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The response of cell membranes to the local physical environment significantly determines many biological
processes and the practical applications of biomaterials. A better understanding of the dynamic assembly and
environmental response of lipid membranes can help understand these processes and design novel
nanomaterials for biomedical applications. The present work demonstrates the directed assembly of lipid mono-
layers, in both liquid and gel phases, on the surface of a monolayered reduced graphene oxide (rGO). The results
from atomic force microscopy indicate that the hydrophobic aromatic plane and the defect holes due to reduction
of GO sheets, along with the phase state and planar surface pressure of lipids, corporately determine the
morphology and lateral structure of the assembled lipid monolayers. The DOPC molecules, in liquid phase,
probably spread over the rGO surface with their tails associating closely with the hydrophobic aromatic plane,
and accumulate to form circles of high area surrounding the defect holes on rGO sheets. However, the DPPC
molecules, in gel phase, prefer to form a layer of continuous membrane covering the whole rGO sheet including
defect holes. The strong association between rGO sheets and lipid tails further influences the melting behavior of
lipids. This work reveals a dramatic effect of the local structure and surface property of rGO sheets on the
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substrate-directed assembly and subsequent phase behavior of the supported lipid membranes.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

With the striking progress in nanotechnology, extensive attention
has been focused on the applications of nanomaterials in biomedical
fields. Biological responses of biosystems to the implant of biomaterials
significantly determine the effect and even safety/cytotoxicity of them.
A large number of researches have reported that the physical and sur-
face chemical properties of biomaterials, such as their hydrophobic/hy-
drophilic property and surficial topographies, would significantly
influence the cellular behaviors including cellular uptake and the conse-
quent intracellular location and translocation of nanomaterials [ 1-4]. In
addition, cell functioning is, to a large extent, dependent on the extracel-
lular matrix (ECM) environment. It has been established that local
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physical environment modulates many cell responses, including cell mi-
gration, proliferation, and cytoarchitecture [5-7]. However, these mod-
ulations are probably cell-type dependent. On the other hand, cell
membranes, composed of a basic lipid bilayer platform with incorporat-
ed functional proteins, are primarily involved in regulation of these
biological processes including regulation of response to the extracellular
matrix. Therefore, a fundamental understanding of the interactions
between lipid membranes and biomaterials at a molecular level can
contribute to the understanding of these processes and development
of biomedical applications of nanomaterials [8-10]. Previous studies
have shown that subtle differences at the membrane interface with
the substrate translate into dramatic differences in lateral fluidities
and phase separation in supported lipid membranes [11]. Despite this,
a better understanding of the dynamic assembly and environmental re-
sponse of lipid membranes, which are composed of two asymmetric
leaflets of lipid monolayers, is still needed.

In recent years, carbon-based materials, including carbon nanotubes
and graphene (or reduced graphene oxide), have been considered at-
tractive candidates for various biomedical applications such as scaffolds
in tissue engineering, near-infrared biomedical imaging [12], substrates
for stem cell differentiation [13], and surficial coverage of implant
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devices [14]. Recently, many researches have been worked on the cellu-
lar responses to carbon-based nanomaterials [15-17]. For example, fi-
broblasts and HeLa cells were reported to proliferate well on
substrates coated with graphene, graphene oxide or carbon-nanotube,
which suggests that such carbon-coated surface might be a suitable sub-
strate for cell culturing applications [16]. However, another work found
that the self-spreading of supported lipid bilayer on a SiO, surface was
blocked by graphene oxide pieces [18]. In this context, a fundamental
and systematic investigation on interfacial interactions between phos-
pholipid and graphene on a molecular level is needed, which might
promise faster and smarter exploitation of the distinct characteristics
of graphene for biological applications. Furthermore, incorporation of
lipids with graphene provides an important way for preparing multi-
functional hybrid materials for biosensing [19,20], drug delivery [21],
and photochemical catalysis [22].

Atomic force microscopy (AFM) has been an essential tool to inves-
tigate the topology of supported lipid mono/bilayers due to its high sen-
sitivity and localization [23]. In this work, we take advantage of AFM
technique to investigate the directed self-assembly of phospholipid
molecules, in both liquid and gel phases, in response to the surface fea-
tures of monolayered rGO sheets that are supported on a mica surface.
Results show that subtle structural details in rGO substrate are ampli-
fied into dramatic differences in morphology and lateral fluidity in sup-
ported lipid monolayers. To the best of our knowledge, this work
reports the first experimental evidence highlighting the effect of local
topography of rGO surface and lipid phase on the molecular assembly
of lipid monolayers. It provides a new framework for understanding
the cell membrane responses to rGO and help design novel rGO/lipid
nanocomposite biomaterials.

