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CHAPTER 5

Assembly and structural characterization of lipids on graphite

and on graphene

Lipids organize in distinct molecular assemblies on graphene, depending on their
chemical structure, the substrate underneath graphene and the experimental
conditions used for lipid deposition. Using infrared (IR) spectroscopy and quartz
crystal microbalance with dissipation monitoring (QCM-D), the formation and
structure of lipids with different charges, saturations and chains lengths deposited
on graphene was studied systematically. The IR study revealed that saturated lipids
exhibited a higher molecular order structure on the graphene surfaces compare to
unsaturated lipids, where cationic unsaturated lipids yielded a more organized lipid
assembly in comparison to the zwitterionic and anionic unsaturated lipids. QCM-D
measurements revealed the wetting transparency effect on the assembly of
zwitterionic lipids on graphene with different supporting materials: the formation
of a lipid bilayer on graphene transferred on SiO, and the adsorption of intact
liposomes on graphene transferred on gold. Understanding how a set of different
lipids interact and assemble on the surface of graphene transferred on different
substrates revealed that the wetting transparency phenomena also impact how

lipids interact with graphene.

Publication in preparation: Lia M. C. Lima, Xiaoyan Zhang and Grégory F. Schneider.



5.1 Introduction

Several discrepancies exist regarding how lipids of different molecular composition
assemble on the basal plane of graphene.’® Some papers claim the formation of
lipid bilayers,t>* ¢ whereas others report the formation of a lipid monolayer®> 72
with hydrophobic chains facing graphene. Moreover, very few lipids were studied,
limiting the scope of understanding of what chemical building blocks in lipids drive
their assembly on graphene. So far, lipids were typically assembled on graphene
using the vesicle fusion (VF) method!® or using the so-called dip-pen
nanolithography technique,”®
glycero-3-phosphocholine (POPC) or 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) tend to form a lipid bilayer, while 1,2-dioleoyl-sn-glycero-

where lipids such as 1-palmitoyl-2-oleoyl-sn-

3-phosphocholine  (DOPC) and 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) lead to the formation of a lipid monolayer. Notably, the wetting
transparency of graphene® was suggested to play a role on the formation of a lipid
bilayer on graphene particularly in the case where graphene has been transferred
on hydrophilic substrates.? In addition, the typical characterization methods used
to characterize the lipid-graphene structures only comprise fluorescence
microscopy and atomic force microscopy (AFM) techniques.

Here, four different lipids were incubated on graphite and graphene using the
VF and the Langmuir-Schaefer (LS) methods and were characterized by infrared
(IR) spectroscopy and quartz crystal microbalance with dissipation monitoring
(QCM-D).X In the VF method,! liposomes are formed, deposited and adsorbed on
solid substrates until the lipid vesicles rupture and form a stable layer on the
surface of the substrates.!? The formation and rupture of the lipids on a surface

13 yesicle size,** buffer

depends on several parameters such as temperature,
solution,® vesicle-vesicle interactions®® and the interactions between the vesicles
and the substrate.’ In the LS technique however, the lipids are compressed on a
Langmuir trough until a desired surface pressure is reached, and then transferred
onto a solid substrate by contacting the substrate horizontally with the lipid
monolayer floating at the surface of the Langmuir trough (see Appendix IV for
experimental details). IR spectroscopy was used to analyze the structure, order and
stability of the lipids assembled using LS and VF methods on chemical vapor
deposition (CVD) graphene-on-copper, and on highly oriented pyrolytic graphite
(HOPG) substrates.
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Chapter 5

QCM-D is a unique technique that allows to study dynamic processes at the
interface between a solid and a liquid. Over the past two decades, QCM was largely
used to study, for instance the formation of lipid monolayers and bilayers on
metals, SiO, or gold substrates.®> QCM-D has however not yet been systematically
used to study lipid-graphene interactions.> '’ As described in Chapter 2 and 3, lipids
can form stable structures using the Langmuir-Blodgett technique if graphene is
assembled on top, particularly graphene on monolayers of lipids and graphene
encapsulated in the hydrophobic core of a lipid bilayer. Dynamic studies (i.e., the
kinetics of lipids interacting with graphene, for example with the VF method) are
best accessible using QCM-D. In addition, the effect of the wetting transparency
on how lipids — from liposomes — rupture on graphene transferred onto different
substrates was investigated systematically. CVD graphene was transferred on SiO;
and on gold QCM crystal sensors using the standard PMMA assisted transfer
method.*® Distinct lipids presented different assemblies on graphene and the
wetting transparency also played a role on how lipids arranged on the surface of
graphene.

