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ABSTRACT: DNA methylation is a key factor in the pathogenesis of gene
expression diseases or malignancies. Thus, it has become a significant
biomarker for the diagnosis and prognosis of these diseases. In this paper, we
designed an ultrasensitive and specific electrochemical biosensor for DNA
methylation detection. The platform consisted of stem−loop−tetrahedron
composite DNA probes anchoring at a Au nanoparticle-coated gold electrode,
a restriction enzyme digestion of HpaII, and signal amplification procedures
including electrodeposition of Au nanoparticles, hybridization chain reaction,
and horseradish peroxidase enzymatic catalysis. Under optimal conditions, the
design showed a broad dynamic range from 1 aM to 1 pM and a detection
limit of about 0.93 aM. The approach also showed ideal specificity,
repeatability, and stability. The recovery test demonstrated that the design
is a promising platform for DNA methylation detection under clinical
circumstances and could meet the need for cancer diagnosis.

KEYWORDS: DNA methylation, hybridization chain reaction, biosensor, DNA tetrahedral nanostructure probe,
multiple signal amplification

■ INTRODUCTION

DNA methylation, in which the 5-methylcytosine (5-mC) is
catalyzed by the DNA methyltransferase, is confirmed to be a
key factor in mammalian development and the silencing of gene
expression, and many studies have verified that DNA
methylation is relevant to the pathogenesis of many diseases,
such as diabetes, genetic diseases, and malignancies; therefore,
the identification of DNA methylation has great significance for
the prediction and prognosis of these diseases.1−7 In the past
decades, numerous approaches have been widely used for the
identification of DNA methylation, such as sequencing analysis,
methylation-specific polymerase chain reaction, high-perform-
ance liquid chromatography, etc.8−11 These conventional
methods generally demand costly instruments or intricate
analysis procedures, and therefore, establishing a fast, precise,
stable, low-cost method to analyze the methylation in CpG
dinucleotides is necessary; however, electrochemical biosensing
strategies have the above-mentioned advantages and a high
sensitivity with a low detection limit.12,13 Furthermore, owing to
its ability to achieve multitarget analysis,14 the development of

electrochemical biosensing detection of epigenetic factors has
successfully attracted considerable attention from researchers.
Based on the Watson−Crick complementary base-pairing

theory, the construction of the capture probe is vital for the
specificity and sensitivity of electrochemical DNA biosensors
(E-DNA sensor). Thiolated single-stranded DNA (ssDNA)
probes are commonly used as the recognition element as they do
not contain secondary structures and can readily self-assemble
on gold surfaces.15 However, the density and orientation of
ssDNA probes are not easy to control, which have strong
impacts on the hybridization efficiency between the capture
probes and the target sequences.16 Recent studies show that the
tetrahedral DNA nanostructure probe (TSP) is becoming the
mainstream of capture probe construction in E-DNA
sensors.17−19 TSP, shaped like a pyramid scaffold, is synthesized
from three thiolated DNA sequences and one probe-containing
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DNA sequence.15,20 Compared with the conventional ssDNA
probe, TSP is superior in the following aspects: the three
thiolated sequences can achieve the TSP anchoring more easily
at the electrode surface and greatly enhance its stability; the
scaffold of TSP can enlarge the probe-to-probe space, which can
facilitate the orientation and density of capture probes, thus
avoiding interprobe entanglement; moreover, TSP modification
has an excellent passivation effect on the electrode surface,
which can prevent the nonspecific adsorption of small
molecules.15,19,21,22

However, basic E-DNA sensors may not be able to detect the
target sequences of trace concentrations or within complex
components; therefore, signal amplification procedures are
extensively used in establishing biosensing strategies. Nanoma-
terials such as metallic nanoparticles, multiwall carbon nano-
tubes, magnetic beads, or reduced graphene oxide are widely
used.23−26 Enzymatic amplification is also widely used in
fabricating biosensors.17,27 Horseradish peroxidase (HRP) is
one of the most popular redox enzymes for its stability,
efficiency, and relatively low cost.17 After conjugating with the
probe−target complex through covalent interactions such as
biotin−avidin or antigen−antibody immunoreaction, the HRP
can anchor at the surface of the working electrode, and thus, it
could catalyze the redox reactions and amplify the electro-
chemical signal.15,28 In addition, since the target molecules of
the E-DNA sensor are nucleic acids of specific sequences, in
vitro nucleic acid amplification techniques can be employed in
the E-DNA sensor as well, such as the hybridization chain
reaction (HCR), ligase chain reaction, etc.29−31

