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Abstract: In an effort to develop sensitive nanoscale devices for chemical and biological sensing, we have
examined, using liquid gating, the conductance of semiconducting single-walled carbon nanotube-based
field-effect transistors (SWCNT-FETs) in the presence of redox mediators. As examples, redox couples
K3Fe(CN)6/K4Fe(CN)6 and K2IrCl6/K3IrCl6 are shown to modulate the SWCNT-FET conductance in part
through their influence via the electrolyte gate on the electrostatic potential of the solution, as described by
Larrimore et al. (Nano Lett. 2006, 6, 3129-1333) and in part through electron transfer between the redox
mediators and the nanotubes. In the latter case, the rate of electron transfer is determined by the difference
in chemical potential between the redox mediator and the SWCNTs and by the concentrations of the oxidized
and reduced forms of the redox couple. Furthermore, these devices can detect the activity of redox enzymes
through their sensitivity to the change in oxidation state of the enzyme substrate. An example is given for
the blue copper oxidase, Trametes versicolor laccase, in which the rate of change of the SWCNT device
conductance is linearly proportional to the rate of oxidation of the substrate 10-(2-hydroxyethyl)phenoxazine,
varied over 2 orders of magnitude by the laccase concentration in the picomolar range. The behavior
described in this work provides a highly sensitive means with which to do chemical and biological sensing
using SWCNTs that is different from the amperometric, capacitive, and field-effect type sensing methods
previously described in the literature for this material.

Introduction

Carbon nanotubes1-5 display physical and electronic proper-
ties that are particularly amenable to use in miniature devices
for chemical sensing. Single-walled carbon nanotubes (SWCNTs)
are rolled-up one-atom-thick graphene sheets with diameters
on the nanometer scale. Depending on their chirality, they can
show metallic or semiconducting behavior, with the latter able
to act as field-effect transistors (FETs).6 It is known that bare
SWCNTs are sensitive to their chemical environment, specif-
ically exposure to air or to oxygen4,7 and to other molecules
such as NO2 or NH3,8 which alter their electronic properties,
permitting them to act as chemical gas sensors. When coated
with selective polymers or metal nanoparticles, their range as
gas sensors can be extended to CO2

9and to H2, CH4, CO, and
H2S,10 respectively. Bare SWCNTs are also sensitive to their

redox environment as indicated by the influence of aqueous
solutions of oxidants and reductants, on the nanotube absorbance
spectra.11-13 The redox mediators are in electrochemical equi-
librium with dispersed carbon nanotubes such that the occupancy
of the electronic states of the valence band can be varied
reversibly.11,12

Krüger et al.14 and Rosenblatt et al.15 have shown that
SWCNT-based field-effect transistors (FETs) can be electrolyti-
cally gated with high sensitivity. We have been examining such
electrolytic gating of SWCNT-FETs in the presence of redox
mediators in an effort to understand the consequences for
electronics of the reversible oxidation and reduction revealed
by the earlier spectroscopic redox studies11,12and to apply such
electrochemical redox sensing to the detection of biomolecules.16

A schematic view of the SWCNT devices used is shown in
Figure 1A. Here the source (S) and drain (D) electrodes are
bridged by semiconducting SWCNTs, with the conductivity of(1) Iijima, S. Nature1991, 354, 56-8.
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the latter modulated by a variety of gate electrodes immersed
in the same electrolyte solution as the nanotubes. The location
of the gate electrodes is either on the same chip surface as the
SWCNT-FETs (gold electrode, SG) or in a reservoir electrolyti-
cally linked to the chamber containing the SWCNT-FETs (gold
wire, Ag/AgCl electrode). Larrimore et al.17 have recently
reported, in similar such devices, a sensitivity of the nanotube
conductance to the electrostatic potential of the solution, as
determined by the chemical potential of the redox couple
interacting with the gate electrode. The applied gate voltage,
Vg, clamps the electrochemical potential of the solution and is
equal to the sum of the electrostatic potential of the solution
(æ) and the chemical potential of the electrons (µ/e) of the
dissolved redox couple as expressed by the Nernst equation.

Under the conditions of their experiments, the nanotube acts as
a reference electrode, sensing primarily changes in the electro-
static potential of the solution and not to a significant extent
electron transfer between the nanotube and the redox mediator.

