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Abstract

Present work is devoted to development and usage in practical applications of the
Single Chain Mean Field (SCMF) method of computer simulation of molecular sys-
tems. It covers the theoretical bases of the approach in general and special cases,
as well as peculiarities of efficient numerical implementation of the method. Few
coarse-grained models of DMPC lipid membrane, reproducing within the SCMF
method essential characteristics of the lipid bilayer, such as its thickness, density
and elasticity, are proposed. One of these models is used to study features of interac-
tion between the membrane and different homogeneous and patterned nano-objects,
such as carbon nanotubes with different coverings and LEA-protein-like objects.
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Chapter 1

Motivation and goals of the study

1.1 Foreword

The regulations [1] of the Chemical Engineering Department of the Universitat
Rovira i Virgili permit to a student to compile his doctorate thesis out of his publica-
tions in peer-reviewed journals with high impact factors, if at least two appropriate
articles were published in the course of his doctorate study. The use of this option
explains the format of the present thesis book. First chapter presents the introduc-
tion, motivation and goals of the study. Next five chapters contain reprints of the
following articles written during the study:

e “Coarse-grained models of biological membranes within the Single Chain Mean
Field theory” by Sergey Pogodin and Vladimir A. Baulin, published in Soft
Matter, 2010, 6, 2216-2226 (ISI impact factor is 4.457, AIF! 2.458, the article is
cited 7 times)

e “Can a carbon nanotube pierce through a phospholipid bilayer?” by Sergey
Pogodin and Vladimir A. Baulin, published in ACS Nano, 2010, 4, 5293-5300
(IST impact factor is 9.865, AIF 4.154, the articles is cited 7 times)

e “Surface patterning of carbon nanotubes can enhance their penetration through
a phospholipid bilayer” by Sergey Pogodin, Nigel K. H. Slater and Vladimir A.
Baulin, published in ACS Nano, 2011, 5, 1141-1146 (IST impact factor is 9.865,
ATF 4.154, the articles is cited 4 times)

e “Equilibrium insertion of nanoscale objects into phospholipid bilayers” by Sergey
Pogodin and Vladimir A. Baulin, published in Current Nanoscience, 2011, 7,
721-726 (ISI impact factor is 1.879, AIF 4.154)

11SI aggregated impact factor of the most relevant journal category

3
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e “Biomolecule surface patterning may enhance membrane association” by Sergey
Pogodin, Nigel K. H. Slater and Vladimir A. Baulin, published online in ACS
Nano, 2012 (IST impact factor is 9.865, AIF 4.154)

The last chapter summarizes the results of the articles and provides general con-
clusions of the study.

1.2 Role of phospholipid membranes in nature

Biological cells, elementary building blocks of the live matter, are presented in large
amounts on our planet, and they are extremely important for us, because all we are
made of them. An essential component of every cell is the cell membrane, protect-
ing the cell from the environment and also controlling the transport of chemicals
between the interior and exterior of the cell [2-4]. When an extraneous nanoob-
ject approaches the cell membrane, important questions about their destiny arise
naturally. Will be the nanoobject able to pass through the membrane, or will the
membrane stop it? Will the nanoobject severely damage the membrane machinery,
causing the cell death, or not? One can image numerous practical applications of
specific interactions possible between a nanoobject and the membrane. They may be
used, for example, to deliver a necessary medicine inside a deceased cell [5-9], or to
kill some specific harmful cells by destruction of their membranes or by suppression
of their proper functioning [10-13].

The questions outlined above are hard to answer at the present day, both using
experimental or theoretical methods. The major difficulty is the complex structure
of the cell membrane (Fig. 1.1), consisting of lipid bilayer with numerous proteins
embed into it and anchored to it. The lipid basement of the membrane is formed by
mixture of phospholipids, glycolipids, and cholesterol, and the phospholipids are the
major compound of the bilayer. Thus a pure phospholipid bilayer can be considered
as a model of a real cell membrane both in experimental and theoretical studies.
It can be used to estimate mechanical properties of the biological membrane, its
permability for different chemicals and nanoobjects, to study its interaction with
single proteins.

Chemical structures of some typical phospholipids being widely used in exper-
iments are shown in Figure 1.2. Each of them consists of two carbon hydropho-
bic tails and one polar hydrophilic headgroup. Such amphiphilic nature explains
spontaneous self-assembly of phospholipid molecules in solutions into stable spacial
structures, with tails gathered together in regions pure of solvent and heads formed



UNIVERSITAT ROVIRA I VIRGILI

COMPUTER SIMULATION OF NANOPARTICLES TRANSLOCATION THROUGH PHOSPHOLIPID MEMBRANES WITHIN SINGLE CHAIN
MEAN FIELD APPROACH
Sergey Pogodin

DL: T. 29G7301ROLE OF PHOSPHOLIPID MEMBRANES IN NATURE 5

ALPMA-HELIX PROTEIN
P
a3
-

kg
OLIGOSACCHARIDE =, i
SIDE CHAIN._ ,%)D |
e

[
angnine
o

o}
—L T ]

HYDROPHOBIC
SEGMENT OF
ALPHA-HELIX PROTEIN |

CHOLESTEROL

Figure 1.1: Schematic image [14] of the cell membrane, composed of mixture of phospholipids with cholesterol and
embed proteins.

Table 1.1: Experimental data [15,16] on DMPC, DPPC, DOPC, EPC and DLPE membranes.

Lipid DMPC DPPC DOPC | EPC DLPE
Temperature, °C' 30 20 ‘ 50 30 30 20 ‘ 35
Thickness of the bilayer, A 44.2 52.4 | 46.5 45.1 45.1 | 47.0 | 42.8
Thickness of the hydrophobic core, A 26.2 34.4 | 28.5 27.1 27.1 | 30.0 | 25.8
Interfacial area per lipid, A? 59.6 479 | 64.0 72.5 69.4 | 41.0 | 51.2
Lipid molecular volume, A3 1101 1144 | 1232 1303 1261 | 863 | 907
Stretching modulus, dyn/cm 257 — — 251 — — —

surfaces dividing those regions, poor and rich in solvent. Depending on concentra-
tion of lipids in the solution and conditions of the process, number of biologically
relevant structures, such as micelles, vesicles, and membranes, can be formed. Table
1.1 shows some experimentally measured mechanical properties of the membranes
assembled from the lipids shown in Figure 1.2.

An important feature of lipid membranes is the presence of phase transition be-
tween so called gel and fluid phases. While in the fluid phase the lipids can freely
diffuse in the membrane plane, in the gel phase they are much more ordered, and
are not able to move around the bilayer. The critical temperature, at which this
transition occurs, vary significantly for different lipids [17], depending on the length
of their tails and the presence of double bonds inside them. This transition is also
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Figure 1.2: Chemical structures of some of the most popular phospholipids.

referred as the main transition due to possibility of other transitions. The biological
membranes at relevant conditions stay in fluid phase, but not far from the gel-liquid
transition [18], and this may play important role in transport of chemicals through
them [19], taking into account that all the proteins inserted into the membrane have
influence at the critical temperature of the phase transition in their vicinity, and on
the other hand phase behavior of the membrane around a protein may have influence
on it function.

As for the model phospholipid membranes composed of one type of lipids there are
few possible mechanisms of transport of molecules through them. One is by thermal
diffusion through the lipid bilayer, when the transported object has to cross the
membrane, physically overcoming potential barriers of size depending on the object
size, structure, and surface properties. The alternative possibility is the transport
by endocytosis, when a part of the membrane wrap around the transported object
into a vesicle, and that vesicle, containing the object, eventually separates from the
membrane and float into opposite side of the membrane. Then the vesicle with its
content may diffuse to a region of space, where it is being destructed, releasing the
load. Another way of transmembrane transport is a collective interaction of trans-
ported objects with the membrane, when the group of the objects internalize into
the membrane, creating a pore inside it, and other objects then cross the membrane
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a) b)

Figure 1.3: Examples of microscopy images of lipid bilayers, obtained by different methods: a) Fluorescence microscopy
image [20] of human red blood cells supported on a glass slide. Scale bar is 20 microns. b) AFM scan [21] of a supported
lipid bilayer. ¢) Transmission electron microscopy image [22] of lipid vesicle.

via that pore.

1.3 Experimental methods to study phospholipid membranes

Number of experimental methods are successfully applied to characterize lipid mem-
branes, but at present they are not able to answer all questions about behavior of the
membranes and their interaction with other objects. This is because the thickness
of the membrane and the size of nano-objects are close to the maximum resolution
of existing methods. Another problem is that the preparation of the samples for
those methods usually assume some modifications of the membrane, and it can be
hard to find out, how much the pretreatment of the membrane during the sample
preparation alters the membrane properties.

To visualize a phospholipid membrane different microscopy methods may be used.
Fluorescent microscopy [23] (Fig. 1.3a) is performed by coloring with a fluorescent
dye the membrane, or the objects which translocation through the membrane is
studied. Resolution of the method is limited by wavelength of light and is typically
of order 100 nm. Although some special techniques of the fluorescent microscopy can
improve the resolution further, usually the thickness of the membrane is smaller than
the resulting resolution. Severe disadvantage of the method is that the introduction
of dye molecules into the membrane affects the system properties, and the influence
of this effect is hard to estimate. In addition, the fluorescent microscopy can only
indicate the fact of translocation or accumulation of nanoobjects in the membranes,
but cannot suggest on the molecular mechanism of translocation.

Atomic Force Microscopy (AFM) [24] method (Fig. 1.3b) can be used for imaging
of phospholipid membranes with high resolution of order of nanometer. However,
this method is limited to supported bilayers, where the membrane is adsorbed at
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the surface and thus, the properties of the membrane can be changed. Although its
is easy to damage the bilayer with the AFM probe.

Electron microscopy [25,26] (Fig. 1.3c) is able to visualize a lipid membrane
with resolution of nanometer or higher, but also is very demanding for the sample
preparation. Usually the samples for electron microscopy have to be under vacuum,
which is not compatible with normal conditions for a phospholipid membrane. To
overcome this difficulty samples can be studied under cryogenic conditions (so-called
cryo-TEM), when the solvent is frozen inside the bilayer, instead of being removed
from it under vacuum. Another problem is the low contrast between the lipids and
water, which usually requires introduction of heavy metal compounds inside the
bilayer to improve the contrast, thus affecting the normal structure of the membrane.

Neutron [27] and X-ray [28] scattering techniques are suitable for exploration of
lipid membranes structure and distribution of embedded objects inside the bilayers.
While the neurons scatter at nuclei of atoms, the X-rays scatter at the electron
shells of the atoms. As a result these methods have different contrasts for different
components of the system. The neutron scattering may distinguish between different
isotopes, and detect light-weighted elements like hydrogen. The X-rays on contrary
almost don’t interact with light atoms, and water is almost transparent for them.
Both methods gives spatially averaged structure of the bilayer.

To study transport of chemicals through a phospholipid membrane electrical mea-
surements can be used [18]. In this approach electrodes are placed at different sides
of the membrane and conductivity of the circuit is measured. Penetration of objects
through the membrane has strong influence at the conductivity, even appearance of
tiny nanometer-size pores can be easily detected with this approach.

Number of other approaches are used to measure some properties of phospholipid
membranes. Thus optical measurements [29] are useful to study reorganization of
the membranes, because the lipids are highly polar molecules. To measure elasticity
of the membranes micropipette aspiration technique [30] can be applied.

1.4 Theoretical approaches to study phospholipid membranes

Depending on the task, a phospholipid membrane can be modeled with different
levels of approximation. The most detailed description is used in atomistic com-
puter simulations [31], which individually take into account all the atoms of the
phospholipid and solvent molecules presented in the system. Unfortunately, such
methods are extremely computationally expensive, and their application to simula-
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tion of long-term behavior of a large part of a membrane is problematic, because it
takes too much time. When this problem emerge, coarse-grained approaches [32-34]
are coming into play. The idea is that groups of neighbor atoms can be represented
in the model as spherical “coarse-grained” beads, interacting with each other via
some effective potentials. This reduces amount of degrees of freedom in the system,
and larger sizes and times become accessible in the simulation. Obviously, the accu-
racy of such methods depends on the strategy used for coarse-graining. On one hand
every coarse-grained bead can represent just few atoms, on the other hand the whole
lipid molecule can be represented with the use of only few beads. Accurate usage of
this technique allows one to study interaction of large parts of the membrane with
molecules and particles. Finally, when the system size is even larger, one can think
to treat the membrane as an infinitely thin surface without any internal structure,
but with a given elasticity and bending resistance.

There is a number of different techniques, how the simulation of the membrane
with a chosen approximation can be performed. While some properties of the mem-
brane can be estimated purely analytically, better approach is to run a computer
simulation with the use of Molecular Dynamics (MD) or Monte-Carlo (MC) meth-
ods. The Molecular Dynamics is the most “brute-force” approach, dealing with
numerical solving of Newton’s equations of motion for the molecules presented in
the system. It gives the most detailed information about the evolution of the system
in time, and represents its true dynamics behavior. On the other hand this method
is the most computationally expensive, and if the equilibrium properties of the sys-
tem should be studied, it can take a lot of time to reach the equilibrium with MD
method. Unquestionable advantage of the method, emerging from its popularity,
is availability of free and commercial program packages for performing the simu-
lations, and existing of good models already fitted for description of phospholipid
membranes.

Monte Carlo approach is a stochastic method, base on random exploration of a
system’s conformational space. At every step it randomly update the current state
of the system, and this update is accepted or rejected with a certain probability,
depending on the energy change. Dynamical properties of the system, also can be
studied with MC method, if the trial updates of the system’s state are done in an
appropriate way.

Although MD and MC methods are powerful and well-developed at the present
day, they cannot be called a “must to use” tools for simulation of lipid membranes,
and development of alternative approaches, more suitable for investigation of some
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specific properties of the membranes, still looks perspective and promising. The
method used in this work, called Single Chain Mean Field (SCMF) approach, was
originally developed by Ben-Shaul, Szleifer et al. [35,36] for simulation of polymer
systems. The idea behind it is to approximate the intermolecular interactions in
the system with the use of mean-field method, i.e. to replace them by effective
interactions of every single molecule with average mean-field distribution of all other
molecules. Then the free-energy of the equilibrium state of the system can be
written down as a function of the single molecule distributions in the simulation box,
and numerical minimization of that function gives the equilibrium values of those
distributions, and all the equilibrium properties of the system then can be calculated
via direct averaging over the distributions. Thus the SCMF approach looks ideal
for the study of equilibrium properties of the phospholipid membranes, and for
calculation of the free-energy barriers for translocation of nanoparticles through
them.

1.5 Implementation of the Single Chain Mean Field method

In the previous works [35-39] the authors studied different systems using simplest
implementations of the SCMF method. It seemed for us too restrictive for the pur-
poses of the present work, so the decision was made to create a new implementation
of the method, making its revision, and writing a flexible computer simulation code
from scratch.

Our version of the SCMF method consider a system containing molecules con-
structed of spherical beads interacting with each other via specified potentials. Num-
ber of types of the potentials, beads and molecules can be arbitrary. The simulation
box may have periodical or “hard-wall” boundary conditions, and contain some ad-
ditional objects, imitating nano-particles fixed inside the box. In general it allows
to represent a model phospholipid bilayer with different level of coarse-graining and
study its interaction with different nano-objects.

The computer code was written in C4++ language with extensive use of object-
oriented programming features. It has flexible modular structure, allowing its easy
modification and improvement by adding new modules rather than by rewriting
and correcting the existing ones. Parallel execution at shared memory machines is
supported via OpenMP protocol. The code is cross-platform and can be compiled
and used both under Linux and Windows operative systems.

Detailed description of our general implementation of the method is given in the
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Chapter 2, and the Chapter 3 describes its particular view in the case of phospholipid
membrane simulation within “three-bead” coarse-grained model.

1.6 Goals of the project and research overview

Apart from implementation and test of working SCMF computer code, the following
scientific goals were set in the beginning of the work:

e To fit a coarse-grained model of the DMPC phospholipid membrane, account-
ing for the peculiarities of the SCMF method, and reproducing experimental
properties of the membrane, reported in literature.

e Investigate the possibility of spontaneous translocations of carbon nanotubes
through the DMPC bilayer.

e Investigate the influence of a carbon nanotube patterning on its ability to pen-
etrate through the membranes.

To complete the first task few models of the DMPC molecule, 44-, 10-, and 3-
beads ones, were approbated and fitted to reproduce the unperturbed membrane
with thickness, density and elasticity coinciding with experimental data. Details of
this part of the work can be found in the Chapter 2. The 3-beads model, the fastest
and simplest model, which is still able to reproduce most essential features of the
system of interest, was then chosen for primary use in the future research. Simplified
description of the method for the particular case of 3-bead model application for
study of nano-objects insertion into the membrane is given in the Chapter 3.

Simulations of the phospholipid bilayer alone were continued with simulations
of its interaction with carbon nanotubes, with original hydrophobic, or modified
hydrophilic homogeneous surface. Free energy barriers for translocation of such
objects through the membrane were calculated, and conclusions about the ability of
such objects spontaneously penetrate through the bilayer via thermal diffusion were
made. Such study is useful in view of ongoing discussions of the carbon nanotubes
cytotoxicity and their impact on biological systems. Chapter 4 describes the results
of this part of the work.

Further the influence of the nanotube patterning on the translocation through the
membrane was explored. It was shown that some periodical patterns at the nanotube
surface, composed of regions with higher and lower hydrophobicity, can significantly
enhance the abilities of the nanotube to diffuse through the phospholipid bilayer.
These results are reported in the Chapter 5.
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In the last part of the work, a new object interacting with the membrane was
studied. Cells of some plants and animals contain so-called Late Embryogenesis
Abundant (LEA) proteins, playing important role in their protection against desic-
cation, freezing and osmotic shocks. In case of such dangers the LEA proteins may
fold into helical structure with hydrophobic and hydrophilic stripes going along the
helix main axis. In this conformation they are able to adsorb onto the membrane
and modify its mechanical properties to resist the dangerous conditions. Our inves-
tigation of the LEA-protein-like objects adsorption onto the phospholipid bilayer is
described in the Chapter 6.

