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Abstract

:

Understanding and regulating DNA interactions with solvents and redox-active centers opens up new possibilities for improving electrochemical signals and developing adequate biosensors. This work reports the development of a modified indium tin oxide (ITO) electrode by chemical vapor deposition (CVD) of graphene for the detection of double-stranded DNA. The modified electrode shows a better electrical conductivity than ITO, as confirmed by electrochemical impedance spectroscopy (EIS), where a drastic decrease in the charge–transfer resistance, Rct, from ~320 to ~60 Ω was observed. Sequences of double-stranded genomic DNA with a different number of base pairs are evaluated through differential pulse voltammetry (DPV), using ferri/ferrocyanide ([Fe(CN)6]3−/4−) as a mediator in the solution. Variations in the electrochemical response of the [Fe(CN)6]3−/4− probe are observed after introducing redox inactive double-stranded DNA ions. The redox-active [Fe(CN)6]3−/4− probe serves as a scaffold to bring DNA into the graphene-modified ITO electrode surface, provoking an increase in the current and a change in the potential when the number of base pairs increases. These results are confirmed by EIS, which shows a variation in the Rct. The calibration of DPV intensity and Rct vs. DNA base pairs (bps) number were linear in the 495–607 bps range. The proposed method could replace the nucleic acid gel electrophoresis technique to determine the presence of a DNA fragment and quantify its size.
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1. Introduction


In the framework of the development and application of advanced materials, increasing attention was devoted to 2D materials, especially to graphene, thanks to its distinctive band structure and extraordinary physical properties: strong mechanical strength, lightness, flexibility, stable chemical properties, impermeability, excellent thermal, and electrical conductivity [1,2,3,4]. In fact, since the discovery of the first mechanically exfoliated graphene layers, by Geim and coworkers [5], many research groups have been competing in using graphene and its derivatives for a wide range of applications such as in electronics, in the food industry, for energy storage, and in the biotechnology field [6,7,8,9,10,11,12]. In particular, graphene is considered a versatile transducing material due to its high specific surface area, high mechanical adhesion, rapid electron transfer, low noise, chemical stability, and corrosion resistance. A wide variety of research works have been carried out to produce efficient graphene-based sensors with excellent transducing properties [13,14,15,16].



Many approaches are used to synthesize graphene, including epitaxial growth on silicon carbide and chemical exfoliation of graphene sheets [17,18]. However, the key point remains the synthesis of large-domain graphene for large-scale graphene device integration. In 2009, Li et al. proposed the chemical vapor deposition (CVD) of graphene on centimeter-scale copper substrates, paving the way for the large-scale manufacture of high-quality graphene sheets for various industrial uses [19]. Today, wide and flexible copper foil substrates are rolled and inserted inside a tubular furnace to obtain large surfaces and homogeneous graphene films [20,21]. To achieve large-area uniform graphene films, it is essential to monitor the different growth parameters [22]. For example, a long enough annealing time of copper foils at atmospheric pressure reduces nucleation density to achieve up to 1.3 mm large graphene domains. Large graphene domains are indeed crucial, especially for sensing applications.



Graphene biosensors are extremely valuable in molecular biology, medicine, or even clinical practices as they can considerably improve patient care and contribute to the early diagnosis of diseases. So far, innovative sensing systems have been presented using graphene electrodes associated with diseases nanoparticles or polymers [23]. These systems are based on immobilizing biomolecules, such as enzymes, antibodies, and DNA, to design biosensors with high sensitivity and selectivity [24,25]. In most biosensors, the graphene surface has to be changed by covalent or non-covalent bindings to create an interaction with the recognition molecule. This process has to be simple, fast, and reproducible.



Multiple detection techniques are employed. Commonly, graphene field-effect transistors (G-FET) are used. They are made using a multi-step manufacturing process, including a lithographic process. These procedures tend to introduce contamination onto the graphene surface, which may cause an interference for subsequent biosensing [26,27,28]. One alternative sensing technique is the electrochemical method [29,30,31]. The significant characteristics of this method are its simplicity, efficiency, and excellent sensitivity. In fact, an electrochemical biosensor is a system that provides exact quantitative analytical data by combining biological recognition components with an electrochemical transduction element. In electrochemical biosensing, several techniques are used. Among them, potentiometry, amperometry, and conductimetry are frequently employed. Nevertheless, amperometric biosensors have the most significant commercial success and have shown their efficiency and extreme sensitivity for the detection of DNA. For instance, several research groups have developed amperometric genosensors for rapid, specific, and sensitive detection of DNA [32,33]. Multiple electrochemical biosensors are also developed using graphene and carbon-based materials.



