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The rapid, simple, and low-cost detection of DNA is crucial to
future genetic-disease diagnosis, such as the analysis of single-
nucleotide polymorphisms (SNPs). With the development of
many kinds of DNA analysis systems,[1,2] electrochemical
techniques promise to meet the above requirements and also
allow device miniaturization for samples with a very small
volume. Several concepts for DNA electroanalysis have been
reported including the direct oxidation of DNA, a hybrid-
ization-based technique with electroactive tags or intercala-
tors, and an electron-transfer reaction through p-stacked
DNA duplexes.[3–13] Of these, the direct oxidation of DNA is
the simplest method.[7–13]

Electrodes made of carbon materials, such as glassy
carbon (GC) and boron-doped diamond (BDD), have been
widely used for such direct DNA measurements.[9–13] How-
ever, although the conventional GC electrode can detect
guanine (G) and adenine (A) it cannot detect thymine (T) or
cytosine (C), because the electrochemical potential window is
narrow.[10,11] In addition, there is a large background current
and the adsorption of oligonucleotides occurs after oxidation,
which result in a reduction in both sensitivity and reproduc-
ibility.[11] By contrast, BDD is a suitable electrode material for
the electroanalysis of DNA,[12,13] because BDD has a wide
potential window, a low background current, and good
biocompatibility.[12–14] These properties enable us to detect
the four free bases by direct oxidation. However, it is difficult
to conduct direct quantitative measurements of all the bases
in oligonucleotides because of the relatively slow electron
transfer at the BDD surface.[12,13]

In 2002, we described a nanocarbon film with a nano-
crystalline sp2 and sp3 hybrid structure formed by employing
the electron cyclotron resonance (ECR) sputtering method[15]

(Figure 1a). This film has many advantages, such as high

conductivity without doping and an atomically flat surface
(Figure 1b,c), which provide excellent electrochemical char-
acteristics including a wide potential window, a low back-
ground current, and little surface fouling by analytes after
oxidation.[11,16] Most importantly, the sp3/sp2 ratio in the ECR
nanocarbon film can be widely controlled by manipulating the
sputtering conditions. These characteristics allow the detec-
tion of pyrimidine bases with slower electron-transfer rates,
while maintaining a wide potential window and low back-
ground current. As a result, we succeeded in the direct
quantitative measurement of DNA methylation, which ena-
bled us to detect cytosine and methylcytosine individually, by
using the ECR nanocarbon film electrode.[17] These film

Figure 1. a) Photograph, b) AFM image, and c) line profile of the ECR
nanocarbon film surface. A typical average roughness (Ra) of 0.05 nm
was obtained for the film, determined by scanning along the red line
in (b).
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properties can be employed to realize the simple SNP
detection needed to discriminate single-base differences
solely by measuring the peak-current differences caused by
a single-base mismatch. This is despite the fact that analysis is
more difficult because all four bases are capable of associating
with SNPs.

Herein, we used the ECR nanocarbon film electrode to
develop the label-free electrochemical detection of SNPs of
oligonucleotides, based on the direct oxidation of all the bases
in both a wild-type oligonucleotide and its mismatch-type
oligonucleotide. Figure 2 outlines the concept behind our

SNP detection methodology. When we subtract the voltam-
mograms obtained by the electrochemical oxidation of a wild-
type oligonucleotide (5’-GGACTC-3’) and its single-base
mismatch oligonucleotide (5’-GAACTC-3’; the underlined
base represents a mismatch base), the result is a pair of
positive and negative peak currents assigned to A and G,
respectively. This indicates “G!Amutation” as shown in the
subtracted curve. This method offers the simplest SNP
analysis because no hybridization or labeling processes are
needed. No such concept has yet appeared, despite reports of
SNP analysis combined with a variety of analytical signals
including electrochemical and fluorescence detection.[1–7]

Moreover, even if the concentrations of the wild- and
mismatch-type oligonucleotides are different, this method can
be used to detect the SNP between them by normalizing the
peak currents of the nonmutational bases, as the total content
of each base in the oligonucleotides can be quantitatively
measured over a relatively wide concentration range. The
remaining problem is that a very similar signal is obtained for
oligonucleotides with the same base content but different
contexts and this makes it difficult to detect SNPs. Never-
theless, we can use this method to detect an SNP site for short
oligomers with a particular sequence without any hybrid-
ization or labeling processes.

We used an ECR nanocarbon film electrode with its
electrochemical properties optimized by changing the ion
acceleration voltage during sputtering and electrochemical
pretreatment. The film with an sp2/(sp2+sp3) ratio of 0.6 had a
sufficiently wide potential window with high electrode
activity, and stability against fouling.[17] The ECR nanocarbon
film electrode provided electrochemical responses for all the

nucleotide monophosphates (NMPs) that were superior to
those of GC or BDD electrodes, because the film electrode
provided a wide potential window while maintaining high
electrode activity (see the Supporting Information). The
excellent properties of this film electrode result from its
homogeneous and stable structure that consists solely of
nanocrystalline sp2 and sp3 carbon hybrids, which induce high
electrode activity against aromatic DNA bases as a result of
p–p interaction.[17–19] This nanocrystalline structure is quite
unlike those of GC and BDD electrodes,[17] and therefore is
alone in achieving high electrode activity without losing the
wide potential window needed for oxidizing uridine mono-
phosphate, with the highest oxidation potential of all the
bases (see the Supporting Information).

