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Abstract:



Poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly (styrene sulfonate) (PSS) has a variety of chemical and biomedical applications. Additionally, chitosan has been extensively used in industrial and medical fields. However, whether chitosan could be incorporated into conducting polymers of PEDOT/PSS is not clear. In this study, the PEDOT/PSS/chitosan coatings were electrochemically polymerized on the surface of 0.5 mm platinum (Pt) electrodes and the properties of electrochemical cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) of the PEDOT/PSS/chitosan-coated electrodes were investigated. Furthermore, PEDOT/PSS/chitosan-coated electrodes used for electrochemical bio-sensing, using dexamethasone (Dex) as a model bio-sensing material, were examined. The results demonstrated that PEDOT/PSS/chitosan-coated electrodes were stable in phosphate-buffered saline (PBS) solution. The electrochemical CV curve areas, reflecting the charge delivery capacity, and the EIS of the PEDOT/PSS/chitosan-coated electrodes were sensitive to Dex, and the good linearity can be obtained between CV curve areas, the EIS and the concentration of Dex. In addition, electrochemical sensitivity of the PEDOT/PSS/chitosan-coated electrodes to Dex was much higher than ultraviolet (UV) spectroscopy detection. All these results revealed that the PEDOT/PSS/chitosan-coated electrodes can be electrochemical polymerized and used for electrochemical bio-sensing.
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1. Introduction


Poly(3,4-ethylenedioxythiophene) (PEDOT) is a highly-promising conducting polymer owing to its extraordinary electrical properties, long-term stability, and biocompatibility [1]. Wide application for PEDOT in various electronic products have been known, such as antistatic coatings, photovoltaic devices, and organic thin-film transistors [2,3]. Recent findings of the application of PEDOT in bioengineering and medical fields, such as conductive coatings for neural microelectrodes [4,5], drug delivery system [6,7], biosensors [8,9] and tissue engineering [10], have attracted attention. All these studies have shown that PEDOT can be electrochemically polymerized of 3,4-ethylenedioxythiophene (EDOT) monomer [11] or chemical polymerization of EDOT in the presence of oxidants [12]. Furthermore, during these polymerization processes, a variety of dopants can be incorporated into the PEDOT polymers and may provide the doped PEDOT polymers some specific properties and applications. Biomedical molecules, such as, peptide and neurotrophic growth factors, have been reported to be incorporated into the PEDOT/PSS polymers [6,13,14].



Chitosan is the most abundant natural amino polysaccharide and it can be used in agricultural, industrial, and medical fields. Due to its non-toxic nature, excellent film forming ability, good mechanical strength, high permeability, and cost-effectiveness, chitosan is regarded as one of the most widely used biopolymers for sensor applications [15,16]. Chitosan can favor the immobilization of biomolecules over its surface. It has been reported that chitosan has an excellent property of immobilization and protection of the bio-sensing elements, such as for DNA probes [17,18] and tonic metal ions [19] and, thus, can be used for monitoring cancer-susceptible genes and metal ions. Even though chitosan is a non-conductive biomaterial it can, however, be modified or doped into conducting polymers, such as polyaniline [20,21] and polypyrrole [19,22], and these conducting polymer/chitosan coatings can be used for electrochemical sensing detections.



Electrochemical detection approaches are sensitive, quantitative, and dynamic and, therefore, provide a simple, accurate, and inexpensive platform for bio-sensing [23,24]. Electrochemical techniques, such as traditional cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), have been widely used for bio-sensing purposes [25,26,27]. Although electrochemical biosensor systems based on polyaniline/chitosan [20,21] and polypyrrole/chitosan [19,22] have been investigated, however, polymers of PEDOT/chitosan for bio-sensing has not been reported. In this study, EDOT, poly(styrene sulfonate) (PSS) (acting as count ions), and chitosan were subjected to electrochemical reactions and the PEDOT/PSS/chitosan coatings were electrodeposited on the surface of platinum (Pt) electrodes. Using these PEDOT/PSS/chitosan-coated electrodes, dexamethasone (Dex), served as a model bio-sensing material, and was detected by traditional CV and EIS techniques.




