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a b s t r a c t

A sensitive and selective electrochemical method was developed for the detection of DNA methylation,
determination of DNA methyltransferase (MTase) activity and screening of MTase inhibitor. Methylene
blue (MB) was employed as electrochemical indicator and DNA-modified gold nanoparticles (AuNPs)
were used as signal amplification unit because the DNA strands in this composite have strong adsorption
ability for MB. First, the thiolated single-stranded DNA S1 was self-assembled on gold electrode,
hybridization between the lower portion of DNA S1 and its complementary DNA S2 formed an identical
double-stranded tetranucleotide target sequence for both DNA adenine methylation (Dam) MTase and
methylation-resistant endonuclease Mbo I, then the upper portion of DNA S1 was hybridized with its
complementary DNA S3 modified on AuNPs to bring the DNA S3-AuNPs amplification units onto the
electrode. The DNA S1/S2/S3-AuNPs bioconjugate has lots of DNA strands, and they can adsorb abundant
MB. Mbo I endounuclease could not cleave the identical target sequence after it was methylated by Dam
MTase. On the contrary, the sequence without methylation could be cleaved, which would decrease the
amount of adsorbed MB. The presence of redox-active MB was detected electrochemically by differential
pulse voltammetry (DPV). Thus, the activity of Dam MTase and methylation status were sensitively
converted to the DNA S3-AuNPs amplified DPV signals. The DPV signal demonstrated a linear relation-
ship with logarithm of Dam concentration ranging from 0.075 to 30 U/mL, achieving a detection limit of
0.02 U/mL (S/N¼3). Also, screening of Dam MTase inhibitor 5-fluorouracil was successfully investigated
using this fabricated sensor.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Epigenetics is known as heritable changes in gene expression
that are not caused by changes in DNA sequences (Holliday, 1987).
It mainly contains three systems, DNA methylation, RNA-
associated silencing and histone modification (Egger et al., 2004).
DNA methylation is the most well-known epigenetic modification,
and it plays a significant regulatory role in both prokaryotes and
eukaryote (Heithoff et al., 1999; Robertson, 2005). Aberrant DNA
methylation influences the interaction between DNA and protein,
and alert gene expression, which is associated with a wide range
of diseases (Heithoff et al., 1999; Jones and Baylin, 2002), even
tumor occurrence and tumor growth (Baylin and Ohm, 2006;
Jeltsch, 2002; Robertson and Wolffe, 2000; Shames et al., 2007;
Simon, 2005).

DNA methylation is a process carried out by DNA methyltrans-
ferase (MTase), which catalyzes methyl group transfer from the
donor S-adenosyl-L-methionine (SAM) to the target adenine or
cytosine and produces S-adenosyl-L-homocysteine (AdoHcy) and
methylated DNA (Adams, 1990; Frauer and Leonhardt, 2009;
Grandjean et al., 2007; Horton et al., 2006; Song et al., 2009).
The activity of MTase influences DNA methylation level, and the
overexpression of DNA MTase in many cancer cells has been
confirmed. The abnormity of DNA MTase activity is related to the
pathogenesis of acute monocytic leukemia, which provides a
useful and new biomarker for interrelated cases (Yan et al.,
2011). In addition, the inhibition of MTases may provide a broad
spectrum of antimicrobial application (Brueckner and Lyko, 2004;
Mashhoon et al., 2006). Due to the importance of MTase in the
DNA methylation process, the quantification and activity analysis
of DNA MTase are very critical.