We11 and others12 have recently shown through UV/vis/NIR
spectroscopy that dispersed SWCNTs can be reversibly oxidized
and reduced using redox mediators in aqueous solution. Oxida-
tion results in the bleaching of the E11 optical transitions with
the longer wavelength absorbing nanotubes (i.e., smaller band
gap, larger diameter) undergoing oxidation at lower redox
potentials than those absorbing to shorter wavelength (see also
refs 13, 18). The smaller the band gap, the higher the energy of
the valence band and the smaller the work function for electron
extraction.18 Oxidation of the SWCNTs implies an emptying
of the electronic states in the valence band (an increase in the
concentration of p-type charge carriers), leading one to expect
that such oxidation should result in increased p-type conductance

with increasing redox potential. Net electron transfer between
the nanotubes and the redox mediators should also occur in
SWCNT-FETs under conditions of electrochemical gating.
Indeed, in a recent theoretical paper, Heller et al.19 argue that a
potential difference applied between a SWCNT and the elec-
trolyte solution in which it is immersed changes the chemical
potential of the nanotube, driving electron transfer between a
redox mediator in solution and the nanotube. Experiments that
we have carried out over the last 3 years16 support this view.
This behavior provides, in addition to that reported by Larrimore
et al.,17 a new route to chemical and biological sensing using
SWCNTs that is different from the amperometric,20-23 capaci-
tive,24 and field-effect type sensing10,25,26methods previously
described.

Materials and Methods

Single-Walled Carbon Nanotube FETs.SWCNTs were grown on
Si/SiO2 wafers by CVD from catalyst islands atop a 500 nm thick oxide
layer (Molecular Nanosystems Inc.). The islands were overlaid with
titanium (<5 nm), palladium (∼25 nm), and gold (∼25 nm) to form
electrodes 12µm on edge with 2µm gaps which were extended to
300µm2 pads toward the edges of the chips for contacting with probes.
The wafer was then diced into chips 11 mm2. The source-drain currents
(Isd) vs Vg of the devices were first characterized in air. The metallic
nanotubes that bridge the gap were selectively destroyed in air4,27 by
ramping the bias voltage (Vsd) from 0 to 10 V withVg of the silicon
backgate set to 0 V, which resulted in enhancing theIsd on/off ratio of
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459-463.
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100, 4984-4989.
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Figure 1. (A) Schematic of single-walled carbon nanotube-based field-effect transistor. The source (S), drain (D), and surface gate (SG) electrodes are
lithographically patterned on the surface of a Si/SiO2 chip, with the first two bridged by previously grown chemical vapor deposition (CVD) carbon nanotubes.
An electrolyte/buffer chamber sealed by an O-ring is clamped to the surface and contains a 4.4.µL volume which is in contact with the three electrodes.
Connected to the chamber through the filling and connecting ports is, respectively, a syringe containing electrolyte/buffer solution and an electrolyte/buffer-
filled reservoir in which is immersed a 50µm coiled gold wire and a Ag/AgCl electrode (ThermOrion 97-78-00) bathed in 17% KNO3 + 5% KCl and
connected to the external electrolyte/buffer solution through a porous frit. A gate voltage (Vg versus ground) is applied to any one of the three gate electrodes
during which time the source-drain current (Isd) is measured while applying a 50 mV bias (Vsd). (B) AFM image of the 2µm gap of the SWCNT-FET
between gold electrodes at upper and lower edges.
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the devices from 2 to 3 to 103-104. The number of nanotubes that
completely bridge the gap typically range from 3 to 6, which means
that even with destruction of the metallic nanotubes there are multiple
pathways with one or more semiconducting nanotubes for conduction
involving nanotubes of different chirality. The chips were then clamped
onto a copper plate using an O-ring-sealed flow cell which allowed
syringe-driven flow of electrolyte/buffer solution through a filling port
into a 4.4µL chamber containing the carbon nanotube devices. The
electrolye/buffer flowed through a connecting port to a reservoir
containing a gold wire and a Ag/AgCl electrode, bathed in 17% KNO3

+ 5% KCl solution and making electrolytic contact with the external
electrolyte/buffer through a porous frit. Both of these electrodes were
used independently as gate electrodes and were.1000 times the surface
area of the source and drain electrodes bridged by the nanotubes. A
third independent gate electrode (SG), lying on the chip surface, had
the same dimensions as the source and drain electrodes. TheIsd vs Vg

sweeps were controlled using an Agilent Model E5270B precision
source monitor unit, configured with three independent channels
dedicated to the source, drain, and gate. The source-drain bias was set
at 50 mV and the gate voltage swept from negative to positiveVg in
45 s, for each of the above-mentioned gate electrodes as indicated in
the figure legends. The leakage currents between the gate and the drain
electrode were measured during the course of theVg sweeps. All
measurements were made with the flow stopped, following incubation
with the redox couple for at least 10 min, except for time course
experiments where the incubation times were as indicated. TheIsd vs
Vg plots were smoothed by adjacent averaging with windows of 10
points out of a total of 250 data points.