2. Materials and methods
2.1. Chemicals

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE)
were purchased from Avanti Polar Lipids and used as received. Graphene
oxide (2 mg mL~!, dispersion in water) and 1-Oleoyl-rac-glycerol (MO)
were purchased from Sigma-Aldrich. Sheet mica and chloroform
(99.7%) were purchased from Shanghai Chemical Reagents Company.

2.2. Preparation of rGO sheets on mica

Supported graphene oxide (GO) flakes on mica were first prepared.
A volume of 10 pL graphene oxide dispersion, with a concentration of
0.004 mg mL~', was dropped onto a freshly cleaved mica surface
(8 x 8 mm) with a pipette and the solvent was allowed to evaporate
slowly in a chamber. After complete evaporation, supported GO flakes
were obtained. The sample was then annealed in Ar/H; at 450 °C for
30 min for reduction of GO to rGO, which was used for the following
characterizations and lipid depositions [24].

2.3. Lipid monolayer deposition through Langmuir-Blodgett technique

A KSV NIMA Langmuir-Blodgett Deposition Trough (KN2002), with
a useful surface area of 273 cm?, was used to prepare lipid films. The
lipids were first dissolved in chloroform to 0.2 mg mL ™! (1.0 mg mL ™
! for MO). A volume of 8 1L lipid solution was spread onto the water/
air interface in the trough. After evaporation of chloroform, the lipid
layer was transferred by lifting the substrate vertically from the aque-
ous subphase, at a speed of 3 mm min ~!, while maintaining the surface
pressure constant at the desired setpoint. A surface pressure of
32 mN m ™! was selected for the conventional lipid monolayer deposi-
tion (unless otherwise stated) as this value is low enough to prevent the
monolayer to collapse, and high enough for a condensed state of the

monolayer [25]. A much lower surface pressure of 15 mN m ~! was
also used for control experiments. For the fluorescence experiments,
0.5 mol.% Rh-PE was added to the lipid solution in advance.

24. Characterizations

AFM images were collected with an Asylum Research MFP-3D-SA
atomic force microscope (Santa Barbara, CA) setup in tapping mode in
air. In the heating experiment, the temperature of the system was mod-
ulated and maintained at 60 °C with the original temperature control
components from AR. The fluorescent image was taken on a Zeiss LSM
710 inverted confocal fluorescence microscope. All the experiments
were carried out at room temperature of 22 °C.

3. Results and discussion
3.1. Fabrication of supported rGO sheets

Scheme 1 presents the molecular structure of the three types of
lipids used in this work. In brief, DOPC consists of two unsaturated hy-
drocarbon tails in addition to the phosphor-nitrogen headgroup, while
DPPC has two saturated hydrocarbon tails. Therefore, the melting tem-
perature of DOPC (—20 °C) is much lower than that of DPPC (41 °C)
[26]. At room temperature, they exist in liquid crystalline and gel
phases, respectively. MO has a similar amphiphilic structure, being com-
posed of a single unsaturated hydrocarbon chain bonded to a glycerol
head by an ester bond [27].

For reference, we firstly prepared DOPC, DPPC and MO monolayers
on neat mica surfaces by LB technique. The obtained lipid films are
defect free and looked quite flat as shown in Figure S1, except that little
cracks occurred on DPPC film due to gel phase [28]. To confirm the
presence of the lipid films on the mica surfaces, 0.5 mol.% fluorescent
Rh-PE lipid was pre-mixed with all the three lipids. Under confocal fluo-
rescence microscopy, homogeneous distribution of fluorescence was
found over surfaces of all the three samples (cf. Figure S2a). Due to
the super-hydrophilic feature of mica surface (cf. Figure S3), the lipid
molecules are supposed to assemble into a monolayer with hydrophilic
headgroups fronting on the mica surface while the hydrophobic tails
orienting towards the air.