So far, a large number of methods have been developed to
investigate DNA methylation and DNA MTase activity, such as
radioactive labeling (Adams et al., 1991), high-performance liquid
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chromatography (HPLC) (Boye et al., 1992), polymerase chain
reaction (PCR) (Eads et al., 1999), electrochemical biosensors
(J. Chen et al., 2010), gel electrophoresis (Bergerat et al., 1991),
fluorescence method (Zhao et al., 2013), bisulfate treatment (Wan
et al., 2007), bioluminescence (Jiang et al., 2012) and colorimetric
approaches (Li et al., 2010). Among all these methods, electro-
chemical biosensors have received an intensive attention due to
the advantages of convenience, sensitivity, fast response, low
production cost and ease of miniaturization (Baek et al., 2013; X.
Chen et al., 2010). For instance, Ai's group employed anti-5-
methycytosine antibody and horseradish peroxidase labeled IgG
(IgG-HRP) to detect DNA methylation and the activity of DNA
MTase with high sensitivity (Wang et al., 2012). In addition, an
assay based on methyl binding domain (MBD) proteins and
coomassie brilliant blue G250 (CBB-G250) has been designed by
them (Yin et al., 2013a). To simplify the detection methods, Li's
group developed an electrochemical biosensor to detect DNA
methylation and MTase activity based on voltammetric response
of electroactive intercalator ([Ru(NH3)6]3þ), which was adsorbed
on DNA strands via the electrostatic interaction (Wang et al.,
2013). However, the detection limit of this method for DNA MTase
was 0.18 U/mL. To better apply DNA MTase to early diagnose
interrelated diseases, further improvement on the detection limit
for DNA MTase is needed. Moreover, a simple and effective signal
amplification system is needed.

As a stable nanomaterial, gold nanoparticles (AuNPs) have
excellent biocompability (Cao et al., 2012; Jie et al., 2010; K. Liu
et al., 2011; Yin et al., 2011), and can be conjugated with various
kinds of biomolecules without affecting their nature and activity.
For example, DNA modified AuNPs have been widely used for
biosensor (Rosi and Mirkin, 2005) and nanotechnology (Baron
et al., 2007; Katz and Willner, 2004). Methylene blue (MB)
is an organic dye that has electroactivity, it can interact with DNA
by three modes, including electrostatic interaction with the
deoxyribose-phosphate backbone, intercalation between base pairs

on double-stranded DNA, and specific interaction with exposed
guanine residues in single-stranded DNA (Dai et al., 2012; Erdem
et al., 2000; Kerman et al., 2002; Zhang and Hu, 2007). Combining
MB's properties of electroactivity and capability to interact with
DNA strands, it was employed as signal molecules (Lin et al., 2007;
Xu et al., 2013).

In this study, we developed a more sensitive electrochemical
method for the detection of DNA methylation and DNA MTase activity
using DNA-AuNPs amplification. As Scheme 1 shows, this assay based
on the electrochemical response of MB, it could accumulate onto the
surface of DNA S1/S2/S3-AuNPs bioconjugates-modified gold electrode
as an indicator after the Dam and Mbo I recognition site was
methylated by Dam MTase and digested by Mbo I restriction endo-
nuclease. DNA Adenine MTase (Dam), catalyzing the N6-adenine
methylation in the symmetric tetranucleotide 50-G-A-T-C-30, was used
as a model MTase (Horton et al., 2006). The endonuclease Mbo I,
which identifies the same site (a double-stranded DNA containing
50-G-A-T-C-30 palindrome sequence) as Dam MTase, was employed to
cleave the unmethylated sites on the double-stranded DNA. Firstly,
thiolated DNA S1 was self-assembled onto a gold electrode via Au–S
bonding, followed by hybridization with DNA S2 to form double-
stranded DNA containing a specific recognition sequence for Dam
MTase and methylation-resistant endonuclease Mbo I. DNA S3-AuNPs
amplification unit was then successively brought onto the gold
electrode surface through hybridization between DNA S3 and the
upper portion of DNA S1. The unmethylated DNA hybrid was
selectively digested by Mbo I and only a small amount of MB could
be adsorbed on the electrode without DNA S3-AuNPs amplification
units. So a relatively lower electrochemical signal of MB was achieved.
However, after methylation event by Dam MTase, the Mbo I digestion
was blocked; thus the DNA S3-AuNPs amplification units remained on
the electrode, and lots of MB could accumulate onto the surface of
DNA S1/S2/S3-AuNPs bioconjugates modified Au electrode, which
resulted in a high electrochemical signal. Therefore, Dam MTase
activity and DNA methylation could be sensitively detected through

Scheme 1. Schematic representation of the developed method for detection of DNA methylation and assay of DNA methyltransferase activity.

X. Jing et al. / Biosensors and Bioelectronics 58 (2014) 40–47 41



the electrochemical signals, which could be attributed to the powerful
amplification effect of the DNA-AuNPs unit. Furthermore, the phar-
macological inhibitors of DNA MTase had promising applications for
antibiotics and anticancer therapeutics, so the effect of the inhibitor on
MTase activity was also investigated, which would provide a sensitive
platform for screening DNA MTase inhibitors.