5.2 Results and discussion

In a Langmuir trough, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPCQ), 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) and 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS) lipids were dropwise deposited at the air-water interface from a
chloroform-methanol solution, and compressed to a surface pressure (m) of 30
mN/m and transferred using the LS method to different substrates (Figure 5.1a),
namely HOPG and graphene-on-copper. DPPC is in a gel phase at room
temperature and presents characteristic phase states upon compression: a
gaseous state for it close to 0 mN/m, a solid state for t ~ 30 mN/m, passing through
a plateau — m ~ 10 mN/m — where the lipid molecules undergo a transition from a
fluidic to a condensed phase (Figure 5.1a, solid line).? DPPC has a phase transition
temperature of 41 °C, DOPC of -20 °C, DOTAP of 0 °C and DOPS of -11 °C all with
chains composed of 18 carbons, except for DPPC (16 chains composed of
carbon).?%2? |n the VF method, the liposomes are deposited and ruptured (or
adsorbed) on the surface of different substrates forming e.g., supported lipid
bilayers (Figure 5.1b, top) or supported lipid monolayers (Figure 5.1b, bottom),
depending on the properties of the substrates (for instance, gold vs SiO,).Y’
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Figure 5.1. Different experimental protocols, namely Langmuir-Schaefer (LS) and vesicle
fusion (VF) yielding the formation of a lipid monolayer and bilayer on solid substrates. a)
Surface pressure-area isotherms of DPPC, DOPC, DOTAP and DOPS lipids and the
subsequent transfer of the compressed lipids to a substrate by the LS method. b) Schematic
representation of the possible formation of supported lipid bilayers (top) or supported lipid
monolayers (bottom) by VF on substrates.

To study the lipid assembly, different parameters were investigated. The
chemical structure of the lipids (Figure 5.2a), the influence of the hydrophobicity
of four different substrates (graphene-on-copper, HOPG, graphene-on-SiO, and
graphene-on-gold), and the difference on the experimental protocol to deposit the
lipids (LS or VF).

To assess the structural information and organization of the four types of lipids
on graphene-on-copper and HOPG, attenuated total reflectance infrared
spectroscopy (ATR-IR) was performed. ATR-IR data was collected for the four
different lipids transferred on graphene-on-copper, and on HOPG by the LS and VF
methods (black and red respectively, Figure 5.2b). The absorbance peaks of the
symmetric and asymmetric CH, stretching vibration band were fitted with a
Gaussian model and the wavenumbers of the maximum were plotted against the
experimental conditions (for at least seven different samples for each condition,
see Appendix IV and Figure IV.1 for details). All the samples were measured in a
dry state. The absorption bands of the lipid acyl chains are known to vary if the
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Chapter 5

