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Design, System, Application:

Colloidal suspensions are critical for a wide range of technological applications due to their
complex interfacial properties. The surface chemistry and profile of colloids dictate their
stability, response to external stimuli and self-organization in suspensions. The complexity of the
interfacial characteristics of colloids arises from the combination of physical interactions and
processes spanning large spatiotemporal scales which impact the structural and dynamical
properties of these systems. Hence, the multiscale characteristics of colloidal particles are
impacted by the molecular scale, long range electrostatic, hydrodynamic interactions and their
interplay. A fundamental understanding of the links between the molecular composition (such as
solvophilic segment length, or relative concentration), the interfacial and collective properties of
colloids requires consideration of their multiscale characteristics. This understanding can be
harnessed to design colloidal particles with desired characteristics.

The proposed approach can be applied to probe multiscale characteristics of the interactions
between colloids in suspensions under different flow conditions, and their relation to molecular
properties. Furthermore, the hybrid Molecular Dynamics-Lattice Boltzmann technique in
conjunction with a Martini-based implicit solvent coarse-grained model can be adopted to design
colloidal particles with specific molecular compositions which yield desired interactions with
other colloidal particles and responses to external stimuli.
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ABSTRACT

The functions of colloids such as membranes and vesicles are dictated by interfacial
properties which are determined by an interplay of physical interactions and processes spanning
multiple spatiotemporal scales. The multiscale characteristics of membranes and vesicles can be
resolved by the hybrid Molecular Dynamics- Lattice Boltzmann technique. This technique
enables the resolution of particle dynamics along with long range electrostatic and hydrodynamic
interactions. We have examined the feasibility of an implementation of the hybrid technique in
conjunction with a Martini-based implicit solvent coarse-grained force field to capture the
molecular and interfacial characteristics of membranes and vesicles. For simplicity, we have
examined two types of vesicles whose molecular components have different sustained
interactions with the solvent. One of the vesicles encompassed phospholipids and the other
vesicle was composed of phospholipids and poly ethylene glycol (PEG)-grafted lipids. The
molecular and interfacial characteristics of the phospholipid vesicle and PEGylated, or hairy,
vesicles are found to be in good agreement with earlier experimental, computational and
theoretical findings. These results demonstrate that the multiscale hybrid technique used with a
Martini-based implicit solvent coarse-grained model is suitable for capturing the molecular and
interfacial characteristics of membranes and vesicles. Furthermore, other implicit solvent coarse-

grained models can be used in conjunction with the hybrid Molecular Dynamics-Lattice
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Boltzmann technique to examine the molecular and interfacial characteristics of membranes and

vesicles.

Our study demonstrates the potential of the hybrid technique in capturing multiscale
interfacial characteristics of intra- and inter-colloid interactions in suspensions under different
flow conditions, and their relation to molecular properties. In addition, this technique can be
applied to design colloids with multiscale characteristics which yield desired interactions with

other colloids and responses to external stimuli.

Keywords: phospholipids, PEGylated lipids, vesicles, Molecular Dynamics-Lattice Boltzmann,
Martini-based implicit solvent coarse-grained force field
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INTRODUCTION

Colloids are critical for a wide range of technological applications due to their complex
interfacial properties. The surface chemistry and profile of colloids dictate their stability,
response to external stimuli and self-organization in suspensions. The complexity of the
interfacial characteristics of colloids arises from the combination of physical interactions and
processes spanning large spatiotemporal scales which impact their structural and dynamical
properties. Hence, the multiscale characteristics of colloids are impacted by the molecular scale,
long range electrostatic, hydrodynamic interactions and their interplay. A fundamental
understanding of the links between the molecular composition, the interfacial and collective
properties of colloids requires consideration of their multiscale characteristics. This fundamental
understanding can be harnessed to design colloids with desired interactions with other colloids,
responses to external stimuli and characteristics under flow. Whereas experimental approaches
can provide insight into the multiscale characteristics of colloids, limitations in their

spatiotemporal resolution gives rise to the need for suitable computational approaches.

A single computational approach which addresses physical interactions at disparate
spatiotemporal scales is well suited to identify the predominant factors and mechanisms
responsible for the characteristics of colloids. Of specific interest is the ability to determine
molecular and interfacial characteristics of colloids using such an approach. In this study, we use
a computational approach which captures the particle dynamics and the hydrodynamic
interactions in colloids. We focus on two types of colloids whose molecular components have

different levels of sustained interactions with the solvent. One class of the colloids (namely, a
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planar-membrane and a vesicle) encompasses amphiphiles with small hydrophilic groups
(compared to the hydrophobic groups), as shown in Figure 1. The other class of colloids (namely,
vesicles) encompasses two types of amphiphilic molecules with one of the molecules bearing a

long hydrophilic group which extends into the aqueous medium, as shown in Figure 1.