2. Materials and Methods


2.1. Chemicals


3,4-Ethylenedioxylthiophene (EDOT > 97%) monomer, poly(styrene sulfonate) (PSS, 70,000 MW) and dexamethasone (Dex) were purchased from Sigma-Aldrich Co., LLC. (St. Louis, MO, USA). A 0.5-mm diameter platinum (Pt) electrodes and Pt foil were purchased from Sinopharm Chemical Reagent Co., (Shanghai, China). All other chemicals were of analytical grade and were used as received.




2.2. Electrochemical Polymerization of PEDOT/PSS/Chitosan Coatings on Pt Electrodes


Electrochemical polymerization of PEDOT/PSS/chitosan coatings on 0.5 mm diameter Pt electrodes, as working electrodes, was carried out using an electrochemical workstation (CHI 660, CH Instruments, Inc., Austin, TX, USA). The electrochemical reactions were performed in a three-electrode cell. A Pt foil served as counter-electrode and a saturated calomel electrode (SCE) was used as the reference electrode. The length of the PEDOT/PSS/chitosan coatings on 0.5 mm diameter Pt electrodes was 10 mm, and the actual electrode area, which was covered by the coatings was, thus, ~16 mm2. The same diameter (0.5 mm) Pt electrodes and the same actual electrode area which coated or uncoated by PEDOT/PSS/chitosan polymers were used in the subsequent experiments.



For the polymerization of PEDOT/PSS/chitosan coatings on Pt electrodes, the monomer electrodepositing solution (50 mL) contained 15 mM EDOT monomer, 20 mM PSS and 1% (w/v) chitosan in a 1% acetic acid solution, in aqueous 5 mM potassium phosphate-buffered saline (PBS, deionized water with 9 g NaCl, 0.8 g Na2HPO4·2H2O and 0.14 g KH2PO4 added per liter). The polymerization of PEDOT/PSS/chitosan on Pt electrodes was carried out at the constant anodic potential (1.0 V) under potentiostatic conditions at room temperature. The amount of PEDOT/PSS/chitosan polymers coated on the electrodes was controlled by the polymerization time. After the polymerization, electrodes with PEDOT/PSS/chitosan coatings were washed and soaked in deionized water for 24 h to leach out any possible excess monomer, dopants, or process contaminants.




2.3. Electrical Properties of PEDOT/PSS/Chitosan-Coated Pt Electrodes Characterized by Electrochemical Cyclic Voltammetry (CV)


Electrochemical measurements were performed with the CHI 660 workstation using a three-electrode cell configuration in 0.1 M PBS (pH = 7.0). The PEDOT/PSS/chitosan-coated or the uncoated Pt electrodes were used as the working electrode, while a Pt foil and an SCE were used as the counter electrode and the reference electrode, respectively.



For characterizing the electrical properties of the PEDOT/PSS/chitosan-coated and the uncoated Pt electrodes, CV was performed by sweeping the voltage of the working electrodes at 0.05 V/s from −1.0 to 1.0 V vs. SCE. CV measurements were used to evaluate the electrochemical reactions in each solution and to calculate the cathodic or anodic charge storage capacity of the films by integrating the currents enclosed by each phase of the CV.




2.4. Electrical Properties of PEDOT/PSS/Chitosan-Coated Pt Electrodes Characterized by Electrochemical Impedance Spectroscopy (EIS)


Impedance characteristics of the PEDOT/PSS/chitosan-coated and the uncoated Pt electrodes were measured by EIS using an electrochemical workstation (CHI 660) with associated frequency response analyzer. The potentiostat was configured to sequentially inject 5 mV sine waves at 60 frequencies logarithmically spaced from 1 Hz to 100 kHz. EIS measurements were made by immersing the PEDOT/PSS/chitosan-coated or the uncoated Pt electrodes, as working electrodes in 0.1 M PBS buffer (pH = 7.0). A Pt foil was used as the counter electrode and an SCE was used as the reference electrode.




2.5. Ultraviolet (UV) Spectroscopy


Dex in deionized water was detected using UV spectrophotometers (UV-759, Cany Precision Instruments Co., Ltd., Shanghai, China). The readings were taken from 200 to 400 nm. The characteristic absorbance band range of Dex is 242 nm. Deionized water was used as a blank.




