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Structure and organization of nanosized-inclusion-containing bilayer membranes
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Based on a considerable amount of experimental evidence for lateral organization of lipid membranes which
share astonishingly similar features in the presence of different inclusions, we use a hybrid self-consistent field
theory (SCFT)/density-functional theory (DFT) approach to deal with bilayer membranes embedded by nano-
sized inclusions and explain experimental findings. Here, the hydrophobic inclusions are simple models of
hydrophobic drugs or other nanoparticles for biomedical applications. It is found that lipid/inclusion-rich
domains are formed at moderate inclusion concentrations and disappear with the increase in the concentration
of inclusions. At high inclusion content, chaining of inclusions occurs due to the effective depletion attraction
between inclusions mediated by lipids. Meanwhile, the increase in the concentration of inclusions can also
cause thickening of the membrane and the distribution of inclusions undergoes a layering transition from
one-layer structure located in the bilayer midplane to two-layer structure arranged into the two leaflets of a
bilayer. Our theoretical predictions address the complex interactions between membranes and inclusions sug-
gesting a unifying mechanism which reflects the competition between the conformational entropy of lipids
favoring the formation of lipid- and inclusion-rich domains in lipids and the steric repulsion of inclusions

leading to the uniform dispersion.
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I. INTRODUCTION

Membrane organization is essential for cellular functions
such as signal transduction and membrane trafficking. A ma-
jor challenge is to understand the lateral heterogeneous struc-
tures in membranes and membrane fluidity in the presence of
inclusions. In recent years, there is growing evidence that
due to the presence of inclusions within membranes, the dis-
tribution of lipids is inhomogeneous, where lateral segrega-
tion could induce the formation of lipid/inclusion-rich raft
domains. For instance, cholesterol, which is one of the most
important regulators of lipid organization, prefers to have
conformationally ordered lipid chains next to it due to its
hydrophobically smooth and stiff steroid ring structure [1,2]
and promotes the formation of lipid rafts (see, for example,
reviews [1,3—8] and recent research works [9—-14]). On the
other hand, it has been reported [15] that hydrophobic drugs
such as taxol (paclitaxel) [15,16] and dipyridamole (DIP)
[17] may assist the formation of lipid- and drug-enriched raft
domains. This tendency increases with increasing the drug
content, but disappears at high concentrations, a phenom-
enon which has also been observed in cholesterol-lipid sys-
tems [18]. Particularly, the perturbed lipids may produce the
effective depletion attraction between inclusions leading to
the chaining of cholesterols [18,19] or drugs [15,20] inside
the bilayer. Such a lipid-mediated depletion attraction is also
found in membrane-peptide systems [21,22]. Furthermore,
the introducing of taxol drug into the lipid layer will perturb
the hydrocarbon chain conformation, which may increase
membrane fluidity [15,16,20]. Most recently, some foreign
inclusions such as silver nanoparticles were reported to have
similar effects on the membrane fluidity [23].
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Despite the common properties of membrane organization
due to distinct inclusions and despite its important signifi-
cance in cellular functions such as signal transduction and
membrane trafficking [3-7], the understanding of the mecha-
nisms remains poor [24] due to the complexity of membrane/
inclusion systems. Recently, some theoretical works have fo-
cused on the hydrophobic mismatch interaction between
inclusions [25-29] and the possible formation of lipid rafts
[1,24], which are very useful to raise our understanding.
However, the lateral reorganization of lipid membranes with
varying the inclusion content has not been systematically
elucidated theoretically. To capture the lateral structure of
inclusion-containing membranes, models must describe the
membrane deformation in three dimensions. Due to the large
computational consuming, it is convenient to use a coarse-
grained model for the computational efficiency.

