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Abstract

The interactions between heterogeneous components in a biomimetic bilayer can
control its physical properties such as its rigidity, local and bulk curvature and propen-
sity towards phenomena such as membrane fission and fusion. In particular, nanoparti-
cles (NPs) have been subjects of intense interest due to their similar scale to the bilayer
width and its ability to affect local membrane structure. Generally, it is understood that
hydrophobic components are energetically favoured to adsorb within the hydrophobic
interior of a biomimetic bilayer. However, how such NPs interact in the presence of
heterogeneous aggregates in the bilayer has been the subject of much debate. To better
understand the effects of the integration of nanoscale components on heterogeneous
mixed bilayer, we have simulated a series of generic hydrophobic NPs interacting with
a phase-separating two-component surfactant bilayer. We find that the hydrophobic
NP tends to aggregate at the phase interface, acting as a line tension relazant i.e. a
lineactant on the phase separated interface, which results in a variety of demixing be-

havior. We demonstrate that depending on the size of the NP, the localized softening



of surfactants and the formation of a mixing gradient of surfactants can drive the a

cap/bud formation around the NP, as well as the formation of a NP-micelle structure.

Introduction

Lipids and similar polyether/polyethylene type molecules form the building blocks of a whole
range of materials ranging from traditional manufacturing ingredients such as detergents and
paints,! to more recent, complex, applications such as in bio-sensing devices, drug delivery
capsules and biomedical apparatus.?® Whether the lipid/polymer is biological or artificial,
its basic building blocks comprises of short hydrophilic headgroups and longer hydrophobic
tails. Attaching these different groups into a single lipid type species, allows the aggregation
of these molecules - the hydrophilic headgroups can associate with the surrounding bulk
water surrounding it, and the water-avoiding hydrophobic tailgroups aggregate away from
the headgroup and water. Depending on the structure and the molecular species which
make up the lipid /polymer moiety, the bulk structure can form a large array of structures
ranging from a monolayer micelle to a semi-flexible planar bilayer or a bilayer vesicle. Bi-
layers also constitute the semi-permeable vesicles that build the major organelles within
biological organisms. The preferential interactions between the molecular components, due
to steric preference or direct intermolecular energetic preference has been hypothesized to
drive numerous complex processes within the bilayer.

The pioneering work by Simons and Ikonen” illustrated the possible existence of patches
or rafts with heterogeneous bilayers - structures ranging from 10-200 nm radius - enriched
semi-circular domains that are stabilized by heterogeneous components, forming what are
known as liquid-ordered (1,) phases (which primarily make up the patch formation) from
the liquid-disordered (1;) components. While the definitive evidence for the existence of
rafts remains to be seen, the study does illustrate the need for study in how the hetero-

geneous components can influence the structure of the bilayer. The formation of patches



in a mixed bilayer has been suggested to form the platform for complex macro-structures,
such as membrane proteins to control the translocation of particles and ions across the bi-
layer.® In general, it is thought that the energetic cost of the raft formation depends on
two main factors - the free energy gain when like lipid species coagulate together (either
through packing energy or hydrophobic interaction match), and secondly, minimization of
the free energy cost of the domain boundaries. It has been suggested that the hybrid lipid
species (with a saturated and unsaturated tail), such as monosaturated POPC may control
the type and size of the domains formed, through a controlled ‘loosening’ of the membrane
domain line tension. Other stabilizing factors include the presence of cholesterol (CHOL),
which aggregates to the saturated tailgroups, therefore acting as a stabilizing element to 1,
phases.”

In addition to experimental evidence, molecular simulation data have also demonstrated
the importance of heterogeneous components upon the phase change within mixed bilayer
environments. Hakoyoban et al'° for example, used coarse-grained molecular dynamics (CG-
MD) with the MARTINI ' force field to systematically study a ternary DOPC/DLPC/CHOL
system, with added variations in the headgroup and tailgroup regions. The study suggested
that the rigidity of lipid /cholesterol species has a significant effect on stabilizing/slowing the
phase separation between 1, and and l; species in a heterogeneous lipid bilayer system, which
closely follows experimental observations. In addition, the interaction of raft-like aggregates
with membrane proteins seems to suggest that these can modulate the rate of phase sep-

[*2 demonstrated through molecular simulation that the

aration. For example, Fowler et a
distribution and density of peripheral membrane proteins can change the bending rigidity.
Hence, the domain formation in unsaturated/saturated mixtures have shown to be slowed
by the presence of such ‘linking’ proteins, where it can reduce the unfavourable contact in
the interface between the 1, and 1; phases.'? In addition, hybrid lipid structures (lipids with

both saturated and unsaturated tails) has been shown to act in a similar way. For example,

Rosetti et al'® demonstrated through quarternary mixtures of PAPC/DAPC/DPPC/CHOL



mixtures that hybrid lipid type structures reduce the hydrophobic mismatch area between
the 1, and 1, regions. Furthermore, all-atomic (AA) simulation results by Hassan-Zadeh et
al* demonstrated that POPC/PLPC/PAPC type lipids essentially ‘even-out’ the physical
characteristics between the 1, and 1; phase, which effectively reduced the domain line tension.
Hence, the primary role of line tension relaxants (otherwise referred to as lineactants) is hy-
pothesized to be modulating the rate of phase separation by reducing the contact surface
between the unfavourable components.

