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Computational modelling of phospholipids in plasma membranes
A dive into the diverse response of bacteria and mammalian cells to graphene
VICTOR LANAI
Department of Microtechnology and Nanoscience (MC2)
Chalmers University of Technology

Abstract

The purpose of this project was to investigate if the constituents of phospholipids in plasma membranes affect
how cells interact with graphene (G) and graphene oxide (GO). It has previously been shown that vertically
grown graphene flakes are effective in killing bacteria whilst keeping mammalian cells intact. However, the
mechanism behind this phenomena is not known, and is at the same time difficult to measure experimentally.
Therefore we choose density functional theory as a tool, with the goal to enhance the understanding. This
thesis dives into the plasma membranes of bacterial and mammalian cells, and target different phospholipids
in these membranes. The project started off by creation of a library of single phospholipids. These were put
together into systems of pairs for calculation of bonding between different phospholipids. Further, both a G
and a GO flake were created, and incorporated into the systems with the phospholipid pairs. Analysis of
the interaction energies between these flakes with the phospholipid pairs was performed, both when the flakes
approach the phospholipids, and upon penetration of the membrane. Calculations show that the most abundant
phospholipids in mammalian cells have stronger bonding to each other, compared to bacterial phospholipids.
Further, when the G/GO flakes enter between the phospholipid pairs, the bacterial pair exhibits less repulsive
interactions, and a more stable system with the flakes were found. Therefore, these variables may contribute to
the diverse robustness between bacterial and mammalian cells, and thus, the composition of phospholipids can
be an important factor in explaining the difference in viability between organisms.

Keywords: Density Functional Theory, Microorganism, Bacteria, Eukaryotes, Mammalian, Graphene, Graphene
oxide
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1
Introduction

Today, computational modelling and simulations are a mainstream tools in many sectors for a variety of causes.
From the simulations, certain outcomes are predicted, which for example enhances safety, speeds up product
development or increases profitability. A house, a car or a mobile phone would not be build today without
doing computational simulations [1]. For many years, the field of biology has fallen behind in the utilization of
these tools, and the bottleneck in product development has become the time of trial and error [2]. Therefore,
biomolecular simulations are getting more attention as a tool to streamline the time from idea to product[3]. A
wide variety of softwares exist today with different depth of the target building blocks, almost like an interior
designer and landscape architect differ in their work. Therefore, different approaches in computational biology
could also complement each other for the best outcome [4]. In this project, the depth of quantum chemistry is
implemented where the electron density of elements are considered as the outcome of simulations. This project
dives into the constituents of plasma membranes of microorganisms and investigates if the varying robustness
between specific cells can be explained through quantum chemistry. Phospholipids from the outer leaflet of
bacteria and mammalian cell are simulated as isolated molecules and in pairs, in combinations relevant for
the membranes. The interaction with graphene and graphene oxide, as intersected into the membrane is also
considered.

Microorganisms can be found almost everywhere and are good illustrations of cellular life on earth. Bacteria and
eukaryotes are two kinds that have been evolved for a long time to extremely diverse organisms with numerous
of different forms and shapes [5]. Bacteria has a key role in the maintenance of the environment and only
a small fraction is causing infections and diseases [6]. These bacteria are pathogens for some communicable
diseases (CD) [7]. CDs are diseases that can be spread from one person to another via a variety of ways and are
considered to have a major negative effect on the well being worldwide. Development of compounds for killing
bacteria has increased over the years and has in many cases been successful, by reducing diseases. There are,
however, many infectious bacteria still evolving and challenges to treat these are arising. The World Health
Organization (WHO) has declared that antimicrobial resistance is one of the top ten threats to human health
[8], which has, for example, made healthcare-related infections a major issue worldwide [9].

The emergence of new material and technologies helps to accelerate development and possible solutions. Graphene
is a material that has received a lot of attention lately, due to its wide range of uses. This has lead to different
projects around the world, among these is The Graphene Flagship, funded by the European Union and coor-
dinated by Chalmers University of Technology. This foundation includes many different work packages, with
the goal to take graphene from small scale laboratory work, into large scale manufacturing. Many sectors are
suggested to take advantage of graphene, with the health sector as a potential candidate [10]. In an article from
2018, researchers showed that vertically grown graphene flakes are effective in killing bacteria, whilst keeping
mammalian (eukaryotic) cells intact [11]. Therefore, graphene has the possibility of targeting pathogenic bacte-
ria. However, regulation of this treatment is still a challenge and the mechanism behind this phenomena is fully
not known, and is at the same time difficult to measure experimentally. Therefore we choose density functional
theory (DFT) as a tool with the goal to enhance the understanding. DFT is a computational method which
calculates the electron density at the quantum level.

The project started off by creation of a library of single phospholipids. These were further simulated together
in pairs, with the purpose to analyze interactions between different phospholipids. A graphene- and graphene
oxide ”flake”were also created in an isolated form, and then incorporated into the systems with the phospholipid
pairs. Simulations of these flakes approaching the heads of each pair were performed together with analysis of
penetration depth and separation distance between each pairs.
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2
Theory and materials

This chapter introduces some of the theory behind the chosen methods, and background to the relevancy of
performing simulations of phospholipids and graphene and graphene oxide. It begins with a general description
of cellular structures and narrows in on phospholipids of plasma membranes and how their constituents differ
between organisms. This is followed up with a small passage of the characteristics of graphene and some
methods for fabrication. The chapter ends with a section dedicated to DFT and some historical steps towards
the algorithm of today.

2.1 Cellular diversity between bacteria and mammalian (eukaryotic)

In order not to get confused about words like eukaryotic, bacteria and mammalians, a quick explanation is in
place. Mammalians are part of the animal world, where humans are included. Mammalians cells are multicellu-
lar and considered within the eukaryotes. Therefore, to simplify it, when referring to eukaryotes in the following
sections we also mean mammalian [12].