physical properties of the lipids change.?* An upward wavenumber shift of the
absorption bands corresponds to an increase in disorder of the hydrocarbon
chains, and consequently an increase of the lipid mobility within the
monolayer/bilayer.?* As expected, the saturated DPPC presented a more ordered
structure in comparison with the other three unsaturated lipids independently of
their charge (zwitterionic, cationic or anionic), due to the well-organized lipid
chains all in a trans configuration.?® Unsaturated alkene bonds in the lipid chains
promoted a higher degree of disorder due to an increase of the gauche conformers
in the lipid chains?® and therefore an upward shift of the wavenumbers (Figure
5.2b). Notably, the cationic unsaturated DOTAP lipid presented a higher molecular
stability in comparison with the zwitterionic unsaturated DOPC and the anionic
DOPS. The unsaturated lipids studied here possess the same chains length and two
unsaturated alkene bonds, thus the difference can only be attributed to the
composition of the head groups and particularly their charges. A previous study®
highlighted that the cationic DOTAP lipid forms a continuous and stable lipid layer
on graphene on Si/SiO, using the VF method, whereas negatively charged lipids did
not interact (i.e. no assembly) on graphene. In fact, in this work the anionic DOPS
showed in general a lower structural order compared to the other lipids studied,
independently of the substrate or the experimental assembly protocol, as revealed
by the shift of the CH; stretching bands to higher wavenumbers (Figure 5.2b).
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Figure 5.2. Lipid structures and wavenumbers of the CH> vibrations infrared absorbance
peaks for the four lipid studied and deposited on graphene-on-copper and on highly
oriented pyrolytic graphite (HOPG) using vesicle fusion (VF) and Langmuir-Schaefer (LS). a)
Molecular structure of DPPC, DOPC, DOTAP and DOPS. b) Mean distribution of the ATR-IR
wavenumbers of the symmetric and asymmetric CH2 vibration peaks for DPPC, DOPC,
DOTAP and DOPS lipids transferred by the Langmuir-Schaefer (LS) and the vesicle fusion
(VF) methods on graphene-on-copper and HOPG.

The lipids deposited on HOPG presented a higher molecular packing compared
to the lipids on graphene-on-copper, independently of the experimental method
used (i.e. LS or VF, Figure 5.2b). This is attributed to the disparity in roughness
between the supporting substrates.?’?8 In fact, graphene grown on a copper foil
has a considerable high roughness?® in comparison with HOPG, which is atomically
flat although constituted of small different layered terraces.’° The AFM topography
image of graphene-on-copper presented a roughness of 28.3 nm with folds and
pleats (Figure 5.3a), whereas HOPG showed a roughness of 2.3 nm with very flat
and continuous flakes (Figure 5.3b). The solid support, particularly the
roughness,' 3132 the surface charge of the substrate and consequently also the

ions and pH of the buffer solution,33-3* 3536

among others, influence the morphology
of the resulting lipid layer. Additionally, the wetting properties, i.e.
hydrophobic/hydrophilic'?3” have also a very important role on the formation of a

lipid layer.
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Figure 5.3. AFM intermittent contact mode images in air at room temperature. a) Graphene
on a copper foil. b) Highly oriented pyrolytic graphite (HOPG) freshly exfoliated.

In order to investigate and understand the dynamics of vesicle fusion at the
interface of a graphene layer, QCM-D experiments were performed. SiO,-coated
and gold-coated QCM crystals were used as substrates for the measurements. CVD
graphene was transferred on top of both QCM crystals to investigate the
interactions between the different liposomes and graphene. The influence of the
substrates underneath graphene were also studied.

Liposomes in a phosphate buffer solution (PBS) were injected 20 minutes
(Figure 5.4i) after preparation and were in contact with the substrate using a
continuous flow (60 uL/minute) of liposomes for ~1 hour. After, the assembly on
graphene was rinsed with PBS (Figure 5.4ii). The change in the resonance
frequency of the quartz crystal (Af) was used to quantify the amount of lipids
adsorbed on the graphene.

The zwitterionic saturated DPPC liposomes showed a drop of the resonance
frequency, indicating the adsorption of the liposomes on the surface which
ruptured to formed a lipid bilayer (based on Sauerbrey fitting the layer thickness
was 3-4 nm, see appendix for details) on top of graphene-on-SiO; (Figure 5.4a). The
lipid bilayer was stable for ~6 minutes but at ~26 minutes a sudden drop to a lower
frequency (-70 Hz) was observed, indicating that other liposomes or even small air
bubbles adsorbed on the surface, also creating a high increase on the energy
dissipation values (in red). In contrast, liposomes composed of the cationic
unsaturated DOTAP, showed an instant frequency drop to ~-220 Hz with the exact
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opposite direction of the energy dissipation values. This indicates that the
liposomes did not rupture on top of graphene-on-SiO,, but rather remained as
intact vesicles adsorbed on the graphene surface (Figure 5.4b). The anionic DOPS
liposomes showed an increase in frequency and a decrease of the energy
dissipation values, indicating that the liposomes did not interact with the surface
of graphene (Figure 5.4c). The non-adsorption of DOPS liposomes was also
observed in previous studies, where negatively charged liposomes could not
deposit on the surface of graphene.®

Surprisingly, the QCM-D data showed different results compared to the ATR-IR
experiments primarily due to the differences of the solid supports (graphene-on-
copper and HOPG are not available as substrates for the QCM measurements), and
additionally, the samples for ATR-IR experiments were measured in air (and not in
liquid as for QCM-D), likely changing the conformation structure of the lipids.

