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Abstract

The unique and modifiable properties of nanoparticles present opportunities as tar-
geted vector drug delivery mechanisms. Nanoparticles functionalized with key sur-
face ligands have been shown to pass through phospholipid bilayers without becom-
ing trapped or causing localised cellular disruption. However, the effect of ligand-
functionalized nanoparticles on the multi-component phospholipid bilayer is not clearly
understood. This study investigates the structural properties of mixed bilayers in the
presence of multiple ligand-functionalized nanoparticles. We show how: nanoparticles
can aggregate near unsaturated regions and act as lineactants near phase-separated
phospholipid boundary domains; the presence of ligand-functionalized nanoparticles
drives bilayer phase-separation; and that the heterogeneous components of a phospho-

lipid bilayer play a significant part in the lateral organization of nanoparticles.
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Introduction

Novel drug delivery mechanisms in biological environments have been the subject of intense
study in recent years.'® For small drug molecules, the main barrier to efficient delivery is
typically the cell membrane.”® The rate of passive diffusion depends on the concentration
gradient between the aqueous exterior and the cell interior.® In effect, this means that an
excessive injection of drug molecules may be required and it may yet result in an inefficient
delivery of drug molecules.® In addition to the aforementioned obstacle to drug delivery,
membrane proteins can act as effective barriers to a vast majority of molecules. For example,
the membrane protein P-glycoprotein acts as a molecular pump expelling drug molecules
from the inter-cellular space to the extent that it has been implicated in multidrug resistance
of cancer cells.”

The use of nanoparticles (NPs) has been of increasing interest due to their potential
for efficient, targeted drug delivery. NPs have demonstrated a level of effectiveness through
multiple applications in targeted therapy.®!? For example, Bozdaganyan et al., demonstrated

t.11 However,

that hydrophilic functionalized surfaces of fullerene can act as an antioxidan
there are a number if outstanding issues and a clear distinction between a therapeutic agent
and an agent that induces nanotoxicity has often been difficult to make.°

In order to understand better the interactions of NPs with the lipid membranes, it is
important to consider the multicomponent nature of the membrane, as the individual com-
ponents of the bilayer are sensitively tuned to maintain the semi-permeable environment. For
example, phospholipid molecules, a constituent part of the cellular membrane bilayer, impart
their own properties onto the assembled bilayer through different degrees of saturation of
the tailgroups, variations in tail length, and/or changes in headgroup functionality, affecting
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both structure and structural phase, ranging from stable yet fluid-like disordered phases

to highly ordered environments.
In addition, membrane proteins and other lipid molecules such as sterol and sphingolipid-

like structures, are known to change the properties of the local phospholipid composition. !



For example, in sufficient concentration, cholesterol is known to reduce the curvature of
the membrane.!® This indicates that the local composition of membranes has a significant
affect on the mechanical properties of the phospholipid bilayer. With this in mind, an ideal
targeted drug delivery mechanism must be designed such that it causes minimal disruption
to the membrane, while also being able to freely traverse through the lipid bilayer.

Monolayer-protected NPs, collectively identified as ligand-functionalized NPs, are a can-
didate of particular interest for drug delivery due to the large variety of pharmacological
and structural properties they can exhibit; for example, a NP with an inert gold core can be
functionalized with thiolated ligands, which in turn can be functionalized with therapeutic
drug molecules such as the chemotherapeutic agent Paclitaxel.'”2° Chemically optimized
NPs allow the delivery of hydrophilic drug molecules through the hydrophobic region of the
phospholipid membrane, which is the primary hindrance towards the effective delivery of
drug molecules.?!"23

The effects of the NP ligands on the local phospholipid arrangement has been the subject
of a number of studies. For example, amphiphilic surface ligands result in spontaneous ad-
sorption of the NP into the bilayer via an initial attraction between the bilayer phospholipid
headgroups and the NP surface ligands, followed by hydrophobic interactions between the
NP surface ligands and bilayer phospholipid tail groups.?4?> Studies on model membranes
have shown how hydrophilic ligand-functionalized NPs are stabilized through a snorkelled
configuration, where ligands adjust to maximise the hydrophobic and hydrophilic contacts
with the phospholipid environment and the phospholipid-water interface.?> Katz and Van
Lehn demonstrated that the snorkelling process is driven by minimising the exposure of the
hydrophobic bilayer regions around the NPs.?426 In particular, the higher the rigidity of the
functionalized ligands on the NP surface the greater the free energy cost of such snorkelling
and of NP insertion through hydrophobic contacts. Jackson et al found that by using a
mixture of charged and hydrophobic NP surface-bound ligands it was possible to design a

NP that could translocate the bilayer structure whilst minimising local disruption.?” Head-



group charge can also modulate the insertion mechanism of the NP dramatically as seen from
coarse-grained simulations of cationic, hydrophobic and anionic NPs through a mixed-charge
bilayer (composed of symmetric and asymmetric negatively charged phospholipids).?® By in-
creasing the surface charge density of the NP there is an increase in contact area between the
phospholipid headgroups with the charged ligands on the NP surface, followed by the me-
diation of NP insertion through favourable hydrophobic contacts between the phospholipid
tails and the NP ligands.