Recently, the self-consistent field theory (SCFT) has been
proven to be powerful in calculating equilibrium morpholo-
gies in polymeric systems [30-37], while nanoparticles can
be treated by density-functional theory (DFT) [38,39] to ac-
count for steric packing effects of particles. Interestingly, Th-
ompson et al. [30] developed a hybrid SCFT/DFT approach
to study mixtures of diblock copolymer and nanoparticles.
On the other hand, the SCFT method is extended to success-
fully study the phase behavior of pure lipid systems
[24,40-43]. Leermakers and co-workers [41-43] used a lat-
tice version of SCFT to study the lipid-bilayer system, where
the conformation of lipid chains is described by random-
walk and rotational isomeric state (RIS) statistics. However,
in most of their works, they assumed that the lipid bilayer
was laterally homogeneous for computational convenience.
On the contrary, Schick and co-workers [24] adopted the
off-lattice version of SCFT to study the lipid systems, where
they use Gaussian model to describe the lipid molecules. The
amphiphilic nature and chain stretching of lipids are still
captured. Compared to the lattice version of SCFT used by
Leermakers and co-workers, the off-lattice SCFT can ac-
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FIG. 1. (Color online) A schematic of the lipid bilayer mem-
brane containing inclusions. The small solvent molecules on the
two sides of the membrane are not plotted here.

count reasonably well for lateral inhomogeneity of the lipid
bilayers, although less molecular details are considered. Here
we put emphasis on the description of laterally heteroge-
neous structures of lipid membranes with the presence of
nanoparticles, where the molecular details of lipids are not
important.

In this paper, we will study the variation in lateral struc-
ture of membrane with the increase in inclusions. Our aim is
to discover the main factors affecting the organization of
inclusions within membranes, as well as the structure of per-
turbed membranes compared with the experimental observa-
tions. It should be mentioned that lipid membranes are made
up of amphiphilic molecules, which are assumed to be in the
liquid phase at a relative high temperature. Therefore, lipid
tails are much more flexible than inclusions. It is more rea-
sonable to use the hybrid SCFT/DFT approach [30] to cal-
culate the structural organization of the bilayer membrane in
the presence of inclusions. The present paper is organized as
follows. First, we describe the hybrid SCFT/DFT theory for
lipid-inclusion complexes. Then, we present relevant results
and explore main factors determining the structure of
inclusion-containing membranes. In the last section, we draw
conclusions on nanosized hydrophobic particles embedded in
lipid bilayers and discuss how to extend our model to other
membrane systems.

II. METHODS

We consider a lipid bilayer membrane containing n, in-
clusions of radius R in an aqueous environment (Fig. 1). The
volume of system is V=L, XL XL, where L, and L, are
lateral membrane lengths under periodical boundary condi-
tions, and L, is the size of the system along the membrane
normal direction. The bilayer membrane is composed of one
type of lipid with two hydrophobic tails. The number of lip-
ids is given by n;=2X o XL, XL,, where o is the number
density of lipids in one leaflet. The head group of lipids has
the volume v, and two equal-length tails composed of N/2
segments each are assumed as flexible Gaussian chains [40],
which is reasonable for the description of lipid membranes in
liquid phase. Therefore, N is the total segment number of
two tails forming a lipid. The segment has the volume p(_)'
and the length a. The concentrations of the head and tails of
lipids are ¢,=n;v,/V and ¢>,=n,Np51/V, and the inclusions
¢ =4mR3n,/3V. The solvent molecules have the volume v,
and the concentration ¢,. Since many bioinclusions are ef-
fectively smooth and rigid compared to the lipid tails
[1,8,25], we assume inclusions as hard-sphere nanoparticles.
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In the framework of SCFT, we first transform a Hamil-
tonian of the lipid system into a coarse-grained field theory
description by employing the simple Gaussian model for
lipid chains [40] and treating their interactions through
mean-field Flory-Huggins form. Further, by combining the
steric interactions between inclusions through DFT [30], the
resulting free energy F for the present system is given by
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where kg is the Boltzmann constant and 7 is the temperature.
The first three terms in the free energy, Eq. (1), account for
the entropy part of the system. Q;, Q,, and Q, are single
molecular partition functions of lipid, solvent, and nanopar-
ticle, respectively. The expression of Q, is given by Q,
=[drq,(r,s)q,(r,1-s), where s ranges from O at the end of
one tail to s=1 the end of the other tail. The end-segment
distribution function ¢,(r,s) satisfies modified diffusion
equation %:%qu,—[ahwh(r) S8(s=1/2)+w,(r)]q, where
s=1/2 is the location of the head, and the volume ratio of a
head to two tails of the lipid is a;, =v,py/N. The initial con-
dition of the modified diffusion equation is ¢,(x,y,z,0)=1.
The partition function of a solvent is Q,=[dr exp|
—a,w,(r)], where the volume ratio of a solvent molecule to
two tails of a lipid is ay,=v,p,y/N. The partition function of a
particle is Q,=fdr exp[-w,(r)] and the volume ratio of a
particle to two tails is @a=4mR3py/3N. @,r), @,(r), @ (r),
and ¢,(r) are the local volume fractions of lipid tail, head
group, inclusion, and solvent. The effective interactions be-
tween different species are represented by the Flory param-
eters; 1.€., Xu» Xiss Xid> Xnss Xnd» a0d X, account for the local
interactions between tail-head, tail-solvent, tail-inclusion,
head-solvent, head-inclusion, and solvent-inclusion, respec-
tively. In the self-consistent field theory, intermolecular in-
teractions are simplified as effective fields felt by different
molecules, which are reflected by w,(r), wy,(r), w,(r), and
wy(r) with the corresponding energetic terms like
@, (r)wir)(i=t,h,d,s) in Eq. (1). The packing constraint of
the system is realized by an incompressible constraint: ¢,
+ @+ @+ @ =1; it is reported that such a substitution is rea-
sonable and computational efficient [13,40,44], while the ex-
act packing interaction between different compositions can
been done by density-functional theory for polymer-colloid
mixtures [45,46]. &(r) is a Lagrange multiple, which induces
the incompressible constraint into the free energy. The last
term in Eq. (1) is the nonideal steric repulsion between the
hard particles, in which \I’hs(x)=‘g:—)3fzz [38,39], with the
weighted inclusion density @4(r) [30]. p,(r) stands for the
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inclusion center distribution and the local volume fraction ¢,
. . 3a ’ ’
is given by (‘Dd(r)zﬁf‘r!‘<[gdr pr+r’).

