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raphene is emerging as a new bio-

electronic platform for sensing bio-

molecules owing to its chemical ro-
bustness and sensitivity to changes in its
electromagnetic environment.! > A
graphene-based biosensor can potentially
offer low noise and ultrasensitive electrical
detection.® In line with a carbon microelec-
trode array that has been used for extracel-
lular recording, it is interesting to evaluate
the use of graphene for sensing action po-
tential or membrane movement in cells. Re-
gardless of the types of cells investigated,
the cell membrane is inevitably the biologi-
cal component that is in direct contact
with graphene.” These cell membranes are
frequently charged; its presence on
graphene creates charged impurities which
exert spatially inhomogeneous Coulomb
potential, leading to finite minimum con-
ductivity and doping of graphene.® The
electronic properties of atomically thin
graphene have been shown to be highly
sensitive to changes in Coulomb potential
exerted by charged inorganic impurities
and also to screening effects arising from
the dielectric environment.®~'?

To evaluate the electrical response of
graphene to charged lipid membranes, bio-
mimetic membranes of different surface
charges were assembled on graphene to
form an active channel in an electrolyte-
gated graphene field-effect transistor (FET).
Biomimetic membranes are important in
vitro mimics of cellular membranes.” The
electric charge, thickness, and permeability
of biomimetic membranes mimic the re-
sponse of cells toward environmental fac-
tors and pathogenic agents. Herein, we
demonstrate a proof-of-concept in which
perturbation of the gram-negative bacteria
biomimetic membrane by antimicrobial
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ABSTRACT The electronic properties of graphene can be modulated by charged lipid bilayer adsorbing on
the surface. Biorecognition events which lead to changes in membrane integrity can be monitored electrically
using an electrolyte-gated biomimetic membrane —graphene transistor. Here, we demonstrate that the
bactericidal activity of antimicrobial peptides can be sensed electrically by graphene based on a complex interplay

of biomolecular doping and ionic screening effect.
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interface - biomolecular doping - ionic screening

peptide, Magainin 2, results in changes to
membrane properties which can be electri-
cally detected by graphene.

RESULTS AND DISCUSSION
Characterization of Graphene Transistor. Fig-
ure 1a illustrates the design of our biomi-
metic membrane—graphene field-effect
transistor. Chemical vapor deposited (CVD)
graphene film is used as the electrical trans-
duction platform because its large area,
high electrical conductivity, and optical
transparency afford the possibility of fabri-
cating a dual-mode optical and electrical
detection system. Raman spectroscopy was
used to verify the quality and layer thick-
ness of the CVD graphene film (Figure 1b).
The negligible defect-related D band at
around 1350 cm ™! indicates the high crys-
tallinity of the CVD graphene film, while the
ratio of the integrated intensity of G band
(1586 cm™") to D’ band (2678 cm™') of 0.3
suggests the film to be a high quality mono-
layer. Figure 1c shows the water-gated am-  *Address correspondence to
bipolar field-effect response of graphene. chmlohkp@nus.edu.sg.
The drain/source contacts were insulated Received for review September 2, 2010
using silicon rubber and the gate leakage and accepted November 02, 2010.
was less than 20 nA at the maximum ap- Published online November 10, 2010.
plied voltage. The gate potential (V) is con-  10.1021/nn1022582
verted to units of charge carrier density n,
(Figure 1d) using capacitance—voltage © 2010 American Chemical Society
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Figure 1. (@) Schematic representation of biomimetic membrane—graphene field effect transistor; (b) Raman spectrum of
single layer CVD graphene. Inset shows optical image of CVD graphene film; (c) water-gated ambipolar FET response of de-
vice at Vg4 = 100 mV; (d) resistance as a function of carrier density, n, where n is obtained by integrating over
capacitance—voltage curve (inset). The red fitted curve allows the extraction of field-effect mobility and contact resistance.