On the other hand, we fabricated GO sheets supported on mica sur-
face by the conventional drop-coating method. Under AFM character-
izations as shown in Fig. 1a, the GO sheets were found spread on the
mica surface, probably in a monolayer, with a size of a few micrometers.
The surficial coverage of the GO sheets on mica can be modulated from
below 20%, mostly monolayered, to more than 90%, mainly overlapped,
by controlling the volume of GO dispersion dropped on mica. A single
GO sheet has a thickness of 0.95 4 0.05 nm as shown in the height pro-
file in Fig. 1d. This agrees with the previous reports [29,30]. Meanwhile,
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Scheme 1. Molecular structures of DOPC, DPPC and MO.
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Fig. 1. Typical AFM images of GO (a-c) and rGO (f-h) flakes on mica, showing the flat surface of the sheets (a, f), including wrinkles and overlapped regions (b, ¢, g and h). Panels (d) and
(e) are height profiles along the red lines in panels (a) and (c). Panels (i) and (j) are height profiles along the red lines in panels (f) and (g), corresponding to the thickness of a single rGO

sheet and the roughness of the overlapped region, respectively. White lines in panels (f)-(g

creasing and overlapping of GO sheets also occurred (Fig. 1b and c),
while each layer of GO sheet maintained the intrinsic thickness of
about 1 nm (Fig. 1e).

Through annealing in Ar/H, at a high temperature, GO can be
reduced torGO [31]. Fig. 1f presents AFM images of rGO sheets obtained,
still being supported on mica. The flat surface of the GO sheets was
maintained on rGO, while the thickness of the sheets has been
decreased to 0.54 £ 0.05 nm (Fig. 1fand i). After reduction, the wrinkles
of the GO sheets can still be distinguished. Moreover, the overlapping

) are due to noise during scanning or impurities on the sample surface.

region of GO has been changed to plotted region with high roughness,
of about 1.60 + 0.15 nm (Fig. 1j).

3.2. Lipid monolayers on rGO surface

3.2.1. DOPC@rGO Film

The conventional LB technique was used to deposit condensed lipid
monolayer on supported rGO surface with a constant surface pressure
of 32 mN m ™!, which is considered the lateral pressure values in
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Scheme 2. Schematics of the experimental LB deposition of a lipid monolayer on an RGO
covered mica surface.

liposomes (Scheme 2). During the film fabrication process, the rGO
sheets were maintained on the mica surface stably. After transferring
the lipids from the air-liquid interface to the solid surface, the
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subsequent solvent evaporation drives the self-assembly of lipid mono-
layer on the rGO surface, named DOPC@rGO film here. The surface to-
pography of the film was then characterized with AFM. Fig. 2 shows
the DOPC monolayers supported by rGO sheets on mica. Outlines of
rGO sheets on mica can still be clearly distinguished. Furthermore, on
the rGO regions, defect holes are obviously observed (Fig. 2a-c). For
each hole, a circle of molecules or atoms, with a pronounced height
compared with the other regions, is located surrounding the hole. In
contrast, the other regions on the rGO sheets have a much lower
roughness (Fig. 2d-f). The MO@rGO film was prepared in the same
way and demonstrated a topography similar to that of the DOPC@rGO
film (cf. Figure S4).

The size distribution of the holes on DOPC@rGO films is concluded in
Figure S5, with an average diameter of 0.11 pm. The rising of the holes
may be attributed to the defects on graphene planes due to the removal
of oxygen functional groups during GO reduction process, which has
been observed with atomic resolution aberration-corrected TEM tech-
nique [24,32]. To the best of our knowledge, this is the first time to
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Fig. 2. AFM topographies of DOPC monolayers supported on rGO sheets. Panels (a) and (b) stand for different regions of a sample; panel (c) is a zoom in image of a portion of panel
(b) within a 2 x 2 pm range; panel (d) is a pseudo-3D representation of panel (c). Panel (e) shows height profile along the red line in panel (c). Panel (f) shows enlargements as marked
with blue dotted squares in panel (d), showing the pores and surrounding peaks around the pores on the rGO sheet. The surface pressure during the DOPC monolayer deposition was set at