By minimizing the free energy in Eq. (1), we obtain a set
of self-consistent equations describing the equilibrium sys-
tem:
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Here the volume fractions and fields of different compo-
nents are coupled, which are solved self-consistently. Using
the real space combinatorial screening algorithm [32], we
perform calculations starting from the random initial condi-
tions of densities. In each calculation, once densities of dif-
ferent compositions are determined, fields can be calculated.
The densities are then updated from the calculated fields and
new fields are recalculated. This step is repeated until the
packing constraints are satisfied. The given results are se-
lected to have the minimum free energy among different ini-
tial conditions. Furthermore, free-energy minimization of the
system with respect to the selected simulation sizes is also
performed [37].

According to the free-energy expression (1), we can ob-
tain some useful quantities. First, the translational entropy S,
of inclusions can be given by

NSy _ @1n< Q
kgpoV —a \ V¢,

It can be obtained from the free energy of inclusions ex-
empted by enthalpy part due to the interactions between in-
clusions and other species. Second, the translational entropy
S, of lipids is written as

>+ ‘l/ J dr[wy(r)py(r)].  (10)
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Since a lipid includes many segments, here we choose the
motion of the middle point of a lipid tail as the translational
movement of the lipid. p(r) is the density of the middle point

of a lipid tail, i.e., p(r):%':/ql(r, Al-l)q,(r, %). Third, the confor-
mational entropy S, of lipids is expressed as

kgicv _ ‘l/f dr{p(r)ln{%(r,i)%(r,%)] + w,(r)cp,(r)},
(12)

which comes from the total entropy of lipids exempted by
the translational entropy, that is, the movements of total seg-
ments except for the middle point of the tail. Finally, the
steric repulsion energy F; of inclusions is

Fszzfdrpd(r)q’hs(ﬁ_l’d)- (13)

This is the nonideal term because of the steric repulsion aris-
ing from the hard particles.

