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Abstract

:

In this work, a novel ratiometric electrochemical readout platform was proposed and developed for the fast and flexible analysis of M.SssI methyltransferase (MTase) activity. In this platform, two hairpin DNAs (H1 and H2) were designed. H1 contains the palindromic sequence of 5′-CCGG-3′ in its stem which could be methylated and hybridize with H2 labeled by methylene blue (MB) as one of the signal reporters on a gold electrode (GE) in the presence of M.SssI MTase. Additionally, a specific immunoreaction was introduced by conjugating an anti-5-methylcytosine antibody, a DNA CpG methylation recognition unit, with 1,3-ferrocenedicarboxylic acid (Fc) as the second signal reporter. The results showed that when the Fc tag approaches, the MB tag was far from the gold electrode surface, resulting in a decrease in the oxidation peak current of MB (IMB) and an increase in the oxidation peak current of Fc (IFc). The ratiometric electrochemical method above shows the linear range of detection was 0 U/mL 40 U/mL with a detection limit of 0.083 U/mL (the mean signal of blank measures þ3s).
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1. Introduction


In the past few decades, the field of epigenetics, that is, heritable changes in gene expression that are not caused by changes in DNA sequences [1], but mainly consist of DNA methylation, RNA-associated silencing, and histone modification [2], has received more and more attention. Among these systems, DNA methylation, as the most well-known epigenetic modification [3,4], has been demonstrated to have an essential role in a broad spectrum of biological processes, including genomic imprinting, gene expression, and X-chromosome inactivation [5,6,7]. Interestingly, only 5′-CG-3′ sequences (cpgs) in DNA are methylated in mammalian animals, in which the transfer of a methyl group from S-adenosyl-methionine (SAM) to the carbon 5 position of cytosine can be catalyzed by DNA methyltransferases (MTase) [8,9]. It should also be noted that a moderate alteration in MTase activity is likely to cause aberrant DNA methylation patterns and those patterns are closely linked to several genetical diseases such as diabetes, hypertension, and cardiopathy, and various types of cancer such as lymphoma, breast cancer, and lung cancer [10,11]. Most importantly, DNA MTase has been shown to be a potential target for the diagnosis and treatment of some diseases, especially as a new biomarker for cancer [11,12,13]. In light of this, it is of great significance to establish a sensitive and accurate assay of MTase activity for the early diagnosis of diseases.



Traditional methods reported in the literature to detect MTase involve quite a wide range of detection methods, such as high-performance liquid chromatography [14], methylation-specific polymerase chain reaction [15], and gel electrophoresis [16]. Though widely used, the majority of these methods suffer from both a laborious and time-consuming nature as well as a requirement for radioactive materials, which is undesirable for routine and real-time monitoring. To overcome the above-as-mentioned problems, some new approaches with real-time and nonradioactive characteristics have been developed such as the colorimetric [17,18,19], fluorescent [20,21,22,23,24,25], photoelectrochemical [26,27], and electrochemical methods [28,29,30,31,32,33,34,35,36,37]. Among them, electrochemical methods, due to their built-in features, such as simplicity, high sensitivity, good selectivity, and low cost [31,38,39], have been proven to be a highly promising method in DNA MTase activity assay. Electrochemical methods can be roughly categorized into two types of strategies, “signal-off” and “signal-on”. Wang and co-workers [34] reported the signal-off of electrochemical DNA methylation biosensors based on the reduction of the electrochemical signal due to the reduction of the adsorption amount of Ruhex. Wang et al. [30] developed a “signal-on” electrochemical biosensor based on signal amplification of DNA AuNPs for high-sensitivity detection of DNA methylation, methyltransferase activity, and inhibitor screening. For the former, the “signal-off” sensor is limited by the signal capacity, with only 100% maximum signal suppression being achieved under any experimental conditions [40]. For the latter, although the nanomaterials incorporated endowed the sensing platform with high sensitivity, the platform still has a long way to go, as there are two stumbling blocks ahead: the tedious and complex materials preparation and the assembling process; and the fact that these electrochemical biosensors were based on a single response mechanism, which may involve the “false” positive response. Therefore, it is essential to develop a novel electrochemical method with high sensitivity, good selectivity, and diversification of data analysis for the accurate detection of methyltransferase activity.



