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Epigenetic modification, such as DNA methylation and histone
modification, has attracted attention because it plays an important
role in the regulation of gene expression without any change in
the DNA sequence. Genomic DNA methylation has frequently been
observed at C5 of cytosine (C) in the 5′-CG-3′ sequence (CpG). It
is predicted that 60-90% of C at CpG islands, which consist of
several tens to hundreds of CpG repetitions, occur as a result of
acquired methylation. In cancer cells, when promoter CpG islands
in tumor suppressor genes including RB and BRCA1 are methy-
lated, their downstream genes are found to be consistently silenced.1

This is a new carcinogenesis mechanism without any DNA
sequence change, which is unlike gene defects or SNPs. Methyl-
cytosine (mC) is now recognized as the fifth DNA base containing
heritable information, and therefore an analysis of DNA methylation
is essential with respect to future genetic disease diagnosis.

A bisulfite2-5 or a restriction enzyme6 is widely used to
distinguish both C and mC in DNA. In a bisulfite assay, C is
deaminated and then converted to uracil (U), whereas mC remains
almost unchanged.2-5 The restriction enzymes catalyze the scission
reaction of the specific base sequence. When the C in the specific
sequence is methylated, the scission is inhibited. The use of the
above techniques commonly provides a C-positive assay. The
bisulfite-based methods are very suitable assays, but they are time-
consuming. By contrast, Tanaka et al. have recently reported that
an osmium compound can selectively bind mC but not C.7

Electrochemical techniques have been widely used for DNA
analysis.8 DNA detection based on direct electrochemical oxidation
is the simplest approach.8-12 If we can oxidize both C and mC in
DNA or an oligonucleotide with sufficient potential difference by
the voltammetric method, DNA methylation could be distinguished
without any treatment as shown in Figure 1a. To achieve this
requires electrode materials with a wide potential window and
sufficiently high electrode activity.

Recently, we developed a nanocarbon film consisting of nanoc-
rystalline sp2 and sp3 mixed bonds formed by employing the electron
cyclotron resonance (ECR) sputtering method. The film structure
is quite different from heterogeneous BDD or amorphous diamond-
like carbon.13 The ECR nanocarbon film electrode has excellent
properties including an atomically flat surface, a wide electrochemi-
cal potential window, and little surface fouling while maintaining
relatively high electrode activity for various biomolecules.14-15

These properties allow us to obtain direct quantitative measurements
of both C and mC bases of oligonucleotides by measuring the
potential peak differences caused by C methylation. This enables

us to construct a simple, rapid, and low cost assay for DNA
methylation. Here we describe the quantitative nonlabel electro-
chemical detection of both C and mC in oligonucleotides using
ECR nanocarbon film electrodes.

We used an ECR nanocarbon film electrode with optimized
electrochemical properties by changing the ion acceleration voltage
during sputtering and electrochemical pretreatment, respectively,
depending on the analytes. A film with an sp2/(sp2 + sp3) ratio of
0.6 has a sufficiently wide potential window with high electrode
activity and stability against fouling caused by the biomolecule
oxidation.14-15 Figure 1b-d show background-subtracted square
wave voltammograms (SWVs) for each nucleoside. The SWV at
the ECR nanocarbon film electrode exhibited all the nucleoside
oxidation currents at individual peak potentials. The difference
between the oxidation peaks in C and mC was also detectable. The
mC peak was about 130-150 mV smaller than that of C (Figure
1b). In the same way, we found that T methylated at C5 of U also
exhibited smaller oxidation peaks than U (not shown). As regards
the pyrimidine bases, which are methylated at C5, their C5-C6
double bonds appear to be easily oxidized7 because of the electron
donor property of the methyl group. The peak potentials of
guanosine, adenosine, and 5-methylcytidine oxidation at the ECR
nanocarbon film electrode were almost the same as those at the
GC electrode. However, the oxidation peaks of thymidine and
cytidine could not be observed at the GC electrode since there was
a large background current resulting from the narrow potential
window that overlapped the thymidine and cytidine oxidation peaks
(Figure 1c). A highly oriented pyrolytic graphite (HOPG) electrode
also exhibited similar results to those obtained with the GC electrode
(Supporting information). The SWV at the BDD electrode also
showed the oxidation peaks of all the bases after the electrode
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Figure 1. Schematic of electrochemical methylation detection method for
single strand oligonucleotides (a) and background-subtracted SWVs of 100
µM of nucleosides at ECR nanocarbon film (b), GC (c), and BDD (d)
electrodes, respectively, measured in 50 mM pH 5.0 acetate buffer. Acetate
buffer (pH 5.0) is the most appropriate for obtaining well-defined peaks
with high sensitivity.12 Amplitude ) 25 mV, ∆E ) 5 mV, f ) 10 Hz.
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surface had been anodically oxidized (Supporting information). This
treatment provided the BDD electrode with a wider potential
window10-11,16 that was sufficient for detecting the oxidation of
thymidine and cytidine. However, the peak potentials were 90-
120 mV higher, and the current responses, smaller and much
broader than those obtained at the ECR nanocarbon film and GC
electrodes (Figure 1d), indicating lower electrochemical activity
for each base at the pretreated BDD electrode. This suggests that
the electrochemical responses of DNA bases depend on the sp2-
carbon content of the electrode surfaces since polar aromatic
analytes such as catechols are strongly adsorbed on sp2-carbon
electrodes owing toπ-π interactions.16-19 The slow kinetics for
these DNA bases at the pretreated BDD electrode is mainly due to
weak adsorption on the sp3 diamond surface despite it having little
sp2-carbon content.16,18-19 ECR nanocarbon film contains a large
sp2-carbon content of 0.6, which induces high electrode activity as
with the GC electrode, while maintaining a wide potential window
as with the BDD electrode. This property results from the
homogeneous and stable structure consisting solely of nanocrys-
talline sp2- and sp3-carbon hybrids that allowed electrochemical
responses for all the bases that were superior to those of the GC or
BDD electrodes. The detection limits for all the bases at the ECR
nanocarbon electrode were one order lower than that at the GC
electrode; namely they were 0.1µM for guanosine, adenosine,
methylcytidine, and thymidine and 1µM for cytidine.