Figure 3 shows background-subtracted differential pulse
voltammograms (DPVs) of an oligonucleotide based on a
CAG repeating unit (1) and its base-mismatch oligonucleo-
tides 2–4. We could quantitatively differentiate the voltam-
mograms for these oligonucleotides because the current
responses coincided precisely with the base content of each
oligonucleotide at the ECR nanocarbon electrode (Fig-
ure 3a). For example, when the DPV result for 1 is compared
with that for single-base-substituted 2, the peak current based
on G was higher than that of 2, whereas the peak current
based on A was lower than that of 2. These differences
between the current heights of the two oligonucleotides can
be unambiguously attributed to the corresponding base
content of the oligonucleotides. Therefore, we could readily
detect single G!A mutation without any current height
change for C.

In the same way, the peaks for G and A from 1 were also
assigned at the GC and BDD electrodes. However, in these
measurements the oxidation of C was not observed at the GC
electrode because of the large background current (Fig-
ure 3b), and a reproducible C oxidation current could not be
obtained with the BDD electrode because of its low electro-
chemical activity (Figure 3c). This finding indicates that it is
difficult to normalize a wild-type oligonucleotide and its
single-base mismatch oligonucleotides with different concen-
trations. Furthermore, mutation detection with respect to
pyrimidine bases, such as C!Tor G!T mutations, should be
more difficult to achieve with GC and BDD electrodes.

We employed the method to detect SNPs in sequences
that are naturally occurring mutational hotspots from the p53
tumor suppressor gene.[5,20,21] The p53 gene, also known as
“the guardian of the genome”, encodes an important tran-
scription factor that conserves stability by preventing genome
mutation. Most tumor-inducing mutations have been
observed in areas that encode the DNA-binding domain (in
codons 100–293) and there are five main hotspots (codons
175, 245, 248, 249, and 273).[20,21] We performed the direct
detection of two kinds of mutation in codon 248 of the p53
gene frequently observed in various types of cancer.[20,21]

Figure 4 shows the background-subtracted square-wave
voltammograms (SWVs) of a wild-type oligonucleotide 5 and
its single-base mismatch oligonucleotides 6 and 7 including
the sequence from codon 248 of the p53 gene. The G!A
mutation could be clearly distinguished from the difference
between the voltammograms of 5 and 6 (Figure 4a).

Figure 2. Proposed concept of electrochemical detection of SNPs for
single-strand oligonucleotides.
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As regards to the C!T mutation, the Tand C peaks obtained
from the SWV measurements of 5 and 7 overlapped even
when using the ECR nanocarbon film electrode. However,
the subtraction of the two voltammograms led to a clearer
discrimination of C!T mutation (Figure 4b).

Moreover, we demonstrated how effectively peak current
normalization works for two different sequences. Figure 5
shows the subtractions of SWVs of 5 and 6 and of 5 and 7 with
different concentrations by normalizing the peak currents of
the nonmutational bases C and A of 5, respectively. This

normalization works well and provides clear mutation
detection effectively over a relatively wide concentration
range as good as that in Figure 4, which was achieved by using
samples with the same concentration. Relative standard
deviations of the peak-area ratios (G/A and T/C) obtained

Figure 3. Electrochemical responses of oligonucleotides. Background-subtracted DPVs of oligonucleotide 1 (3 mm) and its base-mismatch
oligonucleotides 2–4, and the subtraction of the DPVs of 1 and 2 at a) ECR nanocarbon film, b) GC, and c) BDD electrodes, respectively,
measured in acetate buffer (50 mm, pH 5.0).

Figure 4. Detection of SNPs of oligonucleotides including the
sequence from codon 248 of the p53 gene by using the ECR nano-
carbon film electrode. a) Background-subtracted SWVs of wild-type
oligonucleotide 5 (1 mm) and its single-base mismatch 6, and the
subtraction of the SWVs of 5 and 6 (G!A mutation). b) Background-
subtracted SWVs of wild-type 5 (1 mm) and its single-base mismatch 7
and the subtraction of the SWVs of 5 and 7 (C!Tmutation). All SWVs
were measured in acetate buffer (50 mm, pH 3.3) containing 2m

sodium nitrate.
Figure 5. SNP detection in combinations of different concentrations of
two oligonucleotide samples by using the ECR nanocarbon film
electrode. Subtractions of the SWVs of a) 5 (5 mm) and 6 (3 mm), b) 5
(1 mm) and 7 (2 mm), c) 5 (10 mm) and 6 (8 mm), d) 5 (2 mm) and 7
(3 mm), e) 5 (5 mm) and 6 (4 mm), and f) 5 (2 mm) and 7 (4 mm) were
obtained by normalizing the peak currents of the nonmutational bases
C and A of 5, respectively, measured in acetate buffer (50 mm, pH 3.3)
containing 2m sodium nitrate.
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from Figure 5 were 1.5 and 3.3% (n= 3), respectively. This is
because the ECR nanocarbon electrode can quantitatively
measure the total content of each base in the oligonucleotides.

In contrast, such a normalization was impossible on GC
and BDD electrodes. If there are extreme differences
between the concentrations of the two samples, diluted
standard samples with different concentrations should be
prepared, similar to the technique used to obtain calibration
curves. We also obtained detection limits of 125 fmoles for G
and A in 5, and 6.25 pmoles for 5 itself (signal-to-noise ratio=

3, volume= 5 mL). As regards reproducible measurement, the
ECR nanocarbon electrode provided the most stable results
for the entire base content of oligonucleotide 1, despite a
gradual decrease in the peak currents. In contrast, the other
electrodes did not exhibit a stable result, particularly in the
case of C in 1 (see the Supporting Information).

In conclusion, we successfully used an ECR nanocarbon
film electrode to develop a simple electrochemical analysis
technique for SNPs without hybridization, labeling processes,
or the use of electrochemical mediators or indicators. We will
develop this approach to achieve a more sophisticated SNP
electroanalysis technique with a view to extending it to
various sequences, including longer DNA fragments, by using
a combination of enzymatic or separation technologies.
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