It remains to be seen whether the ligand-functionalized NPs alter the nature of the het-
erogeneous phospholipid bilayers. Rigid NPs of hydrophobic surface properties have demon-
strated an effect on bilayer phase-separation. For example, Barnoud et al. demonstrated
through mixtures of aliphatic and aromatic hydrophobic particulates and NPs in mixed
DPPC, DUPC and cholesterol bilayers that aliphatic compounds aggregate near the domain
interface, while aromatic compounds integrate to the disordered regions and stabilise the
phases.?

The phase-separated nature of a mixed phospholipid bilayer remains contentious, but
growing evidence suggests that appropriate NP surface chemistry contributes to bilayer phase
separation. Davis et al. showed that the phase separation into a mixed liquid-ordered /liquid-
disordered phase is primarily due to the different interactions between the tail beads’ and
sterol species. Another factor to consider is the cholesterol-induced structural order of the
surrounding saturated phospholipids, which can induce significant order in the saturated
lipid phase resulting in an increase in the rate of phase separation. Hence, this would
suggest that conformational entropy of lipid/sterol species plays a significant factor in the
phase separation process.>!

In this work, we use molecular dynamics (MD) simulations to explore the effect of striped
NPs on the properties of a bilayer composed of a mixture of saturated and unsaturated
phospholipids and cholesterol. The striped topology for the NP was chosen as it has been
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demonstrated that such a topology provides the crticial amphiphilic property tha can



both traverse the hydrophilic solvent /bilayer exterior and the hydrophobic interior. Hence,
the possibility of interaction of such NPs in the presence of domain-like structures within the
bilayer is greatly increased. We have focused on two bilayer mixtures and one monophospho-
lipid bilayer with a striped hydrophilic-hydrophobic NP present. We focused our attention

on the effect of a singular NP and then multiple NPs on the phase separation of the bilayer.

Methods

Simulation Details

Coarse-grained MD simulations were performed using GROMACS-5.0.1.3334 The short-range
neighbour interaction list cut-off was fixed to 1.4 nm and updated every 10 steps. Non-
bonded intermolecular interactions were described by a Lennard-Jones potential with the
potential shifted to zero at 1.2 nm. The pressure was set to 1 atm and controlled using the
semi-isotropic Parinello-Rahman scheme.33” The temperature set to 323 K and regulated
using the Berendsen coupling scheme. Both schemes had a relaxation time of 1.25 ps. This
temperature ensured the formation of phospholipid microdomain in the model bilayers. 30:3839
Equilibration simulations were performed for 100 ns and production run simulations for 5 ps.
An integration time-step of 0.01 ps was used throughout. Frames were recorded every 1 x 10°

steps for analysis. Additional simulation parameters and equilibrium information is provided

in the supplementary information.

Force-Field Details

Atoms were encoded and unified into coarse-grained (CG) beads using the MARTINI force-
field.%® Each bead represents up to four atoms and are unified into one of four types: polar,
nonpolar, apolar, or charged, corresponding to the labels P, N, C, and Q, respectively. Bead

types used for each lipids are shown in Figure 1(a).



Model Construction

The initial bilayer conformations were constructed using the INSANE lipodomics (INSert
membraNE) tool.*! The INSANE algorithm provides a convenient way to adjust the size and
composition of a MARTINI model bilayer and the insertion of biomolecules and NPs. Model
bilayers were constructed using cholesterol (CHOL) and three phospholipid species: di-
palmitoylphosphatidylcholine (DPPC), saturated; decadienoylphosphatidylcholine (DUPC),
double unsaturated; and dioctadecatrienoylphosphatidylcholine (DFPC), triple-unsaturated
(Figure 1(a)). The three bilayer compositions used throughout were DPPC-CHOL, DPPC-
DFPC-CHOL and DPPC-DUPC-CHOL with two unit cell sizes. The first had dimensions
of 15 nm? and then replicated in the z and y dimension to create a 30 nm? bilayer. The z
dimension was 9 nm in both systems. Each mixed bilayer contained 30 % cholesterol.

