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The unique and adjustable properties of nanoparticles present enormous opportunities for their
use as targeted drug delivery vectors. For example, nanoparticles functionalized with key sur-
face ligands have been shown to pass through phospholipid bilayers without causing localised
disruption. However, the further effects nanoparticles have on multi-component phospholipid bi-
layers remain unclear. We use coarse-grained computational models to investigate the structural
properties of mixed phospholipid bilayers in the presence of ligand-functionalized nanoparticles.
Model bilayers are composed of DPPC, DUPC, DFPC and cholesterol, and the nanoparticles
are striped with a hydrophobic-ligand band and charged-ligand spherical caps. Our results show
that: nanoparticles aggregate near unsaturated phospholipid regions, phospholipid bilayer phase-
separation is promoted in the presence of nanoparticles, and the heterogeneous components of
a phospholipid bilayer play a significant role in the lateral organization of nanoparticles. This
study highlights the need for considering the complexity of realistic phospholipid bilayers when
optimising ligand functionalized nanoparticles for efficient drug delivery vectors.

1 Introduction

The development of novel mechanisms for the delivery of drugs
to biological cells has been the subject of intense study in recent
yearst®, For small drug molecules the main barrier to efficient
delivery is typically the cell membrane lipidsZ®. The rate of pas-
sive diffusion depends on the concentration gradient between the
aqueous exterior and the cell interior®. In effect, an excessive
injection of drug molecules may be required and it may not yet
result in the efficient delivery of drug molecules®. In addition to
the aforementioned obstacle to drug delivery, membrane proteins
can act as 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 ex-
tent that it has been implicated in multidrug resistance of cancer
cells?.

To overcome these barriers, drug-delivery vectors of various
types have been considered. Nano-sized particulates, or nanopar-
ticles (NP), are of increasing interest due to their potential for ef-
ficient, targeted drug delivery, due to a high surface-to-volume ra-
tiol% which allows for strong interactions with the cellular mem-
brane. NPs have demonstrated a level of effectiveness through
multiple applications in targeted therapy®11"12 However, there
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are open questions regarding the physical mechanism of how NPs
interact with cell membranes, notably the role of the local diver-
sity in the membrane itself and within the cytoplasm of the cell
interior®1%, For example, phospholipid molecules affect the as-
sembly of the bilayer due to the varying degrees of saturation of
the tailgroups, variations in tail length, and/or changes in head-
group functionality. These characteristics affect the structure and
structural phase in the bilayer, with regions ranging from stable
yet fluid-like disordered to highly ordered’3712|

Membrane proteins, sterols and sphingolipid-like molecules are
known to change the properties of the local phospholipid com-
position1€. For example, an increase in cholesterol is known to
reduce the curvature of the membranellZ. An ideal targeted drug
delivery system must be designed to minimise disruption to the
membrane, whilst being able to freely traverse the lipid bilayer.
Understanding the affect NP composition would have on the local
cell environment is essential to achieve this goal.

Ligand-functionalized NPs are of particular interest for drug
delivery due to the large variety of pharmacological and surface
properties they can exhibit. For example, an 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, Paclitaxel18%2L, Chemically optimized
NPs allow the delivery of hydrophilic drug molecules through the
hydrophobic region of the phospholipid membrane. 2224,

The effects of NP ligands on phospholipid arrangement has
been the subject of several studies. For example, amphiphilic
surface ligands result in spontaneous adsorption of the NP into
the bilayer via an initial attraction between the bilayer phospho-
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lipid headgroups and the NP surface ligands. This is followed by
hydrophobic interactions between the NP surface ligands and bi-
layer phospholipid tail groups222¢, Studies using model mem-
branes 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 inter-
face2®, Katz and Van Lehn demonstrated that the snorkelling
process is driven by minimising the exposure of the hydropho-
bic bilayer regions around the NPs2>2Z, In particular, the higher
the rigidity of the functionalized ligands on the NP surface the
greater the free energy cost of insertion. Jackson et al. found that
by using a mixture of charged and hydrophobic NP surface-bound
ligands it was possible to design an NP that could translocate
the bilayer structure whilst minimising local disruption*®. Head-
group charge can also affect the insertion mechanism of the NP
dramatically as seen from coarse-grained simulations of cationic,
hydrophobic and anionic NPs in a mixed-charge bilayer??. By in-
creasing the surface charge density of the NP there is an increase
in the contact area between the phospholipid headgroups with
the charged ligands on the NP surface, followed by the mediation
of NP insertion through favourable hydrophobic contacts between
the phospholipid tails and the NP ligands.

