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CHAPTER 1

Introduction



1.1 Interaction between lipids and graphene

The focus of this thesis is to explore the capabilities of small amphiphilic molecules,
such as lipids, to form stable assemblies on top and below a macroscopic sheet of
graphene via non-covalent interactions. The first hypothesis tested during this
work was that a sheet of graphene can reside, in a stable manner, in the
hydrophobic core of a lipid bilayer, the main constituent of biological cell
membranes.? Non-covalent functionalization of graphene with lipids has the
advantage of not altering the intrinsic electrical properties of graphene.? Also, non-
covalent interactions, as opposed to covalent modifications of the graphene basal
plane, preserve the aromatic sp? conjugation, and do not disturb to a large extent
the electronic mobility of charge carriers in graphene. Typical short range
interactions involved in the functionalization of graphene include m-mt stacking,
hydrophobic, electrostatic and van der Waals interactions.>*

Graphene is a two dimensional (2D) allotrope of carbon with sp? hybridized
carbon atoms arranged in a honeycomb lattice.> The exceptional electron
mobility,>2 mechanical flexibility,® and large surface/volume ratio’ promotes
graphene as an excellent material for sensing applications, particularly through the
functionalization of its surface with specific molecules. In fact, pristine graphene is
relatively inert chemically, and unselective towards the binding of particular
molecules. A lipid layer on the surface of graphene however can represent a
sensitizing layer susceptible to integrate lipid-specific biomolecules such as
olfactory proteins, receptor proteins, pore forming proteins, to name a few,
allowing to electrically probe — using graphene — the activity of these proteins.
Additionally, graphene can be used as a sensor to study and characterize the
process of assembly of lipids onto the graphene surface, or a change in the lipid
conformation.®° Therefore, it is vital to understand the interaction between lipids
and graphene. Although a lipid coated graphene sheet resembles at first sight a
simple system, several parameters influence the interactions between lipids and
graphene which make it a highly complex system to study. In fact, the properties
of graphene are strongly influenced by the preparation method used,*! the level of
contamination,*® the transfer method'®* and the nature of the substrate
underneath.’ Also, the size and composition of the graphene sheet play a large
role in determining how lipids interact with the basal plane of the 2D materials.
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Furthermore, the chemical structure of the lipids and the assembly method also
affect how the lipids interact with graphene.®

Recently, a growing number of publications reported on the interactions
between lipids and graphene.®1% 519 However, at the start of this PhD work, little
was known about the most basic structural features of lipid-graphene assemblies,
principally the orientation and conformation of the lipid layer(s). Particularly, the
most widely used technique to characterize lipids — namely infrared (IR)
spectroscopy — had never been applied to monitor lipid-graphene interactions.?
Additionally, very few papers discuss the interaction of pristine graphene with
lipids. Instead graphene oxide (GO) and reduced graphene oxide (rGO) were largely
used as model graphene materials, particularly because of the ease of producing
enough quantities of those. In this section of the thesis, we discuss the interactions
of GO and rGO with lipids, the use of the field effect in graphene to study lipid-
graphene interactions, molecular dynamic simulations, and discuss the studies
involving lipids and pristine graphene.

1.1.1 Graphene oxide

GO is obtained by oxidizing graphite in the presence of sulfuric acid (H.S04) and
potassium permanganate (KMnQy), i.e. the so-called Hummers method.?! During
the chemical reaction, the aromatic sp? carbon in graphite are converted into sp?
carbon atoms covalently bonded to oxygen functional groups generating structural
defects on the basal plane and edges of graphene.?>2 The large fraction of oxidized
carbon atoms (i.e., C-OH, —COOH, C—0O-C and C=0) yields graphite oxide flakes
highly soluble in water. Furthermore, the functional groups facilitate covalent
conjugation of biomolecules onto the GO surface.?*