In most graphene-based electrochemical biosensors, graphene oxide (GO) and reduced graphene oxide (rGO) are used [34,35,36]. For example, Xu et al. have proposed a highly sensitive electrochemical biosensor of target DNA using an rGO electrode with exonuclease III as a driving force and tetraferrocene as a signal indicator [35]. Although rGO has improved conductivity compared to graphene oxide (GO), some remaining oxygen groups may still be present after the reduction reaction. A GO and polyaniline nanowires (PANIws) based DNA biosensor was also developed by Bo et al. [34]. Using differential pulse voltammetry (DPV), the obtained graphene/PANIw functionalized glassy carbon electrode (GCE) showed an improved current response for DNA sequences [36]. The functional groups and the graphene’s oxidation states may strongly affect the sensor response and the bonding between the transducer and bioreceptor. The number of functional groups can also influence the target molecule’s interactions and detection limit [37].



On the other hand, most electrochemical DNA sensors have focused on detecting hybridization events using the immobilization of single-stranded DNA (ssDNA). Recently, a new addressable approach to immobilizing ssDNA has been developed. Its technology relies on the Michael addition reaction of thiolated (ssDNA) to the form of oxidation of benzoquinone [38,39]. Nevertheless, understanding DNA double helix–electron transfer seems very interesting as it provides a sensitive tool to detect the potential damage in the genome [40]. The DNA is frequently tagged with a redox-active probe molecule (ferrocene or quinone) [41,42]. Alternatively, DNA sensors may exploit non-covalent electrostatic interactions between the negatively charged DNA backbone and redox-active cations such as Ru(NH3)63+ [43,44]. Few works have been reported on the detection of double-stranded DNA employing electrochemical detection [45,46,47,48,49].



Dubuisson et al. have proposed an anodized epitaxial graphene electrode with excellent performances for electrochemical impedance spectroscopy (EIS) as well as differential pulse voltammetry detection of immobilized DNA and free DNA. They have assessed the anodized platform’s sensitivity and chemical resistance for biosensing at the solution–electrode interface. They have also investigated the frequency-dependent impedimetric response of the anodized surfaces modified with DNA [47]. Benvidi et al. have created label-free DNA biosensors based on modified GCEs with rGO and carbon nanotubes (MWCNTs) for identifying DNA sequences. Using cyclic voltammetry (CV) and EIS, they carried out the immobilization of the probe and its hybridization with the target DNA under ideal conditions [48].



In the present work, the electrochemical signal of ferri/ferrocyanide ([Fe(CN)6]3−/4−) in solution is exploited as a mediator to measure the signal difference of double-stranded DNA and to differentiate between DNA fragment sizes by means of DPV using a CVD graphene electrode. Using such an approach will open new opportunities for developing electrochemically based techniques that could take the place of nucleic acid gel electrophoresis, which is the established method in molecular biology for determining the presence of a DNA fragment and its general size using a DNA marker. To the best of the authors’ knowledge, this work reports for the first time a platform based on a graphene electrode that distinguishes between various sequences of double-stranded genomic DNA in terms of their number of base pairs. This platform is used to overcome the drawback of the electrophoresis technique that requires a lot of time to prepare the electrophoresis gel and to carefully incorporate the Polymerase Chain Reaction (PCR) products into the gel.




2. Results and Discussion


2.1. Characterization of the Graphene Layer


To identify the size and shape of the graphene flakes on the copper foil, the graphene/copper sample is initially oxidized in the air using the revealed graphene visualization method [50,51], producing a reflecting contrast between the oxidized copper in the exposed portions and the unexposed copper covered by graphene. This technique gives us a first idea of the quality of the grown graphene. The surface of the graphene/copper foil is then analyzed using an optical microscope and a scanning electron microscope (SEM). Figure 1a shows a 20-times magnification optical micrograph of the sample. A few areas of copper oxide (dark red areas) confirm that graphene is fully grown on the entire surface. In Figure 1b, the SEM image of graphene/copper foil reveals a continuous film with an average grain size of 150 µm. Several graphene domains can be observed with different contrasts indicating that some areas might be multi-layer graphene.