The effects of ligand-functionalized nanoparticles on the nature
of heterogeneous phospholipids bilayers are not well understood;
this is the focus of the present study. Rigid NPs with hydrophobic
surface properties have demonstrated an effect on bilayer phase-
separation. For example, Barnoud et al. demonstrated using
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.

In this work, we use coarse-grained Molecular Dynamics (MD)
simulations to explore the effect of striped NPs (S-NP) on the
properties of a bilayer composed of a mixture of saturated and un-
saturated phospholipids and cholesterol. The S-NP topology was
chosen as it has been shown to provide the critical amphiphilic
property that can both traverse the hydrophilic solvent/bilayer
exterior and the hydrophobic interior2%3L, Hence, the possibility
of aggregation of such NPs in the presence of domain-like struc-
tures within the bilayer is greatly increased. Two bilayer mix-
tures (DPPC-DUPC and DPPC-DFPC) and one monophospholipid
(DPPC) bilayer were used and we focused our attention on the
effect of a singular S-NP and multiple S-NPs on the phase separa-
tion of the bilayers.

2 Methods

Simulation Details

Coarse-grained MD simulations were performed using
GROMACS-5.0.122833 The short-range neighbour interac-
tion list cut-off was fixed to 1.4 nm and updated every 10 steps.
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Non-bonded intermolecular interactions were described using
a Lennard-Jones potential with the potential shifted to zero at
1.2 nm. Electrostatics were managed with a shifted potential
and with a coulomb cutoff distance of 1.2 nm. The pressure was
set to 1 atm and controlled using the semi-isotropic Parinello-
Rahman scheme®439,  The temperature was 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 phase microdomain in the model
bilayers2Z9,  Equilibration simulations were performed for
100 ns and production run simulations for 6 us. 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 are provided in the supplementary
information.

MARTINI Force-Field Details

Atoms were encoded and unified into coarse-grained (CG) beads
using the MARTINI forcefield4?. This forcefield has extensive
support for surfactant molecules, biomolecules, polymers, and
nanoparticles. 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. Hydro-
gen atoms associated with heavy atoms are represented as part
of the single interaction center. Bead types used for each lipid
species are shown in Figure [Ta). The non-bonded interactions
were parametrized using experimental partitioning free energies
between polar and apolar phases of a large number of chemical
compounds. The bonded interactions were derived from all-atom
simulations.

Model Construction

The initial bilayer conformations were constructed using the IN-
SANE lipodomics (INSert membraNE) tool“L. This tool pro-
vides a convenient way to adjust the size and composition
of a MARTINI model bilayer and position biomolecules and
NPs within the bilayer. Model bilayers were constructed from
cholesterol (CHOL) and three phospholipid species: dipalmi-
toylphosphatidylcholine (DPPC), saturated; decadienoylphos-
phatidylcholine (DUPC), double unsaturated; and dioctadeca-
trienoylphosphatidylcholine (DFPC), triple-unsaturated (Figure
a)). The three bilayer compositions presented in this study
were DPPC-CHOL, DPPC-DFPC-CHOL and DPPC-DUPC-CHOL
with two unit cell sizes. The first had dimensions of 15 nm? and
then the seconnd was replicated in the x and y dimension to cre-
ate a 30 nm? bilayer. The z dimension was 9 nm in both systems.
Each bilayer system contained 30 % cholesterol with the excep-
tion of an additional DPPC model to act as a cholesterol-free con-
trol. Standard MARTINI water molecules were used to solvate
each system and 15 % of the water molecules were replaced at
random with counter ions to yield a net-zero charged system.
The S-NP topology was constructed using the micelle topol-
ogy following the packing strategy of Packmol#2. The innermost
beads were treated as inert metal atoms and the closest metal
beads were treated with harmonic bond potentials with a force



constant of 5000 kJ mol~! to ensure their rigidity. A harmonic
bond potential force constant of 1250 kJ mol~! with an equilib-
rium bond length of 0.47 nm and a cosine angle potential of 180°
with a force constant of 25 kJ mol~! was applied to the bonds in
the ligand. The S-NP#3 was constructed using charged and hy-
drophobic ligands (Figure [1j(b)). A link to the S-NP parameter
files can be found in the supplementary information.