Due to their potential for applications such as targeted drug-delivery, and their high bio-
compatibility, nanoparticles (NPs), nanometer-scale objects of various radius and anisotropy,
have recently been a subject of intense interest in relation to their application with bilayer
systems. As indicated from past studies, the primary driving force for the phase separation
into 1, /14 phases is the line tension between the phases. NPs with hydrophobic characteristics
are interesting to consider as it can adsorb within the interior of the bilayer surface. There-
fore, understanding how it may influence the arrangement of components within the bilayer is
crucial to understanding and designing better nanoscale applications. For example, Barnoud
et al'® observed that domain stability depends on the presence of aliphatic species/NPs (Oc-
tane, Hexadecane, Cyclohexane) near the 1;/l, domains. In addition, through mesoscopic
simulations, Cheung!® also demonstrated the control of raft-like domains with mesoscale-
dynamics in the presence of hydrophobic NPs, suggesting that a hydrophobic NP and a
hydrophobic protein analogue can nucleate domains and act as lineactants, in a similar
manner to membrane proteins.

While it is clear that the interactions of NPs can affect the phase separating behaviour of
mixed bilayers, to the authors best knowledge, the systematic study of size-dependent effects
of hydrophobic NPs upon the rate and type of phase separation has not been studied before.
In our work, we simulate a mixed bilayer with a hydrophobic NP of a series of increasing
sized radius. We designed a continuum model of a hydrophobic NP to model the effects of

a nanoscale hydrophobic component in a deliberately phase-separated biomimetic surface,



which acts as a model for a mixed bilayer system with raft-like structures. We demonstrate
that hydrophobic NPs of all sizes within this study locates itself within the interfaces between
the phases, and may reflect the general behaviour of hydrophobic proteins and NPs within
heterogeneous bilayers. In addition, we show that with larger radius, the NP drives a budding

process that may lead to the formation of caps to a full-fledged budding.

Methods

Model of the Bilayer

We used the Shinoda-DeVane-Klein (SDK) CG-MD model'” ¥ (more recently updated to
SPICA?). The polyethylene glycol (Ci2E5) model used by Shinoda et all™!® was the basis
of the model used in this work. The model has been parameterized against thermody-
namic properties (densities, interfacial tensions, transfer free energies) and has been applied
successfully by itself or as a model to study a range of soft matter systems.?’25 A brief de-
scription of their coarse-graining approach follows here - within this model 3-5 heavy atoms
are represented by a single interaction site or “bead” (one water bead represents three water
molecules). The surfactant molecule was described using four CG bead types: OA (-CH,OH)
and EO (-CH;OCH,-) which represent the hydrophilic head group and CM (-CHyCH5CH,-
) and CT2 (CH3CH,CH,-), which represent the hydrophobic tail groups. To produce a
mixed bilayer, half of the Ci3Es molecules were changed into modified equivalents, which
has identical molecular mechanical properties. This initial configuration was produced by a
randomized change of indices for 50% of the atoms of the bilayer data file. The modified
lipid was produced by changing the Lennard-Jones (LJ) € values for the non-bonded po-
tentials between surfactant and mimic beads - the LJ parameters were changed so that we
could produce system which show a self-preferential phase separation to take into account
the large variety of phase separation mechanisms which can be seen in real lipid bilayers.

The tabulated values for these systems are shown in the supplementary information. The



schematic of the AA to CG mapping, as well as the modification of the surfactant is shown in
Figure 1(a). The non-bonding potentials between the Cj5E, and C12E2-M has been modified
to show a greater extent of intermolecular repulsion between the original and mimic beads.
Figure 1(b) and (c¢) shows the illustration of the NPs used for this study and the top-down

view of the C13Ey/Ci2Eo-M bilayer system used respectively.