GO is negatively charged due to the presence of carboxylic acid groups favoring
the adsorption of positively charged lipids. Hence, using the Langmuir-Blodgett
technique? (explained in detail in section 1.1.5), the oxidized edge of GO dispersed
in the aqueous sub-phase underneath a lipid monolayer, interacts in a vertical
orientation with the lipid monolayer. The presence of negative charges on GO
therefore allows the favorable interaction of GO with positively charged lipids, at
least compared to neutral or negatively charged lipids (Figure 1.1a).2° However, if
instead of lipids, cationic surfactants interact with GO at the air-liquid interface,
GO sheets will contact in a horizontal manner? with the basal plane of GO facing



the head groups of the cationic surfactant (Figure 1.1b). Therefore, several studies
claim that positively charged lipids/surfactants have a higher affinity with GO
compared to negatively charged lipids/surfactants, due to attractive electrostatic
interactions.?® 2829

Alternatively, using vesicle fusion, GO can be encapsulated between lipid
bilayers, sandwiched between the head groups of the lipids (Figure 1.1c) benefiting
from the electrostatic attraction between the positive charge on the lipid head
groups and the negative charge on GO.2® GO sheets have been shown to induce
the rupture of the pre-adsorbed liposomes promoting the assembly of stable lipid
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Figure 1.1. Illustrations of the interactions between graphene oxide (GO) and lipids. a) GO
interacting in an vertical orientation with the cationic dioctadecyldimethylammonium
bromide (DODAB) lipid at an air-liquid interface in a Langmuir trough.?® b) Surface of a GO
flake interacting with head groups of the cationic octadecylamine (ODA) surfactant in a
Langmuir trough.?’ c) Rupture of lipid vesicles on a SiO2 substrate and the formation of
lipid-graphene multilayer stacks.?® d) Lipid bilayer being desorbed from a mica substrate
through the interaction of a GO sheet with a zwitterionic lipid bilayer in the presence of
Ca?* ions.3?

Studies involving quartz crystal microbalance with dissipation monitoring
(QCM-D)*® (explained in detail in section 1.1.5) have revealed that large GO sheets
placed above supported lipid bilayers (SLBs) induce the rupture of small pre-
adsorbed liposomes and the subsequent assembly of SLBs.3! Contrarily, a different
study has revealed that zwitterionic SLBs detach from mica substrates in the
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presence of GO sheets where divalent ions are used to previously stabilize the SLBs
in solution (Figure 1.1d).32 Although GO is suitable to study lipid-graphene
interactions, GO is by far not chemically identical to graphene. GO is an oxidized
analog of graphene, and upon reduction (rGO) resembles more carbon black than
graphite/graphene.®® Studies have shown that zwitterionic liposomes do not
rupture on GO and only partially on reduced graphene oxide (rGO). In contrast, full
rupture is observed on pristine graphene (Figure 1.2b).3* It is therefore crucial to
consider the chemical nature of graphene, GO, and rGO (Figure 1.2a) to
understand and/or predict how would lipids interact with the basal plane of these

materials.
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Figure 1.2. Differences in the chemical composition between graphene, graphene oxide
(GO) and reduced graphene oxide (rGO) and their interactions with liposomes. a) Chemical
structures of graphene, GO and rGO.*> b) Schematic illustration of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) liposomes interacting with GO (no liposomes ruptured),
with rGO (~20% liposomes ruptured), and with graphene (~70% liposomes ruptured).3*
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1.1.2 Reduced graphene oxide

Oxygenated groups in GO can be reduced to partially recover the conjugated
aromatic structure in a highly defective graphene, so called reduced graphene
oxide (rG0O).3>3% rGO can be obtained by treating GO with strong chemical reducing
agents such as hydrazine,® other non-toxic chemicals such ascorbic acid,®
thermally,® electrochemically®® or by photo-irradiation.* rGO has better
properties compared to GO (i.e., rGO resembles more graphene compare to GO),
such as increased electrical conductivity and improved carbon to oxygen ratio.
Depending on the reduction method used, the properties of the rGO sheets, such
as the chemical structure, thickness and electrical performance can be tuned.3>3’
However, rGO does not have the same properties as pristine graphene due to the
large variety of basal plane chemical compositions present in rGO (particularly the
presence of a large range of grain boundaries and defects, i.e. non sp? carbons). In
addition, rGO is often prepared as a dispersion, and the obtained sheets are small
(~500%x500 nm) which makes the fabrication of devices cumbersome and difficult.
After reduction, the initial oxygenated sp?/sp® defects are converted into non-
aromatic structures. This yields a poorly defined conjugation system which is by far
lower than in pristine graphene.