The construction of the NP topology used packmol,*? where the initial topology was
constructed using the micelle topology, following the packing strategy of Packmol.?® The
innermost beads were treated as the inert metal atoms, and the closest metal beads were
treated with harmonic bond potentials of 5000 kJ mol™! to ensure its rigidity. A harmonic
bond potential of 1250 kJ mol~! with a bond length of 0.47 nm and a cosine angle potential
set to 180° with the harmonic potential of 25 kJ mol™! was applied to all other bonds in
the ligand. The striped ligand-functionalized NP (S-NP)*! was constructed using charged
and hydrophobic ligands (Figure 1(b)). The 15 nm? bilayer contained a single S-NP and
the 30 nm? bilayer contained four S-NPs. The S-NPs were positioned within the centre-of-
geometry of each bilayer. The choice in ligands was similar to models by Simonelli et al,
in which ligands based on octanethiol ligands (hydrophobic) and mercapto-decanesulfonate
ligands (anionic) were used. Furthermore, in earlier studies the MARTINI force field had
been used to design a general ligand-functionalized charged/hydrophobic S-NP using the
hydrophobic C beads, and negatively charged Qa beads.*%*” The length of each ligand type
was approximately 1.7 nm, while the radius of the S-NP core was approximately 0.7 nm

giving an approximate diameter of 4.1 nm (although, this can fluctuate due to interactions



with the water and phospholipid environment).

Each bilayer-S-NP construct underwent a series of equilibration steps. Firstly, steep-
est descent minimisation was performed to resolve steric clashes. This was followed with
a 100 ns simulation using the NVT ensemble (constant number of particles (N), volume
(V) and temperature (7)) over an increasing timestep from 0.0001 ps to 0.01 ps using the
velocity-verlet integration algorithm at 10 ns intervals using velocity preserved simulation
restarts. 5! The simulation was then continued for 6 ps using an NPT ensemble (constant
number of particles (N), pressure (P) and temperature (7). The first 1 ps of production
simulation data was discarded from the analysis. The complete catalogue of simulations

presented in this study are summarised in Table 1.

Table 2: Catalogue of simulations carried out, showing the initial bilayer size, number of
S-NPs, the quantity of phospholipids and cholesterol, and the phospholipid ratio.

Simulation Bilayer Size | NPs | DPPC | DUPC | DFPC | CHOL | Ratio
DPPC-CHOL-NP 15 nm? 1 476 0 0 204 7:3
DPPC-DUPC-CHOL-NP 15 nm? 1 272 204 0 204 4:3:3
DPPC-DFPC-CHOL-NP 15 nm? 1 261 0 195 195 4:3:3
DPPC-CHOL 30 nm? 0 1088 0 816 816 4:3:3
DPPC-DUPC-CHOL 30 nm? 0 1088 0 816 816 4:3:3
DPPC-DFPC-CHOL 30 nm? 0 1088 816 0 816 4:3:3
DPPC-CHOL-4NP 30 nm? 4 1906 0 0 816 7:3
DPPC-DUPC-CHOL-4NP 30 nm? 4 1088 816 0 816 4:3:3
DPPC-DFPC-CHOL-4NP 30 nm? 4 1044 0 780 780 4:3:3

Analysis

The GROMACS tools developed by Castillo et al®? were used to calculate the phospholipid
tail order parameter and average density. For these analyses, the simulation unit cell was
divided into 1 nm? cells over a 2D grid over the # x y plane. The phospholipid tail order
parameter and the phospholipid density were averaged within each cell and reported.
Cartesian components of the pressure tensors were calculated using the custom GRO-

MACS®?354 distribution. The simulation unit cell was divided into 1 nm? cells across the
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Figure 1: (a) The MARTINI bead composition of each phospholipid type and cholesterol.
Cyan beads represent grouped saturated carbons, purple for 1-2 cis double bonds, pink
denotes the glycerol linker region, the blue bead the phosphate, and brown represents choline.
(b) The schematic of the S-NP, which consists of a hydrophobic center stripe capped with
charged ligands. (c) The orderphobic effect is calculated between an arbitrary reference
vector and the C3/D3 beads of neighbouring phospholipids.

bilayer normal and lateral plane (the lateral plane was chosen to be tangent to raft in-
terfaces. Hence, the lateral plane would be either the x or y dimension and the normal
would the z dimension) and the local pressure tensors P, P,,, P,. were averaged across
the the normal and lateral plane. From the pressure tensor components, we calculated the
normal and lateral pressure across the profiles from the relations P, = —(0,, + 0y)/2 and
Py = —0,,. The line tension was calculated as 7, = % (Poer — Poar) LyLpar, where Py, and
P, are pressure tensor components perpendicular and parallel to the phase interface, re-
spectively. The Lye, and Ly, are the box dimensions in the bilayer normal direction and the
bilayer lateral direction, respectively.

