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Abstract 11 

A promising electrochemical system was explored for DNA methylation detection 12 

according to the construction of a signal-on biosensor. Based on the ingenious design 13 

of probe DNA and auxiliary DNA, methylated target DNA triggered the exonuclease 14 

III (Exo III) digestion of auxiliary DNA from 3′-terminus, resulting in the 15 

conformational change of probe DNA with an electroactive methylene blue (MB) tag 16 

at 5′-terminus. Consequently, the MB tag in the probe DNA was close to the electrode 17 

surface for electron transfer, generating an increased current signal. Because of the 18 

target recycling of methylated DNA, significant signal amplification was obtained. 19 

Moreover, bisulfite conversion conferred an efficient approach for the universal 20 

analysis of any CpG sites without the restriction of specific DNA sequence. As a 21 

result, the target DNA with different methylation statuses were clearly recognized, 22 

and the fully methylated DNA was quantified in a wide range from 10 fM to 100 pM, 23 

with a detection limit of 4 fM. The present work realized the assay of methylated 24 

target DNA in serum samples with satisfactory results, illustrating the application 25 

performance of the system in complex sample matrix. 26 

Keywords: DNA methylation; Electrochemical detection; Conformational change; 27 

Signal amplification. 28 
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1. Introduction 30 

DNA methylation is an essential component of epigenetic modification associated 31 

with many biological processes, such as eukaryote development, cellular 32 

differentiation, and gene expression (Jones and Takai, 2001; Jones and Baylin, 2007; 33 

Schübeler, 2015; Berney and McGouran, 2018). Aberrant DNA methylation in 34 

mammals is associated with various genetic diseases and tumors, including bladder 35 

carcinoma, breast cancer, colon tumor, and prostate cancer (Ushijima, 2005). 36 

Consequently, accurate and sensitive recognition of DNA methylation is vital for 37 

understanding the mechanism of epigenetic regulation of genetic information and 38 

molecular pathology for early cancer diagnosis (Wang et al., 2010; Heyn and Esteller, 39 

2012). Restriction enzyme-based detection and bisulfite conversion analysis are two 40 

important recognition methods. Restriction enzymes catalyze the scission reaction of 41 

unmethylated DNA, while they are limited to analyzing specific base sequences 42 

(Zhou et al., 2016). In bisulfite conversion analysis, cytosine is converted to uracil, 43 

whereas methylated cytosine remains unchanged in any DNA sequence (Feng et al., 44 

2008). Therefore, bisulfite conversion analysis can expand the scope of the detection 45 

target for DNA methylation analysis (Kato et al., 2011). 46 

Electrochemical detection methods are simple, fast, selective, and suitable for 47 

real-time in situ assays, and have thus attracted substantial attention for analyzing 48 

DNA methylation (Kato et al., 2008; Tanaka et al., 2007; Feng et al., 2019; Liu et al., 49 

2011; Li et al., 2012; Tsutsui et al., 2011; Wang et al., 2013; Wang et al., 2015; Gao 50 

et al., 2018). For example, Muren and Barton developed a multiplexed chip platform 51 

for a robust, nonradioactive assay of bacterial and human methyltransferase activity 52 
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(Muren and Barton, 2013). Moreover, an innovative secondary electrode array 53 

sensing system was designed for analyzing colorectal tumor tissue based on 54 

low-density DNA monolayer patterning and DNA charge transport (Furst et al., 2014). 55 

Interestingly, Kurita et al. reported the on-chip evaluation of cytosine methylation 56 

level in genomic DNA using an excellent nanocarbon film electrode with 57 

nanocrystalline structure (Kurita et al., 2017). We used bisulfite conversion to develop 58 

a label-free electrochemical biosensor for profiling the methylation information of the 59 

p53 gene according to the current signal of a [Ru(NH3)6]
3+ indicator (Wang et al., 60 

2012). Recently, the methylation status of a tumor suppressor gene was assessed 61 

rapidly in human serum and tissue samples with elegant results using 62 

immunomagnetic beads (Povedano et al., 2018). Although these approaches obtained 63 

DNA methylation information, the improvement of sensitivity is highly required 64 

because DNA samples are tiny in many diagnostic scenarios. 65 

An electrochemical DNA (E-DNA) sensor based on the hybridization-induced 66 

conformational change of a redox-tagged stem-loop DNA probe has been developed 67 

for bioassays (Xiao et al., 2007a; Xiao et al., 2007b). Compared with cumbersome 68 

traditional sensors, the E-DNA sensor provided a convenient, reagentless, and 69 

single-step DNA detection method (Xiao et al., 2005; Xiao et al., 2006), which was 70 

suitable for real-world oligonucleotide detection. Fan et al. pioneered a signal-off 71 