Lipids interact differently with distinct forms of rGO, depending on the degree
of reduction of GO and on the number of reduced graphene oxide layers
constituting the rGO sheets. For multilayers (> 5 layers) rGO sheets, the lipids self-
assemble as lipid bilayers whereas monolayer-few layers (< 5 layers) rGO sheets
lead to intact vesicle structures on the surface of rGO.*® In contrast, other studies
have shown that lipids form a monolayer structure on rGO with the hydrocarbon
chains facing the rGO sheets.*** Alternatively, a separate study reported the
encapsulation of rGO in a lipid bilayer, with minimal perturbation of the electrical
properties of rGO upon encapsulation.*

1.1.3 Chemical vapor deposition (CVD) of graphene

Pristine graphene can be obtained by different methods such as chemical and

mechanical exfoliation of graphite,®

epitaxial growth on SiC surfaces* or by
CVD.*® The most common route to produce large graphene sheets is by CVD as it
yields high quality graphene samples in comparison to rGO or GO. Here, it is

important to note that many parameters such as the composition of the seed gas,
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temperature, cooling time and the substrate catalyst, results in graphene of
50-51

different crystallinity, grain boundaries, homogeneities and defects.

Typically, hydrocarbon gases such as methane or ethylene are used for the CVD
process where the gases are dehydrogenated at very high temperatures (> 800°C)
prior to graphene growth.>? This procedure typically consists of two steps. The
chemisorption/incorporation of the decomposed hydrocarbons on the catalyst
and thereafter the segregation of carbon on the surface during the cooling step to
form a graphene sheet. Metal substrates are used to catalytically enforce the
growth process. The catalyst substrate plays an important role during the
nucleation and the growth of graphene due to the fact that different substrate
catalyst have different carbon solubility and surface-carbon affinities.>® The
solubility of carbon on metals such as nickel®* or ruthenium® is very high which
typically results in carbon to dissolve and then nucleate and grow as a graphene
layer on the surface of the catalyst.* Copper, however, shows a very low solubility
of carbon which enables the continuous growth of graphene on its surface. During
the CVD process involving a copper surface, the carbon atoms instead of diffusing
and segregating on the metal surface, adsorb and successively nucleate graphene
growth via expanding local graphene-domains.>® Graphene is deposited uniformly
over the copper surface, reaching a single monolayer of graphene. To date, copper
substrates are by far the most used catalysts to grow graphene.>® The different
growing procedures available to obtain single layer graphene lead to variations in
graphene crystallinity which in turn affects the electrical properties of the obtained
graphene. Although graphene can also be grown on non-metallic substrates such
as Si/Si0O,, catalysts are important because they allow to significantly reduce the
temperature needed for the growth of graphene.>® CVD graphene on copper was
used in all the projects of this PhD work.

1.1.4 Graphene field effect transistors

In its simplest architecture, a field effect transistor (FET), is generally composed of
a conductive channel connected to a pair of electrodes, namely source and drain
electrodes across which an electrical potential is applied (Vsq). In such device, the
conductivity is modulated by an electric field, commonly referred to as a gate
potential (Vg). This gate potential is applied on the conductive channel through
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either a solid state electrode via an insulating material (Figure 1.3a), a gate

electrode, or through an electrolytic solution (Figure 1.3b).’
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Figure 1.3. Graphene field effect transistors (GFET). a) Schematic of a liquid-gated GFET
with a gate potential (Vrer) applied through an electrolytic solution. b) Schematic of a back-
gated GFET with a gate potential applied (V) to SiO2 substrate. c) Current-voltage curve of
graphene with different charge carriers (holes and electrons) with a minimum at the charge
neutrality point of graphene.3

