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ABSTRACT

Electronic detection of biomolecules is gradually emerging as effective alternative of optical detection methods. We
describe transistor devices with carbon nanotube conducting channels that have been used for biosensing and detection.
Both single channel field effect transistors and devices with network conducting channels have been fabricated and their
electronic characteristics examined. Device operation in (conducting) buffer and in a dry environment - after buffer
removal - is also discussed. The devices readily respond to changes in the environment, such effects have been examined
using gas molecules and coating layers with specific properties. Finally the interaction between devices and
biomolecules will be summarized, together with the electronic monitoring of biomolecular processes.

1.INTRODUCTION

Most of the biological sensing techniques rely largely on optical detection principles. The techniques are highly sensitive
and specific, but are inherently complex, require multiple steps between the actual engagement of the analyte and the
generation of a signal, multiple reagents, preparative steps, signal amplification, and complex data analysis. Single
molecule detection, while demonstrated in a few cases, requires the application of optical probe molecules that may
change the functionality of the biomolecules in question. Electronic detection, utilizing nanoscale devices offers
opportunities for two reasons. The first is size compatibility. Thanks to recent advances in nanoscale materials, we are
now able to construct electronic circuits in which the component parts are comparable in size to biological entities, thus
ensuring appropriate size compatibility between the detector and the detected species.  Some length scales illustrate this
observation: single cells are approximately 1 micron in size, viruses are approximately 100 nanometers, while individual
proteins are on the order of 10 nanometers, and the diameter of the DNA duplex is approximately 1 nanometer. Compare
this with the size range for nanostructures: optical lithography-based nanowire fabrication reaches down to 100 nm, the
size of a typical virus. E-beam fabrication has the current limit of approximately 30nm, and innovative printing
technologies also reach this length scale.  The typical cross section of fabricated semiconductor nanowires is currently on
the order of 10x10 nanometers, the approximate size of a protein, and the diameter of single-wall carbon nanotubes –
naturally occurring hollow cylinders - is in the 1 nanometer range, the diameter of the DNA duplex. The second
argument for developing electronic detection schemes is  due to the fact that most biological processes involve
electrostatic interactions and charge transfer, this allows electronic detection, and the merging of biology and electronics.

Because of the rich potential of biosensors1 and bioelectronics,2   recent research has focused on the interactions between
biomolecules and inorganic systems. The integration of biological processes and molecules with fabricated structures
also offers both electronic control and sensing of biological systems and biologically electronic driven nanoassembly3.
As a specific example, carbon nanotubes have been suggested for use as prosthetic implants in nervous systems4, this
goal requires the integration of fully functioning biological and nanoelectronic systems.  Thus far, researchers have used
organic and inorganic chemistry to attach proteins5, DNA6, and lipids7 to nanotubes, nanowires, and nanocrystals.  In
such bottom-up construction, a single biological species is integrated with a single type of nanostructure, usually in
solution.  To move towards functional devices, further processing is required, which may damage the biological
molecules.  Alternatively, to make more complex biological structures requires that biological activity be preserved
despite the presence of the nanostructures.  As a result, the nanostructures have served only as mechanical supports,
without electronic functionality2.
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Fig.1. a) Schematic of a single nanotube
channel transistor (NTFET). b) AFM image
of a NTFET device. The thin horizontal line
is the nanotube connecting the source and
drain.
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Fig 2.  Nanotube network transistor.  a)
AFM image of the device, b) the source-
drain current (referred to as the “device
characteristics, DC”) versus the gate
voltage.
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Nanotubes have been functionalized to be biocompatible and to be capable of recognizing proteins.8-11 Often, this
functionalization has involved non-covalent binding between a bi-functional molecule and a nanotube to anchor a bio-
receptor molecule with a high degree of control and specificity.  The unique geometry of nanotubes has also been used to
modify nanotube-protein binding.  The conformational compatibility, driven by both steric and hydrophobic effects,
between proteins and carbon nanotubes has been examined using streptavidin and other proteins.  For example,
streptavidin has been crystallized in a helical conformation around multiwalled carbon nanotubes.12 Conversely, the
tendency of biological materials to self-organize has been used to direct the assembly of nanotube structures.13

Field effect transistors (FET’s) fabricated using semiconducting single-wall carbon nanotubes (SWNTs) as the
conducting channel (nanotube FET’s, NTFET’s) have been extensively studied14,15, and the electronic characteristics of
the devices are well explored and reasonably well understood. The devices have been found to be sensitive to various
gases16,17, such as ammonia, and thus can operate as sensitive chemical sensors. We18,19, and some other groups20 have
explored electronic detection of chemical species in a liquid environment. We have also found that these devices are
extremely sensitive, and are able to detect a single molecule both in air and in a (conducting and non-conducting) liquid
environment. Such devices are also promising candidates for electronic detection of biological species.  Initial studies,
performed by us21-23, indicate that the extreme sensitivity of the devices may - after improvement of the device
characteristics, such as noise, and in an appropriately fabricated environment - lead to single biomolecule detection and
to real-time monitoring of conformational changes of biomolecules.