The DNA methylation biosensing platform is established by
combining the E-DNA biosensor with certain methylation-

specific analytical methodologies. For now, these methods
generally fall into three main categories: restriction endonu-
clease-based, immunoreaction-based, and bisulfite conversion-
based.32 Bisulfite conversion is a classical and popular method
for DNA methylation detection and many DNA methylation
biosensors are established based on it.33−35 However, the
bisulfite conversion process may lead to a low conversion
efficiency, false results, a longer assay time, and irreversible
changes of the target sequence,6 which can lead to the loss of
targets;32,36 therefore, the other two types are more commonly
used. By employing methylation-specific antibodies, the
immunosensor could accomplish DNA methylation measure-
ment.26,28,37 Methylation-specific restriction endonucleases,
such as the DpnI or HpaII, can cleave unmethylated DNA
only,25,38,39 and thus, a distinguishable electrochemical signal
between unmethylated and methylated DNA sequences can be
obtained.
Herein, we propose an ultrasensitive electrochemical

biosensor for DNA methylation detection (Scheme 1). A Au
nanoparticle (AuNP)-coated gold disk electrode was modified
with TSP, whereas the linear ssDNA capture probe at the vertice
of the TSP was replaced with a stem−loop capture probe.40 The
stem−loop capture probe could enhance the specificity of the
biosensor,41 leading to an ideal signal-to-noise ratio in
biosensing strategies. After hybridizing with the target sequence,
which had a palindrome sequence of 5′-C-C-G-G-3′, the
digestion procedure of HpaII was carried out. The digestion
was blocked when the target sequence was methylated or else
the unmethylated target was digested and rinsed away.38,42

Then, the HCR and HRP amplifications were performed, and
finally, a distinguishable signal could be attained, representing

Scheme 1. Schematic Illustration of the Multiple Signal Amplification Biosensing Detection for DNA Methylation
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the different methylation status of the target sequences. In
summary, due to the multiple signal amplification procedures
and methylation-sensitive restriction enzyme treatment, this
approach could be a reliable solution for the measurement of
DNA methylation.

■ EXPERIMENTAL SECTION
Materials and Reagents. All DNA sequences were synthesized

and purified by Shanghai Sangon Biotechnology (Shanghai, China).
The base sequences of the oligonucleotides are shown in Table S1, and
the recognition sites forHpaII endonuclease are presented in bold italic
type. Phosphate buffered saline (PBS, pH 7.2−7.4) and Tris−
ethylenediaminetetraacetic acid buffer (TE, pH 8.0) were purchased
from Beijing Dingguo Changsheng Biotechnology (Beijing, China).
The tetramethylbenzidine (TMB) substrate (enhanced K-Blue, in the
format of a ready-to-use reagent with long-term stability, H2O2
included) was supplied by Neogen (Lexington, KY). Streptavidin−
horseradish peroxidase (S−HRP) was purchased from Sigma-Aldrich
(St. Louis). Restriction endonuclease HpaII and CutSmart buffer were
supplied by New England Biolabs (Ipswich, MA). Bovine serum
albumin (BSA) was purchased from Genview (Beijing, China).
HAuCl4·3H2O was purchased from J&K Chemical (Beijing, China).
Tris(2-carboxyethyl)phosphine (TCEP) was purchased from Shanghai
Sangon Biotechnology (Shanghai, China). All chemicals were used
without further purification. Other reagents were of analytical reagent

grade and purchased from Sinopharm Chemical Reagent (Shanghai,
China). All of the aqueous solutions were prepared with ultrapure water
(18.2 MΩ cm resistivity) from a Huachuang DLH1-40L-D system
(Chongqing, China).