Model of the NPs

The NPs were treated as a collection of uniformly distributed interaction sites i.e. the particle
was treated as a surface-to-molecule potential, based upon Hamaker’s model for modeling
the non-bonding potential of surfaces.?%2” To represent the hydrophobic NPs, the interaction
sites of the particle took the LJ parameters of the bead type CT2; the interactions between
the NP and CG beads were derived from integrating the interaction potential between a
CG bead and an interaction site within the NP over the particle’s volume. Assuming that
the interaction between a CG bead and single interaction site can be described through the
modified LJ functions (Equations 1 and 2) the interaction between a NP and a CG bead
may be written as
U1 R) = 2V/3mpea'? R3 5RY + 45 RYr? + 63 R%r + 1500
15 (r2 — R?)?
_ 3mpea’R N 3v/3mpec? In {7" - R

r? — R2 2r

3RY + 42R*r* + 357 9mpecS R3
357 (r? — R?)S r2 — R?

U2 (r, R) = 9mpec’ R?

where r is the distance from the NP center, p is the density of the NP and R is the NP radius.
The density of the NP was taken to be 1000 kg m™3 (based on the density of water). Full
derivations of these formulae are given in the supplementary information. The parameters
¢ and o are the Van der Waals parameters for the W (hydrophilic) or CM (hydrophobic)

CG beads. The interaction potential between the NP and solvent bead is taken as a simple



interpolation of the hydrophilic and hydrophobic potentials (Equation 3):
U (r) = (2) U3 PM () 4 (1 — ) Uparorhobie )

where we set z = 0 to ensure a fully hydrophobic NP for each size. Plots of the interaction
potentials for each NP are provided in supplementary information (Figure S4). Three R
values were used for creating the NPs - R = 1.0, 1.5 and 2.0 nm. The 1.0 nm radius NP
represents a NP that is comparable to the tailgroup (CM and CT?2) length of the surfactant,
while the 2.0 nm radius NP represents a NP with a width that is comparable to the thickness
of the bilayer, the 1.5 nm radius being the intermediate. For each R, the hydrophobic

interaction between the NP and Ci3Ey/CqoEo-M is identical.

Simulation Parameters

All simulations were performed using the LAMMPS molecular dynamics package.?® To gen-
erate the initial configuration of the bilayer, 3500 CG-beads of the Ci3Eo/CioEo-M (500
molecules in total) were used to arrange a bilayer in a simulation box ranging from dimen-
sions 80 A x 80 A x 200 A with the rest of the box being filled with 14328 water beads.
This system was equilibrated using a NVT ensemble for 1 ns simulation time with increasing
timesteps to ensure the overlaps between molecules were resolved and to ensure the system
did not fluctuate substantially. To reduce the likelihood of finite size effects, the simulation
box was replicated once in each of the  and y directions, meaning that the simulation box
was expanded from 80 A x 80 A x 200 A to 160 A x 160 A x 200 A. 14000 CG beads of
the C1oEy/Ci2Eo-M was used to construct the larger bilayer, which equals to 2000 molecules.
This new system was also subjected to 1 ns of NVT equilibration in the same manner as
the smaller bilayer. To insert the NP, the water beads were removed, the simulation box
dimension in the direction normal to the bilayer (z-direction) was set to 200 A and the

NP was inserted into the system 100 A above the center of mass of the bilayer followed by



re-solvation. For productions runs, the system was simulated in the NPT-ensemble, with
temperature and pressure set to 303 K and 1 atm respectively. The temperature and pressure
were controlled using a Nosé-Hoover thermostat and barostat,?*3" both with relaxation times
of 0.2 ps. The equations of motion were integrated using the rRESPA multiple-timestep al-
gorithm?!' with 2.0 fs inner (bonded) and 10.0 fs (non-bonded) outer timesteps. Non-bonded
interactions were truncated at rq, =15 A. Periodic Boundary Conditions (PBCs) were set
in the = and y directions. A test run of 200 ns was run to ensure that the surfactant bilayer
had reached consistency in it’s properties with past experimental and simulation results.
This was followed by the production run over 1000 ns in the NPT ensemble. Two series of
simulations were run, where the unrestrained simulations kept the lipids and the NPs under
no external restraints (representing the true free trajectory simulation), while the restrained
simulations applied an Umbrella potential at the bilayer center to ensure the effect of any
potential budding would be restrained (restrained in the bilayer normal plane, but free in the
bilayer lateral plane), with the purpose of analyzing the NPs locational preference around
the mixed bilayer (representing a artificial trajectory to study the phase behaviour of the

surfactants around the NP).