E-DNA sensor for the sequence-specific detection of DNA, in which target binding 72 

reduced the redox current (Fan et al., 2003). Ricci et al. confirmed that the E-DNA 73 

signal arose from the hybridization-linked conformational change, which altered the 74 
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electron transfer efficiency between the redox moiety and the electrode surface (Ricci 75 

et al., 2007). However, these methods suffered from limited signal gain; no more than 76 

100% of the original current could be obtained. Moreover, surrounding contaminants 77 

also produced false positives, which were difficult to distinguish from the signal 78 

change arising from the intended target (Xiao et al., 2005; Cash et al., 2009). In 79 

consideration of the above problems from signal-off E-DNA system, it is necessary to 80 

design a signal-on E-DNA sensor, which can increase the signal response after target 81 

recognition. 82 

To achieve a highly sensitive electrochemical biosensing system, various 83 

amplification strategies have been explored, such as polymerase chain reaction (PCR) 84 

(Clark et al., 2006; Burke et al., 2009), hybridization chain reaction (HCR) (Chen et 85 

al., 2019), DNA structure-based assembly (Li et al., 2013; Zhou et al., 2017), and 86 

rolling circle amplification (RCA) (Bi et al., 2013; Gao et al., 2017). These recycling 87 

amplification systems are mainly used for recycling probes, signals, and targets. 88 

Target regeneration is a promising recycling amplification strategy, in which a single 89 

target could produce multiple binding events. For example, exonuclease III (Exo 90 

III)-assisted target recycling amplification allowed the recognition of the blunt 91 

3′-terminus of a molecular beacon in a double-stranded DNA probe and the selective 92 

digestion of a molecular beacon (Zuo et al., 2010; Xiong et al., 2015). Consequently, 93 

the autonomous generation of target DNA allowed continuous hybridization, resulting 94 

in higher sensitivity and a lower detection limit. 95 
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In this work, we developed a signal-on E-DNA biosensor sensitized with Exo 96 

III-assisted recycling strategy for analyzing DNA methylation. In this approach, one 97 

terminus of the stem-loop probe DNA was modified with a thiol group that bound 98 

chemically to the Au nanoparticles (nano-Au) modified electrode via an Au–S bond. 99 

The other terminus was covalently modified with a methylene blue (MB) tag. After 100 

the introduction of auxiliary DNA, the stem-loop structure of the probe DNA opened 101 

to form double-stranded probe DNA/auxiliary DNA with a rod-like structure, 102 

sequestering MB from the electrode surface, and exhibiting a lower current signal. 103 

The methylated cytosine in target DNA remained unchanged after the treatment of 104 

bisulfite. Hence, upon the addition of methylated target DNA, probe DNA/auxiliary 105 

DNA/methylated target DNA complex was formed through complementary 106 

hybridization. With the help of Exo III, the auxiliary DNA was digested from the 107 

3′-terminus, and the released methylated target DNA would hybridize with another 108 

auxiliary DNA. The continuous hybridization of methylated target DNA constantly 109 

triggered digestion, resulting in large signal amplification. Consequently, the 110 

stem-loop structure of the probe DNA was regenerated, and the rate at which the MB 111 

tag hit the electrode surface was improved, increasing the electron transfer and 112 

Faradic current (“signal-on” status). Therefore, based on the target-induced 113 

conformational change of the MB tag-bound probe DNA, signal transduction for 114 

methylated target DNA analysis with a detectable increase in redox current was 115 

achieved. 116 

2. Experimental 117 
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2.1. Reagents and apparatus 118 

Trihydrate chloroauric acid (HAuCl4·3H2O), tris(2-carboxyethyl) phosphine 119 

hydrochloride (TCEP), K3[Fe(CN)6], and K2[Fe(CN)6] were obtained from 120 

Sigma-Aldrich (St. Louis, MO, USA), and used without further purification. Exo III 121 

was purchased from Takara Biotechnology Co., Ltd (Dalian, China). Phosphate 122 

buffered solution (PBS; pH 7.4) was prepared by mixing stock solutions of 0.1 M 123 

KH2PO4, Na2HPO4, and NaCl. Unless otherwise stated, all reagents were of analytical 124 

grade, and all aqueous solutions were prepared with ultrapure water obtained from a 125 