As an alternative to the methods discussed above, ratiometric detection techniques, especially the ratiometric electrochemical biosensing platform, due to the advantages of low detection limit, wide linear range, good reliability and reproducibility, and low background noise [41,42,43,44,45,46,47,48], and thus possessing the best characteristics of both “signal-on” and “signal-off” strategies, have gained considerable attention and have already been applied for a diverse range of analytes, such as Adenosine-5′-triphosphate disodium salt (ATP) [49], sequence of H5N1 virus [50], protein [46], and approximate target mismatch location [51]. To the best of our knowledge, applying a ratiometric electrochemical biosensing strategy to the custom design for DNA MTase activity detection has not been reported.



Herein, a novel dual-signal ratiometric electrochemical biosensing platform for DNA MTase is constructed in a simple and sensitive manner for the first time. The basis of the platform is the changes in the dual signals ratios—methylene blue (MB) and 1, 1′-ferrocenedicarboxylic acid—in the presence of M.SssI MTase. In the presence of M.SssI MTase, the pre-designed DNA sequence was firstly methylated and the degree of methylation then leads to the conformational change of hairpin DNA to a duplex structure, resulting in an increase in the oxidation peak current of Fc (IFc) and a decrease in that of MB (IMB). Notably, the proposed strategy exhibits high sensitivity and specificity towards M.SssI MTase, and it effectively avoids extra separation steps and materials preparations and involves only one step conformational change of DNA, which shows great potential in point-of-care testing and bioanalysis.




2. Results and Discussion


2.1. Principle of the Proposed Method


Scheme 1 showed the principle of the analytical method for ratiometric detection of DNA methylation. The system contains two hairpins marked H1 and H2 respectively. Firstly, the MB-labeled hairpin probe (MB-H2) was immobilized on the GE by Au-S bond, where MB was confined near the electrode surface, generating a strong electrochemical signal. Meanwhile, in the presence of M.SssI MTase, H1 containing the palindrome sequences of 5′-CCGG-3′ in its stem was methylated. Then, with the complementary base-pair specific interreaction [52], methylated H1 would hybridize with H2 and the MB tag is pushed far away from the electrode surface. The methylated H1 would conjugate with Fc-Ab through the specific immunoreaction between methylated cytosine and anti-5-methylcytosine antibody [53]. As a result, the two Fc tags were dragged closer to the electrode surface than in the absence of M.SssI MTase. With the increasing methylated extent, this would lead to an increase in the Fc signal (IFc) and a decrease in the MB signal (IMB). The dual-peak current ratiometry would provide precise and sensitive measurements.




2.2. Feasibility of the Ratiometric Electrochemical Biosensor


In order to prove the feasibility of the proposed biosensor, the SWV responses of different modified electrodes were studied. As shown in Figure 1, in the absence of M.SssI MTase, only one peak appears, originating from the oxidation of MB, and no oxidation peaks of Fc are observed in the SWV curves (curve a) after the hybridization process of H1 and H2. However, in the presence of M.SssI MTase, the MB tags move away from the gold electrode surface, and the MB oxidation peak current decreases (curve b). Then, with the addition of Fc-Ab, the oxidation peak current of MB further decreases but that of Fc appears, which can be attributed to Fc assembled near the electrode after the Fc-Ab recognized the methylation site, and after the methylated process (curve c). Additionally, the cross-reactivity between the ferro/ferri cyanide redox pair and MB was studied. The CV graph in Figure S2 shows that the impact was negligible. These results clearly showed that the designed electrochemical strategy can open up a new approach for the detection of M.SssI MTase, which is consistent with previous similar studies [54,55].




