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Abstract

We present a numerical study of self-assembled lipid membranes, that are
cushioned by polymer brushes, using molecular dynamics simulations of a
coarse-grained implicit solvent model.
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Introduction

Lipid bilayers are a crucial component of life. When a group of lipids is
exposed to water, the hydrophobic groups turn toward each other while
the hydrophilic groups turn toward the water. These bilayers make up the
ever-important lipid membrane of cells. The lipid membrane acts as a barrier
between the inner and outer parts of the cell, provides structural integrity
for the cell, and supports numerous large transmembrane proteins needed
for proper cellular function. Without lipid membranes, cells would spill out
of their bounds and not even simple single celled organisms could survive.

Prior studies have employed a variety of techniques to study the
function, structure, and dynamics of lipid bilayers. At the most basic level,
substrate supported studies can be done (McCabe, 2013; Andersson, 2016;
Deverall, 2005). In these experiments, the membrane is placed directly on
a substrate with a water layer cushion that is a few nanometers thick. This
limits the motion of the membrane in the direction perpendicular to the
substrate and is an especially poor way to study transmembrane proteins
because they are too large and often denature with excessive contact with
the substrate due to their protrusion below the bilayer (McCabe, 2013).
To overcome these obstacles, an additional layer of polymer can be added
below the membrane to act as a cushion. This polymer supported model
allows transmembrane proteins to sink into the polymer and as such, they
are less likely to denature. One type of polymer support is a polymer brush,
which is formed by chemically tethering polymer chains to a substrate and
introducing a membrane on the free ends. In this computational study, we
will simulate a polymer brush support because it mimics the cytoskeleton
of the cell and as such, is a better model to study biological processes. We
aim to study the mutual effects of the membrane and the polymer brush
interactions and to increase the theoretical understanding of this model for
use in future experiments.

Model And Computational Method

A coarse-grained implicit-solvent model was used (Revalee, 2008; Laraji,
2016), in which a lipid molecule is coarse-grained into a semi-flexible chain
composed of one head (h) bead and two tail () beads. The potential energy
of the lipid bilayer has three contributions:
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U(fr}) = LU ’“J(rz])+2 bond(ry) + XVbend (7,7,7,), ()

(i, j. k)

where 7; describes the coordmates of bead i, r;; = |#; — 7j|, and (= h or ) is
the type of bead i. In Eq.(1), U&Pis a soft two- body potential, between beads
of types & and 3 and separated by a distance r, and is a piece-wise function
given by (Laradji, 2016),

(r —r)?

( (U, - Us$) 5 +Up, s
max min r
U (r) =
< 20U ((1’ ))3 + 30U (T r)’ if r<r<r.
min rc _ rm min ( _ 1/' )3
L 0 if r>r, (2)

where U > 0 and U < 0 for any pair (a, 8 ). U% =0 implies a fully
repulsive interaction between beads a and f3, and U5, < 0 implies a short-
range attraction between the two beads. The self-assembly of the lipids into
thermodynamically stable bilayers is ensured by choosing U —uht =0
and a sufficiently negative value of vf;, (Laradji, 2016).

In Eq. (1), Upong ensures connectivity between beads that belong to the
same lipid chain and is given by

kbond
Ubond (1’) = % (1’ - ab)Z’ )

where kyopg is the bond stiness coeflicient and ay, is the preferred bond length.
Finally, Upeng in Eq. (1) is a three-body potential that provides bending
stiness to the lipid chains and is given by

kbend Fii—l'?ii+1
- . _ > > 4)
Unend (i 1> Ti> Fi0p) = cospg— ————— (

bend( i-1> T z+1) 2 Yo riio1Tiitl

125



where kpeng is the bending stiness coefficient and ¢, is the preferred splay
angle of the lipid chain, taken to be 180°.

All beads are moved using a molecular dynamics scheme with a
Langevin thermostat (Grest, 1986),

ri(t) = vi(t) ®)

mivi(t) = ViU ({7i}) - Tvi(t) + 08, (1), )

where m; is the mass of bead i and T is a bead’s friction coefficient. oéi(t)
is a random force with zero mean, and is uncorrelated for dierent particles,
dierent times, and dierent components. I and o are inter-related through
the fluctuation-dissipation theorem leading to I = 0% = 2kpT .

The simulations are performed in the NVT ensemble, where N is the
total number of beads in the system. The model interaction parameters are
given by,

Unhx = Unfax =100,
ax = 200€,

U}rﬁl}%n = #{in =0,

min = —0¢€,
Uik = xyz,
Unin = 0,

umnh. = 1210e/r3,

kbond = 100e/r2,

kbend = 100,
r, = 2r,,
a, = 0.7r,, (7)
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In Eq. (7), €is the adhesion energy of a lipid head group per unit of area of
the NP, and is henceforth used to define the adhesion strength.