2. Experimental

2.1. Reagents and materials

Hydrogen tetrachloroaurate trihydrate (HAuCl4 �3H2O) and tri
(2-carboxyethyl) phosphine hydrochloride (TCEP) were obtained
from Aladdin (Shanghai, China). Dam MTase and Mbo I were
supplied by New England Biolabs (Ipswich, MA). 6-Mercapto-1-
hexanol (MCH), methylene blue hydrate (MB), bovine serum
albumin (BSA, 99%) and 5-fluorouracil were purchased from
Sigma-Aldrich (St. Louis, USA). All other reagents were of analy-
tical reagent grade without further purification before use. Ultra-
pure water (Milli-Q 18.2 MΩ, Millipore System Inc.) was used for
all the experiments.

All oligonucleotide sequences were synthesized by Shanghai
Sangon Biotechnology Co. (Shanghai, China) and used without
further purification. The base sequences of oligonucleotides were
as following: DNA S1, 50-SH-(CH2)6-GTA CAT CGT GAT CGC GAC
GCG CTA CAG TCT TGA GCC-30; DNA S2, 50-GTC GCG ATC ACG ATG
TAC-30; DNA S3, 50-SH-(CH2)6-GCC GGC TCA AGA CTG TAG-30;
single-based mismatch DNA S4, 50-GTC GCG AGC ACG ATG TAC-30.
The recognition site for Dam MTase and Mbo I endonuclease were
marked with italics.

2.2. Instrumentation

All electrochemical experiments were carried out using a CHI
660D electrochemical workstation (Shanghai Chenhua Instru-
ments, China). A conventional three-component electrochemical
cell was employed in all electrochemical measurements, with a
modified Au electrode as the working electrode, a KCl-saturated
Ag/AgCl electrode as a reference electrode and a Pt wire as the
auxiliary electrode. UV–visible absorption spectroscopy (NANO-
DROP1000 Spectrophotometer, Thermo, USA) and transmission
electron microscopy (TEM, H600, Hitachi, Japan) were used to
investigate the morphology of AuNPs and DNA S3-AuNPs.

2.3. Preparation of DNA S3-AuNPs bioconjugates

Gold nanoparticles (16 nm) were prepared according to a
standard citrate method (Frens, 1973; Jin et al., 2003; Liu and Lu,
2006). Briefly, 50 mL of HAuCl4 solution (0.01%, m/v) was boiled
with vigorous stirring, and 2 mL of trisodium citrate solution (1%,
m/v) was added quickly into the boiling solution. When the color
of the solution changed from pale yellow to wine red, it indicated
that the AuNPs were formed. After left stirring and cooled to room
temperature, the resulting solution was stored in brown glass
bottles at 4 1C for future use.

DNA S3 modified AuNPs were prepared according to the
previously reported methods with slight modification (Liu and
Lu, 2006). Before DNA loading on the AuNPs surface, thiolated
modified DNA S1 was activated by treatment with 100-fold excess
TCEP at room temperature for 1 h. Then, 15 mL, 100 mM DNA S3 was
mixed with 500 mL AuNPs solution and incubated at 4 1C for 12 h.
After incubation, 10 mL of 1% SDS was added to stabilize the AuNPs
with shaking at room temperature for 1 h. Then the DNA S3-
AuNPs were aged for 12 h by slowly adding 50 mL 0.5 M NaCl
solution. To remove excess reagents, the solution was centrifuged

at 12,000 rpm for 20 min. The wine red DNA S3-AuNPs precipitate
was washed 3 times by centrifugation with 0.01 M phosphate
buffer solution (pH 7.4) and then resuspended in 0.5 mL 2� SSC
hybridization buffer (30 mM sodium citrate, 300 mM NaCl) for
future use.

2.4. Preparation of gold electrode

The gold electrode (3 mm diameter) was carefully polished to a
mirror-like finish with alumina powder of 0.3 and 0.05 mm,
followed by sequential sonication for 10 min each in ultrapure
water, ethanol, and ultrapure water. Then it was dipped in freshly
prepared piranha solution (98% H2SO4: 30% H2O2, 3:1 by volume)
for 10 min and rinsed with ultrapure water thoroughly. The
electrode was then scanned in 0.1 M H2SO4 between �0.2 V and
1.55 V at 100 mV/s until a reproducible cyclic voltammogram (CV)
was obtained. Once completed, the electrode was washed with
double distilled water and dried under nitrogen.

