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Carbon nanotube transistors combine molecular-scale dimensions with excellent electronic properties, offering unique
opportunities for chemical and biological sensing. Here, we form supported lipid bilayers over single-walled carbon nanotube
transistors. We first study the physical properties of the nanotube/supported lipid bilayer structure using fluorescence
techniques. Whereas lipid molecules can diffuse freely across the nanotube, a membrane-bound protein (tetanus toxin) sees the
nanotube as a barrier. Moreover, the size of the barrier depends on the diameter of the nanotube—with larger nanotubes
presenting bigger obstacles to diffusion. We then demonstrate detection of protein binding (streptavidin) to the supported lipid
bilayer using the nanotube transistor as a charge sensor. This system can be used as a platform to examine the interactions of
single molecules with carbon nanotubes and has many potential applications for the study of molecular recognition and other
biological processes occurring at cell membranes.

Single-walled carbon nanotubes (SWNTs)1 offer unique
opportunities for chemical2 and biological sensing3,4. SWNT
transistors5 have mobilities6 that exceed those of silicon and have
transverse dimensions comparable to a strand of DNA. They also
work efficiently in aqueous environments7 and, unlike silicon-
based biosensors, they do not require an insulating layer to
separate the ions from the conducting channel. An exciting
possibility is to use a nanotube to probe the properties of lipid
membranes and their functional constituents. Supported lipid
bilayers (SLBs)8–10 self-assemble from phospholipids on flat
hydrophilic substrates like glass and mimic many properties of
cell membranes. The lipids in an SLB are laterally mobile, and
many reconstituted membrane proteins embedded in them
remain functional11,12. Although it has been shown that lipid
bilayers can form on top of multiwalled carbon nanotubes13 or
SWNTs coated with polyelectrolytes14, the nanotubes in these
experiments were not used as detection elements and the bilayers
were not supported on flat substrates. Another group has placed
membrane patches on SWNT field-effect transistors (FETs)15, but
no continuous SLBs were formed and the measurements were
carried out in dry conditions.

Here, we show the integration of SLBs with SWNT FETs
(Fig. 1). We first demonstrate membrane continuity and lipid
diffusion over the tube. However, we also show that the
nanotube acts as a diffusion barrier for a membrane-bound
tetanus toxin protein, and that the strength of the barrier
depends on the diameter of the nanotube. Finally, we present
results on the electrical detection of specific binding of
streptavidin to biotinylated lipids. The formation of fluidic SLBs
on SWNTs will allow the study of lipid–SWNT interactions and
sensing of analytes binding to specific receptors embedded in the
SLBs. These studies should have an impact on our understanding
of model and biological membranes.

PHYSICAL PROPERTIES OF SLB/SWNT HYBRID STRUCTURES

We first formed 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
SLBs on chips containing SWNTs (see Methods). Before examining
the regions around the nanotubes, we tested the overall quality of the
SLBs on SiO2 using two criteria. First, SLBs should be spatially
uniform, as measured by fluorescence microscopy. Second, the
lipid molecules in SLBs should be laterally mobile, as observed
using fluorescence recovery after photobleaching (FRAP)16. For
this, the fluorophores inside a region are bleached with long
exposure to light and, once the bleaching is finished, the
fluorescence in this region is allowed to recover by diffusion. The
diffusion coefficients can be measured using FRAP or fluorescence
correlation spectroscopy (FCS)17 (see Sections I and II of
Supplementary Information). Both methods rely on the lateral
diffusion of fluorescent lipids into a probed volume, which only
occurs if the bilayer is continuous and laterally fluid. The diffusion
coefficients, D, for the DOPC bilayers were extracted from fits
to the FCS autocorrelation curves (see Methods), giving a value of
D ¼ 5.4+ 0.1 � 1028 cm2 s21. This value compares favourably
with previously published values18. With proper surface
preparation, both criteria can routinely be met.