Millipore water purification system (resistivity ≥ 18.2 MΩ·cm). All sequences of 126 

oligonucleotides from Sangon Biological Engineering Technology and Services Co., 127 

Ltd. (Shanghai, China) were listed in Table S1. 128 

All electrochemical measurements, including differential pulse voltammetry 129 

(DPV), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS), 130 

were performed on a CHI 660E electrochemical workstation (Chenhua, Shanghai, 131 

China) at room temperature. A conventional three-electrode cell was used in all 132 

experiments, in which a bare or modified glassy carbon electrode (GCE), a 133 

silver/silver chloride electrode, and a platinum wire served as a working electrode, 134 

reference electrode, and counter electrode, respectively. 135 

2.2. Electrode preparation and modification 136 

Prior to surface modification, the GCE was polished with 1.0, 0.3, and 0.05 µm 137 

alumina slurries, followed by successive sonication in ethanol and ultrapure water for 138 



8 
 

5 min. After cleaning, the nano-Au film was deposited in situ on the GCE surface by a 139 

CV scan from 0.20 to –1.0 V in pH 7.4 PBS containing 0.25 mg mL–1 HAuCl4 at 50 140 

mV s–1 for 12 cycles. Subsequently, the resulting electrode was incubated with 100 141 

µL of 1 µM probe DNA at 4 °C overnight to graft probe DNA onto the electrode 142 

surface through Au–S bonds. Before incubation, the thiolated probe DNA was 143 

activated by 10 mM TCEP to break the S–S bond, followed by purification with a 144 

Millipore centrifugal filter to remove the excess TCEP. After rinsing, the probe 145 

DNA/nano-Au/GCE was submerged in 100 µL of 1 µM auxiliary DNA, yielding 146 

auxiliary DNA/probe DNA/nano-Au/GCE. 147 

2.3. Analytical procedure 148 

The auxiliary DNA/probe DNA/nano-Au/GCE was submerged in 100 µL of 10 149 

mM Tris-HCl solution (pH 8.0, 50 mM NaCl, 10 mM MgCl2) containing 0.4 unit µL–1 150 

Exo III and target DNA with different methylation statuses for 2 h. Then, the target 151 

DNA recycling amplification was triggered. According to our previous work (Wang 152 

et al., 2012), the target DNA was treated with bisulfite to convert unmethylated 153 

cytosine to uracil before incubation. Finally, after rinsing thoroughly, the sensing 154 

interface as an electrochemical biosensor was detected in 0.1 M pH 7.4 PBS under a 155 

nitrogen atmosphere. To record the electrochemical response, DPV was performed 156 

from –0.8 to 0.2 V with the following experimental parameters: amplitude, 50 mV; 157 

pulse width, 0.05 s; sampling width, 0.0167 s; and pulse period, 0.2 s. 158 

3. Results and discussion 159 
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3.1. Construction of the signal-on E-DNA sensor 160 

Scheme 1 shows schematics of the construction of the electrochemical sensing 161 

platform, the Exo III-assisted target recycling amplification, and the target-induced 162 

conformational change of the electrode-bound oligonucleotides. The stem-loop 163 

structural probe DNA modified with a thiol group at the 3′ end was immobilized on 164 

the nano-Au modified GCE via an Au–S bond. The probe had an MB tag at the 5′ 165 

end. Upon hybridization with complementary auxiliary DNA, the stem-loop structure 166 

of the probe DNA was broken, and a rigid double-stranded conformation was formed 167 

between the probe DNA and one terminus of the auxiliary DNA. Single-stranded 168 

DNA formed from the other terminus of the auxiliary DNA. Thus, there was a large 169 

distance between the MB tag and the electrode surface, reducing electron transfer 170 

efficiency, and decreasing the apparent Faradic current. For target DNA with different 171 

methylation states, bisulfite treatment converted unmethylated cytosine to uracil, 172 

leaving methylated cytosine intact (Feng et al., 2008). The methylated target DNA 173 

hybridized with the remaining single-stranded segment of auxiliary DNA, forming a 174 

probe DNA/auxiliary DNA/target DNA complex. It was proved that Exo III could 175 

selectively cleave double-stranded DNA from the 3′-OH blunt or recessed end, and 176 

showed limited activity for the 3′-overhang end of double-stranded DNA or 177 

single-stranded DNA (Zuo et al., 2010; Xiong et al., 2015). In the present study, Exo 178 

