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Colloid Adsorption onto Responsive Membranes

Rita S. Dias and Per Linse
Physical Chemistry 1, Center for Chemistry and Chemical Engineering, Lund University, Lund, Sweden

ABSTRACT The adsorption of colloids of varying sizes and charges onto a surface that carries both negative and positive
charges, representing a membrane, has been investigated using a simple model employing Monte Carlo simulations. The
membrane is made of positive and negative charges (headgroups) that are allowed to move along the membrane, simulating
the translational diffusion of the lipids, and are also allowed to protrude into the solution, giving rise to a fluid and soft membrane.
When an uncharged colloid is placed in the vicinity of the membrane, a short-range repulsion between the colloid and the
membrane is observed and the membrane will deflect to avoid coming into contact with the colloid. When the colloid is charged,
the membrane response is twofold: the headgroups of the membrane move toward the colloid, as if to partly embrace it, and the
positive headgroups of the membrane approach the oppositely charged colloid, inducing the demixing of the membrane lipids
(polarization). The presence of protrusions enhances the polarization of the membrane. Potential of mean force calculations
show that protrusions give rise to a more long-range attractive colloid-membrane potential which has a smaller magnitude at

short separations.

INTRODUCTION

Adsorption of biomacromolecules onto lipid membranes is of
great biological and technological importance. Some exam-
ples are protein-membrane interactions in cells, DNA pack-
aging in viral capsids with internal lipid membranes (1),
DNA adsorption onto liposomes for lipoplex preparation in
gene delivery, and the interaction of such complexes with cell
membranes.

This has prompted a number of experimental, theoretical,
and simulation studies using various model systems. How-
ever, lipid membranes are not static, flat homogeneous
structures, but present a large number of dynamic modes. The
individual lipid molecules in the bilayer undergo lateral dif-
fusion, wobbling, rotations, and vertical excursions (protru-
sions) out of the bilayer. This will naturally have an impact on
1), the structure of the bilayer itself, well described as a liquid
but possessing a structured interface with specific elastic and
mechanical properties, and 2), the interactions between the
bilayer and biomacromolecules, such as DNA and proteins.

When a membrane is in its fluid state, the lipids have a
relatively fast lateral diffusion and are, in principle, responsive
when a charged object approaches. The domain formation
(demixing) of the lipids has been observed experimentally
upon the adsorption of DNA molecules on cationic mem-
branes (2,3) and the adsorption of peptides on giant unila-
mellar vesicles (4).

Accordingly, the number of theoretical and computational
studies on the interaction of proteins (5-9) and polyectrolytes
(10-12) with fluid lipid membranes has increased in recent
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years. It was observed that the adsorption of macromolecules
induces the demixing of the lipids in the membrane and that
the demixing, in turn, increases the binding energy of the
macromolecule to the membrane. Furthermore, it was ob-
served that the demixing of the lipids (or membrane polari-
zation) affects the adsorption isotherm of proteins and
protein-protein interactions (5,7,9) and also induces some
degree of compaction of an adsorbed polyelectrolyte (11).

As mentioned above, besides being fluid, membranes are
also soft structures. This is partially due to protrusions of the
thermally excited lipids out of the bilayer. These are believed
to be of biological significance, and are suggested to be the
source of the short-range repulsion forces present between
amphiphilic surfaces (13—15). It has also been proposed that
the protrusion of single lipid molecules out of the bilayer
plane is directly related to the activity of phospholipase A, on
lipid bilayers (16,17).

The fact that the membrane is flexible influences the in-
teraction with macromolecules, a typical example being the
endocytosis of viruses and bioparticles into the cell. Even
though endocytosis is driven by receptor-mediated mecha-
nisms, the biophysical properties of cell membranes are
probably of importance, since the process is dependent on,
for example, the particle size and cell rigidity (see (18,19) and
references therein).