The impact of the orderphobic effect of the NPs* was measured using the Nelson-
Halperin 2D bond-orientation order parameter.®>” The average hexagonal packing param-

eters of the top and bottom phospholipid leaflets were calculated using
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where, 0;; represents the angle between an arbitrary vector (in this case, we have used the
y unit vector) and the hexagonal vertices, as illustrated in Figure 1(c). The six closest
phospholipid carbon-chain beads were used to calculate the extent of 2D-disorder around
the S-NP. An equilibrium average of one represents a perfect hexagonal packing and zero
represents disordered packing. The phospholipid beads C2A/C2B and D2A/D2B (where A
and B labels represent the two hydrophobic tails) in the phospholipid tail groups were used as
points of reference with respect to the arbitrary vector.?® All visualisations and analysis were
implemented using a combination of VMD,?® APLVoro% and MDAnalysis,® and in-house

scripts.

Results

Each model was left to equilibrate for 1 us (equilibration data provided in the Figure S1 of
the supplementary information) followed by production runs for 5 pus. Representative time
intervals of the trajectory were used to calculate average mass density and phospholipid tail
order parameters, relative to the bilayer normal across the unit cell. In addition, 2D order
parameters (phospholipid packing order) using the C2/D2 beads in the hydrophobic chain
of DPPC, DUPC and DFPC phospholipids were calculated. Order parameters were used as
a measurement of phospholipid order at the bilayer interface with the S-NP. Pressure tensor
calculations were performed to account for any differences in line tension between bilayer
constructs. Finally, the area-per-lipid (APL) and bilayer thickness was measured in the
multi-S-NP simulations to identify phospholipid domain formations and bilayer deformations
as the S-NPs approached a bilayer phase interface.

In the absence of S-NPs, both the DPPC-DUPC-CHOL simulations failed to reveal phos-

pholipid phase separation, whereas phase separation in the DPPC-DFPC-CHOL model bi-



layer was observed during the simulation (Figure S2).

Single S-NP

Single S-NPs in monomeric and two mixed-phospholipid bilayers, underwent production
simulations for 5 us as presented in Figure 2. Representative time frames for average mass
density and phospholipid tail order calculations were taken at a point in which each system
was seen to adopt a stable conformation (Figure 3 (a), (b) and (c)).

Phospholipid order (Figure 3 (a)) of the DPPC and cholesterol combination is lower
among the annular phospholipids (those local to the S-NP) and assumes a phospholipid tail
order indicative of a bulk DPPC bilayer, approximately 2 nm from the bilayer-S-NP interface.
The average phospholipid density is greatest in the bulk bilayer and the presence of a S-NP
alters the phospholipid density over a distance similar to the change in phospholipid tail

order.
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Figure 2: Time frames illustrating the evolution of each 1-NP bilayer system after equili-
bration. DPPC is red, DUPC blue, DFPC green and cholesterol is orange. Water has been
removed for clarity.

The mixing of phospholipids DPPC with DUPC (Figure 2 (b)) resulted in saturated and
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unsaturated micro-domains formation within the first 100 ns with a consistent arrangement
of DUPC phospholipids around the S-NP. The phospholipid tail order and mass density is
similar to the values seen in the monophospholipid system, in that phospholipid order in-
creases further from the S-NP, however, the difference between DUPC and DPPC introduces
a greater degree of variance in phospholipid tail order. Within the simulation the phospho-
lipid micro-domains consistently rearranged as phospholipids exchanged between domains.
The mixing of phospholipids DPPC and DFPC (Figure 2 (c)), resulted in the formation of
two phospholipid domains with cholesterol predominately found within the ordered DPPC
domain. The DFPC domain, containing the S-NP, had significantly less ordered phospho-
lipid tails that corresponds well with the distribution of phospholipid mass density. The
DPPC-DFPC interface presents a gradient in phospholipid tail order.

The 2D bond order (Figure 3 (d)) is a measurement of phospholipid packing order and
was calculated from the phospholipid-S-NP interface into the bulk bilayer. The packing order
for the monophospholipid system, DPPC-CHOL, converges to a bulk arrangement within the
first 0.5 nm from the phospholipid-NP interface. DPPC-DUPC-CHOL presents a sporadic
arrangement of phospholipid packing, indicative of the formation of many small phospholipid-
microdomains with DUPC lipids present local to the S-NP. The phospholipid order stabilises
after 4 nm from the phospholipid-S-NP interface. The phospholipid arrangement of DPPC-
DFPC-CHOL presents two intervals in phospholipid packing order, as a result from the
formation of the two phospholipid micro-domains.