To test the continuity and fluidity of the formed SLB over a
nanotube, we used FRAP on devices with the geometry shown in
Fig. 2a. We created two square SLB patches19 connected by a
2-mm-wide, 12-mm-long channel. Nanotubes emerging from
the black catalyst islands (visible in the optical micrograph) cross
the channel. We photobleached the fluorophores in the right
square and observed whether the fluorescence could recover by
the diffusion of fluorophores from the left box across the
nanotube to the right box. Figure 2b–d shows fluorescence
images of the recovery process. It may be observed that
fluorescent lipids can diffuse across the nanotube. No discernible
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differences were observed between the FRAP recovery over a
nanotube and control experiments with the same geometry but
without nanotubes. A second experiment was performed to
confirm that the lower leaflet of the SLB was also continuous. In
this experiment, 100 mM CoCl2 was added to the buffer solution
in the channel to quench the fluorescence coming from the

fluorophores on the upper membrane leaflet20. The FRAP
experiment described above was then repeated to probe the
fluorescence recovery of the lower leaflet only. The recovery speed
remained the same, within a 10% error. These experiments show
that lipid bilayers are continuous and that lipids freely diffuse
over nanotubes.
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Figure 1 Representation of the SLB/carbon nanotube (NT) hybrids. a, Schematic of the side view of a SWNT FET inside a PDMS microfluidic channel. b, Scaled

schematic of a carbon nanotube under a DOPC bilayer. The DOPC lipid molecules are shown with two light green fatty acid chains. A toxin protein, represented

in a ribbon model, binds to a membrane-embedded ganglioside molecule that is shown with two dark green chains. There is a thin water layer between the SLB

and the substrate.
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Figure 2 Test of lipid diffusion near SWNTs. a, Optical micrograph of SWNT FET array used for diffusion tests. Two isolated regions of SLB are defined by gold

electrodes and connected by a narrow channel crossed by nanotubes. b–d, Fluorescence images taken 2.5 min (c) and 10 min (d) after fluorophores on the right

side were originally bleached (b). The lipids diffuse freely across the nanotube.
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A surprising result was seen when we examined the SLB
fluorescence in the vicinity of the nanotubes. Linear features
corresponding to a slight reduction (�2–7%) in the fluorescence
intensity were observed, as shown in Fig. 3a. Figure 3b is an
atomic force microscope (AFM) image showing the same region
as that displayed in Fig. 3a. It is evident that the dark lines in the
fluorescence image correspond to the positions of the carbon
nanotubes. The results were unaffected by a polarizer added
parallel or perpendicular to the axis of the nanotubes. For the
eight tubes studied, there was no obvious correlation between the
tube diameter and the magnitude of the suppression. The width
of the fluorescence suppression features is approximately 0.5 mm,
set by the resolution of the imaging system. If we use the
simplest possible scenario and assume that the fluorophores
closest to the nanotube are completely dark, the observed
reduction in fluorescence would correspond to a band
approximately 10–35 nm wide.

The observed fluorescence suppression at the nanotubes could
be a result of many factors. An obvious explanation is that the SLB
is interrupted by the nanotube, but this possibility is ruled out by
the FRAP experiments described above. Another possibility is
that the nanotubes quench the fluorescence of any fluorophores
in their vicinity. We expect the range of quenching to be
approximately d þ 2Ro, where d is the diameter of the nanotube
and Ro is the Förster radius21. Although Ro is unknown here,
typical values are �5 nm, which predicts a quenched width of
�10–15 nm. This is in reasonable agreement with the
magnitude of the measured signal. Another possibility is that
the local curvature induced in the SLB by a nanotube excludes
the fluorescently labelled lipids. Such curvature-induced
segregation of lipid species has been seen in previous
experiments22–24.

NANOTUBES AS BARRIERS TO PROTEIN DIFFUSION

Having established that the SLB is continuous over the nanotube, we
now examine the influence of the nanotube on SLB-bound
macromolecules. To test the diffusion of membrane-bound proteins
over the nanotubes, we chose a simple and well-studied toxin–
ganglioside couple25,26 as the model system (Fig. 1b). Tetanus and
cholera toxins are part of a family of bacterial toxins that bind to
glycolipid moieties present on the host cell’s membrane as a path

for infection. Tetanus toxin fragment C (TTC) binds to tri
sialoganglioside GT1b, and cholera toxin subunit B (CTB) binds
strongly to mono sialoganglioside GM1. The lipid mixtures used for
toxin binding consisted of 99:1 DOPC/GM1-BODIPY (4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene) (Molecular
Probes) for the cholera system, or 98.9:1:0.1 DOPC/GT1b/DHPE-
LR (Lissamine-Rhodamine Red 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine) for the tetanus system. We first formed
SLBs with these lipid mixtures on wafers containing nanotubes and
performed FRAP studies of the ganglioside diffusion properties
across the nanotubes before protein binding. Using the BODIPY
fluorophore attached to GM1, experiments analogous to those
presented in Fig. 2 demonstrated that the gangliosides can diffuse
across nanotubes with no measurable hindrance.

