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Phospholipids interaction with graphene and graphene oxide

At the interface of quantum calculations and practical experiment
VICTOR LANAI

Department of Biology and Biological Engineering

Chalmers University of Technology

Abstract

It has been shown that vertically grown graphene flakes are effective in killing bacteria, whilst keeping mam-
malian cells intact. It was also reported that the graphene oxide sheet can attach to certain drugs and thereby
can be used as a therapeutic drug carrier for cancer treatment. However, there is lack of knowledge on the
mechanism of interaction between different kinds of cells and graphene-based materials. Therefore, a deeper
investigation into the interaction between graphene and the plasma membrane of different types of cells was
undertaken. The cell membrane consists of two key components, phospholipids and proteins. Various types of
phospholipids exist, and the different types are present in various organisms. Since the constituent of phos-
pholipids seems to differ between bacteria, mammalian normal and cancerous cells, we choose phospholipids
as the main target for this thesis. Six phospholipids were studied together with graphene and its derivative,
graphene oxide. This thesis is divided into two parts, theoretical and practical parts. In the theoretical part,
density functional theory (DFT) is utilized to enhance the understanding at a quantum level. Phospholipids are
simulated as isolated single molecules, in pairs and together with graphene and graphene oxide. The theoretical
calculations show that the most abundant phospholipids in mammalian cells have stronger bonding to each
other, compared to bacterial phospholipids. Further, when the graphene/ graphene oxide sheet is approach-
ing the phospholipid pairs, the bacterial pair exhibits less repulsive interactions, thereby a more stable system
with the sheets was found. In the practical part, phospholipids were assembled into liposomes, mimicking a cell
membrane and treated with fluorescein functionalized graphene oxide. With fluorescent microscope, we assessed
the internalization of graphene oxide by liposomes. Furthermore, differential scanning calorimetry revealed that
the constituent of phospholipids affects liposomes heat capacity, which is in line with the theoretical calcula-
tions. There would be some other interactions between the cells and approaching material, but we present
phospholipids as the key player in this study

Keywords: Phospholipids, graphene, graphene oxide, fluorescein, internalization, heat capacity, density func-
tional theory
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Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in alphabetical order:

a.u Atomic units

C Carbon

CL Cardiolipin

DFT Density functional theory

G Graphene

GO Graphene oxide

H Hydrogen

HK Hohenberg-Kohn

KS Kohn-Sham

N Nitrogen

0 Oxygen

OH Hydroxide

P Phosphorous

PC Phosphatidylcholine

PG Phosphatidylglycerol

SCF Self-consistence field

SE Schrédinger equation

SM Sphingomyelin

vdW Van-der-Waal
Conversions

Ry 13.6056980659 eV

eV 1.60218x1071 J

mol 6.02214076x 10?2 units
Elements

Below is a description of the representative colour of each atom that have been used in figures throughout this
thesis:

o Hydrogen

° Carbon

° Oxygen
Nitrogen
Phosphorous
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Introduction

It has been showed that vertically grown graphene flakes are effective in killing bacteria, whilst keeping mam-
malian (eukaryotic) cells intact [1]. It was also reported that graphene oxide sheets can attach to certain drugs
and thereby be utilized as a therapeutic drug carrier for cancer treatment. However, there is lack of knowledge
on the mechanism of interaction between different kinds of cells and graphene-based materials. One obstacle
regards the microscopic size and complexity of cells, and a major challenge is to identify and analyze these
interactions in real time. Therefore, we choose to focus our study at one part of the cell, the membrane.

A common feature that all cells share is that they are separated and protected from the outer environment
(extracellular space) by a membrane, also known as the plasma membrane, that plays an essential role in di-
verse cellular functions, including communication and structural rigidity. A major constituent of this plasma
membrane is the lipid bilayer. The key component of the lipid bilayer is phospholipids, which represents the
most extensive and structurally significant in the lipid bilayer composition, fig[T.1] Alteration in the chemical
structure of phospholipid gives rise to a variety of membrane structures, each exhibiting different physicochem-
ical properties [2], and high levels of cellular diversity. Hence, in this thesis, we dive into the constituent of
plasma membranes of different cells, and limit our study to the interaction of phospholipids with graphene and
graphene oxide. Phospholipids from the outer leaflet of bacteria, mammalian and cancer cells are analysed. The
purpose is to investigate if different constituent in the head-group of phospholipids are affecting the interactions
with graphene and graphene oxide. We choose to divide this thesis into two parts, theoretical and practical.
In the theoretical part, density functional theory (DFT) is utilized to study the interaction of phospholipids
with graphene and graphene oxide at a quantum level. In the practical part, phospholipids were assembled into
liposomes, mimicking a cell membrane and treated with fluorescein functionalized graphene oxide.

Today, biomolecular simulations are getting recognized as a potential tool in the field of synthetic biology.
Computer simulations could help unravel some unknown phenomenons, including the interaction of phospho-
lipids with graphene-based material [3]. However, some of these simulations are still considered as juvenile,
and need to be validated by experimental work [4]. Therefore, we chose to combine computational calculations
with practical experiment. For the theoretical part, the depth of quantum chemistry is implemented where the
electron density of elements are considered as the outcome. Phospholipids are simulated as isolated molecules
and in pairs, in combinations relevant for the membranes. Interaction with graphene and graphene oxide into
the membrane is also considered. Calculations show that phospholipids from the mammalian cells have stronger
bonding to each other, compared to bacterial phospholipids. Further, when the graphene and graphene oxide
sheets are approaching the phospholipid pairs, the bacterial pairs exhibit less repulsive interactions, thereby
more stable systems with the sheets were found. In the practical part, graphene oxide is functionalized with
fluorescein. Liposomes are synthesized from phospholipids, in combinations similar to the theoretical part, fol-
lowed by treatment with fluorescein functionalized graphene oxide. With fluorescent microscope, we identified
internalization of graphene oxide by liposomes. Further, differential scanning calorimetry was performed for the
liposomes. This revealed that the constituent of phospholipids affects liposomes heat capacity, which strengthen
the interactive pattern seen in the theoretical calculations.
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Figure 1.1: Phospholipid bilayer structure in plasma membrane of cells