2.6. Statistical Analysis


All values were taken as the mean ± SEM. For comparison between different groups, statistical analysis was performed by analysis of variance (ANOVA) using the general linear model procedure followed by separation of means using the least significant difference. The criterion for significance was set at p < 0.05.





3. Results


3.1. Electrochemical Polymerization of PEDOT/PSS/Chitosan Coatings on Pt Electrodes


Polymerization of PEDOT/PSS/chitosan coatings on the 0.5 mm diameter Pt electrode was performed at the constant anodic potential of 1.0 V relative to the counter. The amount of PEDOT/PSS/chitosan film on Pt electrodes could be controlled by the polymerization time. During the electrochemical polymerization of PEDOT/PSS/chitosan coatings on Pt electrodes, the currents as a function of time were recorded. As showed in Figure 1, immediately after the polymerization, the currents were decreased rapidly (within 500 s) and then decayed with the polymerization time. Figure 1 showed that at the polymerization time of 1800 s, the currents were ~1 μA. At the polymerization time of 3600 and 5400 s, the currents were decreased to 0.72 and ~0.58 μA, respectively. The polymerization time of 1800, 3600 and 5400 s was chosen, at which different PEDOT/PSS/chitosan coatings were polymerized on the Pt electrodes. Electrical properties of CV, EIS, and stabilities of these PEDOT/PSS/chitosan-coated Pt electrodes were examined and were compared.


Figure 1. Currents as a function of time during the electrochemical polymerization of PEDOT/PSS/chitosan coatings on Pt electrodes.
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3.2. Electrochemical Stability of PEDOT/PSS/Chitosan-Coated Pt Electrodes in PBS


Electrochemical stabilities of several types of PEDOT/PSS/chitosan-coated electrodes, which were prepared at the different polymerization time of 1800, 3600 and 5400 s, were examined. CV and EIS of these electrodes in 0.1 M PBS solution at different time points were measured, respectively. A typical CV spectrum at the scan rate of 0.05 V/s of the PEDOT/PSS/chitosan-coated Pt electrodes at the time points of 0, 0.5, 1, 1.5, 2 and 48 h, respectively, in PBS was shown in Figure 2A. Background subtracted CV curve areas represent the total amount of stored charge. Each background subtracted CV curve areas were calculated and the percentages to 0 h were presented in Figure 2B. As shown, the percentages were all around 100% and no difference was found among the different time points (F(5,18) = 2.48, p > 0.05). Similarly, EIS of the PEDOT/PSS/chitosan-coated electrodes was measured at the different time points of 0, 0.5, 1, 1.5, 2 and 48 h, respectively, in 0.1 M PBS solution. The EIS data in the form of Bode plot (the EIS data in the form of Nyquist plot presented in Supplementary Materials Figure S1) showed that in the frequency range of 1–100 kHz, the impedance of the PEDOT/PSS/chitosan-coated Pt electrodes was decreased as a function of frequency (Figure 2C). Furthermore, a similar pattern of EIS data was observed at different time points of electrodes in PBS (Figure 2C). Impedance of the electrodes at 1 kHz has been used as a standard measurement of the coated electrode quality [7]. At different time points, the impedance at 1 kHz was calculated and the percentage to 0 h in PBS was presented (Figure 2D). As shown, the average percentage was all ~100% and no significant difference was found among different time points (F(5,18) = 2.33, p > 0.05). For all the PEDOT/PSS/chitosan-coated electrodes, which prepared at the polymerization time of 1800, 3600 or 5400 s, CV and EIS in PBS were stable, implying that the PEDOT/PSS/chitosan coatings were deposited on the surface of Pt electrodes.