III cleaved and digested the complex on the electrode surface from the 3′-OH blunt 179 

end of the auxiliary DNA. After digestion, the target DNA spontaneously dissociated 180 

from the probe DNA/auxiliary DNA/target DNA complex, and then the dissociated 181 
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target DNA was reused in the next reaction cycles. Based on Watson-Crick base-pair 182 

behavior, the stem-loop structure of the probe DNA was reformed again, forcing the 183 

redox tag into close proximity with the electrode surface. After sufficient signal 184 

amplification, the rate at which the redox tag (MB) hit the electrode surface was 185 

increased, resulting in efficient electron transfer and an increase in the apparent 186 

Faradic current. In contrast, for unmethylated DNA, the Exo III cleavage activity was 187 

much lower for the mismatched DNA structure, and the MB tag was further from the 188 

electrode surface, resulting in a weak current response. 189 

Scheme 1 190 

3.2. Electrochemical characteristics of the signal-on E-DNA sensor 191 

CV and EIS were employed to characterize the stepwise modification of an 192 

electrode surface with a [Fe(CN)6]
3–/4– probe. The diameter of the high-frequency 193 

semicircle can be used to evaluate the interfacial charge transfer resistance (Rct), 194 

which controlled the electron transfer kinetics of the redox reaction at the electrode 195 

surface. As shown in Fig. 1, compared with bare GCE (curve a), nano-Au/GCE (curve 196 

b) presented an increase in peak current in CV and an almost straight line with much 197 

lower resistance in EIS. These results were explained by the high conductivity of 198 

nano-Au (see Fig. S1 for morphological characterization), which increased the 199 

electron transfer rate and increased the effective area of the electrode. The successive 200 

assembly of probe DNA (curve c) and auxiliary DNA (curve d) on nano-Au/GCE 201 

decreased the current signal and increased the Rct value owing to the electrostatic 202 
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repulsion between the electroactive [Fe(CN)6]
3–/4– probe and the negatively charged 203 

DNA backbone. Nevertheless, after further treatment with methylated target DNA in 204 

the presence of Exo III (curve e), the CV signal increased dramatically, and the Rct 205 

value decreased simultaneously. The continuous cleavage process in the Exo 206 

III-assisted target DNA recycling digested the auxiliary DNA into mononucleotides, 207 

which was accompanied by a decrease in the negative charge of the electrode 208 

interface. Therefore, the interface charge transfer was increased. The CV 209 

measurements and EIS responses confirmed that the sensor was fabricated as 210 

intended. 211 

Fig. 1 212 

3.3. Feasibility of the signal-on E-DNA sensor 213 

To verify the feasibility of the signal-on E-DNA sensor for analyzing DNA 214 

methylation status, methylated DNA and wild type DNA without methylation were 215 

assayed. As shown in Fig. 2A, in the presence of complementary methylated target 216 

DNA (curve a), the peak current was much higher than that of wild type DNA (curve 217 

b). The hybridization of methylated target DNA triggered the selective cleavage and 218 

digestion of the double-stranded DNA from the 3′-OH blunt terminus of auxiliary 219 

DNA, resulting in the regeneration of hairpin structure in the probe DNA. Thus, the 220 

MB-modified end of the probe DNA was close to the electrode surface, producing up 221 

to a 4.6-fold increase in redox current. 222 

Fig. 2 223 
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To validate the Exo III-assisted target recycling amplification strategy, a series of 224 

control experiments were performed. As shown in Fig. 2B, a well-defined DPV peak 225 

was observed in the presence of target DNA and Exo III (curve a). However, in the 226 

absence of Exo III (curve b) or target DNA (curve c), weak DPV responses were 227 

obtained, which were similar to that of auxiliary DNA/probe DNA/nano-Au/GCE 228 

treated only with Tris-HCl solution (curve d). These results indicated that the 229 

methylated target DNA triggered cleavage by Exo III, and the signal-on E-DNA 230 

sensor was suitable for analyzing target DNA. 231 

3.4. Recognition of methylation sites 232 

An important challenge in the DNA methylation assay was the identification of 233 

methylation position. Therefore, the recognition behavior of the signal-on E-DNA 234 

sensor was investigated by measuring the peak current responses to a series of DNA 235 

sequences with different methylation sites. The DNA sequences with different 236 

methylation status, including unmethylated target DNA, fully methylated target DNA, 237 

head hemimethylated target DNA, and middle hemimethylated target DNA, were 238 

pretreated with bisulfite. As depicted in Fig. 3, unmethylated target DNA exhibited a 239 

weak current signal (curve a), whereas the highest peak current was observed for 240 

hybridization with the fully methylated target DNA (curve b). Compared with 241 

unmethylated target DNA, the peak current increased slightly for head 242 

hemimethylated target DNA (curve c), and the middle hemimethylated target DNA 243 

showed only a small current change (curve d). In particular, the peak current in curve 244 
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c (mC in the head of the sequence) was higher than that of curve d (mC in the middle 245 

of the sequence), because a mismatch in the middle of the target DNA has a greater 246 

effect on the duplex stability (Wang et al., 2012). These results indicated that the 247 

signal-on E-DNA sensor selectively recognized the methylation site of the target 248 