In our model, Flory parameters are used to describe the
effective interactions between different components instead
of the real interactions. At this point, the relative values of
Flory parameters become more significant. The principle of
choosing Flory parameters is to ensure that nanoparticles are
embedded within the lipid membrane, while the solvents are
out of the hydrophobic region of the membrane. We choose
XnsN=0, which is taken as a reference, implying that there is
no repulsive interaction between head group and solvent.
XV 1s fixed as 15.0 accounting for the hydrophobic interac-
tion between tails of the lipid and solvent. x,,N is equal to
25.0, reflecting the chemical bond between head and tail
parts of the lipid. Values of x,;N, x3sN, and x,;N are chosen
as 20.0, 15.0, and 3.5, respectively, meaning that the particles
are hydrophobic. We fix all the Flory parameters in the fol-
lowing calculations because we pay more attention to the
effect of the concentration of inclusions on the lateral struc-
ture of the membrane. Other parameters used in our calcula-
tions are fixed as N=32, vh=vs=6p51, and 0=0.08. The sys-
tem size is selected to be L,=L,=60a and L.=15a. Here, the
chosen L, is large enough, ensuring the solvent concentration
¢,=1 at z=0 and L, The inclusion size is chosen as R
=2.5a, which is a little bit smaller than the thickness of the
unperturbed membrane.

III. RESULTS AND DISCUSSIONS

We first examine the case of a bilayer membrane in an
aqueous environment in the absence of inclusions. Figure
2(a) shows the lateral distribution of lipid tails in one leaflet,
which is uniform. The distribution is symmetrical with re-
spect to the opposing leaflet. Figure 2(b) provides the aver-
age distribution of head groups in the x-z cross sections,
reflecting that the shape of membrane surfaces is smooth in
the absence of inclusions, where the membrane is unper-
turbed. In this case, the membrane has the limited lateral
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FIG. 2. (Color online) The pure bilayer membrane in an aqueous
environment. (a) The top view of averaged density distribution of
lipid tails in the upper leaflet. (b) The x-z cross section of density
distribution of lipid heads averaged in the y direction. (c) Laterally
averaged density profiles of solvent (¢,), lipid tail (¢,), and head
group (¢,) along z axes.

mobility [20], where lipid tails crossly interact and tightly
pack. Figure 2(c) shows the laterally averaged density pro-
files of ¢,, ¢,, and ¢, across a bilayer, which displays the
basic structure of the bilayer and is favorably comparable
with mesoscopic simulation and other coarse-grained models
describing the bilayer composition [41,47,48]. This validates
the used SCFT which can reasonably explore conformational
properties of lipids, in contrast to phenomenological models
that ignore much of the internal structure of the bilayer [24].
Particularly, the approach will become powerful in exploring
the lateral inhomogeneity of membrane with inclusions, in
contrast to other field theory or simulation schemes [24],
where the only one-dimensional density profiles along the
membrane normal are shown.

Figure 3 shows the in-plane density distributions of inclu-
sions in the left column and the lipid tails in the right column
with increasing the inclusion concentration ¢, When the
concentration ¢, of inclusions is low, the translational en-
tropy of inclusions has a significant contribution to the free
energy of the system. Any compositional fluctuation of in-
clusions may lead to the lateral inhomogeneity of lipid com-
position, in which lipids are depleted in the inclusion-rich
regions for ensuring the large translational entropy of inclu-
sions [Fig. 3(a)]. Astonishingly, as ¢, is increased, not only
the aggregation of inclusions is strengthened, but also the
lipid/inclusion-rich domains appear [Fig. 3(b)]. This is be-
cause the inclusions incline to aggregate into clusters for
decreasing enthalpy due to the positive yx,;, while lipids tend
to accumulate around inclusions. In this case, the entropic
contribution of lipids becomes significant. Usually, in the
pure membrane, lipids interact crossly and pack tightly,
while a single lipid can easily change its conformation. As
hard inclusions are added into the membrane, the tight pack-
ing of lipids is disturbed. Lipid tails closing to the rigid sur-
faces of inclusions can get extra conformational flexibility
[1,23,28,29,49], which drives them gathering around the in-
clusions, and thus lipid-rich microdomains are formed. The
domain size may be enlarged by increasing ¢, [Fig. 3(c)]
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FIG. 3. The top views of averaged density distributions of in-
clusions (left) and lipid tails (right) in upper leaflet. (a) ¢,=0.10,
(b) ¢,=0.15, (c) ¢,=0.20, (d) ¢,=0.24, and (e) ¢,=0.32. Here we
fix R=2.5a which is smaller than the membrane thickness.
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because the steric repulsions between hard inclusions begin
to play a role. At the same time, the aggregation of inclusions
is weakened. Interestingly, as ¢, is added to a certain range
(¢,=0.24-0.28), lipid-rich domains disappear, but instead
the almost uniform distribution of both inclusion and lipid
tail occurs [Fig. 3(d)]. This unexpected behavior provides a
strong support for the experimental findings in drug-
membrane [15] and cholesterol-membrane [18] complexes.
The reason is that the strong steric repulsions lead to the
uniform distribution of the inclusions, which, in turn, causes
the homogeneous distribution of lipids. Moreover, lipid tails
undergo the confinement from the surrounding inclusions
due to the high concentration of inclusions. With further in-
crease in ¢, the release of deformed conformational entropy
of lipids induces lipid-mediated depletion attraction, leading
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FIG. 4. (a) The translational entropy S, of inclusions, (b) the
translational entropy S, of lipids, (c) the conformational entropy S,
of lipids, and (d) the steric energy F, of inclusions vs the inclusion
concentration.