1.1 Graphene and graphene oxide

Graphene is a 2D layer of single carbon (C) atoms arranged in a honeycomb lattice. It was first isolated in 2004
[5], and has since then attracted much of attention due to its wide range of potential applications. Many sectors
are suggested to take advantage of graphene, with the health sector as one potential candidate @ In graphene,
one C atom is bound to three neighbouring atoms via strong covalent bonds. The remaining electron occupying
the orbital perpendicular to the graphene plane creates a free-moving electron, which accounts for the electronic
properties. This free-moving electron together with the honeycomb structure is one of the main reasons to the
excellent properties of graphene and the promising use in a range of applications [7]. The field of biomedical
have exploited graphene and its derivative graphene oxide as a potential candidate, especially in treatment of
bacterial induced infection and cancer therapeutics [8]. Regard the bactericidal effect, the orientation of the
graphene, and whether its freely suspended or fixed to a surface seems to be a key parameter. It has been
shown that vertically grown graphene spikes, coated on top of a surface is bactericidal while being harmless to
mammalian cells . However, obstacles remains before it can be fully utilized in the biomedical industry. The
biocompatible properties have been debated, mostly related to the hydrophobicity of graphene. This hinders
the biocompatibility and utilization of graphene as a drug carrier. But, functionalization of graphene with
hydrophilic molecules could enhance the biocompatible properties of graphene. Also, oxidation of graphene
is highly useful, generating its derivative, graphene oxide (GO). GO features enhanced hydrophilicity and
could therefore be another alternative to increase its water dispersibility ﬂgﬂ Therefore, both graphene and
GO were studied in this thesis. Graphene and GO were incorporated in the theoretical part to calculate its
interactions with different phospholipids. For the experimental part, only GO was investigated together with
the phospholipids. GO was also functionalized with a fluorescent molecule with the purpose of analyzing its
internalization.

1.2 Phospholipid bilayers and liposomes

Lipid membranes are ubiquitous in all cells and are essentially an envelope of phospholipids, embedded with
proteins, carbohydrates and cholesterol. All phospholipids are amphiphilic molecules with a hydrophilic "head”
and a hydrophobic "tail”, fig[T.2] The tail usually consist of two aliphatic chains, derived from fatty acids, where
both the length and degree of saturation could differ between different fatty acids. The head comprises of a
phosphate group esterified to an organic molecule of varying length and chemical structure . Phospholipids
consist of both a water- and a fat loving moiety, which gives them the capacity to self-assemble into phospholipid
layers, the heads pointing towards water and the tails attracting each other. Phospholipids can stack into
bilayers and aggregate into longer sheets, which forms the majority of plasma membranes . Exposure of
the hydrophobic tail to water affects the high free energy, meaning that the phospholipid sheets are closed,
giving rise to spherical compartments, called liposomes . Therefore, different concentration of aqueous
environment alters the assemble of the supramolecular phase structure, and thus, affects the size and structure
of phospholipid bilayers. While all the phospholipids share the common amphiphilic characteristics, they are
distinguished by the organic molecule attached to the phosphate group in the head. Also, the length and degree
of saturation in the hydrophobic tail could alter, both within the same class of phospholipid but also between
different phospholipids. Since the constituent of phospholipids could vary, and particularly between different
cell types, it might be a factor to the physical properties and the survival response to graphene "spikes”.
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Figure 1.2: Hierarchical structure of liposomes and constituents of phospholipids

In this thesis, two of the most abundant phospholipids in the plasma membrane of bacteria, mammalian and
cancer cells where used to mimic and represent the outer leaflet of their plasma membrane. Cardiolipin (CL) and
phosphatidylglycerol (PG) represent the bacteria, phosphatidylcholine (PC) and sphingomyelin (SM) represent
mammalian, and, phosphatidylethanolamine (PE) and phosphatidylserine (PS) represent cancer cells. The main
target of investigation where set to the difference in the constituent of each head group. Thus, the length and
saturation of the tail were kept the same in the theoretical part. For the practical part, all phospholipids where
obtained as close as possible to mimic the theoretical part, but, some fluctuations in the length and degree of
saturation in the tail is inevitable.

1.3 Density functional theory

The computational method in this thesis utilizes the density functional theory (DFT), for which a short overview
is given here. DFT is equivalent to the fundamental equation of quantum mechanical systems, the Schrodinger
equation (SE)[13||14]. In 1926, Erwin Schrodinger 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

- )
HY =ih—V 1.1
i, (1.1)
which is also called the time-dependent SE [15]. A simplified form for time invariant potentials, is the time-
independent, non-relativistic SE R
Y = Ev (1.2)

where H is the Hamilton operator for the system and W is the wave function to a set of eigenstates of the
Hamiltonian with the associated eigenvalue F. With variational methods, the solution for the lowest eigenvalue
of a stationary state can in principle be found, hence the ground state. Schrodinger 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. This thesis will not dive into the derivation from the publish of
Erwin Schrodinger to the development of the DFT. But, for those who are interested, an historical pathway
from SE to DFT is described in Appendix I.

38 years after the publish of SE, Pierre Hohenberg and Walter Kohn published their two Hohenberg-Kohn (HK)
theorems [16], and one year later, Walter Kohn and Lu Jeu Sham expanded these theorems into the Kohn-Sham
(KS) theorem [17]. These theorems were the birth of DFT and Walter Kohn was awarded the Nobel Prize in
chemistry 1998 for his contributions to computational chemistry [18§].

The SE contains contributions from all interactive particles within a system, and for a single-particle system,
such as the hydrogen atoms, it can easily be solved exactly. But, for a many-body system where multiple particles
are interacting, the SE becomes more complicated which makes exact analytical calculations impossible. The
major break-through of DFT was the perception of that the ground state of SE is a unique functional of the
electron density n(7).

n(r) = 22_1/13‘(77)1/%(7) (1.3)

This lead to the beauty of the KS equation, a one-particle SE for all systems

[—:;Vz + VKS(Fj:| V() = €y (7) (1.4)



With Vkg(7) as the KS potential. To solve the KS equation it is necessary to know the single-electron wave
function to get the electron density. But to find the single-electron wave function (eq the KS equation needs
to be solved. To break this circle, Kohn and Sham took advantages of the so called self-consistent field, and the
problem was treated by an iterative method. This is done by first defining a trial electron density n(7)¢qq; and
use this to solve the KS equations, which will yield the single-electron wave functions ¢;(7). Then, the electron
density is calculated from the single-electron wave functions and compared with the initial n(7)¢qq:. If these
densities are converging, the ground-state of the system is found. If not, the n(¥)sriqr must be updated. How
this update looks and how to define n(7)¢riq; 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 performed (ﬁg. 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.