Due to the linear dispersion of its electron band structure, susceptible to
external gate electrical fields, graphene can be used as the conductive channel in
a field effect transistor architecture. In fact, the conductivity of graphene can be
modulated by a gate potential, which perturbs the density of charge carriers in its
band structure, resulting in the so-called Dirac cone, with a minimum of
conductance at the Dirac point (Figure 1.3c, at the charge neutrality point — CNP —
the amount of electrons and holes carriers is equivalent). Notably, due to its 2D
nature, the electronic band structure of graphene is extremely sensitive to external
perturbations, such as molecular interactions which introduce perturbations in the
band structure of graphene, and a variation of the change of its conductivity.
Particularly, any small variation in the chemical composition of the environment in
the vicinity of graphene primarily (dipole fluctuations) induces a change in charge
carrier.> 7 For instance, it has been reported that using an electrolyte-gated
graphene field effect transistor (GFET), charged lipid bilayers modulate the
electronic properties of graphene, yielding different responses for cationic, anionic
and zwitterionic lipids. (Figure 1.4a).8 10
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Figure 1.4. GFETs functionalized with lipids. a) Electrical properties of a GFET upon
functionalization of the graphene conducting channel with neutral, negatively, positively
charged lipids.'® b) Lipid bilayer membrane with a protein pore (gramicidin A) on top of a
GFET used to measure the activity of an array of ion channels.® ¢) GFET coated with a lipid
bilayer for the detection of cholera toxin B.5® d) X-ray reflectivity measurements of a lipid
monolayer on a solution-gated GFET used to determine in real time the spreading and
rupture of lipid vesicles (by vesicle fusion) forming a lipid monolayer.?

To fabricate a GFET, graphene is grown on a metal catalyst such as copper, and
is transferred onto a Si/SiO, substrate. The transfer method as well as the choice
of the substrate are equally important during the fabrication of GFETs. A
suboptimal transfer can degrade the quality of the graphene by leaving
contaminations, inducing stress or cracks. The substrate on which graphene is
transferred also affects the electrical properties of graphene.>® In Chapter 2, a lipid
monolayer was proposed as a substitute to the usual hard inorganic Si/SiO;
support for graphene. Remarkably, the lipid monolayer ameliorated the electrical
properties of graphene compared to graphene on a Si/SiO, substrate. In addition,
in Chapter 6 a clean transfer method was developed where amphiphilic lipids were
used as a scaffold that clamps graphene at the edges yielding a controllable
manipulation of graphene and a clean transfer to arbitrary substrates.
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Graphene has been demonstrated to be sufficiently sensitive to detect changes
in the properties of a lipid membrane. Particularly, the modification of a lipid
membrane by a gram-negative bacterial® or by the incorporation of individual ion
channel proteins® yielded changes in the electrical properties of graphene, namely
fluctuations of the conductance of the conductive graphene channel (Figure 1.4b).
Similarly, protein interactions with a lipid bilayer (Figure 1.4c) could also be
detected by a solution-gated GFET.% 8

A GFET is able to detect electrically the dynamics of vesicle rupturing on the
graphene surface, in situ, and in real time (Figure 1.4d).2° While some studies claim
the formation of a lipid monolayer!® 18196061 (ynon vesicle rupture) others report
the formation of a lipid bilayer.® 1% 1> 38 Typijcally, lipids such as 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine  (POPC) or 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) self-assemble on graphene as a lipid bilayer while, lipids
such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) rearrange as a monolayer on graphene.
Thus, since graphene of different quality crystallinities is expected to yield a range
of different interactions with lipids, in Chapter 5, the interactions of several distinct
lipids with different graphene materials were systematically investigated to
identify the most important parameters regulating lipid-graphene interactions.