The time-average phospholipid order parameter was measured from the centre-of-mass
(COM) of the S-NP (Figure 3 (e)). The low parameter values over the initial 2 nm are due
to the measurement being made from the S-NP COM. The large degree of variance at 2 nm
is due to undulations in the S-NP-bound ligands, promoting a degree of exchange in phos-
pholipids within this narrow space. The phospholipid order parameter of the unsaturated
phospholipids, DUPC and DFPC, is consistently lower than the saturated DPPC over the

breadth of the unit cell. Whilst the order parameter of the saturated phospholipids remained
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constant, the order parameter for DPPC steadily increased the further from the S-NP.

We calculated the z, y, and z components of the lateral and normal bilayer pressure pro-
files averaged through the bilayer interface (z as defined by the distinct bilayer micro-domain
interface formation in DPPC-DFPC-CHOL) across each simulation and found distinct pres-
sure profiles dependent on the bilayer composition. In the lateral bilayer pressure (Figure
4 (a)), the Py, and P,, components in each bilayer fluctuated around 0 bar. Yet, the P,
component (dimension parallel to the bilayer), presented a profile dependent on the S-NP
and the phospholipid bilayer composition. In DPPC-CHOL bilayer, pressure peaks are local
to the phospholipid-S-NP interface before decreasing by approximately 350 bar (7-12 nm),
whilst in bulk the pressure fluctuates within the range -325 to -500 bar. The pressure peaks
on either side of the S-NP in DPPC-DUPC-CHOL are not present, rather, the pressure
peaks local to the S-NP adopt pressure similar to the bulk-bilayer (-325 to -430 bar). Yet,
a +100 bar increase in pressure can be discerned from the clear peak local to the S-NP and
after a drop in pressure at the phospholipid-S-NP interface.

With the formation of two distinct membrane micro-domains in the DPPC-DFPC-CHOL
bilayer, the DPPC and cholesterol domain demonstrates a flat P,, pressure profile which
gradually increases (from 10-12.5 nm) in pressure by approximately +150 bar as DPPC,
DFPC, cholesterol and the S-NP interact. The lowest pressure in the lateral range is in-
dicative to the presence of a higher concentration in DPPC phospholipids. At the clear
DPPC to DFPC interface, the pressures decrease by an insignificant amount before climbing
to -300 bar in the bulk of the DFPC domain (2.5 nm). Finally, the pressure drops in the
annular DFPC phospholipids.

The pressure profiles calculated normal to the bilayer (Figure 4 (b)), fluctuate consis-
tently around O bar in the P,, and P,, component. Averaged along the z axis, there are
two distinct peaks of negative pressure approximately level with the hydrophilic phospho-
lipid head groups. The pressure increases in the bilayer core. The lower pressure peaks in

the monophospholipid DPPC and cholesterol bilayer construct are due to the homogeneous
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phospholipid composition. The lateral (P,, and P,,) and normal pressure profiles averaged
along the bilayer normal (Figure 4 (c)), remain consistent with the trend of their individ-
ual pressure tensors. From the pressure tensor profiles, we can estimate the line tension
between the phases, where the primary difference comes from P,, (100 bar) for the DPPC-
DUPC-CHOL system (approximately 6.83 x 107!% N), and approximately 200 bar for the
DPPC-DFPC-CHOL system (approximately 1.36 x 107% N).
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(a) DPPC-CHOL-NP (b) DPPC-DUPC-CHOL-NP (c) DPPC-DFPC-CHOL-NP
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Figure 3: Three frames showing the phospholipid tail bond order (top) analysis and average
mass density (middle) of the three 1-NP systems, (a) DPPC-CHOL, (b) DPPC-DUPC-
CHOL and (c¢) DPPC-DFPC-CHOL. Each frame was selected as a representative of the
system at equilibrium. (d) The 2D bond order of the bilayer as a function of distance from
the centre-of-mass of the NP. (e) The phospholipid tail bond order of individual phospholipid
types as a function of distance from the centre-of-mass of the NP. Each data point was
calculated as an average over 1000 ns. Error bars represent the standard error of the mean.
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Figure 4: (a) and (b) show the pressure tensor extractions (P, Py,, P..) along the bilayer
lateral plane and the normal plane, for DPPC-CHOL, DPPC-DUPC-CHOL, and DPPC-
DFPC-CHOL, respectively and (c), the P and P y for each bilayer along the bilayer tangent.
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Multiple S-NPs

The S-NP simulations, monomeric and mixed-phospholipid, underwent production runs for
5 ps. The average mass density and phospholipid order calculations were taken when each
system was seen to adopt a stable conformation (Figure 5 (a), (b) and (c)).