Figure 2. (A) A typical electrochemical cyclic voltametry (CV) spectrum of the PEDOT/PSS/chitosan-coated Pt electrodes in PBS at different time points of 0, 0.5, 1, 1.5, 2 and 48 h. (B) The percentage of the mean values of the CV curve areas of the PEDOT/PSS/chitosan-coated electrodes in PBS at the time points of 0.5, 1, 1.5, 2 and 48 h, respectively, relative to those at 0 h in PBS. (C) A typical electrochemical impedance spectroscopy (EIS) in the form of Bode plot of the PEDOT/PSS/chitosan-coated electrodes in PBS at different time points of 0, 0.5, 1, 1.5, 2 and 48 h. (D) The percentage of the mean impedance at 1 kHz of the PEDOT/PSS/chitosan-coated electrodes in PBS at the time points of 0.5, 1, 1.5, 2 and 48 h, respectively, relative to those at 0 h in PBS.
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3.3. Possibility of the PEDOT/PSS/Chitosan-Coated Pt Electrodes for Dex Bio-Sensing


To investigate the possibility of PEDOT/PSS/chitosan-coated Pt electrodes for bio-sensing, the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 1800, 3600 or 5400 s, respectively, were immersed in 10 mM saturated Dex water solution. The length of the PEDOT/PSS/chitosan-coated electrodes immersing in Dex was 10 mm, the same actual electrode area as the PEDOT/PSS/chitosan coatings. At different time points, 0, 0.5, 1, 1.5 and 2 h after electrode immersion in Dex solution, electrochemical CV and EIS were tested. A typical CV spectrum of the PEDOT/PSS/chitosan-coated electrode in Dex was showed in Figure 3A. Each background subtracted CV curve areas of the PEDOT/PSS/chitosan-coated electrodes were calculated and percent to mean values of 0 h in Dex. As shown in Figure 3B, for the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 1800, 3600 or 5400 s, 0.5, 1, 1.5 and 2 h immersion of Dex significantly increased the CV curve areas relative to 0 h (100%) (F(1,6) ≥ 9.66, p < 0.05). Furthermore, relative to 0.5 h immersion in Dex, CV curve areas of 1 h, 1.5 h and 2 h immersion in Dex were significantly enhanced (F(1,6) ≥ 6.63, p < 0.05) and no significant difference in CV curve areas was found among 1, 1.5 and 2 h immersion in Dex solution (F(1,6) ≤ 2.02, p > 0.05). In addition, for the magnitude of increases in CV curve areas, the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 3600 s was up to 320%–330%, whereas the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 1800 and 5400 s was ~170% and ~200%, respectively (Figure 3B). These findings demonstrated that immersion of the PEDOT/PSS/chitosan-coated electrodes, especially the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 3600 s in Dex, could increase CV curve areas, the CV curve areas increasing with time at first and then became stable after the immersion of 1–2 h.


Figure 3. (A) A typical electrochemical CV spectrum of the PEDOT/PSS/chitosan-coated Pt electrodes in 10 μM Dex solution at different time points of 0, 0.5, 1, 1.5 and 2 h. (B) The percentage of the mean values of the CV curve areas of the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 1800, 3600 and 5400 s, respectively, at the time points of 0.5, 1, 1.5 and 2 h in 10 μM Dex solution, relative to those at 0 h in Dex. (C) A typical EIS in the form of Bode plot of the PEDOT/PSS/chitosan-coated electrodes in 10 μM Dex solution at different time points of 0, 0.5, 1, 1.5 and 2 h. (D) The percentage of the mean impedance at 1 kHz of the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 1800, 3600 and 5400 s, respectively, at the time points of 0.5, 1, 1.5 and 2 h in 10 μM Dex, respectively, relative to those at 0 h in Dex.
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Likewise, EIS of several types of PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 1800, 3600 or 5400 s, in Dex solution at the different time points was examined. A typical EIS Bode plot (the Nyquist plot presented in Supplementary Materials Figure S2) of PEDOT/PSS/chitosan-coated electrodes in Dex was showed in Figure 3C. As shown, with the time of Dex immersion, impedance of the PEDOT/PSS/chitosan-coated electrodes was decreased within the whole frequency range of 1–100 kHz (Figure 3C). The impedance at 1 kHz of the PEDOT/PSS/chitosan-coated electrodes at different time points in Dex was calculated. As shown in Figure 3D, for all the PEDOT/PSS/chitosan-coated electrodes, Dex immersion of 0.5, 1, 1.5 and 2 h significantly decreased the impedance at 1 kHz relative to 0 h in Dex (F(1,6) ≥ 7.55, p < 0.05). Furthermore, relative to 0.5 h immersion in Dex, the impedance at 1 kHz of 1, 1.5 and 2 h immersion in Dex was significantly decreased (F(1,6) ≥ 9.45, p < 0.05) and no significant difference was found among 1, 1.5 and 2 h immersion in Dex solution (F(1,6) ≤ 3.18, p > 0.05). For the magnitude of decreases in the impedance at 1 kHz, the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 3600 s was down to ~25%, whereas the PEDOT/PSS/chitosan-coated electrodes with the polymerization of 1800 s and 5400 s were ~65% and ~55%, respectively (Figure 3D).