For development of different drugs or materials for the purpose to treat certain diseases, it is important to dis-
tinguish between the pathogenic source and the healthy ones. This increases the likelihood that the substance
will fulfill its purpose with minimized side-effects. Therefore, understanding cellular structures is important
for targeting specific sites within certain organisms. This project will not explain every single detail of each
organism, but it will show some general theory of the building blocks within an organism, and how these differ
between bacteria and mammalian cells.

The most fundamental observed dissimilarity between bacteria and eukaryotic is the size and morphological
complexity (with some exceptions, which is ignored in this description). All bacteria are so-called prokaryotes
and unicellular, while the eukaryotes are multicellular organisms, where the cells have different functions. Bac-
teria has been present since approximately 1100 million years after the creation of the earth and eukaryotes were
not present until at least 1500 millions years after the bacterial introduction. According to the endosymbiotic
theory, the coexistence of prokaryotic cells gave rise to the eukaryotes [13], which lead to a larger and more
complex cell structure for the eukaryotes. Other than size, are the presence of membrane-bound organelles
within eukaryotic cells is a major factor to the diverse complexity, which bacteria lacks [14].

The aim of this project is to investigate interactions between graphene and the plasma membrane of mammalian
and bacterial cells. Therefore, description of lipids, and certainly phospholipids, is of high relevance, since they
are the main constituent of plasma membranes. Lipids can be classified into different categories, but the main
characteristic of all lipids is that they have little or no solubility in water. Some lipids can be synthesized inside
the cell and some are essential nutrition for proper function. The type of synthesized lipid also differs between
different organisms and therefore, the constituent of plasma membranes can look a bit different between bacteria
and eukaryotes. Lipids can be divided into different classes based on the structural chemistry and additional
characteristic similarities. The key component of cell membranes is the class of phospholipids. They are
amphiphilic, with a hydrophobic ”tail” and a hydrophilic ”head” (fig.2.1). The tail is usually derived from fatty
acids, a carboxylic acid attached to an aliphatic chain. The length and degree of saturation of the aliphatic
chain can differ between different fatty acids. The head is polar and comprises of a phosphate group esterified
to an alcohol group of varying length and chemical structure. Since phospholipids consist of both a water- and
a fat loving moiety, they have the capacity to stack into phospholipid layers, the heads pointing towards water
and the tails attracting each other [15]. Phospholipids can stack into bilayers and aggregate into longer sheets,
which forms the majority of plasma membranes [16]. The constituent of these phospholipids could vary between
different cell types, and therefore, might be a factor to the survival response to graphene ”spikes”.
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Figure 2.1: Generalized structure of mammalian- and bacterial cells with magnified view of stacking phospholipids in the plasma
membranes

To attempt an understanding of the chemistry of life and for the possibility to simulate these systems, it is also
necessary to dive deeper into the basic elements of living organisms, also called the biogenic elements. Carbon
(C), hydrogen (H), oxygen (O) and nitrogen (N) are the most abundant and account for around 96% of all
microorganisms. These together with phosphorous (P) and calcium (Ca) are the primary elements of biological
systems. Secondary elements usually exist as salts or ions and are found in much lower quantities. The third
category is the trace elements which are present in very low amounts. Some of these elements form covalent
bonds with each other into biological molecules, while some elements exist as co-factors and are essential for
proper enzymatic activity. As stated above, the purpose of this project is to target different phospholipids of
plasma membranes in mammalian and bacterial cells. Phosphatidylcholine (PC) and sphingomyelin (SM) are
two of the most abundant phospholipids in the outer leaflet of mammalian plasma membranes [17][18], while
cardiolipin (CL) and phosphatidylglycerol (PG) were found to be two of the most abundant in bacterial plasma
membranes [19]. These phospholipids constitute of the primary elements (C, H, O, N, P) and therefore, these
five elements are the building blocks in this thesis.

2.2 Graphene and graphene oxide

Graphene, a single layer of C atoms, derived from graphite. The C atoms within graphene form a two-
dimensional flat monolayer and are bonding to each other in a honeycomb lattice. Graphene has been studied
for decades, and it was assumed to be unstable and not exist in the free state. This was proven wrong in 2004
when the isolation of graphene was discovered together with the experimental fact that it exhibits great crys-
talline quality and macroscopic continuity [20][21]. When graphene layers are stacked on top of each other, as in
graphite, they bind through van der Waals forces. The shift from two dimensional material to three dimensional
usually is taken to be at approximately 10 layers of graphene [22]. The ground state of a neutral single C atom
is occupied by six electrons where four are in the outer shell, also called the valence electrons. The nature of
the orbital for a free C atom is therefore described as 1s22s2p2 with two of the valence electrons occupying
in the 2s orbital and two in the 2p. In graphene, one C atom is bounded to two neighbours through orbital
hybridisation. Thus, three of the four valence electrons form σ-bonds to their neighbour, and the remaining
electron is occupying the p orbital perpendicular to the graphene plane. The honeycomb structure together
with orbital hybridisation is one of the main reasons for the excellent properties of graphene [23].