All simulations are performed at kgT'= 3.0¢, with a time step At = 0.027,
where 7=r,,(m/e)1/2. Egs. (5) and (6) are integrated using the velocity-Verlet
algorithm.

The bending modulus of the bare bilayer, with the interaction param-
eters given by Eq. (7), as extracted from the spectrum of the LM height
fluctuations, is x = 30kgT (Laradji, 2016), which is comparable to that of
DPPC in the fluid phase (Nagle, 2015). The length scale, r,,,, is estimated from
comparing the value of the thickness of the LM ~ 5r,,, typical to phospholipid
bilayer. We therefore estimate r,,, = 1 nm. Hence, in the remainder of this
article, all lengths are expressed in nanometers, and the adhesion strength,
&, is expressed in kgT / nm?2.

Results

T
Umin

Figure 1. Typical configurations of the membrane for increasing €. This
system has a chain length N = 50, and a polymer brush grafting density
0 =0.1. Clearly, as € is increased, the average height of both the mem-
brane and the polymer brush decrease. Note that between £ =2 and &
= 4, the membrane fluctuations increased. The opposite occurred for £
values past 4. Individual polymer chains have been highlighted to show
how a typical chain behaves in the brush.

As shown in Fig. 1, the average height of the membrane and polymer brush
decreases with increasing €. Because of this compression, the density of the
polymer layer is expected to increase. When a density profile is taken along
the z-axis, the density of the polymer brush does indeed increase. However,
this increase is largely localized near the membrane while the lower levels
of the brush remain unchanged, as shown in Fig. 2. From this we conclude
that a relatively highly dense layer of monomers forms directly under the
bilayer. The increase in € favors an increase in the amount of contact between
the lipid head groups and the monomers, which can only be achieved by
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having the membrane move closer to the substrate.

Density Profile Along z-axis For A Polymer Brush Supported Lipid Bilayer
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Figure 2. The density of the polymer brush is changed in the presence
of a membrane. £ = 0 corresponds to a polymer brush that does not
interact attractively with a membrane. With attraction to the lipid heads
in the membrane, the polymer brush density increases near the lipid
heads. However, the density of the lower levels is relatively unchanged.
Additionally, the shortening and widening of the peaks associated with
the lipid head groups when € = 4 again imply the fluctuations of the
membrane have increased as seen in Fig. 1. This data was collected from
a system with N =50 and 0 = 0.25

Height Along z-axis

Next, the bilayer’s structure can first be characterized by the width of its
fluctuations, w = vh2 — (h)?> where we define h as the height (z-coordinate) of
alipid head group in the top leaflet of the membrane. Fig. 3 and 4 demonstrate
changes in the structure of the membrane caused by varying the grafting
density or length of the polymer chains. There are three main features in Figs.
3 and 4. Namely, for very low &, the membrane is not absorbed; followed by
an abrupt decay in w at the absorption transition. For intermediate values
of &, there is an increase in the width, w. It then reaches a peak and then
decreases for even higher €. Because we expected a monotonic decrease
in the fluctuations in the membrane, the intermediate increase of w vs. € is
puzzling and needs further investigation. In contrast, the decrease of w vs.
& for high € is expected. The non-monotonous behavior of w vs. € should be
the result of some structural dierence of the top layer of the polymer brush
(vicinal to the bilayer).
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Width Comparison For Various Grafting Densities
Polymer Brush Length(N)=50

= 6=0.10
— 6=025
— 6=0.50
— 6=075

Average Membrane Width

Figure 3. There is a systematic relationship between the width of w and
the grafting density of the polymer brush, ¢. For increasing g, the mem-
brane becomes more rigid and the membrane absorbs earlier for more
dense systems. Surprisingly, for low density systems, the bilayer has
more fluctuations than a free membrane. The non-monotonic behavior
becomes less pronounced as o is increased. This data was collected with

N =50.

Width Comparision For Different Lengths of Polymer Brush
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Figure 4. There is a systematic relationship between w and the number
of monomers per polymer chain, N. For decreasing N, the membrane
becomes more rigid and the membrane absorbs earlier for shorter

systems.
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The structure factor of a free membrane is given by,

kT

S(9) = Yq? + kgt + .- (8)

where y is the tension coeflicient and « is the bending modulus of the
membrane. We can use this structure factor to further investigate how the
membrane changes when absorbed onto a polymer brush. Transforming
the structure factor to 1,/¢2S(q) vs. g> allows us to see the contributions of
each term in the denominator. Figure 5 shows that for small wavevectors,
1/¢?S(q) actually intercepts the y-axis at a finite value, which increases with
increasing &. This is expected as the absorption of the bilayer on the polymer
brush leads to an energy cost resulting from vertical translation of the bilayer.