Self-consistent field

1. Choose "'f")r-u.;.'
2. BSolve KS equation and extract the wave function 4.
3. Use wave function to caleulate n(r) l ‘
4, Compare nfr)  withnr)
5. Ifconverged, |ub is C(Jmplui(l.‘d, if not, cycle is ‘ n(r) }J;.{ KS equation }L_{ P(r) }L‘ n(r) ‘
repeated (from step 1) 7 trial ) i ' new
5.
Job complete
Relaxed state
1.
Selr: .
2. .f"(‘Oﬂ‘w \
3 Sleny felg
4. 4.
5. Ifconverged, ion moves, basedon n(r)
6. Compare ion with ion__ l 1 2 3 ‘
7. If converged, job is completed, i not, cycle is K * o . . o - i
repeated (from step 1) H(J)m.m, KS equation 3/”-(?) ﬁ(})llcu'
7. | 5. |
Job complete ion . — fon
| trial | | new
6.

Figure 1.3: Schematic view of the steps in self-consistent field- and relaxed state calculations



2

Theoretical part

This chapter is dedicated to the theoretical part. The first section present the computational methodology,
followed by the results. All sections follow the work-flow carried out in this thesis.

2.1 Method and materials

Calculations were carried out by Quantum ESPRESSO, an open source computer code implementation of DFT,
plane waves and pseudopotentials |19][20](21][22]. The pseudopotantials (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 [23]. The vdW-DF-cx [24][25]]26]|27] 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 was set to perform self-consistence field (SCF) calculations. For the k-points, a 2-2-1 Monkhorst-
Pack grid was used [28]. All calculations were set to n, x 10~ "a.u for the electronic selfconsistency threshold,
and for the relaxed state calculations, the convergence thresholds for the total energy and forces were set to
ng X 107%a.u (n, = number of atoms).

The constituent and structure for each molecule were collected from the PubChem website [29]. The molecu-
lar 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) A in the description.

The bonding between molecules was calculated by the formula

N
Ebond = Etot - Z Ez' (21)

with Ey; as the total energy for the whole system and F; 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 Eyonding Where converged
to electron volt (eV) and kilojoule per mol (kJ/mol).

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 [30].

2.1.1 Graphene and graphene oxide

The precise chemical structure of 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 fluc-
tuation between different samples. The edges for the non-periodic sides for both graphene (G) and GO were
structured as a zigzag pattern with H atoms bonding to the edges [31]. The prediction of the distribution of
functional groups on the GO layers was influenced by Anton Lerf and Jacek Klinowski, who published a model
that has become the most well known today [32]. The constituents of the GO layer were obtained from the
graphene supermarket [33]. 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) [34].
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

My =1.008 g/mol, Mc =12.011 g/mol, Mo = 15.999 g/mol (2.2)
and the equation for weight% can be written as
12.011 15.999 1.008
SSINC g9, 2P0 g9 ZOMH g g (2.3)
mr mr mr

With n; as the number of mols, M; as the molar mass and mr as the total mass. The formulas of Eq[2.3] were

rearranged and the distribution of number of atoms were given as
"0 —0.19, M ~0.15 (2.4)
nc nc

o

The cell sizes for both flakes were set to (30.00, 8.00, 14.76) A
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Figure 2.1: The initial 2D structures of the calculated flakes. The atom distribution from (a) G, and (b) GO, where dots at the
top and bottom represents the periodicity

2.1.2 Phospholipids

A small library of six isolated phospholipids was created, fig[2:2] They were hand-picked by their abundance
in each organism. Phosphatidylglycerol (PG) and cardiolipin (CL) are two major constituents in bacteria
membranes . The outer leaflet of human membranes have high levels of phosphatidylcholine (PC) and
sphingomyelin (SM) while the concentration of phosphatidylethanolamine (PE) and phosphatidylserine
(PS) are higher in outer leaflet of cancer cells [3§].
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Figure 2.2: 2D structures of each phospholipid which was computed in this thesis



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.
Each phospholipid were simulated with one saturated (16:0) and one unsaturated (18:1) lipid in the tail. The
initial 2D The cell parameters were set to (40.00, 20.00 , 15.00) A for isolated PC, PE, PG, PS, SM and (40.00,
40.00, 15.00) A for CL.

The single phospholipids were simulated together with a second phospholipid from the same organism, for
analysis 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. Therefore,
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, CL/CL,
CL/PG, PC/PC, PC/SM, PE/PE, PE/PS, PG/PG, PS/PS and SM/SM, were obtained by introducing one
single phospholipids into another single phospholipid. We define two terms of stacking, the z- and y-stacking.
For both systems of stacking, one of the phospholipids was moved 10.00 A in y- and z- direction respectively.
The cell parameters were set to (40.00, 25.00, 15.00) A for the y-stacking and (40.00, 25.00, 25.00) A for the
z-stacking.

2.1.3 Incorporation of graphene and graphene oxide to the phospholipid systems

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 y-stacking systems with cis tails
were representing the each phospholipid pairs. The zero distance of the G/GO layers in the x-direction, was
set so that the lowest x-value in the G/GO layers were perpendicular to the highest x-value of the phospholipid
pair. In y-direction, the initial position were set as the average y-value of the phospholipid pairs, so that the
flake were set as close as possible to "the gap” of interactive heads. Eight steps were calculated, from 7 A down
to 0 A in the x-direction. The cell parameters were tailored for each system, so that the no interaction took
place between repeated cells.

2.1.4 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. 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.



2.2 Results and discussion

This section presents results from the SCF- and relaxed state calculations, and the sections follow the work-flow
of the project. First, the relaxed state of each phospholipid in a single isolated form is illustrated. These single
isolated phospholipids were used as the initial molecular structures for simulation of the phospholipid pairs to
relaxation, and results from these calculations are presented in the following section. The last section includes
results from G/GO interactions with the paired phospholipids, which were all performed with SCF calculations.