Each experimental condition was routinely examined using the same
gate but two or three different source/drain electrode pairs on the same
chip. While the saturating currents would vary (typically within a factor
of 2, though occasionally a factor 3) owing to variation in the number
of nanotubes bridging the electrodes, the behavior was quantitatively
the same when normalized to the saturating current of each device.

Measurements of the solution redox potential were made using the
combination redox electrode (97-78-00 ThermOrion), the Ag/AgCl
component of which was used as a gate electrode.

Laccase.Two grams of crudeTrametesVersicolor laccase (a gift
of Wacker Chemie) were purified by washing with 20 mM Bis-tris
propane pH 6.0 using a YM-30 membrane in an Amicon ultrafiltration
cell (Millipore). The concentrated washed enzyme was then purified
on a G2000SW gel filtration column (2.15 cm ID× 60 cm, TosoHaas)
using 50 mM Na acetate pH 5.0 plus 0.1 M Na2SO4 at 5.0 mL/min.
Typical recovery was 65-95 mg protein at a specific activity of 8-9
OD/min perµg protein/mL at 436 nm using as substrate 5 mM ABTS
(2,2′-azinobis(3-ethylbenzthiazolinesulfonate) in 50 mM glycine pH 3.0.

Results

Optical Response to K3Fe(CN)6/K4Fe(CN)6. In our earlier
work,11 the high potential oxidants, K2IrCl6 (Em ) 867mV vs
NHE)28 and KMnO4 (Em ) 1.51 V vs NHE), were shown to
oxidize SWCNTs with a broad range of chiralities. It is also
possible to use weaker oxidants such as K3Fe(CN)6 (Em ) 356
mV vs NHE),29,12,13 though the extent of oxidation is more
limited and is restricted to those nanotubes with smaller
bandgaps. An example of the action of this redox reagent is
shown in Figure 2. The addition of K3Fe(CN)6 to an aqueous
suspension of detergent-dispersed HiPco carbon nanotubes
(Carbon Nanotechnologies Inc.) produces a time-dependent
bleaching of the E11 optical transitions (Figure 2A,B). As
previously shown with K2IrCl6 and with K3Fe(CN)6, those

nanotubes absorbing at longer wavelength undergo greater
bleaching than those at shorter wavelength. In addition, there
is a shift of the absorbance maximum to shorter wavelength.
Both observations stem from the preferential oxidation of the
nanotubes with smaller band gap (larger diameter) at a given
redox potential.13,18 A plot of this bleaching with time for the
optical transition at 1138 nm is shown in Figure 2B, where the
rate of absorbance decrease on the minutes time scale is
dependent on the mediator concentration, increasing with higher
K3Fe(CN)6 concentration. Interestingly, the addition of K4Fe-
(CN)6 produces an absorbance change in the opposite direction,
an increase in absorbance that reflects a reductive process. This
observation implies that the nanotube suspension was partially
oxidized by O2 even before the addition of the redox reagent11

and so is reduced by the addition of the reduced form of the
mediator.

Electronic Response to K3Fe(CN)6/K4Fe(CN)6. We first
examined the effect of K4Fe(CN)6 and K3Fe(CN)6 to better
understand the implications of the solution optical behavior of
the SWCNTs on the electronic properties of the SWCNT-FET.

The SWCNT-FETs were electrochemically gated using three
different gate electrodes for reasons that are detailed below. The
surface gate (SG, Figures 1A, 3A), with dimensions similar to
those of the source and drain electrodes, was initially chosen
as it appeared to be best adapted to the inclusion of all of the
electrodes within a microfluidic channel for nanoscale chemical
and biological sensing. In this case, the potential difference
between the gate and the source/drain electrodes drops partially

(28) Dean, J. A.; Lange, N. A.Lange’s Handbook of Chemistry, 5th ed.;
McGraw-Hill: New York, 1999.

(29) Winefordner, J. D.; Davison, G. A.Anal. Chim. Acta1963, 28, 480-94.

