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We report on the in situ detection of cytochrome c
adsorption onto individual SWNT transistors via the
changes in the electron transport properties of the transis-
tors.

The ability to detect and study a single moleculel— represents
the ultimate challenge of biosensor development and analytical
chemistry. Recent progress in the fabrication of nanostructured
materials and devices, such as nanoparticles,> silicon nano-
wires,® metal nanowires’# and carbon nanotubes®10 have
opened new avenues for us to achieve this ability.

Single walled carbon nanotubes (SWNTYS) are attractive for a
wide range of applications, from nanoelectronicst-13 and
nanomechanics4 to bioelectrochemistry.15-17 Biomolecules,
such as DNA18 and proteins!® have been immobilized on
SWNTs and the biocompatible nature of SWNTs has been
recently demonstrated,15-17.20-22 which are significant steps
toward biosensor applications. However, in situ detection of a
small number of proteins via directly measuring the electron
transport properties of asingle SWNT has not been reported. In
this letter we report on the detection of cytochrome c¢ (cytc)
adsorption onto individual SWNT transistors via the changesin
the electron transport properties of the transistors. The adsorp-
tion of cytc induces a decrease in the conductance of the SWNT
devices, corresponding to a few tens of molecules. We have
studied the conductance vs. the electrochemical potential of the
SWNT with respect to a reference electrode inserted in the
solution, and observed a negative shift in the conductance vs.
potential plot upon protein adsorption. From the shift, we have
estimated the number of the adsorbed proteins, which is similar
to that from the adsorption-induced conductance decrease. The
results are supported by direct atomic force microscopy (AFM)
images recorded before and after the protein adsorption.

The SWNT devices (Fig. 1) were prepared following a
method similar to those reported in literature.l323 First,
chemical vapor deposition (CVD) synthesis of individual
nanotubes was performed on an array of catalyst paired-islands
separated by 2 pm gap on aheavily doped Si wafer with 200 nm
oxide layer. An array of gold electrodes (~300 nm thick)
separated by 1 um gap and aligned to overlap the catalyst pads
was thermally evaporated. The devices were annedled (~600
°C) in a hydrogen-rich environment to ensure better contact
between the nanotubes and the metallic electrodes. Before
exposing the SWNTs to buffer and protein solutions, we
characterized each of them by measuring the -V at various gate
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Fig. 1 Schematic illustration of a SWNT device.

T Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b3/b302681g/
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voltages applied to the back of the chips. The characterization
shows that while most of the SWNTSs are p-type semiconduct-
ing, some are metalic. For semiconducting SWNTS, there is
also a variation in the conductance, which allowed us to study
the response of different SWNTs to the adsorption of the
protein.

The SWNTswere brought into contact with phosphate buffer
(20 mM, pH = 7.0) using a solution cell. The leakage current
due to the exposed gold electrodes is around 100 pA. We used
Ag wire as a quasi-reference electrode and Pt wire as a counter
electrode, and a custom-built bipotentiostat to control the
electrochemical potentia “gate” of each SWNT. After a stable
conductance was obtained in the buffer solution, we introduced
the protein solution into the cell. The protein solution, 200 pM
cytc (Fluka) dissolved in phosphate buffer, wasfreshly prepared
for each experiment. Theredox activity of cytc wasfirst verified
electrochemically on highly ordered pyrolitic graphite
(HOPG)24 whose surface properties are similar to that of the
nanotubes. The facile electron transfer between cytc and the
substrate el ectrode indicates that the adsorbed protein orientsits
redox center, heme group, close to the electrode.

Figure 2a shows the conductance change for p-type and
metallic nanotubes during the adsorption of cytc. Immediately
after the protein (~ 10 pL) isintroduced the conductance of the
device begins to decrease and eventually reaches a stable value.
The average time of the adsorption process lastsfor afew mins,
which is in good agreement with our previous study?4 of the
adsorption of cytc on HOPG using real time AFM imaging. The
decrease in conductance for the p-type SWNT reported here is
expected for the positively charged protein adsorbed on the p-
type SWNTSs because it decreases the concentration of p-type
carriers.