1.1.5 Assembly of lipids on pristine graphene

Vesicle fusion (VF)

Lipids can be deposited on graphene surfaces using different experimental
techniques. The most common methods used are the vesicle fusion (VF, Figure
1.5a), lipid dip-pen nanolithography (L-DPN, Figure 1.5c) and the Langmuir-
Blodgett technique (LB, Figure 1.5b). In the previous section, GFET functionalized
with lipids were prepared by lipid self-assembly on graphene using the VF method.
The VF is the most convenient approach to form SLBs, as it does not require
advanced setups such as a LB trough or an atomic force microscopy (AFM)
apparatus, but only a dispersion of liposomes. This method is based on the
spontaneous adsorption, spreading and rupture of vesicles on a solid support. The
drawback of the VF method is that there is no precise control over the formation
and assembly of the lipids on the surface of a substrate, at least if compared to the
LB transfer method where any steps of the transfer method can be precisely
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controlled: surface pressure of the lipids, transfer kinetics, calculation of the
62-63

amount of lipids transferred, to name a few.

Using the VF method, it was reported that the edges of graphene pattern were
used as a geometrical barrier to study the lateral mobility of fluorescent SLBs. The
SLBs were assembled on glass which was surrounded by graphene patterns (made
by an electron ion beam), that restricted the spreading of the lipids (Figure 1.6a).Y’
Separately, in another study lipids self-assembled differently on graphene
supported by a hydrophilic or hydrophobic substrate,® suggesting that graphene
is transparent to the wetting properties of the substrates, i.e. the so-called wetting

transparency of graphene.** &

Lipid dip-pen nanolithography (L-DPN)

L-DPN uses the tip of a cantilever in an AFM setup, where the tip is coated with
lipids which are directly transferred to arbitrary substrates such as SiO, or
graphene to form micro-sized lipid patterns (Figure 1.5c).%® This technique has
emerged as a suitable platform for the rapid construction of precise patches of
lipids on graphene. The patches are inked on graphene from a chloroform solution
containing the lipids and these patches can be located with nanoscale precision
using the imaging mode of the AFM instrument.®

Remarkably, it has been shown that as opposed to lipids on SiO; substrates,
lipids on graphene spread rapidly over the graphene surface and form inverted
lipid bilayers (as determined from the AFM height profiles, Figure 1.6b). Also,
another study investigated lipids that were deposited using L-DPN on confined
arrays of graphene patterned on Si/SiO; substrates. The graphene prevented and
simultaneously confined the spreading of lipids to the hydrophilic SiO; substrate
on the surroundings (Figure 1.5d).®
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Figure 1.5. Vesicle fusion (VF), Langmuir-Blodgett (LB) and lipid dip-pen nanolithography
(L-DPN) techniques used to form and study lipid-graphene interactions. a) Fusion of
liposomes on a hydrophilic surface and formation of a supported lipid bilayer. b) lllustration
of the LB technique where lipids are deposited at the air-liquid interface of a Langmuir
trough, compressed using two lateral barriers (top) and transferred to a substrate by
withdrawing the lipid monolayer from the surface of the trough (bottom). c) Artistic
rendering illustrating the L-DPN method where an AFM tip coated with lipid molecules
(from chloroform solution containing lipids) is used to transfer the lipids on graphene.® d)
Schematic design of L-DPN tips coated with lipid mixtures which were deposited on
graphene squares and formed inverted lipid bilayers.'8

Langmuir-Blodgett (LB) technique

Surprisingly, only few papers describe the use of the LB method to assemble a well-
defined lipid structure on graphene. Most studies focus on the production and
transfer of large sheets of GO or rGO using the LB method,”7° or study the
interactions between GO that is placed in the Langmuir trough sub-phase with the
lipids at the interface.?*? In a typical experiment, the LB technique is used to
compress lipids at the air-water interface (hydrophilic head groups facing the
water) using a Langmuir trough with two lateral barriers continuously compressing
the lipids to a desired surface pressure. Next, the lipids are transferred at a
constant surface pressure (pressure hold at a fix value using a feed-back loop on
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the LB barriers) to a substrate (Figure 1.5b).2° In Chapters 2 and 3 lipid monolayers
were transferred vertically by the LB method onto hydrophilic Si/SiO; substrates
and graphene was deposited on top of the lipid monolayer by bringing into contact
with each other. The assemblies, lipids on top or below graphene were analyzed in
detail by IR spectroscopy, ellipsometry, AFM and Raman spectroscopy.
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Figure 1.6. Assembly of lipid molecules on the surface of graphene. a) Fluorescence images
of fluorescent SLBs (bright) deposited by vesicle fusion on glass substrates patterned with
graphene (black). The SLBs spread over time through the glass channels into new reservoirs
(see white arrows) that were patterned with graphene.'” b) Atomic force microscopy (AFM)
images of lipid dip-pen nanolithography (L-DPN) patches of phospholipids on graphene (left
panel) and on SiOz substrate (right panel) and the corresponding height profiles below. The
lipids spread more uniformly and faster on graphene than on Si/SiO2 substrate.®