Strikingly different results were obtained after the gangliosides
were incubated with toxin fragments using either GM1 –CTB or
GT1b –TTC systems. FRAP experiments on ganglioside-bound
toxins showed marked diffusion hindrance across the nanotubes.
To quantitatively measure this diffusion barrier, we used fluid
flow to apply a lateral driving force to the ganglioside-bound
toxins27. The flow within the channel was generated by applying
a pressure gradient across the channel, the maximum flow speed
in the centre of the channel being measured at up to 1.5 mm s21.
We used the GT1b –TTC pair in which TTCs were labelled with
Alexa 488 fluorophores. The flow created a hydrodynamic drag
force and drove the toxin–ganglioside units in the direction of
the flow. This drag force generated a gradient in the TTC profile,
as shown in Fig. 4. In each of the three devices shown, the SLB is
much brighter on the right side of the electrode than on the left,
because the drag force drives the TTCs toward the left, where
they build up against the electrode.

The most important features in Fig. 4 are in the channel
connecting the left and right sides of the SLB. At the location
where a nanotube crosses the channel, there is often a dramatic
step in the fluorescence intensity profile. Figure 4d shows the
TTC fluorescence intensity as a function of distance along the
channel crossed by a 2.1-nm-diameter nanotube; the build-up of
toxin upstream and the dramatic drop-off at the nanotube are
clearly visible. AFM imaging verified that the discontinuity
happened exactly where the nanotube crossed the channel. The
upstream build-up and the sudden drop-off at the nanotube
mean that the nanotube acts as a significant barrier to the
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Figure 3 Fluorescence intensity distribution around the SWNTs. a, Fluorescence image of the gap region between the electrodes of a SWNT FET. Several dark

linear features were observed. b, AFM image of the region in a after the SLB was removed. It is clear that the dark lines in a correspond to the position of the

nanotubes. c,d, Two more fluorescence images of SWNTs showing up as dark lines.
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transport of the membrane-bound TTCs. Similar results are
displayed for two other devices; the size of the barrier depends
strongly on the nanotube diameter.

We can use the fluorescence intensity profiles to quantitatively
determine the magnitude of the barrier presented by the nanotube
to TTC transport. We first assume the fluorescence intensity
is directly proportional to the toxin density, which is valid at
low fluorophore concentration. We define nL and nR as the
TTC density on the left and right side of the nanotube
respectively, and Dn ¼ nR 2 nL as the sudden jump of TTC
density at the nanotube. In the steady state, the flux density
J ¼ mFn þ D dn/dx should be equal on both sides of the
nanotube. Here F is the hydrodynamic drag force on the toxin,
and m and D are the mobility and diffusion coefficient of the
TTC, connected by the Einstein relation D ¼ mkBT. By
considering the flux on both sides of the nanotube, we can
deduce J:

J ¼ D

Dn

@nL

@x

����
����nR þ

@nR

@x

����
����nL

� �

The permeability P of a barrier is defined as J ¼ PDn. Denoting
Po ¼ D/d as the permeability of a patch of lipid with width equal
to the nanotube diameter, the ratio P/Po is given by

P

Po

¼ d
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This normalized permeability represents the additional barrier
caused by the nanotube and can be determined from the

fluorescence profile and the diameter of the nanotube. For
the nanotube in Fig. 4c,d, P/Po � 1.2 � 1023. Normalized
permeabilities for other tubes are shown in Table 1. We see that
P/Po is a sensitive function of tube diameter, with the barrier
immeasurably small for d , 1 nm and immeasurably large for
d . 4 nm. If we associate this reduction in permeability with
thermal activation over a barrier using P/Po ¼ exp(U/kBT), we
obtain barrier heights of 0–8 kBT for nanotubes with diameters
between 0.7 and 3.4 nm.

The suppression of lateral transport of membrane proteins by
the nanotubes is reminiscent of similar behaviour in cellular
membranes. Cells have a cortex28, a network of linear proteins
(for example, actin or spectrin29) located adjacent to the plasma
membrane, which provides structural support to the membrane
and is involved in the dynamic remodelling of the plasma
membrane30,31. A hypothesis consistent with the appearance of
functional microdomains is diffusion hindrance by the
underlying protein scaffold. Thus, we believe that the diffusion
hindrance induced by the nanotubes on membrane-bound
proteins could be acting in the same way the protein scaffold
works to restrict membrane protein diffusion between
lipid microdomains.
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Figure 4 Driving ganglioside-bound toxins near SWNTs with flow. The fluid flow is driving the tetanus toxin towards the left side in all images. a,c,e,

Fluorescence images of ganglioside-bound toxin distributions around SWNTs of 0.7 nm (a), 2.1 nm (c) and 3.4 nm (e) diameter. b,d,f, Fluorescence intensities

along the gap for the SWNTs in a, c and e, respectively. The sharp steps in fluorescence intensity occur at the position of the nanotubes.