2.5. Immobilization of DNA S1 and hybridization

After pretreatment, the electrode was incubated with 10 mL of
1 mM DNA S1 solution (10 mM Tris–HCl and 1 mM EDTA, pH 8.0)
for 12 h at 4 1C. To further eliminate the non-specifically immobi-
lized DNA and obtain well-aligned DNA monolayers, 10 mL of 1 mM
MCH solution and 10 mL of 1% BSA solution was successively
dropped on the electrode surface and kept at room temperature
for 1 h and 0.5 h, respectively. The hybridization was conducted by
dropping 10 mL of 1 mM DNA S2 solution (30 mM sodium citrate,
300 mM NaCl) onto the electrode surface for 2 h at 37 1C. Subse-
quently, 10 mL of DNA S3-AuNPs bioconjugates were dropped onto
the electrode surface for 2 h at 37 1C to hybridize the upper
portion of DNA S1. After each step, the electrode was rinsed with
washing buffer (20 mM Tris–HCl, 0.1 M NaCl, 5 mM MgCl2) and
dried with nitrogen.

2.6. Electrochemical detection of Dam MTase

For methylation, the electrode was incubated with 10 mL of
different concentrations of DamMTase solution, which was perfor-
med in Dam MTase reaction buffer (50 mM Tris–HCl, 5 mM
2-mercaptoethanol, 10 mM EDTA, pH 7.5) containing 80 mM SAM
and a varying amount of Dam MTase at 37 1C for 2 h strictly. After
methylation, the electrode was washed thoroughly with ultrapure
water to terminate the methylation reaction according to some
previously reported methods (Wang et al., 2013; Wang et al., 2012;
Yin et al., 2013a, 2013b), and dried under nitrogen. Mbo I cleavage
was performed at 37 1C for 2 h in Mbo I buffer (50 mM potassium
acetate, 20 mM Tris–acetate, 10 mM magnesium acetate, 100 mg/
mL BSA, pH 7.9) containing 50 U/mL Mbo I endonuclease. There-
after the electrode was immersed in the 10 mL of 20 mM Tris–HCl
buffer (pH 7.4) containing 20 mM MB and 20 mM KCl to equilibrate
for 5 min before measurements. To obtain a stable and high signal,
the differential pulse voltammetry (DPV) measurement was con-
ducted in the presence of MB. Each electrochemical measurement
was repeated at least 3 times under the same condition with the
following parameters: initial potential, �0.50 V; final potential,
0.20 V; increment potential, 0.005 V; pulse amplitude, 0.05 s;
pulse width, 0.05 s; sample width, 0.0167 s; pulse period, 0.5 s;
and quite time, 2 s.

2.7. Influence of inhibitors on Dam MTase activity

The inhibition of drugs on Dam MTase activity could also be
quantitatively analyzed using this method. A typical mixture
contained Dam MTase (50 U/mL), methylation reaction buffer
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(50 mM Tris–HCl, 5 mM 2-mercaptoethanol, 10 mM EDTA, pH 7.5),
80 mM SAMe and various concentrations of 5-fluorouracil. The
process was similar to the assay of Dam MTase. Briefly, the
electrode was treated with this mixture solution for 2 h at 37 1C,
and then treated with Mbo I buffer (50 mM potassium acetate,
20 mM Tris–acetate, 10 mM magnesium acetate, 100 mg/mL
BSA, pH 7.9) containing 50 U/mL Mbo I endonuclease for 2 h at
37 1C. Thereafter the electrode was rinsed thoroughly with ultra-
pure water. The current response was measured by DPV in 10 mL
of 20 mM Tris–HCl buffer (pH 7.4) containing 20 mM MB and
20 mM KCl.

