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ABSTRACT: Exciting progress has been made in the use of graphene for bio- and
chemical sensing applications. In this regard, interfacing lipid membranes with
graphene provides a high-sealing interface that is resistant to nonspecific protein
adsorption and suitable for measuring biomembrane-associated interactions. However,
a controllable method to form well-defined lipid bilayer coatings remains elusive, and
there are varying results in the literature. Herein, we demonstrate how design strategies
based on molecular self-assembly and surface chemistry can be employed to coat
graphene surface with different classes of lipid membrane architectures. We
characterize the self-assembly of lipid membranes on CVD-graphene using quartz
crystal microbalance with dissipation, field-effect transistor, and Raman spectroscopy.
By employing the solvent-assisted lipid bilayer (SALB) method, a lipid monolayer and bilayer were formed on pristine and
oxygen-plasma-treated CVD-graphene, respectively. On these surfaces, vesicle fusion method resulted in formation of a lipid
monolayer and intact vesicle layer, respectively. Collectively, these findings provide the basis for improved surface
functionalization strategies on graphene toward bioelectronic applications.

KEYWORDS: surface coating, biofunctionalization, self-assembly, graphene, supported lipid bilayer, lipid monolayer,
adsorbed vesicle layer

■ INTRODUCTION

Graphene-based materials attract wide interest across the
chemical sciences because of the unique electrical and
mechanical properties of graphene.1 An ongoing area of
interest involves interfacing graphene with biological systems,
especially for sensor applications.2−5 For such purposes, there is
great demand for fabricating lipid bilayer coatings on graphene.
Such coatings can serve as biofouling-resistant layers in
bioelectronics devices and can enable surface functionalization
and the possibility to host membrane-associated biomolecules.
Figure 1 presents three different model membrane platforms,
including the supported lipid monolayer,6−8 bilayer (SLB),9

and adsorbed vesicle layer,10 which can form on solid supports
depending on the corresponding surface chemistry.
Although there has been some promise in fabricating lipid

nanostructures, a controllable method to form well-defined
lipid bilayer coatings remains elusive, and there are varying
results in the literature. Early work by Ang et al.,11 reported
lipid bilayer formation on graphene by using the vesicle fusion
method conducted at high temperature (60 °C), and the
conclusion was based on interrogating the fluidic properties of
the lipid adlayer. By contrast, Hirtz et al.,12 reported formation
of a lipid monolayer on graphene by dip-pen lithography, as
confirmed by direct morphological measurements with atomic

force microscopy. The discrepancies suggest that a clear
understanding of why different kinds of lipid membrane
architectures can form on graphene is lacking especially from
the perspective of how surface chemistry and the chosen
fabrication method influence the fate of the molecular self-
assembly process.
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Figure 1. Schematic illustration of three model membrane systems. (a)
Supported monolayer and (b) bilayer provide a natural environment
for surface immobilization of membrane-associated molecules at the
immediate vicinity (∼5−10 nm) of the surface and impart
biocompatibility and biofunctionality to the sensor surface. (c) Intact
vesicles adsorbed on a substrate can be used to study the effects of
membrane curvature.
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In the conventional vesicle fusion method, when small (<100
nm) unilamellar vesicles are added to a solid surface, they
adsorb to the surface, and provided the adhesion energy
between the membrane and the support is high enough, they
rupture and subsequently fuse to form a continuous bilayer or
monolayer on hydrophilic or hydrophobic surfaces, respec-
tively.13 However, if the energetics are insufficient, then the
surface-adhered vesicles remain intact.14 The energetics of the
system are controlled by the lipid composition, the material
properties of the support,15 and the environmental conditions
such as ionic strength,16 solution pH,17 and osmotic pressure.18

The outcome is determined by a delicate balance between
intermolecular interactions, i.e., van der Waals,19 electrostatic,20

and hydration forces.21 Under physiological conditions,
successful bilayer formation using vesicle fusion is mainly
applicable to silicon-based materials such as silicon dioxide,
glass, and mica. The solvent-assisted lipid bilayer (SALB)22,23

method is an alternative membrane formation technique that
does not require lipid vesicles. The method involves lipid
deposition onto a solid surface in an alcohol, e.g., isopropanol,
followed by gradual replacement of the alcohol by an aqueous
buffer to drive self-assembly of a lipid bilayer or monolayer on
hydrophilic or hydrophobic surfaces, respectively. This self-
assembly pathway sidesteps vesicle rupture, which is usually the
preventive stage in the transformation of vesicles to a bilayer.
The SALB method has been applied successfully on a wide
variety of surfaces including SiO2, Au, Al2O3, and hydrophobic
alkanethiol-coated gold.22,24