2.3. Characterization of the Ratiometric Electrochemical Biosensor


As one of the most effective methods for interface research, electrochemical impedance spectroscopy (EIS) is a common method to study the modification process of an electrode [56]. In typical EIS, the high-frequency semicircle corresponds to the charge transfer limiting process, and the increase in semicircle diameter reflects the increase of interfacial charge transfer resistance (Rct) [57]. Figure 2A shows the EIS results of the Au electrode at different modification stages. It is obvious that the bare gold electrode exhibits a very small semicircular domain (Rct = 500 Ω, curve a), which indicates that its charge transfer process is very fast. The self-assembly layer with negative charge H2 on the Au electrode surface effectively repels the [Fe(CN)6]3−/4− anions, resulting in an increased charge-transfer resistance (Rct = 1500 Ω, curve b). After the H2/GE was treated with methylated H1, the diameter of the semicircle of the curve increases sharply, and the corresponding Rct value is about 2700 Ω (curve d). The conjugation of Fc-Ab leads to a significant improvement in the Rct value of the electrode (4200 Ω, curve c), which may be attributed to the immunoreaction between methylated cytosine and Fc-Ab. In order to further verify the step-by-step modification process, the electrochemical biosensor was characterized by cyclic voltammetry in a probe of [Fe(CN)6]3−/4− solution. As shown in Figure 2B, the peak current of the H2/GE (curve b) decreases obviously and the peak-to-peak separation increases when compared with the bare gold electrode (curve a). Correspondingly, the peak current decreases (curve c) when H1 hybridized with H2 onto the electrode. After further treatment in the presence of M.SssI MTase, similarly, the Fc-Ab was modified on the electrode and the peak current decreased (curve d), proving the implementation of the proposed strategy. The self-assembly layer with negatively-charged DNA (H2) produces Coulombic repulsion of ferricyanide, and the DNA hybridization coupled with conformational change also generates additional repulsion with ferricyanide [58,59]. The decrease in the peak current of the ferricyanide redox probe was attributed to an increase in impedance for electron transfer. These results are consistent with those observed in the EIS investigation (Figure 2A), strongly demonstrating that the electrochemical biosensor was successfully fabricated according to Scheme 1.




2.4. Optimization of Experimental Conditions for DNA Biosensor


The detection sensitivity of the proposed biosensing protocols was influenced by the experimental condition. The detection mechanism of the ratiometric electrochemical relied on the hybridization of H1 and H2. Temperature is of great importance in the rate-determining step of DNA hybridization, thus the temperature under which H1 and H2 hybridized should be firstly optimized. As shown in Figure 3A, the electrochemical response enhances with increasing temperature from 20 °C to 37 °C and then decreases with further increasing temperature to 44 °C. Thus, a temperature of the hybridization of 37 °C achieves a better electrochemical response.



The incubation time of the immunoreactions was another important parameter affecting the analytical performance. Hence, the biosensor was prepared with 5 μL Fc-Ab. The value of IFc was obtained by performing Fc-Ab assembly on the biosensor with different incubation times. As shown in Figure 3B, the electrochemical response increases quickly with extending the hybridization time from 30 to 120 min. Although a longer incubation time makes a slight enhancement in the electrochemical response, considering the detection efficiency, a 2 h optimum incubation time was chosen.



pH plays a significant role in DNA hybridization, especially for complementary nucleobase interaction and duplex stability; therefore, it is highly advisable to optimize reaction pH to enhance the analytical performance of the biosensor. As shown in Figure 3C, as the reaction pH increased from 6.0 to 7.4, the electrochemical response first increased and then decreased with the further increase of the reaction pH. The maximum value of IFc of around 4.876 μA occurs at the pH of 7.4 with an assembly time of 2 h at 37 °C. Thus, pH 7.4 was chosen for the subsequent experiments.