Membrane Domain and Budding Energetics

We have approached the problem of membrane energetics in the way as described by Wolff et

] 3233 34,35

and Lipowsky, which involves dividing up the bending, interface and composition
energetics, following on from the elastic properties of a bilayer described by Helfrich.3 The
approach entails dividing up the bilayer conformation around the domain and the NP in
terms of the bending energy (the cost of increasing the curvature around the NP), the edge
energy (the unfavourable energetic contribution between the domains) and the adhesion
energy (the energetic cost of adhering on the NP surface). The bending energy term is
defined by:

Eiending = 21L°# [(C — Co)* + (C + Co)?] (4)
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Figure 1: (a) shows the schematic and CG mapping of the Ci3Es and the CioEo-M sur-
factants, and (b) shows the schematics and sizes of the hydrophobic NPs. (c) shows the
top-down starting configuration and dimensions of the surfactant bilayer. (d) shows the
scenario where the top and bottom monolayer are well-mixed, which is equivalent to the top
(1) and bottom (2) monolayer composition being equal (¢ = ¢2), and the case where the
one monolayer is significantly more domain-like (¢; # b2).

Where & is the bending rigidity (taken as 5.4 kgT for Ci3Es, as computed by Kurtisovski
et al®"), L is the radius of the dimple/cap, C is the curvature of the dimple/cap, and Cy

the spontaneous curvature of the bilayer. Here, we can estimate the curvature as if we

E?
assume that the center of the NP position is aligned with the peak of the cap/micelle. The
energetic cost of forming the edge also needs to be taken into account - the domain edge

energy can be defined as:

Eedge = 27TL’7 V I (LC/2)2 (5)

where v indicates the line tension. To measure 7, it is required to measure the unfavourable
interaction forces at the phase interface - originating from the difference in intermolecular
potentials and/or structural variations. To infer -y, we used a stabilized phase-separated
system which had stabilized domain boundaries, and extracted the stress tensor components
for each CG bead of the Ci5E5 and Ci3Eo-M components and averaged them over the intra-
planar axes i.e. the x and y axes. This is extracted from the stress tensor components

from the molecules in the system. The dependence of the budding on the phase separation



of the bilayer can be described using the Landau expansion of the free energy of the ¢ is

emphasized using the free energy powers of ¢:
Ull 1
T2 2 4
Ephase =7L L_2 [543 + Z_ld) :| (6)

Where U is the parameter that sets the energetic scale, which is defined as 2« as defined by
Wolff,3? and ¢ represents g, the invagination length. As the simulations were carried out at
a constant temperature ensemble, the reduced temperature term was taken as 1 to minimize
the contribution of the change in temperature. Wolff et al®? estimated the ‘incompatibility’
energy (or the measure of the tendency of each bilayer component to disaggregate) from the
Landau expansion of the monolayer composition, which is highly dependent on the monolayer
compositions of the bilayer, which in turn affects the magnitude of the spontaneous curvature.
Figure 1(d) shows an illustration of the possible scenarios of spontaneous curvature that may
occur when the surfactant components mix. A flat bilayer domain may become spontaneously
curved whenever an excess of a single lipid component is highly concentrated in a patch of
the monolayer. Following the convention followed by Wolff, we have computed the monolayer
compositions ¢; and ¢, (indices 1 and 2 representing each monolayer) around the NP in a

8 nm radius around the NP, to modify the composition dependent spontaneous curvature:
d)l — 1012E2 . ¢1C12E2-M (7)

b2 = o3 — oy (8)

Hence, we can compute the average composition of both monolayers as:

d)av = w (9)

The composition difference was averaged for every 1 A intervals away from the NP center.

Each of the monolayer compositions around the NP region was analyzed to measure how
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the interaction of the surfactants of the bilayer affected the local compositions around the
NP. Hence, by analyzing this composition data, we can estimate the extent of the mono-
layer incompatibility near the NP radius. This composition profile was averaged over every
200 ns intervals over the unrestrained simulations to analyze the evolution of the compo-
sition over the course of the simulation. The adsorption/adhesion energy E.qnesion Of the
surfactants to the NP surface is another key factor. A negative E,gnesion 1S responsible
for the formation of the micelle/bud, while Epending, Eedge and Eppase are the equivalent to
the energetic cost required. To compute E,gnesion, We utilized the group/group command
(https://lammps.sandia.gov/doc/compute group group.html) to compute the total energy
of interaction between the NPs and the CioEy/CioEo-M groups. We can consider the sum
of the Epending, Ephase; and Eeqge as the factors that compose the energetic barrier to dim-

ple/vesicle formation, and therefore can be combined to form the Eio, term:

Etotal = Ebending + Eedge + Ephase (10>

Tail Order Parameter

The averaged nematic tail order parameter around the NP computed. The tail order param-

eter is defined as:

S = ;<COS29> -1 (11)

where 6 is the angle between the bilayer normal and the chain segment of the surfactant.
The averaged values were computed in 2 A intervals away from the surface of the NPs to

observe the change in the surfactant arrangement as a function of time.
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Table 1: Simulation parameters for each mixed bilayer/NP simulation.