(C—V) measurements. The charge carrier density is ob-
tained by integrating the C—V curve
1 Y%
(Vg = Vomin) = 5 / _ cwdv (1)
where e is the electronic charge, C(V) is the voltage-
dependent total capacitance at the interface of
graphene and Vg mi is the potential at the charge neu-
trality point of graphene. The total capacitance of the
graphene—electrolyte interface consists of a serial com-
bination of solution double-layer capacitance C; and
quantum capacitance of graphene Cq and was experi-
mentally determined as a function of gate voltage (see
inset in Figure 1d). The corresponding
resistance—carrier density profiles can be fitted to the
equation
R = R, + L
WeuFE\jno2 + (n — n)?

where n is the modulated carrier concentration, n, is
the residual carrier density, A is the shift in minimum
conductivity, L and W are the length and width of the
graphene device, respectively. This fitting equation al-
lows the extraction of the field-effect mobility (j.re) and
contact resistance (R.). The shift in conductivity mini-
mum is obtained by equating, R; (V; = 0) = R, (n = 0)
in the converted curves. The estimated charge carrier
mobility is 2100 cm?/(V s); however, a small asymmetry
in hole and electron mobility is also noted from the fit-
ted curve.

Quality of Biomimetic Membranes on Graphene. Owing to
the high optical transparency of CVD graphene,'>'° the
spatial uniformity and dynamic fluidity of biomimetic
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membranes on graphene can be investigated by fluo-
rescence techniques like imaging total internal reflec-
tion fluorescence correlation spectroscopy (ITIR-FCS)
which provides high temporal resolution imaging of dif-
fusion coefficient (lateral mobility) of lipids.'”"'® Biomi-
metic membranes constructed from 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) lipids were
assembled on graphene and glass via vesicle fusion.
The diffusion coefficients, D, for the biomimetic mem-
branes can be extracted from the theoretical fits of the
autocorrelation function curves (ACFs) given by eq 1 in
the Supporting Information, S1. The comparison be-
tween diffusion coefficients of neutral POPC mem-
branes on graphene (1.85 = 0.74 um?/s) and glass (2.66
*+ 1.23 um?/s) shows that lipid mobilities of mem-
branes on graphene are close to those obtained on
glass (Figure 2a,b), which is surprising in view of the hy-
drophobic character of graphene.” The spatial unifor-
mity of membranes atop glass and graphene is evident
in Figure 2¢,d in which the spatially resolved diffusion
coefficient images show relatively constant membrane
diffusivity. The corresponding average intensity images
of the lipid membranes on glass and graphene are
shown in Figure 2e,f, whereby the lipid membrane is
uniform, homogeneous, and free from lipid aggregates.
The good lateral mobility of biomimetic membranes
on graphene suggests that a trapped water layer of rea-
sonable thickness may exist between the graphene
and biomimetic membrane.?°

Influence of Charged Lipids on Graphene. The effects of
charged lipid membranes on the Dirac point, charge
carrier density, and mobilities of graphene FET are
evaluated. Figure 3 panels a and b show the respective
water-gated current—voltage (/I—V) and
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Figure 2. Autocorrelation function curves (ACFs) captured by ITIR-FCS for Rho-PE-labeled POPC bilayers. (a) ACFs of mem-
branes on glass. (b) ACFs of membranes on graphene. The figures show all 441 correlation curves captured in a 21 pixel X
21 pixel region of interest on the EMCCD camera. The labeling ratio of Rho-PE/POPC was 0.01% for glass and 0.02% for
graphene; the sample was excited with 2 mW at a wavelength of 514 nm; the recording time was 5.6 s for 10000 frames.
The diffusion coefficient images (with the corresponding color scale) which confer spatial uniformity are shown for (c) glass
and (d) graphene. The average fluorescent intensity image of membranes prepared on glass and graphene are presented in

panels e and f, respectively.

capacitance—voltage (C—V) response of graphene
while Figure 3c shows the derived resistance—carrier
density plots when negatively charged (lipid composi-
tion 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)] (POPG) (2/1)), positively charged (lipid
composition 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPQ)/1,2-dioleoyl-3- trimethylammonium-propane
(DOTAP) (2/1)) and neutral POPC membranes were sub-
sequently assembled on the same graphene device
after repetitive washing with 10% sodium dodecyl sul-
fate (SDS). Several key findings are summarized in Table
1. First, a small shift in Dirac point (AVgmin = +0.12V)
which corresponds to a change in carrier density of Ang-
min =~ 0.42 X 10'2 cm~2 is observed for the neutral lip-
ids which is comparable to that of bare graphene in wa-
ter. This shift could be attributed to the presence of
negatively charged impurities trapped on the surface
of SiO,/Si substrate. The presence of neutral lipids, how-
ever, does not contribute to any additional shift in Dirac
point. Second, it is noticed that the magnitude of Dirac
point shift in the presence of negatively charged lipids
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(AVgmin = +0.28 V with respect to Vq = 0 V) is larger
than that by positively charged lipids (AVgmin = —0.1