Raman spectroscopy is then used to evaluate the uniformity and quality of the synthesized graphene on a silicon oxide (SiO2) substrate. At the Brillouin zone center, Γ, graphene has six normal modes [52]: A2u + B2g + E1u + E2g. Among all six modes, only E2g mode is Raman-active, and there are no infrared-active modes [52].



Figure 2a shows the Raman spectrum consisting of typical features of monolayer graphene [53]. The G peak corresponds to the E2g mode at the Γ-point and is located at 1586 cm−1. The D peak, situated at 1343 cm−1, originates from transverse optical mode phonons nearby the K-point, needs a defect for its activation, and is active by double resonance [53]. The 2D peak originates from a second-order process in which the conservation of the momentum is fulfilled by two in-plane transverse optical mode phonons with opposite wave vectors. This band corresponds to the second order of the D peak; however, it does not require defects for its activation [54]. In this case, the symmetric 2D band is centered at ~2680 cm−1 with a full width at half maximum of ~33 cm–1, characteristic of monolayer graphene.



Figure 2b shows the 2D to G peak intensities ratio map, giving an idea about the thickness of the graphene film. An examination of the image intensity across the entire sample showed that the yellow area, corresponding to I2D/IG > 3, is more than 85%, confirming that this film is mainly monolayer graphene.




2.2. Electrochemical Characterization


To compare the electrochemical activity of the graphene/ITO electrode with the bare ITO one, CV measurements were recorded in a solution of [Fe(CN)6]3−/4− at a sweep rate of 100 mVs−1 (Figure 3a).



The signal of the bare ITO electrode shows a quasi-reversible redox peak at ≈0.4 V (anodic peak) and a cathodic peak at ≈0.15 V (curve i). Once the ITO surface was modified with graphene, one can clearly see that the anodic and cathodic peaks increased drastically, revealing an enhancement of the electrode electrical conductivity (curve ii). This was confirmed by the EIS technique (Figure 3b). It shows a charge–transfer-limited process and a linear part relative to a diffusion process. The diameter of the semicircle on the Nyquist plots corresponds to the charge–transfer resistance, Rct. The modification of the ITO surface with graphene induces the decrease of the Rct (Figure 3b, curve ii). In fact, it is clear that after the functionalization of the ITO electrode with the graphene layer, the modified ITO electrode impedance plot spectrum shows a smaller semicircle with a smaller diameter. This implies a drastic decrease of about five times in the charge transfer resistance Rct from ~320 Ω (curve i) to ~60 Ω (curve ii), which justifies the enhancement of the electrode electrical conductivity.



At the same conditions, the dependence of the cyclic voltammetric curves on the scan rate was evaluated and presented in Figure 4. The CVs recorded at different sweep rates reveal that anodic currents have a linear dependence on the square root of the sweep rate (ν1/2) in the range between 100 and 500 mV s−1 (inset of Figure 4). Moreover, the peak-to-peak separation has increased, and the peak potential was shifted to more anodic values with the increase in the scan rate, suggesting a diffusion-controlled electrochemical process [55].