We measured the short oligonucleotides that constitute a CpG
unit with different numbers of mC by using the ECR nanocarbon
film electrode. Figure 2 shows background-subtracted SWVs of
non-methylated oligonucleotide1 (5′-CGCGCG-3′) and its methy-
lated oligonucleotides2-4. We could quantitatively differentiate
the voltammograms for these oligonucleotides because the current
responses coincided precisely with the base content of each
oligonucleotide at the ECR nanocarbon electrode. Moreover, the
oxidation currents of both mC and C in the oligonucleotides could
be simultaneously determined, revealing the potential for the C
methylation ratio in oligonucleotides to be roughly quantified from
the heights of the two currents. The SWV of2 was also measured
in the same way with the GC and BDD electrodes (Supporting
information). However, with these measurements, it was not
possible to distinguish each oxidation current more clearly because
of the large background current at the GC electrode and because
of the low electrochemical activity at the BDD electrode (despite
its wide potential window). This indicates that it is difficult to detect
DNA methylation in the low concentration region using GC and
BDD electrodes. Figure 3a shows the background-subtracted SWVs
of oligonucleotides5 (5′-TTA(mC)GC-3′) and6 (5′-TTA(mC)G-
(mC)-3′), whose methylation statuses are different. As regards these
oligonucleotides that include other bases, especially T, the mC and
C peaks obtained from the voltammograms overlapped even when
using the ECR nanocarbon film electrode. However, we could
achieve excellent discrimination of single C methylation in oligo-
nucleotides by the subtraction of the two voltammograms, without

any current height change for G and A (Figure 3b). It is noteworthy
that this method can provide simple DNA methylation detection
for a particular sequence without any bisulfite or labeling processes.
This subtraction method can also be employed by correcting the
peak height of other bases such as G when the two sample
concentrations are different.

In conclusion, we successfully used ECR nanocarbon film to
develop a simple electrochemical DNA methylation analysis
technique. This film allowed us to perform both C- and mC-positive
assays solely by using the electrochemical oxidation of oligonucle-
otides without bisulfite or labeling processes. We will develop this
film to achieve a more sophisticated DNA methylation elec-
troanalysis technique with a focus to extending it to various
sequences including longer DNA fragments or between double and
single strand DNA. ECR nanocarbon film can also be applied to
various DNA sensor platforms combined with enzymatic or
separation technologies because this film electrode can measure
all the bases.

Supporting Information Available: SWVs of each nucleoside at
the HOPG electrode and of oligonucleotide2 at GC and BDD
electrodes. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 2. Background subtracted SWVs of 3µM of CpG oligonucleotides
(1-4) at ECR nanocarbon film electrode in 50 mM pH 5.0 acetate buffer
containing 0.3 M NaNO3. The SWV conditions are the same as those in
Figure 1.

Figure 3. Background subtracted SWVs of 3µM of oligonucleotide5
and6 (a) and the subtraction curve (b) at ECR nanocarbon film electrode
in 50 mM pH 5.0 acetate buffer containing 0.3 M NaNO3. The SWV
conditions are the same as those in Figure 1.
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