Potential particle dynamics-based approaches such as Multi-particle Collision Dynamics
[1-5] and Dissipative Particle Dynamics [4, 6-10] are suitable for simultaneously resolving
particle dynamics while capturing the hydrodynamics of colloidal systems. [11-13] However,
these approaches are typically restricted to values of the Schmidt number (i.e., the ratio of the
diffusive momentum transfer rate to the diffusive mass transfer rate) which are considerably
lower than that corresponding to water at standard temperature and pressure, [14, 15] although
efforts have been made to address this gap. [16] In addition, the soft repulsive interactions in
Dissipative Particle Dynamics are unable to accurately capture the structure of molecules within
colloids. [19] Another approach [20] integrates hydrodynamic forces into intra and inter-
molecular interactions. Yet it is not clear if this approach yields the long-tail behavior
characteristic of hydrodynamic interactions.

We use a hybrid approach interfacing a continuum fluid dynamics technique known as
the lattice Boltzmann method (LBM) [9, 11] to the classical Molecular Dynamics (MD) method.
This approach has been developed to simultaneously capture deterministic particle dynamics,
hydrodynamic interactions and thermal fluctuations, [14, 15] and is used to examine colloidal
suspensions and flow. [6, 7] The hybrid approach is suitable for addressing collective phenomena
in colloidal systems where individual colloids continuously maintain an interface with the
solvent. The dynamics of the particles constituting the colloids is resolved by the MD simulation

technique. [21-25] The fluid and its dynamical properties is modeled by the LBM [18, 19] which
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yields a hydrodynamic description provided by the Navier-Stokes equation that is valid down to
very short spatiotemporal scales. Hence, the solution to the Navier-Stokes equation for the flow
field around a particle is accurate for distances greater than a few lattice spacings. [14, 15]
Similarly, an all-atom MD representation will hypothetically yield hydrodynamic behavior for
distances greater than a few water molecule diameters. [25] The two approaches (namely, MD
technique and LBM) are equivalent as long as they produce the same long-range flow field. [14,
15] The two techniques are coupled to enable the colloids and fluid to exchange momentum and
introduce hydrodynamic interactions between the colloids. Hence, this approach enables the
resolution of the impact of both long range hydrodynamic and electrostatic forces on the
colloidal dynamics.

There exist multiple implementations of the hybrid Molecular Dynamics-Lattice
Boltzmann method (MDLBM). [14,15,25-28] An earlier implementation [29] models a colloid
by point particles on its surface which interacts with the fluid through a set of bounce-back rules.
Thermal fluctuations are introduced into this implementation to study Brownian motion. [30] An
alternate implementation [14, 15] uses a frictional force proportional to the difference in the local
velocities of the colloid and fluid, and modeled large colloids by representing their surface via a
collection of smaller MD particles. Thermal fluctuations are introduced via a Langevin
thermostat acting on the MD particles and fluctuating LB fluid. [26] This approach has been
extended to examine the dynamics of polyelectrolytes and charged colloids with long range
electrostatic interactions. [15] Another implementation [25,27,28] uses a force coupling method
which removes the need for an external Langevin thermostat acting on the colloids, and accounts
for thermal fluctuations. Existing methods are also used to study the dynamics of single, large

colloids [14,15,25,27,30] or macromolecules [15,31,32] in solution. However, these methods
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have not been extended to study the multiscale structural and dynamical characteristics of
colloidal suspensions or emulsions.

We demonstrate the feasibility of a MDLBM implementation which includes aspects of
the earlier methods to capture the multiscale structural and dynamical characteristics of colloids.
We study the impact of hydrodynamics on the molecular characteristics of pure phospholipid
planar-membranes and vesicles, and two component hairy vesicles encompassing DPPC
(dipalmitoylphosphatidylcholine) and Poly ethylene glycol (PEG)-grafted DPPC (or, hairy
lipids). These two vesicles are selected to be simplified representations of colloids. The
amphiphilic molecules in the vesicles have different degrees of sustained interactions with the
solvent. The head groups of the phospholipid molecules and the PEG chains grafted to the lipid
head groups maintain their interactions with the fluid through the duration of the study. The PEG
chains adopt extended conformations in the solvent as compared to the lipid head groups. The
different degrees of sustained interactions of the molecules with the solvent can potentially
impact their organization and dynamics in the vesicle bilayer along with their conformation in
the solvent. The pair and non-pair interactions between the MD particles is represented by a
coarse grained implicit solvent model which is based upon the Dry Martini force field. [33]

As a part of the study, we investigate the molecular properties of phospholipids and
PEGylated lipids in liposomes and hairy vesicles, respectively. Our results for the molecular
characteristics of DPPC in a vesicle bilayer are good agreement with corresponding results from
experiments and other simulation studies. In addition, the characterization results for the PEG
chains on the surface of the hairy vesicles and their trends, as a function of relative concentration

and length of the PEG chains, are in agreement with existing theoretical and experimental studies.
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Our results validate the use of the hybrid MDLBM technique in conjunction with a coarse-
grained implicit solvent force field for modeling colloids.

Our study can be potentially extended to apply this technique to probe multiscale
characteristics of the interactions between colloids in suspensions under different flow conditions,
and their relation to molecular properties. Furthermore, the hybrid MDLBM technique in
conjunction with a Martini-based implicit solvent coarse-grained model can be adopted to design
colloids with specific molecular compositions which yield desired interactions with other

colloids, responses to external stimuli and characteristics under flow.