32mNm~ L
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observe the defective hole configuration of rGO sheets with AFM, due to
the amplification of surfactant molecules. It is noted that the surface of
the neat rGO sheets is absolutely flat under AFM observations (Fig. 1f).
Therefore, such a circle of pronounced high area around each hole is
supposed to be attributed to the assembly of phospholipid molecules,
probably standing by or accumulations. This phenomenon is consistent
with the lateral location of Au nanoparticles surrounding the defect
edges of lipid patches when the nanoparticles interact with supported
lipid bilayers [33]. On the other hand, it is known that the surface of
rGO sheets is quite hydrophobic due to aromatic rings of the scaffold
plane of graphene. The hydrophobic tails of lipid molecules, rather
than the hydrophilic heads, prefer to associate with the rGO sheets.
Furthermore, DOPC exists in a liquid phase with significantly disordered
tails at room temperature. Therefore, on the other regions of the rGO
sheets besides the holes, it is probable that the hydrophobic tails of
DOPC molecules spread over the hydrophobic surface of the aromatic
plane in a completely random orientation, resulting in a lower height
of the molecular layer compared with the pronounced molecular accu-
mulations around holes.

It is reasonable to suppose that on the naked mica surface without
rGO coverage, DOPC monolayers still exist. This is also confirmed by
the homogeneous distribution of fluorescence of the DOPC@rGO film
under confocal fluorescent microscope (cf. Figure S2b). However,
because of the super-hydrophilic surface of mica, the lipids would
assemble differently from that on the rGO surface. They prefer to locate
with the headgroups associating with the mica surface while the tails
orienting to the air [34]. From the height profile shown in Fig. 2e it is
found that the hole bottom is even 0.2 nm lower than that of the mica
surface (including the deposited lipid layer), which indicates that the
lipids in the holes assembled in a way different from those on the
outside mica surface, or even there is no lipid molecule within holes at
all. As a result, in the following discussions of this work, we take the
bottom of the holes as reference to judge the height of the other part
of the samples.

00 05 1.0 15 20
pm

3.2.2. DPPC@rGO film

In prominent contrast, the DPPC@rGO films, prepared by the
same method as the DOPC and MO@rGO films, show different topog-
raphies. The DPPC monolayers cover the rGO surfaces completely,
without any pores observed (Fig. 3). Despite this, the DPPC film on
rGO is not as flat as that on mica. The height of lipid membrane on
rGO surface is 1.8 nm higher than that on the mica surface, and the
DPPC@rGO film has a roughness of less than 1 nm (Fig. 3d). It is indi-
cated that a continuous membrane of DPPC monolayer, without the
existence of holes, formed over the rGO surface. This might be be-
cause DPPCis in gel phase at room temperature, with the tails dense-
ly packed and orienting parallel to the film normal. The planar area
per lipid molecule of the gel phase was reported to be 48 A%, com-
pared with that of the liquid phase of 64 A% [26]. The densely packing
of the gel lipids leads to a much higher value of order parameter and
also the blocked exchange bending constant [23,26]. Therefore, the
planar geometry of lipid membrane in gel phase is much more stable
and integrated than that in liquid phase. Therefore, hole defects were
not present in the DPPC films.

3.3. Lipid monolayers on rGO surface with lowered surface pressure

We decreased the surface pressure during LB depositions of lipid
membranes from 32 mN m~! to 15 mN m ', while kept the other ex-
perimental conditions unchanged. In this case, the lipids are much
more sparsely separated and the planar area per lipid molecule of
DOPC and DPPC has increased to 83 and 51 A2, respectively, due to the
decreased lateral pressure [35]. Figs. 4 and 5 present the AFM topogra-
phies of DOPC and DPPC monolayers as deposited, on supported rGO
sheets on mica surface (named DOPC’@rGO and DPPC’@rGO, respec-
tively). It is observed that the DOPC film emerges similar to the condi-
tions at 32 mN m ™. Holes, surrounded by molecules with a height of
1.86 + 0.1 nm, distribute randomly over this DOPC'@rGO film surface.
The roughness of the other regions on the film is much lower, with an

00

Fig. 3. AFM image of defect-free DPPC monolayers supported on rGO sheets. Panels (a)-(c) stand for different regions of samples; panel (d) is a 3D height mode image of panel (c). The

surface pressure during film deposition was kept at 32 mN m .
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Fig. 4. AFM 2D height mode image (a) and pseudo-3D representation (b) of DOPC monolayer fabricated on rGO surface, with a constant surface pressure of 15 mN m ' during LB depo-
sition. Panel (c) shows height profiles along the red lines in panel (a), marked with (A) and (B), respectively. The average height of the peaks surrounding pores is 1.856 nm, while that of
the flatlands is 1.009 nm. The purple dotted lines are added for eye direction. Panel (d) shows zoom-in views of the regions marked with blue dotted squares in panel (b).