DNA. 249 

Fig. 3 250 

3.5. Optimization of Exo III concentration and reaction time 251 

To improve the detection sensitivity, the experimental conditions were optimized. 252 

Fig. 4A shows the effect of Exo III concentration on the current response for the 253 

detection of 50 pM methylated target DNA. The current signal increased with the 254 

increase in Exo III concentration, and reached a plateau at 0.4 unit µL–1. The result of 255 

a time-course experiment for the Exo III-assisted recycling amplification time is 256 

presented in Fig. 4B. The current signal increased with the increase in Exo III reaction 257 

time before 120 min. The continuously increasing current signal demonstrated that 258 

Exo III-assisted autocatalytic target recycling is feasible. Thus, the optimal Exo III 259 

concentration of 0.4 unit µL–1 and autocatalytic reaction time of 120 min were chosen 260 

for further analytical experiments. 261 

Fig. 4 262 

3.6. Analytical applications 263 
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The sensing behavior of the signal-on E-DNA sensor for methylated DNA 264 

detection was measured under the optimal experimental conditions. As shown in Fig. 265 

5A, the peak current of MB increased with the increase in the concentration of 266 

methylated target DNA. The increase in peak current (∆I = I – I0, where I and I0 are 267 

the electrochemical responses of the signal-on E-DNA sensor in the presence and 268 

absence of methylated target DNA, respectively) showed a linear relationship with the 269 

logarithmic value of the methylated target DNA concentration ranging from 10 fM to 270 

100 pM, with a correlation coefficient of 0.997 (Fig. 5B). The limit of detection (LOD) 271 

was calculated to be 4 fM based on the equation LOD = 3S/m, where S is the standard 272 

deviation of blank determinations and m is the slope of calibration curve (Radi et al., 273 

2006; Miao et al., 2018; Labib et al., 2012; Wang et al., 2017). This result was 274 

attributed to the excellent physicochemical properties of nano-Au and the Exo 275 

III-assisted target recycling amplification strategy. Moreover, the relative standard 276 

deviation of six independently fabricated sensors for the detection of 50 pM 277 

methylated target DNA was 4.2%, indicating acceptable precision and fabrication 278 

reproducibility. Table S2 lists the analytical parameters for the DNA methylation 279 

assay of the signal-on E-DNA sensor and reference works (Huertas et al., 2018; Luo 280 

et al., 2019; Jiang et al., 2018; Sotgia et al., 2010; Sui et al., 2019; Sadeghan et al., 281 

2018; Zhu et al., 2013; Povedano et al., 2019; Daneshpour et al., 2016; Dai et al., 282 

2013; Hong et al., 2018). The signal-on E-DNA sensor had a relatively lower LOD 283 

and wider dynamic concentration response range. 284 

Fig. 5 285 
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To evaluate the practical application of the signal-on E-DNA sensor in a complex 286 

sample matrix, a recovery test was performed by spiking 20% human blood serum 287 

with fully methylated target DNA to simulate a real sample. The human blood serum 288 

samples were provided by healthy volunteers in Xuzhou Central Hospital in Jiangsu 289 

Province, China. For samples spiked with 100 fM, 1 pM, and 10 pM fully methylated 290 

target DNA, the recoveries were 95.6%, 103.5%, and 97.2%, respectively, 291 

demonstrating high selectivity and suitability of the signal-on E-DNA sensor for real 292 

sample analysis. 293 

3.7. Interference investigation 294 

To investigate the influences of interferences on the assay of target DNA, a 295 

variety of foreign substances were added into 50 pM methylated target DNA for 296 

electrochemical detection. It was revealed that 100-fold concentration of the 297 

following ions exhibited negligible interferences on the determination (signal 298 

variations < 3%): Na+, Ca2+, K+, Cu2+, Fe3+, Cl−, HCO3
−, H2PO4

−, NO3
−, and SO4

2−. 299 

The effects of some proteins and electroactive biological molecules were also tested. 300 