Molecular dynamics (MD) simulation studies

In contrast with experimental studies, MD simulation studies allow a wide variety
of conditions and situations to be tested due to the large amount of parameters
that can be tested with computational approaches. With MD simulations, the
interaction between lipids and graphene can be investigated at a molecular level,
varying the shape of graphene, numbers of layers, sizes and oxidation degrees, all
with a range of distinct lipids.

MD simulations reported that small (< 7 nm) graphene sheets can easily
penetrate and be hosted within the hydrophobic core of a lipid bilayer whereas
large graphene sheets (> 8 nm) tend to destabilize the membrane.”>” In fact, large
graphene sheets induce a perturbation in the lipid membrane by adsorbing on top

19



of the bilayer surface’® or forming vesicles due to the contrast in size between the
large graphene sheet and the small lipid molecules (Figure 1.7d).”> For small
graphene sheets (which encapsulate in the hydrophobic core of a lipid bilayer), the
insertion is preferably initiated from an edge of the graphene sheet, perpendicular
to the membrane.®® Some studies demonstrate that prior to inserting into the
hydrophobic core of the lipid bilayer, first a small fraction of lipids adsorb on the
graphene basal plane forming a micelle in which graphene is encapsulated into.
The lipid micelle then interacts with the head groups of the lipid bilayer inducing
fusion where graphene enters the hydrophobic core of the lipid membrane (Figure
1.7a).”” Additionally, the MD simulations revealed that graphene with different
shapes (i.e., circle, square) and with few graphene layers can also enter and be

75,77

hosted in the hydrophobic core of the lipid bilayer.

Instead of sandwiching graphene in a lipid bilayer, several lipid molecules can
also be extracted from the lipid membrane when interacting with graphene (Figure
1.7b). If graphene is placed perpendicularly to the lipid membrane, a large number
of lipid molecules from the bilayer are withdrawn by being dragged (i.e. lipid
diffusion) on both sides of the graphene surface, due to the strong van der Waals
and hydrophobic interactions between the graphene and the lipids. Subsequently,
the lipid membrane is then deformed, which causes a loss of its integrity.828
Alternately, if curved graphene sheets are inserted perpendicularly to the lipid
bilayer, mainly the concave side (which is exposed to a higher amount of water)
induces the extraction of the lipid molecules from the lipid membrane. This process
is probably caused by the complete wetting of graphene through the lipids in
water 8384

Interestingly, also GO sheets tend to induce the extraction of lipid molecules
from the lipid membranes.®? In fact, contradictory with the previous studies,
different results concluded that only GO (and not pristine graphene) tends to
perturb the lipid membrane by extracting several lipid molecules due to the
interaction between the oxygen groups on GO surface and the hydrophilic lipid
head groups,” ® or instead by lying perpendicular across the lipid bilayer.””’8 In
comparison, small pristine graphene sheets can easily enter the lipid membrane
without disturbing its integrity.