2. DEVICE ARCHITECTURES

Two different device architectures, both utilizing carbon nanotubes that connect the source and drain electrodes the
source and gate electrodes have been developed. In one device
architecture a single nanotube channel connects the source and the drain,
in a configuration that is shown in Fig.1. Such devices have been utilized
in the bio-sensing area but there is substantial variation between the
different devices that are fabricated. In an alternative device architecture,
the devices contain a random array of nanotubes functioning as the
conducting channel, as shown in Fig.2. Current flows along several
conducting channels that determine the overall device resistance. The

construction has several
advan t ages .  Dev i ce
operation depends on the
density of nanotubes. For a
dense array screening of
the gate voltage by the
conducting nanotubes  is
important, in a fashion
similar to gate voltage
screening due to a metal
layer deposited on the
device. For a rarified array
such screening is not
important and the array can serve as the source-to-drain conducting
channel. It is expected that arrays close to, and on the conducting side of
the two dimensional percolation limit will have appropriate transistor
characteristics. Under such circumstances screening effects are expected to
be small, but conduction is still provided by the nanowire network. In both
cases the parameter that is used for detection is the so-called device
characteristic (DC), the dependence of the source-drain current, Isd (for a
fixed source-drain voltage Vsd) on the gate voltage VG, a typical DC is
displayed on Fig. 2. As a rule the devices also display a hysteresis, due to
mobile ions at the surface of the devices. In the following such hysteresis
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Fig 3.  a) Arrangement for “liquid  gating”
as described in the text. b) Device
characteristics for both “liquid gating”
(lower scale) and “bottom gating”, (upper
scale).  Note the different Vg scales in the
two cases.  c) Shift of the DC versus time
during incubation with streptavidin.

will be shown only if relevant to the observations, otherwise only gate voltage sweeps in one direction – as in Fig. 2b -
with be displayed.

3. DETECTION SCHEMES

Several alternative detection schemes can be employed for biosensing
applications. The presence of an immobilized biomolecule, or the
completion of a reaction between biomolecules (such as a ligand-receptor
binding for example) can be followed by examining the change of the device
characteristics after the biomolecule is immobilized, the reaction completed
and the buffer is removed. The DC is measured in a conventional
configuration, applying the bottom gate (called “bottom gating”) as shown
in Fig.2b. This is appropriate if the mere presence of the biomolecule, or the
completion of the biological reaction is examined only, and thus may be an
appropriate method for a variety of biotechnology applications. It is much
preferable however to monitor the biological processes that take place in an
appropriate buffer environment.   Real-time signal acquisition and analysis
may have significant impact on the biological sciences for several reasons.
First, the time scales for biological processes may be directly measured. The
time for a protein to undergo conformational changes, or DNA duplex
formation and its complement to form a duplex, could be directly measured.
Secondly, the electronic data may lead to seek electronic signatures specific
to a biological process. For example, if the binding of different antigens to
an antibody each results in a particular electronic signature, then the
different antigens may be distinguished from each other.  This could
dramatically alter the landscape of biological sensing, and aid the
development of practical biosensors by solving the problems of false
positives and poor cross-sensitivities. Biomolecules undergo a variety of
fluctuations and conformational changes that span several orders of
magnitude. Picosecond time scales characterize intramolecular vibrations24,
with anharmonic relaxations25 on the order of nanosecond. Protein collapse
occurs at milliseconds to seconds26-31. The internal time constant of our

devices is on the order of microseconds, allowing signal processing at time scales exceeding this limit.