1.7 My contribution to the project

During my PhD study I have done myself most of the work which results forming
this thesis:

e Derivation of the general Single Chain Mean Field theory in our interpretation
(with help and advise by Dr. Vladimir Baulin).

e All the programming from scratch of the computer simulation code used in this
project.

e Active participation in choice of the scientific goals together with Dr. Vladimir
Baulin and Prof. Nigel Slater.

e All the computer simulations runs and output data processing.
e Preparation of all artworks for the articles forming this thesis.

e Active participation in the working out articles texts together with Dr. Vladimir
Baulin (Articles [41-45]) and Prof. Nigel Slater (Articles [44,45]).

In addition, I have presented our research at number of scientific conferences,
both as poster presentation and as oral talks (the list of attended conferences can
be found in the end of this book, in the section 8.2).

Apart of the work on this thesis, I have participated in two side projects with
Dr. Vladimir Baulin and others, doing some part of theoretical analysis and numer-
ical calculations. Two articles [46,47] based on the results of those projects were
prepared, but their subject falls out of the scope of this thesis.
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The single chain mean field theory is used to simulate the equilibrium structure of phospholipid
membranes at the molecular level. Three levels of coarse-graining of DMPC phospholipid surfactants
are present: the detailed 44-beads double tails model, the 10-beads double tails model and the minimal
3-beads model. We show that all three models are able to reproduce the essential equilibrium properties
of the phospholipid bilayer, while the simplest 3-beads model is the fastest model which can describe
adequately the thickness of the layer, the area per lipid and the rigidity of the membrane. The accuracy
of the method in description of equilibrium structures of membranes compete with Monte Carlo
simulations while the speed of computation and the mean field nature of the approach allows for

straightforward applications to systems with great complexity.

1 Introduction

Phospholipid membranes and self-assembled bilayers of block
copolymers have many common features originating from the
amphiphilic nature of the molecules. Phospholipids comprise of
hydrophilic head group and two hydrophobic acyl chains and the
driving force of self-assembly in membranes, as in case of block
copolymers, is the hydrophobic effect.! Thus, theoretical
methods developed for the self-assembly of block copolymers
can be applied for the description of phospholipid membranes.?

Theoretical description and computer simulation of phos-
pholipid bilayers and biological membranes has been a chal-
lenging task for many decades.”* Although phospholipids are
relatively short chains in comparison to polymers and block
copolymers, the configurational space of conformations and the
number of interactions are extremely large. In addition, the
simulation of phospholipid bilayers and membranes is a problem
involving many interacting molecules, thus full description of
collective behavior would require simultaneous simulation of
a large number of molecules. That is why, full atomistic molec-
ular dynamics models,*** describing membranes with chemical
accuracy, are limited to short times and short lengths. Usually,
atomistic models on times exceeding microseconds and lengths
larger than nanometres are not practical,” especially when the
equilibrium structures of large systems are considered.

One of the strategies to overcome this problem is to group
atoms into effective particles that interact via effective potentials
within so-called coarse-grained models.”® Coarse-graining can
reduce considerably the degrees of freedom and the configura-
tional space such that larger systems and longer times can be
reached. Monte-Carlo (MC) simulations of phospholipid
membranes with coarse-grained models of phospholipids'* are
proved to capture the essential properties of self-assembly of

“Universitat Rovira i Virgili 26 Av. dels Paisos Catalans, 43007 Tarragona,
Spain. E-mail: vladimir.baulin@urv.cat
"ICREA, 23 Passeig Lluis Companys, 08010 Barcelona, Spain

phospholipids into membranes, their molecular structure and
collective phenomena.

However, if the objective of the research is the equilibrium
properties and the molecular details of the self-assembled struc-
tures, the equilibration time may largely exceed microseconds
and thus, may not be reached with MD simulations in a reason-
able time. An alternative strategy is to reach directly the
minimum of the free energy using methods based on mean field
theories, thus, avoiding computationally expensive equilibration
process used in MC and MD simulations.

The method of the single chain mean field (SCMF) theory**2
is particularly suitable for such purposes: it combines analytical
theory of the mean field type with the conformational variability
accessible in MC simulations. Thus, the accuracy of the method
in describing the molecular details of equilibrium structures can
compete with MC simulations while the speed of obtaining the
results depends only on the speed of the numerical solution of
equations, thus it can be much faster than MC simulations.

The advantage of this method is the speed in localization of the
free energy minimum and the equilibrium properties as well as
the precision in the measurement of the equilibrium free energy
which is not straightforwardly accessible with MD and MC
simulations. The disadvantage is the mean-field nature of the
solution that does not include fluctuations and inter-particle
correlations. Nevertheless, the shortcomings of the approach can
be compensated by the combination of the SCMF theory with
MD simulations which can complement the method. Fast mean
field method provides for equilibrium structure with molecular
details which, in turn, can be used as input initial configuration
for MD simulations and provide the lacking dynamic informa-
tion and fluctuations.

The SCMF theory, originally developed for the micellization
problem of low-molecular surfactants,®*' describes a single
molecule in the molecular fields. The multichain problem is
reduced to a single chain in the external self-consistent field
problem. The position, orientation and configuration of the
molecule depend on the surrounding fields while the fields

2216 | Soft Matter, 2010, 6, 2216-2226
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CHAPTER 2. PHOSPHOLIPID MEMBRANES WITHIN SCMF APPROACH

depend on the configurations of the molecules, and finally the
equilibrium fields are found self-consistently by numerical solu-
tion of a system of nonlinear equations. This method gives
a detailed microscopic information on the configurations and
averaged positions of the molecules, the optimal shape and
structure of self-assembled structures, the distribution of mole-
cules in the aggregates, the critical micellar concentrations as well
as the optimal aggregation number and the size distributions of
the micelles and the aggregates.*** This method is quite
universal: it can be applied to solutions of linear or branched
polymers, solutions of low-molecular weight surfactants and
various additives, mixtures of various components and structural
and shape transitions. However, the limiting factor restraining
the use of the SCMF theory is the computational realization of
a stable code that can efficiently solve self-consistent equations.
There are no standard packages with universal implementation
of the SCMF theory, which could make the use of the method
accessible for a large number of people like Mesodyn package®®*’
for mesoscopic modeling of phase separation dynamics or an
integrated simulation system for soft materials (OCTA) for
multiscale modeling.?*-*® Most of the previous works on SCMF
theory?*?* use iterative methods or external mathematical
libraries, which are not optimized for a given problem and thus,
computationally unstable and highly demanding in computer
resources, especially in RAM memory. Thus, problems involving
long molecules, large systems and geometries more than 1D
confront with the limit of available computer resources and thus,
making the solution of the problem without special technical
skills to be a quite difficult task. A modification of the method,
single chain in mean field calculations,?*=** avoids the necessity to
solve self-consistent equations. The direct solution of the self-
consistent equations is replaced by MC equilibration of the
chains in the quasi-instantaneous fields maintained at the most
recent values and updated after a predetermined number of MC
moves. In practice, the MC equilibration would slow down the
calculation with respect to direct solution of the equations, but it
is still much faster than the direct MC method.

It is noteworthy that the SCMF method is similar in spirit to
one of the first mean field model of the phospholipid membranes
by Marcelja®*3 constructed for modeling of the fluid—gel phase
transition and based on phenomenological potential of the
Maier-Saupe type between the segments of the tails. The
boundary between the solvent and the membrane is modeled as
a planar surface with the phospholipid tails attached with a fixed
grafting density. Each tail interacts with the neighbors via mean
field which is found self-consistently.

In this work we report a computational tool providing rela-
tively fast and stable solution of the equations of the SCMF
theory in different geometries and different molecule structures.
The SCMF theory is applied to model phospholipid membranes.
We show that three different coarse-grained models of phos-
pholipids can adequately describe the equilibrium properties and
the molecular structure of phospholipid membranes.

The paper is organized as follows. Theoretical principles of the
SCMF theory and main equations of the method are introduced
in the section 2 in the most general way. This theory is then
applied to the simulation of phospholipid bilayers and three
coarse-grained models of phospholipid molecule are introduced
in section 3. These models and the resulting equilibrium

phospholipid bilayers are compared with experimental data and
between each other in section 4. Last, section 5 summarizes the
obtained results while the computational details which are
necessary for the implementation of the method are described in
the Appendix A.

2 Theory

The SCMF theory is an example of the self-consistent field
(SCF) method where a single chain is described at the molecular
level while the interactions between different chains are
described through a mean molecular field which is found self-
consistently.

The conformations of a single chain are generated with the
Rosenbluth algorithm?®® or MC simulations'®*” and the intra-
molecular interactions are calculated exactly using the model
potential for interactions between the segments of the chain
(see Appendix A.l for details). The probabilities of individual
chain conformations depend on the mean molecular fields,
while the values of the fields are calculated as the average
properties of individual conformations. The resulting equations
for the mean fields and the probabilities of the conformations
are solved self-consistently with the original method described
in the Appendix A.3. The solution of these equations gives the
equilibrium structures and the concentrations profiles of all
components in the system as well as the most probable
conformations of individual molecules. The power of this
method is the speed in obtaining solutions (faster than MC and
much faster than MD simulations) and the precise calculation
of the energies.

This method is quite universal and can be applied for the
mixture of an arbitrary number of molecules of different types
interacting with each other through the mean fields. The free
energy of a system containing N;, N,,..., N, molecules of types
1, 2,..., M can be written as a sum of three terms, the entropy,
intra- and inter-molecular terms, all written in terms of k7,

F= 7<S> + <H"l”‘l> 4 <Hin[er> (1)

where the angular brackets denote the average over the proba-
bility distribution function (pdf) p of the system, (...) = [...pdp.
This function contains all information about the equilibrium
state of the whole system. If there are no strong correlations
between interacting particles, such as ion pair formation or
bonds formation, we can neglect the correlations between the
molecules and use the mean field approximation: the pdf p of
many component system factorizes into the product of single
molecules pdfs p, (),

N

[Le.(r.) @

i=1

h~
zz
=

a

where I',,; is the conformation of i-th molecule of type «. Such
factorization into contributions of individual molecules allows us
to derive a close set of equations for p(T,,).

The entropy term in the expression (1) is written as

(S) = —{In pA) 3)

where the volume A has a quantum mechanics origin,

This journal is © The Royal Society of Chemistry 2010
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Since the constants 4, do not appear in the final expressions,
they can be treated as unknown normalization constants. Thus,
after factorizing the pdf p (2), the entropy term (3) reads

M o N,
(S)= — ZNa<ln“—“Aa> (3)
a=1

where the brackets on the right hand side denote the average over
the single molecule pdf p,. Similar arguments allow us to write
the intra-molecular energy of the system as a sum of contribu-
tions of the single molecules of different types

M
<Hin1ra> ~ Z Na<H;ntra> (6)

a=1

Before writing a similar expression for the inter-molecular
part, we assume that molecules of each type « comprise of
subunits with different chemical structure, and thus different
energy parameters. Subunits can represent Kuhn segments
in the chain or, in case of coarse-graining description,
the groups of atoms or beads in a coarse-grained model. Thus,
the interaction energy between a molecule of type « in the
conformation state I', and a molecule of type B in the
conformation state I'g, can be written as a sum over the types
of beads a as

Ho (0, Ty) =3 [uZ(Fw)cz(Fw)dr ™

a

In this expression c§(I's,r) is the concentration of units of
type a at the point r of a molecule of type § in the confor-
mation state I's. These units interact with the field ug(T,.r)
created by the molecules of type «. Thus, factorizing the pdf p
(2) one can write the inter-molecular interaction free energy in
the form

()= 23 NNy~ 30) Y J<u2(r>><c‘é(r>>dr ®
ap=1 a

where 0,4 is the delta symbol. Thus, the interaction free energy is
represented by the interaction of the average concentration of
beads with the average fields at each point.

The free energy is usually coupled with the incompressibility
condition implying that the sum of the concentrations of all
components in a solution is fixed. However, this condition
implies the hard core repulsion between all beads in the system,
and thus creates computational problems in converging the
SCMF equations. To overcome this problem, we introduce
the explicit incompressibility condition in every point r in the
system,

ST N(6a(0)) = 64 ©)

where (¢,(r)) is the average volume fraction occupied by
a molecule of type « in the point r, while ¢ is the total volume
fraction occupied by the molecules of all types.

Combining all terms (5), (6), (8) together with the incom-
pressibility condition (9), the free energy of the system can be
written as

- p M -
F[ﬂpr: ...va] = Z Na<1n Aa> + Z Na<H:””’>+

a=1

45 3 NaNs = ) 5 [ ) () r+
a,6=1
+[a0 (qbo ZN<¢ )

(10)

where A(r) is a Lagrange multiplier and all the averages are taken
over the single-molecule pdfs p,. Minimization of this functional
with respect to p, gives the pdf of a single molecule of type «

1 intra S
Pa(Ta) = Z-exp ( — H™(Ty) = ; (N5 — beg)

> JuZ(Fa, r)(ch(r)dr + J/\(r)q&a(l"wr)dr) (11)
where Z, is a normalization constant which is found from the
normalization condition [p,(I',)dl’, = 1. This constant has
a meaning of a partition function of the system at equilibrium
and — In Z,, is the total free energy of the system at equilibrium.
Once the average concentrations (c§(r)) and the volume frac-
tions (¢,(r)) are known, this expression allows to calculate the
probabilities of each conformation p,(T",) for all molecules in the
system. In turn, if the probabilities p,(T",) are known, the average
concentrations and volume fractions, being the molecular fields
in this problem are found from the self-consistency conditions,

() = chz(ra,r)pa (T)dT
(12)

(Ba(r)) = Jqsa(m)pa (T)dT,

representing the averages over the probabilities of conforma-
tions.
The probability of each conformation can be written as

pa(T" a)*—exp[ Hey (Ta)l,

Hamlltoman given by (11), which describes the system at equi-
librium. The last term in the effective Hamiltonian corresponds
to the steric repulsion of beads of all types. If one of the
components is a one bead solvent, the only degree of freedom of
the solvent molecules is the position in space, r. Hence, the
volume fraction of the solvent, can be found from the incom-
pressibility condition (9)

where H.5(T",) is the effective

Nu($a(r)) (13)

In addition, the Lagrange multiplier A(r) can be expressed
through the concentration of the solvent. The pdf of the solvent
ps(r), the concentration ¢ (r) and the volume fraction occupied by
the solvent ¢ (r) are related via the following expressions

py(r) :cT('):(é—](\‘;) (14)
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where Ny is the number and v, is the volume of the solvent
molecule, while the molecular field

b(ry) = vio(r — 1) (15)

where 6(r — 1) is the Dirac delta-function. Substitution of (14)
and (15) into (11) gives the approximate expression for the
Lagrange multiplier A(r)

a

V() =g () + 3 (N — ) S J (e ) () (16)
=1

where we have assumed that H?"“(r) = 0 and omitted few
constants, which will cancel out by the normalization of p,,.

It is noteworthy, that in our equations the fields (¢,(r)) and
(ca(r)) formally are not related although they both correspond to
the concentration of monomers. They are indeed related through
the volume of the monomers only if the molecules are composed
of non-overlapping beads, when the distance between the centers
is larger than the the diameter. However, if we want to conserve
the possibility of describing the overlapping beads, the coefficient
of proportionality between (¢,(r)) and (c,“(r)) is not known
a priori and we keep them as independent variables.

The eqn (11),(12),(13) and (16) form a closed set of non-linear
equations of the SCMF theory. The solution of these equations
gives the equilibrium structures, the self-consistent molecular
fields such as the concentration profiles of the beads of each type
and the distribution of the solvent, and the probabilities of each
conformation of the molecules in the fields and the accurate
measure of equilibrium free energies. The implementation of the
computational method as well as the technical details related to
the solution of the equations are present in Appendix A.

3 Application to phospholipid membranes

The method of the SCMF theory described so far is applied to
model the equilibrium structures and properties of phospholipid
membranes. The SCMF theory can provide the detailed infor-
mation on the microscopic structure of the phospholipid layer
such as concentration profiles of all groups of atoms of the
phospholipid molecule, the thickness of the membrane, the
average area per phospholipid head group and the mechanical
properties such as compressibility of the membrane and the
surface tension. All these parameters can be measured in the
experiment®*® and thus, allowing the direct comparison with
experimental data.

We have developed the C++ code which runs in parallel using
OpenMP shared memory platform on the 32-core AMD
machines (see Appendix A.3). To simulate a flat phospholipid
layer we use one dimensional geometry and discretize the space
into parallel cells with the same value of the average fields. The
periodic boundary condition is applied together with the
assumption of the symmetry of the layer with respect to the
central plane.

Despite the complexity of the structure of the phospholipid
membranes, the driving force for the self-assembly of phospho-
lipids into bilayers is the amphiphile nature of phospholipids.
That is why, we only consider the units of two types, hydrophilic,
H, and hydrophobic, T. The units of both types interacts with
each other through the square well potentials. We assume that all

units, T and H, and the solvent molecules S, have the same size
and the same interaction range, while the interaction energies are
different. We consider three types of interactions, interactions
between hydrophobic units, T-T, interactions between hydro-
phobic units and solvent, T-S and hydrophilic units with solvent,
H-S. In the following we will show that such assumptions are
justified for quantitative study of phospholipid layers and, in
principle, cohere with approximations used in successful models
of phospholipid membranes (see e.g. ref. 19). However, if
necessary, more types of beads and more complicated potentials
can be implemented.

The chemical structure of the DMPC molecule is depicted in
Fig. la. We present three models of DMPC phospholipid
molecule at a different level of coarse-graining.The first, most
detailed model, represents the DMPC phospholipid as a two tails
molecule of 44 beads (Fig. 1b). A carbon group CH, of the
molecule is assigned to one T bead. A phosphate group, POy, is
represented by 5 H overlapping beads, placed at the vertexes and
center of a tetrahedron. The choline group NC4H;, is repre-
sented in a similar way: one H bead in the center of a tetrahedron
is surrounded by 4 T beads placed in the corners. The COO
groups are represented by 2 H beads. The angles between most of
the bonds are fixed at value 120°. The torsion angles the sequence
of groups CH,—CH,—CH, are allowed to have only three fixed
values, 0°, 120° and 240°, which corresponds to cis- and trans-
conformations of the groups. The parameters of the model
(Table 1) were adjusted with a series of fast simulations
(conformational sampling size ~30-100 thousands and 40 layers
in the simulation box) while the accurate data were obtained with
several millions of conformations and hundred layers in the box.