A number of theoretical studies have been conducted on
the interaction of colloids (20-23) and rodlike polyions (24)
with flexible membranes. These studies involve the bending
of the membrane in the presence of macromolecules, and
effects such as colloid size and charge, salt, and charge
density and flexibility of the membrane have been consid-
ered. Computer simulations involving the interaction of soft
membranes with macromolecules are still rare, and most of
them deal with the inclusion of transmembrane proteins in
the membrane (25-28). Other interesting studies have been
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reported that deal with the adhesion of a particle to, and its
engulfment by, a vesicle (29), and the aggregation and vesic-
ulation of membrane proteins arising from the curvature of
the membrane (30).

The aim of this work was to study 1), how a fluid mem-
brane carrying equal amounts of positively and negatively
charged lipids interacts with a colloid; and 2), how the mem-
brane responds to this interaction. In particular, we used a
coarse-grained model to investigate how the interaction
depends on the degrees of freedom of the individual lipids.
The main findings are that 1), with an uncharged colloid near
the membrane, a short-range repulsion arises due to the
protrusion modes, and the membrane deflects away from the
colloid; and 2), with a charged colloid near the membrane, an
attractive interaction appears between the membrane and the
colloids that originates from an in-plane demixing of the
lipids and a displacement of the lipids toward the colloid as if
to embrace it. The effect of the lipid protrusions is to increase
the lipid demixing and to make the membrane-colloid inter-
action more long-range but smaller in magnitude at short
separations.

All model systems are simplifications of real systems. In
this initial work, we 1), restrict the lipids so that their long
axis is parallel to the surface normal, and hence suppress splay
deformation; 2), neglect surface charge polarization at the
lipid and macroion surfaces; and 3), consider only net neutral
surfaces. Notwithstanding, we believe that it is important to
understand this model system before introducing further
complexity.

MODEL AND METHOD
Model

A simple model has been adopted to describe the adsorption of a colloid from
solution onto a membrane composed of cationic and anionic lipids. Important
components of the model include 1), in-plane translational mobility of the
lipids (demixing); 2), out-of-plane translational mobility of the lipids (pro-
trusions); and 3), an explicit description of all charged species.

We use a membrane model, of which many of its features originate from a
previous study (31). Briefly, the model contains one leaflet of a membrane.
The membrane is composed of Ny, lipids, each having a headgroup and a tail.
The headgroup is represented by a charged hard sphere, and the tail by a
rectangular parallelepiped. The tails are oriented parallel to the normal of the
membrane, and the headgroup is in hard-sphere contact with its tail. The
headgroups have a local and a long-range translational mobility, the latter
through the exchange of positions of oppositely charged lipids. The pro-
trusions of individual lipids into the water solution lead to an exposure of
hydrophobic tails to water. The membrane model is illustrated in Fig. 1 A.

The colloid and its monovalently charged counterions are represented by
charged hard spheres, characterized by their radius and charge. The inves-
tigated system is electroneutral. The solvent enters the model only through its
relative permittivity.

Consider a rectangular box with lengths L, = L, = 200 AandL,=600A.
Periodic boundary conditions are applied in the x and y directions. The av-
erage position of the headgroups (z;,) is localized at z = 0 A, whereas a hard
wall is placed at z = z,,,; = 400 A. The extension in the z direction available
for the colloid and its counterions is thus restricted by (z;,) and zy,y. Thus,
formally we investigate a system with a finite colloid concentration; how-
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FIGURE 1 (A) Perspective illustration of the membrane showing the

lipids represented by charged hard spheres and parallelepipeds, hydropho-
bic-water contact areas (shaded surfaces), and the external coordinate
system. (B) Illustration of the three types of lipid trial displacements: 1),
local headgroup trial displacement, 2), lipid exchange, and 3), lipid-protru-
sion trial displacement.

ever, we argue that the membrane is sufficiently large to make the results
representative for adsorption of a single colloid.