Since the isolation of graphene as a stable 2D material, many groups have been working on methods for suitable
fabrication. This is a challenging task and utilization of graphene is highly dependent on the fabrication method.
One way is exfoliation, which is a top-down approach where van der Waals forces within graphite are overcome
to obtain individual graphene layers. This can be done mechanically or chemically. Mechanical exfoliation
peels off graphene layers mechanically and is done by shearing or milling. Shearing mechanically was the first
method for the isolation of graphene and in that study, scotch-tape was used, now referred to as the scotch-tape
technique. This is a simple method and provides graphene layers with high crystalline and electronic quality,
but it is also time-consuming and thus, not suitable for large-scale production. Chemical, also called liquid-
phase exfoliation produces graphene with a much higher throughput, making it suitable for rapid industrial
scale. This technique starts by breaking down graphite into smaller flakes, then, by introducing solvents and
ultrasound, the graphite flakes are further split into individual graphene layers. This is also a simple method
with the advantage of low cost, but the downside is a product with possibility of uncontrolled defects and thus,
lower quality. A bottom-up technique is chemical vapor deposition (CVD), which creates an epitaxial layer by
the growth of a crystalline material onto another crystalline substrate. This has been used for vertically grown
graphene flakes and was done for the study of the bactericidal effects of graphene. To get purified graphene
layers, it is necessary to edge away the crystalline substrate. This can be done by chemicals and the obtained
graphene is usually of high quality [24][25][26].
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2.3 The route to density functional theory

The computational method used in this thesis is density functional theory (DFT), for which a short overview is
given here. Density functional theory (DFT) is equivalent to the fundamental equation of quantum mechanical
systems, the Schrödinger equation (SE)[27][28]. In 1926, Erwin Schrödinger published a series of papers where
he postulated ”that material points consist of, or are nothing but, wave-systems” and derived this into the
mathematical equation

ĤΨ = iℏ
δ

δt
Ψ (2.1)

which is also called the time-dependent SE [29]. A simplified form for time invariant potentials, is the time-
independent, non-relativistic SE

ĤΨ = EΨ (2.2)

where Ĥ is the Hamilton operator for the system and Ψ is the wave function to a set of eigenstates of the
Hamiltonian with the associated eigenvalue E. With variational methods, the solution for the lowest eigenvalue
of a stationary state can in principle be found, hence the ground state. Schrödinger set by these expressions
the foundation for the future theory of quantum mechanical systems. Both the time-dependent and the time-
independent SE are what many scientist in the quantum field have been trying to solve over the years, but
exact solutions are not possible for more than a few particles. Therefore, many approaches to these equations
have been evolved and one of these is the DFT, which is exact as the time-independent SE, but to solve it for
practical purposes, approximations are used. In eq.(2.2), the Hamiltonian is used and the time-independent SE
can be expressed as

[
− ℏ

2mi

N∑
i=1

∇2
i −

ℏ
2ma

M∑
a=1

∇2
a +

N∑
i=1

N∑
a=1

V (ri, ra) +

N∑
i=1

N∑
j>1

U(ri, rj) +

N∑
a=1

N∑
b>1

U(ra, rb)
]
Ψ = EΨ (2.3)

with the two first expressions being the kinetic energy for the electrons (i) and nuclei (a). The three last terms
are the potential energy of the system and represent the attractive electrostatic interaction between electron(i)-
nuclei(a) and the repulsive potential between electron(i)-electron(j) and nuclei(a)-nuclei(b). SE has been solved
exactly for a single-particle system where models like particle in a box and harmonic oscillator have been used
to describe these problems. For a many-body system where multiple particles are interacting the SE becomes
more complicated which makes exact analytical calculations impossible. Several models have been developed
during the years to deal with this problem, and until now, all models rely on approximations of various kinds.

One improvement is to realize that the atoms and electrons move on very different timescales, due to the
mass differences (the mass of the electron is at least a factor 2000 smaller than the atom). In 1927, this was
recognized by Max Born and J. Robert Oppenheimer [30], who proposed the Born-Oppenheimer approximation.
The consequence is that the system can be approximated by considering the electron moving in the field of fixed
nuclei. This means, roughly speaking, that the kinetic energy from the nuclei is zero and the nuclei-nuclei
repulsion is a constant. The Hamiltonian can therefore be split and reduced to

Ĥ = − ℏ
2mi

N∑
i=1

∇2
i +

N∑
i=1

V (ri) +

N∑
i=1

N∑
j>1

U(ri, rj) (2.4)

Further approximation to the many-body system was done by Douglas Rayner Hartree and Vladimir Aleksan-
drovich Fock [31][32] by simplifying the wave function into a Slater determinant [33]

ΨSD =
1√
N !

det


χ1(x⃗1) χ2(x⃗1) ... χN (x⃗1)
χ1(x⃗2) χ2(x⃗2) ... χN (x⃗2)
. . . .
. . . .
. . . .

χ1(x⃗N ) χ2(x⃗N ) ... χN (x⃗N )

 (2.5)

where χ1(x⃗1) denotes the spin orbitals and are composed of two spin functions, up or down, and a spatial
orbital. They expressed the so called Hartree-Fock (HF) approximation as

ĤHFΨSD = EHFΨSD (2.6)

The Hamiltonian in the HF approximation still contains the contribution from the kinetic energy, the electron-
nuclei attraction and the electron-electron repulsion. The electrostatic electron-electron interaction was ex-
pressed as an average repulsive potential each electron experiences from its surrounding electrons, also called
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the HF potential (VHF ), and expressed as

VHF =

N∑
j

(Ĵj(x⃗1)− K̂j(x⃗1)) (2.7)

The HF potential includes Ĵj and represents the Coulomb operator, the electron-electron repulsion from the j-th

orbital. The K̂j is the exchange operator and describes the electron exchange energy due to the antisymmetry
of the N-electron wave function. They also took advantage of the variational principle to find the optimal wave
function (Ψ0). This principle states that if any trial wave function (Ψtri) is chosen and computed together with
the Hamilton operator of the SE, the expectation value of that eigenvalue (Etrial) must be equal to, or higher
than the true energy. Therefore, Etrial is used as an upper bound to the ground state energy levels and written
with Dirac notations as

⟨Ψtrial|Ĥ|Ψtrial⟩ = Etrial ≥ E0 = ⟨Ψ0|Ĥ|Ψ0⟩ (2.8)

This was the birth of the self-consistent field, which is an iterative method that computes the wave-function until
it converges with the true SE. Unfortunately, the HF approach is only feasible for small systems and becomes
computational expensive with increased numbers of particles [27].