METHODS
Hybrid Molecular Dynamics-Lattice Boltzmann Method

The dynamics of the particles constituting the colloids is resolved via the MD simulation
technique using the canonical ensemble with a Langevin thermostat. The dynamics of the fluid is
resolved through LBM with thermal fluctuations, based upon an earlier implementation
[25,27,28]. The hydrodynamic interactions impact the particle dynamics by coupling LBM with
the MD technique. At each time step, the momenta of the fluid and the MD particles are coupled
through their microscopic relations at the fluid-solid boundary but resolved and independently
updated by the respective methods.

In an earlier implementation of LBM, [27] a large spherical colloid is modeled through
its surface which encompasses a network of evenly distributed node particles. The node particles
enable interactions between the fluid and the colloid. These interactions are distributed to the
lattice sites in the vicinity of the node particles. Mesh effects are prevented by setting the number
of node particles to sufficiently large values such that the distance between each of the node

particles is smaller than the lattice spacing Ax. The mass of the colloids is the sum of the mass of
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the individual node particles. However, discretizing the surface of an individual coarse-grained
MD bead (which is part of a coarse-grained representation of an amphiphile) into a network of
node particles is computationally expensive. Given the large number of hydrophilic lipid MD
beads which will interface with the fluid, the computational cost of calculating all the
intermolecular interactions between the node particles on the surfaces of two neighboring coarse-
grained MD beads will be extremely high. In addition, coarse grained lipid MD beads are
essentially point particles with no surface area, which makes it unnecessary to discretize them.

These factors remove the need to discretize the surface of each coarse-grained MD bead.

In this study, the lattice Boltzmann fluid is coupled directly to the center of mass of each
hydrophilic MD bead by interpolating the mass and velocity of individual coarse-grained MD
beads to the nearby fluid lattice sites. The treatment of hydrophilic coarse-grained MD beads as
point particles is based upon another implementation of LBM, [14] where the mass of the
particle is distributed using linear interpolation. In this study, the immersed boundary method
[34] is applied to interpolate the point particles to the local fluid lattice sites. This approach has
been demonstrated by several investigations to be more effective in distributing singular force
densities, thereby reducing mesh effects for point particle-like objects. [28,35] Similar to this
implementation, the coupling between the LB fluid and the MD particle is modeled through a
friction force that is proportional to the velocity difference between the center of mass of the MD
particle and LB fluid:

Fy =v(%y = Up)ény
By =—=y(h = U)
Where Fy, represents the local friction force applied on the MD bead y by a lattice site x, y is

coupling parameter, V,, is the velocity of the MD bead y, Uy is velocity of LB fluid interpolated
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to the MD particle position based upon local lattice sites, and ¢y, is interpolation factor so that
Yx$xy = 1. According to Newton’s third law, the total friction exerted by the MD bead y is
reflected back and given by F,. The coupling parameter y is modeled by the elastic collision

process between the MD point particle and the LB fluid mass:

y = 2msm,, ( 1 )
mf +mn Atcollision

where m,, is the mass of a lipid head MD bead in contact with fluid, and my is the mass of the
fluid colliding with each hydrophilic MD bead. Since we treat MD particles as point particles,
the fluid mass at each interpolation position is calculated as pAx3, where p is bulk fluid density
(set as the density of water at the corresponding temperature) and Ax is lattice space (set as 10
nm). In this study, the mass of all MD beads are set to 72 g/mol with exception to the PEG bead
whose mass is set to 45 g/mol. The collision time Ateopision [27] 1s related to the bulk fluid

property (that is, the density and viscosity 1)

1 dty /dx)>
n= § P (Atcollision - 7) (a) ,

: : . . . 1
where dx is lattice space, dt is MD time step and the speed of sound is set as —=

dx
V3 dt

Interaction Parameters between MD Particles

The effective chemistry between the MD particles is captured by the pair and non-pair
interactions. The forces and potential energies associated with pair, bond, angle and dihedral

interactions requires an implicit solvent model. Existing solvent-free models for lipids have
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included the chemistry through force matching between all atom and coarse-grained systems;
[36-42] Newton inversion method; [36-42] long-range attractive interactions of the hydrocarbon
tails, [36-43] hard-sphere and square well potentials; [36-42] analytical potentials combined with
force matching potentials, [36-42] and Lennard-Jones (LJ) potentials for non-bonded interactions
between the beads (known as the Dry Martini implicit solvent coarse-grained force field). [33]
The Dry Martini model follows from the standard Martini coarse-grained scheme [43] of
grouping approximately four heavy atoms into one bead, and is adopted due to its advantages
over the other mentioned models. These advantages include the simplistic form of the interaction
potentials and the large range of molecules currently parameterized under the Martini model. [43]
In the model, each bead is classified based on its charge, polarity, and ability to form hydrogen
bonds. The non-bonded, non-electrostatic pair interactions are modeled by the shifted truncated
12-6 LJ potential with the potential cutoff distance r. set at 2.5¢ for all bead pairs (¢ = 0.47 nm).