In more detail, the total potential energy, U, of the system can be ex-
pressed as a sum of five contributions according to

U = Uel + Uhs + Uh—l + Uprm + Uext‘ (1)

The electrostatic potential energy, U, is given by

2
v,=y 24 L @)
i<j dmege, 1
where the summation extends over pairs of spherical particles (lipid head-
groups, colloid, and simple ions), with Z; and R; denoting the valence and
radius, respectively, of particle i; r; ; = [r; — rj| the distance between particles
Jj and #; e representing the elementary charge, ¢, the permittivity of vacuum;
and ¢, the relative permittivity of the solvent. The simplification of a uniform
relative permittivity of the system implies that the charge polarization at the
lipid and macroion surfaces is neglected. The hard-sphere potential, Uy, is
given by

Ui = Z u?j(h,j) + Zulﬂfd(rt, ri), 3)
t,i

i<j

where the first summation extends over all pairs of spherical particles with

q e}
“ih.;(ri,j) = { 07
)

and the second summation describes the interaction between tail ¢ and
particle i with

Iij < Ri + RJ

r,JZRl +RJ, (4)

o |y —x|<(R +1/2) and
i — 3 < (R +1/2) and
z; <z, + R, ’
0, else

hyd

U (rtvri) =

®

where r, = (x;, ), z) denotes the center of the quadratic surface of tail ¢, to
which its headgroup is attached, and / the edge length of the quadratic cross
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section of a tail. Furthermore, the intralipid headgroup-tail potential energy,
Uy is given by

Niip

Uy = Z Un_t, (6)

=1

where the summation extends over all lipids with

)

_Joeo, i —x|>1/20r |lyi—y|>1/20rz #z + R
=000, else

)

where r; and r, denote the coordinates of the headgroup and the tail residing
in the same lipid. The protrusion potential energy, Upo, Was evaluated
according to

Niip

Uprot = Z ’yAIa (8)
=1

where the summation extends over all the lipid tails, vy is the surface tension,
and A, the area of tail 7 exposed to water (see Fig. 1 A) given by

A =1 i (zo— 20)O(z — zv), )

t'=1

with ¢’ denoting the nearest-neighbor tails of tail # and @(x) the Heavside step
function with the properties ® = 0 for x < 0, and ® = 1 for x = 0. Here, we
have used y = 18 mJ m~2 (32-35). Finally, the confining external potential
energy, Uey, is given by

Uexl - Zuext(zi); (10)

where the summation extends over all the spherical particles with

(0.}
ucxt(zi) = { O7

For simplicity, the same hard-sphere radius R; = 2 A has been used for the
headgroups and the simple ions. Throughout, an equal number of cationic
and anionic lipids have been used; hence, the net charge of the membrane
with charged lipids is always zero. With Ny, = 1024 lipids and fixed values
of Ly and Ly, the membrane is incompressible with a hard-sphere area
fraction 10247TR% /LxLy = 0.32. Colloids with radius R. = 10 A and charges
Z.=0,—10, and —20, as well as radius R, = 20 Aand charges Z. = —20, —40,
and —60 have been examined. The colloid with R, = 10 A and Z, = —20
will be referred to as the reference colloid. Throughout, 7= 298 K and ¢, =
78.4 have been used.

In addition, complementary systems with 1), a single membrane, 2), lipids
with uncharged headgroups, or 3), lipids with restricted degrees of freedom
have been investigated.

Zi = Zyan

Zi < Zyall

1

Simulation details

All Monte Carlo simulations were performed in the canonical ensemble,
employing the standard Metropolis algorithm (36). The long-range electro-
static interactions were handled using the Ewald summation with a recent
extension to slab geometry (37). This extension motivated the use of a
simulation box exceeding the distance available in the z direction.

Lipids were subjected to three types of trial moves: 1), a trial transverse
displacement of a headgroup with respect to its stationary tail; 2), exchange
of the positions of two lipids; and 3), lipid trial displacement parallel to the
membrane normal. These trial moves are illustrated in Fig. 1 B. The average
z coordinate of the headgroups (z,,) was fixed at z = 0 to avoid a drift of the
membrane in the z direction. Throughout, the colloid was fixed at the
membrane-colloid surface-to-surface separation, s, measured from a head-
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group located at (z;,) = 0. The simple ions were subjected to simple trans-
lational moves.

Since we are using a lattice to describe the membrane, the results become
weakly dependent on the precise colloid position in the xy plane. To reduce
this grid effect, all systems were calculated three times, where the x and the y
positions of the colloid were varied within one of the squares of the grid.