During the same time period, 1927, another approximation method was published, the Thomas-Fermi model
[34]. Llewellyn Thomas and Enrico Fermi describe the system as a uniform electron gas where they use a
statistical model to predict the behavior of a many-body system by calculating the electronic density rather
than the wave function. The importance of this equation is however not in the yield of quantitative predictions,
but it should be highlighted that this was the first model where the energy is expressed only in terms of the
electron density. Because of its inaccuracy, the TF model did not receive too much of attention and it was not
until 1964 when Pierre Hohenberg and Walter Kohn developed this further with their two Hohenberg-Kohn
(HK) theorems [35], and then one year later expanded by Walter Kohn and Lu Jeu Sham into the Kohn-Sham
(KS) theorem [36]. These theorems were the birth of DFT and Walter Kohn was awarded the Nobel Prize in
chemistry 1998 for his contributions to computational chemistry [37].

The first HK theorem proved that the ground state energy from SE is a unique functional of the electron density
n(r⃗)

n(r⃗) = 2
∑
i

ψ∗
i (r⃗)ψi(r⃗) (2.9)

They first denoted the electron density in the ground state as a functional of the external potential V (r⃗), and
then by reductio ad absurdum, they proved that n(r⃗) is a unique functional of r⃗. Since the energy is dependent
on r⃗, they stated that the ground state for a full many-particle system should also be a unique function of r⃗.
They defined the energy functional as

E[n(r⃗)] =

∫
V (r⃗)n(r⃗)d3r + F [n(r⃗)] (2.10)

with
F [n(r⃗)] = ⟨ψ|T + U |ψ⟩ (2.11)

where T is the kinetic energy and U the Coulomb electron-electron interactions. This functional was further
transformed into the form

F [n(r⃗)] =
1

2

∫
n(r⃗)n(r⃗′)

|r − r′|
d3rd3r′ +G[n(r⃗)] (2.12)

with G[n(r⃗)] as a universal functional of the density.

The second HK theorem defined an important property for the functional. The input for the true ground state
density should deliver the lowest energy and thus the ground state of the system. They took advantage of
the variational principle and expressed that any trial electron density n(r⃗)trial is the upper bound for the true
ground state as

⟨Ψtrial|Ĥ|Ψtrial⟩ =
∫
V (r⃗)n(r⃗)triald

3r + F [n(r⃗)trial] = E[n(r⃗)trial] ≥ E0[n(r⃗)0] = ⟨Ψ0|Ĥ|Ψ0⟩ (2.13)

If the true functional were known, then the electron density could be varied until the energy from the functional
is minimized and thus solve the relevant electron density. For this to be true it is necessary that minimized
energy does not change the number of electrons. They used the Lagrange multiplier and expressed the condition
as

δE[n(r⃗)]− µ

∫
n(r⃗)d3r = 0 (2.14)
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with µ as a Lagrange parameter. This was then rearranged into

δ
F [n(r⃗)]

δn
+ V (r⃗) = µ (2.15)

Until this point, the computational effort was reduced from 3N variables of the wave function into three spatial
variables for the electron density, but they did not say what the functional actually was and solving the SE was
thus still an issue. Kohn and Sham suggested how this could be approached and developed the KS equations.
They introduced the concept of a single-electron wave functions. They started by assuming that there was no
contribution from the electron-electron interactions and reduced the universal functional to

F [n(r⃗)] = T [n(r⃗)] (2.16)

which is only dependent of the kinetic energy. In this way, the contribution from the kinetic energy was solved
with a much higher accuracy than the former Thomas-Fermi equations. The kinetic energy was formulated as

T [n(r⃗)] =
∑∫

d3rψ∗
i (r⃗)

(
− ℏ
2mi

N∑
i=1

∇2
i

)
ψi(r⃗) (2.17)

Since this is the kinetic energy from a non-interacting system, they could not say that this is equal to the
true kinetic energy for a interacting system. Kohn and Sham added some terms for an interacting system and
expressed it as

F [n(r⃗)] = T [n(r⃗)] + U [n(r⃗)] + Exc[n(r⃗)] (2.18)

with U [n(r)] as the Coulombic electron-electron interaction

U [n(r⃗)] =
1

2

∫ ∫
d3rd3r′

n(r⃗)n(r⃗′)

r − r′
(2.19)

and Exc[n(r)] as the exchange-correlation energy. This expression is solved approximately and contains ev-
erything unknown from the kinetic energy of a interacting system together with the potential energy from
self-interacting effects. The equation to be minimized is now

E[n(r⃗)] = T [n(r⃗)] + V [n(r⃗)] + U [n(r⃗)] + Exc[n(r⃗)] (2.20)

and from the constraints of the Lagrange multiplier

δE[n(r⃗)]−
∑

ϵi

∫
d3rψ∗(r⃗)n(r⃗)ψ(r⃗) = 0 (2.21)

with ϵi as the i-th Lagrange parameter, the KS equations were reduced to a one-particle SE and took the form[
− ℏ2

2m
∇2 + VKS(r⃗)

]
ψi(r⃗) = ϵiψi(r⃗) (2.22)

with the KS potential as

VKS(r⃗) = V (r⃗) + U(r⃗) + E(r⃗) =

∫
V (r⃗)n(r⃗)d3r + e2

∫
n(r⃗′)

|r − r′|
d3r′ +

δExc[n(r⃗)]

δn(r⃗)
(2.23)