Figure 2. Absorbance spectra of HiPco carbon nanotubes. (A) Measure-
ments at 3 min and 8 min after the addition of 1 mM K3Fe(CN)6 in 50 mM
glycine pH 9.0. (B). Time course of the change of absorbance at 1138 nm,
following the addition of 0.1 and 1 mM K3Fe(CN)6 and 1 mM K4Fe(CN)6
in 50 mM glycine pH 9.0.
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and to a similar extent at both the gate/liquid and the source-
drain-nanotube/liquid interface. The gold wire in the reservoir
(Figure 3B) has about 3000 times the surface area of the source
and drain electrodes. In this case, the potential difference
between the gate and the source-drain electrodes drops primarily
at the source-drain-nanotube/liquid interface. Figures 3A and
3B show theIsd vsVg response of the SWCNT devices to buffer
alone and to buffer containing 1 mM K4Fe(CN)6 and 1 mM
K3Fe(CN)6. The redox mediators were either confined to the
reservoir (dashed lines) or present in both the chamber and the
reservoir (solid lines). In the latter case, the buffer containing
the redox mediator was allowed to flow through the chamber
after which it was allowed to remain in contact with the
SWCNT-FETs for 10 min prior to the start of the measurement.
Figures 3A and 3B show that contact of the SWCNT-FETs with
1 mM K4Fe(CN)6 shifts theIsd vs Vg curves such that the turn-
on voltage is shifted negative relative to the buffer alone, while
contact with 1 mM K3Fe(CN)6 shifts the curves in the opposite
direction. In Figure 3A, K4Fe(CN)6 and K3Fe(CN)6, have, as
expected, virtually no influence on the SWCNT-FETs when the
redox mediators are confined to the reservoir (dashed lines) and
not in contact with electrodes S, D and SG. However, in Figure
3B, the Isd vs Vg curves shift substantially when the redox
mediators are confined to the reservoir but in contact with the
gold wire gate electrode. This influence of the redox mediators
on theIsd vs Vg curves when in contact with the gate electrode
only is consistent with the observations of Larrimore et al.,17

where the threshold voltage shift of the SWCNT-FETs is
equivalent to the change in the chemical potential of the solution,
a total difference of approximately 220 mV (the redox potential
difference between the 1 mM K3Fe(CN)6 and 1 mM K4Fe(CN)6
solutions). A marked additional shift to negativeVg is, however,

observed in Figure 3B, for 1 mM K4Fe(CN)6, when the redox
mediator solution is in direct contact with the SWCNT-FETs
compared to the reservoir only case.

The influence of 1 mM K4Fe(CN)6 on the SWCNT-FETs
was examined further using as gate the Ag/AgCl reference
electrode in the reservoir. This electrode, which is isolated by
a salt bridge from the electrolyte solution, and therefore from
the redox couple, clamps only the electrostatic potential of the
solution. Consistent with this picture, Figure 3C shows no
displacement of theIsd vs Vg when either 1 mM K3Fe(CN)6
and 1 mM K4Fe(CN)6 are confined to the reservoir. If there
were no electron transfer between the SWCNT-FETs and the
redox mediators, then similar curves should be observed when
the SWCNT-FETs are in contact with the redox mediators. It
is clear in Figure 3D, at least in the case of 1 mM K4Fe(CN)6,
thatIsddeviates increasingly from the buffer trace asVg becomes
increasingly negative, with a lower saturating current relative
to that observed when the mediator is confined to the reservoir
(Figure 3C). This observation is consistent with the additional
shift observed in Figure 3B when 1 mM K4Fe(CN)6 is brought
into contact with the SWCNT-FET. This observation can be
explained by a lowering of the Fermi level relative to the energy
of the valence band asVg becomes increasingly negative,
resulting in an increased number of vacant electronic states that
are capable of accepting electrons from K4Fe(CN)6. As the
SWCNT-FET current is a reflection of the concentration of
p-type charge carriers in the nanotubes, electron transfer from
K4Fe(CN)6 to the nanotubes decreases the concentration of
charge carriers, relative to what is observed in the absence of
the redox mediator, lowering the observed current at a given
Vg. Similar behavior was consistently observed in at least ten
different devices.