In this work, we have investigated how the surface properties
of graphene affect the self-assembly of phospholipid molecules
on CVD-graphene, which is known to be typically hydro-
phobic,25 and compared the results with those obtained from
oxygen-plasma treated graphene (denoted as O2-graphene),
which increases the surface hydrophilicity. Two fabrication
strategies were chosen, the vesicle fusion and the SALB
methods, and the corresponding membrane formation
processes were tracked by quartz crystal microbalance with
dissipation (QCM-D) monitoring. In addition, we probed the
modulation of the electronic state of graphene by utilizing
charged lipids, as determined by electrical measurements and
Raman spectroscopy.

■ MATERIALS AND METHODS
Lipid Preparation. Zwitterionic lipid, 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), cationic lipid 1,2-dioleoyl-sn-glycero-3-
ethylphosphocholine (chloride salt) (DOEPC), and anionic lipid

1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS)
were purchased from Avanti Polar Lipids (Alabaster, AL). To prepare
the lipid samples for vesicle preparation, chloroform solutions of lipids
with desired composition were first dried using a gentle stream of
nitrogen gas and subsequently stored under vacuum overnight to
remove traces of chloroform. Vesicles were prepared in tris buffer (10
mM Tris, 150 mM NaCl, pH 7.5) via extrusion through 50 nm
diameter, track-etched polycarbonate membranes as previously
described.26 For SALB experiments, DOPC lipid powder was first
dissolved in isopropanol at 10 mg/mL lipid concentration. The stock
was diluted to a 0.5 mg/mL lipid concentration before experiments.

Quartz Crystal Microbalance with Dissipation (QCM-D)
Monitoring. A Q-Sense E4 (Q-Sense AB, Gothenburg, Sweden)
instrument was used to monitor the adsorption kinetics of lipids onto
graphene-coated 5 MHz, AT-cut piezoelectric quartz crystals. The
custom-made graphene-coated QCM-D crystal was obtained from
Cheap Tubes Inc., Grafton, USA. Graphene was grown on copper
using chemical vapor deposition (CVD) and transferred onto the SiO2
coated QCM-D crystal (QSense AB). Changes in frequency (ΔF) and
energy dissipation (ΔD) were recorded as functions of time, as
previously described.27 The measurement data was collected at the n =
3−11 overtones, and the reported values were recorded at the third
overtone (ΔFn = 3/3). All samples were introduced at a flow rate of 50
μL/min using a peristaltic pump (Ismatec Reglo Digital) under
continuous flow conditions. The temperature of the flow cell was fixed
at 24.00 ± 0.5 °C.

Oxygen Plasma Treatment. Before experiment, sensor surfaces
were treated with oxygen plasma at 5 W for 30 s (March Plasmod
Plasma Etcher, March Instruments, California) immediately before
use.

Raman Spectroscopy. A 488 nm excitation laser and a 100×
objective lens of a confocal spectrometer (alpha 300R, WiTEC,
Germany) were used for Raman spectrum collection with a laser
power of <1 mW to avoid sample damage.

Contact angle. Water contact angle measurement was done at
ambient laboratory temperatures using a Dataphysics OCA 15Pro
instrument. The static water contact angle was measured as the angle
from the tangent to the horizontal of 6 μL sessile drops of deionized
water.

Field-Effect Transistor Fabrication and Measurement. Using
a stainless-steel shadow mask of channel length 4000 μm and width of
2000 μm, chromium electrodes were first sputtered on the CVD
graphene/SiO2/Si substrate as an adhesion layer before the
subsequent sputtering of gold on top of the chromium electrodes.
The thickness of the resultant Cr/Au was about 10/100 nm serving as
the source and drain. Polydimethylsiloxane (PDMS) (with 10 wt %
curing agent) (Sylgard 184) was fabricated as the encapsulating fluidic
chamber and assembled on top of the source and drain electrodes
using precured PDMS (with 50 wt % curing agent) as an adhesion
layer. After overnight drying in air at room temperature, the edges
were reinforced to the substrates by air-cured epoxy glue. The PDMS