The non-bonded, electrostatic pair interactions are modeled by the shifted Coulombic potential

qixq2
4T1ele2r

with 6 = 0.62 nm. The Coulomb potential U = , where ql and g2 are the charges on the

MD beads, r is the distance between the two charges and €1 and €2 are the dielectric permittivity,
is shifted from r = 0 nm to r = 1.2 nm. [14, 33] The bond and angle interactions are modeled
respectively by the weak harmonic and cosine harmonic potentials whereas the dihedral is
modeled through the CHARMM potential. [33,44,45]

The colloids of interest are vesicles encompassing one or two types of amphiphiles:
DPPC and PEG-grafted DPPC molecules, or hairy lipids, as shown in Figure 1. The interaction
parameters for DPPC and PEG-grafted DPPC were obtained from earlier studies. [33,44,45]
Non-bonded interactions of the hairy lipids using the standard Martini model were modified to

compensate for the loss of the solvent. In an earlier study, [44-45] the PEG-PEG interaction was
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modeled as a SNda-SNda interaction whereas the PEG-DPPC interaction was treated as NO-x
where x represents the different bead types in the DPPC molecule. However, using the Dry
Martini model, the PEG beads were observed to embed themselves into the hydrophobic region
of the vesicle bilayer. In addition, with increase in the PEG concentration, multiple PEG chains
were observed to coil together. These observations demonstrated that the PEG-PEG and PEG-
DPPC interactions in the Dry Martini model were highly enthalpically favorable. Intuitively, the
lack of the solvent would remove the effects of hydration and hydrogen bonding on the behavior
of the solute beads (that is, PEG and hydrophilic lipid head beads), and therefore increase the
favorable enthalpic interactions. This difficulty was overcome by treating the PEG-DPPC
interaction as a P2-DPPC interaction and the PEG-PEG interaction as a SP2-SP2 interaction. The
bead types P2 and SP2 are from the Martini force field. [43] This change maintains the same
interaction energy level between the PEG and DPPC hydrophilic groups (Choline Qa, Phosphate
QO0, and glycerol Na), but decreases the interaction between the PEG beads and the hydrophobic
beads of DPPC, namely C1.

The implicit solvent model of PEG and the lattice Boltzmann fluid as a good solvent are
validated through measurements of the probability of the end to end distance of the PEG chain.
[46] A planar-membrane composed of 814 DPPC lipids with a PEG 19 chain (molecular weight
~ 838 g/mol) grafted to one of the lipid head groups was simulated for approximately 100 ns.
Multiple independent trajectories (namely, 500) were used to calculate the end to end distance.
Results from MDLBM with the coarse grained implicit solvent model and MD simulations using
the standard Martini model were compared (see Figure 2). Correspondence in the results from
MDLBM with the coarse-grained implicit solvent model and the standard Martini model

validates the former. [46] In addition, the radius of gyration of single PEG chains of different

11
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lengths were computed and examined as a function of the corresponding molecular weight, as
shown in Figure 3. The scaling exponents relating the radius of gyration to the molecular weight
were determined to be 0.5876 and 0.553, and found to be in good agreement with those from an
earlier study [44] using the standard Martini model (~ 0.57 and 0.51 respectively). This result

validates the model for the PEG chain.

(@) (b) (c) (d) (e)
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Figure 1. Coarse grained model of (a) DPPC, PEG-DPPE with PEG chain length of (b) 6, (c) 12,
(d) 28, and (e) 45. The red, blue, and purple beads represent the head group bead types QO0, Qa
and Na, respectively. The green beads represent the hydrophobic tail beads (type C1). The cyan
and brown beads represent bead types SP2 and NO, respectively. (f) Closing of a DPPC planar-
membrane encompassing 814 DPPC molecules to form a stable vesicle. (g) Hairy vesicle with

PEG 12 chains grafted to DPPC molecules which are present at a concentration of 10%.
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Figure 2. Probability of the end to end distance of PEG 19 chain. The PEG chain was grafted to

a lipid molecule in a planar-membrane composed of 814 DPPC lipids. The planar-membrane was

equilibrated at a temperature of 336 K until the area per lipid corresponded with values reported

in literature. [47]
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Figure 3. A plot of the log of the radius of gyration (Rg) (in nm) versus log of the molecular
weight (MW) for single PEG chains of length 10, 19, 28, 37, 45, 77, 91, 113, 136 and 159. There
are two fit lines as the polymer physical behavior differs at lower and higher number of
monomers. The measurement was performed using a process similar to that reported by an

earlier study. [45]

System Setup and Simulation Details

The open source community-based MD package entitled LAMMPS [48] was used for
this study. The two colloids of interest were: a pure DPPC lipid vesicle and a hairy vesicle
encompassing DPPC and hairy lipids. The lipid vesicle was created through the spontaneous
fusion of the edges of a pre-assembled square planar-membrane consisting of 814 DPPC lipids.
The planar-membrane was placed in a simulation box whose lateral area in the x-y plane was
larger than the total area of a monolayer of the planar-membrane. The DPPC lipid planar-

membrane was equilibrated in a cubic box of dimensions 40 nm using the canonical ensemble