2.3. Analytical Performance of the Probe


Recognizing and regulating non-covalent interactions of DNA with solvent and redox-active molecules offers chances to improve the electrochemical signal and can be a useful tool to create a suitable amperometric biosensor. This section describes the modifications of the electrochemical response of one-electron electrochemical transfer reactions of the [Fe(CN)6]3−/4− active-redox probe, induced by the addition of DNA fragments with a known number of base-pairs (bps). In each of these assays, [Fe(CN)6]3−/4− serves primarily as a scaffold to bring DNA into direct contact with the graphene electrode surface. The electrochemical measurements were conducted in full DPV conditions (each experiment was run in triplicate to confirm the reproducibility of the measurements) with a 10 mVs−1 scan rate, 50 mV pulse amplitude, and 50 ms pulse width. The DPV measurements show that the addition of DNA fragments to [Fe(CN)6]3−/4− redox-intermediate buffered solution (E = 221 mV) at a size of 607, 521, 500, and 459 bps provoke cathodic potential shifts of the redox signal, respectively, to 218, 221, 223, and 225 mV (Figure 5a). This variation of the potential is crucial in biosensing since it is characteristic of each DNA size. The observed potential shift can be explained by a harder oxidation of the redox-active intermediate due to steric hindrance to the electron transfer. In fact, double helix DNA oligonucleotides carried negatively charged phosphate groups provoking electrostatic repulsion in the presence of [Fe(CN)6]3−/4− ions. This potential variation is accompanied by a variation of the current explained by a catalytic effect exerted by the DNA molecules. These results are confirmed using EIS in the same conditions (Figure 5b). Nyquist plots obtained by simulation of the impedance spectroscopy data using the Randles circuit (inset of Figure 5b) show that Rct, which describes the charge transfer resistance, decreases gradually with the increase of the number of base pairs of the DNA molecules, while Rs (the resistance of the solution) increases according to the increase of the number of base pairs. In fact, an increase in the DNA base pairs number provided a higher catalytic activity and promoted a faster electron transfer, resulting in a decrease of the semicircles’ diameters and, thus, a decrease in the charge transfer resistance, Rct. The difference in the electrical signal might be due to the kinetic binding of DNA at the electrode surface or in the solution. As a result, a charge transfer resistance is produced, representing the number of bound molecules. The shape of a Nyquist plot is indeed dependent on the electrochemical responses taking place at the surface of the graphene electrode and in the solution. Graphene is very popular for sensor surface modification thanks to its advantages of high electrical conductivity, large surface area, and biocompatibility. DPV measurements recorded at the same conditions on the bare electrode (ITO without graphene) did not show any variation of electrochemical behavior following the addition of DNA (results not shown).



Having a redox signal proportional to the DNA fragment’s size is of crucial importance since this approach will open new perspectives to develop electrochemical-based techniques that could replace nucleic acid gel electrophoresis. Indeed, the latter is the standard technique used in molecular biology to assess both the presence of a DNA fragment and its approximate size by means of a DNA marker. This technique has the disadvantage of being time-consuming as it requires at least one hour between preparing the electrophoresis gel and the migration of the PCR products that should be carefully incorporated into that gel. Other techniques have been developed, but they are not widely used because of the high cost of the machine and the reagents. If the present method is optimized, it can be an alternative to the standard nucleic acid gel electrophoresis system.



Calibration curves for the detection and quantification of the DNA size in terms of the base pairs number are plotted for DPV and Rct, based on DPV and EIS results, in the range 495–607 bps, and are presented in Figure 5c,d. The calibration of DPV intensity and Rct vs. DNA base pairs number were linear in the range of 495–607 bps. The proposed method could be applied as an alternative to the nucleic acid gel electrophoresis technique to verify the presence of a DNA fragment and quantify its size.



The variation of the electrochemical response as a function of the base pair number might be improved. These fluctuations could be induced by differences in the DNA concentration, the GC % of each DNA fragment and, consequently, its 3D structure.





3. Materials and Methods


3.1. Graphene Growth


Copper (Cu) foil substrates with 99.8 wt.% purity and 25 µm thickness from Alfa-Aesar were used for the CVD graphene growth (Electrorava, Turin, Italy). To remove any contamination, the copper foil samples were sonicated, using a DU-32 ultrasonic cleaner from Argolab, in acetone and isopropanol (ACS reagent, purity ≥ 99.5%, Sigma-Aldrich, St. Louis, MO, USA) successively, 10 min each. The substrates were then inserted into the furnace (OTF-1200X, MTI Corporation, Richmond, CA, USA) and heated at 1030 °C under a controlled atmosphere of hydrogen and argon (H2/Ar, Alphagaz, purity > 99.999%) with flow rates of 8 sccm (standard cubic centimeter per min) and 100 sccm, respectively, for 1 h, in order to oxidize the Cu surface for a better quality of the graphene. During graphene growth, the temperature was kept at 1030 °C, and methane (CH4, N55, purity > 99.9995%) was injected (24 sccm) for 30 min.