The adsorption-induced conductance decrease is observed
for all semiconducting SWNTs (~ 30 devices), but the amount
of decrease varies from one nanotube to another. For example,
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Fig. 2 (A) The conductance of p-type (1,2) and metalic (3) SWNTs
simultaneously recorded as a function of time during the adsorption of the
protein cytc. Thearrow pointsto the start of the introduction of cytc into the
buffer solution. (B) Plots of the relative change of conductance vs time.
Tapping mode AFM images of a SWNT before (C) and after (D) the
introduction of the protein solution. Image in E is the region outlined with
a dashed rectangle in D.
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the conductance decrease for the SWNT shown in Fig. 2a
(SWNT#2) is almost twice as much as the one shown in Fig. 2a
(SWNT#1), although the difference in the relative change (AG/
G, Fig. 2b) between the two is small. We believe that this
variationismainly related to the electronic characteristics of the
nanotubes, which determines the sensitivity of the conductance
on the surface charge. We have measured the |-V characteristics
vs the gate voltage (V) applied from the back of the chip for
each nanotube before exposing to the solutions, and found a
strong correlation between the amount of protein-induced
conductance decrease and the dependence of the |-V character-
istics on V. For metallic nanotubes, the 1-V characteristic
curves are insensitive to Vy and the adsorption of cytc induces
no detectable change in the conductance (SWNT#3). For
semiconducting nanotubes, the more sensitive is the depend-
ence of the I-V curves on Vg, the greater is the protein-induced
conductance decrease.

We have imaged the SWNTs before and after the adsorption
of cytc with tapping-mode AFM. Figure 2cisanimage obtained
before exposing to cytc, which shows a rather smooth SWNT
with some scattered residual photoresist particles on the chip.
Figure 2d is an image of the same nanotube obtained after cytc
adsorption, which reveals individual cytc on the nanotube (see
Fig. 2e). By counting the number of cytc molecules on the
nanotube, we found that the conductance decrease in Fig. 2a
corresponds to the adsorption of 3040 cytc molecules, which
demonstrates the remarkable sensitivity of SWNTSs for protein
detection. This distribution of proteins on the surface of the
nanotube observed by our AFM is very similar to that reported
recently by Azamian et al.26 for a cytc-functionalized SWNT.
Unlike the conductance change that varies from one nanotube to
another, the coverage of the adsorbed cytc as observed by AFM
is similar for different nanotubes.

Like conventional field effect devices, the conductance of the
SWNT device is sensitive to the surface charge, which can be
used to estimate the number of adsorbed proteinsindependently
from the AFM images. This task requires us to measure the
conductance vs the electrochemical gate potential. Figure 3
shows the typical result of such a measurement in phosphate
buffer (10 mM). The data were recorded by measuring the
current through the nanotube at small fixed bias voltage (10
mV) applied between the two ends of the nanotube while the
potential of the nanotube was swept with respect to the
reference electrode inserted in the buffer solution. At positive
potential, the conductance is small, but increases quickly as the
potential decreases towards negative values. The dependence
shown in Fig. 3 is expected for a p-type SWNT and is in
agreement with recent results by other groups?325 From the
conductance (G) vs potential (V) plot, we have estimated AG/
AV (~10-6 SV-1), which alows us to relate charge change
(AQ) to the conductance change (AG) according to:

_o(AGY
AQ = C[AVJ AG

where C isthe capacitance, which is dominated by the quantum
capacitance (4 X 1019 F m—1) of the SWNT.23 For a 1 um
SWNT, the quantum capacitance is ~4 x 1016 F. Using the
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Fig. 3 A plot of the conductance of a p-SWNT as function of the
electrochemical potential in phosphate buffer and 200 uM cytc in buffer.

above relation, the number of cytc molecules for a given
conductance decrease can be determined if the charge per
protein is known. The surface charge of cytc is well charac-
terized and it is ~ +10e per protein a pH = 7.26 For the
adsorption-induced conductance plots shown in Fig. 2, we
estimated that the number of cytc moleculesis ~25, which is
consistent with the AFM data.

As expected the adsorption of cytc causes a shift in the G vs
V plot toward negative potentials. Note that the protein
adsorption does not change the slope and the shape of the plot,
which is consistent with the finding that the capacitance of the
SWNTsisdominated by the quantum capacitance. The average
shift is approximately 0.090 V. Using the above-mentioned
capacitance, the corresponding charge change brought by the
adsorbed molecules of cytc is ~ +200e. Therefore, the number
of adsorbed cytc molecules on the SWNT is ~20. Thisisin
agreement with the number of molecules estimated from the
AFM images and the adsorption plots. Our results show that a
small number of molecules of cytc can be detected by
measuring the transport properties of the SWNTSs.
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