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The detection of specific nucleic acid sequences plays a vital
role in environmental, food, and clinical monitoring and in
forensic screening.[1] The ability to detect few copies of DNA
is expected to have a broad impact on the rapid on-site
detection of various diseases.[2] In current methods, amplifi-
cation of the sample through the use of the polymerase chain
reaction (PCR) enables a detectable amount of DNA to be
obtained.[3] For applications involving the comparison of gene
expression levels, microarrays are used.[4] This approach
requires the labeling of target sequences for subsequent
detection with a fluorescence microscope. The need for PCR,
labeling, and a bulky optical reading instrument limits the use
of such sensors for point-of-care applications. New methods in
which PCR or labeling steps could be avoided would be
advantageous; furthermore, a portable, cost-effective sensing
device is required.

Electrical methods are ideally suited for this purpose,
since they do not require the target to be labeled and are
compatible with a compact and portable format. Label-free
electrical detection of DNA has been demonstrated in many
configurations,[5] the majority of which are based on field-
effect[6, 7] or electrochemical detection.[8] Although the use of a
label is avoided in these experiments, the limit of detection is
comparable to that of optical methods; hence, an amplifica-
tion step is also required. To improve the limit of detection,
nanostructures have been proposed as suitable alternatives
for active elements of biosensors.[9–11] One-dimensional nano-
structures are promising candidates, since they can be used as
active elements of field-effect transistors in a facile
manner.[7,11–13] Furthermore, a 1D nanostructure, such as a
single-walled carbon nanotube (CNT), has all atoms on its
surface. Since every atom limits the current flowing through
it, these structures show promise for absolute sensitivity.

Alternative candidates, such as silicon nanowires (SiNWs),
have also been the focus of extensive experimentation;[14–18]

the lowest reported detection limit is 10 fm.[16, 17] However,
SiNWs suffer from extremely high resistance (in the gigaohm
range), which limits the attainable sensitivity.[16] Almost all
SiNW sensors are based on resistive detection without the use
of a reference electrode. Although the lack of a reference
electrode is useful in the demonstration of prototype sensors,
the use of a reference electrode is unavoidable when stability
and reproducibility of the sensors are required.[7,19, 20]

On the basis of the lower diameter of CNTs and their
superior conducting properties, we describe herein sensors
with close to absolute sensitivity, with a detection limit two
orders of magnitude lower than that reported for silicon
nanowires.[16, 17] The challenge that we have overcome is to
achieve such a low detection limit while preserving the
simplicity of electrical detection and the reproducibility of
sensing characteristics. In comparison to field-effect sensors
based on CNT networks,[21] our sensors show an improvement
in the detection limit by up to five orders of magnitude.
Another unique aspect of our nanosensors is that detection is
performed directly in buffer solutions at a physiologically
relevant ionic strength. Finally, we demonstrate the highly
specific detection of attomolar DNA in a heterogeneous
DNA mixture in which the target DNA comprises just 2% of
the total DNA concentration.

Figure 1 shows an overview of the assembled carbon
nanotube sensor. Details of the fabrication can be found in
the Supporting Information. In short, a few (on average five)
nanotubes are trapped across photolithographically prepared
electrode gaps (3 mm; see Figure 1b). The electrodes are
passivated with SiO2, and only the CNTs are in contact with
the solution. The liquid is delivered to the sensor chip through
a microwell that is fixed on the chip (see Figure 1a). An Ag/
AgCl reference electrode placed in the reservoir acts as the
gate electrode.

For the detection of a specific target DNA sequence
through hybridization, a complementary probe sequence
needs to be immobilized on the nanotube surface. For this
purpose we utilize a versatile electrochemical functionaliza-
tion route that we have developed and used successfully to
demonstrate a range of sensors based on nanotubes[22–24] and
graphene.[25] The functionalization protocol for attachment of
the probe sequence is shown in Scheme 1. First, 4-amino-
benzoic acid (ABA) is electropolymerized onto the nanotube
surface. This process results in the noncovalent[22,26] wrapping
of the nanotubes with -COOH groups. In a second step,
amino-functionalized probe DNA (24 base pairs) is cova-
lently coupled to the -COOH groups through amide forma-
tion after activation with a carbodiimide. The nonfunctional-
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ized sections are subsequently blocked with ethanolamine.
The height increase upon electropolymerization was esti-
mated from AFM images to be around 2–3 nm.

Our electrochemical functionalization approach is unique
and offers a number of key advantages. First, the function-
alization is site-specific; that is, only the nanotubes addressed
by the electrochemical modification are preferentially deco-
rated with probe DNA. The site specificity of functionaliza-
tion also ensures that there is no DNA in the vicinity of the
nanotubes on the chip surface. In contrast, if spotting is used,
the DNA can be immobilized anywhere in the spotting
area,[21, 27] and a high level of background noise can result, as
commonly observed in microarray detection.[4, 28] Further-

more, the negatively charged carboxylic groups are expected
to minimize direct nonspecific binding of DNA on the
nanotube surface occurring due to hydrophobic interac-
tions.[29] These aspects are pivotal in the attainment of the
attomolar detection limit in our nanoscale sensors.