Table 1 Summary of normalized permeabilities of four nanotube barriers.

Device 1 Device 2 Device 3 Device 4

Diameter (nm) 3.4 2.1 1.8 0.7
P/Po 5.1 � 1024 1.2 � 1023 5.6 � 1023 �1
U(kBT ) 7.6 6.7 5.2 �0
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ELECTRICAL DETECTION OF PROTEIN BINDING

With the physical properties of SLB/SWNT hybrids established, we
used the transistor properties of the nanotube to detect the
specific binding of proteins to membrane-embedded targets.
The streptavidin/biotin system32 was chosen for its high binding
affinity. A mixed lipid composition, 93.9:4:2:0.1 DOPC/1,2-
dioleoyl-3-trimethylammonium-propane(DOTAP)/1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(Cap Biotinyl)/DHPE-LR,
was used to form SLBs functionalized with biotin, as shown in
the upper-right inset of Fig. 5. It is worth noting that DOTAP
has a positively charged headgroup (trimethylammonium group)
whereas the biotinylated lipid contains a phosphoethanolamine
which is negatively charged. To minimize ionic screening, 1 mM
PBS buffer was used.

To isolate the electrodes from the electrolyte, the device was
covered with a 30-nm-thick Al2O3 layer, except in the regions
between the source and drain electrodes containing the nanotubes,
as shown in the lower left inset of Fig. 5. The SLBs formed only in
regions not covered with Al2O3. Fluorescence microscopy revealed
that the SLBs were uniform and laterally mobile, and that the
streptavidin/biotin binding was stable, even after washing.

Figure 5 shows how the conduction of SWNT FETs was affected
by SLB formation and streptavidin binding to the biotins imbedded
in the SLBs (see Methods). The solid black curve in the main
panel of Fig. 5 shows conductance G versus Ve before the lipids
were added, and the red dashed curve was taken after the
formation of SLB. The positively charged SLB significantly
shifted the threshold voltage Vt of the nanotube FET. A shift was
also observed when neutral SLBs formed on nanotube transistors
(see Sections I and II of Supplementary Information), but the
magnitude of the shift was larger with this positively charged

lipid mixture in low ionic strength buffer. The device was then
incubated with 5 mM streptavidin for 10 min and rinsed. The
bound streptavidin shifted Vt back towards positive voltages, as
shown by the green dotted curve in Fig. 5. No shift was observed
in control experiments with the addition of proteins that do not
bind to biotin (for example, tetanus toxin), demonstrating the
specificity of the detection.

For the six devices studied, the shift of threshold voltage DVe

caused by streptavidin binding was DVe ¼ 80+ 20 mV. Using the
model in ref. 33, which relates voltage shift induced by a layer of
charge to its charge density, then s ¼ 2DVe1w10/ld, where 1w is the
dielectric constant of water and ld is the Debye length, and we
estimate that the observed DVe corresponds to an additional charge
layer with s ¼27 � 103 e mm22. The sign of s agrees with
streptavidins being negatively charged at the buffer pH, and the
charge density is comparable to biotin density in the SLB of 3 � 104

mm22. The system studied is only one example of specific binding
detection; any other charged protein that binds to a target located
within the SLB should cause a similar effect on the SWNT FETs.

CONCLUSIONS

We have used electrical and fluorescence measurements to probe
SLBs formed over carbon nanotube transistors. We show that the
lipid molecules in a SLB can diffuse freely across nanotubes, but
ganglioside-bound toxins see a nanotube-diameter-dependent
diffusion barrier. We further demonstrate electrical detection of
protein binding on the lipid bilayers with nanotube transistors.
This new lipid/nanotube model system has many potential
applications in the study of both electrical and mechanical
perturbations at cell membranes. This system can also serve as a
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Figure 5 Detection of biotin–streptavidin binding with SWNT FETs. Conductance G versus electrolyte potential of a small-bandgap NT FET before (solid black)

and after (dashed red) biotinylated SLB was formed on the surface. The dotted green curve was taken after streptavidin was bound to the membrane-embedded

biotins. Lower inset: optical micrograph of devices used for sensing. The pink rectangular region between two yellow electrodes is the only opening in the Al2O3

insulation layer. Upper inset: schematic of a carbon nanotube under a biotin-functionalized lipid bilayer.
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generic platform for bringing mobile lipid-bound molecules and
nanotubes into close proximity for studies of the physical,
electrical and optical interaction of single molecules with nanotubes.