V with respect to V4 = 0 V), for the same magnitude of
net lipid-charge. A possible reason is that positively
charged lipids atop graphene induced a partial nullifica-
tion of impurity potential generated by the underlying
negatively charged surface impurities on SiO,/Si sub-
strate. Nevertheless, the magnitude of voltage shift
from both positive and negative lipids is quite compa-
rable, when this shift is measured from the position of
conductivity minimum of bare graphene. The observed
shifts of the Dirac point according to the sign of lipid
charges is a consequence of charge-impurity potential
generated by the lipid membranes and unequivocally
demonstrate that the charged lipid membranes modu-
late the electronic properties of graphene significantly.
Assuming an equal partitioning of charged lipids in the
two leaflets since graphene is an electrically neutral
substrate, the density of charged impurities in the lipid
membranes can be estimated from the surface area as-
sociated with a lipid headgroup.”?"?2 By assigning an
area of 68 A? to each lipid headgroup and noting that

. . _ . A AN
VOL. 4 = NO. 12 = 7387-7394 = 2010 A@ijwwj\\/

),

7389



220
Neutral membrane
@) foo]
a 1801 —— Positively charged membrane
‘; 160
s 140
B 1201
]
'g 100+
S 8o]
60-{
-0.8-0.6-0.4 0.2 0.0 0.2 0.4 0.6 0.8
Gate Voltage (V)
(b)
Neutral membrane
':E 1.0 —Po;itively,charged membrane

06 -04 02 00 02 04 06
Gate Voltage (V)

= Neutral membrane
o Negativel

A Positively charged membrane

Resistance (kohm)
w -Ih < (-]

4 2 0 2 4
Charge Density, n ( x 10" cm?)

Figure 3. Electrical characterization and simulation of
graphene coated with charged and neutral lipid mem-
branes. (a) Current—voltage measurements of graphene
coated with negatively charged (POPC/POPG = 2/1), posi-
tively charged (DOPC/DOTAP = 2/1), and neutral POPC
membranes. (b) Capacitance—voltage measurements of dif-
ferent charged and neutral membranes on graphene in wa-
ter. (c) Corresponding graphs of resistance versus carrier
density. The red fitted curves allow the extraction of param-
eters shown in Table 1.

only 33% of the surface groups are charged, the esti-
mated value of this impurity density is Nim, =~ 5 X 10'3
cm~2.2 Unlike the immobile charges on SiO, surface,
the lipids can diffuse along the surface of the mem-
brane. Correlations between charged impurity scatter-
ers are known to reduce the effective impurity density in
semiconducting systems.?* In addition, a complete
large-area surface coverage of lipid membranes on sub-
strates may not always be realized experimentally.?>~?’
In view of these two considerations, a lower value was
assigned to the impurity density arising from the
charged membranes than that obtained from the head-

group surface area, Nimp ~ 2.5 X 10" cm~2 It is worth
noting that typical values of charged impurities arising
from the SiO, substrate range from 0.5 X 10'2to 5 X
102 cm~22