20



Chapter 1

b

ot .'. * ::;' oo
-:: . .'. 5. '.{‘. %"‘.’:"
. Y i T,

'y

graphene oxide

Figure 1.7. Molecular dynamic simulation studies of graphene interacting with lipids. a)
Graphene sheet surrounded by a lipid micelle which enters and lies parallel to the lipid
bilayer.” b) Lipid extraction by a graphene sheet placed perpendicular to a lipid bilayer.®?
c) Lipids assembly by dip-pen nanolithography on graphene and graphene oxide leading to
an ordered inverted bilayer and to three lipid layers structure (lipid monolayer + inverted
bilayer), respectively.®® d) Four types of graphene sheets interacting with a lipid membrane:
i) small pristine graphene hosted in a lipid bilayer; ii) large graphene sheet inducing an
hemisphere vesicle on its surroundings; iii) small graphene oxide sheet lying parallel on the
surface of the lipid membrane; iv) large graphene oxide crossing and disturbing the lipid

membrane.®

Another set of MD simulations studies considered graphene and GO as
substrates for the deposition of lipids. For GO substrates, a “1.5 lipid bilayer”
(monolayer + inverted bilayer) tends to form on the GO surface due to its
hydrophilic nature, whereas inverted bilayer structures — lipid tails facing graphene
— are orderly arranged on the hydrophobic pristine graphene basal plane (Figure
1.7¢).%%%1 Particularly, the interaction between lipids and pristine graphene induces
ordering and rigidity of the lipid hydrocarbon chains that are close to the surface
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of graphene.® 8687 These results were also confirmed experimentally in Chapter 2.
The lipids showed a more ordered (extended lipid tails) and compact structure
when a graphene sheet was transferred on top of the lipid monolayer supported
by a Si/SiO, substrate, compare to a lipid monolayer without graphene on top. The
heterostructure was characterized by attenuated total reflectance infrared (ATR-
IR), ellipsometry, AFM, fluorescence and optical microscopy. Additionally, Chapter
3 described the complete transfer of a second lipid monolayer on top of graphene,
encapsulating graphene within the hydrophobic core of the lipid membrane,
confirming the MD predictions that a graphene monolayer is stable within a lipid
bilayer.””

In summary, the physicochemical properties of graphene, such as the distinct
size and oxidization degree, influence how graphene interacts and disturbs a lipid
membrane (Figure 1.7d and Figure 1.8b).%° In general as described above, small
pristine graphene (PG) sheets are hosted within the lipid bilayer (Figure 1.7d, i and
Figure 1.8b) whereas large sheets tend to disturb the membrane by forming
hemispheric vesicles surrounding the graphene sheets (Figure 1.7d,ii and Figure
1.8b). Increasing the oxidation at the edges of graphene (eGO, Figure 1.8a) shows
that the GO sheets (independently of the size) preferably lie across the membrane
disturbing locally the structure of the lipid bilayer (Figure 1.7d, iv and Figure 1.8b).
The same behavior is observed for large sparsely (sGO, Figure 1.8a) and densely
(dGO, Figure 1.8a) oxidized graphene sheets. Instead, small sGO and dGO sheets
tend to horizontally adsorb on the surface of the lipid bilayer head groups (Figure
1.7d, iii and Figure 1.8b).
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Figure 1.8. Molecular dynamic simulations of the interaction between graphene and lipid
membranes. a) Illustration of different oxidation degrees of graphene: pristine graphene
(PG, yellow beads of unoxidized graphene), edge oxidized graphene (eGO, blue beads of
the oxidized edges), sparsely oxidized graphene (sGO, 20% of the carbon atom on the basal
plane oxidized, red beads of oxidized basal plane), densely oxidized carbons (dGO, 40% of
the carbon atom on the basal plane oxidized). b) Phase diagram summary of the effects of
various graphene sizes and oxidation degree interacting with lipid membranes. The
different colours represent the typical states written on the diagram (i.e, yellow:
hemisphere vesicle; green: graphene-sandwiched structure; blue: lying across the
membrane; red: adhering to membrane surface). #