3. Results and discussions

3.1. Characterization

3.1.1. Characterization of AuNPs and DNA S3-AuNPs
The TEM and UV–vis absorption spectra were used to char-

acterize the morphology of AuNPs and DNA S3-AuNPs. As shown
in Fig. 1A, the TEM image of AuNPs indicated that the AuNPs
obtained were spherical and the average size was about 16 nm.
However, the TEM image of DNA S3 modified AuNPs was almost
the same as AuNPs (Fig. 1B), and it was consistent with a previous
report (Zhang et al., 2012). This could be ascribed to two reasons:
first, the DNA S3 oligonucleotide is too short (sequence with only
18 bp) to characterize; second, for the characterization of number
representation and probe state of DNA S3 on DNA S3-AuNPs
bioconjugates, TEM analysis could not meet the ideal require-
ments. Therefore, we also employed UV–vis absorption spectra to
characterize the AuNPs and DNA S3-AuNPs (Fig. 1C). Pure AuNPs
showed a characteristic adsorption peak at 519 nm (spectrum 1).
After being modified with thiolated DNA S3, the characteristic
peak of AuNPs underwent a 5 nm red shift to 524 nm (spectrum
2), due to interparticle plasmon coupling. This was in accordance
with other studies (X. He et al., 2011; Zhang et al., 2013). These
results demonstrated the successful assembly of DNA S3 onto the
AuNPs surface.

3.1.2. Electrochemical characterization of the biosensor
To verify the interface properties of the modified electrode,

cyclic voltammetry (CV) was performed for each step of the

Fig. 1. TEM images of (A) AuNPs, (B) DNA S3-AuNPs, and (C) UV–vis absorption spectra of (spectrum 1) AuNPs and (spectrum 2) DNA S3-AuNPs.

Fig. 2. Electrochemical characterization of the prepared biosensor. (A) Cyclic
voltammetry and (B) Nyquist plots obtained from different electrodes in phosphate
buffer solution (pH 7.0) containing 5 mM [Fe(CN)6]3�/4� and 0.1 M KCl (scan rate of
CV: 100 mV/s): (1) bare gold electrode; (2) DNA S1/Au; (3) MCH/DNA S1/Au;
(4) BSA/MCH/DNA S1/Au; (5) DNA S2/BSA/MCH/DNA S1/Au; and (6) DNA S3-
AuNPs/DNA S2/BSA/MCH/DNA S1/Au.
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working electrode preparation. As Fig. 2A shows, a well-defined
redox pair was observed, showing a fast electron-transfer kinetics
of Fe(CN)63� /4� on the bare gold electrode (curve 1). The current
response decreased and the separation degree of two peaks was
enlarged after the self-assembling process of DNA S1 (curve 2),
caused by the electrostatic repulsion between the negatively
charged deoxyribose-phosphate backbone of DNA S1 and [Fe
(CN)6]3� /4� , indicating the successful immobilization of DNA S1.
To eliminate the non-adsorbed DNA S1 molecules and hold a good
orientation of DNA S1, MCH and BSA were, respectively, assembled
onto the DNA S1 modified gold electrode, and large decrease in
peak currents and enlarged peak-to-peak separation could be
observed (curves 3 and 4). This could be related to the blocking
effect of MCH and BSA to the permeation of redox species to the
surface of the electrode. When hybridized with DNA S2, there was
a further decrease of the redox current and further enlargement of
peak separation (curve 5), resulted by the insulating behavior of
duplexed DNA strands, implying the formation of a double helix
structure of DNA S1 and DNA S2. After hybridization with DNA S3-
AuNPs, the lowest redox peaks were obtained (curve 6) due to the
inhibition effect on electron transfer when large molecules like
DNA S3-AuNPs attached onto the surface, since a single AuNP
could be loaded with a huge amount of DNA. Also, the space steric
hindrance caused by the entrance of DNA S3-AuNPs composites
through the hybridization between DNA S1 and DNA S3 also made
some contribution to the decrease of the redox current peaks.
All the CV data indicated the successful fabrication of the electro-
chemical biosensor.