NP Radius (nm) | C;3E; (N) | C,E,-M (N) | ¢ (ns) | Force (kcal mol~! A~?)
- 1000 1000 1000 -
1.0 1000 1000 1000 -
1.5 1000 1000 1000 -
2.0 1000 1000 1000 -
1.0 1000 1000 1000 25
1.5 1000 1000 1000 25
2.0 1000 1000 1000 25

Table 2: Energetic parameters values used for curvature calculations.

NP size (nm) | C (nm™1) v (N) % (nm) | Anp,,, (nm?) | L (nm) | LC
1.0 0.357 2.9607 x 10712 | 22.59 11.327 2.8 0.9996
1.5 0.303 2.9607 x 10712 | 22.59 15.797 3.3 0.9990
2.0 0.2 2.9607 x 10712 | 22.59 20.857 3.8 0.7600

Results and Discussion

Restrained and Unrestrained Mixed Bilayer Systems with/without
the NPs

Table 1 shows the tabulated simulations involved in this work, where the top 4 simulations
shows the free trajectories, while the bottom 3 shows the restrained NP simulations. Figure
2(a) shows the snapshots of the Ci3Es/Ci2Eo-M with the R = 1.0, 1.5 and 2.0 nm radius
simulations. The mixed bilayer system without the NPs is shown in Figure 2(b). We see
that significant phase separation occurs after 800 ns, we see an increase in the curvature
of the bilayer corresponding to a greater phase separation. The analogous simulation with
the hydrophobic NPs for R = 1.0, 1.5 and 2.0 nm are shown in Figures 2(b), (c¢) and (d)
respectively. With the entry of the NP into the bilayer center we see the formation of a cap
for the R = 1.0 nm example (at 500 ns), and a full budding/micelle formation in the case
of the R = 2.0 nm example. The R = 1.5 nm shows the intermediate case, showing the

formation of a significant cap around the NP. By measuring the the density of each type

of surfactants around the NP, we can measure the dynamic change in the conformation of
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the cap/bud. Figure 3 shows the simulation snapshots at ¢ = 500 ns for when the NPs are
restrained at the center of the bilayer, which clearly indicates the preference of the NP to
the domain interface. As with the restrained simulations, we can observe that the preference
for the domain interface is apparent in the free trajectory simulations with the NPs. This
is shown through the Voronoi tessellation plots of the surfactant domains in the supporting
information (Figure S1).%® Hence, it is clear that the energetic preference of the NPs is at
the phase boundary of Ci2E2/Ci2E2-M, and that the larger NPs induce a larger curvature
in its vicinity. To support the assertion that the mixed nature of the bilayer is indeed the
cause of the bud/cap formation, we simulated the monocomponent Cy5E, bilayer with each

NP (Figure S2) which demonstrates that the budding does not occur.

Membrane Budding and Micelle Formation - The Relation between

the Line Tension and the NP

Figure 4(a) shows the radial distribution function (RDF) profiles of the Cj3Ey and Ci9Eo-M
components around each NP. For all the NP samples, we see a direction of change in the
density profile, where a decrease in the Ci5Es peaks corresponds to a CioEs-M peaks within
2 nm of the NP surface, which suggests a dynamic change of the surfactant conformations
on the NP surface. From distances of 4 nm to 10 nm, we observe a significant trough
forming which is most exaggerated in the case of the R = 2.0 nm, which corresponds to the
budding of the NP. Figure 4(b) shows the E,qpesion computation for each system. From this,
we can approximate the E,gnesion @s the sum of the CioEy/CiaEo-M contributions, which
approximates to, on average, values in the ranges of —25 to —50, —100 to —140 and —125
to —175 kgT for the R = 1.0, 1.5 and 2.0 nm examples respectively, for the individual
C12E/C1oEo-M components. In each case, we see a negative adhesion energy which favours
the wrapping of the NP.3? The ~ measurements were computed from the average of the
stabilized phase-boundary bilayer simulations, as seen in Figure 4(c). The estimated value