Two other, more coarse-grained and less detailed, models are
depicted in Fig. 1c and 1d. One of them represents two tails
phospholipid with 10 beads and another is simply 3-beads freely
joined together. In contrast to the 44-beads model, the confor-
mational space of these models is much more restricted and we
need less sampling to produce accurate results. Thus, the simplest
3-beads model is the fastest, and least demanding on computer
resources, phospholipid model which can simulate the

(@) we o
Choline

Phosphate °=z-0

Fatty acid tails
a
x
L]

Fig. 1 (a) Chemical structure of the DMPC phospholipid molecule. 44-
beads (b), 10-beads (c) and 3-beads (d) models of phospholipid molecules
used in the present calculations. Blue beads correspond to hydrophilic
monomers, red beads correspond to hydrocarbon monomers in the tails
and orange beads correspond to hydrophobic monomers in the heads.
The interaction parameters of red and orange beads are the same.
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Table 1 Parameters used for the simulation of phospholipid bilayer for
three models of DMPC phospholipid molecule

44B 10B 3B
Units radius/A 1.90 2.50 4.05
Interaction range/A 5.70 7.50 12.15
T-T contact energy (kT) —0.40 —1.50 -2.10
T-S contact energy (k7) 0.00 0.00 0.00
H-S contact energy (k7) —0.10 —0.20 —0.15
Bond length/A 1.5 5.0 10.0
Occupied volume fraction ¢q 0.700 0.675 0.675
Sampling (number of 3 x 10° 10¢ 10°

configurations)

Simulation box size/A 120.0 x 120.0 x 62.7

self-assembly of phospholipids into the bilayers with realistic
properties of DMPC phospholipid membranes.

It is important to note, that we simulate a finite size box with
the fixed volume V and the fixed number of phospholipid
molecules N, with the free energy F given by the expression (10).
However, we can extrapolate our data to much larger system
with larger number of phospholipids N;” and larger number of
solvent molecules. The description of a larger system is possible,
if we do not take into account any energy contributions related to
the perpendicular undulations and bending of the membrane. In
this case the simulation box represent a self-similar part of
a larger system. The free energy of the larger system F" is in
a simple relation with the free energy per lipid /'

F" = const + Nj'f (17)

which, in turn, is related to the free energy of the simulation box
minus the entropy of the solvent

N = F— v Pt (18)

Vs Vs

where ¢¢/v, is the concentration of the pure solvent.

Thus, the calculation of free energy of the box F with different
number of molecules in the simulation box gives the free energy
of the membrane per lipid /. The minimum of the free energy per
lipid f corresponds to the equilibrium density of the membrane,
thus the second derivative of this energy with respect to the area
per lipid in the minimum gives the compressibility modulus of the
layer

K =24,,/"(4.,) (19)

representing a measure of the rigidity of the membrane.

4 Results and discussion

The numerical implementation of the method in the form of two
structurally independent modules: the generation of a single
molecule conformations and the solution of equations (see
Appendix A), permits us to consider several models of the
molecule at the same time. Thus, we can compare our three
models of phospholipids and test their performance in repro-
ducing the thermodynamic properties of phospholipid
membranes.

The most detailed 44-beads model (Fig. 1b) results in equi-
librium structures of membranes where the phospholipids are
assembled into flat bilayers in fluid phase. Since the output of the
method is the probabilities of each molecular conformation in
the self-consistent fields, the most probable conformations may
be used for the visualization of the resulting structures which
correspond to the solutions of the equations. Typical mean field
“snapshots” of the equilibrium bilayer structures obtained with
the 44-beads model are present at Fig. 2. Although the picture
visually resembles instant snapshots of MC simulations, this is
not a representation of interacting molecules at a given moment
of time, but these are the most probable conformations of
a single chain in the fields corresponding to the equilibrium

Fig. 2 Typical mean field “snapshots” (set of most-probable conformations of the lipids) of the phospholipid membrane within the 44-beads model.
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solution. Such “snapshots” are helpful for visualization purposes
in order to distinguish between different molecular structures.

The equations of the SCMF theory may result in several sets of
solutions corresponding to various equilibrium and even meta-
stable structures. To this end, the numerical method is imple-
mented in such a way that simultaneously several solutions
corresponding to local and global minima of the free energy can
be found. The obtained solutions can then be ranged by their free
energy or by the concentration profile. Even in the restricted 1D
geometry of flat phospholipid bilayers with periodic boundary
condition the method finds several self-assembled structures:
homogeneous solution of lipids, one single layer, formed either at
the center or at the edge of the box and two or even three layers in
the box. Each structure has its own free energy which allows to
determine the equilibrium properties.

The detailed microscopic information concerning the
mechanic and thermodynamic properties of the simulated flat
bilayers can be compared directly against the experimental data
for phospholipid bilayers.***° Thermodynamic properties of the
membranes obtained from the measurements are the thickness of
the membrane (determined as a distance between the midpoints
of the outer slopes of the H beads concentration profiles), the full
thickness of the bilayer region (determined as a thickness of the
region where the total concentration of the lipid molecules is
larger than zero), the thickness of the hydrophobic core
(measured as a distance between the midpoints of the slopes of
the T beads concentration profiles), the distances between
different groups of the phospholipid molecule, membrane
rigidity measured by the compressibility modulus and the inter-
facial area per lipid molecule. Thus, the coarse-grained param-
eters of each model of phospholipid molecule are chosen in such
a way that all these microscopic properties correspond to the
experimental values of the DMPC phospholipid bilayers. The
parameters of these three models are summarized in Table 1.

The most detailed 44-beads model provides all information
about the composition of the membrane as well as the position of
different groups of the molecule in the bilayer. The concentration
profile of the bilayer at equilibrium is shown in Fig. 3. The
profiles are normalized to unity by division by the occupied
volume fraction ¢y. One can see, that the terminal groups of the

—s— Terminal groups of tails
—=— Tails CH2 groups
—=— COO groups
=— Glycol group
—s=— Phosphate group
Choline group

el "‘*\

\

——

0.4 - s

Volume fraction

Y [ L ——— e S I |
0 5 10 15 20 25 30 35
Distance from the bilayer's center 1R
Fig. 3 Detailed equilibrium concentration profile of the phospholipid
bilayer obtained with the 44-beads model.

lipid tails are situated in the center of the layer, which is sur-
rounded by the area filled with other carbon groups of the tails.
The groups of hydrophilic units representing the “heads” are in
the surface layer. Such position of the groups is in agreement
with the experimental data for such system.*® It is noteworthy,
that the concentration profile of choline group has two peaks
reflecting the position of phospholipid heads in the layer:
approximately half of the heads are oriented perpendicular to the
layer plane, while the other half is parallel to the layer plane. This
is the outcome of the model of the phospholipid molecule and the
parametrization of the interactions. This can certainly be
improved once the reliable experimental data or results of MD
simulations concerning the equilibrium position of the heads in
the layer is available.

One of the advantages of the SCMF method is the accurate
measurements of the free energies of equilibrium structures. In
our model this corresponds to the free energy of formation of flat
phospholipid layer. It does not include the entropy of thermal
undulations in the perpendicular direction. In particular, undu-
lations may result in the broadening of the phospholipid
membrane. However, they become important on the scales much
larger than the size of the simulation box and, in principle, can be
included as an additional contribution to the free energy of the
layer.

The rigidity of the membrane can be obtained from the free
energy of the bilayer. Changing the number of lipids in the box,
we get the free energy per lipid molecule f as a function of the
interfacial area per lipid 4 (Fig. 4). Although the error bars are
quite large because of the large conformational space with
respect to the sampling used for the calculations, the energy
points can be quite good approximated with the polynomial of
the second order. This curve allows us to calculate the
compressibility of the layer with respect to compression and
stretching in the lateral direction. The second derivative is related
to the compressibility modulus defined in eqn (19). The resulting
compressibility modulus, the thickness of the membrane, posi-
tions of various groups and the area per lipid are shown in

-50
52
54

-56 o

-58
=60 _.
-62 -

64

f, free energy per lipid / kT

-66

-68

410 SIO BIO 1(I)0 12IO 1:10 1 éO 1{;0 2lI]0

A, interfacial area per lipid / A*
Fig. 4 Free energy per lipid f vs. interfacial area per lipid A for the 44-
beads lipid model, calculated from solutions with one (red points) and
two (green points) bilayers in the simulation box. Parameters of the fitting
curve y =ap +ajx + apx*are ap = —61.3 £ 0.5, a; = —0.164 + 0.010, a, =
(1.17 £ 0.04) x 107°.
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Table 2 Comparison of the equilibrium properties of phospholipid bilayer obtained with three lipid models with experimental data and full atomistic

MD simulations of the DMPC lipid bilayer

44B 10B 3B DMPC
Membrane thickness/A 35 36 45 44.2¢
Full thickness of the bilayer region/ 51 44 56 53°
A
Thickness of hydrophobic core/A 24 24 28 26.2¢
Distance between heads/A 30 28 36 36
Distance between phosphate 30 — — 320
groups/A
Distance between choline groups 22 — — 3704
(1st peak) (A)
Distance between choline groups 42 — — 3704
(2nd peak) (A) .
Distance between glycol groups/A 26 — — 27°
Distance between COO groups/A 24 — — 25°
Thickness of terminal groups 6 — — 10
region/A i
Interfacial area per lipid/A? 70 + 5 65+ 11 60 + 2 59.6¢
Compress. constant (dyn/cm) 135+ 11 560 + 120 269 + 11 257¢

@ Experimental data by Nagle and Tristram-Nagle** ? Calculated from MD simulations data by Damodaran and Merz® ¢ Experimental data by Mathai

et al.® ¢ Average distance between choline groups.

Table 2. The obtained values agree quite well with the experi-
mental data. However, if better agreement is needed, the
parameters of the models can be tuned by the additional series of
run of calculations with a large number of conformations in the
sampling.

The free energy per lipid f (Fig. 4) has a minimum at 4 =
60 A, which corresponds to the experimental value of the
interfacial area per lipid in the bilayer in the fluid phase.
However, the values of 4 below 50 A? cannot be obtained with
the same set of parameters, because this range corresponds to
dense packing in the core of the layer. Further decrease of
interfacial area per lipid is accompanied with structural rear-
rangements of the phospholipid environment and strong corre-
lations between the neighboring molecules. These correlations
induce phase transitions in lipid membranes,** the main transi-
tion to the gel phase occurs at 4 = 40 A%, However, such
correlations are well beyond the limit of validity of the mean field
theory, where the movements of individual molecules are
supposed to be uncorrelated (2).

Similar calculations carried out for the 10-beads model show
better reproducibility due to considerably reduced conforma-
tional space. In fact, 1 million of conformations is enough for
calculations with different sampling to almost coincide in one
curve with very small error bars (Fig. 5). The absolute values of
the free energy f are shifted with respect to that of the 44-units
model, which is the consequence of different sizes of the units and
the interactions parameters. However, the energy differences, the
density profiles and the compressibility modulus are very close to
that obtained with the previous model (Table 2). It is interesting
to compare the energies of one and two layers in the box, red and
green curves in Fig. 5, correspondingly. The energies are quite
similar at low densities of the layer and diverge significantly at
high densities. This is consequence of the compression of the two
layers due to lack of space in the box for two layers of equilib-
rium size. The energy per lipid corresponding to the maximal
compression of two layers in the box coincides with the energy of
a compressed layer. This fact reflects the consistency of our

f, free energy per lipid / kT

410 BIG SID 1!'30 1 2IO 1f;0 1 GIO 12;0 260
A, interfacial area per lipid | R?

Fig. 5 Free energy per lipid f vs. interfacial area per lipid A for the 10-
beads lipid model, calculated from solutions with one (red points), two
(green points) and three (blue points) bilayers in the simulation box. The
inset represents the enlarged region of the minimum. Parameters of the
fitting curve y = ag + ayx + a,x* are ag = —3.0 + 3.0, a; = —0.68 £ 0.08, a,
=(52+£0.6) x 10,

picture. On the other hand, high compression of a single layer, A
below 50 A2, results in gradual splitting of the layer in two with
smooth rearrangement of the lipid molecules. Some phospho-
lipids flip and orient their “heads” in the center of the membrane.
Thus, a single bilayer smoothly become broader and change its
appearance to remind something between a single bilayer with
a layer of heads in the center and two tightly compressed bilayers.
This process is reflected in the flat part of the energy per lipid
curve for 4 below 50 AZ, where the distinction between one layer
and two layers in the box can hardly be done.

The energy curve for the 3-beads model is presented in Fig. 6.
This is the simplest phospholipid model with only 3 beads, thus
the conformational space is very limited and the results obtained
with the sampling of 1 million of conformations represented here

2222 | Soft Matter, 2010, 6, 2216-2226
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1 -8.25 details caused by the differences in the molecule structures, the

1 ] S profiles looks quite similar, especially for the most coarse-

2| -8.30 p ‘.-"' grained 10- and 3-beads models. In case of the 44-units model,

4] o’ there is a small fraction of the hydrophobic T units at the surface,

-8.35

f, free energy per lipid / KT
én
1

4’0 6l0 BIO 1 (IJD 150 1:1-0 160 1é0 ZiIJO

A, interfacial area per lipid / A*
Fig. 6 Freeenergy per lipid fvs. interfacial area per lipid 4 for the 3-beads
lipid model, calculated from solutions with one (red points) and two (green
points) bilayers in the simulation box. The inset represents the enlarged
region of the minimum. Parameters of the fitting curve y = ag + a;x + apx?
are ap = —1.4 £ 0.2, gy = —0.325 £ 0.008, a, = (2.72 + 0.06) x 10,

are close to these obtained with small sampling about 100-300
thousands. The difference between the energies of one and two
layers in the box, noted for the 10-beads model, is even more
pronounced.

The mean field “snapshots” of the most probable conforma-
tions of the layer in equilibrium and the corresponding density
profiles for three models are presented in Fig. 7. It shows how the
coarse-graining and the decreasing of the model details influence
the layer appearance. However, despite obvious differences in

(a)

reflecting the structure of the phospholipid with some hydro-
phobic T groups in the head. Furthermore, different aspect ratio
between T and H units in the models (4 : 1 in 10-beads and 2 : 1
in the 3-beads model) lead to the corresponding difference in the
relative density of T and H units. This correspondence is not
valid for the 44-beads model, where the beads do overlap and
some parts of the molecule are hidden from the solvent. The ratio
between the areas under the T and H curves is 4.7 : 1 which is
different from the ratio between numbers of T and H beads in the
molecule (3.4 : 1).

Finally a few words should be said about the speed perfor-
mance of the three models. We ran six series of calculations with
different conformational sampling of 1-3 millions of confor-
mations. The box is divided in ~100 parallel layers and the
number of lipids in the box is varying from 300 to 700 with the
step 10. The program runs in parallel on 32-cores AMD machine
with 128Gb of RAM. The most time consuming process is the
solution of equations while the generation of the sampling at the
beginning of calculation is relatively fast and almost does not
affect the speed of calculation. In turn, the solution of the
equations depends on the number of conformations in the
sampling, the number of cells and the number of attempts to
solve equations with different initial conditions. Since three
models differ in the number of beads, implying different
conformational space, the same accuracy of calculations in
different models is achieved with different number of confor-
mations in the sampling. The 44-beads model require several

(6) 1.0
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Fig.7 Mean field equilibrium “snapshots” (set of most-probable conformations of the lipids) and the concentration profiles of tails (T, red lines), heads
(H, blue lines) and the phospholipids (T + H, black lines) obtained with 44-, 10- and 3-beads models.
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millions of conformations and 48 h of calculations, the 10-beads
model require one million of conformations and 17 h, while the
3-beads model can get reliable results with a hundred thousands
of conformations in a few hours. Thus, the simplest 3-beads
model is the fastest model which can reproduce the essential
equilibrium properties of the phospholipid bilayer.

5 Conclusions

In this work we report a computational tool providing relatively
fast and stable solution of the equations of the SCMF theory in
different geometries and different molecule structures. The
SCMF theory is applied for the first time to model the DMPC
phospholipid membranes with realistic thermodynamic proper-
ties. We show that all three coarse-grained models of phospho-
lipids with the present parameters can adequately describe the
equilibrium properties and the molecular structure of DMPC
phospholipid bilayers in fluid phase. Among the essential prop-
erties of the phospholipid bilayers that correspond to the
experimental data are the thickness of the membrane, the posi-
tions of different groups of the lipid in the bilayer, the
compressibility of the membrane and the equilibrium interfacial
area per lipid. The most detailed 44-beads model can reproduce
the structure of the phospholipid layer with maximum details.
The resulting density profiles of the groups of the phospholipid
molecule can be used for the structural modeling in experimental
techniques that require the molecular structure of the layer.
However, if one is interested in the average properties of the
lipid bilayer, the simplest 3-beads model can be used to model the
thermodynamics and the essential properties of self-assembled
phospholipid bilayers. This model is faster and computationally
more attractive than 44- and 10-beads models. Furthermore, we
suggest that the 3-beads model with the parameters found in this
work is used for simulation of more complex bilayer structures.

Appendix A Computational details

Here we discuss the implementation details of the algorithm
underlying the computational realization of the SCMF theory.
The off-lattice realization of the program allows for conforma-
tions of the molecules in a real space. The algorithm consist
of three independent parts: the generation of the sampling of
conformations of molecules of any structure, the discretization of
space according to the geometry of the problem and the solution
of the SCMF eqn (12). The independence of the parts insures the
universality of the method which can be applied for molecules of
any structure and their self-assembly in objects of any geometry.