The apparatus involved in this study is given in the Supporting
Information.

Synthesis of the DNA Tetrahedral Nanostructure Probe. The
four tetrahedral nanostructured probe oligonucleotides (S1−S4) were
dissolved in TE buffer to obtain the 50 μM stock solutions (stored at
−20 °C). Each oligonucleotide (1 μL) was added to a centrifuge tube
coupled with 41 μL of TM buffer (20 mM Tris and 50 mMMgCl2, pH
8.0) and 5 μL of TCEP solution (30 mM TCEP in ultrapure water).
The DNA probemixture was then heated to 95 °C for 2 min and cooled
to 4 °C over 30 s; afterward, the 1 μM TSP working solution was
successfully synthesized.19

Biosensing Interface Fabrication. The 2 mm-diameter poly-
crystalline gold electrode was polished with 0.5 and 0.05 μm alumina
slurry, respectively, on chamois leather, and then sonicated in ultrapure
water, ethanol, and ultrapure water for 5 min successively. After dipping
in Piranha solution (98% H2SO4 and 30% H2O2, v/v = 3:1; Caution:
this solution is highly corrosive and the mixing process is extremely
exothermic; great care should be taken) for over 15 min, electro-
chemical cleansing of the electrode was carried out in 0.5 M H2SO4

until a reduplicative curve was achieved. Thus, the bare gold electrode
was completely cleansed and could be used for the electrodeposition of

Figure 1. (A) PAGE image of TSP: laneM, 25 bp ladder; lane 1, S1; lane 2, S3; lane 3, S4; lane 4, S1 + S2; lane 5, S1 + S4; lane 6, S2 + S3; lane 7, S1 + S2
+ S3; lane 8, S2 + S3 + S4; lane 9, S1 + S2 + S3 + S4. (B) AFM imaging of TSP on freshly cleaved mica. (C) Cyclic voltammograms (CV) of the bare
gold electrode (solid) and the AuNP-coated gold electrode (dash) in 0.5 M H2SO4 (scan rate: 50 mV/s). (D) Scanning electron microscopy (SEM)
image of the AuNP-coated gold electrode; scale bar: 300 nm. Inset shows the enlarged image of the yellow frame area; scale bar: 50 nm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b20144
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b20144/suppl_file/am8b20144_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b20144/suppl_file/am8b20144_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b20144/suppl_file/am8b20144_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b20144


AuNPs. The electrodeposition was carried out by immersing the
electrode into HAuCl4 solution (10 mM HAuCl4 and 0.5 M H2SO4 in
ultrapure water) to get a larger specific surface area. Afterward, 4 μL of
freshly synthesized TSP working solution was pipetted on the surface of
the AuNP-coated gold electrode. The electrode was then capped with a
plastic cap to prevent the solution from drying out and incubated at
room temperature for 3 h. This step was followed by rinsing thoroughly
with 1× PBS and ultrapure water, respectively, to remove the
nonspecific adsorbed TSP.
Hybridization with the Target and Enzymatic Digestion. Ten

microliters of the target sequence (concentration ranging from
attomolar to nanomolar) in hybridization buffer (20 mM MgCl2 and
1 M NaCl in 10× PB, pH 7.4) were pipetted on the surface of the
electrode and incubated at 37 °C for 1 h. After rinsing thoroughly with
1× PBS and ultrapure water, methylation-specific digestion was
performed in 1× CutSmart buffer (50 mM KAc, 20 mM Tris−Ac, 10
mMMg(Ac)2, 100 μg/mL BSA, pH 7.9) containing 50 U/mLHpaII at
37 °C for 2 h. Thereafter, the electrode was again rinsed thoroughly
with 1× PBS and ultrapure water, respectively.
Signal Amplification and Electrochemical Detection. Prior to