These results demonstrated that the CV curve areas and EIS could be altered by immersing of the PEDOT/PSS/chitosan-coated electrodes into Dex solution, implying that the PEDOT/PSS/chitosan-coated electrodes could be used for electrochemical Dex bio-sensing. Considering the sensitivities of the PEDOT/PSS/chitosan-coated electrodes to Dex bio-sensing, the polymerization time of 3600 s was chosen for synthesis of PEDOT/PSS/chitosan coatings on the surface of Pt electrodes. Thus, the PEDOT/PSS/chitosan-coated electrodes with the polymerization time of 3600 s were selected in the subsequent experiments.




3.4. Electrochemical Evaluation of PEDOT/PSS/Chitosan-Coated Pt Electrodes


The PEDOT/PSS/chitosan-coated Pt electrodes could be used for Dex bio-sensing. To fully evaluate properties of the PEDOT/PSS/chitosan-coated electrodes (the polymerization time: 3600 s), electrochemical CV and EIS were examined before, during and after Dex bio-sensing. CV and EIS of uncoated (bare) Pt electrodes were tested as controls. Since the CV and EIS values of the PEDOT/PSS/chitosan-coated electrodes in Dex became stable 1–2 h after Dex immersion (Figure 3), thus, the PEDOT/PSS/chitosan-coated electrodes immersed in Dex solution for 2 h were chosen for evaluation. Correspondingly, to rule out any possible Dex absorption or excess Dex on the surface of the PEDOT/PSS/chitosan-coated electrodes after Dex bio-sensing, these electrodes were firstly washed in deionized water for 2 h and then tested in PBS. A typical CV spectrum of bare electrode in PBS, the PEDOT/PSS/chitosan-coated electrode in PBS before Dex bio-sensing, in Dex solution for 2 h, and in PBS after Dex bio-sensing was showed in Figure 4A. Background-subtracted CV curve areas were calculated and the values were normalized to those of bare electrodes in PBS. As shown (Figure 4B), relative to the bare electrodes in PBS, CV curve areas of the PEDOT/PSS/chitosan-coated electrodes in PBS before Dex bio-sensing and after Dex bio-sensing were significantly increased (F(1,6) ≥ 20.1, p < 0.05), whereas, CV curve areas of the PEDOT/PSS/chitosan-coated electrodes in Dex were significantly decreased (p < 0.05). Furthermore, CV curve areas of the PEDOT/PSS/chitosan-coated electrodes in PBS after Dex biosensing were similar to those in PBS before bio-sensing (F(1,6) = 1.24, p > 0.05).