Each simulation included an equilibration of at least 2 X 10 trial moves
per particle followed by a production run of at least 5 X 10° trial moves per
particle. Statistical uncertainties were evaluated by dividing the total simu-
lation into subbatches. All the simulations were performed using the simu-
lation package MOLSIM (38).

Properties examined

In this investigation, we have determined the interaction between the
membrane and the colloid, as well as structural aspects of the membrane
including the out-of-plane headgroup density profile and in-plane headgroup
polarization.

The membrane-colloid interaction was determined by calculation of the
potential of mean force (pmf), Upns acting on the colloid at different
membrane-colloid separations, s. The mean force, F, operating on the
colloid, ¢, and projected on the z axis was calculated according to

N
F(S) - Z <_ Vrc.i Ucﬁi (rc.i)>7 (12)
i#c
where U, ; denotes the potential energy between the colloid and particle i
(lipid headgroup, lipid tail, and simple ions) at the separation 7, N = Ny, +
|Z.| is the number of particles, and (. . .) indicates an ensemble average. The
electrostatic and hard-core contributions to the force were handled separately
(39). F(s) > 0 implies a repulsive and F(s) < 0 an attractive mean force. The
potential of mean force between the membrane and the colloid, Upyy, is
related to the mean force according to

Upnt (5) = — /S F(r)dr, (13)

where the convention Upyi(s) — 0 as s — o has been used. The integral
was determined numerically using the trapezoidal rule.

RESULTS AND DISCUSSION
Single membrane

Before examining the membrane-colloid system, a brief
characterization of single membranes composed of lipids
possessing 1), uncharged or 2), charged headgroups will be
given. We remind the reader that the latter membrane con-
tains an equal number of lipids having cationic and anionic
headgroups and has a zero net charge.

Fig. 2 A shows the headgroup number density as a function
of the z direction, i.e., the dispersion of the headgroup loca-
tion perpendicular to the membrane. The dispersions of the
two systems are essentially Gaussian. The width of the
Gaussian dispersion is 3.01 A for uncharged headgroups
(dashed curve) and 2.86 A for charged headgroups (solid
curve). Hence, the width with the charged headgroups is
slightly smaller, which we attribute to the cohesive nature of
the electrostatic interaction of an electroneutral system. A
snapshot of the system with charged headgroups is displayed
in Fig. 2 B. As expected, the cationic and anionic headgroups
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FIGURE 2 (A) Headgroup number density pp(z) as a function of the z
coordinate for uncharged (dashed curve) and charged (solid curve) lipids.
(B) Snapshot illustrating the location of the headgroups of charged lipids.
Green and blue represent the positively and negatively charged headgroups,
respectively.

essentially form a two-dimensional layer and the headgroups
are well mixed. Nevertheless, individual lipids protrude into
the aqueous solutions and membrane undulations of different
wavelengths are present.

The capillary wave theory provides a prediction of the
magnitude of the membrane fluctuations of different wave-
lengths. In the absence of gravity, the mean square of the
capillary amplitude is given by (40)

= hl 14
<Z > 1 <[m3x> ) ( )

where k is the Boltzmann constant, L,,;, the lower wave-
length limit (of the order of a molecular diameter), and L.«
the upper wavelength, determined by the size of the surface.
With the use of 7= 298 K, Lyin = 6.35 A, Linax = 200 A, and
y = 18 mJ m 2, capillary wave theory predicts (z2)"/? =
2.5 A. This prediction is in good agreement with the disper-
sion of our model system.

Experimental electron density profiles from diffraction
experiments of membranes composed of DOPC, DMPC,
DLPC, and DPPC lipids have given the dispersions 2.5, 3.2,
3.3,and 3.75 A (41-43), respectively. Computer simulations
of various models have predicted dispersions of the head-
group location ranging from 1.7 to 4.5 A (31,44-49).