The sensing trials were performed at varying concentra-
tions of target DNA (24 base pairs) in 10 mm potassium
phosphate buffer containing 0.1m NaCl. The impedance of the
nanotube (Z, a complex quantity with a magnitude and a
phase) constitutes the sensor response, which is measured in
the frequency range between 20 Hz and 2 MHz.[22] The
frequency response is measured at varying gate voltages to
characterize the field-effect behavior. The resulting dataset
can be visualized in the form of a 2D magnitude Z-map and a
2D phase Z-map (Figure 2).

We first discuss the sensor response of the fabricated
devices to target DNA (100 fm) in buffer (Figure 2). The Z-
magnitude and Z-phase maps were first recorded in the buffer
solution without any target DNA. The resistance of the device
is around 100–300 kW, which is dominant at low frequencies.
In this range, the device impedance exhibits a low gate
modulation. At high frequencies, capacitive components

Figure 1. The CNT–DNA impedance biosensor. a) Photograph showing
the chip carrier (printed circuit board) with the sensor chip covered
with a poly(dimethylsiloxane) (PDMS) layer. The sensor chip is wire-
bonded to the chip carrier, and the nanotubes are trapped across the
gap between two platinum electrodes. The PDMS layer comprises two
reservoirs connected by a microchannel and is shown filled with the
buffer solution. The channel is positioned above the electrode gap. An
Ag/AgCl reference electrode placed in one of the reservoirs is also
visible. b) Atomic force microscope (AFM) image of the nanotubes
trapped dielectrophoretically between passivated Pt electrodes.
c) Schematic illustration of the sensor chip showing the position of the
Pt electrode lines and the electrode gap.

Figure 2. Specificity of the CNT–DNA sensors. The plots show magni-
tude Z-maps (left column) and phase Z-maps (right column) for
different buffer solutions: a) without target DNA; b) with complemen-
tary target DNA (cDNA); c) after melting and washing; d) with non-
complementary DNA (ncDNA). It is apparent that for cDNA (b), the
sensor response shifts to the left, whereas this change is minimal for
ncDNA (d). The maximum response time is 30 min.

Scheme 1. Controlled functionalization of the carbon nanotube surface
with probe DNA. First, 4-aminobenzoic acid is electropolymerized
onto contacted nanotubes by applying +0.7 V versus Ag/AgCl. A
polymer coating results with a thickness of 2–3 nm around the
nanotubes. In a second step, 3’-NH2-DNA is coupled to the carboxylic
groups through amide formation by treatment with 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysuc-
cinimide (NHS).
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arising from both the electrical double layer and
the substrate dominate (Figure 2a). Upon the
addition of complementary target DNA to the
microwell, the Z-magnitude response shifts to the
left (Figure 2b) along the gate-voltage scale
(x axis). The Z-phase response shows differences
in the frequency range 1–10 kHz. After melting of
the hybridized strand and subsequent washing, the
initial response is recovered (Figure 2 c). To con-
firm that the signal is indeed due to specific
hybridization of the complementary target, we
measured the sensor response upon the introduc-
tion of a 3 bp-mismatched noncomplementary
sequence at the same concentration (Figure 2d).
The Z-maps shift only slightly in this case.

To understand the sensor response, it is worth
taking a closer look at the specificity of the sensor
characteristics. In the presence of the complemen-
tary target, the magnitude as well as the phase
response (Figure 2; see also Figure S1 in the
Supporting Information) are shifted to negative
gate voltages. The device functions like an ion-
sensitive field-effect transistor (ISFET), whereby changes in
the surface charge lead to a shift in the threshold voltage. This
threshold shift of around 120 mV can be attributed to the
accumulation of negative charges on the nanotube surface
upon hybridization. The sign of the threshold shift is
consistent with data reported on DNA sensors based on
nanotube networks.[27] Upon melting and subsequent washing
of the sensor surface, the negative charges of the comple-
mentary strand are removed, and the sensor response returns
to the initial scenario. The sensor response for the 3-bp-
mismatched DNA shows only a comparatively negligible shift
(less than 20 mV to the left) signifying a much lower degree of
hybridization, as is normally expected for a mismatched DNA
sequence.[30] We performed a number of control experiments
to ensure that the changes arise exclusively from hybrid-
ization of the target strands with the attached probe
sequences (see the Supporting Information).