for ~y for the length of the domain interface is 2.9607 x 1072 N. Experimental measurements
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of the line tension values range in the region of 0.2-6.2 x 107'? N,%%4! which shows that
the mixed bilayer showed in this simulation is comparable to the measurements seen with
experiments. The effect of the hydrophobic NPs is such that it introduces a surface that
allows the surfactant components to reorganize itself to create a domain interface around it,
as shown by the gradual increase of the RDF plots of the Ci5Ey/Ci2Eo-M as a function of
time (Figure 4(a)). If we break down the influence of the hydrophobic NP upon a mixed
bilayer, the locational preference of the NP near the domain interface indicates that it is a
line-active component, and hence, reflects a local reduction of the line tension. The resulting
composition profile around each NP can be analyzed over time, as seen in Figure 5. The ¢,,,
measured as a function of distance from the NP center, has been averaged over 1000 ns in
200 ns batches. The gradient of ¢ seems to play a key part in the budding process. For the R
= 1.0 nm, We see the formation of a gradient between 4 nm and 6 nm between 600 - 800 ns,
and the formation of such a gradient seems to correspond with the point in the simulation
where budding does indeed occur. In the case of the R = 1.5 nm, we see similar effects with
a gradient starting at 3 nm, which converges to 0 between 7 - 8 nm. Finally, for the R =
2.0 nm, we see a clear gradient formed between 4.5 - 8 nm between 0 - 400 ns. It is worth
noting that the formation of a ‘stable’ gradient (where the composition gradient persists over
the simulation time) is apparent in the case for the R = 1.5 nm and 2.0 nm, while we see
a greater fluctuation in the case of the R = 1.0 nm. This supports our previous analysis in
the RDF profiles, which suggests dynamic and continuous rearrangements of the surfactants
around the NP radius. To determine that the mismatch between the Ci3E; and CioEo-M
was the factor responsible for the budding phenomena, a set of additional simulations were
run switching the Ci9Es-M potentials to CioEs with starting configurations at 500 ns of
the initial simulations, which show the original trajectories in the process of bud formation,
and is shown in the supplementary information (Figure S3). We observe that the budding
process is suppressed, especially seen in the case of R = 2.0 nm simulations where the vesicle

formation stops.
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Order Parameters

The change in order parameters for each NP simulation can be seen in Figure 6. We observe
that the average order parameters are affected approximately 1.5 - 2 nm from the surface
of the NPs, with a greater change in the order parameter observed with larger NPs. This
follows similar patterns of order parameter change seen from studies by Madsen et al,*?
which analyzed the effect of influenza A M2 transmembrane proteins in a phase separated
bilayer, act as an inducer and a sensor for local curvature, and lines up near the sites of line
tension /domain interface, to reduce the tensile and compressive stresses in the bilayer due to
its conical shape. From the order parameter studies, we can see similar lipid order softening
and mixing gradients in the vicinity of the NPs, which indicates that similar effects may
be driving the observed NP budding simulations. The key difference between the studies is
the shape of the NP and that in their study, the interface was between an 1,/1, interface,
while here we have simulated a 1,/1, interface. Reflecting on this work, we hypothesize that
the local reduction of the line tension drives the initial entry of NP /glycoprotein structures.
Further evidence of the importance of energetic mismatch between lipid components within
and between each leaflet has been demonstrated by Siggel et al, who demonstrated that a
POPC spherical vesicle may dissipate the lipid number asymmetry by the introduction of a
lipid scrambling substrate (nhTMEM16 lipid scramblase) which acts to catalyze the number
of flip-flop events, which may be seen as the opposite effect to the phenomena induced by

the NPs here.*?

Budding Energetics

Taking the center of the NP in each simulation as the cap/bud center, we can estimate the

1 1 1 _ -
curvature C as 5oy, 3anm and sgm for the R = 1.0, 1.5 and 2.0 nm NPs, which is

1 1

equivalent to 0.357 nm~!, 0.303 nm~! and 0.2 nm~! respectively - the schematic for these
estimates are shown in Figure 5. The computed parameter values from this is shown in Table

2. The membrane budding model suggested by Lipowsky3* showed that the competition
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Figure 2: Trajectory snapshots for the series of unrestrained simulations run in this work,
over 500 ns, showing the top-down and side views. (a) shows the snapshots of the systems at
500 ns for the R = 1.0, 1.5 nm and 2.0 nm simulations, (b) shows the NP-absent simulation,
(c) shows the R = 1.0 nm simulation, (d) shows the R = 1.5 nm simulation, and (e) shows
the R = 2.0 nm simulations respectively. All simulations were visualized using VMD.*4
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Figure 3: Simulation snapshots at 500 ns for the R = 1.0, 1.5 and 2.0 nm NP simulations