15
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for 1500 ns with a time step of 30 fs. Temperature of the system was maintained at 400 K using
the Langevin thermostat. Prior studies have demonstrated using the Langevin thermostat on MD
beads coupled to the LB fluid lattice reproduces the correct hydrodynamic behavior and particle
dynamics [15, 26]. Unless stated, the damping rate of the Langevin thermostat was set to 2000 fs,
which maintains the desired temperature [33]. This temperature was higher than 314 K, the
transition temperature of DPPC, [49] to ensure that the bending energy of the planar-membrane
was lower than its interfacial energy. This allowed the planar-membrane to minimize its
interfacial energy by bending and fusing its edges to form a vesicle, as shown in Figure 1. This
approach prevents the buildup of large asymmetric stresses across the bilayer leaflets which
render the vesicle unstable. This simulation was performed in the absence of the LB fluid. After
the vesicle was formed, it was ‘immersed’ into the LB fluid by coupling the hydrophilic head
beads of the lipids to the fluid lattice. The lipid head beads were coupled to the LB fluid as these
beads were exposed to the LB fluid for the entire duration of the simulations. The time step was
maintained at 10 fs to ensure 1:1 ratio of the lattice space to the timestep.

Some of the measurements were required to be performed on a DPPC planar-membrane.
For this purpose, a planar-membrane encompassing 3265 DPPC lipids was preassembled. The
planar-membrane was equilibrated using the MD technique in the canonical ensemble at a
temperature of 310 K and a pressure of 1 bar, for 15 ns at a time step of 30 fs. The Langevin
thermostat and the Berendsen barostat were used. The dimension of the simulation box was fixed
along the z-direction so that planar-membrane could only expand along the x- and y- directions
with the modulus set to 3333 atm (corresponding to a compressibility of 3 x 10™* atm™!) and
the damping rate given by 1000 fs. The equilibrated planar-membrane was immersed in a LB

fluid with the lipid hydrophilic head groups coupled to the fluid lattice, and was equilibrated for
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another 10 ns at a time step of 10 fs. The simulation box volume was kept constant to maintain
the lattice spacing fixed. Therefore, the canonical ensemble was used to equilibrate the planar-
membrane using MDLBM.

The vesicle and planar-membrane systems simulated using MD and MDLBM were
characterized when the bilayer was in the gel and fluid phases. The gel and fluid phases of DPPC
correspond respectively to temperatures of 310 K and 336 K.

The hairy vesicle composed of DPPC and hairy lipids was preassembled using 3265
amphiphilic molecules. The relative concentration of the hairy lipids was varied from 2.2% to
20%. In addition, the length of the PEG chains was varied (that is, the number of beads
encompassing the PEG chains was set to 6, 12, 28 and 45). Each system was equilibrated using
MDLBM in the canonical ensemble at a temperature of 336 K using the Langevin thermostat for
50 ns with a time step of 10 fs. Each system was simulated for an additional 10 ns to perform
measurements of the system properties. The lipid head groups and the PEG beads were coupled
to the LB fluid during the MDLBM simulations. Three independent particle trajectories were

used for the characterization of each vesicle.

RESULTS AND DISCUSSION
(A) Molecules in Vesicles with Reduced Conformations in the Solvent
The organization and collective dynamics of the lipid molecules will be impacted by the
interfacial characteristics of the molecules in the vesicle. The dynamics and packing of DPPC
molecules in a pure phospholipid vesicle was determined using MDLBM. These molecular
properties were characterized through the diffusion coefficient and the area per lipid. The use of
the centers of mass of the lipids for measurements of the diffusion coefficient through the mean

square displacement yields larger values of the diffusion coefficient as well as nonlinear mean

17
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square displacement curves in the first few nanoseconds. This observation has been attributed to
the fact that the dynamics of the lipid tails is faster than the lipid head groups. [50] This is known
as the tail-wagging effect. [S0] To prevent the tail-wagging effect, the mean square displacement
of 200 head beads of the DPPC lipid molecules were measured for 90 ns. Measurements from
time 15 ns to 75 ns were used to determine the diffusion coefficient. To circumvent the impact of
the bilayer curvature, the diffusion coefficient of the phospholipids in the outer and inner leaflets
of the vesicle bilayer were measured separately. In addition, the diffusion coefficient of the lipids
in a DPPC planar-membrane was measured with the goal of comparing the results with
corresponding findings in a vesicle. Since the vesicle and the planar-membrane were free to
move during the span of the simulation, the mean square displacements of the center of mass of
the vesicles and planar-membranes were subtracted from the measurements of those for the
lipids. To improve the statistical accuracy of the measurement, the mean square displacement of
the lipids at time t was estimated to be the average of the difference between the mean square

displacements (MSD) at time step = t, and step = t, + .

N¢ N
11
MSD(T) = EZ NZlR(n + 1) —R(n)|?

Where R(t) is the displacement of a particle at time t, N; is total number of intervals the mean
square displacements are averaged over, and N represents the number of lipids used for the
calculation. A similar approach was used in earlier studies. [51,52] Figure 4 (a to d) shows the
mean square displacements of the DPPC lipids (for t ranging from 0 to 2000000 iterations) at
310 K and 336 K, both with and without the LB fluid.