2.5. Assay Performance


The analytical performance of the biosensor system was further studied under optimized experimental conditions. Notably, as shown in Figure 4A, the oxidation peak current of MB decreased while that of Fc increased with increasing M.SssI MTase concentration. For the individual Fc or MB signal, the correlation of oxidation peak current variation of MB (ΔIMB) or Fc (ΔIFc) on the M.SssI MTase concentration is shown in Figure 4B,C, respectively. It can be observed clearly that the value of IFc(or IMB) increases (or decreases) with the increase of M.SssI MTase concentration in the range of 0 to 40 U/mL. There is a linear relationship between current and concentration in the range of 0 to 40 U/mL. Figure 4D shows the calibration plot of the electrochemical ratiometric assay of M.SssI MTase using IFc/|IMB| as the signal. The value of IFc/|IMB| is linear with the concentration of M.SssI MTase in the range from 0 to 40 U/mL and the linear regression equation is IFc/|IMB| = 1.4694CM.SssI + 1.4735 (R2 = 0.9894). The detection limit of 0.083 U/mL was obtained in terms of 3 times the deviation of the blank sample, which was satisfying in comparison to previously reported methods (Table 1). With reference to the linear response of ratiometric signal toward the concentration of M.SssI, IFc/|IMB| = 1.4694CM.SssI + 1.4735, the limit of detection (LOD) and limit of quantification (LOQ) were calculated by using LOD = 3 Sa/b = 0.083 U/mL, LOQ = 10 Sa/b = 0.278 U/mL, respectively, where Sa is the standard deviation of the response and b is the slope of the calibration curve.




2.6. Reproducibility, Stability, and Specificity of the Electrochemical Biosensor


Reproducibility is a significant indicator for biosensors. Thus, six parallel measurements of the IFc/|IMB| under the same condition were carried out, and the relative standard deviation (RSD) was found to be 4.35% for M. SssI MTase of the same concentration, indicating that the presented biosensor has good reproducibility. To confirm the ability of the designed biosensor for M.SssI MTase, the selectivity of the proposed method was evaluated by using SWV analysis with a comparison of IFc/|IMB| values (Figure S3). For specificity assay, Dam MTase, together with HaeIII MTase enzyme were chosen as controls [52,53]. The sensor could selectively methylate the adenine residues in the double-strand DNA symmetric 5′-GATC-3′ sequence.



As expected, the values of IFc/|IMB| for Dam MTase and HaeIII MTase are only about 2.29% and 2.33% of that for M.SssI MTase at the same concentration (Figure 5A). These results indicate that the electrochemical biosensor developed in this work has good specificity for the detection of M.SssI MTase. The stability of the modified electrode has also been checked using SWV (Figure S4). The result is shown in Figure 5B, demonstrating that the response rate of the modified electrode could be maintained at about 95.4% after being refrigerated at 4 °C for 1 week.





3. Materials and Methods


3.1. Materials and Reagents


Anti-5-methylcytosineantibody was obtained from Abcam (Cambridge, UK). S-adenosylmethionine and M.SssI MTase was purchased from New England BioLabs (Ipswich, MA, USA). 1,1′-Ferrocenedicarboxylic acid (FcDA), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), phosphate-buffered saline (PBS) were obtained from Sigma-Aldrich (St. Louis, MO, USA). (Hydroxymethyl)aminomethane (Tris) was obtained from Aladdin (Shanghai, China). The oligonucleotides used in this study were obtained from Shanghai Sangon Biotechnology Co. (Shanghai, China) and the base sequences were as follows:



H1: 5′-CCGGGTAGAGCTCCCTTCAATCCAACATGATACCCGG-3′;



H2: 5′-SH-CCGGGTATCATGTTGGATTGAAGGGAGCTCTACCCGG-MB-3′



The stock buffer solutions used in this study are as follows: M.SssI: 10 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl (pH 7.4), and 30% glycerinum. Anti-5-methylcytosine antibody: 30% glycerinum and 0.01 M PBS (pH 7.4). M.SssI: 10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2 (pH 7.4), and 30% glycerinum. DNA hybridization: 10 mM Tris-HCl, 1.0 M NaCl (pH 7.4), and 1.0 mM EDTA.