A.1 Conformational sampling generation

First step is the generation of a representative set of conforma-
tions of a single molecule. This can be done with different tech-
niques, including bead-to-bead chain growth or MC simulations.
The conformations of a single molecule are generated once
before solving the equations. They are stored in the RAM
memory and not changed during the solution of equations, while
the probabilities of each conformation are recalculated with the
fields. This static memory allows for highly efficient paralleliza-
tion of the program within the shared memory OpenMP plat-
form, since the processors communicate very little between each

other. The generation of conformations in the sampling is real-
ized as follows:

1. Generation of a new conformation I', of the molecule of
type a with random position of the first bead inside the box. We
set initial values of the conformation statistical weight w,(I",) = 1
and the intramolecular energy H,”“(T",) = 0.

2. Iterative addition of new beads to the growing molecule and
joining them one by one subject to self-avoidance condition.
Depending on the final objective, one can use:

(a) Self-avoiding growth with the MC equilibration. The chain
is generated as a self-avoiding off-lattice walk and the energy of
interaction of the newly joined beads with the rest of the chain is
accumulated in H,"*T,). The resulting chain is then equili-
brated with MC crankshaft moves and reptations until the full
equilibration of the configuration. In this case all conformations
have the same statistical weight and w,(T",) = 1.

(b) Rosenbluth chain growth.3¢ A new bead is placed at a fixed
distance from the previous bead either at random angle (freely
joined chain) or with additional restrictions on the angles
between the beads (chain with angle restrictions). Rosenbluth
algorithm generates conformations with biased probability
distribution. This bias is then calculated in the conformation
weight and removed when the probabilities of each conformation
are calculated. In order to calculate the Rosenbluth weight, one
should try N, times to place the new bead at a fixed distance
from the previous bead and calculate the number Ny eq Of
successful positions, allowed by self-avoidance condition. If
Naiowea > 0, a new position is accepted with the weight 1/N,yoeq
the energy of interaction is accumulated in H,""“(T",) and the
weight of the conformation w,(T",) is multiplied by the factor 1/
Naowea- If there is no possibility to place the bead, Njpea = 0,
the generation restarts from the beginning. The Rosenbluth
algorithm is simple and efficient enough for generation of
phospholipid molecules.

A.2 Discretization of space

Since the solution of equations of the SCMF theory in the inte-
gral form (12), (14) is not practical, the equations are simplified
by the replacement of the integrals with the sums. The space is
discretized according to the geometry of the system and the
symmetry considerations. The integrals over the spatial coordi-
nates, dr, are replaced by the sums over auxiliary cells i with the
same values of the mean fields: (c¢4(r)) = c; and A(r) = 2. The
discretization leads to the following approximate relations

Ul (o, 1) {c§(r) ydr = ZCZ[ ul(Cy, r)dr
J |

i

' (20)
J/\(r)%(l"a, r)dr = Z A [qba(l"a7 r)dr

i

where }; denotes the sum over all auxiliary cells, while [; is the
integral over the i-th cell. Because of the structure of the equa-
tions, the integral over the single i-th cell can be evaluated once in
the beginning of calculations, while the sums (20) are calculated
during the solution of the equations. Although the number and
the geometry of the cells can be arbitrary, their choice will restrict
the geometry and the resolution of the resulting solutions. Thus,
it is important to choose them accurately for a particular
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problem. In case of flat bilayers we choose a planar geometry
with the cells parallel to the layer, thus we can only obtain the
solutions that can lie in the layer.

The integrals over the conformational space of single mole-
cules are replaced by the sums over the finite samplings generated
in the first step

Z $ai(Ta)po(Ta),

z ¢ (T)py(T) @D
where the mean field volume fraction ¢, and the mean field
concentration ¢, of a-beads of the molecule of type « in the cell i
are related to the corresponding volume fraction ¢,4(T",) and the
concentration ¢,;*(T",) of the conformation T',,.

The integral expression (11) for the p,(T,) yields in form

1 intra
Pa(Ta) = Zowa(T2) exp ( HJ™(Ty)
M
= (Vg = bag) x Y et(Tu)ch; + Z/\ Voi (T ) (22)
=1 ai

where w,(T",) is the Rosenbluth weight calculated during the
generation of the chains, and the constant Z, insures the
normalization of the probability Y rep(Ts) = 1.

The expression for probabilities (22) is accompanied with the
following relations

M
VA = Ing; + Z (NB - 5S5) Z E?icgi’
{3:] a

M
Z No(¢ou'

a=la#s
e (Ty) = J Ul (Cy, r)dr,
1

() = VidulT) = | 8u(Tusr)dr 23)

The quantities v (T,), &.,(T,) and ¢,*(Ty) are calculated
using the MC integration technique. The volumes v,(T",) are
calculated as follows: one throws randomly N,,;,; points inside
the volume occupied by the bead and determine the cell where
each of these points hits. Each point contributes to the volume in
the cell with the value v, /(N,iuisNin:), Where N;,, is the number of
the beads hit by the point and v, is the volume of the bead. The
volume fractions ¢,(T,) are related to the volumes v (T,) as
Dai(Te) = vail( L)V, where V; is the volume of the i-th auxiliary
cell. The concentrations ¢,(I",) are calculated similarly, except
that each random point contributes to ¢,*(I",) with the value 1/
Nyiais- The interaction energies &,,(T",) are calculated with the
help of the N, points thrown for every a at a distance » from
the center of the bead b such that r,,;, < r < r,.qr, Where r,,,;, is the
minimum distance at which the bead of type a can approach to
the » bead, and r,,, is the maximum distance at which the
interaction potential acting between a and b beads is non-zero. If
the bead of type a in the position of the trial point does not have
any intersection with the beads of the chain, its contribution to

the £,,(T) is ¥4 T x — Foain) U (PN i, Where i is the number
of the auxiliary cell where the trial point hits, and U“(r) is the
pair potential acting between the beads of types a and b. Since the
solvent is implicit in our model, the quantities €, describing
the interaction between the solvent and the bead of type a have to
be treated separately. We evaluate them by a simple approximate
expression

{:‘f;,' = 4/3 W(sza - (r.r + ra)3)8xa (24)

where we assume the square well potentials between the solvent
molecules s and the beads a with energy ¢, at the distance closer
than ry,. Here the radius of solvent is r; and the radius of the
a bead is r,.

It is noteworthy that the incorporation of the Rosenbluth
weight w,(T",) into the expression for probabilities (22) may lead
to confusion. Although most of the averages can be calculated
with the expressions similar to (21), the averages of expressions
containing explicitly the probability p, should be treated sepa-
rately. For example, the entropy term in the free energy (10) leads
to the additional term when we replace the integral with the sum

<ln > N, Zpa(r )N A,

+N, Zpa ) Inwe (Ty) 2% (25)

where «, is the number of conformations in the sampling of the
molecule of type a.

The expressions (12), (22) and (23) form a closed set of alge-
braical equations with respect to variables ¢,; and ¢%; which can
be solved numerically. We must admit however, that the solution
of these non-linear equations is not a straightforward task.

A.3 Numerical implemetation

In this work we have implemented the SCMF theory in C++. The
program is based on Newton-Raphson technique which
provides the efficient and stable solution of the SCMF equations.
It has a modular structure which makes it very flexible for
modification, further development and extension for new appli-
cations.

The first module is the sampling generator, which generates the
molecules conformations and calculates the volumes and inter-
actions according to the Appendix A.1. The code for generation of
molecules with different structures can be added to this module or
changed independently from other parts of the program.

The second module specify the geometry of the problem: 1D
spherical, 1D planar, 2D planar, 2D cylindrical, or 3D cubic. It
contains the description of the geometry and divide the simula-
tion box into set of auxiliary cells. The modification of this part
of code provides an easy way to implement different types of the
system geometry. It is worth noting here one technical
improvement that significantly increase the performance of the
calculations. Since the molecules have small size compared to the
size of the box, their contribution to most of the auxiliary cells is
zero, thus matrices €4(Ty), ¢%(T,) and v,(T,) have many zero
values. In this second module of the program the simple
compression of these data is realized via elimination of zeros

This journal is © The Royal Society of Chemistry 2010
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from these matrices. This helps to save computer memory and,
on the next step, speed up the calculations by elimination of the
sums over the cells containing zeros.

The core of the third module is the modified Newton-Raphson
solver for the solution of SCMF equations. It involves the iter-
ative solver which calculates on each step the matrix of analytical
derivatives of eqn (21) with respect to unknown variables along
with the analytical expressions including the sums over the
conformational sampling. The next approximation of the solu-
tion is determined by the inversion of this matrix until the
required accuracy is reached. To avoid occasional instability of
the Newton—Raphson scheme, the algorithm artificially restrains
too big steps which may drop the next approximation outside
areasonable range. The algorithm is able to find several solutions
simultaneously by repeating the calculations several times with
different initial conditions.
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Equilibrium Insertion of Nanoscale Objects into Phospholipid Bilayers
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Abstract: Certain membrane proteins, peptides, nanoparticles and nanotubes have rigid structure and fixed shape. They are often viewed
as spheres and cylinders with certain surface properties. Single Chain Mean Field theory is used to model the equilibrium insertion of
nanoscale spheres and rods into the phospholipid bilayer. The equilibrium structures and the resulting free energies of the nano-objects in
the bilayer allow to distinguish different orientations in the bilayer and estimate the energy barrier of insertion.

Keywords: Phospholipid bilayers, nanoparticles, carbon nanotubes, mean field, membranes, self-assembly, peptides, lipids, equilibrium,

theory.

1. INTRODUCTION

Biological membranes protect cells against the environment and
also provide for selective transport of nanoscale objects across the
membranes [1]. Peptides, nanotubes, nanoparticles and other nano-
objects with fixed shape can interact with phospholipid bilayers [2],
accumulate inside the membranes [3] and penetrate into cells [4-6].
Surface activity of these objects raises issues of biocompatibility
and cytotoxicity [7,8], which may limit their biomedical appli-
cations. Understanding and controlling the interactions of nanoscale
objects with membranes is therefore a key to the design of novel
medical treatments and cell-active substances which can modulate
the thermodynamic properties of cell membranes.

Although membrane active peptides, membrane proteins,
nanotubes and nanoparticles may significantly differ in composition
and chemical structure, the membrane activity implies the presence
of certain common features providing for such activity. Phos-
pholipid bilayers have alternating hydrophilic and hydrophobic
regions which are characterized by the corresponding thickness.
Thus, the size and the shape of nanoscale objects need to be
compatible with the bilayer structure to ensure their insertion into
the bilayer (e.g. the concept of hydrophobic matching [9]), cell
penetration [10,11] or pore formation [12,13]. The thickness of the
hydrophobic core defines the length scale for the size while the
planar geometry of the bilayer defines the template for the shape of
nanoscale objects able to interact or insert into phospholipid
bilayers. The effect of the shape of nanoparticles interacting with
phospholipid bilayers have been studied in Ref. [14]. The
nanoparticles-lipid bilayer interaction is determined by the contact
area and the local curvature of the nanoparticle at the contact point
with the bilayer. Thus, nanoscale objects of different nature can be
viewed in the first approximation as geometrical objects described
only by the shape and the surface properties [14-18].

Many theoretical studies of interaction of phospholipid bilayers
with nanoparticles and even peptides consider the simplest shapes:
a sphere [3, 19-21] and a cylinder [18, 22-26] with uniform or
patterned surface properties. This allows to describe a broad range
of objects of similar size within a single concept and provide a
general picture on the mechanism and the molecular details of
interaction with the bilayers. Coarse-grained Molecular Dynamics
(MD) provides the most detailed information about the molecular

*Address correspondence to this author at the Departament d’Enginyeria
Quimica, Universitat Rovira i Virgili, Av. dels Paisos Catalans 26, 43007
Tarragona, Spain; Tel: +34 977 55 85 77; Fax: +34 977 55 96 21,

E-mail: vladimir.baulin@urv.cat

1573-4137/11 $58.00+.00

structure and the dynamics of interaction of nanoscale objects with
phospholipid bilayers [3,14,18,19,23,27-31]. However, this method
becomes computationally expensive and time consuming when the
size of the system and the number of interacting molecules
increases [32]. Calculation of equilibrium properties and equili-
brium free energies requires equilibration process which may
exceed microseconds [32]. One of the alternatives is the use of the
self-consistent field theories, where the equilibrium structure of the
bilayer is found from the solution of the self-consistency equations.
Recently, Single Chain Mean Field (SCMF) theory has been
applied for modeling of the phospholipid bilayers at different levels
of coarse-graining [33]. It was shown, that essential equilibrium
properties of the phospholipid bilayer such as the thickness,
position of different groups, the compressibility constant and the
area per lipid, can be reproduced with high accuracy. High speed of
calculations is obtained by the decoupling of the correlations
between the molecules and the fluctuations, taking into account the
symmetries in the system. In this manner, the multi-molecule
problem is reduced to a single molecule in the external self-
consistent field problem. The molecule conformations and the fields
are found from the self-consistency condition and gives the free
energy of the equilibrium structures as a result of calculations. This
method has been applied to estimate the free energies of insertion of
a carbon nanotube into a phospholipid bilayer [22] and to elucidate
the patterning of a carbon nanotube for physical translocation
through the bilayer [34].

In this publication, we first present equations of the SCMF
theory for the interaction of phospholipid bilayer and nanoscale
objects. This theory is then applied for calculation of equilibrium
structures and free energies of resulting structures of phospholipids
and nanoscale objects, modeled as spheres and cylinders with given
surface properties (Fig. 1).

2. THEORY

The SCMF theory uses a coarse-grained representation of a
phospholipid molecule as a set of spherical beads interacting with
the fields through simple effective potentials [33]. The simplest 3-
beads model (Fig. 2) is able to reproduce with high accuracy the
equilibrium structure and properties of DMPC phospholipid bilayer,
such as the average interfacial area per lipid, the thickness of the
bilayer and the core, and the stretching modulus [33]. In this model
the phospholipid molecule is represented by two hydrophobic beads
(T) and one hydrophilic bead (H) of the same radius 4.05 A, joined
consequently by rigid bonds of length 10.0 A, and able to bend
around the central T-bead. Two T-beads, belonging to different
molecules, interact with energy gain &, =-2.10 kT at distances

© 2011 Bentham Science Publishers
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Fig. (1). Three geometries of nanoscale objects considered in the text: insertion of a sphere (left), insertion of a perpendicular cylinder (middle), and insertion

of a parallel cylinder (right) into the bilayer.

6= ~2 O KT

€. = —0.15 kT

Fig. (2). The 3-beads model of the DMPC phospholipid molecule. R is the radius of the hydrophobic T-beads (red) and hydrophilic H-bead (blue), L is the
bonds length, RTT and R s are the interaction radii of the corresponding stepwise attractive potentials.

between their centers smaller than 12.15 A. Additionally, the H-
beads interact with implicit solvent molecules, assumed as well to
be represented by spherical beads of the same radius 4.05 A, with
energy gain £,, =—0.15 kT at the distances closer than 12.15 A.

The free energy of a system, containing N lipid molecules and
the solvent, depends in general on the total probability distribution
function p of the system. In the mean field approximation one can
split this multi-molecule probability distribution function into a
product of the corresponding single-molecule distribution functions.
This allows to write the total free energy of the 3-beads model as a
sum

F==8 -S;+U,+Uy, +U,; +U,,.. (1)
where S, and S, are the entropy contributions of the lipids and
the solvent, U, describes the intra-molecular and position-
dependent energies of the lipids, U, and U, represent the inter-

molecular interactions between the pairs of T-beads and between H-

beads and the solvent, and the last term, U takes into account

steric
the hard-core steric repulsions between the molecules.

The entropy part of the free energy is written as

=8, =Sy = N{In[p(y)NA])+ [es(r)In[cg(r)A, ]dr @)

where p(y) is the density of probability of a single lipid molecule
to be in the conformation ¥ (along with relative positions of the

beads in the molecule with respect to each other, the conformations
also include their spatial position and orientation in the system),
¢, (r) is the solvent concentration at the point I', A and Ay are

the de Broglie lengths for the lipids and the solvent respectively,
which shift the absolute value of the free-energy but have no effect
on the final results. The angular brackets denote the average over
Pp(7), and the integral is taken over all the accessible volume of

the system.

The intra-molecular interaction energy U, is simply the
average over P(Y)

Uy =N(U,(7)) 3)

where U,(y) is the internal energy of the lipid molecule in the
conformation Y . It can include interactions between the beads

composing the molecules and interaction with the external fields
and the walls (or impermeable immobile objects).
The combined inter-molecular energy terms are written as
N(N-1
Urr U =528 [ (0 Dl 4.8 (.0 e (1)

“
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where u,(Y,r) and wug(y,r) are the interaction potentials for T-
beads and the solvent at the point I, created by the lipid molecule
in the conformation ¥, and c,(y,r) is the concentration of T-
beads of the lipid in conformation ¥ at the point I .

Eq. (4) is valid only if the potentials u,(y,I) and uy(y,I)
are finite and smooth functions of I and therefore cannot contain

any hard-core steric repulsion interactions, which are included in a

separate term, U, .. , representing the incompressibility condition

at every point I' of the system
Upie = [0 = vyes (D)= N{9(y,1)) ) dr )

Here A(r) is the Lagrange multiplier and ¢, is the total

volume fraction occupied by the lipids and the solvent
(0<¢, <1), vs denotes the volume of the solvent molecule, and

@(y,r) is the volume fraction at the point I occupied by the lipid
in the conformation ¥ .

To find the equilibrium distribution, one should minimize the
total free energy (1) with respect to p(y) and the solvent
distribution c¢g(r) subject to the incompressibility condition (5).
The minimization leads to the following set of integral equations

P& =~ exp[ Uy (E)- (N =) fur G r){er (7o) -

Jus(&nyes(rydr+ o ryr | ©
Ve A1) =In[vseg (D] + N (us(r.1) ()
vses(1)=0(r) =9, = N{9(y.1) ®)

where the normalization factor Z ensures that Jp(j/)dy =1.