Figure 3. Isd versusVg in the presence of K3Fe(CN)6 and K4Fe(CN)6 using as gate electrodes the surface gate, SG (A), and the reservoir-localized gold wire
(B) and the reservoir-localized Ag/AgCl reference electrode (C and D). All measurements were performed in the presence of 50 mM glycine pH 9.0 in the
chamber and reservoir. The dashed lines showIsd vs Vg with the redox mediators confined to the reservoir. The solid curves were recorded with the redox
mediators located throughout and after 10 min of incubation. The curves marked “buffer” contain no redox mediator. The leakage current measured between
the gate and the drain electrode has been subtracted.Vg was swept from-0.8 to+0.8 V in 45 s.Vsd ) 50 mV. Inset 3C: Leakage current measured between
the indicated gate electrode and the drain electrode in the presence of 1 mM K4Fe(CN)6. Inset 3D: Leakage current measured between the indicated gate
electrode and the drain electrode in the presence of 1 mM K3Fe(CN)6.
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If indeed there were electron transfer between the redox
mediator and the nanotubes of the SWCNT-FET, modulated
by device gating, then the extent to which the current of the
devices were lowered by K4Fe(CN)6 should depend on the flux
of mediator to the nanotube, proportional to the mediator
concentration. Figure 4A shows, using the Ag/AgCl reservoir-
localized gate electrode, that as the concentration of the K4Fe-
(CN)6 in contact with the device is lowered from 1 mM, the
suppression ofIsd by the mediator at negativeVg decreases and
approaches a limit (∼100 µM) below which the concentration
of the mediator no longer has any influence. K3Fe(CN)6 has a
smaller influence onIsd vs Vg but opposite in sign to that of
K4Fe(CN)6, producing only a small increase in current which
is more pronounced at higher concentration. These observations
are consistent with the optical changes observed in Figure 2B,
which reflect electron transfer to and from the nanotubes by
reduction and oxidation of the nanotubes by K4Fe(CN)6 and
K3Fe(CN)6, respectively.

Electronic Response to K2IrCl 6/K3IrCl 6. The ferri/ferro-
cyanide redox couple has over the pH range from 4.0 to 9.0 a
reduction potential (E0 ) 0.356 V vs NHE29) capable of only
modest oxidation of SWCNTs (e.g., Figure 1). It was previously
shown11 that K2IrCl6 (Em ) 0.867 V28 for redox couple K2-
IrCl6/K3IrCl6) is capable of nearly complete oxidation of (6,5)
nanotubes (Em ∼ 0.80 V). Figure 5A shows the absence of any
influence of 1 mM K3IrCl6 andK2IrCl6 on device conductance

when restricted to the reservoir alone with Ag/AgCl as the gate
electrode. Incubation of the reservoir and chamber with 1 mM
K3IrCl6 and using the same SWCNT-FET device as in Figure
4 resulted in a much more limited influence on the SWCNT-
FET conductance than was observed with 1 mM K4Fe(CN)6,
consistent with the much less favorable reduction potential for
K3IrCl6 oxidation. However, incubation of the reservoir and
chamber with 100µM K2IrCl6 produced a substantial positive
shift of the threshold voltage and a large increase in conductance
over the entire range ofVg, far greater than the minor effect
observed with K3Fe(CN)6. The effect is larger still with 1 mM
K2IrCl6 (not shown), but, at this concentration, there is a
substantial leakage current. A small further decrease inIsd is
observed upon replacement of 100µM with 10 µM K2IrCl6.
This much greater effect onIsd of K2IrCl6 than for K3Fe(CN)6
is consistent with its much more positive reduction potential
and the near quantitative oxidation of the (6,5) SWCNTs
observed earlier.11

Electronic Sensing of Laccase Activity.The sensitivity of
the SWCNT-FET conductance to the presence of redox media-
tors offers the possibility of sensing redox enzymes, the activity
of which would be detected by measuring the rate of change in
chemical potential of a solution of redox active substrate.
TrametesVersicolor laccase, a blue copper oxidase containing
four coppers per monomer, catalyzes the oxidation of a broad
range of phenols and arylamines at the expense of molecular

Figure 4. Isd vs Vg using as gate the Ag/AgCl reference electrode placed in the reservoir. (A) Measurements after 10 min incubation in the presence of the
indicated concentrations of K4Fe(CN)6 in 50 mM glycine pH 9.0 and present in both the chamber and reservoir. (B) Measurements after 10 min incubation
in the presence of the indicated concentrations of K3Fe(CN)6 in 50 mM glycine pH 9.0 and present in both the chamber and reservoir. The leakage current
measured between the gate and the drain electrode has been subtracted.Vg was swept from-0.8 to +0.8 V in 45 s.Vsd ) 50 mV.