The 15 nm? bilayer contained a single S-NP and the 30 nm?
bilayer contained four S-NPs. The single S-NP was positioned
within the centre of geometry of each bilayer and each of the four
S-NPs were positioned equidistant from one another. The choice
of ligands was similar to models by Simonelli et al4¥, in which lig-
ands 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*4=4€.
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 with S-NP model was subjected to a series of equi-
libration steps. Steepest 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), vol-
ume (V) and temperature (T)) over an increasing timestep from
0.0001 ps to 0.01 ps using the velocity-verlet integration algo-
rithm at 10 ns intervals“Z">%, The simulation was then extended
for 6 us using an NPT ensemble (constant number of particles
(N), pressure (P) and temperature (T)). The first 1 us of produc-
tion simulation data were discarded from the analysis. The list of
simulations presented in this study is summarised in Table

2.1 Analysis

The GROMACS tools developed by Castillo et al.>Y were used
to calculate the phospholipid tail order parameter (defined as
P, = 1 (3cos?@® — 1), where @ is the angle between the bond vector
and the membrane normal) and average density. The simulation
unit cell was divided into 1 nm? cells over a two-dimensional grid
covering the x 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 cal-
culated using the custom GROMACS®2223 distribution. The sim-
ulation unit cell was divided into 1 nm? cells across the bilayer
normal and lateral plane and the local pressure tensors P, Py,
P., were calculated across the the normal and lateral plane. The
custom GROMACS software only returned average values without
an indication of error. We therefore reported standard error of the
mean by using binned averages. From the pressure tensor com-
ponents we calculated the normal and lateral pressure across the
profiles from the relations P, = — (0, + 0yy)/2 and Py = —0,,. The
line tension was calculated as ¥, = % (Poer — Ppar) LzLpar, where
Pper and Pper are pressure tensor components perpendicular and
parallel to the phase interface, respectively. The Lper and Ly, are
the box dimensions in the bilayer normal direction and the bilayer

lateral direction, respectively.

The orderphobic effect of the NPs2# was estimated using
the Nelson-Halperin 2D bond-orientation order parameter=2'29,
which acts as a useful metric for measuring the packing degree of
lipids. The average hexagonal packing parameters of the top and
bottom phospholipid leaflets were calculated using
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where, 0y, 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 [Ifc). The six closest phospho-
lipid carbon-chain beads were used to calculate the extent of 2D-
disorder around the S-NP. An equilibrium average of one repre-
sents a perfect hexagonal packing and zero represents disordered
packing. The phospholipid beads C24/C2B and D24/D2B (where
A and B labels represent the two hydrophobic tails) in the phos-
pholipid tail groups were used as points of reference with respect
to the arbitrary vectorZ, All visualisations and analysis were im-
plemented using a combination of VMD®8, APLVoro2? and MD-
Analysis®?, along with in-house scripts.

3 Results

Each model was left to equilibrate for 1 us (equilibration data pro-
vided in Figure S1) followed by production runs for 5 ps. Each
equilibrated trajectory was used to calculate, relative to the bi-
layer normal across the unit cell, the average mass density and
phospholipid tail order parameters. Also, 2D lipid order param-
eters using the C2/D2 beads in the hydrophobic chain of DPPC,
DUPC and DFPC phospholipids were calculated. Order param-
eters were used as a measurement of phospholipid order at the
bilayer interface with the S-NP. Pressure tensor calculations were
performed to show differences in the line tension between bilayer
phases. Finally, the area-per-lipid (APL) and bilayer thickness
were measured in the multi-S-NP simulations to identify phos-
pholipid 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 simu-
lations failed to reveal phospholipid phase separation, whereas
phase separation was observed in the DPPC-DFPC-CHOL model
bilayer (Figure SI 2).

3.1 Single S-NP

Single S-NPs in monomeric and two mixed-phospholipid bilayers,
underwent production simulations for 5 ps (Figure [2). Average
mass density and phospholipid tail order calculations were taken
at time points where we observed a stable conformation (Figure[3]
(@), (b) and (c)).

The phospholipid tail order parameter (Figure 3| (2)) of the
DPPC and cholesterol combination is lower among the annular
phospholipids (those local to the S-NP) and assumes a phospho-
lipid 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.