To solve the KS equations it is necessary to know the single-electron wave function to get the electron density.
But to find the single-electron wave function the KS equations need to be solved. To break this circle, Kohn
and Sham took advantages of the self-consistent field from HF equations and the problem was treated by an
iterative method. This is done by first defining a trial electron density n(r⃗)trial and use this to solve the KS
equations, which will yield the single-electron wave functions ϕi(r⃗). Then, the electron density is calculated
from the single-electron wave functions and compared with the initial n(r⃗)trial. If these densities are converg-
ing, the ground-state of the system is found. If not, the n(r⃗)trial must be updated. How this update looks and
how to define n(r⃗)trial together with explanation that tells how accurate the calculations need to be for the
densities to converge, is set by different settings in the script that will run the program. This iterative method
has also been developed through some years, and today, movement of ions is also allowed, resulting in so-called
relaxed state calculations. In this project, both self-consistent field- and relaxed state calculations were per-
formed (fig.2.2). For self-consistent field, the ”old” version is applied, and only change of the electronic density
takes place, while relaxed state calculations allow movement of the ions as well. Therefore, both the accuracy
and computational time for self-consistent field calculations are reduced, compared to relaxed state calculations.
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Figure 2.2: Schematic view of the steps in self-consistent field- and relaxed state calculations

2.3.1 Exchange-correlation functionals

In the KS equation the form of the exchange-correlation functional is unknown and is therefore treated in a
approximate manner. A number of methods to define these functionals have been developed. The first approach
was proposed by Kohn and Sham and is called the local density approximation (LDA) [36]. This assumes that
the system consists of a uniform electron gas where the electron density is constant at all points in space

ELDA
xc [n] =

∫
n(r⃗)ϵxc(n(r⃗))d

3r (2.24)

with ϵxc(n(r⃗)) as the exchange-correlation energy per particle in a homogeneous electron gas with density n(r⃗).
This was further developed, by considering the spins of the electrons, into the local spin density approximation
(LSDA) [38]

ELSDA
xc [n↑, n↓] =

∫
n(r⃗)ϵxc(n↑, n↓)d

3r (2.25)

Another approach is the generalized gradient approximation (GGA) [39]

EGGA
xc [n↑, n↓] =

∫
n(r⃗)ϵxc(n↑, n↓,∇n↑,∇n↓)d3r (2.26)

This uses information from the LSDA together with a local gradient in the electron density. How this gradient is
included in the equation could also vary and different GGA functionals therefore exist. Two of the most widely
used is the Perdew-Wang functional (PW91) and the Perdew-Burke-Ernzerhof functional (PBE) [28]. Since this
method accounts for the gradient of the density, it has become widely used for solid state calculations which
often comprises of smaller distances such as covalent, ionic and metal bonds. However, with longer distances
between particles, fluctuations of charges located far away from each other could cause van-der-Waals (vdW)
interactions and these forces are not considered in GGA functionals [40]. The GGA approach is therefore a
good method to describe solid-state system but becomes less accurate in soft matter structures, where many
biological molecules are included. The Rutgers-Chalmers collaboration [41] has developed the so called van
der Waals density functional (vdW-DF) which extends to nonlocal, long-ranged interactions without loosing
information from the local and semi-local functionals. It involved a numbers of papers and 2004, the description
of vdW-DF for general geometries was published [42]. The starting point was to divide the exchange-correlation
energy into

Exc[n] = Ex[n] + Ec[n] (2.27)

where Ex[n] is the contribution from the exchange term and Ec[n] is the correlation energy. Both of these terms
include nonlocal interactions, and the correlation term was further divided into

Ec[n] = E0
c + Enl

c (2.28)
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where Enl
c describes the long-range, nonlocal interactions and E0

c is approximated with LDA. Enl
c was derived

to

Enl
c =

1

2

∫
d3rd3r′n(r⃗)ϕ(r⃗, r⃗′)n(r⃗′) (2.29)

with ϕ(r⃗, r⃗′) as a general (kernel) function depending on the distance between |r − r′| and the densities n close
to r⃗ and r⃗′. Expression and derivation of the kernel function is further described in Appendix I.

2.4 Theoretical summary and project constrains

Important highlights are the complexity of cells and the computational effort. One fundamental limitation of
DFT is the association between number of atoms and time for calculation. Another challenge is an accurate
description of the environment. Therefore, certain boundaries have been set in this project. All calculations
have been performed at 0 K in vacuum without any interactions from the environment. The systems have
also been set to perform relaxed- or self consistent field (SCF) calculations. Calculations for the relaxed state
allow movements of both electrons and ions, until the optimal structure is found. SCF calculations keep the
ions fixed, and only movement of electrons is allowed, which leads to less accurate outcome but a decrease in
computational time. Therefore, to reach some results within a reasonable time frame, relaxation were performed
to describe isolated system, id est, pairwise phospholipids and isolated G/GO layers. SCF calculations were
performed with the purpose to analyze the isolated systems together, id est, interactions between phospholipid
pairs and a G/GO layer.
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3
Method of computation

My interest in performing density functional theory calculations for phospholipids in membranes was initiated
by the practical experiments of Santosh et al.[11], which led to bacterial penetration from graphene flakes. The
mechanisms behind these phenomena have not been further analysed and therefore, this work investigated the
interactions with computational modeling. Calculations were carried out by Quantum ESPRESSO, an open
source computer code implementation of DFT, plane waves and pseudopotentials [43][44][45][46]. The pseu-
dopotantials (PP) for each atomic specie were picked from the GBRV packages and all the PPs were in unified
PP format with the stored potentials as ultrasoft PP and the functional type as PBE [47]. The vdW-DF-cx
[48][49][50][51] was used as the input functional for the exchange-correlation which overrides the values from the
PP files. Their recommended cutoff kinetic energies for the wavefunctions and charge density where used with
values of 40 respectively 200 Ry. All calculations were performed to the relaxed state, except for the system
with double phospholipids and graphene/graphene oxide layers, which were set to perform self-consistence field
(SCF) calculations. For the k-points, a 2-2-1 Monkhorst-Pack grid was used [52]. All calculations were set to
na× 10−7a.u for the electronic selfconsistency threshold, and for the relaxed state calculations, the convergence
thresholds for the total energy and forces were set to na × 10−6a.u (na = number of atoms).