Figure 5. Figure 5.Isd vs Vg in the presence of K2IrCl6 and K3IrCl6 using as gate the reservoir-localized Ag/AgCl electrode. (A) with the redox solutions
restricted to the reservoir. (B) with the redox solution present in both the reservoir and the chamber and after a 10 min incubation at the indicated concentrations
of K2IrCl6 and K3IrCl6. All measurements were performed in the presence of 50 mM glycine, pH 9.0, in the chamber and reservoir. The leakage current
measured between the gate and the drain electrode has been subtracted.Vg was swept from-0.8 to +0.8 V in 45 s.Vsd ) 50 mV.
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oxygen, which is reduced to water.30 One of the highest affinity
substrates for laccase is 10-(2-hydroxyethyl)phenoxazine, which
has been reported to have at pH 5.3 a reduction potential vs
NHE of 772.6( 3.2 mV, aKm of 5.9 ( 0.7 mM and akcat of
120 ( 4 s-1.31

Detection of enzyme activity is demonstrated in Figures 6A
and 6B which shows the evolution of theIsd versusVg plots as
a function of time for 3.75 and 250 pM enzyme, respectively,
in the presence of 22µM 10-(2-hydroxyethyl)phenoxazine in
25 mM glycine buffer, pH 4.0. The basis of the sensing is that
the SWCNT devices respond much more rapidly to a change
in redox state of the 10-(2-hydroxyethyl)phenoxazine than they
do to the concentration of oxygen. NaF is an inhibitor of laccase,
thought to be acting at the Type-2 copper center.32 Figure 6C
shows both colorimetrically and electronically that the addition
of 1 mM NaF to 500 and 250 pM laccase, respectively, in 25
mM glycine, pH 4.0, containing 22µM 10-(2-hydroxyethyl)-
phenoxazine slows the enzyme reaction by close to 50-fold. A
series ofIsd vs Vg measurements were conducted at concentra-
tions of laccase varying from 3.75 to 375 pM in the presence
of 22 µM 10-(2-hydroxyethyl)phenoxazine in 25 mM glycine
pH 4.0. Plots of the variation of the nanotube device current at
Vg ) -0.20 V in the presence of 3.75 and 250 pM laccase

(Figures 6A and 6B insets, respectively) show the evolution of
the current, associated with 10-(2-hydroxyethyl)phenoxazine
oxidation, to be linear with time. The noise level of the slope
measurement in Figure 6A inset corresponds to a concentration
uncertainty on the order of(0.4 pM. A plot of the slope of the
rate of change of the current with time versus the laccase
concentration shows the slope to be a linear indicator of laccase
concentration over a range of 2 orders of magnitude (Figure
6D).

Discussion

The gold wire electrode used as gate in the reservoir senses
the solution electrochemical potential which is composed of the
electrostatic potential of the solution and the chemical potential
of the redox mediator (see eq 1). Larrimore et al.17 have argued,
using an experimental arrangement similar to that used here,
that the SWCNT-FET is primarily a sensor of the electrostatic
potential of the solution, where the shift in the position of the
Isd vs Vg curves along theVg axis is caused by a change in the
solution electrostatic potential, produced by electron transfer
between the redox couple and the gate electrode. The extent of
the change in electrostatic potential is equal to the change in
the redox potential of the redox couple. The observations of
Larrimore et al.17 for the case where the redox mediator is
confined to the reservoir alone are confirmed in Figure 3B. One
millimolar K3Fe(CN)6 and 1 mM K4Fe(CN)6 produce an
approximate 220 mV difference of theIsd vs Vg curves relative
to each other when the redox mediator is in contact with the

(30) Bertrand, T.; Jolivalt, C.; Briozzo, P.; Caminade, E.; Joly, N.; Madzak, C.;
Mougin, C.Biochemistry2002, 41 (23), 7325-7333.

(31) Kulys, J.; Krikstopaitis, K.; Ziemys, A.J. Biol. Inorg. Chem.2000, 5, 333-
340.

(32) Reinhammar, B.Laccase in Copper Proteins and Copper Enzymes; Lonti,
R., Ed.; CRC: Boca Raton, 1984; pp 1-35.