The mixing of phospholipids DPPC with DUPC (Figure [2| (b))
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Table 1 A catalogue of simulations preformed showing the initial bilayer size,
phospholipid ratio.

number of S-NPs, the quantity of phospholipids and cholesterol, and the

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-4NP 30 nm? 4 1906 0 0 0 NA
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
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Fig. 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.
vector and the C3/D3 beads of neighbouring phospholipids.

resulted in saturated and unsaturated microdomain formation
within the first 100 ns with a consistent clustering of DUPC phos-
pholipids around the S-NP. The phospholipid tail order parameter
and mass density are similar to the values seen in the monophos-
pholipid system, in that phospholipid order increases further from
the S-NP, however, the difference between DUPC and DPPC in-
troduces a greater degree of variance in phospholipid tail order.
Within the time frame observed, the phospholipid microdomains
consistently rearranged as phospholipids exchanged between do-
mains. The mixing of phospholipids DPPC and DFPC (Figure
(c)), resulted in the formation of two phospholipid domains with
cholesterol predominately found within the ordered, more dense,
DPPC domain. The DFPC domain, containing the S-NP, had sig-
nificantly less ordered phospholipid tails which corresponds well
with the distribution of phospholipid mass density. The DPPC-
DFPC interface presents a gradient in phospholipid tail order with
lipids closest to the S-NP, more disordered than those further
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(c) The orderphobic effect is calculated between an arbitrary reference

away.

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

The time-averaged phospholipid order parameter was mea-
sured from the centre-of-mass (COM) of the S-NP (Figure 3| (e)).
The low order parameter values across the initial 2 nm are due
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Fig. 2 Snapshots illustrating the evolution of each single S-NP bilayer system in the xy plane after equilibration. DPPC is red, DUPC blue, DFPC green

and cholesterol is orange. Water has been removed for clarity.

to the measurement being made from the S-NP COM. The large
degree of variance at 2 nm is due to fluctuations in the bilayer
promoting a degree of exchange of phospholipids within this nar-
row space. The phospholipid order parameter of the unsaturated
phospholipids, DUPC and DFPC, is consistently lower than the
saturated DPPC across the unit cell. Whilst the order parameter
of the unsaturated phospholipids remained constant, the order
parameter for DPPC steadily increased the further from the S-NP
indicating that the S-NP has a distorting effect on saturated lipid
tails in close proximity to the S-NP, presumably as they distort to
pack around the S-NP.

We calculated the x, y, and z components of the lateral and nor-
mal bilayer pressure profiles. An average was taken through the
bilayer interface (x as defined by the distinct bilayer microdomain
interface formation in DPPC-DFPC-CHOL) across each simulation
and found pressure profiles dependent on the bilayer composi-
tion. In the lateral bilayer pressure (Figure E (a)), the Py, and P,
components in each bilayer fluctuated around 300-500 bar for
the DPPC-DUPC-CHOL-NP and DPPC-DFPC-CHOL-NP systems,
and 500 bar for the DPPC-CHOL-NP system. The P, P,,, and
P,, component (dimension parallel to the bilayer) presented a
profile dependent on the S-NP and the phospholipid bilayer com-
position. In DPPC-CHOL bilayer, pressure peaks are local to the
phospholipid-S-NP interface before decreasing by approximately
200-400 bar (5-7 nm), whilst in bulk, the pressure fluctuates be-
tween 0-1000 bar.

The pressure peaks on either side of the S-NP (10-12.5 nm) in
DPPC-DUPC-CHOL show an increase of 300-600 bar. With the
formation of two distinct bilayer microdomains in DPPC-DFPC-
CHOL, the DPPC and cholesterol domain demonstrates a consis-
tent Py,/Py,/P,, pressure profile from approximately 250 bar to
500 bar. We see a large peak in P, of approximately 1500 bar
from O nm to 2.5 nm. This is located near the domain interface of

the DPPC-CHOL and DFPC with the S-NP in contact. Where the
S-NP is not interacting with the domain interface (10-11 nm),
we see a small dip in the pressure by approximately 250 bar. The
pressure profiles calculated normal to the bilayer (Figure E (b)),
fluctuate consistently around O bar in the Py, and P,; component.
Averaged along the x axis, there are two distinct peaks of nega-
tive 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 choles-
terol bilayer construct are due to the homogeneous phospholipid
composition. The lateral (Py, and Py,) and normal pressure pro-
files averaged along the bilayer normal (Figure E (¢)), remain
consistent with the trend of their individual pressure tensors.