3.2. Graphene Transfer


Once synthesized, graphene samples were coated with a polymethylmethacrylate (PMMA, Sigma-Aldrich) film of a few micrometers using a spin coater (WS 400BZ 6NPP LITE Rev MS, Laurell, MI, USA). After drying overnight, the samples were then immersed in 1 M ferric chloride solution (FeCl3, purity ≥ 99.99%, Sigma-Aldrich) for 1 h to dissolve the copper foil. To remove any metal residues, the PMMA/graphene films were immersed in a solution of diluted HCl (2%, ACS reagent, 37%, Sigma-Aldrich) for 30 min, then cleaned twice for 10 min each, using DI (deionized) water. The graphene was afterward transferred to SiO2 substrates (Silicon substrates with 100 nm SiO2 layer, Swansea, UK) for Raman spectroscopy measurements and to indium tin oxide substrates (ITO, Neurotech Analytical Instruments, Berlin, CT, USA) for the electrochemical measurements. The PMMA was finally removed using an acetone bath for 1 h. The transferred graphene samples were rinsed using isopropanol, then DI water, and finally dried using nitrogen (N2) flow.




3.3. Graphene Characterization


The surface of graphene/copper foil was analyzed prior to the transfer using the FEI NovaNanoSEM 650 scanning electron microscope (SEM, FEI Co., Hillsboro, OR, USA). Secondary electron scanning mode was used to collect SEM images (5 mm operating distance and 2 kV applied voltage). A Nikon Eclipse L200N optical microscope (Nikon, Minato, Tokyo, Japan) was also used to observe the domain sizes and shapes, as well as the degree of graphene coverage on the copper foil.



A Raman spectrometer, ALPHA300R Confocal RAMAN SYSTEM from WITec GmbH (Ulm, Germany) was used to confirm the quality of the single graphene film. A 532 nm laser excitation was used with a power of 1 mW. A Raman map of the intensities of the graphene G band (IG) and 2D band (I2D) was also performed using the same Raman system.




3.4. Electrochemical Measurements


Aqueous solutions were prepared using deionized water. All reagents and solvents used in the electrochemical measurements were of analytical grade from Sigma-Aldrich and were used without further purification unless otherwise stated. Electrochemical analysis was performed at room temperature employing a three-electrode electrochemical cell comprising ITO substrates as working electrode, an Ag/AgCl 3M (Metrohm, Villebon-sur-Yvette, France) reference electrode, and a platinum wire (Pt, Metrohm, France) as an auxiliary electrode).



The geometric area of the ITO and graphene-coated ITO electrodes was 1 cm2. The immersed part of the ITO electrode was covered with graphene on its whole surface.



The Nova software for electrochemical research (version 1.11) was used to collect data from the PC-controlled Autolab PGSTAT M204 potentiostat equipped with an FRA impedance module (Metrohm, France). All electrochemical measurements were performed in a phosphate-buffered saline solution (PBS) containing 5.0 mM K3Fe(CN)6/K4Fe(CN)6 (at equal proportion) at pH = 7.4.



For the electrochemical impedance spectroscopy (EIS) plots, the ITO and modified ITO electrodes were immersed into a 10 mL phosphate buffer saline (PBS), obtained by dissolving PBS tablets in a required amount of deionized water, containing a mixture of 5 mM concentrations of [Fe(CN)6]4−/3– as a redox probe, and the frequency was swept from 100 kHz to 0.1 Hz at an applied potential of 200 mV with an amplitude modulation of ±20 mV. Nyquist plots are commonly used to represent impedance measurements. In a Nyquist plot, the real part of the impedance is represented in the x-axis, and the imaginary part of the impedance is represented in the y-axis. Each point in the Nyquist plot corresponds to the impedance at one frequency. To fit these plots, the Randles equivalent circuit model (inset of Figure 5b) at a frequency ranging from 100 kHz to 0.1 Hz was used using NOVA (1.11) Metrohm Autolab as simulation software. The fitted circuit is the most used equivalent circuit in electrochemical impedance spectroscopy. It is a model for a semi-infinite diffusion-controlled faradic reaction to the electrode. In this equivalent electrical circuit, all current passes through the solution, which acts as an ohmic resistor, Rs.