The constituent and structure for each molecule was collected from the PubChem website [53]. The molecular
structures were obtained in 2D and converted to 3D by relaxation. All calculations were carried out with
periodically repeated unit cells. To isolate each system from interacting neighbours, a free Bravais-lattice with
rectangular base (x,y) and orthogonal height (z) was used, so that all vectors intersected at 90°. The parameters
for the unit cells were tailored to fit each system and the concerning molecules. The orthorhombic system is
therefore considered and the length of each side will be referred as (x, y, z) Å in the description.

3.1 Graphene- and graphene oxide simulations

A graphene (G) and graphene oxide (GO) ”flake” were calculated in two separated systems. Both flakes were
periodically repeated in the z-direction with the surface perpendicular to the y-direction, and ”cut” in the x-
direction. The precise chemical structure of the edges of G/GO has been debated over the years and there
is still no unambiguous model existing. This could be due to the lack of suitable analytical techniques for
characterization, but also the fluctuation between different samples. The edges for the non-periodic sides were
structured as a zigzag pattern with H atoms bonding to the edges [54]. The prediction of the distribution of
functional groups on the GO layers was influenced by Anton Lerf and Jacek Klinowski, which published a model
that has become the most well known today [55]. The constituents of the GO layer were obtained from the
graphene supermarket [56]. The composition was specified to 79 weight% C and 20 weight% O. According to
the Lerf-Klinowski model, most of the oxygen atoms are attached as epoxy-(-O-) and alcohol groups (-OH) [57].
It was therefore assumed that the rest (1 weight%) belonged to H atoms. The distribution of weight% was
transferred into number of atoms/carbon. This was done by the following steps:

The Molar mass of each atom is

MH = 1.008 g/mol, MC = 12.011 g/mol, MO = 15.999 g/mol (3.1)

and the equation for weight% can be written as

12.011nC
mT

= 0.79,
15.999nO
mT

= 0.20,
1.008nH
mT

= 0.01 (3.2)

With ni as the number of mols, Mi as the molar mass and mT as the total mass. The formulas of Eq.3.2 were
rearranged and the distribution of number of atoms were given as

nO
nC

= 0.19,
nH
nC

= 0.15 (3.3)

The cell sizes for both flakes were set to (30.00, 8.00, 14.76) Å
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3.2 Phospholipid simulations

3.2.1 Single phospholipids

A small library of four isolated phospholipids was created. They were hand-picked by their abundance in each
organism. Phosphatidylglycerol (PG) and cardiolipin (CL) are two major constituents in bacteria membranes
[19] while the outer leaflet of human membranes have high levels of phosphatidylcholine (PC) and sphingomyelin
(SM) [17][18]. Calculations started by simulations of the ”heads” from each phospholipid together with two
carbons of each acyl chain (the ”tail”). When the optimal state of each head-group was reached, the rest of the

tails were introduced. The cell parameters were set to (40.00, 20.00 , 15.00) Å for isolated PC, PG, SM and

(40.00, 40.00, 15.00) Å for CL.

3.2.2 Phospholipid pairs

The single phospholipids were simulated together with a second phospholipid from the same organism, for anal-
ysis of the interactive energy between different phospholipids. In plasma membranes, multiple phospholipids
interact in a parallel manner, but the exact positions (rotations) between phospholipids is not defined. There-
fore, we assume parallel stacking in the horizontal direction (from the tail to head), and all rotations of the
horizontal axis of each phospholipid is allowed. In this project, the initial positions of the paired phospholipids,
PC/PC, PC/SM, PG/PG and SM/SM, were obtained by introducing one single phospholipids into another

single phospholipid, and then, one of the phospholipids was moved 10.00 Å in the y-direction. For CL/CL and

CL/PG, CL was moved 10.00 Å in the z-direction. The cell parameters were set to (40.00, 25.00, 15.00) Å for

PC/PC, PC/SM, SM/SM, PG/PG and (40.00, 25.00, 25.00) Å for CL/CL and PG/CL.

3.3 Simulations of graphene and phospholipid interactions

Analysis of the interaction between the phospholipid pairs to the G/GO flakes were also calculated. These
simulations were performed with SCF calculations via a number of steps. First, calculations of approaching
G/GO flakes to the head groups of the phospholipid pairs were performed. The zero distance of the G/GO layers
in the x-direction, was set so that the edge of the G/GO layers was at the same position as the atom of largest
x-value of the phospholipid pair. In y-direction, the G/GO layers were set between ”the gap” of the interactive

heads. Eight steps were calculated, from 7 Å down to 0 Å in the x-direction. Further, the two phospholipids
in each system were separated in the y-direction, and the G/GO layers were simultaneously moved in both the
y- and x-direction. This was done to allow the G/GO flakes to penetrate the phospholipid pairs. Therefore,
both the separation distance between the phospholipids, and the penetration depth of the G/GO flakes were

analyzed. Separation of the phospholipid pairs were done with added distances of 3, 4, 5, 6, 7 and 8 Å in the
y-direction. The G/GO layers were simultaneously moved half of that distance in the y-direction. Penetration
of the G/GO between the phospholipid pairs was performed by moving the G/GO flakes in the x-direction, with

distances of 0, 2, 4, 6, 8, 10, 12 Å. The output was matrices of interaction energy for each system, with variables
as added separation distance between the phospholipid pairs, and penetration depth of the G/GO flakes. The
cell parameters were tailored for each system, so that the no interaction took place between repeated cells.