The line tension between phases was estimated using the
%(Pper + Ppar) pressure profile calculations. We computed an up-
per estimate change in pressure of approximately 50 bar near the
domain interface for the DPPC-DUPC-CHOL-NP system (an ap-
proximate upper estimate of 3.375 x 10710 N for the line tension)
and an upper estimate of approximately 75 bar for the DPPC-
DFPC-CHOL-NP system (an approximate upper estimate of 1.125
x 1072 N for the line tension). The line tension can be used to
calculate the free energy of adsorption of the domain boundaries
by the NPs using:

AGadsorption =2AR, 2

where A indicates the line tension, and R is the radius of the
NP6L, When using a radius of between 2 and 2.5 nm the adsorp-
tion energy of the NPs to the interface is between 6.750 x 10~1°
and 8.437 x 10~!° J for the DPPC-DUPC-CHOL-NP, and between
2.025 x 10718 and 2.531 x 10~!8 J for the DPPC-DFPC-CHOL-NP
system.
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Fig. 3 Three frames showing the phospholipid tail order parameter (top) analysis and average mass density (middle) of the three single S-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 order parameter of the bilayer as a function of distance from the S-NP COM. The position of the interface is indicated with a grey line. (e) The
phospholipid tail order parameter of individual phospholipid types as a function of distance from the S-NP COM. Each data point was calculated as an

average over 1000 ns. Error bars represent the standard error of the mean.

3.2 Multiple S-NPs

Production runs of 5 ps were performed for each model bilayer
construct with multiple S-NPs. The average mass density and
phospholipid tail order parameter calculations were taken when
each system was seen to adopt a stable conformation (snapshots
of the simulations are shown in Figure [5). Short animations of
each simulation has been provided as part of the supplementary
information.

To determine whether the presence of cholesterol would affect
nanoparticle aggregation we also performed an NPT simulation
of four S-NPs in a pure DPPC bilayer without cholesterol for 5 us.
The initial placement of the S-NPs were identical to those in the
DPPC system with cholesterol. The NPs were shown to aggregate
shortly after 4 us.

In the DPPC-CHOL-4NP simulation (Figure |§| (a)) a decreas-
ing order parameter was observed local to the S-NPs, approxi-
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mately 0.17 nm from the phospholipid-S-NP interface. The analy-
sis was performed over three stable configurations after the S-NPs
were shown to aggregate within the initial 100 ns. The average
mass density was consistent throughout the bulk bilayer at 400-
500 kg m? but dropped to 250-300 kg m3 within the phospho-
lipids local to the S-NPs. This difference demonstrates ordered
packing in the bulk bilayer and disorder local to the S-NPs.

The DPPC-DUPC-CHOL-4NP simulation showed a reduction in
the phospholipid tail order parameter through a gathering of un-
saturated DUPC phospholipids around the S-NP whilst cholesterol
migrated into the saturated DPPC regions. The average mass den-
sity remained consistent throughout the simulation, with a sharp
decrease in density similar to the decrease in phospholipid tail
order local to the S-NP aggregate.

During the simulation of the DPPC-DFPC-CHOL-4NP system, a
DFPC phospholipid microdomain formed within the initial 100 ns



(@)

_p, 2000
~Py 1500

DPPC-CHOL-NP

1000

P (bar)

1500 2000

z (nm)

DPPC-DUPC-CHOL-NP

10

z (nm)
|
|
4

DPPC-DFPC-CHOL-NP

1
0 200 400 600 800

P (bar)
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around the NPs, stabilising the S-NP aggregate whilst the com-
plete phase separation as presented in Figure [f] (¢) occurred. We
see a gradient of order parameters between the unsaturated DFPC
and the saturated DPPC domains. There is a clear mass density
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 difference in phospho-
lipid order, suggesting the favourable inclusion of the S-NPs in the
DFPC microdomain.