Differential pulse voltammetry (DPV) conditions were 10 mVs−1 for the sweep rate, 50 mV for the pulse amplitude, and 50 ms for the pulse width.




3.5. DNA Extraction


Human genomic DNA was extracted from saliva and amplified by Polymerase Chain Reaction (PCR) using specific primers to generate different amplicon sizes (459, 500, 521, and 607 pb). PCR is used in order to amplify a specific segment of DNA. The DNA sample is first heated to a high temperature, typically around 95 °C. This ruptures the hydrogen bonds that hold the two strands of the DNA double helix together, causing the two strands to separate and forming two single-stranded DNA molecules.



The temperature is then reduced to around 50–60 °C, allowing small, complementary DNA sequences known as primers to bind to the single-stranded DNA molecules. Primers are short DNA segments that are designed to match the ends of the target DNA sequence to be amplified.



The temperature is then raised to around 72 °C, which is the optimal temperature for Taq polymerase, a heat-stable enzyme capable of generating new DNA strands. Taq polymerase starts at the primer and adds nucleotides to the 3′ end of the primer to create a new DNA strand. The Taq polymerase then synthesizes a new DNA strand from each of the original single-stranded DNA molecules. The process is repeated many times. Each cycle doubles the amount of DNA in the sample, causing the number of copies of the target DNA sequence to increase rapidly. PCR products were prepared in a sufficient quantity to assess their physicochemical properties.





4. Conclusions


Monolayer graphene was successfully grown and transferred to ITO substrates as an electrode for the electrochemical detection of double-stranded DNA. An enhancement in the electrical conductivity of the graphene-modified ITO electrode was observed in cyclic voltammetry and confirmed by electrochemical impedance spectroscopy. [Fe(CN)6]3−/4− redox couple was used as an electrochemical probe capable of differentiating between double-stranded DNAs at different sizes (depending on the number of base pairs). A potential variation was observed and accompanied by a current variation due to a catalytic effect exerted by the DNA molecules on the ferri/ferrocyanide redox probe. These behaviors were confirmed by the EIS characterization, where a decrease of the charge transfer resistance Rct is observed with the increase of the DNA base pairs number. Calibration curves of current density and Rct showed linear variations. These results open interesting perspectives to understanding DNA double helix behavior involving amperometric and potentiometric double-stranded DNA biosensors as potential alternatives to classical molecular biology techniques commonly used to differentiate DNA fragments based on their size. If optimized, the current approach may replace the conventional nucleic acid gel electrophoresis system.
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Figure 1. (a) Optical micrograph of the surface of the graphene/copper foil, under 20-times magnification; (b) SEM image of graphene/copper foil. 
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Figure 2. (a) Raman spectra of monolayer graphene transferred on SiO2/Si substrate; (b) 2D to G peak intensities ratio (I2D/IG) mapping. 






Figure 2. (a) Raman spectra of monolayer graphene transferred on SiO2/Si substrate; (b) 2D to G peak intensities ratio (I2D/IG) mapping.



[image: Inorganics 11 00173 g002]







[image: Inorganics 11 00173 g003 550] 





Figure 3. (a) Cyclic voltammetry at a sweep rate of 100 mVs−1 and (b) EIS spectra of the bare ITO electrode (i) and of the same electrode after graphene transfer (ii); all experiments are recorded in 0.1 M KCl solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]. 
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Figure 4. Cyclic voltammetry of the graphene-modified electrode as a function of the scan rate. Inset: anodic currents linear dependence on the square root of the sweep rate (ν1/2). All experiments are recorded in 0.1 M KCl solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]. 
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Figure 5. Electrochemical responses of [Fe(CN)6]3−/4− probe capturing at different bps nucleotides in 0.1 M KCl phosphate buffer solution (pH = 7.4) using (a) DPV and (b) EIS spectra presented as Nyquist plots in the frequency range from 0.1 Hz to 100 kHz at +0.2 V. The inset is the Randles equivalent circuit model used for EIS analysis, where Rs is the electrolyte resistance, Rct is the charge transfer resistance, CPE is the constant phase element, and ZW is the Warburg diffusion element. (c) Calibration of current density, potential, and (d) Rct vs. DNA base pairs number. 
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