These equations can be solved numerically, if the integrals and the
averages are replaced by appropriate sums, which reduce the
problem to solution of algebraic equations. To discretize the space,
the simulation box is divided into a set of auxiliary cells, where all
spatial dependent variables have a constant value. The division into
cells should also take into account the symmetry of the solution,
which provides the speed up of the calculations. For example, if the
lipid system is expected to self-organize into a flat bilayer, the
division of the simulation box according to 1D geometry into
parallel slits results in considerably smaller number of cells than the
3D division into a cubic grid with the same resolution. The
conformational space ¥ of a single lipid is sampled with the

Rosenbluth algorithm [35], the conformations are placed in the box
and the spatial distributions u,(y,r), ug(y,r), c;(y.r),

o(y,r) as well as other necessary conformational-dependent
properties are calculated. Finally, the averages of the fields f in
the equations (6)-(8) are replaced by the sums

)=+ Zpy—fy ©)

K5 W

where fy is the value of this field, and p, is the probability of the
conformation Y belonging to the generated sampling (thus p, is
determined only over the sampling, while p(y) used above was
determined in the full conformational space of the molecule). w, is

the value of the Rosenbluth weight (i.e. biased probability of the
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conformation Y is introduced into the sampling during the

generation). K is the size of the conformational sampling.
Similarly, the integrals over the space are replaced by the sums as

[rndr =317, (10)

where f; is the value of the field in the 7 -th auxiliary cell of the

simulation box and ¥, is the volume of the i -th cell. As a result,

1
the system of integral equations (6)-(8) is reduced to the closed set
of algebraic equations of finite but huge number K of unknown
variables py - Since the larger K , the more accurate the solution is,

the practical choice of K which provide a reasonable accuracy is
limited by the representative sampling. The easiest way to check
the accuracy is to perform several simulations with independently
generated random samplings and compare their results. Thus we
start our simulations with some small value of K , and then perform
series of similar simulations for larger K till the moment when
further increase of K will not lead to significant change of
calculated results. For the simulations reported in this work we used
K =750000, which provide accuracy of the calculated energies
about £10 KkT.

The number of auxiliary cells in the box should be high enough
to provide acceptable spatial resolution, but if it is relatively small
one can decrease the number of independent variables by
introducing new independent variables, average concentration of T-

beads, Cri = (CT v, I‘,)) >
ug; = (us (y.r, )> , and the volume fraction occupied by lipids,

potential  of  the solvent,

q)l.E(q)(y,r,.)). Depending on the method of solution of

equations', such reduction of the number of independent variables
can speed up calculations.

The equations of the SCMF theory are written for the canonical
(NVT) ensemble. However, the simulation of the phospholipid
bilayer with inserted nanoscale object would require the grand-
canonical ensemble, since the inserted object may expel the
phospholipids out of the simulation box. Fortunately, the SCMF
technique is fast enough to perform series of canonical calculations
for a part of bilayer with variable number of lipids N in the
simulation box. One can consider then the simulation box as an
open part of a larger closed system and thus estimate the free

energy F* of the whole system as a function of N . The

equilibrium value of N will correspond to the minimum of F*,
thus series of canonical SCMF calculations are equivalent to a
grand-canonical calculation. In the simulations performed in the
present work (size of the system about 100.0x100.0% 60.0 A, two-
dimensional geometry with spatial resolution 2.0 A, and sampling
size K =750000), calculation of one energy point in the grand-
canonical ensemble with current version of our SCMF code,
demanded, on average, about one day on a 32-cores machine. Full
three-dimensional simulations should be significantly slower, but
we believe that further improvements of our code will significantly

'According to Ref. [33], the independent variables are ¢r,s €y, and ¢ . One can
show that the expression N(us(y,r)) , which is the average potential experienced by
the solvent molecule at the point r, is approximately equal to N& <c”(7/,r)> , where
& is the integral of the H-S interaction potential around a solvent molecule. One can

easily replace the variables u;, by c, . This was indeed necessary in the general

case, considered in the previous article, but in this context it can be avoided for the
sake of simplicity.
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speed-up its' performance, thus making possible three-dimensional
simulations in a reasonable time.

3. RESULTS AND DISCUSSION

The equations of the previous section allow to calculate the
equilibrium properties and the free energy of the phospholipid
bilayer and its interaction with nanoscale objects with a fixed shape.
Simulation of a phospholipid bilayer is a one dimensional problem
if we neglect the bilayer bending. Since the free energy of a
homogenous bilayer is proportional to the area (or the number of
lipids in the bilayer) and the interfacial area per lipid and the bilayer
thickness are constant along the bilayer, the free energy of a large
system F~ can be written as
F =V*fS+N*f(A), f(A)=w

90 % (11
v ,fsvslnv()

N

where V" is the volume and N is the total number of lipids of the
large system, f; is the free energy density of the region occupied
by the pure solvent, and f(A4) is the free energy per lipid of the
bilayer, which depends on the average surface area per lipid 4 .

The result of the SCMF simulation is the free energy
F(V,N,A) of the box of the total volume V' with the number of
lipids N . These expressions allow to construct the free energy per
lipid f(A4). The equilibrium area per lipid A,, which minimizes

the total free energy of a large system F, can be found by the
minimization of f(A4), obtained from the series of SCMF

simulations, while the simulation corresponding to A, gives the

equilibrium distribution of T- and H-beads inside the bilayer and
the equilibrium thickness (Fig. 3).

Fig. (3). Mean field snapshot of DMPC bilayer at equilibrium within the 3-
beads model (left), and the corresponding concentration profiles (right) of
hydrophobic (red), hydrophilic (blue) and total (black) volume fractions of
the beads.

Similar approach is applied to study the insertion of a rigid
spherical or cylindrical nano-object into the phospholipid bilayer. A
part of the object located inside the simulation box is represented by
a region prohibited for lipids and the solvent to enter, and the
surface of the object can interact preferentially with phospholipid
beads. This restricted area is taken into account during the sampling
generation by the additional bias and the corresponding
contribution to the intra-molecular energy U (7). In the case of a
spherical object and a cylindrical object oriented perpendicular to
the bilayer one can use the two-dimensional cylindrical geometry

CHAPTER 3. INSERTION OF NANOSCALE OBJECTS INTO PHOSPHOLIPID BILAYER

Pogodin and Baulin

with the symmetry axis passing through the center of the sphere
(cylinder) perpendicular to the bilayer plane. The simulation of a
cylindrical object in the parallel orientation has been done within
two-dimensional grid geometry i.e. assuming infinite cylinder. To
limit the bending of the bilayer, which permits the inserted object to
escape from the bilayer, the hard walls on the top and bottom of the
simulation box have been introduced.

Assuming that a part of the membrane outside the simulation
box is not perturbed by the insertion of the object and, thus, is in
equilibrium state, we estimate the total free energy change due to
the insertion of the object to a given position p in the box as

AF" =F(V,N,p)—Nf(4,)~(V =V(p) /s (12)
where F(V,N,p) is the free energy of the box and V(p) is the

volume occupied by the object inside the box.

The results of the free energy calculations for spheres and
cylinders of diameter 2.43 nm with homogeneous surface
properties are summarized in Fig. (4). The surface properties are
described by a single interaction parameter between the T-beads
and the surface, €. One can clearly see, that the free energy
changes due to the insertion of a sphere, or a cylinder in
perpendicular orientation which has a similar contact area with
lipids, have relatively close values for all considered levels of
hydrophobicity € . Thus, the shape of the object is not so important
as the contact area with lipids. This conclusion is consistent with
the previous observations [14]. In contrast, the cylinder in the
parallel orientation has a larger contact area with phospholipid tails
and disturbs much larger part of the bilayer. Thus, the parallel
orientation has sufficiently lower equilibrium free energy than the
perpendicular orientation (the points in the plot correspond to a
cylinder with the length 10.0 nm, while the numbers in the insets
correspond to the energy per nm).

Hydrophilic and hydrophobic objects induce different
rearrangement of lipids in the bilayer (see the insets of Fig. 4).
Hydrophilic objects of similar size create pores of similar size with
the heads of the lipids oriented inside the pores. Hydrophobic
objects attract the tails of phospholipids and they tend to come
closer to the surface. For most hydrophobic objects, the meniscus
provoked by the wetting of the hydrophobic object can be formed.
For intermediate interaction parameters, the pore is not complete
and is combined with the partial wetting at the edges, thus
provoking the thinning of the bilayer in contact with the nano-
object. This diagram also suggest the preferential orientation of
cylindrical objects in the bilayer. Hydrophilic cylinder has lower
free energy in perpendicular orientation, while the most
hydrophobic cylinder has lower free energy in parallel orientation.
For an intermediate hydrophobicity, there is a transition in
orientation from perpendicular to parallel orientation which
depends also on the length of the cylinder. For £=-6.3 kT the
transition from perpendicular to parallel orientation occurs at the
length of the cylinder 10 nm, where both orientations have almost
the same energies. Longer cylinders would favor parallel
orientation.

The uptake of a hydrophobic particle into the core of a bilayer
is not the only equilibrium solution of the equations. There exists a
solution which corresponds to a hydrophobic particle covered by
phospholipids floating around and coexisting with a bilayer (third
snapshot from the top in the right column of Fig. 4). We have
compared the free energy of such structure with the energy of the
inserted sphere into the bilayer in the most hydrophobic case,
£=-10.0 kT. The bilayer with the incorporated sphere has a lower
energy, while the free energy difference with the sphere in the
solution is of the order 50.0 kT, indicating that the hydrophobic
sphere would unlikely escape. Similar conclusion can be drawn for
the case of cylindrical particles lying parallel to the bilayer.
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—273.9 kT
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—249.5 KT

+

0.0

sphere —64.2 kT

6.3 —10.0\

€, kT

cylinder —58.2 kT/nm

Fig. (4). Snapshots of the equilibrium insertion of a spherical and a cylindrical object into the DMPC bilayer. The color of the objects in the insets illustrates

the hydrophobicity level (interaction with T-beads): € =0.0 (blue), £=-6.3 kT (purple),

energy/nm), corresponds to the cylinder of length 10.0 nm.

4. CONCLUSIONS

We have developed the SCMF theory for the interaction of
nanoscale objects with phospholipid bilayers. This numerical
method provides for detailed microscopic information about the
structure of phospholipid bilayers and their essential equilibrium
thermodynamic properties. The method gives the total equilibrium
free energy of self-assembled structures as the output of calcu-
lations, which allows for direct comparison of different equilibrium
structures involving nanoscale objects and phospholipid bilayers.

We have applied the SCMF theory to investigate the interaction
of phospholipid bilayer with cylindrical and spherical nanoparticles
of diameter 2.43 nm and surface properties ranging from
hydrophilic to strongly hydrophobic. We have shown that the shape
of the nanoparticles is not as important as the contact area with the
lipids. Hydrophobic and hydrophilic objects induce different
reorganization of lipids around the nanoparticles. More complex
nano-objects will be considered in future works.
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hospholipid bilayers are designed

by nature to protect the interior of

cells from the outside
environment.? Despite the weakness of
hydrophobic interactions?® that drive the
self-assembly of phospholipids into bilay-
ers, cell membranes represent a serious pro-
tective barrier>* for external molecules, pro-
teins, and particles as well as artificial
polymers and drugs. This barrier is quite ef-
ficient in protecting the interior of the cells,
and it is a challenging task to design nano-
objects that can penetrate through the
phospholipid bilayer without damaging its
structure.>~8 If such nano-objects can be tai-
lored, then they can potentially be used for
transmembrane delivery of active compo-
nents into cells.” However, the major diffi-
culty lies in getting a direct microscopic in-
formation regarding the interaction of
nano-objects with phospholipid layers at
the molecular level in order to provide for
physical mechanisms of nanoparticle trans-
location across the membranes. In the ab-
sence of such microscopic information it is
quite difficult to validate or distinguish be-
tween inferred translocation mechanisms
that were proposed to explain the internal-
ization by cells of several nano-objects, such
as, for example, cell penetrating
peptides.’0~ 13

Similarly, a consensus has not yet been

reached regarding the translocation mecha-
nism of carbon nanotubes through cell
membranes. Single-walled carbon nano-
tubes (SWNTs) have been found inside the
cells both in direct imaging experiments us-
ing electron microscope,'*'> spectrosco-
py,'® and fluorescent microscopy
studies.’ ~2° Such experiments suggest
that carbon nanotubes can efficiently pen-
etrate into the cells but very little can be

www.acsnano.org

ABSTRACT Great efficiency to penetrate into living cells is attributed to carbon nanotubes due to a number

of direct and indirect observations of carbon nanotubes inside the cells. However, a direct evidence of physical

translocation of nanotubes through phospholipid bilayers and the exact microscopic mechanism of their

penetration into cells are still lacking. In order to test one of the inferred translocation mechanisms, namely the

spontaneous piercing through the membrane induced only by thermal motion, we calculate the energy cost

associated with the insertion of a carbon nanotube into a model phospholipid bilayer using the single-chain mean

field theory, which is particularly suitable for the accurate measurements of equilibrium free energies. We find

that the energy cost of the bilayer rupture is quite high compared to that of the energy of thermal motion. This

conclusion may indirectly support other energy-dependent translocation mechanisms, such as, for example,

endocytosis.

KEYWORDS: phospholipid bilayer - carbon nanotubes - translocation mechanism -
cell membrane

said about the pathway and the entry
mechanism regulating their internalization.
Experimental efforts aimed to distinguish
active and passive uptake include compari-
son of nanotubes internalization by living
and dead cells,” change of the rate of ac-
tive biological processes by temperature
control,' addition of selective chemical
agents that inhibit active uptake,?® and ob-
serving nanotubes on the cell membranes
by atomic force microscopy (AFM).%8

However, most of these experiments
showing the translocation of carbon nano-
tubes refer to biological membranes which
have complex structure, their properties de-
pend on composition and many external pa-
rameters. Biological membranes may un-
dergo several energy consuming processes,
such as endocytosis® or phase transitions.?
Thus, it is quite difficult to identify from these
experiments a unique translocation mecha-
nism and discard all other possibilities by
studying a particular biological system. From
this respect, the microscopic mechanism of
nanotube translocation through the mem-
brane remains an open question.
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A study of a model system of a phospholipid bilay-
ers without inclusions and comprising of one type of
phospholipids may shed light on the plausibility of the
spontaneous translocation of carbon nanotubes via
rupture and diffusion of the phospholipid bilayer. If we
assume that the driving force for the physical transloca-
tion of freely moving SWNTs through the homoge-
neous phospholipid bilayer is indeed thermal motion,
then the energy barrier represented by the phospho-
lipid bilayer should be comparable with the energy of
thermal motion. Apparently, the energy barrier de-
pends on the orientation of the SWNT with respect to
the bilayer. The minimum energy would correspond to
the positions inducing less perturbation to the phos-
pholipid bilayer. Since in the perpendicular orientation
to the bilayer plane the SWNT interacts with a minimal
number of phospholipids, this orientation would have
the minimal energy barrier. Other orientations would
induce more perturbations to the bilayer and thus
would require higher energies. Hence, an accurate esti-
mation of the energy cost of the SWNTSs perpendicular
translocation through the phospholipid bilayer would
allow to conclude about the possibility of such
mechanism.

Calculation of equilibrium energies in computer
simulations that provide a microscopic
information3°~3° related to the structure and the dy-
namics of phospholipid bilayers is not straightfor-
ward, since the simulations usually deal with a lim-
ited number of molecules in the simulation box
subject to fluctuations as well as due to the ab-
sence of a suitable reference state.**4!

Alternative to computer simulations is the use of
mean field-type theories that do not include fluctua-
tions and give direct access to the equilibrium free en-
ergies as a result of the minimization of the free energy
functional. The single-chain mean field (SCMF)
theory**~* is particulary suitable for such purposes,
and in addition to the speed of calculation and high ca-
pability of parallelization, it can provide the micro-
scopic details with the accuracy, competing with
coarse-grained Monte Carlo (MC) and molecular dy-
namics (MD) simulations.

The numerical implementation of the SCMF theory
was recently improved, and the method was applied
to model the equilibrium properties of the dimyristoyl
phosphatidylcholine (DMPC) phospholipid bilayers
in a fluid phase in ref 46. We use the three-beads
model of DMPC phospholipids of this work to model
the fluid phase of phospholipid bilayer and esti-
mate the free energy of equilibrium insertion of the
SWNT in a perpendicular direction to the bilayer
plane using different diameters of carbon nano-
tubes and different parameters of interaction be-
tween nanotubes and the core of the bilayer. This
gives the microscopic information about the possi-
bility of spontaneous translocation of SWNTs

through the phospholipid bilayer by thermal mo-
tion. Our model study has a broader interest than
only the study of biologically relevant translocation
mechanisms. For example, an AFM tip associated
with a carbon nanotube can be used in order to
quantify the force of the membrane rupture.*’—>°

FREE ENERGY OF THE NANOTUBE INSERTION

The SCMF theory is a relatively fast and stable tool
for obtaining equilibrium properties and free energies
of soft matter systems with different geometries and
molecular structures.*® A single molecule is described
at a coarse-grained level with an explicit account of in-
tramolecular interactions, while the interactions be-
tween different molecules are described through mean
molecular fields which are found self-consistently.

In the present work the phospholipid molecule is
modeled within the three-beads model with the inter-
action parameters obtained in ref 46. This model allows
for spontaneous self-assembly of phospholipids in bi-
layers with realistic bulk bilayer properties, such as the
average interfacial area per lipid at equilibrium, the
thickness of the bilayer and its hydrophobic core, and
the compressibility constant. These thermodynamic
properties rigidly fix the compression—extension en-
ergy curve,* the output of the SCMF calculations; the
minimum of this curve gives the equilibrium area per
lipid, while its second derivative is proportional to the
compressibility constant. Thus, this curve gives us con-
fidence in calculated values of the energy upon
compression—extension of the bilayer.

The carbon nanotube is modeled as a rigid cylinder
of a given diameter which is oriented perpendicularly
to the bilayer plane. More precisely, the carbon nano-
tube represents a cylindrical region in the simulation
box which is not accessible for phospholipids. We as-
sume that the cylinder can interact with hydrophobic
tails of phospholipids because the driving force for the
assembly of the phospholipid bilayer is the hydropho-
bic interactions, and thus, the interactions between the
hydrophobic tails lead to the main contribution in the
free energy.