Figure 2. QCM-D analysis of lipid membrane formation on pristine CVD-graphene. (a) Representative Raman spectrum from CVD-graphene on a
QCM-D crystal. Inset shows a photograph of a water droplet and the contact angle on CVD-graphene. (b) QCM-D frequency shift (ΔF, top panel)
and dissipation shift (ΔD, bottom panel) for the third overtone were measured as a function of time during the formation of a lipid monolayer on a
QCM-D crystal coated with CVD-graphene. The arrows indicate the injection of (i) isopropanol, (ii) lipid mixture (0.5 mg/mL of DOPC in
isopropanol), and (iii) Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.5), producing a final ΔF and ΔD of −12.5 ± 1 Hz and 0.7 ± 0.2 × 10−6,
respectively. (c) QCM-D responses during the adsorption of vesicles onto CVD-graphene. DOPC vesicles were added at t = 5 min (i) after
establishing the baseline for the frequency and dissipation shifts.
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fluid chamber (Figure S1) is designed with an inlet and outlet to allow
the continuous injection of liquid sample via tubing connection and a
peristaltic pump (ISM 833). The electrical performance of the FETs
was determined by measuring the standard two-probe configuration of
the top-gated device’s static characteristics (drain−source current ID
versus gate voltage VG at constant drain−source voltage VD of 0.1 V).
These characteristics were measured using the Keithley 4200
Semiconductor Characterization System with an Ag/AgCl gate
electrode.

■ RESULTS AND DISCUSSION

We first investigated the lipid self-assembly on pristine CVD-
graphene. Figure 2a shows the Raman spectrum of a CVD-
graphene sheet that was first grown on Cu and then transferred
onto the QCM-D crystal. The negligible defect-related D band
at around 1350 cm−1 and the sharp symmetric 2D peak at 2678
cm−1 indicated the high crystallinity of the CVD-graphene film.
In general, the Raman spectrum of a monolayer sheet of
graphene will show a 2D band approximately 2−2.5 times more
intense than the G band at around 1586 cm−1.28 The intensity
ratio, I2D/IG, of <2 in our spectrum suggested that the CVD
graphene on a QCM-D crystal was at least a two-layer graphene
sheet, rather than a monolayer.
We next examined the hydrophobicity of the CVD-graphene

by conducting water contact angle (WCA) measurements. As
shown in the inset of Figure 2a, a water droplet placed on top
of the pristine graphene gave a static contact angle of 72.2°.
Our pristine graphene was therefore slightly less hydrophobic
than other graphene samples previously studied, which were
reported to have WCA in the range of 87−127°.29 In our case,
the lower value was most likely due to the adsorption of air
moisture and oxygen. Figure 2b represents the time course of
QCM-D frequency (ΔF, top panels) and dissipation (ΔD,
bottom panels) shifts during SALB formation on CVD-
graphene. A typical SALB formation experiment involved
baseline recording in the aqueous buffer solution, injection of
the isopropanol (i), addition of lipid mixture in isopropanol
(ii), and solvent exchange back into the initial buffer solution
(iii). For CVD-graphene, the final frequency value after
complete solvent replacement was −12.5 ± 1 Hz. It has
previously been established that planar bilayer formation leads
to changes in frequency of about −26 Hz.13 Thus, the value
obtained in our experiments corresponded to ∼50% of the
value expected for bilayer formation, indicative of a lipid
monolayer deposition,13 as would be expected from the
hydrophobic nature of CVD-graphene.25 Similarly, for vesicle
adsorption on CVD-graphene (Figure 2c), we observed a one-

step monotonic kinetic behavior that resembled a monolayer
lipid assembly with a final frequency shift of 13 ± 3 Hz.
However, the relatively high standard deviation (3 Hz)
suggested that the adlayer was not homogeneous. In addition,
the dissipation value obtained upon vesicle fusion on CVD-
graphene (1.3 ± 0.5× 10−6) was relatively high.
Next, to investigate further the self-assembly of phospholi-