Figure 6. Plots ofIsd versusVg at different laccase concentrations. (A) Measurements as a function of time in the presence of 3.75 pM laccase and 22µM
10-(2-hydroxyethyl)phenoxazine in 25 mM glycine pH 4.0.Vsd ) 50 mV. Inset: plot ofIsd at Vg ) -0.2 V as a function of time. (B) Measurements as a
function of time in the presence of 250 pM laccase and 22µM 10-(2-hydroxyethyl)phenoxazine in the presence of 25 mM glycine pH 4.0. Inset: plot ofIsd

at Vg ) -0.2 V as a function of time. For A and B,Vg was swept from-0.8 to+0.8 V in 45 s.Vsd ) 50 mV. (C) Thin lines: Isd measured as a function
of time under the same conditions as in Figure 6B in the presence (4) and absence (O) of 1 mM NaF. Thick lines: Absorbance at 528 nm as a function of
time in the presence 500 pM and 22µM 10-(2-hydroxyethyl)phenoxazine in 25 mM glycine pH 4.0. (D) Rate of change ofIsd at Vg ) -0.2V with time as
a function of the laccase concentration, measured as in the insets of Figures 6A and 6B. Inset: Leakage current between the SG gate and the drain electrode
at 1.5 and 7 min after the start of oxidation of 10-(2-hydroxyethyl)phenoxazine by 250 pM laccase.
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reservoir-localized gold wire gate electrode only and not in direct
contact with the SWCNT-FETs. Unlike the gold wire electrode,
the Ag/AgCl electrode cannot undergo electron transfer with
the mediator. It cannot sense the chemical potential of the redox
couple, and it fixes the solution electrostatic potential only.
Consequently, changes in the redox potential of the reservoir
solution produce no displacement in theIsd vs Vg when this
electrode is used as the gate (see Figures 3C and 5A). Were
the SWCNT-FET to sense the solution electrostatic potential
only, then there should be virtually no difference between the
Isd vs Vg curves where the redox mediator is confined to the
reservoir and where it is in contact with both the reservoir-
localized gate electrodes (gold wire and Ag/AgCl electrode) and
the SWCNT-FETs. This is to a first approximation true in this
work for the redox couple K3Fe(CN)6/K4Fe(CN)6 when the
mediator concentration is restricted to 100µM or less. Note
for example the similarity of theIsd vs Vg curves when 1 mM
K3Fe(CN)6 and 1 mM K4Fe(CN)6 are confined to the reservoir
with Ag/AgCl as the gate electrode (Figure 3C) and the
similarity of the 10 and 100µM K3Fe(CN)6 and K4Fe(CN)6 Isd

vsVg curves when the mediators are located in both the reservoir
and the chamber (Figure 4). Where the present observations
differ most from the earlier work17 is for concentrations of 1
mM K4Fe(CN)6 and 1 mM K2IrCl6 present in both the reservoir
and the chamber. Incubation of the SWCNT-FET with 1 mM
K4Fe(CN)6 causes theIsd current to drop substantially below
that observed when the mediator is confined to the reservoir
for both the gold wire and the Ag/AgCl gate electrodes (Figures
3B, 3D, and 4A). The most likely interpretation for this
observation is that the SWCNT-FET is being reduced by 1 mM
K4Fe(CN)6 during gating with the rate of electron transfer
increasing as the chemical potential difference between the
nanotube and the redox mediator increases with decreasing gate
voltage (more negativeVg). At lower mediator concentrations
(e100µM) the electron-transfer rate is too slow to significantly
impact theIsd vs Vg curves (Figure 4). This interpretation is
consistent with a recent theoretical description of nanotube
gating by Heller et al.19 in which the electronic states of the
valence band are increasingly emptied as the gate voltage is
swept to negative potentials, promoting electron transfer from
filled electronic states of the reductant to unfilled electronic
states of the nanotube.

Smaller effects are observed (Figure 4) in the opposite
direction for 1 mM K3Fe(CN)6 (small increase inIsd), probably
because of the limited ability of this relatively weak oxidant to
oxidize the nanotubes. A far greater effect is observed (Figure
5) upon incubation of the SWCNT-FETs with 100µM K2IrCl6,
which causes theIsd current to rise substantially above that
observed when the mediator is confined to the reservoir only
for both the gold wire (not shown) and the Ag/AgCl gate
electrodes. This oxidant is capable of nearly complete bleaching
of the E11 optical transitions in (6,5) carbon nanotubes, the
midpoint potential of which was estimated at 800 mV.11 The
oxidation of the nanotubes by K2IrCl6, is so favorable (Em )
867mV vs NHE)28 that the minimum conductance is substan-
tially shifted to more positive gate voltages and remains well
above the minimum measured in the absence of redox mediator.
In contrast to the effect of K4Fe(CN)6, the influence of K3IrCl6
on the SWCNT-FET conductance is quite small, presumably

because of the highly unfavorable driving force for oxidation
of K3IrCl6, even at negative gate voltages.