METHODS

FABRICATION OF NANOTUBE DEVICES

The SWNT FET devices (shown schematically in Fig. 1a) were fabricated as
previously reported7. Carbon nanotubes were grown by chemical vapour
deposition on silicon wafers with a 500-nm oxide capping layer. Using
photolithography, gold electrodes were defined on top of the SWNTs with
2–10 mm gaps between source and drain electrodes. The nanotube growth yield
was controlled so that most transistors had one nanotube bridging the electrodes.

DEVICE CLEANING

Wafers containing SWNT FETs were cleaned with room-temperature piranha
solution (volume ratio 3:1 concentrated sulphuric acid/30% hydrogen peroxide)
without sonication, or in a ultraviolet-ozone cleaner, to remove residual
contamination from processing and render the surface hydrophilic. The cleaning
procedures were developed to allow the formation of uniform fluid SLBs and
were tested to ensure that they did not degrade the SWNT FET device
performance. Most devices survive the cleaning procedures and their electrical
conductance does not change by more than 20%.

FORMING AND IMAGING SLBS

The phospholipid used as a base for SLB formation was the zwitterionic
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids). Small
unilamellar vesicles (SUVs) were prepared as previously reported25,34. Lipids
were dissolved in chloroform at the appropriate molar ratios for a final
concentration of 1 mM, and allowed to mix. The solvent was evaporated under
a dry nitrogen stream, forming a uniform lipid film. The lipids were then
resuspended in either 10 mM or 1 mM (working solution for electrical detection)
PBS buffer (pH 7.4), and allowed to rehydrate. Finally, SUVs were produced by
point-probe sonication, yielding vesicles 50–100 nm in size. When vesicles were
incubated on hydrophilic substrates above the transition temperature of the
mixture, SLBs formed spontaneously via vesicle rupture and fusion. To image
SLBs, DHPE-LR (Molecular Probes) fluorophores were mixed with
phospholipids at 0.1% molar ratio. Polydimethyl siloxane35 microfluidic
channels with a typical cross-section of 10 � 50 mm were laid on top of SWNT
FETs to confine the liquid solution to the area proximal to the SWNTs (Fig. 1a).
Images were obtained by using an upright Olympus fluorescence microscope
with a thermo-electrically cooled 12-bit CCD camera (Cooke).

FCS MEASUREMENTS

FCS autocorrelation curves were acquired using a confocal fluorescence
microscope in epi-illumination mode. Fluorescence was induced using a
Coherent Sapphire laser (Model 488 – 02 CDRH) at 488 nm. The laser was
passed through an excitation filter (Chroma Z488/�10) and a �10 beam
expander (Newport Corp) to completely fill the back aperture of the objective
and achieve a diffraction limited illumination profile. Fluorescence was collected
through a dichroic mirror (Chroma Z488RDC) and an emission filter (Chroma
AF 535/45). A coverslip corrected �60, 1.2 NA water immersion objective was
used on an Olympus IX71 microscope. Fluorescence was then coupled to an
avalanche photodiode (SPCM-AQR-14-FC) by a 50-mm core fibre-optic patch
cord. A flex02-12D correlator card (Correlator.com) was used to calculate FCS
autocorrelation curves, and a PC was then used to acquire and record the
intensity trace and correlation function. A power meter was used to monitor
laser power and a set of neutral density filters (Chroma) was used to maintain an
incident beam power of �100 mW to minimize photo-physical effects related to
nonradiative states and photobleaching. The nanotube devices used for FCS
measurements were fabricated on 170-mm-thick quartz wafers.

ELECTRICAL MEASUREMENTS

A 10-mV a.c. source–drain bias at 155 Hz was applied across the SWNT FETs
and the conductance G was measured with a lock-in amplifier. A gold electrode
immersed in the buffer solution controlled the potential Ve of the solution7,36. All
measurements were made in the same buffer after unfused vesicles and unbound
proteins had been flushed out of the channel.

Received 29 October 2006; accepted 24 January 2007; published
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