, °, and °, respectively, and (e)water penetration profile for
Method (B). The green dashed lines represent the equilibrated position of the phosphate head groups in the top and bottommembrane
leaflets of the DPPC lipid bilayer membrane. Each data point has error bars incorporated based on three independent simulations.

in permeation path leading to a noticeable difference in
number of water molecules found in the membrane inte-
rior. We find that the number of water molecules leaking
into the membrane interior increases with increasing NR
entry angle beyond 45°. At initial angles of 45° and larger,
a larger water pore is formed which allows more water

molecules to enter the membrane interior. In the end, all
water molecules are expelled.

In Figure 11(b) and 11(c) and most significantly
in Figure 11(d), we see a slight decrease in water
penetration along the course of NR permeation when the
NR has passed the first membrane leaflet, particularly at



18 P. A. OROSKAR ET AL.

initial angles of 45° and higher. This is unlike the case of
the spherical PEGylated AuNP where water penetration
constantly increased until the nanoparticle exited the sec-
ond leaflet of the membrane. In the water leakage profiles
from Figure 11(c) and 11(d), we observe water molecules
to exit the membrane instead of continuing to perme-
ate along with the NR. For NRs with large initial angle,
there is a tendency (as seen in Figures 6–8) for the NR
to lie down on its side even before entering the mem-
brane. Therefore, we believe the initial decrease of water
in the membrane is partly due to the lying down PEGy-
latedNRoccupying a large area at the surface of themem-
brane, effectively blocking additional water molecules
from entering the membrane. In Figure 11, we chose to
present data at specific velocities and entry angles to rep-
resent the overall effect of NR velocity and entry angle
on water penetration. For instance, from Figure 11(b)
and 11(c), the observation that water leakage is not sen-
sitive to entry angles between 0° and 10° and 45° and
90° hold at velocities other than the ones displayed. From
Figure 11(d), the observation that water leakage increases
for increasing entry angle holds when comparing water
penetration in Method (A0) to Method (A3); this obser-
vation holds for other velocities than the one displayed in
Figure 11(d) however the slight decrease in water leak-
age due to the NR lying down is more prominent at lower
permeation velocities.

In the water penetration profile from Figure 11(e), we
see a slight decrease as well in water molecules entering
the membrane as the NR permeates the first leaflet of the
membrane; the profile is quite similar to Figure 11(c) and
11(d). As shown in snapshots from Figure 8, the NR lies
down parallel to the surface of themembrane again occu-
pying a larger volume of inside the hydrophobic mem-
brane interior and blocking additional water molecules
from entering the hydrophobic membrane interior. We
can see fromall thewater leakage profiles in Figure 11 that
despite differences of these profiles compared to spherical
PEGylated nanoparticles, water molecules will enter the
hydrophobic region but ultimately exit themembrane due
to recovery of the bilayer leaflets; no permanent damage
to the membrane is sustained especially at lower perme-
ation velocities.

When we tracked the compartments into which the
water molecules eventually went, we found that of the
300 or so CG waters that entered the middle region of
the membrane, all but 5 or so did return back to their
original compartment, for all entry angles at the lower
pulling velocities. For the highest velocity, all but 20 or
so CG waters did not return to their original compart-
ment after entering the hydrophobic membrane interior.
In other words, hardly any waters transported across
the membrane to the other side during PEGylated NR

permeation.We did not investigate ion transport forNRs,
but we have already seen from our previous work that this
occurs to any significant extent only when the water pore
is large and/or long-lived.

4.2. Lipid flip-flops from either leaflet, but no
displacement

Lipid flip-flop is considered a biological activity intrin-
sic to lipid membranes and supported either by inte-
gral and transmembrane proteins or in some cases
unique enzymes known as flippases that can catalyse
the lipid translocation process [96]. For instance, it has
been observed experimentally that certain transmem-
brane peptides such as Gramicidin A can accelerate and
facilitate the translocation of lipids through membrane
pores [97,98]. Lipid bilayer membranes inside and out-
side leaflets in nature are asymmetric. Particular lipid
compositions are unique to the identity of the membrane
and also include many proteins and other biologically
relevant molecules like cholesterol [99]. Consequently,
unintentional incidences of lipid translocation can affect
the process of molecular recognition at the outer leaflet,
or extracellular cell surface; this can have negative effects
on cell lifetime and cause cell cytotoxicity [100].

In Figure 12, we show snapshots of typical lipid flip-
flop events where lipid molecules move from the top to
the bottom membrane leaflet at various initial angles of
entry of the PEGylatedNR includingMethod (B2) shown
in Figure 12(e).

We see in all of these molecular snapshots, lipid flip-
flop events occur by means of the lipid molecule under-
going a full reorientation (in the z-direction) from the
top bilayer leaflet to join the bottom leaflet of the mem-
brane.We observed this similar mechanism in the case of
permeation with an alkanethiol-coated [33] and PEGy-
lated spherical AuNP [34]. This suggests that the shape of
the nanocarrier does not affect the mechanism by which
lipid molecules translocate; at worst, lipid molecule tails
alternate open and closed forms while completing the
flip-flop. From the snapshots, we also deduce that neither
the angle of entry of the NR nor the method of pulling
at constant velocity or a constant velocity vector affects
the mechanism of lipid translocation; in all cases, lipid
molecules that flip-flop will undergo a full reorientation
to join the bottom leaflet of the membrane.