Membrane-colloid systems
Membrane with uncharged lipids

To better understand the effect of the lipid charges, the in-
teraction between a membrane with uncharged lipids and
colloids with radius R, = 10 A and different charges will be
given first.
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Fig. 3 shows the potential of mean force Uy as a func-
tion of the membrane-colloid surface-to-surface separation
for an uncharged colloid (Z. = 0) and for a charged colloid
(Z. = —20) with its counterions. Independent of the colloid
charge, the membrane-colloid interaction is purely repulsive.
In the case of the uncharged colloid, the onset of the repulsion
appears at s ~ 5 A, which is in excellent agreement with the
dispersion of the headgroup locations for an unperturbed
membrane. At s = 0, the potential of mean force is 1.5kT;
hence, the free energy cost involved when the colloid surface
penetrates to the center of the membrane is still moderate.
The lipid protrusions in a membrane have long been con-
sidered to be the reason for the short-range repulsion ob-
served between lipid bilayers (13-15). Clearly, the same
mechanism is the cause of the repulsion between a membrane
and a small colloid.

When the colloid is charged, the potential of mean force
becomes 1), more long- range, and 2), greater in magnitude at
short separations. This repulsion originates from the presence
of the colloid’s counterions. Far from the membrane, the
distribution of the counterions around the colloid is spheri-
cally symmetric, and due to the electrostatic colloid-counterion
attraction, a large fraction of the counterions are accumulated
near the colloid (39). When the colloid is close to the mem-
brane, the distribution of the counterions around the colloid
becomes perturbed, giving rise to the additional effective
membrane-colloid repulsion.

Membrane with charged lipids

We will continue by examining various properties of systems
with a colloid near a net neutral membrane composed of
charged lipids. Systems of lipids with full degrees of freedom
(in-plane and out-of-plane lipid mobility) will be considered
first, followed by a brief investigation of the effect of de-
composing the degrees of freedom of the lipids.

o i
o 5 10 15 20 25

s [A]

FIGURE 3 Reduced potential of mean force, Upm(s)/kT, as a function of
the membrane-colloid separation, s, for uncharged lipids and colloids with
radius R, = 10 A and the indicated charge.
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Lipids with full degrees of freedom. Fig. 4 shows the potential
of mean force between the membrane and colloids with ra-
dius R, =10 A and charges Z. = 0, —10, and —20. When the
colloid is uncharged, the potential of mean force is repulsive
and nearly identical to the one corresponding to the case with
uncharged lipids and an uncharged colloid. This observation
is consistent with the near identical z-dispersions for a
membrane composed of uncharged and one composed of
charged lipids (Fig. 2). However, when the colloid is
charged, an attractive potential of mean force appears, which
extends up to a separation of ~20 A. The minimum of the
potential of mean force appears at s ~ 3 A. The strength of the
attraction increases with increasing colloidal charge. Under
the conditions applied here, the depth of the attractive po-
tential minimum increases linearly with increasing colloidal
charge at a rate of ~kT/2 per colloidal charge.

We will now examine the structural response of the
membrane to a nearby colloid. Fig. 5 displays the average
z-position of the headgroups as a function of the in-plane
distance, p, between the headgroup and the normal to the
membrane that intersects with the center of the colloid, at
the membrane-colloid separation s = 1.4 A. A quarter of the
colloid and half of a headgroup drawn to scale are also dis-
played in Fig. 5 to illustrate the spatial arrangement. The
separation selected corresponds t0 Upy,e = 14T for the un-
charged colloid (Z. = 0) and —9T for the charged colloid
(Z. = —20).

When the colloid is uncharged, a deflection of the mem-
brane away from the colloid appears (Fig. 5 A). The maximal
deflection occurring at p = 0 is 2.1 A and the deflection
increases to 2.4 A when the colloid radius is increased to
R. =20 A. The deflection extends radially to p &~ 30 A. The
membrane deflection and the near absence of direct mem-
brane-colloid contact are clearly visible in the inset. The
reason for the deflection and its fairly large in-plane exten-
sion is that the presence of the colloid suppresses protrusion
fluctuations. This suppression reduces the membrane en-

Uy KT

-5 0 5 10 15 20 25
s [A]