Figure 4 shows the lipids in the outer monolayer to move faster than those in the inner

monolayer. This observation is based upon the packing of the molecules; lipids in the outer
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monolayer tend to pack less tightly than those in the inner monolayer. Earlier studies [53] have
demonstrated that whereas the overall tension in the bilayer of the vesicle is zero, the tension in
the inner leaflet of a vesicle is negative, while the outer leaflet has a positive tension. The lipid
molecules will pack with higher or lower density in monolayers with respectively negative or
positive tension. The density of the molecular packing will impact the mobility of the molecules.
A molecule in a monolayer that is under negative tension will encounter many more “obstacles”
or neighboring molecules (as compared to a monolayer under positive tension) as it diffuses in
the monolayer. Hence, molecules in a monolayer that is under negative tension will have a
smaller diffusion coefficient than molecules present in a monolayer under positive tension. Our
observation agrees with earlier studies. [54, 55, 56] Furthermore, a curved bilayer has been
known to have a lower lipid packing density than a planar bilayer. [57] Therefore, the dynamics
of the lipids in planar-membranes will be slower than those in either leaflet of the vesicle bilayer
as demonstrated by our measurements. This result shows the dynamics of the lipids at a given
temperature to be related to their molecular chemistry and environment.

To understand the impact of the LB fluid on the dynamics of the lipid molecules, the
diffusion coefficient (D) of the lipids was calculated using the slope of the interpolation of the

mean square displacements:

1 1
= — sk ————
2d timestep

D
The variable d is 2 and 3 respectively for planar-membranes and vesicles. The small dimension
of the vesicles will magnify the impact of curvature on the MSD of the lipid molecules. Hence d
is set to 3 for the measurements of the MSD of the lipid molecules in the vesicles. Table 1

summarizes the diffusion coefficient of DPPC lipids in a planar-membrane and vesicle at 310K

and 336K, with and without the LB fluid.
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Figure 4 (a) The mean square displacements (MSD) at 336K with LB fluid; (b) MSD at 336K
without LB fluid; (c) MSD at 310K with LB fluid, and (d) MSD at 310K without LB fluid.
Number of lipids used in all three measurements are same. (OM: outer monolayer. IM: inner

monolayer. M: planar-membrane).
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The measurements summarized in Table 1 demonstrate the lipids to diffuse faster in the
presence of the LB fluid. We surmise that a particle immersed in the LB fluid passes its
momentum to nearby particles by creating a flow field in the fluid. The force from the flow field
produced by the original particle will accelerate the neighboring particles. The differences
between the results from experiments (see Table 1) and our simulations arises as the experiments
typically use giant unilamellar vesicles for the measurements. These colloids are sufficiently
large that the curvature of the vesicles could be ignored. However, the simulations examined a
vesicle of average diameter of 15 nm which is significantly smaller than what is typically used in
experimental studies. Therefore, the experimental measurements of the diffusion coefficient are
akin to studying the dynamics of lipids on a planar-membrane. Hence, our measurements of the
diffusion coefficient for the phospholipids in planar-membranes in the fluid and gel phase are in
agreement with corresponding experimental (see Table 1) and computational studies. [58, 59]

Further insight into the molecular packing of the lipids can be obtained through the
measurements of the area per lipid. Table 2 summarizes the area per lipid of planar-membranes
and vesicles, in the absence and presence of the LB fluid, at temperatures of 310 K and 336 K.
The measurements show the area of per lipid of a planar-membrane is smaller than the area per
lipid for vesicles in fluid and gel phase. Also, the area per lipid in the outer-monolayer is much
larger than a corresponding measurement in the inner monolayer of the vesicle. This observation
is independent of the temperature and the presence of the LB fluid. Furthermore, the
measurements show that coupling the hydrophilic lipid head groups to the LB fluid does not
impact the packing of the molecules in both monolayers. Our measurements indicate that the
lipids are more tightly packed in the inner monolayer of the vesicle than the outer monolayer.

The tightness of the packing of the lipid molecules is responsible for the difference in the values
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of the area per lipid corresponding to a planar-membrane, and the inner and outer monolayers of
a vesicle. This tightness of the lipid packing is also reflected in the measurements of the
diffusion coefficient for lipid molecules in a planar-membrane and a vesicle. The measurements
for the planar-membrane and vesicle in the gel phase are observed to be in good agreement with
experimental values (see Table 2). [47, 60, 61] Our results also match those from previous
studies which have shown that area per lipid and diffusion coefficient of the lipids are

intercorrelated [62-65].

Oute;‘layer Innelz'layer ml;:flll::;le Literature
(m*/s) (m*/s) (m?/s) [58,59]
310K no fluid | 2.6722E-11 | 8.20444E-12 | 4.625E-12 | ~2.10E-12
LB fluid | 3.656E-11 | 1.12517E-11 | 6.303E-12
336K no fluid | 2.8707E-11 | 1.05917E-11 | 2.220E-11 | ~2.25E-11
LB fluid | 6.0796E-11 | 2.06467E-11 | 1.089E-11

Table 1. Diffusion coefficient of DPPC lipids in planar-membrane and vesicles, in the absence

and presence of the LB fluid. The measurements were performed at temperature corresponding

to the gel (310 K) and fluid phase (336 K) of a DPPC bilayer.