3.2. Apparatus


All electrochemical experiments were carried out using a CHI-660D electrochemical workstation (Chenhua Instrument Company of Shanghai, Shanghai, China). In the electrochemical measurements, a conventional three-component electrochemical cell was used, in which the bare electrode or the modified gold electrode was used as the working electrode, a saturated calomel electrode (SCE) was used as the reference electrode, and a platinum wire was used as the auxiliary electrode.




3.3. Preparation of FcDA Labeled Antibody (Fc-Ab)


Covalent conjugation of Fc-Ab was achieved via amide bond formation between an NH2 group of antibodies and a COOH group of FcDA using EDC as the coupling agent and NHS as the activator. Briefly, 20 mM EDC and 32 mM NHS were added to 10 mL of 0.1 M PBS buffer (pH 7.4) containing 2 mM FcDA. Herein, EDC activated the terminal carboxyl groups in FcDA to couple it with the primary amines of Ab. The active intermediate of the amine is stabilized by adding NHS to improve the efficiency of the EDC-activated coupling reaction. The reactant was shaken at room temperature for 2 h. After that, 2 mL of the obtained product was dispersed again in a mixture containing 10 μL 10 mg/mL AB in 4 mL PBS buffer (pH 7.4). The suspension was again shaken at room temperature for an additional 12 h and then incubated overnight at 4 °C to obtain Fc-Ab. Consequently, the ferrocene derivative, ferrocenedicarboxylic acid, was covalently bound to Ab to achieve Fc-Ab conjugates.




3.4. Methylation of Hairpin Probe


For the methylation of the hairpin probe, 0.5 μM H1 was incubated in the 200 μL M.SssI stock buffer, which contains 160 μM SAM and different concentrations of M.SssI MTase, under humid conditions at 37 °C for 2 h, and then rinsed three times with 10 mM Tris-HCl (pH 7.4).




3.5. Fabrication of the Ratiometric Electrochemical Biosensor


Before the modification, the surface of the bare GE with a diameter of 3 mm was polished into a mirror shape with alumina suspension, and then was continuously ultrasonically cleaned with 95% ethanol and ultrapure water for 5 min. Prior to attachment to the GE surface, 100 μL of 100 μM thiolated hairpin H2 was incubated with 0.1 μL of 100 mM tris(2-carboxyethyl)phosphine (TCEP) for 1 h to reduce disulfide bonds and subsequently diluted with phosphate buffer to 0.5 μM. Five microliters of thiolated H2 (0.5 μM) were dropped on the cleaned GE for 2 h at room temperature in the dark. During this process, the H2 was assembled onto the GE via the Au–S bond. After rinsing with ultrapure water, the H2-modified GE was incubated with 1.0 mM 6-mercaptohexanolin 10 mM Tris-HCl buffer (pH 7.4) for 1 h at room temperature to block the remaining bare region. Then 5 μL methylated H1 was dropped on the H2/GE. When H1 wasn’t methylated, we obtained an H1/H2/GE, then, after 2 h incubation, a methylated H1/H2/GE was obtained. Five microliters of Fc-Ab were further dropped on the surface of the methylated H1/H2/GE and incubated for 1 h. Finally, the resultant Fc-Ab/H1/H2/GE was washed with 0.1 M PBS buffer to remove nonspecific DNA adsorption. The reaction was terminated by thorough washing. The above process is shown in Scheme 1.




3.6. Measurement Procedure


The electrochemical performance of the electrode was studied by square wave voltammetry (SWV). The conditions were as follows: a potential of −0.80 to 0.80 V was scanned in 10 mM PBS buffer (pH 7.4), the step potential was 4 mV, the frequency was 25 Hz, and the amplitude was 25 mV. In Tris-HCl buffer solution (pH 7.4) containing 5 mM [Fe(CN)6]3−/4−, cyclic voltammetry was performed using a step potential of 0.05 V at a scan rate of 50 mV/s in the potential range of −0.6 to 0.2 V. Electrochemical impedance spectroscopy (EIS) was carried out in Tris-HCl (pH 7.4) containing 5 mM Fe(CN)63−/Fe(CN)64− and 0.1 M KCl in the frequency range from 0.1 Hz to 100 kHz with 5 mV as the amplitude at a polarization potential of 0.18 V.