Next, we examine the influence of the charged lip-
ids on the graphene charge carrier mobility. Experimen-
tally, the charge carrier mobility shows a decrease upon
formation of a negatively charged lipid membrane as
compared to a neutral lipid membrane atop graphene
(refer to Table 1; p decreases by ~25% after formation
of a negatively charged lipid layer on graphene. The
compared values are measured for the same sample).
The mobility of graphene is given by w = a/ne, in which
the conductivity o can be approximated within the
Boltzmann regime as o = (e*/h)(2E:1/h), where T is the
total scattering time and E; is the chemical potential.2®
There are several possible sources of scattering and the
total scattering rate 7' can be expressed as 1/7 =
1/7si0x + 1/7s + 1/7cL where Tsiox, Tsr, and T¢ repre-
sent the scattering time related to substrate charged
impurities, short-range scatterers (such as defects), and
lipid charged impurity, respectively. The former two
scattering time scales represent the mobility-limiting
factors prior to introduction of the lipid membrane, and
a quantitative estimate of these two individual contri-
butions is not central to the present work. The decrease
in graphene mobility upon introduction of charged lip-
ids is caused by the presence of additional scattering
(TciW), within the framework of a standard scattering
problem for a screened Coulomb potential. One impor-
tant consideration is that the effective interfacial dielec-
tric function, ¢, is also critically dependent on the thick-
ness of the trapped water layer between the lipid
membrane and graphene, d.'? This separation, d, corre-
sponds to the distance of lipid headgroup charges
from the graphene plane. The presence of a water di-
electric layer weakens the coupling between graphene
and the impurity charges. In the case of a thick layer of
trapped water, the effective dielectric constant can be
estimated by averaging between that of the silicon ox-
ide substrate and bulk water, (d = ®) ~ (ksio, + Kua-
ter)/2 =~ 41. In the absence of trapped water layer (d —
0), the relevant dielectric constant in this limit is e(d =
©) ~ (Ksio, T Kiipias)/2 =~ 3.3, where the lipid dielectric
constant (~2.7) comes into play.?° By comparing the ex-
perimentally observed change in mobility with the
theoretically estimated influence of scattering from

TABLE 1. The Effect of Lipid Charges on Graphene Surface Potential, Charge Carrier Density, and Charge Carrier Mobility

(Where Hole and Electron Mobility Are Nearly Identical)®

charged membranes AV min (volts) Angmin (X10"/em?) ny (% 10'%/cm?) e (em?/(V s))
POPC (neutral) +0.12 +0.42 0.29 1608
POPC/POPG (2:1) (negative) +0.28 +1.35 0.54 1200
DOPC/DOTAP (2:1) (positive) —0.10 —0.42 0.40 1401

?AVqmin corresponds to the Dirac point shift with respect to Vy = 0V; Angia represents the change in charged carrier density for the corresponding change in Dirac point
position; ng is the residual carrier density obtained from the width of voltage plateau; g is the field-effect mobility.
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Figure 4. Membrane thinning effect of Magainin 2 peptides on gram-negative bacteria biomimetic membrane. AFM and
epi-fluorescence (inset) images of membrane (a) before and (b) after addition of 1 uM Magainin 2 peptides. Peptide-induced
membrane thinning was evident especially at the edge of lipid membrane patches. Inset shows the epi-fluorescence image
in which adsorption of peptides (represented by bright spots) was clearly observed at the periphery of the membranes. These
bright spots are speculated to be due to the onset of membrane thinning in which adsorbed peptides push apart the lipid
headgroups on the top leaflet, causing these fluorescent lipids to be dislodged from the surface. (c) Conductivity curves of
biomimetic membrane—graphene FET in 10 mM NaF with increasing Magainin 2 concentration and (d) the corresponding
shifts in Dirac points. (e) Schematic diagram showing sensing concept of membrane thinning effect. Brown ovals represent

peptides.

the density of lipid impurity charges nim, = 2.5 X 103
cm2, the value of impurity separation obtained is d ~
2.0 £ 0.5 nm. The value of effective dielectric constant
at this separation is &€ ~ 26, intermediate to the values
for bulk water and lipid-membrane. It may be noted
that about d =~ 4 nm of water is needed before the
graphene interface is completely decoupled from the
influence of the lipid dielectric environment (see Sup-
porting Information, Figure S2). While the above esti-
mates for impurity separation and effective dielectric
constant represent a good approximation, the actual
values for these may vary with the precise impurity con-
centration. The presence of this interfacial hydrated
layer partially attenuates the Coulomb potential from
the impurity charges, thus it is observed that the
voltage-widths (arising from residual carriers) are not
broadened and mobility for transfer curves is not de-
graded significantly, despite a higher density of impu-
rity charges on the lipid membrane. These concepts can
be further generalized to understand the influence of
cellular media on the electronic properties of graphene,
since the presence of a trapped water layer and an
impurity-separation dependent dielectric-constant are
central to both biophysical problems.