pids, we treated the CVD-graphene surface with oxygen plasma
(5 W for 30 s) and compared the results of two self-assembly
processes: the SALB formation method and the VF method.
Upon treating the CVD graphene with oxygen plasma (denoted
as O2-graphene), there was a sharp decrease in the 2D peak
intensity along with extensive peak broadening (Figure 3a).
The appearance of the prominent D peak at approximately
1350 cm−1 confirmed the oxidation of graphene to mainly
graphene oxide, which typically has a much higher proportion
of structural defects. When the sample was mildly treated with
oxygen plasma, the contact angle of the water droplet decreased
to 31° (see the inset of Figure 3a) on O2-graphene, which
corresponded well to the range of 30−60° reported in the
literature.30 The oxidation of graphene induces the formation of
epoxides and hydroxyl groups on the basal plane and of
carboxyl groups at the edges of the graphene sheets.30 In
particular, defective sites containing hydroxyl groups are mainly
responsible for the hydrophilic nature of graphene oxide.
To follow the assembly of lipid bilayer, a typical QCM-D

response was measured for the SALB formation on O2-
graphene as shown in Figure 3b. Once the SALB procedure was
completed as previously described, the ΔF values were
consistent with previous QCM-D responses for planar lipid
bilayer formation (−27.5 ± 0.5 Hz), and the energy dissipation
(0.9 ± 0.3 × 10−6) was acceptable for a homogeneous and
defect-free bilayer (<0.5 × 10−6). These results suggest that the
SALB formation method is necessary and sufficient to form a
planar lipid bilayer on an O2-graphene surface. In marked
contrast, the addition of vesicles onto the O2-graphene caused
the frequency to decrease and dissipation to increase
monotonically until they reached the final values of −52 ± 8
and 3.8 ± 1.5 × 10−6 Hz respectively. When adsorbed vesicles
remain intact on the surface forming a vesicular layer, a
significant quantity of water is trapped inside as well as between
the adsorbed vesicles, which is detected as a mass gain by the
QCM-D frequency signal, and this additional hydrodynamically
coupled solvent mass dissipates a large amount of energy.
Therefore, the QCM-D measurement results indicate that
adsorbed vesicles did not rupture and remained intact on O2-
graphene. Our results agreed well with a related study by

Figure 3. QCM-D analysis of lipid membrane formation on oxygen-plasma treated graphene. (a) Raman spectrum and illustration of the static water
contact angle for O2-graphene. QCM-D curves for (b) SALB formation (arrows indicate injection of (i) isopropanol, (ii) lipid mixture, and (iii)
buffer.) and (c) vesicle fusion on O2-graphene producing a final ΔF values of −27.5 ± 0.5 and −52 ± 8 × 10−6 Hz, which correspond to a planar
bilayer and an absorbed vesicle layer, respectively.
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Okamoto et al.,31 which demonstrated that, vesicles remain
intact on graphene oxide in the absence of Ca2+ ion. These data
therefore indicate that O2-graphene can support a layer of intact
vesicles.
The electrical response of atomically thin CVD-graphene to

charged molecules at the interface provides a sensitive modality
for the detection of biomolecular binding. To characterize the
electronic effect of charged lipids, we measured the electrical
response of the lipid monolayer on a CVD-graphene sheet,
fabricated as a three-terminal field-effect transistor (FET)
(Figure 4a,b). Monolayers of different charges were prepared

by the vesicle fusion method, and the drain−source current
(IDS) was measured as a function of gate bias (VG). As shown in
Figure 4c, the characteristic V-shaped curve, indicating the
Dirac point of graphene, was retained when neutral and
charged lipids were coated on the graphene. A noticeable
difference was the shifting of the Dirac point upon lipid
adsorption. The Dirac point shifted toward negative gate
voltage when positively charged DOPC:DOEPC (4:1)
monolayer was formed; conversely, it shifted toward positive
gate voltage when a positively charged DOPC:DOPS (4:1) was
coated. The observed voltage shift due to the charged lipids
corresponded well with the trend observed by Ang et al.11 and
was a consequence of the charge-impurity potential generated
by the charged membranes atop the CVD-graphene. The shift
in the electrically neutral Dirac point was a direct manifestation
of the modulations of the hole and electron concentrations in
the graphene; these modulations were induced by the charged
membranes via a field effect across the ultrathin water interlayer
between the lipid membranes and the graphene. It should be
noted that the Dirac point upon the formation of a neutral lipid

membrane was slightly positive at +0.4 V because of the
presence of negatively charged impurities trapped on the
surface of the SiO2/Si substrate. In addition, the magnitude of
the Dirac point shift in the presence of negatively charged lipids
was larger than that in the presence of positively charged lipids
for the same concentration of net lipid charge. It is possible that
the positively charged lipids induced a partial nullification of the
impurity potential generated by the underlying negatively
charged surface impurities on the SiO2/Si substrate.
We further measured the influence of lipid membrane