The averaged APL and phospholipid length as a function of
time are shown in Figure |§| (d).For the DPPC-CHOL-4NP simula-
tion the area of cholesterol had a value of 0.42 nm? and the DPPC
had a higher area of 0.52 nm?. The cholesterol thickness was
3.4 nm, while the DPPC thickness was 4.2 nm. Each APL of the
DPPC-DUPC-CHOL-4NP model remained consistent. Cholesterol
had the smallest area (0.45 nm?), followed then by the saturated
DPPC phospholipid (0.53 nm?) and finally, the DUPC phospho-
lipid (0.65 nm?), which follows the kinked nature of the DUPC
phospholipid allowing for a larger area. The bilayer thickness as
an average measurement between identical phospholipid types is

quite clear; the saturated 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 of cholesterol and DPPC in the DPPC-DFPC-CHOL-
4NP simulation are very similar (0.42 nm? and 0.48 nm?, re-
spectively), whilst DFPC presents greater APL (0.65 nm?). In
terms of bilayer thickness, cholesterol and the DFPC phospho-
plipids 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 RDF value of approx-
imately 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 dis-
tribution function (RDF) decreases from approximately 0.8 to
0.4 (DPPC-DUPC-CHOL-4NP) and from 0.5 to 0.2 (DPPC-DFPC-
CHOL-4NP)). A similar trend was observed around the S-NPs be-
tween the cholesterol mass fraction and the RDF profiles (Figure[6]
(f)). In the DPPC-CHOL-4NP system the mass fraction of choles-
terol remained consistent at approximately 10% over the course
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of the simulation. The mass fraction increased further from the
S-NPs. In both DPPC-DUPC-CHOL-4NP and DPPC-DFPC-CHOL-
4NP simulations, we observed an increase in cholesterol mass
fraction beyond 10 nm from the S-NP centers.

We analysed the bilayer thickness of each mixed bilayer simula-
tion by calculating the average phospholipid length as a function
of distance from the centre of each S-NP (Figure . To account
for the arrangement of the bilayer components, the phospholipid
length calculations were block averaged per 1 us and variation in
length was obtained using the standard error of the mean. The
spread in phospholipid length was consistent after accounting for
those phospholipids at the S-NP interface. The spread in DPPC
length is consistent across all three systems, yet DPPC phospho-
lipids were longer when they were not mixed with other phos-
pholipids (Figure (7] (a)). After the initial 1us, the average DFPC
length unevenly distributes from the S-NP with the average length
peaking approximately 15 nm from the S-NP (Figure[7](b)). Once
the DPPC-DUPC mixed bilayer forms the two distinct phospho-
lipids domains, the DUPC component remains consistent shorter
(Figure |[7| ¢)). There is little difference in length then between
bulk DUPC and those at the S-NP interface.

4 Discussion

We performed several simulations of hydrophilic-hydrophobic lig-
and functionalized striped nano-particles in mixed bilayers of
DPPC, DUPC, DFPC and cholesterol along with the monophospho-
lipid DPPC bilayer with cholesterol and finally, with only DPPC.
The mixed bilayers were chosen to simulate near and certain
phase separating systems. Our simulations show nanoparticle
aggregation near unsaturated phospholipid regions, phase sep-
aration promoted in the presence of nanoparticles, and the role
mixed-bilayers play in the lateral organization of nanoparticles.
In a previous Monte Carlo simulation study, nanoparticles fused
with a mix of charged and hydrophobic ligands enter the bilayer
interior through the interactions between the charged ligands and
the hydrophilic headgroups of the bilayer?®. The placement of
the NPs within the bilayer is stabilized by a ’snorkelling’ effect.
Observed ’snorkelling’ of the local phospholipids induces a hy-
drophobic mismatch between the snorkelled phospholipids and
the rigid cholesterol molecules, resulting in the depletion of lo-
cal cholesterol density local to the NP4248 From our single S-NP
DPPC-DUPC-CHOL and DPPC-DFPC-CHOL simulations, we also
observed local depletion of cholesterol corresponding with phos-
pholipids 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. revealed that cholesterol in
phase-separated bilayers is enthalpically driven to maximize lev-
els of intermolecular contact with saturated phospholipids tails3Z,
which corresponds to an additional driver for the aggregation of
unsaturated phospholipids near the S-NP. In the case of the DPPC-
DUPC-CHOL and single S-NP, the cholesterol depletion drives the
DUPC aggregation near the S-NPs. 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 suggested by studies of mismatch en-
ergetics by Hu et al.®% domain formation before full phospho-
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lipid 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 observable in both the NP/NP-absent case with the DPPC-
DFPC-CHOL bilayer, indicating a greater hydrophobic mismatch
between the DPPC-DFPC bilayer compared to the DPPC-DUPC bi-
layer.