www.acsnano.org

Electrical Detection of Membrane Disruption. The perturba-
tion of gram-negative bacteria biomimetic membrane
atop graphene FET can be induced by the antimicrobial
peptide, Magainin 2, which is a 23-residue cationic pep-
tide (NH,-Gly-lle-Gly-Lys-Phe-Leu-His-Ser-Ala-Lys-Lys-
Phe-Gly-Lys-Ala-Phe-Val-Gly-Glu-lle-Met-Asn-Ser-
CONH,) extracted from the skin of the African frog
Xenopus laevis.3*3' It adopts a primarily a-helical struc-
ture upon binding to negatively charged membrane by
electrostatic attraction. Magainin 2 has two binding
states in a membrane: (1) a surface state at low pep-
tide concentration in which it adsorbs parallel to the
membrane surface and (2) a transmembrane pore-
forming state at high peptide concentration.323* While
the mechanism of peptide-induced membrane perfora-
tion has been a subject of much debate, there is in-
creasing experimental evidence of membrane thinning
as a precursor stage to pore formation.3>343% Here, the
membrane thinning effect can be clearly observed from
the AFM and epi-fluorescence images when 1 pM Ma-
gainin 2 was added to the negatively charged POPC/
POPG membranes (Figure 4a,b). A decrease in mem-
brane thickness from ~5 = 1 nm (Figure 4a) to ~3 =
1 nm (Figure 4b) was detected.
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The changes in membrane electric charge, thick-
ness, and permeability induced by increasing concen-
tration of Magainin 2 can be detected electrically. Fig-
ure 4c shows the conductivity curves for bare and
biomimetic membrane-coated graphene gated with
10 mM NaF. Negatively charged membrane displays an
increase in conductivity minimum value and a positive
shift in Dirac point relative to that of bare graphene.
This is due to an increase in residual impurity charges
induced by the negatively charged membrane, as has
been discussed earlier. Upon peptide addition, conduc-
tivity minimum value decreases and Dirac point shifts
gradually toward that for bare graphene. The value of
hole density can be estimated to decrease from 1.35 X
10'%/cm? (biomimetic membrane-coated graphene) to
0.82 X 10'%/cm? (upon addition of 1 wM Magainin 2). A
sigmoidal Dirac point shift dependence on peptide-
concentration plotted on a logarithmic concentration
scale (Figure 4d) signifies cooperative effects in the
peptide—membrane interaction and is a fingerprint
for the transition from surface-bound state to pore-
forming state.3? A detection limit of 0.1 nM can be at-
tained based on a detectable Dirac point shift of ~50
mV. This detection limit is consistent with the peptide-
to-lipid molar ratio (P/L ~ 1/150) for the onset of mem-
brane thinning measured by X-ray diffraction®” and ori-
ented circular dichroism.3? A control experiment where
1 wM cationic Magainin 2 peptides were added to bare
graphene produced a much smaller shift in the Dirac
point (AVgmin = —0.03 V) (Supporting Information, Fig-
ure S3) compared to that observed by peptide-induced
perturbation of membrane electric charges (AVgmin =~
—0.18 V). This indicates a remarkably insignificant con-
tribution of Coulomb potential arising from nonspecific
binding of Magainin 2 peptides as compared to lipid
charges on graphene.

Biosensing Mechanism. A schematic model illustrating
the sensing mechanism of the biomimetic
membrane—graphene FET is shown in Figure 4e. The
principle for the electrical detection of membrane thin-
ning is underpinned by the ionic screening effect of
the electrolyte which contains NaF ions in necessarily
low ionic strength. The impurity potential on graphene
exerted by negatively charged membranes can be
screened by the ionic solution within the Debye dis-
tance. On the bulk solution side of the lipids, the screen-
ing effect is determined by the solution of the
Poisson—Boltzmann equation, {''(x) = A\p~2 sinh {s(x),

METHODS

Fabrication of CVD Graphene Film. CVD growth and transfer of the
graphene film was based on methods developed by Ruoff et
al.’® and Hong et al.'® A monolayer of chemical-vapor-deposited
(CVD) graphene was grown on a piece of 0.025 mm thick Cu foil
(Alfa Aesar, 99.8%). The Cu foil was inserted into a quartz tubu-
lar reactor and heated to 1000 °C in 10 sccm of flowing H, at 1.01
Torr. After 1000 °C was attained, CH, was injected into the reac-