2.3 Single Phospholipids

This section presents the outcome from the relaxed state calculations of each single phospholipid. Fig[2-3]illus-
trates the isolated phospholipids that were used as the initial molecular structure for the system of phospholipid
pairs.

(a) CL (b) PG

(c) PC (d) SM

(e) PE (f) PS

Figure 2.3: Visualization of the optimal structure of each phospholipid

2.4 Phospholipid pairs

The single phospholipids were put together into systems of pairs, and further relaxed, ﬁg PC/PC, PC/SM
and SM/SM were simulated as the mammalian plasma membrane, and PG/PG, CL/CL and CL/PG were
created as the bacterial membrane, while PE/PE, PE/PS and PS/PS represented the cancer cell membrane.
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 and PE/PE pairs, an overlap in the
hydrocarbon tails also takes place, which could allow for a denser stacking.



(a) CL/CL (b) PG/PG

A

(d) PC/PC

(g) PE/PE (h) PS/PS (i) PS/PS

Figure 2.4: Visualization of paired phospholipids



Table[2.1]shows the obtained energies between the interacting phospholipids. Energies between phospholipids of
mammalian cells are more negative than for bacterial phospholipids. Presence of sphingomyelin seems to lower
the energy, with SM/SM as the strongest interaction in the mammalian pairs. For all systems, the environ
plug-in cause a decrease in energy, which could be explained by the hydrophilic and hydrophobic properties,
where presence of water pushes the hydrophobic tails closer to each other, which allow for more and stronger

interactions.
Table 2.1: Interaction energy between paired phospholipids in vacuum and environ.
Organism | Phospholipid pair | Stacking direction | Energy in vacuum [kJ/mol] | Energy in environ [kJ/mol]
CL/CL y stacking -101 -236
CL/CL z stacking -188 -273
. PG/PG y stacking -52 -111
Bacteria PG/PG 2 stacking 157 -236
CL/PG y stacking -113 -185
CL/PG z stacking -140 -238
PC/PC y stacking -120 -135
PC/PC z stacking -186 -258
. SM/SM y stacking -203 -248
Mammalian SM/SM 7 stacking -231 -263
PC/SM y stacking -165 -207
PC/SM z stacking -188 -245
PE/PE y stacking -141 -194
PE/PE z stacking -151 -219
PS/PS y stacking -107 -170
Cancer PS/PS 7 stacking -165 -239
PE/PS y stacking -102 -178
PE/PS z stacking -194 -216

Fig. [2.5shows the interactive energies in a scatter plot. First, the cancer pairs are in range with the mammalian,
which is expected since the cancer cells are derived from mammalian cells. For the z-stacking pairs with the
environ plug-in, the interactive energies becomes more homogeneous between the pairs. An explanation to this
could be that z-stacking allows for more interactions between the tails, and thus, the contribution from the
heads becomes less significant. For the bacterial systems, CL lowers the interactive energies, which is not very
strange, since CL contains almost twice as many atoms in the tail compared to PG, the number of interactions
between the phospholipids increases, and thus, the energy decreases.

-100 -

-150 -

-200 -

Energy [kJ/mol]

-250 -

-300 -

® Vacuum y-stacking

Environ y-stacking

® Vacuum z-stacking ® Environ z-stacking

|
Bacteria

Mammalian

Cancer

cL/cL

CL/PG PC/PC

PC/SM SM/SM PE/PE PE/PS PS/PS
Pairs

Figure 2.5: Plot of the interactive energy between paired phospholipids. Orange and red represent vacuum, while light- and dark
blue shows calculations with the environ plug-in.
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2.5 Graphene/graphene oxide interactions with paired phospholipids

Approaching of the G/GO flakes to each phospholipid pair was studied by calculating the interaction energy
between G/GO and the phospholipid pair at different distances, as illustrated in ﬁg

i Distance |

Figure 2.6: Visualization of approached graphene oxide flake to one of the phospholipid pairs

In fig. 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. 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. For the bacterial systems, the most stable (lowest energies) distance is
around 1 A, while the mammalian systems shows high repulsive forces at this distance. The pairs representing
cancer, one of the systems are similar to the mammalians, while the other two allow closer approaching of the
flakes. The major difference between G and GO is that the repulsive response takes place at a longer distance

with GO approaching. 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.

. Graphene Oxide approachin,
Graphene approaching p Pp! g
1 . —e—CL/CL
« : —e—CL/CL
k : —e—CL/PG
k X —e—CL/PG
—e—PG/PG
—e—PGIPG
: I~ <wv-@e- PC/PC
= 05 5 ++-@+:- PC/PC >
= * = PC/SM
B PC/SM %
g 8 ---@-+- SM/SM
2 <e@ees SM/SM 2
= = - & —PE/PE
- @ —PEPE
- e —PE/PS
- @ —PEPS

PS/PS
PS/PS

Distance [A] Distance [A]

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

Figure 2.7: Interaction energy when a) G and b) GO approach paired phospholipids.
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3

Practical part

In this chapter, the methodology and outcome from the practical experiments are presented. First, GO sheets
were functionalized with fluorescein. Next, phospholipids were assembled into liposomes, followed by treatment
with the fluorescein functionalized GO sheets. Analysis was performed to confirm functionalization of GO. The
effect of phospholipid concentration on the size of liposomes was analyzed, with the purpose of finding suitable
size reflecting the cell membranes. Differential scanning calorimetry was also performed for each liposome, and
the calculated heat capacities were fitted into the theoretical calculations.

3.1 Material and methods

3.1.1 Material

The graphene oxide was obtained from the graphene supermarket. Fluorescein, 1,1’-Carbonyldiimidazole (CDI),
Poly(ethylene glycol), dimethylsulfoxide (DMSO), 18:0/1 cardiolipin (CL), egg/soy phosphatidylcholine (PC),
16:0-18:1 phosphatidylethanolamine (PE), egg/18:0 phosphatidylglycerol (PG), soy phosphatidylserine (PS),
brain sphingomyeline (SM) were obtained from Merck.