Electrochemical impedance spectroscopy (EIS) was also used to
monitor features of the modified gold electrode. The curve of EIS
presented as the Nyquist plot consisted of two portions: one
portion was the semicircle section at high frequencies related to
the electron transfer limited process. The electron transfer resis-
tance (Ret) could be obtained by measuring the diameter of
semicircle. The other portion was a linear section at low frequen-
cies corresponding to the diffusion-limited process held in solu-
tion. The electrolyte resistance was measured at low frequencies.
The EIS data were fitted by an equivalent electrical circuit (inset,
Fig. 2B). Fig. 2B shows a significant difference in the Ret obtained
from each surface modification step. Bare gold electrode exhibited
a small semicircle portion (curve 1) due to the free electron-
transfer process. Increase in the Ret for the DNA S1 immobilized

electrode (curve 2) revealed that DNA S1 hindered the electron
transport from the solution to the electrode surface, suggesting the
successful assemblage of DNA S1. Further increment in Ret value
after the immobilization of MCH (curve 3) and BSA (curve 4), was
attributed to the blocking of MCH and BSA with nonconductive
properties, resulting in the reduction of electron transport flow.
After the hybridization with DNA S2, a large increase in Ret was
observed (curve 5) due to the formation of dsDNA which pos-
sessed a large amount of negatively charged deoxyribose-
phosphate backbone, implying that DNA hybridization favorably
occurred onto the electrode. When DNA S3-AuNPs composites
attached onto the surface of the gold electrode through hybridiza-
tion between DNA S1 and DNA S3, the Ret largely increased (curve
6); this increase clearly demonstrated the successful binding of
DNA S3-AuNPs onto the electrode surface. The changes in EIS were
in agreement with those in the CV method, which further
demonstrated the success of each modification step.

3.2. Feasibility and selectivity investigation of the electrochemical
biosensor

Differential pulse voltammetry (DPV) was performed to inves-
tigate the feasibility of the electrochemical assay. As shown in
Fig. 3, after both DNA S2 and DNA S3-AuNPs hybridized with DNA
S1, methylene blue was accumulated as the electrochemical
indicator and a well-defined current peak of MB appears at
�250 mV (curve 1). A significant decrease of the electrochemical
current signal was observed after the hybridization composites
(unmethylated) were only treated with Mbo I endonuclease (50 U/
mL) (curve 2), because Mbo I could specifically recognize the site
of 50-G-A-T-C-30 and large amounts of DNA S3-AuNPs deviated
from the surface of the electrode, less MB was adsorbed on
hybridization composites. However, if the DNA S1/S2/S3-AuNPs
composites were firstly methylated by Dam MTase (50 U/mL), then
digested by Mbo I (50 U/mL), only a small decrease of the response
of MB happened (curve 3), because most of the digestion effect by
the Mbo I was blocked after the site of 50-G-A-T-C-30 was
methylated to 50-G-Am-T-C-30 by Dam methyltransferase. It
demonstrated that the site of 50-G-A-T-C-30 in the hybridization
composite was successfully methylated by Dam MTase, and the
Mbo I endonuclease would not cleave the DNA S1/S2/S3-AuNPs
hybridization composites in the presence of Dam MTase. These
results suggested that the electrochemical assay for Dam MTase
activity could be effectively carried out.

We also evaluated the methylation specificity by one-base
mismatched synthetic DNA S4. DNA S1 was hybridized with DNA
S4 and DNA S3-AuNPs, and then only treated with Mbo I (50 U/
mL). The peak current of MB was still high when S1/S4/S3-AuNPs
hybridization composites (unmethylated) were cleaved by Mbo I
(curve 4), and the signal was higher than that obtained at
voltammograms 1, 2 and 3. Meanwhile, we found that the DPV
signal was almost invariable compared to voltammogram 4 if the
DNA S1/S4/S3-AuNPs hybridization composites were methylated
by Dam (50 U/mL) before digested by Mbo I (50 U/mL) (curve 5).
It was known that MB could interact with DNA. Although the
formation of dsDNA can improve the electrostatic interaction
between MB and the deoxyribose-phosphate backbone, the spe-
cific interaction between MB and guanine residues was greatly
obstructed, because guanine residues were enwrapped in dsDNA.
Therefore, less MB was adsorbed on dsDNA than that on single-
stranded DNA (ssDNA). Although there were some single DNA S4
which did not hybridize with DNA S1 because of one-base
mismatch, the current signal of DNA S1/S4/S3-AuNPs was higher
than that obtained from DNA S1/S2/S3-AuNPs. It suggested that
Mbo I had no effect on the DNA S1/S4/S3-AuNPs hybridization
composites, because the hybrids did not contain a specific