the HCR, 1 μMH1 and H2 (in TE buffer) were heated separately to 95
°C for 5 min and cooled on ice for 15 min subsequently, and thenmixed
together in 1× SPSC buffer (1 M NaCl, 50 mM NaH2PO4, pH 7.5) to
get a concentration of 0.1 μM before use. The HCR was carried out by
pipetting 15 μL of the H1/H2 mixture on the electrode surface and
incubating at 37 °C for 2 h. After rinsing thoroughly with 1× PBS and
ultrapure water, respectively, the 0.01 mg/mL S−HRP solution (1×
PBS with 1% BSA and 0.5% casein) was pipetted to the electrode
surface and incubated for 15 min at room temperature. The electrode
was rinsed with 1× PBS and ultrapure water, respectively, and then it
was ready for the electrochemical measurements in TMB solution.

■ RESULTS AND DISCUSSION
Characterization of TSP. The TSP was synthesized from

four oligonucleotides S1−S4 and then analyzed by 10%
polyacrylamide gel electrophoresis (PAGE). We employed
different combinations of the four oligonucleotides to prove the
successful formation of the TSP products. Figure 1A
demonstrates that the successfully synthesized TSP was moving
significantly slower than any other combinations due to its
complex three-dimensional structure.19,43 We also employed
atomic force microscopy (AFM) to characterize TSP by
pipetting it on a freshly cleaved mica chip. The image (Figure
1B) illustrates that the height of the successfully fabricated TSP
is about 4.73 nm, which is close to the theoretical value (4.72
nm).
Characterization of the Electrochemical Biosensor.

AuNPs are widely used to enlarge the electroactive surface area
and facilitate the electron mobility of electrochemical
biosensors.13,44 The cyclic voltammograms (CV) of the bare
gold electrode and the AuNP-coated gold electrode in 0.5 M
H2SO4 can be observed in Figure 1C. After electrodeposition of
AuNPs, the reduction peak at about +930 mV was significantly
increased, indicating that a larger electroactive surface area was
obtained. According to the Randles−Sevcik equation, the
electroactive area of the AuNP-coated gold electrode is 2.423
times larger than that of the bare gold electrode.
The SEM image of the AuNP-coated gold electrode is

depicted in Figure 1D. According to the image, the average size
of AuNPs is about 40 nm, demonstrating that a larger superficial
area of the electrode was obtained via the electrodeposition of
AuNPs.
Optimization of the Experimental Conditions. To

achieve the optimal performance of the designed biosensor,
the experimental conditions were optimized. As shown in Figure
2A, the incubation time of TSP is investigated in the range from

0 to 4 h using 1 nM target with chronoamperometry. The
incubation time was related to the density of anchored TSP,
which could influence the hybridization efficiency with the
target sequences. The response signal increased monotonically
along with increasing time and reached the equilibrium status at
3 h; therefore, 3 h was chosen for the biosensor for further
experiments. Besides, the core mechanism of the E-DNA
biosensing detection was based on nucleic acid hybridization;
therefore, we further explored the duration of the hybridization

Figure 2. Chronoamperometric response signals of different exper-
imental conditions: (A) incubation time of TSP, (B) hybridization time
with the target, and (C) digestion time of HpaII endonuclease. The
error bars were obtained from three or more replicate tests.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b20144
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acsami.8b20144


process. As shown in Figure 2B, in the time span from 0 to 2.5 h,
the response signal increases at the outset and reached a climax
at the time of 1 h; hence we chose 1 h as the time of
hybridization. The digestion process of methylation-specific
restriction endonucleases was crucial in this approach, and so we
tested different digestion times as well. As shown in Figure 2C,
the digestion time ofHpaII spans from 0 to 2.5 h. The digestion

process toward unmethylated target sequences was almost
completed at 2 h as its current signal was approximately equal to
that of the blank control; hence, 2 h was chosen as the digestion
time.