3.1.2 Graphene oxide functionalization

Functionalization was done according to previous described method [39]. First, 2.5 mg GO-sheets were diluted
in 25 mL of DMSO and then sonicated for 1h. The solution was then reacted with 2.5 mg CDI at 40 °C,
for 2h with stirring, and then centrifuged at 10 000 rpm for 30 minutes. The precipitate was collected and
resuspended in DMSO, then reprecipitated again by centrifugation. Next, the GO-CDI solution was diluted
with 25 mL of DMSO and mixed with 5 mg of PEG 2000 under stirring for 24h at 40°C. The suspension
was then centrifuged at 10000 rpm for 30min and the supernatant was removed. The resuspended precipitate
was subsequently dialyzed (7000 Da MWCO, SpectrumLabs Spectra/Por Biotech CE membrane) for 5 days
to remove excess PEG 2000. Finally, 2.5 mg fluorescein and 2.5 mg CDI were allowed to react in 2.5 mL
DMSO under stirring at 40°C for 2h. Next, this CDI-activated fluorescein was mixed with the suspension of
PEG-modified GO sheets with stirring for 24h at 40°C. The suspension was dialyzed for a week to remove any
fluorescein that was not covalently bound with GO. The final solution was centrifuged at 10 000 rpm for 30
minutes, followed by removing the supernatant. The precipitate was resuspended in deionized water and the
functionalized GO (GO-F) concentration was determined to 50 mgmL.

3.1.3 Fluorescent properties

SPECTROstar Nano with Costar 96 well plate was used to measure the absorbance spectra. 2.5 mg fluorescein
was mixed in 1 mL of deionized water and 1 mL of DMSO respectively. The absorbance was measured for three
replicates per samples. Each well contained 200ul of solution. The absorbance spectra was measured between
350-550 nm. The mode was set to kinetic, with 3 numbers of cycles and a cycling time of 50 s.

FLUOStar Omega with Costar 96 well plate was used to measure fluorescent emission. Wavelength from
excitation and emission was set to 485 nm and 520 nm respectively with the optic set to top. Mode was set
to endpoint and 2 multichromatics were measured with a gain of 500 and 1000. Orbital average was set to 2
with a setting time of 0.5 s. Measurement start time was set to 0 with 17 number of flashes per well. Three
replicates were measured per sample. Each well contained 200nL of solution.

3.1.4 Preparation of liposomes

All phospholipids were obtained as powders and suspended in ethanol, yielding stock-solutions of phospholipids
with a concentration of 25 and 50 mg/mL. The stock-solutions were stored at minus(-) 20 degrees °C. Liposomes
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were prepared by the hand-mixing procedure [40]. In the first step of liposome assembly, the phospholipid stock-
solutions were further diluted in ethanol to a concentration of 5 mg/mL and 10 mg/mL. Final, the ethanolic
phospholipid solutions were transferred into Milli-Q water, with a 1:1 and 3:1 ratio (H20:EtOH), and mixed
for 30 seconds with pipetting.

3.1.5 Size distribution

Dynamic light scattering (DLS) was performed with a ZETASIZER Nano series from MALVERN Intstruments
with DTS0012 disposable cuvettes. 1 mL of sample was analyzed to determine size distribution after synthesis.
Refractive index for the liposomes was set to 1.45. 1%EtOHinwater was set as dispersant, with a viscosity
of 1.0193 cP and refractive index of 1.330. Temperature was set to 21°C, with an equilibration time of 10 s.
Measurement angle was set to default (173°Backscatter). 3 measurements were performed for each sample with
3 numbers of runs and a run duration of 10 s for each measurement. Delay between measurements was set to 0.

3.1.6 Thermogravimetric analysis/Differential scanning calorimetry

A STA 409 PC Luxx from NETZSCH was used for simultaneous thermogravimetric- and differential calorimet-
ric analysis (TGA/DSC). Liposomes synthesized from a phospholipid concentration in ethanol solution of 20
mg/mL, and 1:1 (H20:EtOH) ratio were used (final concentration of 10 mg/mL). 40 pL from each sample was
heated from 25-70 °C with a scan rate of 1 °C /min. The endothermic peaks at 25-38°C were analyzed, and the
area under the curve were calculated as the heat capacity. The baseline was set to zero and everything above
zero was considered as a part of the endothermic peaks.

3.1.7 Liposome treatment with functionalized fluorescein GO

After the DLS measurement of the liposomal sizes, it was concluded that 10 mg/mL and 1:1 (H20:EtOH) ratio
gave the highest particle sizes. Since the purpose of liposome preparation is to mimic the cell membranes, high
particle sizes are aspired. Therefore, liposomes synthesized from a phospholipid concentration in ethanol solution
of 10 mg/mL, and 1:1 (H20:EtOH) ratio were used. Two procedures were performed for liposome treatment
with functionalized fluorescein GO. One procedure is to treat all liposomes in single and mixed format similar to
the theoretical calculations, while the other procedure is to treat selected bacterial and mammalian liposomes
with similar formulation to bacterial and mammalian membranes.

For the first procedure of liposomes treatment, the liposomes were treated with 2 mg/mL of GOF, followed by
incubation for 1 h at 37°C. 5 pL of each sample was analyzed with LeicaCTR4000 confocal fluorescent micro-
scope for evaluating GO-F internalization.