The aim of this work is an accurate measure-
ment of the energy cost of the presence of the SWNT
at a fixed position from the bilayer plane. Since the
SWNT can perturb the equilibrium structure of the
bilayer, the free bilayer may wrap around, bend, or
displace in order to minimize the perturbation. In or-
der to avoid such movements, the position of the bi-
layer in our model is restricted by noninteracting
walls at the top and the bottom of the simulation
box, and the periodic boundary conditions are ap-
plied on the sides. Since the reference state for the
free energy calculation is the energy of unperturbed
phospholipid bilayer, we assume that the simula-
tion box represents a small part of a much larger sys-
tem, where the part of the bilayer outside the box
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is approximated by the unperturbed bilayer, which
serves as a reference state. Thus, calculating the free
energy of the small box, containing a part of the
lipid bilayer, we can construct the free energy of the
larger system. We write the total free energy of the
system, F, as a sum of the free energy of the simula-
tion box, Fpox, and the free energy of the system out-
side the box, Fou, Which, in turn, is expressed via
the free energy density of the unperturbed bilayer
given by the reference state, f7, and the entropy of
pure solvent, f; = (bo/vs)In (bo/vs), where vg is the vol-
ume of the solvent molecule, and &, is the bulk sol-
vent volume fraction (see ref 46):

F= Fbox + Fout = Fbox + V?urf? + V?urfs (1)

The volume of the bilayer part lying outside of the
simulation box, Vf“, and the volume of pure solvent
outside of the box, V2, can be expressed via the vol-
ume of the unperturbed bilayer in the simulation
box, V7, and the equilibrium numbers of lipids in the
box with the cylinder, N, and without cylinder, Nf.
In addition, we take into account the conservation
of the total volume of the system and the total num-
ber of lipid and solvent molecules. With this, 17 is re-
lated to the free energy F,, of the box containing
the unperturbed bilayer as

f;) = Fgox - (Vbox - V?)f) )

1
—(
V? s
while the free energy difference with respect to the refer-
ence state of unperturbed bilayer yields in the form
N, N
AF = Foox — m(Fgox - Vboxfs) = (Vpox — V. )fs

cyl
!
3)

where Vo is the volume of the simulation box, and

Vi, is the part of the cylinder lying inside the box. We
used two-dimensional (2D) cylindrical geometry in order
to discretize the space such that the symmetry axis coin-
cides with the axis of the cylinder.

RESULTS AND DISCUSSION

We have performed series of SCMF calculations for
different positions of perpendicularly oriented SWNT
with respect to the DMPC phospholipid bilayer plane
for different diameters of the SWNT and interaction pa-
rameters between the SWNT and the core of the bi-
layer. The output of the calculations is the mean field
concentration profiles of the heads and tails in the bi-
layer, demonstrating the structural rearrangements of
phospholipids induced by the SWNT at the molecular
level and the precise measurements of the equilibrium
free energy change for each position of the SWNT. In
addition, the SCMF theory gives the probabilities of
each phospholipid conformation in the corresponding
mean fields. This information allows for visualization of
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Figure 1. Mean field “snapshot” (set of most-probable conformations
of the lipids) of the perpendicular SWNT insertion produced by the
SCMF theory. Nanotube diameter is 2.43 nm, nanotube position is
—0.63 nm, and interaction parameter between the nanotube and the
hydrophobic core is er = —6.30 kT.

the equilibrium molecular structure of the bilayer dis-
turbed by the presence of the SWNT in the form of
mean field “snapshots” representing the most prob-
able conformations of the molecules and their posi-
tions in the layer. One of such representative “snap-
shots” is shown in Figure 1.

Carbon nanotubes, by their chemical structure,
can be considered as hydrophobic cylinders.' Such
objects in aqueous solutions tend to aggregate in
bundles, which makes it difficult to observe indi-
vidual SWNT in solution. In order to prevent such ag-
gregation, the surface of the SWNT is often treated
with acids or functionalized?®*" in such a way that
they become slightly hydrophilic. That is why, the
energy per contact of the hydrophobic bead with
the nanotube, er, in our calculations changes from
0, representing steric repulsion, to —6.3 kT, which
corresponds to strong attraction (we assume the in-
teraction distance 8.1 nm).* Since carbon nanotubes
usually have diameters ranging from 1 to 5 nm, we
have chosen three diameters of the cylinder, 1.00,
2.43, and 4.86 nm. The latter diameter is, probably,
too big for SWNTSs, but it may correspond to multi-
walled nanotubes and we include it for
completeness.

The free energy cost of the equilibrium insertion of
the SWNT as a function of the distance between the
SWNT tip and the middle plane of the unperturbed
layer for different interaction parameters is shown in
Figure 2. Here the SWNT position —3.14 nm corre-
sponds to the SWNT at the bilayer surface, while the po-
sition 3.14 nm corresponds to fully inserted SWNT. In-
sertion of slightly hydrophilic SWNT is not favorable,
and the free energy cost increases with the insertion
distance until the SWNT pierces completely the bilayer
and the curve reaches the plateau, where the nanotube
can slide along its length through the bilayer with no
energy cost. In turn, the insertion of a hydrophobic
SWNT is favorable, and the corresponding insertion
curve has a pronounced minimum which corresponds
to the partial insertion of the nanotube into the bilayer
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Figure 2. Free energy cost AF versus nanotube position of
SWNTs with diameters 1 (a), 2.43 (b), and 4.86 nm (c) and dif-
ferent interaction parameters with the hydrophobic core of
the phospholipid bilayer, €1.

when the hydrophobic bottom of the cylinder has maxi-
mum contacts with the phospholipid tails. It is notewor-
thy, that this minimum indicates that the perpendicu-
lar position of the hydrophobic nanotube would be less
favorable than the parallel insertion into the core of
the bilayer when the SWNT can have even a larger num-
ber of contacts with the phospholipid tails. The corre-
sponding free energy would be even more negative.
The intermediate interaction parameters lead to mixed
behavior, the energy gain at a partial insertion, and the
energy lost at a full insertion.

Inserted nanotube induces structural changes in
the phospholipid bilayer. The SCMF theory allows to
visualize the equilibrium structure of the bilayer at each
position of the nanotube via equilibrium concentra-
tion profiles (see Figure 3). One can see how the increas-
ing hydrophobicity of the SWNT changes the character
of the interaction with the bilayer and the structural
changes around the SWNT. In the case of steric repul-
sion (er = 0.0 kT), the cylinder compresses the bilayer,
and the tails tend to hide from the nanotube and the
solvent, however, hydrophobic SWNTs (7 = —2.1,
—4.2, and —6.3 kT) attract hydrophobic core of the
layer which tends to stick to the edges of the nano-
tube. The surface of the bilayer even lifts up in order
to stick to the nanotube and increase the area of con-
tact between the SWNT and the hydrophobic tails of
the lipids. This is consistent with the corresponding de-
crease of the free energy upon insertion of the SWNT
observed in Figure 2. Full insertion of the nanotube
leads to the pore formation. The energy of the pore for-
mation as well as the structure of the pore strongly de-
pends on the hydrophobicity of the nanotube &r. In
the most hydrophilic case, the bilayer core is separated
from the nanotube by the layer of heads, while in the
most hydrophobic case, ey = —6.3 kT, the tails touch
the surface of the nanotube, and one can observe the
wetting of the nanotube with a pronounced rim around
the nanotube. Figure 3 also provides information about
the breakthrough distances. The hydrophilic nanotube
creates a pore in the bilayer when it is inserted in the

& (KT)

-2.1

0.00 -1.88

Nanotube position (nm)

2.51

0.0 —4.2 -6.3

Figure 3. Morphology of the phospholipid bilayer structure induced by the equilibrium insertion of 2.43 nm SWNT for dif-
ferent interaction parameters between the nanotube and the hydrophobic core, €7.
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TABLE 1. Free Energy Change Due to Full Insertion of the SWNT, AFy,, the Minimum Free Energy, AF i, the Insertion
Distance Corresponding to the Minimum of the Free Energy, d..., and the Maximal Force to Be Applied to Pierce the

Bilayer

diameter 1.00 nm 2.43 nm 4.46 nm
er (kT) 0.0 =21 —42 —6.3 0.0 =21 —4.2 —63 0.0 =21 —42 —63
Ay (KT) 873 85.9 212 —59.1 1345 127.4 65.6 — 47 22238 208.1 137 —233
AFyin (kT) 0.8 —3.0 —16.7 =721 23 3.8 —203 —838 8.6 3.5 —=9.0 —118.6
Gryin (NM) —314 =251 —1.25 0.63 —-314 34 —1.88 000 —314 —314 —188 0.00
max. force (pN) 157 132 74 61 237 206 116 120 517 381 184 241

middle of the bilayer, in turn, hydrophobic nanotubes
have to cross almost the full thickness of the bilayer be-
fore piercing it. This behavior is consistent with a simi-
lar observation in experiments of AFM tip insertion in
1-stearoyl-2-oleoylphosphatidylcholine (SOPC)/
cholesterol bilayers.>?

The numerical values of the free energy cost of
translocation through the bilayer are summarized in
Table 1. The energy cost to cross the bilayer is quite
high for all diameters and interaction parameters (hun-
dreds of kT). Hydrophilic nanotubes have a positive en-
ergy barrier, which may be difficult to overcome by
thermal motion, while the attraction between hydro-
phobic nanotubes and phospholipid tails is high
enough to entrap the nanotubes in the core of the bi-
layer. Nanotubes with intermediate hydrophobicity ex-
hibit both effects, steric repulsion due to the pore for-
mation and the enthalpic attraction to the core of the
bilayer. Thus, the nanotubes with intermediate param-
eters will have to cross both barriers, and the resulting
energy cost is the sum of the two barriers. Furthermore,
the perpendicular orientation of the nanotube has the
lowest energy cost for penetration through the layer.
This orientation is not necessary the equilibrium one.
For example, the hydrophobic nanotube would prefer-
entially orient itself parallel to the layer in the hydro-
phobic core, where the nanotube would have more
contacts with the core. This orientation will have much
lower energies, which are proportional to its length.
Thus, we would expect that hydrophobic nanotubes
with e = —4.2 and —6.3 kT should stick in the hydro-
phobic core in a parallel orientation. In turn, hydrophilic
nanotubes in a parallel orientation will have more steric
contacts with both types of phospholipid beads. Thus,
the positive barrier would be higher. The translocation
through the bilayer also implies the diffusion of the
nanotube in a correct orientation close to the bilayer.
This would require additional time, thus effectively in-
creasing the energy barrier.

High values of the energy barrier can be under-
stood with the help of a simple estimation. If we con-
sider that the cylinder with the radius Ry = 1.2 nm sim-
ply moves apart the lipids and creates a pore with the
radius Reyi + Rpeads Where Rypeag = 0.4 nm is the radius of
the bead in the phospholipid molecule, then the pore
formation energy is due to breaking the contacts be-
tween phospholipids lying close to the edge of the
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pore. Taking into account that the perimeter of the
pore is 2m(Reyi + Rbead) ~10 Nm, the area per lipid is 60
A2, the energy per lipid due to tail—tail contacts in the
three-bead model is ~—20 kT, and assuming that lipids
loose half of the contacts and the membrane is a
double layer, we find that the number of lipids at the
edge is ~26, i.e., the energy cost for the formation of
the pore is ~260 kT, which is comparable by the order
of magnitude but higher than the calculated value of
192 KkT. The discrepancy is due to contributions of the
heads and the rearrangements of the lipids around the
pore in order to minimize the energy cost, which does
not have a sharp edge. Note, that this energy is compa-
rable with the energy of breaking a chemical bond
since typical values of bond energies are also hun-
dreds kT.>3

The calculated equilibrium force of hundreds of pN
corresponds to the energy of hundreds kT, which is an
extremely high energy at the molecular level. However,
the nanotube can pierce the phospholipid layer if the
external force is applied. Carbon nanotubes can be
fixed on a AFM tip, and they can be used as “nano-
injectors” or nanoprobes.”’ Such a combination of AFM
and carbon nanotube can be used for force measure-
ments. The measurements on living cells*® have shown
that the force of penetration depends on the location
over the cell membrane and, possibly, many other fac-
tors, especially if the cytoskeleton is involved in the re-
sponse to the stimulus. The minimal force for piercing
of cell membrane measured in these experiments is of
order 100 pN, i.e., even higher than suggested by our
calculations.

The strength of our method is the direct and accu-
rate calculation of free energies at equilibrium, that al-
low for judgment about the possibility of spontaneous
translocation through the bilayer. The forces obtained
in nonequilibrium MD simulations of nanotube pen-
etration with a constant speed>* are several times
higher than in our calculations, and they depend on
the speed of pulling, since the layer needs some time
to accommodate its structure to the external perturba-
tion. Hence, these calculations at low speed can repre-
sent an upper limit for the equilibrium free energy. In
contrast, the SCMF method gives directly the equilib-
rium and the average picture, which does not show the
positions of individual phospholipids but the average
concentration profiles. That is why our equilibrium
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mean field “snapshots” and average concentration pro-
files look different from the simulation snapshots of
nonequilibrium piercing.>

The results with different diameters of nanotubes
suggest that the thinner a nanotube, the less an en-
ergy barrier. Thus, we may conclude that larger objects,
such as multiwalled carbon nanotubes composed of
several graphitic concentric layers® and having diam-
eters more than 4 nm, will have even larger energy bar-
rier, which require the application of an external force
to pierce through the bilayer. Finally, an illustration of
strong resistance of phospholipid bilayers against pierc-
ing is provided in the experiments with microtubules
(rigid cylinders of 30 nm in diameter) growing inside the
phospholipid vesicles.>> Growing microtubule exert
force on the inner wall of the vesicle at both ends,
which leads to large deformation of the surface of the
vesicle and the buckling of the microtubule.

CONCLUSIONS

The SCMF theory is used for accurate measure-
ments of the energy cost associated with the perpen-
dicular insertion of carbon nanotubes of different diam-
eters in the phospholipid bilayer. This method gives
direct access to the equilibrium free energy and pro-
vides microscopic information about the structural rear-
rangements of the phospholipid bilayer around the in-
serted nanotubes. This information, though obtained
for model dimyristoyl phosphatidylcholine (DMPC)
phospholipid bilayers, may contribute to the discus-
sion of the possible mechanisms of translocation of

METHODS

Single Chain Mean Field Theory. The single-chain mean field
(SCMF) theory describes a single molecule surrounded by the
mean fields. #2744 |t takes explicitly into account the structure
of an individual molecule at a coarse-grained level similar to
coarse-grained MC or MD simulations. However, as distinct from
simulations, the interactions of the molecule with the environ-
ment are described through the mean molecular fields. The
mean fields determine the most probable conformations of the
molecule through the probabilities of individual molecule. In
turn, the mean fields are calculated as the average properties of
individual conformations. This self-consistence closure defines
the set of nonlinear equations that can be solved numerically.
The solution of such equations gives the equilibrium structures
and the concentration profiles of all components in the system
as well as the most probable conformations of individual
molecules.

To model the phospholipid bilayer we use the three-bead
model of the DMPC phospholipid molecule described in ref 46.
The phospholipid molecule is modeled as three spherical beads
of diameter d = 0.81 nm, joined consequently by stiff bonds of
1.0 nm in length: two hydrophobic, T-beads, representing the
tails, and one hydrophilic, H-bead, representing the phospho-
lipid head. The angle between the bonds is free to bend as long
as the terminal beads do not intersect each other. The solvent
molecule is modeled as a S-bead of the same diameter as the
phospholipid beads. The interactions between the beads in this
model are given only by two square well potentials with interac-
tion range riy = 1.215 nm and depths et = —2.10 kT and ey
= —0.15 kT for T=T and H—S contacts, respectively. Additional
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single-walled carbon nanotubes (SWNTs) into cells. In
particular, it reflects on the inferred mechanism of spon-
taneous translocation of SWNTs through phospholipid
bilayers by thermal motion.

Our results suggest that hydrophilic or noninteract-
ing SWNTs would require an energy of order of hun-
dreds of kT to cross the phospholipid bilayer in perpen-
dicular orientation. Furthermore, perpendicular
orientation is less disruptive for the bilayer, and thus,
other orientations would require even higher energies.
In turn, more hydrophobic, interacting SWNTs are at-
tracted by the hydrophobic cores, what hinders their
translocation through the bilayers and renders difficult
the separation of the nanotube from the bilayer simply
by thermal motion. Thus, our results for model phos-
pholipid bilayers may suggest that experimentally ob-
served translocation of SWNTs into cells is probably due
to other energy-dependent translocation mechanisms,
such as, for example, endocytosis.

These results for homogeneous nanotubes may
also indicate the ways to reduce the energy cost of
translocation through the phospholipid bilayers. For ex-
ample, inhomogeneous patterning of the nanotube
surface can help in design of nano-objects which can
freely pass through or preferentially associate with the
phospholipid bilayers.

The predicted energy of the bilayer rupture due to
the perpendicular insertion of a carbon nanotube can
be directly verified by the force measurements of the in-
sertion of the AFM tip functionalized with a carbon
nanotube.

energy is assigned to the T-beads residing at a distance shorter
than 8.10 nm from the surface of the cylinder, er (see Table 1).
The simulation box 10.00 X 10.00 X 6.27 nm (12.00 X 12.00 X
6.27 nm for the case of the largest nanotube’s diameter) is dis-
cretized into a grid according to 2D cylindrical geometry with the
symmetry axis placed in the center of the box and oriented
along the z-axis. The grid cells are about 0.5 and 0.3 nm in the ra-
dial and vertical directions (comparable with the diameters of
the beads in the 3-beads model, 0.81 nm), and the sampling of
the molecule conformational space is 400 000 conformations. A
series of test calculations have shown that these parameters give
enough precision for the energy calculations.