The fact that physiological buffer is conducting offers a detection scheme32, alternative to “bottom gating”. An electrode
is applied to the liquid and and Isd is measured as function of the voltage on the electrode, as depicted in Fig.3a. Several
precautions have to be made. Electrochemical reactions may take place for large gate voltages, these can be identified
(and avoided) by monitoring the current between the gate and the conducting channel. The source and drain electrodes –
and all the conducting leads have to be isolated from the buffer in order to avoid non-desirable reactions. A typical DC
for both “liquid gating” and “bottom gating” is shown in Fig.3b. The two configurations result in a similar DC if an
appropriate scaling of the x-axis is performed, this scaling is due to the different dielectric layer in the two cases: an
oxide insulating layer for bottom gating and a hydration layer in case of “liquid gating”. Monitoring the change of the
DC versus time, as shown in Fig 3c allows the real time monitoring of protein attachment to the device – and a variety of
biological processes for that matter.

4. INTERACTION OF THE DEVICES WITH THE ENVIRONMENT

The transistor configuration is different from usual transistor configurations: here the most sensitive element of the
device, the conducting channel is open to the environment. In addition because of the tubular structure, all the current
flows at the surface of the channel, in direct contact with the environment. As the result these devices are extremely
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Fig.4. Change of the transistor device
characteristic (DC) in the presence of
an adsorbed species S. a) electron
transfer from S to the nanotube, b)
potential scattering of charge carriers
on the potential created by S.
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Fig. 5. a) Effect of electron donating NH3 and
electron withdrawing NO2 on the transistor device
characteristic. b) The shift of the device
characteristic, DV upon exposure to NH3 in water,
in different NH3 concentration.
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sensitive to environmental factors, the presence of different chemical and
biological species in the vicinity of the device. The interaction of devices with
various inorganic species has been explored in detail, such experiments serve as
useful benchmarks for the effects that are observed when the environment is
modified. Both exposure to gases and to coating layers have been studied.

Consider a molecule in the vicinity (usually at the surface) of the nanotubes that
forms the conducting channel. The effect of such molecule may be similar to the
effect of an impurity in a conventional semiconductor with two possible
consequences. There may be a charge transfer form the molecule to the
nanotube channel, and the molecule may act as a scattering potential. The
consequences of the two are different: a charge transfer to the nanotube shifts
the DC towards more positive (electron donation form the molecule to the
nanotube) or negative (hole donation) gate voltages. In  contrast, a molecule
may act as a scattering center leading to the decrease of the mobility, thus

suppressing the DC without a shift – such suppression may occur also through a mechanical distortion of the nanotube.
The two situations are depicted in Fig. 4.Both may occur, and the transistor configuration allows the separation of the
two factors, the change of the carrier density and mobility.

4.1. Interactions with gases.
Upon exposure to various gases, one finds a shift of the DC, either left or to the right, towards more negative or positive
gate voltages, indicating a charge transfer from or to the nanotube, and the effect has been studied in detail. Figure 5a
shows the effect for an electron donating (NH3) and electron
withdrawing (NO2) species in Ref 33 and by us Although the notion
that the effect is due to the charge transfer between the molecular
species and the carbon nanotubes is not universally accepted,
unpublished calculations strongly suggest that this is the case. The
response to ammonia has also been studied in water5, and the shift of
the DC is displayed on Fig. 5b for different ammonia
concentrations. The full line describes of what is expected for weak
binding of the NH3 molecules. Under such circumstances the
molecules hop on and off the channel, creating a dynamic
equilibrium. The coverage of the devices can be calculated as the
function of the NH3 concentration in the liquid, and assuming that
the change (in this case the shift of the DC)  is proportional to the
coverage, the shift can be calculated as function of the
concentration. The full line in Fig. 5b represents the calculated
dependence – describing to observations to good accuracy. These
experiments also confirm that there is a charge transfer from HN3 to
the nanotube channel, with scattering effects (see Fig. 4) playing a
lesser role.

4.2 The effect of polymer coating on the DC.
The devices have also been coated with various, mainly polymer
layers in order to change the device characteristic and achieve a
desired defined functionality. Both poly(ethylene) glycol (PEG) and
poly(ethylene) imine (PIE) have been explored because of their bio-functionality. A PEG layer has little influence of the
DC, while PEI dramatically changes the DC. The effect of adsorbed amines on nanotube electronic properties has been
studied by several authors33,34.  The most quantitative measurement has shown that 0.04 electrons per adsorbed amine are
donated to semiconducting nanotubes.  This charge donation is detected as a shift of the threshold voltage of nanotube
transistors towards negative gate voltages. PEI is a highly branched polymer with a molecular weight of about 25,000
and about 500 monomers per chain.  About 25% of the amino groups of PEI are primary with about 50% secondary, and
25% tertiary. Deposition of PEI on nanotube devices results in negative shifts in the device threshold voltages indicating