Temperature 336K 310K
. 2 62.910.2
mzifllll):;;e No LB uid (1) 64.310.2
LB fluid (4°) 64.4+0.2 62.5+0.2
.y, 22 OM: 94.610.5 OM: 92.1+0.5
vesicle No LB fluid (4°) IM: 68042 IM: 64.0 +1.0
LB fluid A OM: 942404 OM: 91.8+0.5
IM: 67.0 £2 M 64.0 £1.0
Experimental (Az) [47, 60, 61] ~ 67 ~ 63
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Table 2. Area per lipid of DPPC molecules in vesicles and planar-membranes, in the absence
and presence of the LB fluid, at temperatures of 310 K and 336 K. (OM-outer monolayer. IM:

inner monolayer.)

(B) Molecules in Vesicles with Extended Conformations in the Solvent

The interfacial properties of a colloid encompassing amphiphilic molecules bearing
solvophilic chains can be determined by characterizing the properties of these molecules. Hairy
vesicles were used to investigate the characteristics of the amphiphilic molecules in the vesicles
with extended conformations in the solvent. The hairy vesicle encompassed a binary mixture of
phospholipid DPPC and PEGylated phospholipids PEG-DPPE, which were present in different
relative concentrations. In addition, PEG chains of different molecular weights or lengths were
also studied (namely, 6, 12, 28 and 45). We examined the impact of the length and relative
concentration of the PEG chains on their conformational characteristics. We performed the
measurements of these characteristics using MDLBM. Our investigations provide insight on the

conformational characteristics of the PEG chains and their comparison with existing theory.

The conformations of the PEG chains can be characterized via the radius of gyration. The
radius of gyration is measured for each PEG chain in a given bilayer leaflet and averaged over all
the chains in the leaflet. Figure 5 shows the measurements of the radius of gyration for different
PEG chain length and relative concentrations in the outer leaflet of the hairy vesicle bilayer. The
radius of gyration (Ry) and molecular weight (MW) are related through the following scaling
relation Rg ~ MW, The scaling exponent a is determined to lie in the range of 0.61 to 0.63 (see

Supplementary Information (SI) Figure SI1 for scaling exponent measurements). The value for
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exponent a agrees with the corresponding value for a free PEG chain in a LB fluid, as shown in
Figure 3. This result implies that the scaling relation between the radius of gyration and the
molecular weight of a PEG chain is independent of its grafting density, length and curvature of

the grafting surface.

As expected, the radius of gyration is observed to increase with the length of the PEG
chain. In addition, the increase in the radius of gyration becomes more pronounced with the
relative concentration of the PEG chains. For low grafting densities or relative concentrations,
the PEG chains do not interact with each other laterally and adopt ‘mushroom-like’
conformations. For high grafting densities, the PEG chains avoid interacting with each other
laterally by adopting increasingly ‘stretched-out’, or ‘brush-like’ conformations [45,66,67]. To
determine whether the PEG chains transition from a mushroom to a brush regime, we determine
the end-to-end distances for each system in the presence of the LB fluid (as shown in Figure 6).
The end-to-end distance is given by the distance between the center of mass of the last bead of

the PEG chain and its grafting point on the lipid molecule.

The end-to-end distance is observed to increase with the PEG chain length and relative
concentration. We observe a rapid increase in the end-to-end distance for PEG 28 and 45 at
around 10% concentration of the PEG chains. This behavior is indicative of a change in the
conformation of the PEG chains. To determine whether the PEG chains transition from a
mushroom to a brush conformation, the scaling of the end-to-end distance with the degree of
polymerization (N) and the distance between the grafting points of neighboring PEG chains (D)
is measured. D is an average of the distances between each grafting point and its nearest
neighbor on the outer monolayer of the vesicle bilayer. Earlier studies [66,67] have shown the

PEG chain extension length from a grafting point on a surface to be given by the Flory Radius R¢
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= a N*” for a chain which adopts a mushroom conformation. The monomer length is given by a
which is 0.35 nm. We have found that at low concentration (< 5%) of PEG chains, the scaling
relation for the PEG chains was in good agreement with the relation corresponding to the
mushroom conformation. This result indicates that majority of the PEG chains are adopting a
mushroom conformation. As the relative concentration of the PEG chains increase, the end-to-
end distance of the PEG chains deviates from that corresponding to the mushroom
conformation. The relation between the neighboring grafting point distance D and Ry predict the
conformation of the PEG chains. [66-68] When D < Ry, the grafted PEG chains are in the brush
regime. As shown in Table 3, the shortest PEG chain (that is, PEG 6) is still in the mushroom
regime when its concentration reaches 20%. However, for PEG 12, the mushroom to brush
transition occurs between the relative concentrations of 10% and 20%. For PEG 28 and 45, the
mushroom to brush transition occurs between the relative concentrations of 2.5% and 10%.
Hence, our results show the mushroom to brush transition to occur at lower relative

concentrations with increasing PEG chain lengths, which is in agreement with earlier studies.