For the second procedure of treatment, selected bacterial and mammalian liposomes were assembled and treated
with functionalized fluorescein GO. The bacterial liposome contained 20 weight% CL and 80 weight% PG [41],
while the mammalian liposome was assembled with 45 weight% PC, 45 weight% and 10 weight% PE [42]. Three
samples were synthesized for each type of liposome. The liposomes assembled in a total volume of 300 pL. and
treated with 5 mg/mL of the functionalized fluorescein GO, followed by incubation for 6 h at 37 °C. After treat-
ment, the liposomes were separated from the liquid solution by solvent-based precipitation [43]. For this, 300
pL EtOH was added to the treated liposomes from previous step and mixed for 10 min, followed by low-speed
centrifugation, 4700 g for 10 min. The supernatant was removed, and the precipitates were air-dried for 30
min at room temperature, followed by drying at room temperature in vacuum for 1 h. The dried pellets were
resuspended in phosphate buffer saline (pH 7.4) and vortexed for 30 s. Fluorescent emission was measured by
FLUOStar Omega with Costar 96 well plate. Wavelength from excitation and emission was set to 485 nm and
520 nm respectively with the optic set to top. Mode was set to endpoint and 2 multichromatics were measured
with a gain of 500 and 1000. Orbital average was set to 2 with a setting time of 0.5 s. Measurement start
time was set to 0 with 17 number of flashes per well. Three replicates were measured per sample. FEach well
contained 100 pL of solution.
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3.2 Results and discussion

3.2.1 Graphene oxide functionalization

Before removal of the DMSO and resuspention of water took place, the following method did not mention
this last step, and thus, the final suspension was first considered in DMSO. However, after the last step of
synthesise, no fluorescein was noticed. According to literature, the fluorescent properties of fluorescein is highly
pH dependent , and thus, the effect from DMSO was analyzed. As the first step, fluorescein powder were
diluted in DMSO and H5O respectively to measure the absorbance. Fig. shows a clear shift in absorbance
spectra between fluorescein in HoO and DMSO. The absorbance spectra of fluorescein in HoO follows literature
[45], while absorbance spectra for fluorescein in DMSO is absent.
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Figure 3.1: The absorbance spectra for fluorescein in water and DMSO.

Next, DMSO was removed from the functionalized fluorescein GO (GO-F) solution and respunded in HyO.
Fluorescent intensities were measured for GO-F in HoO, GO-F in DMSO and pure GO in H,O. Fig[3:2] shows
that only GO-F in H5O give fluorescent properties, and thus, the functionalization was probably a success, and
that the solvent highly effects the fluorescent properties.
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Figure 3.2: Measured fluorescence from the functionalized GO flakes in water and DMSO, together with measurement for pure GO
in water.
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After that, the size distribution of GO-F was measured. This were also done for the original GO and sonicated
GO. Figl3.3] shows that the original GO possess the largest size, while sonicated flakes display the smallest
flakes, which is as expected after sonication. GO-F exhibits larger particle size than the sonicated, which could
confirm attachment of molecules and thus, confirm the functionalization.
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Figure 3.3: Size distribution from dynamic light scattering of functionalized GO, sonicated GO and original GO.

3.2.2 Liposome sizes

As the first step of liposomal synthesise, the effect from phospholipid concentration and HoO:EtOH ratio were
investigated, and their effect on particle size. Two concentrations of phospholipids in ethanol, and two ratios of
H->0O:EtOH were analyzed. The assemble of phospholipid mix followed the theoretical calculations, thus, lipo-
somes were synthesized from 100% CL, 50/50% CL/PG, 100% PG, 100% PC, 100% SM 50/50% PC/SM, 100%
PE, 100% PS and 50/50% PE/PS. Together with the variables for particle size (concentration and HoO:EtOH
ratio), this yielded in 36 samples. The particle size for all samples were measured, stored at -20°C for 24h and
then remeasured. The primary goal was to analyze the size distribution, and the secondary goal was to confirm if
storing effects the sizes. Each peak from the DLS measurement was extracted and plotted against phospholipid
concentration and HoO:EtOH ratio, fig. [77} This shows that both higher initial phospholipid concentration and
lower HoO:FEtOH ratio increases the size. After storing the liposome over night at -20°C, they displayed similar
size distribution B.5
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Figure 3.4: Extracted peaks from the DLS measurements with respect to (a) HoO:EtOH ratio, and (b) phospholipid concentration
in EtOH solution.
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Figure 3.5: Extracted peaks from the DLS measurement of liposomes after storing at -20 °C for 24h. Boxplot with respect to (a)
H2O:EtOH ratio, and (b) phospholipid concentration in EtOH solution.

In this project, the purpose of liposomes are to mimic the plasma membranes in cells, therefore, larger particles
are desired. Thus, we choose an initial phospholipid concentration of 10 mg/mL and 1:1 HyO:EtOH ratio for
the liposomal treatment with GO-F. The size distribution from these conditions are presented in fig[3.6] A first
glimpse indicates that the bacterial liposomes forms larger particles, but, from microscopic images it can be
viewed as aggregation of smaller particles. The sizes from the mammalian and cancer liposomes are spotted as
more alike, while the mammalian liposomes exhibits the most uniform distribution.
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Figure 3.6

3.2.3 Evaluation of liposome treatment with functionalized GO

The main purpose of liposome treatment with functionalized GO were to investigate whether graphene oxide can
internalize into the liposomes or not, and if there is any difference between phospholipid composition. Treatment
was done under incubation at 37 °C for 1 h, to mimic the optimal conditions for most bacteria and mammalian
cells. Fig[3.7al3.7b] and [3.7c shows images from the fluorescent microscope. First, we can confirm the statement
above, two of three bacterial liposomes are small with a tendency to aggregate (100% CL and 50/50% CL/PG),
fig]3.7al and, no internalization were visualized for these liposomes. However, some internalization was found
for liposomes with 100% PG. For mammalian liposomes, nothing significant took place for the 100% PC and
100% SM, but, in the 50/50% mix, internalization were visualized, ﬁg The liposomes of cancer displayed
most internalized GO-F flakes fig[3.7d
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Next, for the quantitative assay, selected bacterial and mammalian liposomes as the representatives of bacterial
and mammalian membranes were treated with the GO-F. In fig[3.8) we can see a higher fluorescent signal from
the mammalian liposomes, which indicates more internalization of the GO-F. This follows the pattern from the
fluorescent microscope, which insinuated more internalization of the GO-F into the mammalian liposomes. If we
connect this to the theoretical part, it was shown in the SCF-calculation that approaching GO flakes exhibited
less repulsive forces to bacterial phospholipids compared to the mammalian. Less fluorescent signal from the
bacterial liposomes can be interpreted that GO-F penetrates and disrupt the bacterial liposomes, while the
mammalian liposomes allow less membrane penetration and more internalization when the membrane remains
intact.
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Figure 3.8: Measured fluorescent of bacterial- and mammalian liposome mixtures after treatment with GO-F

3.2.4 Heat capacity of liposomes

Fig. shows the outcome from the differential scanning calorimetry (DSC) measurements. Measurements
carried out between 25-70 °C, thus, no major weight changes are expected. Therefore, we are only interested
in the data from DSC measurement (excluded TGA). Also, the most significant happenings took place before
42°C, which is convenient, and we choose to highlight the results within the temperature range of 25-42 °C. Due
to running out of the stock-solution of PS, liposomes with this phospholipid were not measured.