Fig  6.  a) Multiwall nanotube before and after
incubation with biotinilated bovine serum
albumin (BBSA) b)  effect of nonspecific
streptavidin binding on the device characteristics
c) The NT-streptavidin complex.

a

b

c

electron transfer to the nanotubes.  The amount of charge transfer depends on the number of amino groups in the
polymer and their basicity. This has been confirmed by us through the deposition of PEI polymer from different aqueous
solutions with different pH values.  Computer modeling has been used to evaluate the density of amino groups in
adsorbed PEI polymer, with the conclusion that 3-10 amino groups are located on 1 nm2 of polymer surface area.
Because the monomers are small and mobile in the case of the polymer, we assume that the full nanotube circumference
is available for adsorption.  Thus a 1 mm nanotube adsorbs 23,000 to 75,000 amine groups from PEI.

5. INTERACTIONS BETWEEN THE DEVICES AND BIOMOLECULES.

Because of the rich potential of nanobiotechnology, including biosensors35 and bioelectronics,36 recent research has
focused on the interactions between biomolecules and inorganic systems.  A major goal continues to be the fabrication of
structures with proteins immobilized on various functional surfaces, while preserving the biological activity of the
proteins.37,38  A variety of mechanisms have been explored for immobilization, including covalent bonding,37

hydrophobic interactions, and charge transfer-induced adsorption.40  The most direct evidence has been provided by
scanning force microscopy, which in recent years has been used to measure the strength of protein attachment.41

Interactions between biomolecules and various surfaces have been widely utilized, and to some extent studied, however
the interaction between the surfaces and the biomolecules are less understood. The interrogation of the device
characteristics before and after immobilization offers an opportunity of identifying some of these interactions.

5.1. Proteins immobilized on the device
We have used biotinilated bovin serum albumin (BBSA) and similar
proteins to examine the interactions, and the SEM images give clear
evidence (Figure 6a) of nonspecific protein binding to nanotubes in
a buffer environment. Note that have the nanotubes do not form part
of the electronic device. Such protein immobilization on nanotubes
has been observed before by other groups and is by itself not
surprising given the good size compatibility of the two entities. We
made similar observations for streptavidin and a range of other
proteins. These images also confirm a strong binding between the
nantubes and proteins. Unlike is the case for ammonia discussed
before, once s protein is bound to the nanotubes, it will remain
bound to the devices under ambient conditions various contributions
to the bindings have been suggested, with hydrophobic interactions
as the main source of immobilization. Streptavidin is a tetrameric
protein of Mr 64,00042.  According to electrophoretic measurements,
it is electrically neutral at pH values between 6 and 7.2.  However, it
contains a number of residues with strong side chain bases42-46.
Each streptavidin monomer has two histidine residues.  His-87 is
located close to the biotin binding pocket on the “top” and “bottom”
of the protein, and His-127 residues lie on the long side of the barrel
at the interface between two subunits.  Histidine is one of the
strongest bases at physiological pH (7.0), and it plays a major role in
streptavidin’s recognition of biotin42.  For other important base-
containing residues, such as lysine and arginine, only some of the
residues have been specifically located in the tertiary structure.  Based on those locations that have been identified, we
estimate that the external envelope of the protein contains 80 arginine residues and 20 lysine residues, for a total of 100
amine groups.

The observation of a shift of the DC when the devices are “coated” with streptavidin (Figure 6b) indicates that charge
transfer plays a role in protein adsorption as well.  The magnitude of the charge transfer from proteins can be assessed by
comparing our simple protein model with measurements using NH3 and PEI. The specific quantity of charge transferred
can be estimated using the calibration provided by measurements of ammonia adsorption, which have found that each
adsorbed group donates 0.04 electrons.  Given the capacitance of between the nanotube and the gate, the quantity of
donated charge can be related to the observed threshold shift. The capacitance depends on the nanotube diameter, and for



Fig. 7. Shift of the device characteristics versus
time for device incubation with the plant virus
CCMV (also shown).
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a nanotube of diameter 2.4 nm is approximately 500 aF (Rosenblatt
et al., 2002).  If the 4,000 amine groups are contributed from the
adsorbed proteins, with each group donating 0.04 electrons, this
represents a quantity Q=17 aC of donated charge.  Since the
nanotube capacitance to the liquid gate, C , is 500 aF, this donated
charge should produce a threshold shift, given by 

† 

DV = Q C of -50
mV.  By comparison, the observed threshold shift in the presence of
a monolayer of protein in buffer is -60±3 mV, in good agreement
with the estimated value.