The use of high-frequency detection ensures very low
noise. This coupled with the stable Ag/AgCl reference
electrode provides for excellent stability. These features
enable repetitive use of the same sensor for a series of
DNA samples at different concentrations with minimal drift.
Figure 3 shows the concentration dependence of the sensor
response for one of the devices in the form of magnitude Z-
maps (Figure 3a) and phase Z-maps (Figure 3 b) for various
concentrations of complementary target DNA. Section pro-
files extracted from the maps in Figure 3a are collected in
Figure 4a. It is apparent that the gate response shifts to more
negative gate voltages as the concentration of target DNA
increases. The calibration curves in Figure 4b are plots of the
shift in threshold voltage as a function of DNA concentration
for both the target (cDNA) and the noncomplementary
sequence (ncDNA). It is apparent that the sensor response for
cDNA is linear over a broad concentration range. It is clearly
stronger and distinct from that of ncDNA. A target concen-
tration as low as 100 am can be detected unambiguously with
high specificity. This concentration corresponds to around

1800 molecules of target DNA in our 30 mL sample droplet in
the microwell and is the lowest detectable concentration that

Figure 3. Attomolar detection limit of the CNT–DNA sensor. a) Magnitude Z-maps
and b) phase Z-maps for various concentrations of complementary target DNA.
After each exposure of the sensor to target DNA, the hybrids were melted to return
the sensor to its initial state, as shown in Figure 2a–c. It is apparent that even at a
cDNA concentration of 100 am (corresponding to around 1800 molecules in our
30 mL droplet), the sensor response can be discerned unambiguously. Thus, an
ultralow detection limit is attainable with the CNT impedance biosensors.

Figure 4. Sensitivity of the CNT–DNA sensor. a) Gate dependence of
the magnitude of impedance at a frequency of 1 kHz in buffer solution
(black line) and for varying concentrations of complementary target
DNA (cDNA) in buffer solution (extracted from Figure 3a). The thresh-
old voltage shifts to more negative voltages as the cDNA concen-
tration increases. b) Calibration curve showing the threshold shift as a
function of DNA concentration for both cDNA and noncomplementary
(ncDNA) sequences. It is apparent that the response for cDNA is
linear and is clearly distinct from that of ncDNA.
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has been reported for any
label-free or mediator-free
direct detection technique.

As mentioned earlier, the
ability to detect few copies of
the target DNA is made possi-
ble primarily by ensuring that
the high surface-to-volume
ratio is guaranteed through
appropriate passivation of the
electrodes, which leaves exclu-
sively the nanotube surface as
the active element. Further-
more, the low resistance, the
stability gained by the use of
the impedance measurement,
and the site-specific electro-
chemical functionalization
route were key to the achieve-
ment of this ultralow detection limit. These ultrasensitive
sensors were created simply by photolithography, without the
need for any expensive serial technique, such as electron-
beam lithography. In combination with the dielectrophoretic
trapping procedure, our fabrication protocol is a scalable
method for the routine generation of ultrasensitive nanoscale
DNA sensors.

To evaluate the use of our nanobiosensors in a realistic
application scenario, we validated our analytical strategy for
the specificity of DNA differentiation at ultralow concen-
trations. For this purpose, we took a heterogeneous mixture of
three different ncDNA sequences (noncomplementary to the
probe sequence), each at a concentration of 3 fm, and added
complementary DNA (cDNA; 200 am) to give a total DNA
concentration of 9.2 fm. The amount of cDNA that we were
aiming to detect corresponded to only around 2% of the total
DNA in the mixture. As a control, we used the ncDNA
mixture without the cDNA at a total DNA concentration of
9 fm. Figure 5 shows the Z-maps measured in buffer, in the
ncDNA control, and in the ncDNA/cDNA mixture. A
significant shift to the left, as in Figure 3, was only observed
if the buffer solution contained the complementary target
(Figure 5c). This distinction is further clear from the thresh-
old-voltage shifts summarized in Figure 5d for the heteroge-
neous samples with and without the cDNA. It is apparent that
cDNA at a concentration of 200 am and comprising just 2% of
the heterogeneous sample was able to generate a significant
threshold shift of around 65 mV. On the other hand, the 9 fm
ncDNA control solution without the cDNA only showed a
shift of around 12 mV, which is below the 20 mV shift
expected to occur as a result of nonspecific interactions (as
mentioned earlier). The power of our nanosensors is apparent
from these measurements and gives reason to hope that the
technique can be extended to the direct detection of low
quantities of DNA in realistic biological samples, such as
serum (after preprocessing). Ultimately, we hope that it will
be possible to use the technique in a clinical setting without
amplification or labeling steps.

In conclusion, we have described a robust and routine
method for the fabrication of carbon nanotube impedance

biosensors for the ultrasensitive detection of DNA. With the
ability to detect a few thousand molecules in the sample
solution, our method raises hopes for attaining the capability
to detect individual molecules. Another key advantage of our
technique is its sensitivity in realistic and practical buffer
solutions and heterogeneous environments, which are crucial
for the recognition of molecular recognition events.[18] How-
ever, a number of key points still remain to be demonstrated.
The experiments were conducted with synthetic oligonucle-
otides. It will be important to investigate the sensitivity of this
method with real nucleic acid sequences from biological
samples. We have set the basis for such future experiments.
Given the scalability of our cost-effective method in combi-
nation with the lack of labeling and the high sensitivity, the
emergence of on-chip nanobiosensors is expected to have a
broad impact on a variety of diagnostic applications in the life
sciences.
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