We use the generalized equations of the SCMF method pro-
vided in ref 46 which describes the self-assembly of a mixture
of an arbitrary number of types of molecules of an arbitrary struc-
ture. First step of the SCMF method is the generation of the rep-
resentative sampling {I'} of conformations of a single molecule,
where the conformations differ in position and orientation of the
molecule in the space and the angle between the bonds of the
molecule. If the sampling was generated with a bias, it is cor-
rected with a known weight of each conformation w(I'). The
probability of a given conformation I" of the molecule, placed
in the simulation box, containing N lipids is given by*®

p(D) = ¥exp(—H‘""a<r) — -1 -

Zw(T)

S
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where Z is the normalization constant, H""(I) is the internal en-
ergy of the conformation I', where we include, as well, its inter-
action with the nanotube. The simulation box is discretized into
a grid cells i of the volume V;. The interactions of the beads with
the fields (c/ and ¢f are the equilibrium concentrations of the
beads of each type) are described through interaction fields of
a given conformation, £/(I') and &7(I"). The Lagrange multiplier \;
is related to the total volume fraction of the cell i occupied by
the solvent, &7 via vi\; = In &7 + Nel'cl, where v; is the volume
of the solvent molecule, and &' =(4/3)m(r},. — d®) eps. The condi-
tion of local incompressibility relate ¢; with the volume fraction
of the lipids &; via &7 + Nd; = bo, where &y is the maximal vol-
ume fraction occupied by the solvent and all the molecules
(equal to 0.675 in this model).*®

Once the probabilities of the conformations p(I") are known,
the molecular mean fields, namely the volume fractions of the
molecules and concentrations of the beads of all types, are cal-
culated as averages over all conformations:

9= Y. ¢ Dp(D) )
I}

g ="y O ©)
I}

These equations, egs 4, 5, and 6, define the closed set of non-
linear equations for the probabilities of conformations and the
mean fields. Solution of these equations gives the equilibrium
properties of the system and the equilibrium free energy of the
simulation box, which is written® in units kT, as

S S
Fyor = N(In NoMW(D)) + 2 V,.%In % + NCH™(T)) +

¢
SN = 1Y (€O + NZ@?(F»Z @)

where k is the number of conformations in the sampling {I'}
and all the averages, denoted by angular brackets are taken as
averages over the sampling with probabilities p(I') in analogy to
eqs 5 and 6.

The calculation time of one point in the energy curve and
full set of microscopic data of the bilayer configuration takes
less than 1 day on a single 32-core machine. This time can be
drastically decreased by taking advantage of the high capability
of parallelization of the SCMF method, which allows the use of
more computers and processors.
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nderstanding the mechanism of
transduction of carbon nanotubes
through cell membranes is a chal-
lenging undertaking from many perspec-
tives. Apart from fundamental interest, details
of the mechanism may answer questions
about the cytotoxicity of nanotubes' ~*and
their potential use as delivery vehicles® '°
or to probe bilayer properties.'""'? However,
despite considerable effort devoted to this
question, a consensus on the mechanism has
not yet been reached, and direct evidence
of spontaneous translocation of nanotubes
through the membranes of cells is still lacking.
In a recent paper, Pogodin and Baulin'
considered the thermodynamics of a system
in which an uncharged nanotube with uni-
form surface properties penetrates a phos-
pholipid bilayer. A coarse-grained model of
the phospholipid molecule was adopted,
which had been previously shown to ade-
quately characterize the key thermodynamic
properties of a phospholipid bilayer in a fluid
phase.' Estimates were made of the free
energies of the equilibrium states for the
system as the nanotube was progressively
moved perpendicularly into the bilayer using
a numerical implementation of the single-
chain mean field (SCMF) theory.'* The SCMF
methodology and three models of the phos-
pholipid bilayer have been discussed in de-
tail in ref 14. The simplest three-bead model
of phospholipids has been proved to be
successful in describing the thermodynamic
properties of the bilayer. In essence it in-
volves a coarse-grained description of the
lipid molecule where the monomers are
grouped into two types of beads, one hy-
drophilic representing the polar heads and
two hydrophobic representing the tails of
the lipid. The size and the interaction para-
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ABSTRACT Nanotube patterning may occur naturally upon the spontaneous self-assembly of

biomolecules onto the surface of single-walled carbon nanotubes (SWNTs). It results in periodically

alternating bands of surface properties, ranging from relatively hydrophilic to hydrophobic, along

the axis of the nanotube. Single-chain mean field (SCMF) theory has been used to estimate the free

energy of systems in which a surface patterned nanotube penetrates a phospholipid bilayer. In

contrast to unpatterned nanotubes with uniform surface properties, certain patterned nanotubes

have been identified that display a relatively low and approximately constant system free energy

(<=£10 kT) as the nanotube traverses through the bilayer. These observations support the hypothesis

that the spontaneous self-assembly of biomolecules on the surface of SWNTs may facilitate nanotube

transduction through cell membranes.

KEYWORDS: phospholipid bilayer - carbon nanotubes -

cell membrane

translocation mechanism

meters of the beads were adjusted to re-
produce the essential thermodynamic prop-
erties of a fluid phase of the phospholipid
bilayer, such as the thicknesses of the layer
and the hydrophobic core, the equilibrium
area per lipid, and the compressibility
constant."

The objective of these calculations was to
determine whether nanotubes of various
diameters and surface properties might pe-
netrate a bilayer as a consequence of their
thermal motion. Thus, nanotubes of 1.00, 2.43,
and 4.86 nm diameter were considered, char-
acterized by an energy per contact with the
coarse-grained phospholipid tail, &, ran-
ging from 0 (representing steric repulsion)
to —6.3 kT, which corresponds to strong
hydrophobic attraction. The perpendicular
orientation was chosen since this repre-
sents the minimum contact area between
nanotube and phospholipids per unit depth of
penetration and hence the minimum free
energy of interaction. An output of the
SCMF calculations was the equilibrium free
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CHAPTER 5. TRANSLOCATION OF PATTERNED CARBON NANOTUBE

energies and the spatial mean field concentration
distribution of the phospholipid heads and tails in
the bilayer, which varied as a consequence of nano-
tube penetration. The model thus demonstrated the
structural rearrangement of phospholipids at the mo-
lecular level that was induced by insertion of the
nanotube and the equilibrium free energy change of
the system for each position of the nanotube.

In summary, the calculations showed that the free
energy change of the system for er = —2.1 kT rose
monotonically with increasing nanotube penetration
and was substantial at full penetration (e.g., for the 2.43
nm diameter nanotube the free energy of the system at
full penetration was about 100 kT). For e = —4.2 kT,
and particularly for e = —6.3 kT, the initial penetration
of the nanotube resulted in a significant fall in the
system free energy (e.g., to ca. —80 kT for penetration
of a 2.43 nm diameter nanotube with ¢y = —6.3 kT to
the center of the bilayer). Further penetration of these
nanotubes then led to a steep rise in the system free
energy. Overall, the calculations showed that hydro-
philic and weakly hydrophobic nanotubes face a sub-
stantial energy barrier to penetration, while intermedi-
ate and strongly hydrophobic nanotubes penetrate
little or become entrapped in a free energy well within
the bilayer.

Inferences can be drawn from these calculations for
the transduction of cylindrical nano-objects, such as
single-walled carbon nanotubes (SWNTs), through the
outer membrane of cells. Untreated SWNTs are signifi-
cantly hydrophobic, and their thermal motion might
lead to their accumulation within the core of the cell
membrane, but they are unlikely to translocate across
the membrane in view of the steep energy barrier that
they face to pass out of the membrane core. Hydro-
philically functionalized SWNTs, for example, pegylated
SWNTs,'* face a substantial energy barrier in even pen-
etrating the membrane to its core. These thermody-
namic calculations create a conundrum since numerous
experimental reports exist that show the accumulation
of SWNTs within the cytoplasm of cells.'®'” How may
this be?

Unlike the model system that is envisaged in ref 13,
the environment around a cell is complex and com-
prises of diverse biomolecular species that might inter-
act with SWNTs. Indeed, a number of publications have
reported the ordered self-assembly of polar lipids,'®
single-stranded DNA,%° 22 polysaccharides,>** amphi-
philic proteins,”®~% and even vitamins®® onto nano-
tubes. The electrostatics also give rise to the most general
patterns on the nanotubes.?® This self-assembled pat-
terning occurs spontaneously upon mixing the nano-
tubes with the patterning agent in aqueous solution.
The resulting molecular structures commonly take the
form of discrete hydrophilic rings along the axis of the
nanotube in the case of polar lipids, to helices for
polysaccharides and DNA. Thus, in practice, in cell culture

POGODIN ET AL.

systems nanotubes may not have homogeneous surface
properties but may display a distinct regular patterning.
Furthermore, it is not evident that a nanotube that has
been naturally patterned in this way interacts with phos-
pholipid bilayers in a similar manner to a naked nano-
tube or to a nanotube with a homogeneous adsorption
layer. Our point of view is supported by experimental
evidence that ordered arrangements of hydrophilic and
hydrophobic surface functional groups can alter the
penetration of spherical nanoparticles through the cell
membranes.>

Consider then a patterned hydrophobic nanotube.
Along the nanotube the self-assembly of polar lipids
(or other biomolecular species) leads to equispaced
rings of different relative hydrophobicity to the naked
nanotube. Moving along the axis of the nanotube, the
surface characteristics alternate periodically, as indicated
in Figure 1A. The spatially segregated surface character-
istics of such a nanotube are thus substantially different
from the uniform surface character assumed in the pre-
vious SCMF calculations,® and this may influence the
free energy change of the system when the nanotube
penetrates a phospholipid bilayer. Note that the sur-
face patterning has bigger effect on the translocation
through a bilayer than the shape or geometry of nano-
particles,®! especially for small particles.

Comparison of the energy curves of uniform nano-
tubes at different positions'® suggests that alternation
of stripes with certain interaction can, in principle, re-
duce considerably the energy barrier of translocation.
For example, two stripes with opposite energies placed
together may cancel the contribution of each other.
Since the thickness of the hydrophobic core is about
2 nm, the width of alternating stripes in this case
should be of the order of 1 nm so that the core is in
contact simultaneously with two opposite stripes. Two
distinct patterns were considered for a 1 nm diameter
nanotube (Figure 1A, ST and S2) that differ only in the
relative widths of the two sets of rings (i.e., whereas B =
1.00 nm for S1, D = 0.90 nm and E = 1.10 nm for S2).
Both S1and S2 are characterized by alternating rings of
interaction energy er = —2.1 and —6.3 kT, respectively.
A larger nanotube of diameter 2.43 nm was also
considered. In this case, five different patterns were
considered (Figure 1A, L1—L5). The effect of the bot-
tom of the nanotube was also investigated, and L4 and
L5 only differ in the interaction of the bottom part,
while P1 has an edge with the same interaction para-
meter as L4. The corresponding concentration profiles
of nanotubes with similar patterns, S2, P1, L4, and L5,
are shown in Figure 1B. We emphasize that these pat-
terns are purely representative, and their dimensions
and energies are not those for any specific biomole-
cular system.

The concentration profiles for the patterns L1—L3
look identical, while the energy of penetration of these
patterns is quite different. This is because the same
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Figure 1. (A) Possible patterns of carbon nanotubes. Dense colors indicate the magnitude of the interaction parameter with
the phospholipid tails, ¢7, for the corresponding section of nanotube. Translucent coloring is provided to indicate the
interaction range where the phospholipids feel the attraction. (B) Concentration profiles of the phospholipid bilayer
interacting with differently patterned nanotubes. Complete set of concentration profiles is available in Supporting

Information Section.

positions of the lipids around the nanotube may lead
to different enthalpic contributions. Thus, the snap-
shots usually provided by MD simulations may not be
sufficient to distinguish between different scenarios,
while the equilibrium energy of insertion may be crucial
for understanding the mechanisms of insertion into
phospholipid bilayers.

The free energy of penetration of these variously
patterned nanotubes into a coarse-grained represen-
tation of a phospholipid bilayer was estimated using a
numerical implementation of SCMF, in the manner
described by Pogodin and Baulin.”® The resulting free
energies for the small nanotubes are shown in Figure 2.
For the nanotube pattern S1 with equisized rings
(Figure 1A, S1), the system free energy always lies within

POGODIN ET AL.

the range 0 to —20 kT. Neglecting the end of the nano-
tube, the mean interaction energy along the length of
S1is —4.2 kT. Comparing S1 with the free energy for
penetration of a nanotube with a uniform surface of
interaction energy E4 of —4.2 kT (Figure 2, E4), it is
evident that no steep energy barrier is encountered by
the patterned nanotube. Variation of the relative sizes
of the rings (to give Figure 1A, S2) results in the free
energy of the system being always within the range
less than 10 KT, allowing relatively unimpeded pas-
sage of the nanotube through the bilayer. Note that
the oscillations of the energy curve are due to abrupt
passage from one stripe to another. However, one can
expect that a helical pattern would allow for smooth
transition from one minimum to another, similar to
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screwdriving. Since the error bar of these curves is
about a few kT, this pattern implies a zero energy cost
of translocation.

A similar behavior was observed for the larger dia-
meter nanotube (Figure 3A, L1—L3). Judicious choice
of patterning (L3) resulted in free energies for penetration
within the range —20 to 410 kT with no steep energy
barrier. Injudicious patterning (L1 and L2) resulted in free
energy profiles that varied significantly with depth of
penetration, and both presented very significant en-
ergy barriers to penetration. The result for pattern L1
suggests a critical dependence upon the interaction
energy of the end face of the nanotube, since the pat-
tern L1 differs from that of a smaller nanotube S1 only
insofar as the end face has been changed to the highest
hydrophobicity (cf. —6.3 and —2.1 kT in L1 and S1,
respectively). The free energy profile for L1 is thus similar
in characteristic to the uniformly hydrophobic nano-
tube, though presents a significantly steeper energy
barrier to full penetration. For L2 the effect is opposite,
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Figure 2. Free energy cost AF versus nanotube position
of patterned SWNTs with diameter 1.00 nm S1 and S2 in
comparison with uniform nanotubes with different
interaction parameters with the hydrophobic core of
the phospholipid bilayer, er."> Unperturbed phospolipid
bilayer location is indicated by the translucent coloring.
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the lower hydrophobicity of the end face and rings
causes the free energy profile to resemble that of a
nanotube of uniformly low hydrophobicity and again
presents a steep energy barrier at a relatively low extent
of penetration. Finally, the error bars on the point at
0 nm for curve L3 in Figure 3A are included to show the
standard error of six separate SCMF calculations for this
arrangement and the extent of penetration (approxi-
mately 10 kT). The characteristic values of the energies,
forces, and pressures for different patterns are sum-
marized in Table 1.

The effect of the end face was investigated in
Figure 3B. The pattern of L4, L5, and P1 is similar to a
successful patterning of the small nanotube S2, only
the end face is different. The larger nanotube L5 has the
same end face as S2 and shows no steep energy barrier
for penetration, although the energy is slightly shifted to
positive values. The same pattern but different end face,
L4, results in serious changes in the penetration energy
in the beginning of insertion. In fact, the energy curve
for L4 follows the curve for homogeneous nanotube E6,
which has the same interaction parameter as the end
face. In turn, when the nanotubes are fully inserted, the
end face does not influence, and the curves L4 and L5
coincide. Modification of the shape of the end of the
nanotube does not lead to serious changes. Since our
calculations consider equilibrium insertion, only the area
of contact of different stripes matters, and the nanotube
with sharp tip P1 behaves similar to L4. However, one can
expect that the shape of the tip may be important for
dynamics of the insertion.

In the calculations reported here, no attempt has
been made to determine the optimum surface pattern-
ing along the axes of the nanotubes that results in the
most uniform system free energy throughout bilayer
penetration; this can be done separately for each
particular system. Nor have we sought to determine
the optimal sets of e7's. Rather, calculations have been
conducted for discrete patterns of combinations of
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Figure 3. Free energy cost AF versus nanotube position of SWNTs with diameters 2.43 nm with different patterns, L1—L3 (A),
and different end faces, L4, L5, and P1 (B), in comparison to uniform nanotubes with different interaction parameters with the
hydrophobic core of the phospholipid bilayer, ¢1.'* The unperturbed phospolipid bilayer location is indicated by the

translucent coloring.
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TABLE 1. Energy Cost of Full Insertion, AF;,;,, Maximal Amplitude (Positive or Negative) of the Insertion Free Energy,
AFpmax Insertion Distance Corresponding to the Minimum Energy, d.,i», Maximal Force and Pressure, for Piercing the

DMPC Phospholipid Bilayer

S1 S2 P1
AFqy (kT) =15 -2 29
AFy, (KT) =17 -9 —93
Arin (nM) 188 125 —0.63
max. force (pN) 56 51 275
max. pressure (MPa) 72 64 59

previously reported er's for homogeneous nano-
tubes.'®> Nevertheless, for the systems studied, the
effect of nanotube patterning had a significant effect
upon the system free energy change during bilayer
penetration, and some patterns were shown to result
in a relatively uniform free energy throughout pene-
tration. In the most preferable case, S2, any free energy
barrier to penetration is <10 kT, which is comparable in
magnitude to the standard error in the SCMF free
energy calculation. Extrapolating these observations
to the practical case of cell membrane penetration by
SWNTs, it is tempting to speculate that patterning of
the tubes by one or by other of the biomolecules that
are commonly present in cell culture supernatants may
significantly enhance the possibility of their transduc-
tion through cell membranes.
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Supporting Information Available: Concentration profiles
of the equilibrium insertion of the patterned carbon nano-
tubes into phospholipid bilayer are shown for different
distances of a nanotube from the bilayer midplane. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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Biomolecule Surface Patterning May
Enhance Membrane Association
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ertain biological molecules interact

with cell membranes to affect some

functional properties. Late embryo-
genesis abundant (LEA) proteins are an
example of such molecules. These proteins
are expressed in plant and some animal
cells in response to desiccation conditions,
and they increase the ability of such cells
to withstand desiccation stress." They are
widespread among higher plants but have
also been found in some microorganisms
and nematodes exposed to water deficit.?
LEA proteins may exist in the form of ran-
dom coils** and can spontaneously self-
assemble into a-helices upon desiccation
stress.” Such an a-helix structure in turn
provides an ordered pattern of alternating
hydrophilic and hydrophobic stripes that
run along the axis of the helix,> which may
facilitate the interaction and insertion of the
protein into the phospholipid membrane.
Recently, Popova et al.® have shown that the
fraction of LEA7 protein that takes up the o-
helix conformation is increased when it is
dried in the presence of liposomes, indicat-
ing that phospholipid membranes associate
closely with LEA proteins and play a critical
role in stabilizing their a-helix conforma-
tion. LEA proteins are amphiphilic and when
in the a-helix conformation can be approxi-
mately described as solid rods with a dis-
tinct axial arrangement of hydrophilic and
hydrophobic stripes. An entirely distinct
class of membrane-active peptides, pore-
forming peptides,” also have surface pat-
terning with a hydrophilic stripe along the
backbone of an o-helix. However, the me-
chanism of association of these proteins
with the phospholipid membrane is very
different. Membrane pores are formed due
to the concerted self-assembly of several
peptides on the membrane with a prefer-
ential orientation of peptides perpendicular
to the bilayer plane; the so-called “Barrel
and Stave” mechanism.2 To allow for such an
orientation, the length of the pore-forming

POGODIN ET AL.