Finally, the wetting transparency of graphene was investigated using DOPC
liposomes deposited on graphene transferred on SiO; and on gold substrates. As
control experiments, DOPC liposomes were first tested on plain SiO; and on plain
gold, without the transfer of graphene on top. Liposome rupture resulted in the
formation a lipid bilayer on the surface of SiO,, with a layer thickness of around 4
nm based on Sauerbrey fit. In contrast, DOPC liposomes adsorbed and remained
intact on the surface of gold without rupturing (Appendix IV, Figure IV.2). These
results are in agreement with literature.’” For a graphene transferred on a SiO,
substrate, the liposomes ruptured and formed a lipid bilayer with a layer thickness
of 3-4 nm based on Sauerbrey fit (Figure 5.4d), on a graphene-on-gold substrate,
the liposomes adsorbed on the surface of graphene without rupturing (Figure
5.4e). The results are similar for graphene-on-Si0O, and graphene-on-gold
compared to SiO, and gold alone, suggesting the wetting transparency of
graphene, where graphene is transparent to the wetting properties of the
substrate underneath.

All graphene sheets transferred on the sensors were characterized by Raman
spectroscopy, before and after the QCM-D measurements in order to confirm the
transfer of a single layer graphene and the integrity of graphene after the
measurements (see plots on Appendix IV, Figure IV.3).
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Figure 5.4. Dynamics of liposomes interactions with graphene monitored by quartz crystal
microbalance with dissipation monitoring (QCM-D). a) Assembly of the zwitterionic
saturated DPPC lipids on graphene-on-SiOz. b) Assembly of the cationic unsaturated DOTAP
lipids on graphene-on-SiO2. c) Assembly of the anionic unsaturated DOPS lipids on
graphene-on-SiO2. d) Assembly of the zwitterionic unsaturated DOPC lipids on graphene-
on-Si0z. e) Assembly of the zwitterionic unsaturated DOPC lipids on graphene-on-gold.
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5.3 Conclusions

This study elucidates how distinct lipids (DPPC, DOPC, DOTAP and DOPS) assemble
on graphite (in the form of HOPG), graphene-on-copper, graphene-on-SiO, and
graphene-on-gold. ATR-IR results showed that saturated DPPC lipids presented a
more ordered structure on the surface of graphene compared to unsaturated
lipids, due to a higher rigidity of the lipid acyl chains. For the unsaturated lipids,
the cationic DOTAP yielded a higher packed assembly in comparison with the other
two unsaturated lipids, i.e. DOPC and DOPS. The anionic DOPS showed a higher
fluidity compared to the other lipids. Nevertheless, all the samples were dried in
air before the measurements, possibly changing the molecular conformation of the
lipids.

Using QCM-D the interactions of the same lipids from liposome solutions were
studied for graphene-on-SiO, and graphene-on-gold substrates. DPPC liposomes
ruptured on the surface of graphene-on-SiO, primarily forming a lipid bilayer
(similarly to control experiments with plain SiO3). The cationic DOTAP liposomes
adsorbed and remained intact on the surface of graphene whereas the anionic
DOPS liposomes did not interact nor adsorbed on graphene-on-SiO,. The wetting
transparency of graphene therefore played a role on the conformational structure
of DOPC liposomes, forming a lipid bilayer on graphene transferred on SiO; (i.e.
hydrophilic), and adsorbed without rupturing on graphene transferred on
hydrophobic gold substrate.

In conclusion, distinct lipids interact differently with graphene materials
depending on their charge, saturation, structure, on the experimental method
used, and on the wetting properties of the solid supports. This work now unifies all
the studies reported so far for lipids interacting with graphene transferred on
different substrates.
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