For bacterial liposomes, there are a wide spread of outcomes. No endothermic peaks are present at this temper-
ature range for the 50/50% mixed phospholipid liposome (CL/PG). For 100% PG, the endothermic peak takes
place at lower temperature (29.2 °C, 0.036 pV/mg), compared to the other liposomes, which indicates that the
amount of heat needed to overcome the endothermic reaction is lower. The second lowest peak is exhibited
for 100% CL (33.2 °C, 0.061 nV/mg), which also represents the bacterial membrane. The other liposomes
have similar maximum peaks, with a slight shift in temperature dependency. The most temperature resistant
liposome seems to be the one representing the cancer cells (100% PE), which exhibit an endothermic peak at
33.4 °C with a heat flow of 0.076 pV/mg.
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Figure 3.9: The DSC curves from measured liposomes between 25-42°C.

Calculating the integral for each endothermic peak, with respect to time (not temperature) we get the heat
capacity, as nVs/mg. Table presents the results from these calculations. For 50/50% CL/PG, endothermic
peak was not present, and thus, the heat capacity from this liposome could not be calculated. And, as indicated
from the DSC curves, the bacterial liposomes display lowest heat capacity, and the cancer liposomes the highest.

Table 3.1: Table of the measured heat capacity of liposomes

Organisms | Phospholipid | Heat capacity [uVs/mg]

CL 0.176

Bacteria PG 0.093
CL/PG -

PC 0.229

Mammalian SM 0.301

PC/SM 0.279

PE 0.333
Cancer PS -
PE/PS .

Next, the values from the calculated heat capacities were converted from pVs/mg to pVs/mol, and plotted
against the theoretical calculations. Since no calibration was done before the DSC measurement, the units
could not be converted into J/mols, as the theoretical. Nevertheless, if we fit the measured heat capacities
into the theoretical plot, we see that they follow the same pattern and range. This strengthen the theoretical
predictions of weaker interaction between the bacterial phospholipids compared to both mammalian and cancer
phospholipids. However, since the solution of PS run out of stock, only one liposome mix was measured the
cancer membranes. Also, all liposomes were assembled in HyO:EtOH solution, without removing EtOH, which
also need to be considered.
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Conclusion and perspectives

4.1 Analysis of result

From the results, we can conclude that functionalization of graphene oxide with fluorescein is possible, and that
the fluorescent property is dependent on solvent and specifically, the pH level. It can also be stated that when
assemble liposomes, concentration of phospholipid and ratio between HyO:EtOH affects the sizes of liposomes.
Higher phospholipid concentration and lower H,O:EtOH ratio leads to larger liposomes.

Further, internalization of GO-F into liposomes was visualized with fluorescent microscope. This indicated
more internalization of GO-F into mammalian- and cancer liposomes compared to that of bacterial ones. In
quantitative analysis higher fluorescent signal was found for the mammalian liposomes, after treating selected
bacterial and mammalian liposomes with GO-F. This could be connected to the theoretical calculations which
showed that bacterial phospholipids exhibit less repulsive forces to approaching GO-flake, and thus, higher
possibility for cutting and disrupting the membrane. The mammalian phospholipids display higher repulsive
forces to approaching GO-flake in the theoretical calculations, which can restrict membrane penetration, while
enabling internalization instead.

Next, when analyzing the DSC measurements of the liposomes, a distinct shift in heat resistant were found for
the bacterial liposomes compared to the mammalian- and cancer liposomes. The endothermic reactions took
place at lower temperatures and/or with a lower maximum peak for the bacterial liposomes. Also, the bacterial
liposomes exhibited lower heat capacity which goes in line with the theoretical calculations, which was visualized
in fig[3:10] One explanation could be that the bacterial phospholipids contains more OH-groups in their heads,
which creates a “special” arrangement with higher numbers of intramolecular forces, and less intermolecular
attractions between the phospholipids. Also, the results from the theoretical part shows that z-stacking leads
to higher numbers of possible interactions, and thus, stronger bonding between the phospholipids. Adding the
environ plug-in into the calculations leads to a decrease in energy for all the systems. This could be interpreted
by the hydrophobic/hydrophilic properties, where water pushes the hydrophobic tails closer to each other, which
allows for more interactions. Also, the environ plug-in, together with z-stacking seems to "even out” the energies
between the systems and the contribution from the head groups becomes less significant.

4.2 QOutlook

The calculations for the approaching flakes were performed with SCF calculations, and no movement of ions are
allowed. Thus, implementing relaxed state calculations and/or molecular dynamics would be closer to reality.
Also, the SCF-calculations did not include environ plug-in, which could change the outcome. For the practical
part, quantification of liposomes survival after GO-F treatment can be done to validate cutting membrane by
GO-flakes. This could strengthen the theoretical calculations and further confirm the cause of lower fluorescent
signal after treatment of bacterial liposomes with the functionalized fluorescein GO. Also, ethanol was not
extracted from the liposome solutions after synthesise, which could effect the solubility of liposomes and their
characteristics.
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Appendix I

The route from Schrédinger equations to density functional theory

Density functional theory (DFT) is equivalent to the fundamental equation of quantum mechanical systems, the
Schrodinger equation (SE)[13][14]. In 1926, Erwin Schrodinger 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
- 1)
HY =ih—v Al
st (A1)
which is also called the time-dependent SE [15]. A simplified form for time invariant potentials, is the time-

independent, non-relativistic SE R
HV = FEV (A2)

where H is the Hamilton operator for the system and VU is the wave function to a set of eigenstates of the
Hamiltonian with the associated eigenvalue F. With variational methods, the solution for the lowest eigenvalue
of a stationary state can in principle be found, hence the ground state. Schrodinger 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., the Hamiltonian is used and the time-independent SE
can be expressed as

h N ) h M ) N N N N N N
[— Z—mi;vi — 2ma;va+;;V(n,ra)+;;wn,m+;§U(m,m)}qf — BV (A3)