We observed, overall, that the number of lipid flip-
flop events to increase with initial angle of the NR rela-
tive to themembrane surface for both the PEG12-NR and
PEG18-NR (where the number of events for PEG18-NR
are shown in Figure 13). This is more significant as the
permeation velocity increases and greater disturbances to
the lipid membrane occur. As seen in Figures 6–8, when
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Figure . (Colour online) Snapshots of lipid flip-flop events with a PEG-NR with permeation velocity of V= . m/s and initial angle
of (a) A= °, (b) A= °, (c) A= °, (d) A= °, and (e) B= ° (blue= choline, orange= phosphate, red= glycerol, and green
= lipid tails).

Figure . Number of lipid flip-flop events with a PEG-NR with
permeation velocity of V=.m/s andvaryingentry angle. Each
data point has error bars incorporated based on three indepen-
dent simulations.

the entry angle of the PEGylatedNR is large, theNR tends
to rotate and lie down on the top leaflet of the membrane
before permeating into the membrane interior. This dis-
turbs lipidmolecules and results in large numbers of lipid
molecules displacing from the top leaflet to interact with
the PEG ligands. As the NR continues the permeation,

the lipid molecules that displaced far enough from the
top leaflet join the lower leaflet as the NR exits the mem-
brane; this contributes to the number of flip-flop events
in. For the lowest permeation velocities, the number of
lipid flip-flop events is small, less than 3% of total lipids
in themembrane, switched to the other leaflet during per-
meation of the NR.

In our previous work on permeation with alkanethiol-
coated AuNPs [33], we observed few lipid molecules
to complete lipid flip-flop; instead, a majority of lipid
molecules displaced from the top layer of the membrane
and became permanently removed from the membrane
by being entangled in the alkanethiol ligands and sub-
sequently carried into the bulk solution. We found that
loss of lipid molecules from the membrane occurred due
to specific groups of alkanethiol ligands competing with
the lipid membrane for favourable hydrophobic interac-
tions with the lipid tails. For PEGylated nanoparticles in
the present study, as well as in the case of permeation
by spherical PEGylated nanoparticles [34], we observe
few to no instances of lipid displacement as a result of
NR permeation. The less favourable interaction between
the hydrophilic ligands and hydrophobic lipid tails does
not allow for close association and interaction between
them during the permeation, thus, lipid molecules dis-
placed from the top leaflet rejoin the lower leaflet of the
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membrane after the NR has begun to exit the membrane;
the net effect is no lipid loss from the membrane.

5. Conclusion

In this study, we have explored the mechanism of per-
meation of PEGylated AuNRs through a model DPPC
lipid bilayer membrane. We observed that this proceeds
by lying down and then straightening up while leaving
regardless of the initial entry angle of the NR axis relative
to the membrane surface. We show that the lying down
behaviour maximises the attractive interactions between
the hydrophilic PEG ligand and the hydrophilic phos-
phate and choline groups of the lipid. New experimen-
tal imaging methods utilising orientation and rotational
tracking of nanoparticles now make it possible to simul-
taneously visualise, with nanometre precision, a single
AuNR in a live cell. The tracking allows position localisa-
tion and determination of the orientation and rotational
motion of the AuNR utilising microscopy to take images,
in differential interference contrastmode, simultaneously
with the bright field modes [101]. In another new exper-
imental imaging technique, direct observation of a trans-
membrane event where (1) negatively charged AuNRs
approaching the plasma membrane from the open solu-
tion, (2) being confined rotationally and laterally static
at a membrane site (with a narrow distribution of angles
close to perpendicular to the membrane surface), and (3)
the exact moment of the NR detaching from the inner
surface of the membrane was captured in a movie [102].
Themethod used annular oblique illumination, position-
ing the focal plane of the microscope objective at the
sidewall of the cell, with a birefringent prism to split the
AuNRplasmonic scattering into two channels of polarisa-
tion, thereby providing azimuthal and polar angles. This
experimentalmethod permitsmonitoring of the distribu-
tion of angles (�, φ) the AuNR axis makes relative to the
membrane surface. Our simulations display the results
that would be observed if these two experimental meth-
ods were used on a model planar membrane tethered to
a solid support.

It is interesting that simulations of endocytosis of a
NR with strong attractor sites on its surface also exhibit
a lying down on a receptor-loaded lipid layer prior to
wrapping; our simulations of direct permeation require
no specific strong interaction sites on the particle nor spe-
cific receptors on the lipid. Our CG system includes artic-
ulated mobile ligands with non-specific interactions with
a lipid membrane where various components of the lipid
molecules are represented. In a way, maximising the cou-
pling of the attractive surface sites on the spherocylin-
drical particle to the receptors on the membrane in the

endocytosis model provides a similar driving mechanism
for their lying down and wrapping.

We found, similar to our simulations with a PEGy-
lated AuNP, few to no lipid molecules are removed from
the membrane due to permeation. We found permanent
effects of water leakage, with the membrane recovering
consistently after the NR has exited the membrane and
the water molecules expelled back to their original com-
partment. The results of this study may be of interest to
those experimentalists studying drug delivery who may
find the permeation pathway of the NR significant to a
specific application of drug deliverymethod in its discov-
ery phase.
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