formation on graphene using Raman spectroscopy. Figure 5a
shows a representative Raman spectrum for DOPC bilayer on
silicon dioxide. Consistent with previous reports,32 an intense
C−H stretching band appeared at 2871 cm−1 even though the
symmetric and asymmetric components of C−H stretching
were not resolved. On CVD-graphene, prominent peaks
corresponding to the different molecular vibration modes of
C−C and C−H bonds in the neutral DOPC monolayer were
clearly identified in comparison to the characteristic G and 2D
peaks of graphene, as shown in Figure 5b.
Interestingly, the symmetric and asymmetric components of

C−H stretching were resolved on graphene. Raman spectros-
copy was repeated on graphene coated with positively charged
DOPC:DOEPC (4:1) and negatively charged DOPC:DOPS
(4:1) monolayers. Upon closer examination of the 2D peaks in
Figure 5c, a shift in the wavenumber was detected for the
charged lipids. Although positively charged lipids induced an
upward shift, i.e., a higher wavenumber for the 2D peaks,
negatively charged lipids displayed a downward shift.
The Raman shift could be explained as the n and p doping

effects of the negatively and positively charged lipids,
respectively, on graphene.12 The Raman results supported the
charge-impurity potential effect of the charged lipids, which was
demonstrated in the Dirac point shift in the IDS−VG
measurement shown in Figure 4c. Interestingly, the magnitude
of the Raman peak shift was smaller for the positively charged
lipids than it was for the negatively charged lipids. The
unbalanced shift magnitude again reflected the same observa-
tion from the IDS−VG curves, which can be attributed to the
presence of surface charges from impurities on the SiO2/Si
substrate. Das et al.33 performed in situ Raman measurements
on a graphene transistor, and on the basis of density function
theory (DFT) and experimental measurements, they correlated
the position of the 2D peak to the doping level. Using their
calibration (see Figure 3 of ref 33 for the position of the 2D
peak as a function of doping), the Raman shift in our
measurement (2688 cm−1 for DOPC:DOPS) corresponded to
a change in the carrier density of ∼3 × 1013 cm−2. Considering
that each phospholipid occupies a 0.68 nm2 surface area34 and

Figure 4. Electrical measurement of lipid-coated graphene. (a)
Schematics of a lipid-coated graphene in liquid-gated FET device.
(b) Photograph of polydimethylsiloxane (PDMS) microfluidic device
with integrated electrodes. (c) IV curves for three-terminal field effect
transistor (FET) graphene coated with zwitterionic DOPC (rec-
tangles), positively charged DOPC:DOEPC (20%) (triangles), and
negatively charged DOPC:DOPS (20%) (circles) monolayers formed
by vesicle fusion.

Figure 5. Raman spectroscopy analysis of lipid membrane formation on graphene. Raman spectra with band assignments for a DOPC bilayer on (a)
SiO2 and (b) CVD-graphene. (c) Raman spectra of CVD-graphene coated with lipid monolayers of different charge, showing the shift of the 2D
peak.
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noting that 20% of the surface groups are charged, the
estimated value of this impurity charge density was ∼2.86 ×
1013 cm−2, which was in good agreement with the calculated
charge density. These results also further supported the
formation of a lipid monolayer, rather than a bilayer, on the
hydrophobic graphene. Taken together, both vesicle fusion and
SALB result in formation of a lipid monolayer on the
hydrophobic pristine CVD-graphene. On the hydrophilic
oxygen-plasma-treated graphene (O2-graphene), SALB and
vesicle fusion resulted in formation of a bilayer and intact
vesicle layer, respectively.

■ CONCLUSIONS
QCM-D was for the first time used to monitor lipid self-
assembly on a graphene surface. The characterization of lipid
attachment on graphene demonstrates that depending on the
preparation condition CVD-graphene can support the for-
mation of a lipid monolayer, a lipid bilayer, or intact vesicles.
Such capabilities provide a sensitive bioelectronic interface that
is also biocompatible and antifouling. In addition, the
significant modulation of the electronic properties of graphene
by charged lipid membranes indicates the huge potential of
using a lipid−graphene interface as an ultrasensitive platform
for sensing membrane-related processes, using Raman spec-
troscopy and electronic measurements.
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