The number of amine groups can also be estimated using a simple
model in which roughly spherical proteins cover the top half of the
cylindrical nanotube.  The proteins are assumed to coat the available
nanotube surface with amine groups proportional to the surface area
in contact.  The nanotube under consideration here has a diameter of
2.4 nm (as reflected in the small bandgap observed in Fig. 6a), so
that the surface area in contact with each 5 nm protein is

† 

p
2 ¥ 2.4 ¥ 5 nm2 .  Each protein surface contains 100 amine groups

distributed over the 5 nm sphere, so that on average each protein
contacts the nanotube with 20 amine groups. Since the proteins are 5
nm in diameter, we assume that 200 proteins are adsorbed on the 1
mm nanotube.  Thus the monolayer of adsorbed protein contacts the
nanotube with 4,000 adsorbed amine groups.

5.2. Detection of viruses
One expects that, because of their surface proteins, viruses also readily interact with the devices and are immobilized.
This has been partially confirmed by experiments using the plant virus CCMV. Just like in case of proteins one observes
a shift (Figure 7) of the DC indicating charge transfer from the surface proteins to the device. The effect, however is
surprisingly small, about an order of magnitude smaller than in case of streptavidin. It appears that binding of the surface
proteins to the device is weak, and binding is also hampered by the geometric arrangement of the surface proteins due to
their position within the virus structure. Moreover, it is highly virus specific, binding of the virusT4 leads to significantly
smaller effect that CCMV.  This, by itself is not surprising due to the significant structural and also chemical difference
between the two viruses.

6. SENSING BIOLOGICAL PROCESSES USING NANOTUBE FET DEVICES.

The examples given in before illustrate the interaction between the bio-
molecules and the electronic devices. The experiments summarized there
give important insight into biomolecule immobilization issues, but also lay
the ground work for electronic detection of biological processes. Two
examples, that take the electronic detection of biological reaction concept
one step further are given here: the detection of ligand-receptor binding and
the detection of an enzymatic reaction.

6.1.Ligand-receptor interactions
Monitoring specific interactions between biomolecules remains one of he
most important objectives of biosensing47-49. The detection scheme that
involves electronic detection is shown in Figure 8a. First a polymer layer is
applied to the device in order to avoid nonspecific biomolecule binding.
Subsequently a ligand is attached to the layer, such ligand serves as the
recognition site through ligand-receptor binding. Finally, the resulting
structure is incubated with the receptor in order to explore the binding



Fig 9.  Ligand receptor binding between
biotin and streptavidin. a) response of
device illustrated on fig 1a.  b) control
experiment involving biotinilated
streptavidin.  c) control experiment using
the device illustrated in Fig 1a, but without
biotin attachment.
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process. All these steps can readily be followed by examining the device characteristics after each step. The scheme is
expected to work for a broad variety of interactions, and may be appropriate even for detecting DNA duplex formation.
In Ref. 14,  PEI/PEG layer, biotin as the ligand and gold labeled streptavidin as the receptor was used. We have found

that the PEI/PEI layer effectively prevents (in contrast to what we have
found in non-functionalized nanotubes) the binding of streptavidin to the
device. After polymer coating, biotin was covalently attached to the
polymer and the device was subsequently incubated with gold
nanoparticle-labeled streptavidin. The SEM image, shown in Figure 8b is
the realization of the architecture, and of the end-result of the incubation
process. The image clearly identifies the gold particles along the nanotube,
giving evidence of streptavidin binding onto the nanotube in question.
With a length of 800nm of the nanotube, and a gold sphere diameter of
10nm, it is expected that, upon full coating there are approximately 80
streptavidin molecules in direct interaction with the nanotube conducting
channel, in good agreement with what one concludes through direct
examination of the image. Biotin-streptavidin binding has been detected by
changes in the device characteristic. The resulting change of the DC is
displayed in Fig.9a . Instead of the shift of the DC one observes a
suppression of the conduction, most likely due to some distortion of the
nanotube, caused by the presence of streptavidin, such distortion leading to
a carrier scattering, and thus reducing the mobility of the channel. The
change exceeds the noise limit by a factor of approximately 10, leading to
the conclusion that the current detection limit is about 10 proteins. Various
control experiments have also been conducted. Non-specific binding was
electronically detected in case of streptavidin (Figure 6) before, but - as
discussed above - a PEI/PEG layer was found to prevent nonspecific
binding, and indeed no change of the device characteristic was found when
polymer-coated devices were incubated with streptavidin and other
proteins (Figure 9c). Control experiments involving biotinilated

streptavidin with the binding sites already occupied by biotin did not, as expected, result in binding. This is indicated by
the fact that the device characteristics did not change upon incubation (Figure 9b).