1.2 Aim and outline

The literature described in this chapter covers the main studies currently involving
the interactions between lipids and graphene. A major aim of the research
activities over the last 10-20 years focused on studying how lipids interact with
graphene oxide (> 24), reduced graphene oxide (> 8) and with pristine graphene (>
20). This thesis aims to understand and characterize for the first time the
mechanism of lipid-graphene interactions and to characterize the resulting
structure using methods widely applied for studying lipids. The interactions of
lipids with pristine graphene were investigated by assembling ordered lipid layers
using the LB method, interfacing the hydrophobic lipid chains with the
hydrophobic basal plane of CVD graphene and characterizing the assembled
structures using mainly IR spectroscopy, ellipsometry, AFM, QCM and neutron
reflectometry. In Chapter 2, lipids are used to replace conventional inorganic
graphene substrates (such as silicon wafer). The lipids underneath graphene
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presented a more ordered and organized structure compared to lipids not in
contact with graphene. IR spectroscopy showed that lipids undergo a change in the
lipid acyl chains conformation from gauche to trans, leading to a more compact
monolayer in the presence of graphene. The heterostructure was furthermore
characterized by ellipsometry, AFM, and Raman spectroscopy. In addition, lipids
demonstrated to enhance the electric performances of graphene in comparison to
graphene deposited on plain Si/SiO,.

Accordingly, the lipid monolayer with graphene revealed a very stable and
organized structure enabling the encapsulation of graphene in a lipid bilayer if
another monolayer was transferred on top of graphene. In Chapter 3, graphene
was sandwiched in between two monolayers of lipids (i. e., in the hydrophobic core
of a lipid bilayer) where the lipid layers were assembled and transferred using the
LB and LS techniques respectively, and characterized by IR spectroscopy,
ellipsometry and neutron reflectometry.

As the stability and organization of lipid layers is also influenced by changes of
temperature, in Chapter 4, the morphology and lateral organization of the lipid
layers was analyzed below and above the phase transition temperature of the
lipids, before and after graphene was transferred on top, by AFM. Above the phase
transition, the thickness of the assembled lipid monolayer decreased adopting a
fluidic state, which was confirmed by IR spectroscopy. Notably, the lipids
underneath graphene remained intact and stable after the sample was rinsed with
chloroform or with a hexadecyltrimethylammonium bromide (CTAB) solution,
suggesting that a graphene monolayer can act as a shield protecting the lipids
underneath from harsh environments.

The interactions of distinct lipids on graphene materials were systematically
studied in Chapter 5. Cationic, anionic and zwitterionic lipids with different tail
lengths and saturations were used and assembled with the LB or VF techniques.
The structure and organization of the lipids on CVD graphene on copper and on
highly oriented pyrolytic graphite (HOPG) substrates were analyzed by IR
spectroscopy. QCM-D measurements monitored the dynamics and interactions of
the distinct liposomes (assembled by the VF method) on graphene transferred on
SiO; and on gold substrates. The results revealed that graphene was transparent
to the substrates underneath by forming a lipid bilayer on graphene transferred to
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a hydrophilic SiO,-coated quartz crystal substrate and that the liposomes remained
intact on graphene transferred to a hydrophobic gold-coated quartz crystal
substrate.

Separately, a clean and continuous graphene surface is critical for the sensitivity
of graphene in devices and therefore for the electrical detection of adsorbed
molecules on the surface of graphene using a GFET. Chapter 6 introduced lipids as
a scaffold to clamp graphene from the edges while floating at the air-water
interface. Clamping graphene from the edges with lipids provided a clean graphene
surface upon transfer to Si/SiO; substrates.

This thesis systematically analyzes the physical-chemistry of lipid-graphene
interactions with the major objective of reconciliating the variety of results
reported in the literature. By using five major characterization techniques typically
used to study lipids, namely IR spectroscopy, ellipsometry, AFM, neutron
reflectivity and QCM-D, this thesis characterizes —in details — layered structures of
graphene and lipids (so called superstructures) and separately studies the
dynamics of the interaction between lipids and graphene. The most remarkable
result is that through the systematic construction of i) a lipid monolayer on a silicon
substrate; ii) the subsequent coating with graphene and iii) the deposition of a last
lipid monolayer on top of the two layers stack; graphene could be encapsulated in
the hydrophobic core of a lipid bilayer for the first time, promising a range of
applications to sense biological processes occurring near or inside a lipid bilayer.
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