In the phospholipid DPPC-CHOL simulation (Figure 6 (a)) a decreasing order param-
eter was observed local to the S-NPs, approximately 0.17 nm from the phospholipid-S-NP
interface. As the S-NPs aggregate during the initial 100 ns, the analysis of the phospho-
lipid bilayer was performed over three frames which represent stable bilayer configurations.
The average mass density was consistent throughout the bulk bilayer at approximately 400-
500 kg m?, but dropped 250-300 kg m?® within the local phospholipid arrangement. This
difference demonstrates ordered packing in the bulk bilayer and disorder local to the S-NPs.

The DPPC-DUPC-CHOL simulations reveal a reduction in the phospholipid tail order
parameter through a gathering of unsaturated DUPC phospholipids, whilst cholesterol mi-
grated into the saturated DPPC regions. The average mass density remained consistent
throughout the simulation, with a sharp decrease in density similar to the decrease in phos-
pholipid tail order local to the S-NP aggregate.

During the simulation of the DPPC-DFPC-CHOL-4NP system, a DFPC phospholipid
micro-domain formed within the initial 100 ns around the NPs, stabilising the S-NP aggre-
gation whilst the complete phase separation as presented in Figure 6 (c) occurred. We see
a gradient of order parameters between the unsaturated DFPC and the saturated DPPC
domains. There is a clear mass order difference between the two phospholipid domains, with
DPPC-CHOL showing the greater mass density compared to the DFPC microdomain. The
difference in mass density at the phospholipid-NP interface is very slight, similar to the dif-
ference in phospholipid order, suggesting the favourable inclusion of the S-NPs in the DFPC
microdomain.

The averaged APL and thickness for each species in each S-NP system are shown in

figure 6 (d). For the DPPC-CHOL-4NP sample, for the area of cholesterol, we observed a
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value of ~0.42 nm?, with the DPPC we observe a higher area of ~0.52 nm?. The choles-
terol thickness was ~3.4 nm, while the DPPC thickness was ~4.2 nm. The APL across
the tri-component membranes molecules of DPPC-DUPC-CHOL-4NP remained consistent.
Cholesterol had the smallest area (~0.45 nm?), followed then by the saturated DPPC phos-
pholipid (~0.525 nm?) and finally, the DUPC phospholipid (~0.65 nm?), which follows the
kinked nature of the DUPC phospholipid allowing for a larger APL. The bilayer thickness
as an average measurement between identical phospholipid types is quite clear; the satu-
rated DPPC yields the greatest thickness (~4.2 nm), followed by the unsaturated DUPC
phospholipid (~3.95 nm) and finally cholesterol (~3.4 nm). The APL and bilayer thickness
in the DPPC-DFPC-CHOL-4NP bilayer was also computed. The area of cholesterol and
DPPC are very similar given their close packing (~0.42 nm? and ~0.48 nm? respectively)
with each other, whilst the two unsaturated hydrocarbon tails of DFPC show an increase
in APL (0.65 nm?). With regard to thickness, we see that the cholesterol molecules and the
DFPC phosphoplipids show similar ranges in lipid thickness (~3.6 - ~3.8 nm) and a larger
thickness for the DPPC (~4.3 nm). We also observe the effect of the S-NPs on the local
cholesterol density (Figure 6 (e)); we see a minimal change in the cholesterol density for the
DPPC-CHOL-4NP system (with a peak value of approximately 1.1), whilst we see distinctive
and decreasing densities of the cholesterol around the NPs in the DPPC-DUPC-CHOL-4NP
and DPPC-DFPC-CHOL-4NP (where the values of the radial distribution function (RDF)
decreases from approximately 0.8 to 0.4 (DPPC-DUPC-CHOL-4NP) and 0.5 to 0.2 (DPPC-
DFPC-CHOL-4NP)).