average height of 1.01 & 0.05 nm. However, for the DPPC system, some- its continuity and pores were obviously distinguishable. Moreover, on
thing different happens. In apparent contradiction to the membrane the other regions besides the pores, a large number of small peaks
fabricated under 32 mN m !, the DPPC monolayer on rGO surface lost distribute homogeneously over the DPPC’@rGO film surface, with an
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Fig. 5. AFM 2D (a) and 3D (b) representations of DPPC monolayer supported on rGO surface. (c) Height profile along the red line in panel (a). The surface pressure during film deposition
was keptat 15mN m .
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average height of 1.790 nm. Further explanations would be made in the
Discussion section.

3.4. The melting transition in rGO-supported two-component lipid systems
of DOPC and DPPC

Several reports have shown that the coexistence of two lipid phases
in cell membranes is important in performing various biological func-
tions including material transport, signal transduction, and providing
binding sites for pathogens [36]. In our experiments, the mixed DOPC/
DPPC monolayer, with a molar ratio of 1:1, was deposited on rGO sur-
face by the same LB technique at a surface pressure of 32 mM m ™.
Fig. 6a shows the surface topography of the composite film as prepared.
On the naked mica surface without rGO covering, phase separation ob-
viously occurred. The gel and liquid phase domains are unambiguously
separated, being similar to what has been reported previously [28].
However, on the rGO region, the size of the phase separation domains
is much smaller, and it is difficult to separate a gel domain from the ad-
jacent liquid ones. In other words, the distribution of DOPC and DPPC
molecules looks more homogeneous than that on the neat mica surface.
In addition, holes are prominently distinguishable, surrounded by a pro-
nounced circle of high molecules which are supposed to be DOPC lipids.
This result indicates that the association of rGO with lipid tails has sig-
nificantly influenced the condition of the tails and even constrained
the movement and assembly of lipids on rGO surface. To further confirm
the influence of the substrate association, we increased the temperature
of the system to 60 °C, being much above the melting temperature of
DPPC (41 °C for free bilayer), and maintained for 2 h before AFM analy-
sis. It is observed in Fig. 6b that, the gel and liquid phase separation phe-
nomenon of the lipid monolayer mixtures on naked mica surface
became obscure and even some small regions of DPPC domain fused to-
gether with that of DOPC. However, for the film on rGO surface, no much
change occurred. Moreover, for the high DOPC molecules around pores,
neither height nor position of them has changed. The lipid tails of DPPC
are supposed to become much more disordered at 60 °C than that at
room temperature if phase transition has occurred. This further con-
firms that the association between lipid tails and rGO substrate signifi-
cantly constraints the activity such as the main-chain transition of
lipids. It regulates the lateral fluidity and phase behavior of the

1209

membrane and additional thermal energy might be required to com-
plete the melting and release of the lipid tails [37]. This effect of rGO is
in contrast to that of the hydrophilic nanoporous silica layer which re-
duces the lipid-substrate adhesion and gives rise to enhancement in lat-
eral fluidity of the supported lipid membranes [12].

3.5. Discussion

During the reduction process, the oxygen functional groups of GO are
removed leaving only the hydrophobic aromatic plane of graphene with
defect pores (Fig. 7a). Strong hydrophobic interaction occurs between
the aromatic plane of rGO and the lipid tails. At room temperature, the
length of one DOPC molecule from a supported membrane is about
1.82 nm (cf. SI) [38,39]. This length is consistent with the height of the
molecules surrounding the pores from a DOPC’@rGO film at 15 mN m !
(1.86 £ 0.1, Fig. 4). Therefore, the circle of high molecules is probably
erect DOPC lipids vertical to the substrate surface, with their tails standing
against and associated with the edges of the aromatic rings round the
pores. On the other regions of the DOPC@rGO film besides pores, the
hydrophobic tails of lipids are probably spread over the surface of the
aromatic plane [40], leading to a much lowered height of the membrane
0f 1.01 + 0.05 nm (Fig. 7c). For the conditions at 32 mN m !, an increased
surface pressure indicates a higher planar number density of the DOPC
molecules (Fig. 7b). Therefore, the adjacent lipid tails are more densely
packed leading to an increased height of the whole membrane (Fig. 2).
An irregular accumulation of lipids might have occurred around the defect
holes, resulting in the prominent height of the high molecular circles
(from 2 nm to more than 3 nm, Fig. 2e).