6.2. Enzymatic reactions
As an example of the application of devices for the electronic monitoring of an enzymatic reaction50-52, the enzymatic
hydrolysis of starch has been performed53. Starch consists of linear
component, amylose which is composed of linkages between D-
glucopyranose residues, and amylopectin, the branched one, which
in addition to a-1,4 linked D-glucopyranose chains carry branches at
C-6 on every 25 or so D-glucopyranose residues which also have the
a-configuration54. We have characterized starch enzymatic
hydrolysis with amyloglucosidase55 in acidic buffer, resulting in
complete cleavage of the polymer to water soluble glucose.
Enzymatic hydrolysis of starch using amyloglucosidase in solution
has been shown to be efficient in precipitating carbon nanotubes
from their solution.

The starch covered single wall nanotubes (SWNT) were studied by
transmission electron microscopies. Figure 10a shows high-
resolution electron transmission (HRTEM) image of SWNT covered
with starch. For imaging purposes, the starch was contrasted by
using RuO4 staining procedure. After starch deposition, the DC
shifts by approximately ~ 2 volts toward negative gate voltages
(Figure 10b) corresponding to electron doping of the nanotube
channel by polymer. Compared to other polymers, such as



P

P

P=0

+V, extracellular

-V, cytoplasmic

0, mixed

P

P

P=0

P

P

P=0

P

P

P=0

+V, extracellular

-V, cytoplasmic

0, mixed

+V, extracellular

-V, cytoplasmic

0, mixed

Fig 11. a).  Illustration of bacteriorhodopsin in a
purple membrane. b).  Three purple membrane,
PM arrangements, random, cytoplasmic and
extracellular, deposited by employing 0, -3V and
+3V voltages. The grey areas correspond to two Si
chips, and the voltages were applied between the
two chips.  The voltages listed correspond to the
potential on the top chip.  c).  AFM image of
deposited PM, the scan indicates the height of the
membrane, approximately 5nm.

a

b

c

poly(ethylene imine) (PEI), the magnitude of the shift is small.  This fact, most likely, relates to difference between
electron donating ability of alcohol and ether groups in starch as compare to amines in PEI. After the enzymatic reaction
was completed on the starch functionalized device, the device response observed before starch deposition (Figure 3b) is
recovered, indicating that during enzymatic reaction all the starch is hydrolized to glucose, with the hydrolization
product washed off prior to the electronic measurements. Two control experiments were performed to confirm these
results. First, the starch functionalized chip was rinsed with buffer to see if the buffer alone can wash away the starch
deposited on the device. The DC after rinsing with buffer solution is similar to that obtained before rinsing, leading to the
conclusion that starch removal by buffer alone does not occur. Another control experiment involved the deposition of
enzyme solution on bare devices. The DC shows increased hysteresis but no significant shifting has been observed –
giving evidence that enzyme alone does not lead to charge transfer.

7. BIO-ELECTRONIC INTEGRATION: BACTERIORHODOPSIN, BR IN A PURPLE LAYER

The next example involves a bio-entity with well defined biological function – a protein-membrane compex56. As the
cell membrane, we have chosen the purple membrane (PM) from Halobacterium salinarum57, which has been widely
studied.  PM contains the light-sensitive membrane protein bacteriorhodopsin, which serves as a photochemical proton
pump and has been used to fabricate phototransistors. The structure
is depicted in Figure 11a. In addition, rhodopsin has a permanent
electric dipole moment, a charge distribution which produces an
electric field pointing from the extracellular side of the membrane
towards the cytoplasmic side56.  These properties make PM an ideal
prototype membrane for nanobioelectronic integration.  In particular,
we use the dipole as an indicator that the integration preserves the
biomaterial while bringing it into contact with the nanoelectronic
devices.
PM isolated from Halobacterium salinarum57 was deposited on
devices.  To observe the effect of the electric dipoles fixed in the
PM, devices were prepared in three conditions, as shown in Fig.
11b: with the cytoplasmic side of the PM facing the nanotubes58,
with the extracellular side facing the nanotubes, and with a mixture
of both orientations59.  The particular orientation was achieved by
applying a gate voltage as described in Fig 11 of +3V or –3V.  Such
voltage leads to electric field oriented according to the voltage
polarity at the nanotube network surface.  Such changes by
interacting with the electric dipoles of the bR in the purple
membrane are most likely responsible for the gate voltage
influenced deposition.