[66]

An earlier study [69] using a similar force field in conjunction with MD simulations
qualitatively captured the mushroom to brush transition with increasing concentration of PEG
5000 chains, each grafted to amphiphiles in a bilayer. This finding was validated by experimental
investigations [69] and supports our results. However, this study did not couple the solvophilic
beads of the amphiphiles to the LB fluid. Another study [70] employed a similar computational
approach (but without the coupling to the LB fluid) to study the chain conformations of PEG
5000 grafted to amphiphilic molecules which were present in different concentrations in a lipid

bilayer. The measurements of the chain conformations [70] were unable to capture differences in

25

Page 26 of 40



Page 27 of 40

Molecular Systems Design & Engineering

the values for the end-to-end distance and radius of gyration of the PEG chains for different
concentrations of the PEG chains. These results demonstrate that hydrodynamic interactions are

essential for capturing the conformations of the PEG chains.

0.442 A 0.682 -
(A)PEG=6 ' B)PEG=12
0.4415 ¢ 0.681 | (B
0.68
0.441 - ~ 0.679 -
0.4405 - } 0.678 - §
= E 0677 -
E 044 - £
- oo 0.676 -
& 04395 | ® 0675 -
0.439 - 0.674 1
0.673 -
0.4385 - i 0.672 -
0.438 . . ) 0.671 . . .
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Relative Concentration Relative Concentration
1.145 - 1.55 -+
(C)PEG=28 (D)PEG=45
1.14 - 1.54 1
§ 1.53 -
1.135 -
1.52 -
1.13 -
~— — 1.51 -
€ €
£ 1.125 - £ 15 -
[oT] oo
o 1.12 - x 1.49 -
1.48 - §
1.115 -
1.47 -
1.11 1 146 | ¢
1.105 T T ) 1.45 . T )
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Relative Concentration Relative Concentration

Figure 5. Radius of gyration (Rg) (in nm) of PEG chain as a function of the relative
concentration and length (A = PEG 6, B =PEG 12, C = PEG 28 and D = PEG 45). The relative
concentration is defined as the fraction of PEGylated lipids divided by the total number of

amphiphiles in the outer monolayer of vesicle.

26



Molecular Systems Design & Engineering

1.29 4 (A)PEG=6 1.82 | (B)PEG=12
E 1.8
£ 1.27 - g 1.78 -
S 1.25 - g 176 1
s € 174 -
2] -
T 1.23 - 2 172 - %
° *
S 121 - g L7 *
e 2 168 -
T 119 - = 1.66 -
w [=
117 - w 164 -
1.62 -
1.15 T T T T 1 1.6 T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Relative Concentration Relative Concentration
4.2 ~
2.98 - B 41 -
£ (C)PEG=28 E (D)PEG=45
£293 - S 4
g g
& 2.88 - g 39 -
2 B
]
283 | ¢ 5 338 - %
c c
) [J]
2278 - 237 -
T 2
S w
2.73 3.6 -
2.68 T T T T 1 3-5 T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Relative Concentration Relative Concentration

Figure 6. End to end distance of PEG chain as a function of the outer monolayer PEG chain

relative concentration and length (A=PEG 6, B=PEG 12, C=PEG 28 and D= PEG 45). The

relative concentration is defined as the fraction of PEGylated lipids divided by the total number

of amphiphiles in the outer monolayer of vesicle.
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PEG chain length 6 12 28 45
R¢(nm) 1.026 1.554 2.584 3.436
Relative concentration D (nm)
0.022 3.85 3.66 4.04 4.32
0.1 2.01 1.94 2.05 2.04
0.2 1.41 1.51 1.53 1.47

Table 3. Distance between neighboring grafting points for different PEG chain lengths and

relative concentrations.

CONCLUSIONS

We have implemented a hybrid multiscale computational technique in conjunction with a
Martini-based implicit solvent coarse-grained force field and examined its feasibility to capture
molecular and interfacial characteristics of membranes and vesicles. For simplicity, we focused
on two vesicles: one encompassing DPPC and the other composed of DPPC and PEG-DPPE.
The emphasis of this study was the determination of the molecular characteristics of these
vesicles using this combined approach. Specifically, we focused on the characteristics of DPPC
in the bilayer and the extended conformations of the PEG chains grafted to the vesicle in the

solvent.

We measured the diffusion coefficient and area per lipid of DPPC at two temperatures
corresponding to the gel and fluid phases of a DPPC bilayer. Our results were in good agreement
with corresponding experimental and computational approaches. In addition, our determination
of the PEG chain conformational characteristics and trends with PEG chain length and relative
concentration agreed with earlier theoretical and experimental studies. We find MDLBM in
conjunction with a Martini-based implicit solvent coarse-grained force field to be suitable for

capturing molecular and interfacial characteristics of colloidal particles. In addition, the
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versatility of the approach allows the use of other implicit solvent coarse-grained force fields to

be used in conjunction with the hybrid MDLBM technique.

In the future, the application of the hybrid technique in conjunction with a Martini-based
implicit solvent coarse-grained force field can be extended to examine the interactions between
colloids in a suspension, or the effect of flow on interfaces of colloids, and their relation to
molecular characteristics. Hence, this combined approach has the potential to resolve multiscale
interfacial, structural and dynamical characteristics of colloids. Furthermore, the approach can be
applied to design colloids with suitable molecular compositions which attribute the colloids with
desired interactions with other colloids, responses to external stimuli and characteristics under

diverse flow conditions.
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