FIGURE 4 Reduced potential of mean force, Uym¢(s)/kT, as a function of
the membrane-colloid separation, s, for charged lipids and colloids with
radius R, = 10 A and the indicated charge.
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FIGURE 5 Average z-position of the headgroups (solid curves) as a
function of the in-plane distance from the center of (A) an uncharged (Z. = 0)
and (B) a charged colloid (Z. = —20) with radius R, =10 A placed at the
membrane-colloid separation s = 1.4 A. The average z-position in the
absence of colloid (dotted line), as well as a quarter of the colloid and half a
lipid headgroup drawn at scale, are also shown. In B, the average z-positions
of the cationic and anionic headgroups are also given (dashed curves).
(Insets) Snapshots of the systems, where red is the colloid and green and blue
are the positively and negatively charged headgroups, respectively.

tropy. The entropy loss becomes smaller upon deflection,
which hence regains some of the protrusion fluctuations.
However, coupled with the deflection, there is an increase of
the water-tail contact area and, therefore, an associated in-
terfacial free energy. Hence, the magnitude of the deflection
is regulated by a membrane entropy-interface energy bal-
ance. The increased membrane deflection appearing for the
larger colloid is due to the larger number of lipids that are
affected.

The structural response of the membrane becomes very
different when the colloid is charged. Now, 1), the headgroups
are displaced toward the colloid; and 2), the displacement of
the cationic headgroups is larger than that of the anionic ones
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(Fig. 5 B). In fact, the headgroups partly embrace the colloid.
The inset illustrates the headgroup-colloid contact and the
partial embracement. Obviously, the attractive electrostatic
interaction between the negatively charged colloid and the
cationic headgroups is the cause of this drastically different
behavior.

What is the membrane response at different membrane-
colloid separations? Fig. 6 A displays the average z-position
of the headgroups as a function of p for s = 1.4-13.2 A for the
reference colloid, the largest separation still corresponding to
an attractive potential of ~4kT. Starting with s = 1.4 A, as
discussed previously, an increase of the membrane-colloid
separation is followed by a displacement of the headgroups
near the colloid toward the colloid. At s = 5.3 A, the partial
embracement still remains, whereas at s = 9.3 A essentially
only a point contact remains. The largest lipid out-of-plane
displacement appears at s ~ 11.3 A, and at larger membrane-
colloid separations, the lipids do not adhere to the colloid any
more. Some snapshots illustrating this behavior are shown in

A 15
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FIGURE 6 (A) Average z-position of the headgroups as a function of the
in-plane distance from the center of the colloid for the reference colloid at the
indicated membrane-colloid separations A). (B) Snapshots at the indicated
colloid-membrane separation (A). Red is the colloid and green and blue are
the positively and negatively charged headgroups, respectively.
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Fig. 6 B. Thus, for an appreciable variation of the membrane-
colloid separation, the flexibility of the membrane enables
headgroups to partially embrace the colloid.

Fig. 7 shows (z(p)) at p = 0 versus s for the reference
colloid (solid curve). The ability of the headgroup to locally
adapt its out-of-plane location to the position of the colloid up
to a well determined membrane-colloid separation, Syax, iS
observed. At s = s« the increased free energy cost asso-
ciated with the increased water-tail surface matches the gain
in the electrostatic energy. In a fairly small separation inter-
val, the membrane snaps off the colloid. Table 1 summarizes
Smax for other systems investigated. It is seen that s, in-
creases with the colloid charge at constant colloid size and
decreases with increasing colloid size at constant colloid
charge. Moreover, there is a lower threshold of the electro-
static interaction (represented by the colloidal charge) needed
to have lipid-colloid contact at finite membrane-colloid
separation (s > 0).