Performance of the Electrochemical Biosensor in DNA
Methylation Detection. Cyclic voltammetry and chronoam-
perometry were used to characterize the process of DNA

Figure 3. (A) Validation test of the signal amplification function. (B) Chronoamperometric response signals of the blank control (dot), unmethylated
target (dash), and methylated target (solid). (C) Chronoamperometric response signals of 0 aM, 1 aM, 10 aM, 100 aM, 1 fM, 10 fM, 100 fM, 1 pM, 10
pM, 100 pM, 1 nM, 10 nM, and 100 nMmethylated targets (from top to bottom). The initial potential was 100 mV (vs Ag/AgCl) and the runtime was
100 s. (D) The dose−response curve of different target concentrations. Inset shows the linear relationship between the chronoamperometric signals
and the logarithm of target concentrations from 1 aM to 1 pM. The y and x axes represent the chronoamperometric response signal and the logarithm
of concentrations of the target, respectively, andR stands for the correlation coefficient. The error bars were obtained from three ormore replicate tests.

Table 1. Comparison with Previous Biosensing Studies on DNA Methylationa

no. detection strategy linear range (M)
limit of detection

(M) stability
repeatability

(%) references

1 photoelectrochemistry 1 × 10−13 to 1 × 10−9 3.5 × 10−14 90.28% in 28 days 6.89−7.57 45
2 DPV 1 × 10−15 to 1 × 10−9 1 × 10−16 92.9% in 30 days 6.6−9.1 46
3 DPV 1 × 10−13 to 5 × 10−9 2 × 10−15 stable in 8 weeks 2.4−6.3 47
4 DPV 5 × 10−7 to 2.3 × 10−3 6 × 10−7 93.8−95.9% in 4 weeks 2.9−4.9 48
5 amperometry 3.9 × 10−12 to 5 × 10−10 3 × 10−17 stable in 35 days 3.3 25
6 amperometry 8.7 × 10−11 to 2.5 × 10−9 2.6 × 10−11 no significant decrease during at least 35 days 4.3 28
7 amperometry 4.0 × 10−12 to 2.5 × 10−10 1.2 × 10−12 2.8 26
8 chronoamperometry 1 × 10−18 to 1 × 10−11 9.326 × 10−19 91.97% in 30 days 4.846 this work

aDPVdifferential pulse voltammetry.
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methylation detection. Figure S1 shows the cyclic voltammo-
grams of the biosensor in the TMB substrate. In the blank
control, two pairs of redox peaks demonstrate the redox

reactions of TMB without HRP catalysis.17 In the presence of
target sequences, the conjugated HRPs were brought into the
solution and increased the asymmetric redox peaks at +240 mV.
This evidence illustrated the effective electrocatalysis of HRP
and the successful detection of the target sequences.
To validate the signal amplification behaviors of the designed

biosensor, we investigated and compared the signal enhance-
ment by the AuNPs and the HCR; four groups (1, no
amplification; 2, only AuNPs; 3, only HCR; and 4, AuNPs +
HCR) were set up to be detected with 1 pM methylated target.
As shown in Figure 3A, the chronoamperometric signals of the
four groups were about 437.9, 529.8, 1048, and 1709 nA,
respectively. The chronoamperometric signal of group 4 was
about 3.9, 3.22, and 1.63 times larger than those of groups 1, 2,
and 3, respectively, indicating that the established signal
amplification method was highly effective.
Figure 3B shows the different chronoamperometric signals of

the methylated target (B1) and the unmethylated target (B0)
with the concentration of 1 nM. The results demonstrate that
the fabrication of our biosensor was achieved and the signal-to-
noise ratio was acceptable. Methylated and unmethylated targets
could be discriminated due to the catalysis of HpaII. The
unmethylated target was digested effectively and could not
initiate the HCR or conjugate the S−HRP, leading to a signal
(about 228.2 nA) approximately equal to that the blank control
(about 135.6 nA). Conversely, HpaII could not digest the
recognition site 5′-C-mC-G-G-3′ in a methylated target; thus,
the sticky end of the methylated target could initiate HCR and
further conjugate numerous S−HRP via the biotin tags of H1
and H2 sequences, resulting in a strong chronoamperometric
response signal (about 6315 nA) in the TMB substrate.
We also achieved quantitative measurement of methylated