IN(O) voL.4 = NO.12 « ANG ET AL

where i(x) = ed/(kgT) is the reduced electrostatic po-
tential.*° The screening effect due to the ionic strength
of the NaF solution is related to the Debye length of the
ionic solution. According to the Graham equation sim-
plified for 1:1 electrolyte solution, the Debye length (\p)
is given by

0304

Ay =
®  [NaF]

nm (3)

and yields a value of ~3 nm for 10 mM NaF solution.
As illustrated by the model, the intact lipid bilayer with
a thickness of ~5 nm passivates the graphene from the
ions in the solution. The adsorption of ions on the lipid
membrane screens the charges of the top membrane
leaflet but not the bottom leaflet proximal to graphene.
The extremely low ion permeability of the membrane
prevents the build-up of screening charges in the thin
layer of water between the proximal membrane leaflet
and graphene. It is this proximal leaflet adjacent to
graphene that exerts the charge impurity potential on
graphene. Upon the thinning or disruption of the mem-
brane induced by Magainin 2 peptides, ions permeate
closer to the surface of graphene and provide ionic
screening of the impurity potential from the proximal
membrane leaflet. It therefore follows that the ionic
screening of the impurity charges can be switched on
or off depending on the thickness of the membrane,
which changes in response to the hemolytic activity of
the membrane-disrupting agent.

CONCLUSION

We have demonstrated the effect of charged lipid
membranes and the interplay of charged impurity and
ionic screening mechanism in the control of electrical
response in a biomimetic membrane-coated graphene
biosensor. Charged biomimetic membrane imposes an
impurity potential which causes voltage shifts in the
charge neutrality point and increases minimum con-
ductivity. The impurity potential is screened by mobile
ions upon thinning or disruption of the membrane by a
membrane-disrupting agent, leading to a recovery of
the voltage-shift initially induced by the uncoated
graphene plane. The sensing concept developed here
based on the dynamics of membrane diffusion and
changes in ionic screening on graphene may be ex-
tended to other biorecognition systems such as
ligand—receptor binding and gated control of ion
channels embedded in membranes.

tor at 110 sccm for 30 min before the system was cooled to
room temperature in 10 sscm of H,. After the growth process,
100 pL of 3% polymethylmethacrylate (PMMA) (molecular mass,
950K) chlorobenzene solution was spin-coated onto the Cu foil
at 4000 rpm using a spincoater (Spin150, APT GmbH). The thick-
ness of PMMA was about 300 nm. The Cu foil was etched in 0.5
M FeCls. After etching, the graphene films were rinsed copiously
to remove the residual etchant, and then transferred onto cover

www.acsnano.org



glass for fluorescence study, or onto SiO,/Si substrates with ox-
ide thickness of 285 nm for field-effect measurements. The CVD
graphene film was transferred onto the desired substrate and
the PMMA film was dissolved in acetone at 50 °C for 12 h and
the substrate was cleaned with isopropyl alcohol. The resultant
CVD graphene on the desired substrate was then annealed in an
atmosphere of Ar/H, gas (50/50 sccm) at 350 °C for 3 h in a tube
furnace to remove residual PMMA.

Fabrication and Measurement of CVD Graphene Field Effect Transistor
(FET). High quality silver paste (SPI supplies) was used as source
of drain electrodes at the two ends of the graphene film (ap-
proximately 5 mm X 3 mm). Chemically inert silicon rubber was
used to prevent direct contact between any metal and the elec-
trolyte, leaving the active graphene area defined by the silicone
rubber well (1 mm X 3 mm) exposed to the electrolyte solution
(either water or 10 mM NaF). The electrical performance of the
CVD graphene FETs was determined by measuring the standard
two-probe configuration of top-gated device’s static characteris-
tics (drain—source current (IDS) versus gate voltage (VG) at con-
stant drain—source voltage (VDS) of 100 mV). These characteris-
tics were measured using the Keithley 4200 Semiconductor
Characterization System with an Ag/AgCl gate electrode. Al-
though two-probe configuration introduces contact resistance,
the discussion on the relative changes in graphene charge car-
rier density and mobilities induced by different lipid charges re-
mains valid.