In addition to the out-of-plane dispersion of the headgroup
locations, an in-plane polarization of the lipids takes place.
We define the relative surface charge polarization o(p) as the
surface charge density o(p) divided by the surface charge
density for a surface with cations only, o ,,.x. Fig. 8 displays
the relative surface charge polarization o(p) as a function of
p at different membrane-colloid separations for the reference
colloid. It is clear that near the colloid an appreciable in-plane
charge polarization appears. At s = 1.4 A, o(p = 0) ~ 0.8,
i.e., there is a 4:1 ratio favoring cationic headgroups. The
excess of positive headgroups extends to p ~ 30 A. In our
model, with a finite-sized membrane in the canonical en-
semble, the remaining membrane possesses a slightly nega-
tive charge to preserve its charge neutrality. At separation s =
9.3 A, 1), there is a slight increased favor of cationic head-
groups in the vicinity of the colloid, but 2), spatial extension
of the region with a positive net charge is smaller, making the
integrated excess of positive charge smaller.

s [A]

FIGURE 7 Average z-position of the headgroups at p = 0 as a function of
the colloid-membrane separation, s, for different colloids. The condition for
colloid-lipid close contact is also given (dotted line).
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TABLE 1 Membrane-colloid separation at which the colloid
desorbs from the membrane, s;,,x, maximal extension of the
region with positive net charge, p’, and local excess charge, Z.

Colloid R. (A) A Smax (A) P (A)* Zk
Reference 10 —-20 11.3 34.2 19.0
I 10 -10 73 38.2 9.1
il 20 —60 15.1 39.7 22.5
I 20 —40 11.2 43.7 153
v 20 -20 9.2 482 8.2

*Values given are for s = 1.4 A.

The excess surface charge of the region with a positive net
charge, Z.,, was calculated according to

.
Zo =2m / a(p)pdp, (15)
0

where p’ is the radial distance at which the average local
charge of the membrane becomes negative. At increasing
separation, the excess surface charge decreases (Z.x = 19.0,
18.2, 15.7, and 3.8 at s = 1.4, 5.3, 11.3, and 21.2 A,
respectively). Table 1 summarizes the values obtained for
p' and Z, at s = 1.4 A for other studied systems. In the same
fashion as the out-of-plane displacement, the in-plane polar-
ization increases upon increasing colloid charge and de-
creases upon increasing colloid radius.

Hence, as the colloid approaches the membrane, in addi-
tion to the out-of-plane response, a considerable in-plane
charge polarization appears.

Lipids with partial degrees of freedom. We will now de-
compose the two degrees of freedom of the lipids to assess
their contribution to the membrane-colloid interaction. Fig. 9
shows the potential of mean force curves for the reference
colloid at four different conditions: 1), in-plane and out-of-
plane lipid mobility (labeled pz); 2), in-plane lipid mobility
only (p); 3), out-of-plane lipid mobility only (z); and 4), no
lipid mobility (two dashes). In all four cases, the headgroups
have a local mobility with respect to their tails. In the cases of

p[A]

FIGURE 8 Relative surface charge polarization o,(p) as a function of
p for the reference colloid at the indicated membrane-colloid separations (A).
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FIGURE 9 Reduced potential of mean force as a function of the membrane-
colloid separation for the reference colloid for the conditions: in-plane and
out-of-plane lipid mobility (labeled pz), in-plane lipid mobility only (p), out-
of-plane lipid mobility (z), and no lipid mobility (two dashes). The head-
groups have a local mobility with respect to their tails. The arrow indicates
the smallest membrane-colloid separation possible for the systems without
out-of plane lipid mobility (s = —3.88 A).

no in-plane lipid mobility, the cationic and anionic lipids
were arranged in a checkerboard pattern.

First, the two potential of mean force curves for mem-
branes with in-plane lipid mobility display strong attractive
regions, whereas the corresponding curves without in-plane
lipid mobility possess a maximum attraction of 1k7T. Hence,
surface polarization is more important than protrusions in
establishing an attraction between a charged colloid and the
net neutral membrane composed of cationic and anionic
lipids. Nevertheless, the influence of protrusions is still sig-
nificant. Since it matters whether polarization is present or
not, we will consider the two cases separately.