Fig. 3. Differential pulse voltammograms of (curve 1) the DNA S1/S2/S3-AuNPs
modified gold electrode, (curve 2) the DNA S1/S2/S3-AuNPs modified gold
electrode treated with Mbo I, (curve 3) the DNA S1/S2/S3-AuNPs modified gold
electrode treated with Dam MTase and Mbo I, (curve 4) the DNA S1/S4/S3-AuNPs
modified gold electrode treated with Mbo I, and (curve 5) the DNA S1/S4/S3-AuNPs
modified gold electrode treated with Dam and Mbo I. All data were recorded in a
20 mM Tris–HCl buffer (pH 7.4) containing 20 mM MB and 20 mM KCl.
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recognition sequence (50-G-A-T-C-30) for the endonuclease Mbo I.
These results implied that the interaction model of Dam MTase-
Mbo I endonuclease could distinguish even one-base mismatched
DNA and therefore could be applied to highly selective determina-
tion of Dam DNA methylation at the site of 50-G-Am-T-C-30.

3.3. Optimization of experimental conditions

Acted as the methylation donor, SAM played a crucial role in
the process of DNA methylation catalyzed by Dam MTase, so
the concentration of SAM was optimized in our assay. With the
concentration of SAM increasing from 0 to 160 mM (Fig. S1A), the
signal current increased gradually, and then slowly increased
when the concentration of SAM exceeded 80 mM. As a result,
80 mM of SAM was employed for the sensing system in the
following experiments.

Mbo I endonuclease could only cleave the sequence of 50-G-A-
T-C-30 before the internal adenine methylated, which was impor-
tant to the final current signal, so we investigated the effect of Mbo
I concentration on the assay. As Fig. S1B shows, with the increasing
concentrations of Mbo I, the current signal decreased and finally
tended to a plateau phase at 50 U/mL. Thus, 50 U/mL of Mbo I was
chosen for the following experiments.

3.4. Dam MTase detection

The current signal was directly related to the quantity of
methylated duplex target sequence 50-G-Am-T-C-30, which was
methylated by Dam MTase. For the detection of Dam MTase
concentration, the DNA S1/S2/S3-AuNPs composites on the elec-
trode surface were firstly methylated with Dam MTase for 2 h, and
then cleaved with Mbo I endonuclease; finally, the current response
of MB was recorded by DPV. We obtained a series of current signals
by exposing the fabricated sensor to a series of Dam MTase
concentrations under the same optimized experimental conditions.
As shown in Fig. 4A, with Dam MTase's concentration changing
from 0 to 60 U/mL, the current signal increased gradually.
The results shown in the inset of Fig. 4B revealed a good linear
relationship between the DPV peak currents and the logarithm of
concentrations of the Dam MTase in the range of 0.075–30 U/mL,
with a correlation coefficient (R) of 0.999. The regression equation
could be expressed as I(mA)¼5.17782þ2.08233 lg[C], where I is the
peak current and C is the concentration of Dam MTase (n¼3).
The linear range of the proposed method (0.075–30 U/mL) was
wider than some of previous reports based on electrochemical
and colorimetric methods, such as 0.2–10 U/mL (Y. He et al., 2011),
1.0–10 U/mL (Liu et al., 2009), 0.25–10 U/mL (Wang et al., 2013), and
0.1–20 U/mL (Wu et al., 2012). The detection limit could be
estimated as 0.02 U/mL based on the 3s rule (S/N¼3), which was
rather lower, compared to some previous methods, such as
0.170.02 U/mL (S. Liu et al., 2011), 0.08 U/mL (Jiang et al., 2012),
and 0.06 U/mL (Zhao et al., 2013). This low detection limit indicated
that a very low concentration of analyte could be detected using our
proposed method. This could help to early diagnose the DNA MTase
related diseases in theory. We could know from the slope of
regression equation that a tiny variation of Dam concentration
could result in a large signal change, which was more obvious than
some previous reports (X. He et al., 2011; Wang et al., 2013). This
demonstrated an excellent sensitivity of our proposed method. The
satisfactory detection limit and sensitivity could be mainly ascribed
to the signal amplification units DNA S3-AuNPs, which were
employed to adsorb more MB molecules on the electrode surface.
As a result, the detection signal was effectively amplified. More
comparisons of our work with previously reported similar meth-
odologies from some different aspects are shown in Table S1. It can
be seen that our developed method could be used to detect DNA

methylation and activity of Dam MTase simply, sensitively and
effectively.