For the DPPC film at 15 mN m !, the lipid molecules are sparsely
distributed and cannot form a continuous membrane over the surface
of rGO, including pores. There is a height difference of 1.79 nm between
the holes and the other regions of the DPPC’@rGO film. This value is
much larger than the thickness of a single layer of rGO sheet (0.5 nm)
which indicates that the arrangement of lipids within the pores is differ-
ent from those on rGO surface. Moreover, the average height of the bot-
tom plane of the DPPC'@rGO film is 0.4 nm relative to that of the bottom
pore vacancy (Fig. 5¢), being close to the thickness of an rGO sheet. As a
result, it can be inferred that there is no lipid located within pores and
the bottom of pore vacancies can be taken as the “sea level” for the

Fig. 6. (a) AFM image of a monolayered membrane composed of DOPC and DPPC mixtures, on an rGO partly covered mica surface. (b) The temperature of the system was elevated to 60 °C
and stabilized for 2 h before AFM scanning. Panel (c) shows height profiles along the red lines in panels (a) and (b).
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a) rGO on mica

d) DPPC on rGO (32 mN/m)

Fig. 7. Schematics of the distributions of DOPC and DPPC molecules on mica-supported rGO surfaces (with defect holes) at different surface pressures of 32 and 15 mN m !, respectively.

height judgment of the other regions of the sample. The lipids on rGO
surface (besides pores) are distributed homogeneously (Fig. 7e), with
an average height of 1.4 nm in addition to the 0.4 nm rGO support
(Fig. 5¢). For the conditions at 32 mN m ™!, the DPPC tails are parallel
oriented and densely packed. A continuous monolayer is assembled
with high bending constant and consequently it completely covers the
surface of rGO (including those 0.11 um sized pores, Figs. 3, 7d). For
the DPPC molecules, the surface of the rGO substrate is not so flat at mo-
lecular level. The roughness on the DPPC@rGO film might be attributed
to the strong hydrophobic interactions between lipid tails and aromatic
rings of graphene planes.

4. Conclusions

This work demonstrates a variety of morphology and structures of
DOPC and DPPC monolayers assembled on supported single-layered
rGO sheets composed of hydrophobic aromatic planes with defect
holes due to reduction process. The strong association of lipid tails to
the aromatic plane of rGO substrate and the phase state of lipids corpo-
rately determine the assembly state of the lipid monolayers. At a low
surface pressure of 15 mN m ™! for the lipid deposition, the defect
holes of rGO sheets, which are indistinguishable for the neat rGO sheets
under AFM observations, are now pronouncedly amplified on the lipid”
@rGO films. Under this condition, the planar area of each DOPC or DPPC
molecule is much larger than that within a cell membrane, and the
lipids are separated sparsely within the as deposited monolayers.
From the experiment it is demonstrated that the DPPC molecules dis-
tributed homogeneously over the aromatic region of rGO sheets, with
an average height of 1.8 nm (including the ~0.4 nm rGO support), and
left the defect holes of rGO sheets empty. For the DOPC monolayers,
the lipids spread completely over the rGO surface with their tails associ-
ated with the aromatic plane. Due to the strong association between
rGO surface and the disordered lipid tails in liquid phase, the height of
the monolayer is only 1.0 nm, much lower than that of DPPC. Besides
this, a circle of DOPC molecules stands up vertically to the substrate sur-
face around the defect holes of rGO (with an average height of 1.86 nm
approaching the length of DOPC molecules within a bilayer), with their

tails standing against the edges of the aromatic rings round the holes.
However, at an increased surface pressure of 32 mN m !, which is con-
sidered the lateral pressure values in liposomes, the height of the
DOPC@rGO film is much increased as the adjacent lipid tails are more
densely packed although they are still disordered due to liquid phase.
The holes of rGO are probably surrounded by a circle of lipid accumula-
tions (with a height from 2 to larger than 3 nm as shown in Fig. 2e). In
contrast, continuous monolayers have formed for the DPPC lipids. They
covered the rGO surface including defect holes with their densely
packed and parallel oriented tails due to gel phase. To sum up, our re-
sults reveal a dramatic effect of the local structure and surface property
of rGO sheet on the substrate-directed assembly, lateral fluidity and
phase behavior of the supported lipid membrane, which are of funda-
mental importance in membrane biophysics.
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