When comparing membranes with in-plane lipid mobility
and with in-plane and out-of-plane lipid mobility (cf. curves
labeled p and pz), we observe that, for the latter system, 1),
the minimum of the potential of mean force is half as deep
and appears at a longer separation (s ~ 3 A instead of s =
—1 A); 2), at separations s > 3 A the attraction is stronger;
and 3), at short separations, the repulsion increases more
weakly upon decreasing s. The first observation is obviously
related to the entropic repulsion that appears when the pro-
trusions are restricted for s = 5 A (cf. Fig. 3). At longer
separations, the out-of-plane mobility has the opposite effect
on the interaction; now this mobility enables the charged
headgroups to be displaced toward the colloid and increases
the favorable electrostatic interaction. The final observation
follows from the fact that the lipids are able to yield (in the
negative z direction) as the colloid penetrates more deeply in
the membrane. Hence, lipid protrusion makes the potential of
mean force more long-range, but the magnitude of the at-
traction near the minimum is smaller.

When the lipid in-plane mobility is absent, the effect of the
out-of-plane lipid mobility is much smaller (cf. Fig. 9, curves
z and two dashes). Observations 2) and 3) are still true, but the
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variation of the associated free energies is much smaller. The
long-range attraction appearing with protrusions is due to the
different displacements of the cationic and anionic lipids,
now with their checkerboard arrangement preserved (cf.
discussion of Fig. 5). The weak minimum appearing in the
absence of both the in-plane and out-of-plane lipid mobility
originates from the local headgroup mobility.

Let us now evaluate how the presence of protrusions in-
fluences the polarization. Fig. 10 displays the relative surface
charge polarization o(p) as a function of p at different
membrane-colloid separations for the reference colloid with
and without lipid out-of-plane mobility at separations s = 1.4
and 5.3 A. It is seen that the presence of protrusions enhances
the lipid polarization of the surface. This effect is stronger at
the larger separation since the protrusions enable the head-
groups to preserve some contact with the colloid (Fig. 6 A);
without protrusions, the headgroup-colloid surface-to-surface
separation is obviously 5.3 A. It is noticeable that, at the
shorter separation, the polarization at p = 0 is slightly
stronger in the absence of protrusions. A rationale for this is
that with protrusions it is more favorable to displace some
anionic lipids near the colloid away from the colloid than to
exchange them for cationic ones. This is corroborated by
Zex = 19.0 and 15.9 obtained with and without protrusions,
respectively, for s = 1.4 A, and 18.2 and 10.6 obtained with
and without protrusions, respectively, for s = 5.3 A.

CONCLUSIONS

In a previous study, we observed that the details of the
membrane strongly affect the adsorption of a polyion onto it.
In particular, it was possible to adsorb a polyelectrolyte onto
an overall neutral membrane made of positive and negative
charged headgroups if the headgroups were frozen in a dis-
ordered state or were allowed to move and adapt to the ad-
sorbing polyelectrolyte (11).

0.8

0.6

0.2

40

p [A]

FIGURE 10 Relative surface charge polarization o(p) as a function of
p for the reference colloid at the indicated membrane-colloid separations (A)
for the conditions characterized by in-plane and out-of-plane mobilities
(solid curves) and in-plane mobility only (dashed curves).
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In this study, we developed the model further to include
protrusion of the lipids perpendicular to the membrane, as
well as the in-plane translation of the lipids. It was found that
the protrusion of individual headgroups causes undulations
that propagate throughout the membrane. The undulations
were slightly larger when the headgroups were neutral than
when they were charged. The dispersion of the headgroups
was found to be in good agreement with that calculated from
the capillary wave theory and was also similar to values de-
termined experimentally or by computer simulations of
similar systems.

When an uncharged colloid was placed in the vicinity of
the membrane, a short-range repulsion was observed that
deflected the membrane away from the colloid to preserve
the protrusions. Conversely, when the colloid was charged,
the headgroups moved toward it; on average, the positive
headgroups occupied a position closer to the colloid and the
anionic headgroups were placed farther away from the col-
loid. The fact that the headgroups were allowed to embrace
the colloid and therefore increase the contact area induced an
increase in the polarization of the headgroups, as compared to
similar systems without protrusions. Calculations of the po-
tential of mean force showed that in the presence of protru-
sions the attractive potential is more long-range but has a
smaller magnitude at short separations.
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