Discussion

In a previous experimental study, nanoparticles with mixed functionalization enter the bilayer
interior through the interactions between the charged ligands and the hydrophilic headgroups

of the bilayer.?* The subsequent ’snorkelling’ of the local phospholipids induces a hydrophobic
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Figure 5: Single time frames illustrating the change to the bilayer and aggregation of the NPs
as each system evolves. DPPC is red, DUPC blue, DFPC green and cholesterol is orange.
Water has been removed for clarity.

mismatch between the snorkelled phospholipids and the rigid cholesterol molecules, resulting
in the depletion of local cholesterol density near the NP region.*%4” From our single S-NP
DPPC-DUPC-CHOL and DPPC-DFPC-CHOL simulations, we see the local depletion of
cholesterol corresponding with phospholipids exchange between DPPC and either DUPC or
DFPC, which in turn drives the formation of a bulk DPPC-CHOL region away from the
S-NP. Risseleda et al showed that cholesterol in phase-separated bilayers is enthalpically
driven to maximize levels of intermolecular contact with saturated phospholipids tails,3®
which corresponds to an additional driver for the aggregation of unsaturated phospholipids
near the S-NP. Our simulations indicate multiple distinct mechanisms for the aggregation of
S-NPs, depending on the phospholipid composition. In the case of the DPPC-DUPC-CHOL
and single S-NP, the cholesterol depletion drives the DUPC aggregation near the NPs, which
in turn drives the increased fluidity of the S-NPs on an unsaturated domain. The equilibrium
simulation snapshots reveal the formation of an unsaturated semi-circular domain near the S-

NP clusters (in the cases of DPPC-DUPC-CHOL and DPPC-DFPC-CHOL). As indicated by
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Figure 6: Analyses for the 4-NP systems for the DPPC-CHOL, DPPC-DUPC-CHOL and
DPPC-DFPC-CHOL. (a), (b) and (c) show the order parameter and mass density heat maps
for a series of configurations of the bilayer systems. (d) shows the area and thickness of
the phospholipid bilayer for the DPPC-CHOL-4NP, DPPC-DUPC-CHOL-4NP and DPPC-
DFPC-CHOL-4ANP systems. (e) shows the RDF profiles of the cholesterol molecules around
the NPs, averaged in one us intervals over the 5 ps simulation time.

studies of mismatch energetics by Hu et al,%? domain formation before full phospholipid phase
separation occurs when the hydrophobic mismatch is significant. The domain formation with

the DPPC-DUPC-CHOL bilayer only occurs with the inclusion of the S-NP, while it is fully
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observable in both the NP /NP-absent case with the DPPC-DFPC-CHOL bilayer, indicating
a greater hydrophobic mismatch between the DPPC-DFPC pair as compared to the DPPC-
DUPC pair.

For the cases where we have unsaturated mixed components (DUPC or DFPC), the
partitioning of the NPs into the l; region is the key feature seen within our simulations, and
it follows similar results as seen by previous studies of transmembrane helices. % This has been
attributed to the favourable enthalpic interactions between tightly packed 1, phospholipids,
which in turn drives the lateral sorting of protein helices. The packing in the 1, phase (DPPC-
DPPC packing and DPPC-CHOL) is enthalpically favourable, and whilst the inclusion of the
NPs into the 1; phase would increase the global entropy of the mixed bilayer, the enthalpic
penalty of disrupting the 1, region prevents any aggregation of the NPs in the 1, region.

In the case of the multiple S-NPs in the DPPC-CHOL bilayer, the absence of unsaturated
components delays the formation of the energetically stable S-NP clover-like aggregation,
compared to the DPPC-DUPC-CHOL/DPPC-DFPC-CHOL simulations. The effect of the
shape of the NPs in the properties of aggregation can be seen to be analogous to those of

164 demonstrated the effect of hydrophobic mismatch on

membrane proteins; Parton et a
a-helical transmembrane (TM) proteins, and indicated that phospholipid demixing around
the proximity of the TM proteins occur, resulting in the aggregation of phospholipids around
the proteins where the contact between the hydrophobic chains and the hydrophobic tail-
groups of the phospholipids was maximised. In the case of the DPPC-CHOL simulation,
the phospholipid demixing around the NPs would be to displace the cholesterol molecules
around the NP, which is enthalpically unfavourable.

Another interesting point of note is the difference between the structures of the aggre-
gates observed here and of that in the simulation works by Angelikopoulos et al,*64" which
predicted a linear aggregate structure. The key difference was the increased length of the hy-

drophobic ligands (compared to the study by Angelikopoulos), which would suggest that the

increased length of these ligands effectively increase the hydrophobic surface of the S-NP,
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which has two effects, namely to hinder the movement of the hydrophilic ligands to con-
form into a pseudo-snorkelling formation and increase the hydrophobic contacts between the
phospholipids around the S-NPs. It was predicted that the main driver for the linear aggre-
gation to change into a clover-like cluster was the orderphobic effect,®® which was observed
to varying extents in our study. This phenomena closely follows the aggregation mechanism
of transmembrane proteins and protein-mimics due to the orderphobic effect, which pre-
dicts the aggregation of protein-like structures due to the formation of a local order-disorder
interface.