to the chaining arrangement of inclusions shown in Fig. 3(e).
Such a regularly modulated inclusion-rich stripe structure
has been reported in the drug-membrane [15,20] and
cholesterol-membrane complexes [18,19] where the lipids
form ribbons between the aligned cholesterol domains.

As is mentioned above, the structures in Fig. 3 correspond
to the minimization of free energy for different initial condi-
tions, although the difference of free energy with different
random seeds is small. It is found that the asymmetric struc-
tures in Figs. 3(a)-3(c) depend on different initial perturba-
tion conditions. For instance, the position and size of the
lipid/inclusion-rich domains in Fig. 3(b) change with varying
the initial conditions. However, the main characters of the
structure remain unchanged.

To understand the physical mechanisms underlying the
above phenomena, we focus on several important quantities
controlling the structural change in the membrane. With in-
creasing the concentration of inclusions, we find that the to-
tal free energy of the system increases continuously. Instead,
the entropies of lipids and inclusion and the steric repulsion
between inclusions display significant changes, which play
important roles on the structure change of inclusion-
containing membranes. Therefore, we will study the entropy
and repulsive energy contributions separately to disclose
their different roles on the structure transition. Figure 4(a)
shows the variation in translational entropy S, of inclusions
with the increasing concentration of inclusions. For low ¢,,
the large increase in S; with ¢, indicates that S; plays an
important role at first, which can account well for the forma-
tion of the weak inhomogeneous distribution of lipids [Fig.
3(a)] to ensure large translational entropy of inclusions. For
large ¢, S; decreases with the appearance of the chaining
structure. Figure 4(b) shows the translational entropy S, of
lipids as a function of the inclusion concentration. The curve
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of translational entropy of lipids goes up monotonously,
meaning that the addition of inclusions increases the lateral
movement of lipids in the membrane. Experiments have
found that the lateral membrane fluidity [18,20] increases
with the addition of inclusions of membrane. Here, the in-
crease in the translational entropy S, of lipids reveals the
increase in the translational degree of freedom of lipids,
while it does not sign the fluidity of the membrane directly.
In the present case, the addition of inclusions breaks the
cross interaction between lipid tails, which inhibits the tight
packing of the pure membrane, and thus increases the possi-
bility of the lateral movement of lipids [1]. Figure 4(c) shows
the conformational entropy S, of lipids as a function of the
inclusion concentration. Beginning from a low conforma-
tional entropy of the pure membrane, lipids get more confor-
mations around the hard inclusions, where the lipid-enriched
rafts are formed. However, there is a decrease in the range
¢,=0.24—0.28 with the disappearance of lipid rafts, where
lipids chains are confined due to the surrounding inclusions.
Figure 4(d) shows the steric repulsion energy F,, of inclu-
sions, which increases with increasing the inclusion concen-
tration ¢,. Such repulsions tend to cause the uniform distri-
bution of inclusions. For high ¢,, the repulsion of inclusions
is stronger, but at the same time, the deformed lipid-mediated
attraction between inclusions becomes also stronger. The
only way that the conformational entropy of deformed lipids
is released [Fig. 4(c)] is to drive inclusions to assemble an-
isotropically along one direction. As a result, the deformed
lipids provide an additional lateral anisotropic depletion in-
teraction between inclusions, which stabilizes the parallel
chain arrays of inclusions.