The structure we have examined is a dense network of individual
carbon nanotubes (Fig. 2) covered by the membrane, referred to as a
nanotube network field-effect transistor (NTN-FET). The deposition
of purple membrane has been examined by AFM imaging, such
image is shown in Fig. 11c. One observes layers of 5nm height, corresponding to a single layer of the membrane. This
configuration has several significant features.  First, the cell membrane is in direct contact with the semiconducting
channel of the transistor.  This is distinct from previous work, in which cell membranes have contacted the gate
electrodes of transistors23.  In this configuration, transistors detect the electrical potential across membranes; in contrast,
our devices detect local electrostatic charges on the biomolecules. Second, the use of a large number of nanotubes
ensures that entire patches of membrane are in contact with nanotubes.
Figure 12a highlights three main device parameters before and after deposition for a typical device without the
application of a voltage (resulting in a randomly oriented membrane).  The changes were observed repeatedly in several
devices prepared in the same way.  First, the hysteresis loops narrowed significantly, as indicated by the arrows. Second,
the threshold voltage changed by +1.0 ± 0.2 V, as indicated by the arrows on the x-axis.  Finally, the device
characteristics decreased by about 20% for negative gate voltages.  These changes show that the PM has been
successfully integrated with the NTN-FETs.
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Fig. 12. a) Device characteristics for a device
before (black) and after (purple) the deposition of
cell membrane.    Each DC has two curves, from
the right-moving sweep of gate voltage and the
left-moving.  The intrinsic threshold voltage,
indicated by black and purple arrows respectively,
is the average between the two sweeps.
b) DC before (black) and after (purple) the
deposition of membrane oriented with the
cytoplasmic side contacting the nanotubes.
c) DC  before (black) and after (purple) the
deposition of membrane oriented with the
extracellular side contacting the nanotubes.
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Next, we compare the effects of oriented PM deposition.  In both orientations (Figs. 12b and 12c) the membrane
deposition caused a narrowing of the hysteresis loops similar to that caused by the mixed-orientation deposition. At the
same time, the threshold voltages shifted, in opposite directions according to the orientation of the membrane. Finally,
the transconductance did not change, although the maximum conductance changed in accordance with the shifts in the
threshold voltage.

First, we discuss the change of the device characteristic upon
deposition of a randomly oriented membrane.  This quantity is
associated with the capacitance between the nanotube network,
which forms the channel, and the gate; and with the mobility of
carriers within the nanotube network.  The capacitance is unlikely to
change as a result of membrane deposition; and this is confirmed by
the fact that the transconductance is not changed by oriented
membrane deposition.  In the case of mixed-oriented membrane
deposition, the alternation of positive and negative electric dipoles
on a length scale of about 500 nm (the diameter of a typical patch of
PM) should act as a significant random scattering potential, which
decreases the carrier mobility in the network60.  Thus, the decrease
in DC in Fig. 12a is a direct result of the mixture of orientations.
Second, the hysteresis decreased dramatically in all cases as a result
of the biological coating.  The hysteresis is known to result from
adsorbed water on the substrate61; in addition, coatings which
displace water from the nanotubes reduce the hysteresis.
Consequently, we expect a decrease in hysteresis here as well,
presuming that the PM remains intact as a layer contacting the
nanotubes.  Moreover, the width of the remaining hysteresis is
similar for all three conditions, which suggests that the amount of
PM coverage is similar.  This conclusion was confirmed in
randomly selected spots that were imaged by AFM. Third, the shift
of the threshold voltage in the devices results from the electrostatic
field associated with the bacteriorhodopsin electric dipole.  This
field induces charge in the nanotubes, thus shifting the Fermi level62.
The position of the Fermi level is measured by the threshold voltage,
and prior work has established the relationship between the

threshold voltage in various device configurations and the quantity of charge induced in the nanotubes63-65.  Using these
works, we have evaluated the shift caused by mixed-orientation PM deposition and find an induced charge of 16 aC/mm
of nanotube length.

Several important conclusions can be reached. First, the electronic device functionality is preserved.   Second, the PM
remains intact as a layer, and the bacteriorhodopsin membrane proteins retain their electric dipoles.  Third, the deposited
PM has been demonstrated to contact the device directly and to interact with it’s electrical properties.