Adding an unsaturated DUPC or DFPC phospholipid compo-
nent to a DPPC bilayer results in the NPs partitioning into the
liquid-disordered region. This follows similar results as seen by
previous studies of transmembrane helices®3. This has been at-
tributed to the favourable enthalpic interactions between tightly
packed liquid-ordered phospholipids, which in turn drives the lat-
eral sorting of protein helices. The packing in the liquid-ordered
phase (DPPC-DPPC and DPPC-CHOL) is enthalpically favourable,
and whilst the inclusion of the NPs into the liquid-disordered
phase would be expected to increase the global entropy of the
mixed bilayer, the enthalpic penalty of disrupting the liquid-
ordered region prevents any aggregation of the NPs in the liquid-
ordered region.

The absence of unsaturated lipids in the multiple S-NPs DPPC-
CHOL simulation demonstrated a delay in the formation of the S-
NP clover-like aggregation compared to both DPPC-DUPC-CHOL
and DPPC-DFPC-CHOL simulations. The aggregation of S-NPs
can be seen to be analogous to those of membrane proteins; Par-
ton et al.®4 demonstrated the effect of hydrophobic mismatch on
a-helical transmembrane (TM) proteins, and indicated that phos-
pholipid demixing occurs 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 tailgroups of the phospholipids was maximised.
In the case of the DPPC-CHOL simulation the bilayer demixing
displaces the cholesterol molecules from around the NP.

Another interesting point of note is the difference between the
clover-like arrangement of the S-NPs we observed and of those
of a linear arrangement in the simulations by Angelikopoulos
et al. 240  The increase in hydrophobic ligand length in their
models maximised hydrophobic surface area, which hindered the
snorkelling of hydrophilic ligands and increased hydrophobic con-
tacts with the annular phospholipids. This would suggest the or-
derphobic effect may be a driver for the clover-like cluster.>#, This
phenomena closely follows the aggregation mechanism of trans-
membrane proteins and protein-mimics due to the orderphobic
effect, which can determine the aggregation of protein-like struc-
tures due to the formation of a local order-disorder interface.

Our cholesterol-free DPPC simulation revealed a single stable
interaction between two of four S-NPs after 2 us. The associa-
tion between nanoparticles in the absence of cholesterol is not
unexpected as the order-disorder region around the NPs is still
present in the absence of cholesterol. Compared to the study by
Angelikopoulos et al.#340| where NP aggregation is not observed,
the differing length of the hydrophobic ligands on the NP surface
may increase the order-disorder interface around the NPs. This is
indicated in Figures S1 and S2.

Similar orderphobic effects have been observed in Influenza A
matrix 2 transmembrane protein which induce local membrane
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remodelling by the aggregation of proteinsm. The M2 protein
lowers the hydrophobic tail order parameter at tail end termini
for both ‘stiff’ and ‘soft’ phospholipids. This corresponds with the
lowered phospholipid tail order parameters for the DPPC, DUPC
and DFPC phospholipids in our simulations.However, the sig-
nificant difference in electrostatic surface charge between these
membrane proteins and the striped-nanoparticles in this study
must be considered. Given the charged S-NP ligands, one might
expect electrostatic repulsion between S-NPs rather than the ag-
gregation observed in this study. It is entirely plausible that the
energetic gain from the reduction in the line tension overcomes
the energetic penalty incurred from electrostatic repulsion be-
tween nanoparticles.