Transformed Structure Factor for a Bound Membrane
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Figure 5. A plot of 1/ g%S(q) vs. ¢* transformed from Eq.(8) Note

that for an unbound membrane (€ = 0.5) the plot converges to zero as
expected in the case of a tensionless membrane. However, when the
bilayer is adsorbed on the brush, 1/ ¢%S(q) increases rapidly as g — 0.
This indicates that due to binding, the bilayer has a preferred position
along the z-axis, leading to the emergence of a mass term in the effective
Hamiltonian of the bilayer. Interestingly, for small g (long wavelengths),
1/ ¢%S(q) has a non-monotonic behavior, namely it decreases with in-
creasing &, then increases. This behavior mirrors that of w shown above.
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Perpendicular Radius of Gyration For Various Grafting Densities

10 , I : : , I : :

rpendicular

RG_Pes

1 L | L |
0
2 3
Adhesion Strength (g)

Figure 6. R | monotonously decreases with increasing &. This is expect-
ed since the monomers which are within the adhesion sublayer below
the bilayer only weakly contribute to R}, and the bilayer gets closer to
the substrate as € increases (hence R decreases with increasing &). This
is to say that the behavior of R} is not surprising and not that interest-
ing (in the sense that it does not help in understanding the non-mono-
tonic behavior of w vs. &).

Parallel Radius of Gyration for Various Grafting Densities
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Figure 7. The radius of gyration acquired by summing the radius of
gyration along both the x and y axes in quadrature. While the effect is
small, there is a non-monotonic trend here that peaks around € = 2.
This is due to the binding of the top monomers to the membrane.
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In order to understand the non-monotonic behavior of w vs. &, we
observed the radius of gyration along the z—axis (R, ) and the xy—plane
(R)|) to provide more information about the structure of the polymer brush.
As shown in Fig. 6, R, was not useful in analyzing the non-monotonic
behavior of interest. In contrast, Fig. 7 shows that R| has a more interesting
non-monotonic behavior, though the change is very weak.

Next, we can look at the contact energy, E .y, that results from the
interaction of monomers with lipid head groups. From Fig. 2, it is expected
that E o, Will not depend on the length of the polymer chains, N.

Contact Energy Comparison For Different Polymer Brush Lengths
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Figure 8. A In-In plot of the contact energy between the monomers in
the polymer chain and the lipid head groups on the underside of the
membrane. N = 25 and N = 50 chain lengths were used. The contact en-
ergy plots lay over top one another, showing that the lower levels of the
polymer brush do not participate in the interaction with the membrane.
Econtact Steadily increases with £ However, this increase becomes more
pronounced for € larger than 3.75. This corresponds closely to the peak
seen in Figs. 3 and 4.

Figure 8 implies that the non-monotonic behavior of the fluctuations
of the membrane is the result of different structural modes of the polymer
brush. For low values of the interaction strength between the polymer
monomers and the bilayer, the free energy of the system is dominated by
the conformational entropy of the portion of the polymer in the vicinity of
the bilayer rather than by interactions. The reverse occurs for high values of
&. The polymers conformational entropy is higher for low grafting densities
than large ones. Hence, the effect above is expected to be stronger for low
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values of 0. The non-monotonic behavior of w is indeed more pronounced
for low values of 0, as shown in Fig 3.

Conclusions

Overall findings show clear mutual interactions between the lipid membrane
and polymer brush. These effects vary with adhesion strength.

For intermediate adhesion strength (€ £4), membrane fluctuations
increase with adhesion strength. This trend is dominated by the polymer’s
conformational entropy. This effect is increased with increasing polymer
length or decreasing grafting density.

For large adhesion strength (€ < 4), the membrane fluctuations decrease
with increasing adhesion strength. In this region the trend is dominated by
the adhesion interaction between the membrane and the polymers.

The fluctuations of the membrane are reduced by either increasing the
grafting density or decreasing the length of the polymer brush.

The greatest change in the polymer brush occurs near the membrane.
The polymer brush becomes denser directly beneath the membrane as more
monomers bind to it. This is evident in the peak occurring in the density
profile near the membrane, the small change in the parallel radius of gyration,
and the contact energy’s independence of brush length. When supported
by a polymer brush, the properties of lipid membranes change observably

Because of the clear changes in both the properties of the polymer
brush and the lipid membrane, a slightly different model may be presented
in the future to help preserve the properties of the lipid membrane in the
presence of the brush. All the data here is presented with the assumption that
the membrane was tensionless before its adhesion on the membrane. If this
assumption is found to be false, the new model will need to change, so the
membrane is tensionless in the beginning.

The theoretical understanding acquired from this study is meant to
be a launching pad for future experimental work. Using the computational
model described here, researchers can learn how their membranes will
change if they use a polymer brush support without spending money and
time producing the actual polymer brush. If the theoretical results match the
desired conditions, an experiment can be conducted with more confidence.
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