3.4 Calculation of bonds and interactions

The bonding between molecules were calculate by the formula

Ebond = Etot −
N∑
i

Ei (3.4)

with Etot as the total energy for the whole system and Ei as the energy from the isolated molecules. The units
for the energy in the output-file where given in Rydberg (Ry). The obtained value for Ebonding where converged
to electron volt (eV) and kilojoule per mol (kJ/mol).

3.5 Visualization

The open source code XCrySDen was used for visualization of the molecular structures. The software shows
isosurfaces and contours of the atoms which can be interactively manipulated through rotation, colours, atomic
radii and thickness of bonds [58].
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4
Results and discussion

This chapter presents results from the SCF- and relaxed state calculations, and follows the work-flow of the
project. The first section illustrates relaxation of each phospholipid in a single isolated form. These were used
as the initial molecular structures for simulation of the phospholipid pairs to relaxation, and results from these
calculations are presented in section 4.2. The last section (4.3) of this chapter included results from G/GO
interactions with the paired phospholipids, which were all performed with SCF calculations.

4.1 Single Phospholipids

This section presents the outcome from the relaxed state calculations of each single phospholipids. Fig.4.1 illus-
trates the isolated phospholipids that were used as the initial molecular structure for the system of phospholipid
pairs.

(a) PC (b) SM

(c) PG (d) CL

Figure 4.1: Visualization of the optimal structure of each phospholipid from two different angles
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4.2 Phospholipid pairs

The single phospholipids were put together into systems of pairs, and further relaxed. PC/PC, PC/SM and
SM/SM were simulated as the mammalian plasma membrane, while PG/PG, CL/CL and CL/PG were created
as the bacterial membrane. However, the two systems, CL/CL and CL/PG did not managed to finish within
the time-frame of this project, and are therefore not present in this section. The most reasonable explanation
for this, is that, CL contains approximately twice as many atoms compared to all the other phospholipids, and
thus, the time for relaxation will be increased.

Table 4.1: Interaction energy between paired phospholipids.

Phospholipid pairs
Mammalian Bacteria

Energy PC/PC PC/SM SM/SM PG/PG
kJ/mol -127 -167 -197 -47

eV -1.32 -1.73 -2.04 -0.49

Table.4.1 shows the obtained energies between the interacting phospholipids. Binding energies between phos-
pholipids of mammalian cells are significantly higher than for bacterial phospholipids. The structure of each
system is visualized in fig.4.2. Stacking of the bacterial pair seems to be straighter with a larger gap between
them, while the mammalian pairs stacks closer to each other with tilting head-groups. For the PC/SM pair, an
overlap in the hydrocarbon tails also takes place, which allows for a denser stacking.

(a) PC/PC (b) PC/SM

(c) SM/SM (d) PG/PG

Figure 4.2: Visualization of paired phospholipids
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Further, investigation into the head-groups was carried out, to estimate their contribution to the interaction
energy. Fig.4.3 shows some distances within the paired head-groups. The distances from PG/PG indicates a
larger gap between the head groups, while the mammalian phospholipids have closer interactions with their
neighbours phosphate group, and thus the tilting heads. An interesting finding was how the hydroxides (OH)
in the PG/PG molecules arranged into H-bondings within its molecular structure (fig.4.3e). This could also
explain why the distance between two PG molecules is more open and less robust. The head of PC/PC and
PC/SM have more H-atoms and higher competition to available O-atoms of the same molecule, and thus tilting
towards their neighbours for higher availability of interactions.

(a) Head of PC/PC (b) Head of PC/SM (c) Head of SM/SM

(d) Head of PG/PG
(e) Head of PG/PG with magnified view
of the OH arrangement

Figure 4.3: The head groups of each phospholipid and some distances between close atoms, (a) PC/PC, (b) PC/SM, (c) SM/SM
(d) PG/PG with (e) magnified image of the OH arrangement in PG/PG.
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4.3 Graphene/graphene oxide interactions with paired phospholipids

We are interested in the interaction of the G/GO flakes with the phospholipid, both when the flakes approaches
the membrane, and upon penetration. First, we study the approaching flakes by calculating the interaction
energy between G/GO and a phospholipid pair, as illustrated in fig.4.4. For the phase when G/GO enters the
the membrane, the two phospholipids are separated before calculating the interaction energy, fig.4.6.

Figure 4.4: Visualization of the defined distance between the approaching G/GO flakes and the phospholipid pairs

In fig. 4.5, the interaction energies of the phase of G/GO approaching the heads of the phospholipid pairs
are plotted. Negative values (y-axis) represent attractive forces between the head of the phospholipids and the

G/GO layer. All systems seem to have the most stable (lowest energies) at a distance of around 1 Å, except
for the PC/PC pair. The deviation of PC/PC from this trend could be explained by the choice of the zero
distance value. When G/GO approaches the lipid pair, energies are increasing and positive values are found,
which indicate repulsive forces. Since these systems are evaluated by SCF calculations, ions cannot move, and
thus, the repulsive forces are expected. The major difference between the systems is that the diverse response
between the pairs takes place at a longer distance when GO is approaching (broader gap in y-direction). GO
has functional groups attached to the surface, which might interact with the head of the phospholipids further
away, compared to the pure G layer.

(a) G approaching paired phospholipids (b) GO approaching paired phospholipids

Figure 4.5: Interaction energy when a) G and b) GO approach paired phospholipids.

Further, analysis of penetration depth was performed, in this case, simultaneously by separating the phospho-
lipids with different distances (fig.4.6). This gave a matrix for each system, with the objective value as energy
and variables as the penetration depth and added separation distance between the phospholipids.
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Figure 4.6: Visualization of how the phospholipids where separated simultaneously as penetration of the G/GO flakes.