4. Conclusions


In summary, on the basis of the dual-signaling electrochemical ratiometric method, a novel, practical, and sensitive electrochemical DNA biosensor has been developed. In this method, the target M.SssI MTase catalyzes the methylation of hairpin H1, which leads to more Fc approaching the electrode surface and MB moving far away from the electrode surface, so that the ratio of IFc/|IMB| changes, providing a significant enhancement of the system for M.SssI MTase detection down to 0.083 U/mL. Although our presented method by using a hairpin probe labeled with MB achieved excellent detection of M.SssI MTase, the tedious labeling process suggests a new direction of research by developing label-free probes for sensitive bio-analysis. This method is also selective towards M.SssI MTase against other control proteins. The developed electrochemical biosensor can provide better flexibility for target sequence selection and provide a potential platform for DNA detection in the field of DNA methylation.
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Scheme 1. Schematic illustration of the ratiometric electrochemical biosensor for DNA M. SssI detection. 
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Figure 1. SWV responses of the developed biosensor at different experimental conditions: (a) H1/H2/GE, (b) methylated H1/H2/GE, and (c) Fc-Ab/H1/H2/GE. 
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Figure 2. Electrochemical impedance spectra (Nyquist plots) (A) and Cyclic voltammograms (B) of the different modified electrodes in 0.1 M Tris-HCl buffer solution containing 5 mM (1:1) [Fe(CN)6]3−/4−: (a) Bare GE, (b) H2/GE, (c) H1/H2/GE, and (d) Fc-Ab/H1/H2/GE. 
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Figure 3. Effects of the temperature (A), incubation time (B), and pH (C) in the presence of 5 μL Fc-Ab. 
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Figure 4. (A) SWV curves for the different concentrations of M.SssI MTase. The concentrations are (from a to h) 0 U/mL, 0.25 U/mL, 0.375 U/mL, 0.5 U/mL, 1 U/mL, 10 U/mL, 20 U/mL, and 40 U/mL. Dependence of IMB (B) and IFc (C) on M.SssI MTase concentration. Insets in (B,C) are the linear relationship between the logarithmic function of IMB and IFc, respectively. (D) Dependence of IFc/|IMB| on M.SssI MTase concentration. Insets show the linear fit plots of IFc, or IMB, and IFc/|IMB| as a function of the M.SssI MTase concentration. Insets are the linear relationship between IFc/|IMB| and the concentration of M.SssI MTase ranging from 0 to 2 U/mL. 
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Figure 5. (A) Selectivity of the system for M.SssI MTase analysis; Error bars represent standard deviations of three parallel experiments. (B) The time dependence of the signal change of the proposed method in the 7 days measurement. 
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Table 1. A comparison of detection performance in the current work with previously reported methods for DNA MTase.
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	Strategy
	Detection Method
	Signal
	Detection Limit (U/mL)
	Linear Range (U/mL)
	Reference





	HRP mimicking DNA zyme
	Colorimetry
	Signal on
	0.4
	0.8–24
	[17]



	HRP mimicking DNA zyme
	Colorimetry
	Signal on
	6
	6–100
	[18]



	RCA
	Chemiluminescence
	Signal on
	0.52
	1–10
	[19]



	Nicking enzyme-assisted signal amplification
	Fluorescence
	Signal on
	0.06
	0.1–4
	[20]



	without any amplification
	Electrochemistry
	Signal off
	0.18
	0.25–10
	[36]



	This work
	Electrochemistry
	Dual signal
	0.083
	0–40
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