Ollila et al studied the pressure profile surrounding the
mechanosensitive protein channel of Mycobacterium tuberculosis.
The monolayers surrounding the protein show a lower lat-
eral tension and the formation of spontaneous curvature due to
this would cause the redistribution of lipids around the protein.
We see a variety of similar effect on the pressure tensor compo-
nents near the lateral pressure of the NP. In the monophospho-
lipid DPPC-CHOL bilayer, there is a drop in pressure within the
S-NP region, while in the mixed DPPC-DUPC-CHOL and DPPC-
DFPC-CHOL bilayers we observe a distinct feature in the pres-
sure profile at the lateral position of the S-NP. This suggests that
an S-NP at the phospholipid domain interface; firstly, lowers lat-
eral pressure 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
bilayer, we see the formation of small DUPC phospholipid mi-
crodomains in the vicinity of the S-NP. This corresponds to the
highly fluctuating orderphobic region seen 2.0-4.0 nm of the S-
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 simula-
tion, the reduction in size of the line tension interface drives
the aggregation of S-NP into a clover formation, while in the
DPPC-DFPC-CHOL bilayer, we see how rapid domain formation
drives the 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 phospho-
lipids around the S-NPs, induced by the hydrophobic mismatch
between the DPPC and DUPC-DFPC and the favourable interac-
tion between the DPPC and cholesterol, drives the aggregation
of unsaturated phospholipids 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
liquid-disordered and the liquid-ordered domains in the DPPC-
CHOL region. Experimental measurements of the line tension
range in the region 0.2-6.2 x 10712 J m~! (0.2-6.2 x 1012
N)7072, LipowskyZ2 computed a crude estimate of 107 J um !
= 10! N, and simulation studies by Rosetti et al.7% measured
values in the range 28-32 pN (2.8-3.2 x 10~!! N) in the domain
boundaries between DAPC and DPPC. These values are notably
lower than the estimates extracted from the values we have ob-
served. However, it is worth noting that the lateral and normal
pressure fluctuation is very large, hence our values only give the
upper estimate of the line tension, and would be expected to fluc-
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Fig. 6 Simulation snap-shots showing four S-NPs in each of the model bi
along with corresponding phospholipid order parameters and mass densi
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ty plots. Calculation of the APL by phospholipid type (d) and the RDF profiles

of cholesterol from the S-NPs by 2 A intervals (e), and the mass fraction of cholesterol (f).

tuate near the computed values from previous studies.

Finally, we expect NP aggregation to occur due to a contribut-
ing combination of ionic ligands minimizing interaction with ionic
beads whilst maximising the hydrophobic interaction between the
ligands and the lipid interior. The energetic gain from the re-
duction of line tension surface area is greater than the energetic
penalty from the Coulombic repulsion between the S-NP ligands.
It would be possible in future work to test further effects on ag-
gregation in a bilayer by reducing the surface area of the NP core
and replace hydrophobic ligands with ionic ligands.

5 Conclusions

From this study, we have observed how an orderphobic effect be-
tween the S-NPs and the immediate lipid environment is a driving

3

10 |

force for S-NPs to aggregate with disordered regions in mixed bi-
layers. We have demonstrated that the hydrophobic mismatch be-
tween local phospholipids and the S-NPs drive annular phospho-
lipid aggregations, which presents evidence of local cholesterol
depletion, resulting in the aggregation of unsaturated domains
near the S-NPs.

The author’s are unaware of any direct comparable experimen-
tal studies of striped nano-particles. However, there are similari-
ties between the results of the simulations presented and with a
small number of experimental efforts. For example, Rasch et al. 75
undertook experiments of phosphatidylcholine vesicle formation
with with dodecanthiol-coated Au NPs. These formed clusters
within the vesicle bilayer space through a process described as
‘zipping’. This observed zipping of NPs is quite similar to the local
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orderphobic effect around the NPs in our simulations, which also
drives its aggregation with NPs, and also drives the local lipid-
exchange around the NPs in mixed bilayers. Also, Guo et al.Z®
showed that on a millisecond timescale, a lipid-coated hydropho-
bic AuNP can translocate into a lipid bilayer. It was also observed
that NPs smaller than 5 nm stay embedded within the bilayer,
whilst ones larger creates pores on the surface of the bilayer. This
was experimentally observed using a DMPC and fluorescent DPPE
lipid membrane on a microfluidic chip. This would indicate that it

may not be necessary to have hydrophilic ligands attached on the
surface of the NP for translocation to occur, and that aggregation
can be driven by the reduction of the orderphobic/zipping radius
around the NPs.

It is clear that the order-disorder interface around the S-NP
structures does exist>#7Z, however, we acknowledge that lipid
order parameter calculations do not conclusively show an order-
phobic effect in a phospholipid bilayer in the presence of S-NP. In
summary, our study shows that the ligand-functionalized S-NPs
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have an affect on the phospholipid conformation in mixed bilayer
and an orderphobic effect contributes to the aggregation of S-NPs
due to a reduction of the surface area contact with the ordered
lipids. Our findings suggest lipid aggregates driven by of NPs may
affect drug-delivery and may have an effect on the functionality
of bio-molecules within the local lipid environment.
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