The results indicated that the current changes of MB were lower than 5% of the 301 

original signal after the introduction of 50-fold concentration of hemoglobin, 302 

thrombin, and telomerase. Although electroactive molecules of dopamine, uric acid, 303 

and norepinephrine could be oxidized at the sensing interface, their oxidation 304 

potentials were far from the reduction potential of MB, resulting in no significant 305 

interfere behavior in a 100-fold concentration (signal changes < 5%). 306 
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4. Conclusions 307 

We proposed a signal-on electrochemical biosensing platform for sensitive 308 

recognition and detection of DNA methylation. In light of bisulfite conversion, the 309 

DNA methylation information was translated into nucleic acid sequence information, 310 

which provided a promising strategy for the hybridization detection of target DNA 311 

methylation. With the assistance of auxiliary DNA, the Exo III-based recycling 312 

amplification was triggered by target DNA hybridization, causing the conformational 313 

rearrangement of probe DNA from a rod-like to a stem-loop structure. As a result, the 314 

redox tag was forced into close proximity with the electrode surface, facilitating 315 

efficient electron transfer, and generating a large increase in the observed Faradic 316 

current. Owing to the Exo III-assisted target recycling, the signal-on E-DNA sensor 317 

exhibited high sensitivity for methylated target DNA detection, even when challenged 318 

with human blood serum. Moreover, specific methylation sites in the DNA sequence 319 

were clearly recognized due to the difference of the methylated positions in the 320 

molecular structure. Compared with the analytical parameters of various reference 321 

methods, the present assay had a relatively wider linear range and lower LOD, 322 

indicating the advantages and effectiveness of the biosensing system. 323 
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Captions and Legends 418 

Scheme 1. Schematic illustration of the signal-on E-DNA sensor for DNA 419 

methylation detection based on the target-induced conformational change of the DNA 420 

probe and Exo III-assisted target recycling. 421 

Fig. 1. (A) CV curves and (B) EIS plots recorded at different stages of the working 422 

electrode in 5 mM [Fe(CN)6]
3–/4– containing 0.1 M KCl: bare GCE (a); nano-Au/GCE 423 

(b); probe DNA/nano-Au/GCE (c); auxiliary DNA/probe DNA/nano-Au/GCE (d); 424 

and auxiliary DNA/probe DNA/nano-Au/GCE incubated with 10 mM Tris-HCl 425 

solution containing 0.4 unit µL–1 Exo III and 50 pM target DNA (e). 426 

Fig. 2. (A) Background-subtracted DPV responses of the auxiliary DNA/probe 427 

DNA/nano-Au/GCE incubated with Tris-HCl solution containing 0.4 unit µL–1 Exo 428 

III and 50 pM methylated target DNA (a) and 50 pM wild type unmethylated target 429 

DNA (b). (B) Background-subtracted DPVs obtained upon analyzing 50 pM 430 

methylated target DNA in the presence of 0.4 unit µL–1 Exo III (curve a). Curves b to 431 

d: control experiments performed with no Exo III (b), no methylated target DNA (c), 432 

and no methylated target DNA or Exo III (d). 433 

Fig. 3. Background-subtracted DPVs of the signal-on E-DNA sensor for the analysis 434 

of 1 pM unmethylated target DNA (a), fully methylated target DNA (b), head 435 

hemimethylated target DNA (c), and middle hemimethylated target DNA (d). 436 

Fig. 4. Effects of (A) Exo III concentration and (B) Exo III-assisted autocatalytic 437 

recycling time on the DPV responses toward 50 pM methylated target DNA. 438 

Fig. 5. (A) Background-subtracted DPVs of the signal-on E-DNA sensor for the 439 

detection of methylated target DNA at 10 fM (a), 100 fM (b), 500 fM (c), 1 pM (d), 440 

10 pM (e), 50 pM (f), and 100 pM (g). (B) Linear relationship between the current 441 

increment and the logarithm of the methylated target DNA concentration. 442 

443 
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Fig. 2 449 
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Fig. 3 451 
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Fig. 4 453 
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Fig. 5 455 



Highlights 

• A signal-on electrochemical biosensor was developed to investigate DNA 

methylation based on the conformational change of a DNA probe. 

• Exo III-assisted signal amplification allowed femtomolar detection of 

methylated target DNA. 

• The proposed method exhibited advantages of convenience, low cost, and high 

sensitivity. 

• This sensing system may be useful for epigenetic evaluation and fundamental 

biochemistry research. 
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