ABSTRACT Under dehydration conditions,
amphipathic late embryogenesis abundant
proteins fold spontaneously from a random
conformation into ct-helical structures, and
this transition is promoted by the presence

of membranes. To gain insight into the thermodynamics of membrane association, we model the

resulting oc-helical structures as infinite rigid cylinders patterned with hydrophobic and

hydrophilic stripes oriented parallel to their axis. Statistical thermodynamic calculations using

single chain mean field theory show that the relative thickness of the stripes controls the free

energy of interaction of the ct-helices with a phospholipid bilayer, as does the bilayer structure

and the depth of the equilibrium penetration of the cylinders into the bilayer. The results may

suggest the optimal thickness of the stripes to mimic the association of such protein with

membranes.

KEYWORDS: phospholipid bilayer - cell membrane - LEA proteins - desiccation

stress proteins - membrane activity

peptides does not usually exceed the thick-
ness of the bilayer.>'® In contrast, LEA pro-
teins adopt a more random structure and
are much longer."" As a consequence, they
lie as single molecules parallel to the surface
of the membrane bilayer. The hydrophobic
groups on the side of the backbone control
the depth of insertion of the LEA proteins
into the bilayer.

To gain insight into the factors that influ-
ence the interaction of such a rod with a
phospholipid bilayer, we have calculated
the free energy of association as a function
of stripe geometry and position of the rod
relative to the center of the bilayer.

In a previous paper,'? we showed that
single chain mean field (SCMF) theory could
be used to calculate the equilibrium struc-
tures for insertion of a hydrophobically
patterned rod into a phospholipid bilayer
with the rod axis oriented perpendicular to
the layer. These calculations aimed to de-
termine the effect of patterning upon the
puncture of the bilayer by the rod. Here,
equilibrium structures of association of a
hydrophobically patterned rod with a bilayer
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Figure 1. Insertion of a hydrophilic cylinder, ¢ = 0, with a hydrophobic stripe, ¢ = —10 kT, into phospholipid bilayer. (A) Free-
energy cost of insertion of cylinders with different width of the hydrophobic stripe (in degrees) as a function of the center
position. (B) Concentration profiles of tails (red lines) and heads (blue lines) in the central cross section. Red and blue stripes
represent the cylinder with corresponding stripes. (C) Perturbation of the bilayer (blue, heads H; red, tails T) upon insertion of
the cylinder. The pink and blue areas at the background show the regions of hydrophobic core and hydrophilic surface of the
unperturbed bilayer. Yellow band represents the minimum of the free energy (A), which corresponds to the equilibrium

position of the cylinder.

are simulated with the rod axis oriented parallel to the
layer. These calculations aim to mimic the behavior of
moieties such as LEA proteins that may associate with,
but not puncture, bilayers.

RESULTS AND DISCUSSION

Equilibrium structures of a rigid rod inside a
phospholipid bilayer are simulated within the SCMF
theory." A phospholipid molecule is represented at a
coarse-grained level within the three-bead model,'
which is found to describe adequately the mechanical
properties of the phospholipid bilayer at equilibrium.
The infinite rod lying parallel to the bilayer represents
the excluded area for the lipids and water molecules,
while the interactions between phospholipids in the
bilayer are described through the mean fields. The
results of SCMF calculations are presented in Figure 1
and Figure 2. The free-energy differences are calculated
per unit cylinder length and neglect end effects. This
approximation of infinitely long cylinder is reasonable

POGODIN ET AL.

for cylinders in which the lateral surface area is much
larger than the end-cap area. The interaction of lipids
with the cylinder are described by a single parameter ¢
that is the energy of interaction of phospholipid tails T
with the surface of the cylinder: e = 0 implies only steric
repulsion, while negative values reflect the attraction
of T beads to the surface of the cylinder.

Insertion of a completely hydrophilic cylinder, e =0,
into a bilayer is energetically unfavorable (black lines in
Figure 1A and Figure 2A). The energy penalty increases
with the length of the cylinder. The hydrophilic cylin-
der compresses the bilayer at small penetrations and
breaks it at distances about 2.0—2.5 nm from the
center. The insertion free energy increases monoto-
nously with depth of penetration and reaches a plateau
of height 21.0 £ 2.0 kT/nm. The rupture of the bilayer is
similar to a first-order transition in the bulk. Two
solutions, one corresponding to the compressed bi-
layer and another to the broken bilayer, can coexist at
some distance, while for other distances, one solution
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Figure 2. Same as Figure 1, but the stripe is less hydrophobic, ¢ = —6.3 kT.

is stable and another is metastable. Thus, the cylinder
can follow the metastable branch with higher free
energy of compressed and intact bilayer before abrupt
rupture, accompanied with sudden drop of the free
energy. Another reason for the dispersion of the points
at the plateau are the error of calculations. Thus, it can
be used to estimate the accuracy of the calculations
(£2 kT/nm).

The presence of a parallel hydrophobic stripe on a
hydrophilic cylinder makes the penetration of the
cylinder inside the bilayer more favorable. This stripe
is described by its width or projected angle (in degrees)
in Figure 1 and Figure 2. We explore only the orienta-
tion with the stripe faced down to the bilayer since this
is the lowest energy orientation, but these calculations
can also be used to estimate the energy of rotation of
the cylinder in the bilayer.

For relatively narrow stripes (with the projected
angle in the range of 30—90°), phospholipid heads
move apart from the cylinder to accommodate the
insertion at low penetrations, which allows for the
energetically favorable contact between the stripe
and the hydrophobic core of the membrane and leads
to the wetting of the stripe. The contact line moves up
the hydrophilic cylinder surface, forming a rim, and
increases the contact with the bilayer core. At higher

POGODIN ET AL.

penetrations, the cylinder compresses the bilayer and
eventually breaks the membrane. The breakage dis-
tance between the cylinder and the membrane centers
decreases with an increasing width of the stripe from
1.5—2.0 nm (the stripe of 30° projected angle) to
0.0—0.5 nm (90° stripe), and the free energy of pene-
tration becomes lower. The equilibrium position of the
cylinder within the bilayer (yellow band in Figure 1C
corresponding to the minimum of the energy in
Figure 1A) also shifts to the center of the bilayer with
increasing width of the stripe. Thus, the width of the
stripe controls not only the hydrophobicity of the
cylinder and the insertion energy into the bilayer but
also the equilibrium position with respect to the bilayer
core (Figure 1B).

The mean field concentration profiles in Figure 1B,C
demonstrate that hydrophobic interactions of e = —10.0 kT
are high enough for the cylinder to partially adsorb
phospholipids from the bilayer. The hydrophobic
stripe is covered with the phospholipids even after the
rupture of the bilayer. For larger widths of the hydro-
phobic stripe (180—360°), the rupture of both leaflets
of the bilayer does not occur and the cylinder is
covered by phospholipids in the entire range of pene-
trations from 0.0 to 4.5 nm from the bilayer center.
The bilayer only bends around the cylinder at small
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Figure 3. Amphiphilic cylinder (stripe width 180°, ¢ = —10.0 kT) and the most probable conformations of lipids.

penetrations, 1.5—4.0 nm, and covers the whole hydro-
phobic part of its surface at larger penetrations,
0.0—1.5 nm.

The SCMF method provides the probability of con-
formations of molecules in a given field. Thus, it allows
for visualization of the solutions of the mean field
equations in the form of the most probable conforma-
tions of molecules in the mean fields that correspond
to the solution of the equations.' The example of most
probable conformations of phospholipids, which cor-
respond to the equilibrium position of the amphiphilic
cylinder in the bilayer, is shown in Figure 3.

At lower hydrophobicity (¢ = —6.3 kT, Figure 2), the
behavior of the system is different in many aspects. The
compression of the bilayer for relatively small (30—90°)
widths of the hydrophobic stripe leads to the rupture
of the membrane farther from the bilayer center than
for the same stripes with higher hydrophobicity. Simi-
larly, the equilibrium position of the cylinder with the
same stripes but lower hydrophobicity is shifted closer
to the surface of the bilayer. The overall surface of
narrow stripes is too small to allow for the contact with
two edges of the broken layer.

Hydrophobic stripes of larger width and ¢ = —6.3 kT
induce small perturbations to the structure of the
bilayer due to rearrangements of lipids around the
stripe at relatively small penetrations. Phospholipid
heads pushed apart by the inserted cylinder enable
contact of the stripe with the hydrophobic core of the
bilayer. Penetration of the cylinder to 2.0—2.5 nm from
the bilayer center induces the rupture of the bilayer
into two parts. Each part of the broken layer contacts
with the stripe at their edges. The equilibrium position
of the cylinders with large hydrophobic stripes (180—
360°) is in the center of the bilayer. However, the
interaction energy ¢ = —6.3 kT is insufficient for pho-
spholipids to cover the cylinder from all sides, and the
cylinder forms a pore in the bilayer (the central cross
section concentration profiles in Figure 2B are different
from the corresponding profiles in Figure 1B for 180—
360° stripes).

The main difference between ¢ = —10.0 and —6.3 kT
cases is the difference in the free energy of insertion of

POGODIN ET AL.

& =-10.0kT
e= -6.3KkT

Equilibrium position, nm.

0 %0 180 270 360
Hydrophobic stripe spread, deg.

Figure 4. Range of the cylinder equilibrium position versus
width of the hydrophobic stripe on its surface. The equilib-
rium position is in the region between the two red lines in
the case of the stripe with higher hydrophobicity and
between the two black lines in the case of the stripe with
lower hydrophobicity. Rose and blue stripes designate the
core and the heads regions of the bilayer.

the cylinder with large widths of the hydrophobic
stripe (180—360°) (Figure 1A and Figure 2A). The more
hydrophobic cylinder (¢ = —10.0 kT) is fully covered
with lipid tails, and thus its free energy of insertion is
much lower than that of the partially covered cylinder
with e = —6.3 kT. Furthermore, the free-energy plots for
more hydrophobic cylinder ¢ = —10.0 kT have pro-
nounced minima, while the plots corresponding to
e = —6.3 kT have wide regions of relatively constant
energies around their minima which correspond to the
equilibrium position. Taking into account that the free-
energy calculations presented here have an accuracy
of about +2.0 kT/nm and the minima are shallow, one
can plot the areas where the free-energy cost of the
cylinder insertion inside the membrane differs from its
minimum value by less than 2.0 kT/nm (Figure 4). The
region of equilibrium positions is wider and is on
average shifted from the center of the bilayer for lower
hydrophobicity. Thus, our results suggest that the cylin-
ders with wide and low hydrophobicity stripes are able
to change their position within a large range around
the core of the bilayer with little or no energy cost.
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The shallow minima of less hydrophobic (e = —6.3 kT)
and wide (180—360°) stripes can also be due to a
particularity of the methodology used for the calcula-
tions. The vertical size of the simulation box is fixed for
both cases, and the walls restrict the movement of the
bilayer, and so the absence of complete covering of the
hydrophobic part of the cylinder with the phospho-
lipids in case of ¢ = —6.3 kT leaves more free space inside
the simulation box to bend the bilayer. As a result, small
shifts of the cylinder inside the box for less than 1.5 nm
from the equilibrium lead to bending of the bilayer
together with the cylinder without reorganization of the
bilayer structure. In contrast, there is almost no free
space in the case of the cylinder with ¢ = —10.0 kT, and
small deviations of the position lead to significant
reorganization of lipids covering the hydrophobic
stripe, which has a higher free-energy cost. However,
this difference is only significant for two points of the
free energy corresponding to wide stripes.

Although the minimum free-energy orientation is
with the stripe faced down to the bilayer, an estimate
can be made of the free energy of the cylinder rotating
around its axis. In the cases of completely hydrophilic,
and completely hydrophobic cylinders, there are no
changes to the free energy. Rotation of the cylinder
with the stripe leads to contact of the bilayer edges and
the hydrophobic core of the cylinder as well as contact
between the heads of the bilayer phospholipids with a
hydrophilic part of the cylinder. Thus, there is an
energy barrier for rotation that can be estimated as

MATERIALS AND METHODS

Within the SCMF theory,”® the phospholipid molecule is
modeled at a coarse-grained level, while the interactions be-
tween the molecules in the bilayer are represented by the mean
fields. The three-bead model'>~ "> describes a phospholipid
molecule as a sequence of three spherical beads of a radius
405 A, one hydrophilic (H) and two hydrophobic (T), joined
consequently with the bond length of 10.0 A. Two T beads of
neighboring molecules interact with the energy eyt = —2.10 kT if
the distance between the centers of the molecules is smaller
than 12.15 A. The H beads interact with implicit solvent molecules
with the energy &5 = —0.15 KT if the distance between the centers
of the molecules is smaller than 12.15 A. The solvent molecules
are considered as spherical beads of the same radius, 4.05 A. The
phospholipid molecule is free to bend around the central bead.

A cylinder with a diameter of 24.3 A and longitudinal hydro-
phobic stripe on the surface is inserted into the phospholipid
bilayer at different positions in the simulation box. The position
of the cylinder is fixed parallel to the bilayer with the orientation
“stripe-down”. The hydrophobic part of the surface of the
cylinder interacts with the T beads with the energy, ¢, if the
centers of the molecules are at the distance closer than 8.1 A,
while the hydrophilic stripe has only steric repulsion interac-
tions with phospholipids and water molecules. This allows one
to describe the hydrophobicity of the cylinder with a stripe by its
width and a single interaction parameter, &. We consider an
infinite cylinder, where the cylinder length is equal to the size of
the simulation box in the corresponding direction, and use the
periodic boundary conditions.

POGODIN ET AL.

follows. The maximum height of the barrier for rotation
of the cylinder at position 0.0 nm from the bilayer
center for 90° will be equal, approximately, to the
average of the free-energy costs of insertion into this
position of completely hydrophobic and completely
hydrophilic cylinders (from which we can estimate the
energy of rotation for each position). In all others cases,
the equilibrium positions found for the orientation
“stripe-down” will be the true equilibrium position for
any rotation of the cylinder because in all of these
positions the hydrophobic core of the bilayer has the
maximum possible contact with the hydrophobic
stripe of the cylinder. Hence, any rotation of the
cylinder will not increase the contact area but will
significantly deform the bilayer, causing the free-en-
ergy loss.

CONCLUSION

Our results demonstrate physical principles of the
association of rod-shaped objects with a specific sur-
face pattern and self-assembled phospholipid bilayers.
In particular, a hydrophobic stripe along the axis of the
cylinder can mimic self-assembled peptides with a
secondary periodic structure such as o-helices. The
position of the cylinder in the bilayer as well as the free
energy of association depends on the geometry of the
stripe, that is, the width and the hydrophobicity. This
microscopic information, in turn, can be used for the
design of artificial polymers with enhanced association
with phospholipid bilayers.

In cases where the cylinder penetration is unfavorable, the
phospholipid bilayer tends to bend and escape the inserted
cylinder to minimize the equilibrium free energy. To restrict the
bending of the phospholipid bilayer, we introduce hard walls at
the top and bottom of the simulation box. This allows the
estimation of free energy of insertion at a given position
according to the procedure described in ref 13.
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Chapter 7

Conclusions

This chapter summarizes the results obtained in the work.

Working SCMF computer simulation code was developed, tested, and successfully
applied for investigation of molecular systems, namely of the DMPC phospholipid
membranes and their interactions with nano-objects, such as nanotubes with homo-
geneous and patterned surfaces and LEA-protein-like patterned cylinders. It was
shown that the method is able adequately reproduce experimentally relevant equilib-
rium properties of such systems. In addition, the developed method can be applied
for broad spectrum of problems which are far beyond the scope of the present work.
In view of this perspective, there is a lot of room for improvement of the computer
implementation of the method. It seems, that if such improvements and future op-
timizations of the method will be performed, the SCMF can become really powerful
and popular tool for investigation of behavior of different molecular systems.

Few models of the DMPC phospholipid molecules with different levels of coarse-
graining were proposed. Each of them reproduced such essential properties of the
DMPC membrane, as its thickness, density and elasticity. Each of this model was
found able to adequately reproduce relevant properties of the bilayer, the most
simple and less computationally expensive “three-beads” model was chosen for the
use in subsequent research.

Simulation of carbon nanotubes with homogeneous surface properties revealed
that such nanotubes are not able to translocate, by means of thermal diffusion,
through the phospholipid bilayer due to high free-energy barrier at the pathway
of such translocation. We have found that the hydrophobic nanotubes will be en-
trapped inside the bilayer with orientation parallel to its plane, while the hydrophili-
cally modified nanotubes won’t be able to pierce into the bilayer even in the most
advantageous perpendicular orientation with respect to the bilayer. Nanotubes with
intermediate hydrophobicity properties will show intermediate behavior, with pos-
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sibility to be adsorbed at the bilayer’s surface.

Further investigations demonstrated, that the ability of a carbon nanotube to pen-
etrate through a lipid membrane can be significantly enhanced by smart patterning
of the nanotube by altering periodical regions of higher and lower hydrophobicity.
Correct pattern may considerably decrease the translocation energy-barrier, making
the nanotube diffusion through the membrane much easier.

In the final part of the work some investigation of adsorption of LEA-protein-like
object onto phospholipid membranes was carried out. It was shown, that the ratio
between widths of longitudinal hydrophobic and hydrophilic regions, presented at
the surface of LEA-proteins in helical state, controls the depth of the protein pen-
etration into the bilayer, and, as well, the corresponding free-energy of association
with the membrane.

In summary, the goals of study were achieved, and further directions of the re-
search and development of the SCMF method were indicated.
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