shown in (a), (b) and (c) respectively, where the NPs are restrained at the center of the
bilayer in the normal plane.
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Figure 4: (a) shows the changes in the RDF profiles of the C13Ey and C15Eo-M as a function
of distance from the NP center, for the R = 1.0, 1.5 and 2.0 nm simulations, (b) shows
the computed interaction energy between the CioFy/CioEo-M residues and the NP over 70
ns, while (c) shows the line tension () measurement from a well-separated phase separated
system of CioEs/CioEo-M, averaged at 3 timesteps.
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Figure 5: Schematics and snapshots showing the budding formations at between ¢t = 800
- 1000 ns for the R = 1.0, 1.5 and 2.0 nm for (a), (b) and (c) respectively, along with the
averaged composition profiles as a function of the distance from the NP center. The value
of R represents the radius of the cap/bud used for the curvature computations. The ¢
values were averaged over steps of 200 ns increments. The red components shows the Ci3E,
surfactants, while the blue components show Ci3E>-M components.
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Figure 6: Averaged order parameters of the surfactant chains averaged over 200 ns bins as
a function of distance from the NP surface for the R = 1.0, 1.5, 2.0 nm NPs, shown in (a),
(b) and (c) respectively

between the domain line tension and the membrane bending energy results to a transition to
either a partial or complete budding state. It has been hypothesized that once the domain
region exceed a critical size, the domain can transition into a dimpled or fully budded
state, or in other words, become unstable and hence undergo a invagination process driven
primarily by the fluctuation in the bilayer curvature by changes in temperature. In our
simulations, we observe dimpled states of differing magnitudes of curvature with the R =
1.0 and 1.5 nm NP, and a fully budded state with the R = 2.0 nm NP example. As the
NPs becomes larger, the budding becomes more significant. Here, the contributing forces in
the cap/bud formation are the unfavourable interactions between the CioEs/CioEo-M, the
energetic cost of forming the cap/bud, the effect of the NP upon the local arrangement of
the surfactants around it, and the extent of interaction between the NP surfaces and the
C12Ey/Ci9E9-M components. Figures 7(a), (b) and (c) shows the estimated Eo, for a range
of spontaneous curvature (between 0 and 0.2) and variable ¢ values, for the R = 1.0, 1.5
and 2.0 nm NPs present. We see that the energies range between 78.81 - 100.6 k, T, 80.8
- 110.1 kT, and 55.08 - 95.2 kT for the R = 1, 1.5 and 2.0 nm simulations respectively.

The energetic scale for the simulations show an estimate of 4.1814 x 1072 k, T, which would
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suggest that budding would not occur simply through thermal fluctuations overcoming the
Eiotal , as we see with our examples with the NP-absent simulations. Hence, the NPs and
how it influences the structure and arrangement of the surfactants near the interface can be

identified as the clear catalyst for the budding events. The direct experimental evidence
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Figure 7: The plots for E. for differing spontaneous curvatures (Cy) and mixtures (¢) for
the R = 1.0, 1.5, 2.0 nm shown in (a), (b) and (c) respectively.

(a) (b) (©
OC12Ex R=1.0nm R=15nm R=2.0nm
OCuExM z =
X o
200 Q o e
oo, o, CJ ®,
o
CO0-C0 @
e ¥ g v
=1 2 e
= X ] XXX E
> - <
E =15 SR
3 R X o° X S8
= )] £ o sl
© )9 =3 [OS
£ 3 oo~ o).
n aé ‘_‘a

Figure 8: The schematics for the composition of CisEs and Ci3Eo-M around each NP
through the budding process. (a), (b) and (c) shows the composition arrangement for the R
= 1.0, 1.5 and 2.0 nm respectively. The green circles indicate regions where ¢, # 2, and
therefore has the highest spontaneous curvature. (d) shows the budding process with the R
= 2.0 nm NP, where the local stress induced by the NP due to composition mismatch and
increase of unfavourable contacts between the surfactants drive the fission process.

of interface driven budding is sparse, due to the difficulty of capturing the phenomena at

this scale. However, inferential evidence for the aggregation of NPs at the domain interface

19



and the preference for sites of curvature has been demonstrated in previous studies. For
example, Palmieri et al*® showed through ternary composition bilayer simulations that line-
active components are observed to accumulate on the binary interface, and following the

[,'* we can conclude that the hydrophobic NP acts as a

language of Hassan-Zadeh et a
‘loosening’ type of lineactant, compared to hybrid lipids which may act to decrease the line
tension by partitioning inside the domain structure. Further evidence of the general nature
of the interface nucleating effect of hydrophobic NPs has been observed by Cheung'® using
dissipative particle dynamics (DPD) simulations, which demonstrated that the nucleation is
initially driven the hydrophobic attraction between the NP and each of the lipid/lipid mimic
components, and in large numbers, clustering of NPs along the interface has been shown to
affect the size of the patches formed in the simulations.