targets with concentrations ranging from 1 aM to 100 nM
(Figure 3C). Impressively, the current of the 1 aM methylated
target reached 464.4 nA, which was three times larger than that
of the blank control. This indicated that the multiple signal
amplification procedures in our biosensor operated effectively
and could amplify the signal of the target with trace
concentrations. Figure 3D displays the relationship between
the chronoamperometric response signals and the target
concentrations. The targets of various concentrations were
effectively discriminated and the chronoamperometric signals
increased monotonically with the rise of the target concen-
trations. The inset of Figure 3D shows the linear relationship
between the chronoamperometric signals and the logarithm of
target concentrations from 1 aM to 1 pM, which spans 7 orders
of magnitude. The regression equation can be expressed as Y =
4130.28 log C + 206.09 and the detection limit was about 0.93
aM. Both the low detection limit and the board dynamic range
suggested that the ultrasensitive biosensor could be used to
detect DNAmethylation. The comparison with previous studies
on DNAmethylation (Table 1) also suggests that our design is a
reliable approach for DNA methylation detection.

Figure 4. (A) Chronoamperometric response signals of repeat
experiments. (B) Specificity of the biosensor in the detection of
various DNA targets at 1 pM: completely matched target DNA (B1),
single-base mismatched DNA (BC1), and multibase mismatched DNA
(BCx). (C) Chronoamperometric response signals after 0−30 days of
storage at 4 °C.

Table 2. Experimental Results of the Recovery Test in
Human Serum (n = 3)

sample spiked (fM) found (fM) recovery (%) RSD (%)

1 1 1.054 105.43 4.42
2 10 10.31 103.13 1.22
3 20 19.20 96.02 6.74
4 50 50.26 100.52 3.44
5 100 96.88 96.88 4.82
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Repeatability, Specificity, and Storage Stability of the
Electrochemical Biosensor. The repeat experiments were
carried out by measuring 1 pMmethylated target sequence (B1)
five times under the same conditions. The relative standard
deviation (RSD) was about 4.846%, suggesting a practicable
repeatability of the biosensing strategy (Figure 4A).
The specificity experiments were conducted via a set of

measurements of mismatched target sequences. The mis-
matched target sequences included a single-base and a multibase
mismatched methylated DNA. The measurements were
performed with 1 pM targets of each type under the same
conditions. As the results revealed (Figure 4B), facilitated by the
TSP and stem−loop capture probes, the biosensor succeeded in
discriminating even a single-base mismatch in DNA sequences,
demonstrating that the biosensor was of high specificity.
The storage stability was also investigated by preparing and

storing the electrode under the same conditions. The electrodes
were stored at 4 °C, capped with plastic caps, and detected every
10 days. As Figure 4C shows, the response signals decrease
gradually with the storage time extending from 0 to 30 days. The
biosensor lost about 8.03% of its initial response signal,
suggesting the acceptable stability of this platform.
Recovery Test of the Prepared Biosensor. To validate

the performance of the designed approach for DNAmethylation
detection in endogenous biological samples, which is significant
for clinical application, we conducted a series of recovery tests.
Human serum from a healthy volunteer served as the complex
biological system. A certain amount of methylated DNA (B1)
was spiked into the serum and detected undiluted. Table 2
shows the results of the recovery test: the percentage recoveries
of the added DNA varied from 96.02 to 105.43%, with the RSD
ranging from 1.22 to 6.74%, suggesting that the proposed
biosensor is highly resistant to biological interference and
effective toward real sample measurement.

■ CONCLUSIONS

In this paper, an ultrasensitive and specific electrochemical
biosensor for the detection of DNAmethylation was successfully
fabricated. Under the optimal experimental conditions, the
design showed a broad dynamic range from 1 aM to 1 pM and a
detection limit lower than 1 aM. The specificity, stability, and
repeatability were also successfully verified. According to the
results, our design was much more sensitive in the measurement
of DNA methylation compared with other approaches due to
the employment of TSP and HCR, demonstrating that the
design is a reliable electrochemical biosensing method for DNA
methylation detection and could meet the need for cancer
diagnosis at an early stage with trace methylated DNA
concentrations.
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