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(7)-
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 [46], 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

N N N

N
R DA D DIES 9) i) (a9

i=1 i=1 i=1j>1

Further approximation to the many-body system was done by Douglas Rayner Hartree and Vladimir Aleksan-



drovich Fock [47][48] by simplifying the wave function into a Slater determinant [49]

x1(#1)  xa(#1) .. xwn(21)

, x1(72)  xa(72) ... xn(23)
Wsp = det | : : : (A5)

@) xel@h) . xw(Ew)

where x1(#1) 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

HyrVsp = Exr¥sp (A6)

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
the HF potential (Vi ), and expressed as

N
Vier = Y (J;(a1) — K;(1)) (A7)

J
The HF potential includes jj and represents the Coulomb operator, the electron-electron repulsion from the j-th
orbital. The K ;j 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 (¥y). This principle states that if any trial wave function (¥y,;) is chosen and computed together with
the Hamilton operator of the SE, the expectation value of that eigenvalue (FE4.;4;) must be equal to, or higher
than the true energy. Therefore, E},;4; is used as an upper bound to the ground state energy levels and written

with Dirac notations as R R
<\Ijtrial|H|\I]trial> = Etrial > EO = <\PO|H|\IIO> (A8)

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 [13].

During the same time period, 1927, another approximation method was published, the Thomas-Fermi model
[50]. 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 [16], and then one year later expanded by Walter Kohn and Lu Jeu Sham into the Kohn-Sham
(KS) theorem [17]. These theorems were the birth of DFT and Walter Kohn was awarded the Nobel Prize in
chemistry 1998 for his contributions to computational chemistry [18§].

The first HK theorem proved that the ground state energy from SE is a unique functional of the electron density
n(7)
n(7) =2 f (F)u(F) (A9)
i

They first denoted the electron density in the ground state as a functional of the external potential V' (7), and
then by reductio ad absurdum, they proved that n(7) is a unique functional of 7. Since the energy is dependent
on 7, they stated that the ground state for a full many-particle system should also be a unique function of 7.
They defined the energy functional as

E[n(7)] = /V(f‘)n(F)dSr + F[n(7) (A10)
with
Fn(r)] = (T + Ult) (Al1)

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

Fln(®) = + / ) 1t 4 Gl (A12)

2 |r — /|
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with G[n()] 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(7)srq; is the upper bound for the true
ground state as

(Wiriar H P rriar) = /V(f')n(f’)tmzdgr + F[n(7)iriat] = E[n(Piriat] = Eoln(7)o] = (Wo| H[Wo) (A13)

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

OE[n(7)] — ,u/n(F)dST =0 (A14)

with p as a Lagrange parameter. This was then rearranged into

oE [fo)] FV(A) =p (A15)

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

Fln(r)] = Tn(r)] (A16)

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

N
)= 3 [ i (- 392 i @
ti=1

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

Fn(r)] = Tn(m)] + Un(r)] + Egeln(r)] (A18)

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

Uln()] = % / / d%d%’w (A19)

r—r

and E.[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

Eln(r)] = Tn(7)] + V[n(7)] + Un(7)] + Ege[n(7)] (A20)
and from the constraints of the Lagrange multiplier
SE@] - e / dr g (Mn () = 0 (A21)

with €; as the i-th Lagrange parameter, the KS equations were reduced to a one-particle SE and took the form

h2
g Vies ()] i) = e (A22)
with the KS potential as
Vks(F) =V (F)+ U(F) + E(F) = /V(F)n(F)d?’r + 62/ |?(_T_;)/| d3r' + 5E§2E7ém] (A23)
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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) [17]. This assumes that
the system consists of a uniform electron gas where the electron density is constant at all points in space

ELPA[n) = / n(P)ee(n(7))dr (A24)

with €,.(n(7)) as the exchange-correlation energy per particle in a homogeneous electron gas with density n(7).
This was further developed, by considering the spins of the electrons, into the local spin density approximation
(LSDA) [51]

EachDA [n%nl} = /n(?)GZC(”T’ni)dBT (A25)

Another approach is the generalized gradient approximation (GGA) [52]
ESSA g, ny) = /n(F)em(n¢,n¢,VnT,an)d% (A26)

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) [14]. 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 [53]. 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 [54] 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 [55]. The starting point was to divide the exchange-correlation
energy into

E,.[n] = Ey[n] + E.[n] (A27)

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

E.n] = E? + E™ (A28)

where E7 describes the long-range, nonlocal interactions and EY is approximated with LDA. E™ was derived
to

EM = %/d%d%'n(?)zzﬁ(f’,v”)n(?) (A29)

with ¢(7,7) as a general (kernel) function depending on the distance between |r — /| and the densities n close
to 7 and 7.

The kernel of van der Waals density functional

From Eq. ¢(7,7) was expressed as a general (kernel) function depending on the distance between |r — /|
and the densities n close to 7" and 7. The kernel is further expressed as

O(F,7) = 27:264 /0 ~ 2da /0 " BRAbW (a, b)T(w(a), v(b), V' (a), V' (1)) (A30)
where
M) =5 |+ v [erera t e (A3
and
(0. b) — 2B @beos(t)sin(@) + (3 = 1)acos(a) sin(8) + (a +1” — 3)sin(a) sinb) — dabeos(a) cos(b)

a3b3
(A32)
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v and v/ are given as

v(y) = ——— A33
) = g7 (433)
’ 3/2
V') = 57 an ) (A34)
where
d=|r —1'|go(F) (A35)
d' = |r —1r'|go(7) (A36)
hy)=1—e" (A37)
and qq is given as
cac(7) ”
QO(F): EgDA(,F’)kF(T) (A38)
where 2y
—3e
LDA _ F
&= (A39)
and )
kr = (37%n)3 (A40)

Y is approximated by using a gradient correction to LDA

Za (V1 \*
9 Qkpn

Zap = —0.8491 (A42)

€

0 _ _LDA LDA
€zc = Cxc — €

(A41)

where

is the contribution from the screened response which was obtained from a diagrammatic analysis. Thus, the
kernel depends on 7 and 7, which can tabulated through d and d’. The exchange term in cq 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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