3.5. The inhibition of 5-fluorouracil on the activity of Dam MTase

DNAmethylation played an important role in both prokaryotes and
eukaryotes. There was a correlation between DNA methylation and
inactivation of various pathways involved in the tumorigenic process,
including DNA repair (Li et al., 1993), cell cycle regulation (Li et al.,
1992), inflammatory/stress response (Beard et al., 1995), and apoptosis
(Esteller, 2002). The activity of DNA MTase, which catalyzed DNA
methylationwith SAM as the methyl donor, was crucial in this process.
Thus, the pharmacological inhibitors of DNA MTase had promising
applications for antibiotics and anticancer therapeutics. To further
extend the potential application of this electrochemical sensor in
screening MTase inhibitor, we investigated the influence of 5-
fluorouracil on the activity of Dam MTase. As Fig. 5A shows, with
the increasing concentrations of inhibitor 5-fluorouracil, the signal
peak currents gradually decreased, and the relative activity of Dam

Fig. 4. (A) Differential pulse voltammograms for the modified electrodes. The DNA
S1/S2/S3-AuNPs bioconjugates on the electrode were methylated by (1–15) 0, 0.05,
0.075, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 20, 30, 40, 50 and 60 U/mL Dam MTase and cleaved
with 50 U/mL Mbo I. (B) The response voltammogram obtained with variable
concentrations of Dam MTase from 0 to 60 U/mL. Error bars represent standard
deviations of measurements (n¼3). The inset shows a linear relationship between
the peak currents and the logarithm of concentrations of Dam MTase from 0.075 to
30 U/mL.
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MTase decreased as well (Fig. 5B). Both of these results indicated that
the Dam MTase activity was inhibited, which demonstrated that the
fabricated sensor could be used to screen inhibitors of Dam MTase.

3.6. Precision, repeatability and stability of the electrochemical
biosensor

In this study, the assay precision was assessed using the slopes
of calibration plots obtained from three independent assay sys-
tems. The relative standard deviation (RSD) of the three slopes was
5.13%, which reflects a high precision. Owing to the fact that
precision is the prerequisite condition of accuracy, the assay
precision was higher, and the determination was closer to reality.
This high precision indicated that the developed method could be
applied to effectively analyze Dam MTase activity.

The repeatability of the proposed method was investigated by
detecting 50 U/mL of Dam MTase using five independent freshly
fabricated biosensors. The RSD was about 5.28%, implying an
acceptable repeatability of the developed method, which may be
ascribed to the stability of DNA-AuNPs composites. The acceptable
repeatability demonstrated that if only we conduct the assay as
the proposed procedure, we can obtain stable and coincident
results. With this low inter-assay coefficient of variation, each

determination can effectively reflect the activity of the Dam
methyltransferase.

The stability of the fabricated biosensor was also investigated.
When the fabricated sensor was stored in a refrigerator at 4 1C for
10 days, 90.46% of the initial response current was retained. This
result suggested that the electrochemical biosensor had good
stability. Our prepared biosensor has a relatively long quality
guarantee period, and it can ensure the effectiveness and relia-
bility of detection in a period time for practical application.

4. Conclusion

In summary, a sensitive and selective electrochemical biosensor
for the detection of DNA methylation, assay of DNA MTase activity,
and screening of inhibitors was successfully developed. Taking
advantages of the amplification capability of DNA-AuNPs and
the electroactivity of MB that combined with DNA through three
modes of interaction, a relatively lower detection limit of
0.02 U/mL and a wider linear range from 0.075 to 30 U/mL were
achieved. Compared to other electrochemical methods, our
method was simple, selective and sensitive. Furthermore, the
influence of the inhibitor 5-fluorouracil on the activity of Dam
MTase was directly measured. In addition, the proposed analysis
mode had improved generality and could be extended to the
detection of other DNA MTase and the corresponding inhibitor
screening by exchanging the corresponding DNA sequence, which
had significant value to disease diagnosis and drug development
associated with DNA methylation.
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