One can also examine the significant asymmetry between cytoplasmic and extracellular orientations.  This asymmetry is
reflected in the large amount of charge induced in mixed-orientation devices, since without an asymmetry, the charge
induced by equal amounts of cytoplasmic- and extracellular-oriented PM should cancel66.  Such an asymmetry is known
to exist, in that the dipole is closer to one side of the PM than  the other67.  Here we are able to observe this asymmetry
directly because of the device configuration in which the PM contacts the nanotubes directly. One can quantify the
asymmetry, by modeling the electrostatic effect of the bacteriorhodopsin dipole on the nanotubes64  and the model is
depicted in Fig.13  Furthermore, we can quantify the asymmetry, by modeling the electrostatic effect of the
bacteriorhodopsin dipole on the nanotubes68.  The dipole is still not well understood, but it is known to result from the
competition between several charge distributions that result in a net dipole moment of 

† 

3.3¥ 10-28  C ⋅ m  per rhodopsin
monomer.  To calculate the effect of this dipole on the nanotubes, we use a simple electrostatic model in which the
rhodopsin molecules above a nanotube (Fig. 13) form a line of constant dipole density. In this model, the line of dipoles
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Fig  13. a.  Model illustrating the geometry of PM with
respect to the nanotubes.  Rhodopsin (purple dots)
assembles into trimers, which are arranged on a hexagonal
lattice.  The nanotube is a curved line.  b.  Model
illustrating the dimensions used in the calculations. A
rhodopsin monomer situated near a nanotube has a dipole
moment p. This point dipole is situated within the
rhodopsin at a distance d from the nanotube surface.
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with a density p induces a charge density, l , given by

† 

l = - rp d2 .  Thus, by combining the known dipole
moment of bacteriorhodopsin with the induced charge
(measured from the threshold voltage shift and the known
capacitance), we calculate how far the dipoles lie from the
nanotubes.  The answer will be different for the two different
orientations, reflecting the position of the dipoles closer to
one side of the PM.  For the cytoplasmic orientation, with

† 

DVcp = +2.2 V , 

† 

dcp = 1.9 nm.  For the extracellular

orientation, with 

† 

DVec = -0.4 V , 

† 

dec = 4.4 nm.  Since the
sum of these distances, 6.3 nm, is comparable to the
membrane bilayer thickness of 5 nm34, we conclude that this
simple model is reasonable.   Note, in particular, that since
the ratio between 

† 

DVcp and 

† 

DVec  is 5.5, the electrostatic

model indicates that dcp is 2.3 times smaller than dec.  Thus,
our data contribute additional details about the asymmetry of
the bacteriorhodopsin charge distribution.

8. CONCLUSIONS

The nanoscale electronic devices – field effect transistors with carbon nanotube conducting channels– we have fabricated
interact readily with the environment. For a variety of species, such as reactive gases, polymers with reactive chemical
groups and also for proteins and viruses that have been studied our experiments demonstrate that charge transfer occurs
between the species and the devices. The change of the device characteristics, DC allows the estimation of the
transferred charge for each species. Our observations in case of proteins also suggest strong charge transfer from the
protein to the  nanotube channel. The charge transfer interaction mechanism we have identified for proteins may have
implications on a broad range of areas where immobilization is attempted and used for fundamental studies and also for
applications. Such interactions also involve functional groups different from those involved in hydrophobic interactions,
and thus may lead to different attachment geometries in the two cases. Experiments involving a variety of proteins may
shed light on some of the issues raised in here.

In conclusion, enough is now  known about nanoelectronics that we are able to use a nanodevice as an investigative tool.
One can use these devices for monitoring a variety of biologically significant reactions. This is possible because most of
such reactions involve local electric fields and also charge rearrangement. We have also used the interaction between a
biological system and a nanodevice not to learn about the electronic component, but to learn about the biological
component. As a result, it should be possible to connect living cells directly to these nanoelectronic devices.  The stage is
set for the next phase of nanotechnology research.

The above concepts could conceivably be extended at a later stage to include of what one could call “cellectronics”,
cell-based electronic sensing: measuring the electronic response of living systems, and to using nanoscale devices for in-
vivo applications: studying cell physiology, medical screening and diagnosis. The sensor architectures can be turned into
devices where – by applying a voltage between elements of the sensor – surface charges can be created on the sensing
element where the bio-molecules are immobilized. Such surface charges will interact with the charged bio-molecules,
but such, potentially important effects have not been explored to date. The small size of the nanotube devices also allows
the integration of the devices into living organisms. This will allow in-vivo electronic detection of biological processes.
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