The effects of the redox mediators on the electronic properties
of the SWCNT-FETs are consistent with the solution redox
behavior of suspended SWCNTs. The nanotubes undergo
reversible oxidation and reduction with the K3Fe(CN)6/K4Fe-
(CN)6 and K2IrCl6/K3IrCl6 redox couples (Figure 1 and refs 11
and 12) altering the extent to which the electronic states of the
valence band are filled. This is equivalent to changing the
concentration of the p-type charge carriers in the nanotubes,
increasing upon oxidation. The increase in the concentration of
p-type charge carriers is detectable as an increase in p-type
conductance in the SWNT-FETs and is most marked for K2-
IrCl6. In addition, the redox mediators respond through electron
transfer to changes in the oxidation state (chemical potential)
of the SWCNTs during gating, temporizing the changes in
conductance that would otherwise be seen in the absence of
the redox mediator.

A comparison of the bufferIsd vs Vg curves in Figures 3A
and 3B shows that gating by the surface gate electrode (SG)
produces an approximately 2-fold lower transconductance (∆Isd/
∆Vg) than does the gold wire. In the former case, the similarity
in size of SG and the source and drain electrodes produces a
potential drop of nearly equal amplitude at the gate/liquid and
at the source-drain-nanotube/liquid interfaces. In the case of the
gold wire, the potential drop occurs almost exclusively at the
source-drain-nanotube/liquid interface owing to the much larger
(∼3000-fold) surface area of the gate electrode. The nearly
2-fold lower potential drop at the source-drain-nanotube/liquid
interface with SG gating halves the interfacial ionic accumula-
tion at a givenVg, halving the effective device transconductance.
It is, therefore, advantageous to use a large surface area gate
electrode (relative to that of the source and drain electrodes) to
maximize device sensitivity.

The sensitivity of the SWCNT-FETs to changes in solution
redox potential is demonstrated in Figure 6 where they are
shown to be able to detect picomolar concentrations of the redox
enzyme laccase through oxidation of its high reduction potential
substrate, 10-(2-hydroxyethyl)phenoxazine (Em ) 773 mV vs
NHE).31 The conductance of the device varies linearly in time
with substrate oxidation. In addition, the rate of change of device
conductance is a linear indicator of enzyme concentration over
at least 2 orders of magnitude. The sensitivity of the method to
laccase concentration is comparable to that of a colorimetric
assay in the presence of ABTS (2,2′-azinobis(3-ethylbenzthia-
zolinesulfonate),Em ) 680 mV,33 ε436nm ) 2.93 × 104 M-1

cm-1 34) another redox substrate of laccase, the oxidation of
which is also detectable in the electronic assay (not shown).
However, considering that the electronic assay can be conducted
in microliter and sub-microliter volumes (4.4µL in the present
case), the assay is orders of magnitude more sensitive than the
colorimetric assay in terms of numbers of enzyme molecules
detected. We have also been able to sense target biomolecules,
the presence of which results in the binding of laccase to the
surface of the silica chips, producing a highly sensitive detection
method for biological analytes including DNA16 (also manu-
script in preparation).

(33) Palmore, G. T. R.; Kim, H.-H.J. Electroanal. Chem.1999, 464, 110-
117.

(34) Gelo-Pujic, M.; Kim, H.-H.; Butlin, N. G.; Palmore, G. T. R.Appl. EnViron.
Microbiol. 1999, 65, 5515-5521.
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Conclusions

The conductance of liquid-gated SWCNT-FETs is modulated
(1) by the solution electrostatic potential, poised by the chemical
potential of a redox couple interacting with a gold gate electrode
and (2) by the ability of the redox couple to oxidize and reduce
the nanotubes. Such modulation is observed over a very broad
range of redox potentials, demonstrated here for the redox
couples K3Fe(CN)6/K4Fe(CN)6 (Em ) 0.365 v vs NHE) and
K2IrCl6/K3IrCl6 (Em ) 0.867 V vs NHE). Electron transfer
between the redox couple and the nanotubes mirrors nanotube
oxidation and reduction observed through the optical absorbance
spectra of the nanotubes. The SWCNT-FETs are shown to
linearly detect the enzyme activity of the blue copper oxidase,

laccase, varied over 2 orders of magnitude of enzyme concen-
tration in the picomolar range.
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