Fig. 4.7 shows results from the phospholipid separation and G penetration. There are major contrasts between
the bacterial pair (PG/PG) compared to all the mammalian pairs (PC/PC, PC/SM, SM/SM). The white colour
represents high repulsive forces, and these are not visualized for the bacterial pair. The dark regions represent
negative values, thus, attractive forces. These dark regions have more features in the bacterial systems, and
indicate that the phospholipid pair needs less separation to be stable when G is penetrating. For the PC/SM
and SM/SM, the energy never goes negative (Emin = 0.97 eV and Emin = 0.39 eV), and the insertion of G
does not result in attractive forces. For the PC/PC pair the optimal choice of added separation distance, with
the lowest energy, shows a small attraction (Emin = −0.05 eV), while the PG/PG pair exhibits an attraction
one order of magnitude larger (Emin = −0.54 eV). The latter is thus a much more stable system. Fig.4.8
presents systems for GO penetration. Similar contrasts are found between the mammalian and bacterial pairs
as in the G system. However, more of the situations calculated are repulsive, thus the white areas, where the
largest difference between G and GO seems to be for the bacterial systems. When G was incorporated into the
PG/PG pair, no white colour appeared in the figure, but for the system with GO, the PG/PG pair seems to
experience repulsive forces just as for the mammalian pairs. However, the dark regions, with attractive energies,
are still more prominent for the bacterial pair, compared to all the mammalian systems. The most stable for
GO penetration is still the PG/PG pair (Emin = −0.35 eV). The lowest energies for PC/SM (Emin = 0.95
eV) and SM/SM (Emin = 0.48 eV) are still positive and the PC/PC pair experience small attractive forces
(Emin = −0.06 eV).

(a) PC/PC (b) PC/SM

(c) SM/SM (d) PG/PG

Figure 4.7: Interpolated interaction energies from the SCF calculations. The variables are the added separation distances between
the phospholipid pairs and the penetration depths of the G layers.
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(a) PC/PC (b) PC/SM

(c) SM/SM (d) PG/PG

Figure 4.8: As for fig.4.7, but for GO intercalation
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5
Conclusion and perspectives

5.1 Analysis of result

From these results, some conclusion can be taken. Interaction between the pairs seems to be highly effected
by the constituents in the head-groups. All mammalian phospholipids have stronger interactions to another
mammalian phospholipid compared to the bacterial phospholipid pair. However, it should be stated that only
one system was completed for the bacterial pairs, and thus, we only have one system to compare against. It also
seems that with more OH-groups in the head, a ”special” arrangement takes place, which indicates on higher
intramolecular attractions, and less intermolecular force between phospholipid pairs. This could be visualized
by the distances between the head-groups (fig4.3). When the G and GO flakes approach the phospholipid pairs,
nothing significant seems to happen between the systems. From the interpolated interaction energies (fig.4.7
and fig.4.8), it can be stated that the bacterial pair needs less separation to experience attractive forces to
both G and GO penetration, compared to all the mammalian pairs. Therefore, weaker interactions between
the phospholipid pair, and stronger attraction to G could be factors to the diverse robustness between bacterial
and mammalian cells.

5.2 Outlook

Even if the calculations indicate a possible cause of viability between bacterial and mammalian cells to graphene,
the environmental conditions are not included in the simulations. However, this is something that can be added
for future simulations, and it would be of relevance to explore how much environmental conditions can effect the
outcome of calculations. Another consideration, calculations in this project are done between two phospholipids,
and in reality, phospholipids interact with multiple neighbours. Therefore, rotations between phospholipids and
stacking of more phospholipids are suggestions for future investigations. In the SCF calculations, movement of
ions are not allowed, and thus, performance with relaxed state calculations and/or molecular dynamics would
be closer to reality.
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A
Appendix I

The kernel of van der Waals density functional

From Eq. 2.29, ϕ(r⃗, r⃗′) was expressed as a general (kernel) function depending on the distance between |r− r′|
and the densities n close to r⃗ and r⃗′. The kernel is further expressed as

ϕ(r⃗, r⃗′) =
2me4

π2

∫ ∞

0

a2da

∫ ∞

0

b2dbW (a, b)T (ν(a), ν(b), ν′(a), ν′(b)) (A1)

where

T (w, x, y, z) =
1

2

[
1

w + x
+

1

y + z

] [
1

(w + y)(x+ z)
+

1

(w + z)(y + z)

]
(A2)

and

W (a, b) = 2
(3− a2)b cos(b) sin(a) + (3− b2)a cos(a) sin(b) + (a2 + b2 − 3) sin(a) sin(b)− 3ab cos(a) cos(b)

a3b3
(A3)

ν and ν′ are given as

ν(y) =
y2

2h (y/d)
(A4)

ν′(y) =
y2

2h (/d′)
(A5)

where
d = |r − r′|q0(r⃗) (A6)

d′ = |r − r′|q0(r⃗′) (A7)

h(y) = 1− eγy
2

(A8)

and q0 is given as

q0(r⃗) =
ϵ0xc(r⃗)

ϵLDA
x (r⃗)

kF (r⃗) (A9)

where

ϵLDA
x =

−3e2kF
4π

(A10)

and
kF = (3π2n)

1
3 (A11)

ϵ0xc is approximated by using a gradient correction to LDA

ϵ0xc = ϵLDA
xc − ϵLDA

x

[
Zab

9

(
∇n
2kFn

)2
]

(A12)

where
Zab = −0.8491 (A13)

is the contribution from the screened response which was obtained from a diagrammatic analysis. Thus, the
kernel depends on r⃗ and r⃗′, which can tabulated through d and d′. The exchange term in eq.2.27 lacks a unique
description in the vdW-DF method, and therefore, this is defined through some physical requirements which
needs to be met. Different models to describe this term exist and in this paper is the vdW-DF-cx used where
cx stands for consistent exchange.
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