The hydrophobic interface provided by the NP here can be compared to the binding
motifs on proteins such as the HIV glycoprotein (HIV-GP41), which binds specifically to
CHOL molecules,*® whilst other proteins have been known to bind to sphingolipids and
sphingomyelin components. 748 In other work, Jeffrys et al suggested that in the presence of
the membrane-associated G-protein NRas, the rate of domain formation/phase separation in
a tertiary bilayer was shown to be dampened, *? which is consistent with its hypothetical effect
as a line active component in a mixed bilayer. Hence, we see a consistent effect of preferential
positioning near the 1,/l; interfaces for both hydrophobic NPs and hydrophobic membrane
proteins. Of particular interest, we observe a similar mechanism of budding seen in the study
by Madsen et al,** who observed that M2 influenza A proteins preferentially locates to sites
of membrane curvature, which are also sites for the co-localization of soft lipids. This is
consistent with our observation of a mixing gradient forming around the NP. This study also
observed a band of lower tail order region in the direct proximity to the M2 proteins, which
would indicate that similar packing defects are present around the NPs shown here, which
would drive a entropic sorting mechanism near the vicinity of the NPs. A similar 'wedging’

mechanism is therefore hypothesized to be in effect with the larger NPs. The further scission
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and full budding for the NPs in contrast to the M2 influenza protein may be explained by
the fact that the Ci3Ey and Ci3Eo-M surfactants have identical tail stiffnesses, which has
the effect of causing dynamical buckling in the upper hemisphere of the NPs, shown by the
changes in RDF profiles and E;ierqction Shown in Figures 4(a) and (b) respectively, which we
hypothesize have the effect of increasing the neck tension of the dimple/bud. The curvature
sensitive nature of proteins has also been seen in NPs, which indicates that this property may
be general for all hydrophobic components embedded within the bilayer. Recently, Lavagna
et al*® analyzed the effect of increasing the size of hydrophobic NPs within POPC bilayers -
it was shown that intermediate and large hydrophobic NPs (larger than 2.88 nm in diameter,
comparable to the larger continuum models studied here) were highly sensitive to regions of
high curvature in a membrane, and showed linear or 3D aggregation depending on its size.
It is important to point out the limitations of the models used for this study. One
of the key limitations of this study is that the mixed bilayer does not represent a single
type of bilayer. For example, experimental studies using neutron scatter measurements
detected distinctly separate bending moduli in lateral heterogenities.’® Also, for certain
mixed compositions, we observe drastically varying bending moduli in mixed bilayers,?!
ranging from 30 (1; phases) to 100 kgT (1, phases) - of an order of magnitude larger than the
bending rigidity observed for this study (5.4 kgT).3” Other studies indicates complementary,
yet differing effects of lineactants. For example, Li et al®® showed that hybrid lipid-like
lineactant molecules aggregates near the domain boundaries of vesicles, indicating a clear
reduction in the local line tension, acts to reduce the curvature near the domain boundary.
However, this study does follow previous observations in showing that the hydrophobic NP
acts as a lineactant in the presence of local domain-like structures within heterogeneous lipid
bilayers, and it could be considered an limiting case of NP /proteins interacting with domain
interfaces. From this theoretical study, it is clear that with a spherical NP, the interplay
between the bending energy associated with the membrane curvature around the NP, and

the adhesion energy due to favourable hydrophobic interaction is disrupted when placed in a
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multicomponent bilayer. We hypothesize that full budding only occurs with the R = 2.0 nm
as adhesion energy between the NP and the surfactants are not sufficient in the cases of the R
= 1.0 and R = 1.5 nm NPs. This behaviour may differ in the case of multiple NP scenarios,
where curvature sensing properties of hydrophobic NPs may allow additional aggregation of

49,53

smaller NPs which in turn may induce further budding/invagination events.

Conclusion

We have used CG-MD simulations to compute the interactions of a continuum model of
hydrophobic Hamaker-model NPs with a mixed surfactant bilayer and have noted a novel
surfactant budding mechanism, with increasing NP radius. Using the model systems we have
managed to replicate membrane protein behaviour within heterogeneous bilayers, where the
hydrophobic NPs preferentially locate itself at the domain interface, which would suggest
that the phenomena seen in this study is general with hydrophobic materials within a mixed
bilayer. The hydrophobic NP induces a gradient of ‘mismatch’ as the NP radius increases,
which materializes as significant composition difference between the monolayers. As seen
from estimating the bending and edge energies, these energies do not differ significantly
between each NP size, which suggests that the adsorption energy on the NP surface and the
increase in the mixing gradient and decrease in the order parameters around the NP is the
driver for an entropically driven mechanism for the cap/budding of the NP. In addition, we
propose that the observed budding is also enthalpically driven by the rearrangement of the
composition of the surfactants around the NP, to reduce the length of the domain interface.3*
This mechanism demonstrates that phase boundaries in heterogeneous bilayers may act as
a marker for hydrophobic species to conglomerate and as a catalyst for budding events, and

requires further investigation.
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