Figure 5 shows laterally averaged density profiles of dif-
ferent components across the bilayer in the left column and
average density distributions of lipid heads in x-z cross sec-
tions in the right column. For low concentration ¢, of inclu-
sions [Fig. 5(a)], the inclusions assemble in the bilayer mid-
plane for the membrane stability, which is displayed by one
peak of density profiles (¢,) of inclusions. With increasing
¢,, one peak density profile may be saturated [Fig. 5(b)] and
further increase in inclusions leads to the occurrence of two
peaks of ¢, [Figs. 5(c)-5(e)], implying the relocation of in-
clusions where the two-layer distribution of inclusions is ar-
ranged in opposing leaflets of a bilayer [49]. Previous experi-
ment [20] on drug-membrane complexes has also shown that
the location of drugs in the bilayer depends on drug content.
The two-layer distribution of inclusions ensures that the ends
of lipid tails can still remain in the membrane midplane fa-
voring the conformation of lipids. On the other hand, in Figs.
5(a)-5(c), the irregular density distribution of head groups
originates from the lipid chain-length mismatch, while in
Fig. 5(d), the membrane surfaces become flat with a matched
length of confined lipids where lipid-rich domains disappear
and the uniform distribution of lipids and inclusions occurs.
By comparison of the distances between two peaks of head
profiles (¢;) in the left side of Fig. 5, we also find that the
thickness of membrane continuously increases with the ad-
dition of inclusions. Finally, Fig. 6 provides a schematic of
the morphological change in the system. In the pure mem-
brane case [Fig. 6(a)], lipids interact crossly and pack tightly.
With the addition of inclusions, the distribution of lipids is
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FIG. 5. (Color online) Laterally averaged density profiles of
solvent (¢,), lipid tail (¢,), head group (¢;,), and inclusion (¢,)
along z axes (left), and the x-z cross sections of density distributions
of lipid heads averaged in the y direction (right). Parameters are the
same in Fig. 3.
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perturbed as shown in Figs. 6(b)-6(f). The cross-link be-
tween lipids becomes less and less with increasing the con-
centration of inclusions and the thickness of the membrane
becomes larger and larger, which is good for the increase in
both the translational and conformational entropies of lipids.
Furthermore, the distribution of inclusions changes from one
layer to two layers.

IV. CONCLUSIONS

In summary, the present study advances our understand-
ing of membrane organization by unifying these experimen-
tal evidences of the realistic biomembranes in the presence
of different inclusions. The results can account well for a
series of unexpected behaviors in related experimental find-
ings. (1) The appearance and disappearance of inclusion/
lipid-rich domains are observed with increasing inclusions.
(2) Location of inclusions changes with increasing inclusions
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FIG. 6. (Color online) A schematic figure of a sideways cut
through the bilayer illustrating the morphological change in the sys-
tem with the increase in the inclusions, where the locations of the
inclusions and lipids (heads and tails) are clearly marked.

and may undergo a layering transition from one-layer struc-
ture located in the center of the bilayer to two-layer structure
arranged in opposing leaflets of a bilayer. (3) The chain ar-
rays of inclusions may form at high inclusion content. (4)
The lateral movement of lipids is enhanced by the presence
of inclusions. Here, the deformed lipid chains regulate the
lateral interactions between the lipids and inclusions to orga-
nize the composition segregation of inclusion-membrane
complexes. We suggest that the competition between the
conformational entropy of lipids and the steric repulsion of
inclusions plays a very important role in determining the
organization of lipid bilayers at the presence of inclusions.

The lateral structure of lipid membranes with inclusions
largely depends on the size and shape of inclusions, as well
as the nature of lipid molecules. Here we only consider a
simple model, in which inclusions are small hydrophobic
nanoparticles and lipid tails are completely flexible. How-
ever in real biological systems, the size of many inclusions is
larger than the thickness of membrane, and they are com-
posed of both hydrophobic and hydrophilic parts such as
protein and cholesterol. Thus, models for inclusions become
much more complicated. Furthermore, recent works show
that lipid membranes undergo the liquid-gel transition with
the decrease in temperature or with the increase in inclu-
sions. To account for the liquid-gel transition, the Gaussian
model for lipid tails needs to be improved. These will be two
main challenges in the field of membrane/inclusion systems
for the further works.
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