Formation of Biomimetic Membranes on Graphene. Palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (popg), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (dopc), 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), and 1,2-dipalmitoyl-sn-
glycerol-3-phosphoethanolamine-N-(lissamine rhodamine B sul-
fonyl) ammonium salt (Rho-PE) were obtained from Avanti Polar
Lipids (Alabaster, AL). POPC, prepared as stock in CHCl;, was
mixed with Rho-PE (concentration of 0.01% for glass and 0.02%
for graphene) and then subjected to vacuum evaporation for 1 h.
Rho-PE was added to the POPC lipid mixture for fluorescence
study while unlabeled lipids: POPG, DOPC, and DOTAP were used
for FET measurements. The evaporation was carried out in clean
round-bottomed flasks. Prior to lipid addition, the flasks were
cleaned in Piranha reagent (concentrated H,0,/H,SO, = 3:1),
washed with deionized (DI) water and technical ethanol, and
dried before use. Phosphate buffer saline (PBS) was added to
make 0.5 mM lipid suspension. A 2—6 mL portion of the suspen-
sion was sonicated for 30—45 min to form vesicles; 2 mL of the
sonicated suspension was dispensed onto a petridish with cover
glass bottom (World Precision Instruments, Inc., Sarosota, FL). In
the case of graphene preparation, the graphene was fixed over
the cover glass bottom in the chamber using silicone rubber.
This was followed by incubation of sonicated vesicles on the sub-
strates for 2—3 h at 60 °C for the formation of bilayers on glass
or graphene. This was followed by cooling for 30 min. The lipid
aggregates above the bilayer were washed by replacing the so-
lution 10—20 times with PBS. It is crucial to soak the CVD
graphene sample in distilled water (Nanopure) for a day prior
to deposition of biomimetic membranes via vesicle fusion for
better membrane formation. This is to prevent a widespread ad-
sorption of unfused lipid vesicles rather than formation of a spa-
tially uniform membrane. The lipid membrane must be wetted
in buffer solution all the time to prevent disintegration.

ITIR-FCCS Instrumentation. Imaging total internal reflection-
fluorescence correlation spectroscopy (ITIR-FCS) measurements
were performed using an objective-type total internal reflection
fluorescence microscope (TIRFM). This TIRFM is built using an in-
verted epifluorescence microscope (IX-71, Olympus) with a high
NA oil-immersion objective (100X/NA1.45) (Olympus, Sin-
gapore). The fluorophores were excited with the 514 nm laser
line of a dual color air-cooled Argon ion laser (185-F02, Spectra-
Physics, Mountain View, CA). Imaging and spectroscopy were
carried out using an electron multiplying charge-coupled de-
vice (EMCCD) camera (Andor iXON 860) mounted at the side-
port of the microscope. The camera and microscope are con-
trolled by the software Andor Solis (version 4.9.30000.0). The
image capture region of 128 pixels X 128 pixels occupies 3.1 X
3.1 mm? on the chip. Hence each pixel measures 24 X 24 pm? on
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the chip and measures 240 X 240 nm? in the sample. The tem-
poral resolution achieved is 0.56 ms for a region of interest of 21
pixels X 21 pixels.

Capacitance—Voltage Measurements. A three-electrode setup
was used for capacitance—voltage measurements, consisting of
an Ag/AgCl reference electrode and a Pt wire counter-electrode.
The C—V graphs were recorded with Autolab PGSTAT30 digital
potentiostat/galvanostat with FRA 4.9 software (Eco Chemie, The
Netherlands). A small ac modulation of 100 Hz and voltage am-
plitude of 10 mV were applied over the potential range between
—0.8 and +0.8 V. A small background capacitance of ~5 pF
was obtained in the absence of graphene and can be attributed
to connection electrodes, cables, and sample holder.

Atomic Force Microscopy (AFM) and Epifluorescence Measurements. Rep-
resentative tapping mode AFM and epifluorescence images of
lipid membranes were obtained using Nanowizard Il BioAFM
(JPK Instruments) incorporated with a confocal inverted micro-
scope equipped with epifluorescence (Fluoview FV1000, IX81,
Olympus). The fluorescence images were captured using a color
CCD camera (JPK). The spring constants of the cantilevers were
determined by the thermal tune method and were typically in
the range of 0.3 = 0.1 N/m. The AFM imaging was taken in PBS
in a liquid sample holder and the peptides were injected through
the perfusion inlet of the holder during scanning.
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