This analysis follows many other studies into membrane protein structures; Madsen et
al demonstrated that the influenza A matrix 2 (M2) transmembrane protein induces local
membrane remodelling by the aggregation of proteins.%% The M2 protein was shown to
induce the local lowering of the order parameter of the end termini of the hydrophobic
tails, for both ‘stiff” and ‘soft’ phospholipids, analogous to DPPC (‘stiff’) phospholipid and
DUPC/DFPC phospholipid (‘soft’) respectively, which is similar to the lowered phospholipid
tail order parameters for the DPPC, DUPC and DFPC phospholipids in our simulations.

Ollila et al studied the pressure profile surrounding the mechanosensitive protein channel

6768 show a lower

of Mycobacterium tuberculosis. The monolayers surrounding the protein
lateral tension and the formation of spontaneous curvature due to this would cause the
redistribution of lipids around the protein. Compared to our simulations, we see a variety of
similar effect on the pressure tensor components near the lateral pressure of the NP. In the
monophospholipid DPPC-CHOL bilayer, we see a distinct drop within the S-NP region, while
in the mixed DPPC-DUPC-CHOL and DPPC-DFPC-CHOL bilayers, we observe a distinct
‘buckle’ in the lateral position of the S-NP or at the S-NP interface. This suggests that there
are two effects of an S-NP at the phospholipid domain interface; firstly, the lowering of lateral
pressure by the interaction of the S-NP with the phospholipid-domain interface, and secondly,

the increase of lateral pressure due to a reorganization of phospholipids in monolayer regions

further from the phospholipid domain region. In the DPPC-DUPC-CHOL case, we see the
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formation of small DUPC phospholipid microdomains in the vicinity of the S-NP region of
approximately 2.0-2.5 nm radius. This corresponds to the highly fluctuating orderphobic
region, seen in the 2.0-4.0 nm distance from the NP center. This analogous region is absent in
the DPPC-DFPC-CHOL case, but we suggest that this is due to the linear domain boundary
formed near the S-NP region, which would result in the collective average of the stable and
fluctuating phases in the DPPC-CHOL and DFPC regions formed.

Following this, in the case of the DPPC-DUPC-CHOL simulation, the reduction of the
line tension drives the aggregation of S-NP into a clover formation, while in the DPPC-
DFPC-CHOL case, we see that the rapid domain formation drives the clustered aggregation
of S-NPs. Similar aggregation behaviour has been seen in transmembrane proteins. For
example, Yoo et al% demonstrated that for the association of gA proteins, two factors were
noticeable, the compression of the phospholipids in between the proteins leading to a higher
energy barrier of association, and the depletion of local phospholipids increasing the fluidity
of the proteins. It was also observed that typically, clusters of at most four proteins were seen.
When comparing to our study, we suggest that the local disordering of phospholipids around
the S-NPs, induced by the hydrophobic mismatch between the DPPC and DUPC-DFPC
and the favourable interaction between the DPPC and cholesterol, drives the aggregation of
unsaturated phospholipids (DUPC-DFPC) within the vicinity of the S-NP. The subsequent
aggregation between S-NPs is driven by the reduction of the energetically unfavourable

domain interface between the 1; and the 1, in the DPPC-CHOL region.

Conclusion

We have simulated the integration of a hydrophilic-hydrophobic ligand functionalized S-NP
in DPPC-DUPC-CHOL and DPPC-DFPC-CHOL mixed bilayers, and the monophospho-
lipid bilayer DPPC-CHOL. The mixed bilayers were chosen to simulate near and certain

phase separating systems. From this study, we have observed how an orderphobic effect
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is a driving force for S-NPs to merge with disordered regions in mixed bilayers. We have
demonstrated that the hydrophobic mismatch between local phospholipids and the S-NPs
drive aggregations of phospholipid species local to the S-NP region. We see that the effect
is present in the case of the S-NPs, which in turn lowers local cholesterol density, result-
ing in the aggregation of unsaturated domains near the S-NP. This indicates that raft-like
structures could significantly affect drug-delivery mechanisms of NPs.

While our study does not conclusively show that the hydrophobic tail group regions
around the S-NPs are orderphobic according to the 2D-order parameter, it is clear that
the order-disorder interface around the S-NP structures does exist.?>™ In addition, we see
competition between S-NPs for the space to interact with the domain interfaces which en-
compass disorder/order boundaries. This allows the line tension to become an effective
coordinating force for the aggregation of NPs. In summary, our study shows that the effect
of ligand-functionalized S-NPs in mixed bilayers is dependent on the membrane composition,
that orderphobic effect drives the aggregation of S-NPs, where the reduction of line tension

effectively drives the S-NP aggregation.
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