Figure 4. (A) A typical electrochemical CV spectrum of the bare (uncoated) Pt electrode in PBS, the PEDOT/PSS/chitosan-coated electrodes (polymerization time: 3600 s) in PBS, in 10 μM Dex for 2 h, and in PBS 2 h after in Dex, respectively. (B) The percentage of the mean values of the CV curve areas of the PEDOT/PSS/chitosan-coated electrodes in PBS, in 10 μM Dex for 2 h, and in PBS 2 h after in Dex, respectively, relative to those of the bare electrodes in PBS. (C) A typical EIS in the form of Bode plot of the bare Pt electrode in PBS, the PEDOT/PSS/chitosan-coated electrodes in PBS, in 10 μM Dex for 2 h, and in PBS 2 h after in Dex, respectively. (D) The percentage of the mean impedance at 1 kHz of the PEDOT/PSS/chitosan-coated electrodes in PBS, in 10 μM Dex for 2 h, and in PBS 2 h after in Dex, respectively, relative to those of the bare electrodes in PBS.
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Likewise, EIS of the bare electrodes, the PEDOT/PSS/chitosan-coated electrodes before, during and after Dex bio-sensing, was also examined and a typical Bode plot of EIS (Nyquist plot of EIS presented in Supplementary Materials Figure S3) was showed in Figure 4C. Values of impedance at 1 kHz were calculated and were normalized to those of bare electrodes in PBS (Figure 4D). As shown, relative to the bare electrodes, the impedance at 1 kHz of the PEDOT/PSS/chitosan-coated electrodes in PBS before Dex bio-sensing and after Dex bio-sensing was significantly decreased (F(1,6) ≥ 6.73, p < 0.05). Whereas, the impedance at 1 kHz of the PEDOT/PSS/chitosan-coated electrodes in Dex solution was extraordinarily enhanced relative to the bare electrodes, with the ratio of ~165. In addition, the impedance of the PEDOT/PSS/chitosan-coated electrodes in PBS after Dex bio-sensing was close to those before Dex bio-sensing (F(1,6) = 2.25, p > 0.05).



These results revealed that relative to the bare electrodes, the PEDOT/PSS/chitosan-coated electrodes increased the charge delivery capacities and decreased the impedance. For the PEDOT/PSS/chitosan-coated electrodes, bio-sensing of Dex was reflected by decreasing the charge delivery capacities and increasing the impedance. Furthermore, the properties of the PEDOT/PSS/chitosan-coated electrodes in CV and EIS before and after Dex bio-sensing were comparable, implicating that the PEDOT/PSS/chitosan-coated electrodes were stable for Dex bio-sensing and might be used for Dex bio-sensing repetitively.




3.5. Sensitivity of PEDOT/PSS/Chitosan-Coated Pt Electrodes for Dex Bio-Sensiing


Electrochemical Dex bio-sensing of the PEDOT/PSS/chitosan-coated electrodes was represented by the decreases in CV curve areas and the increases in the impedance. To investigate the sensitivity and the linearity of the PEDOT/PSS/chitosan-coated electrodes for Dex bio-sensing, the PEDOT/PSS/chitosan-coated electrodes were immersed in 1, 5, 10, 50, 100, and 500 nM Dex solutions for 2 h, and electrochemical CV and EIS were measured, respectively. CV and EIS of the PEDOT/PSS/chitosan-coated electrodes in PBS were examined as controls. Background-subtracted CV curve areas and impedance at 1 kHz of the PEDOT/PSS/chitosan-coated electrodes in different concentrations of Dex and in PBS were calculated and all values in Dex solution were normalized to those in PBS. As showed in Figure 5A, the CV curve areas were negatively correlated with the concentration of Dex. Linear regression analysis yielded the equation of y = 2.8292x + 44.1495, where y is the CV curve areas (percent to values in PBS), x is the concentration of Dex (log(nM)). The impedance at 1 kHz was positively correlated with the concentration of Dex (Figure 5B). Analysis obtained the linear regression equation of y = −1.3068x + 87.4236, where y is the impedance at 1 kHz (ratios to values in PBS) and x is the concentration of Dex (log(nM)). Both CV curve areas (Figure 5A) and the EIS (Figure 5B) vs. the concentration of Dex revealed high correlation coefficients (R2 = 0.9936 for CV curve areas and R2 = 0.9984 for impedance at 1 kHz). All these results demonstrated good linearity for the relationship between the CV curve areas, the impedance, and Dex concentration, confirming that the PEDOT/PSS/chitosan-coated electrodes could be used for Dex bio-sensing.


Figure 5. The standard curves of (A) CV curve areas (the percentage of the PEDOT/PSS/chitosan-coated Pt electrodes in Dex solution to those in PBS); (B) the impedance at 1 kHz (the ratio of the PEDOT/PSS/chitosan-coated Pt electrodes in Dex solution to those in PBS), vs. Dex concentration (log(nM)).
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To compare the sensitivity of Dex bio-sensing between the PEDOT/PSS/chitosan-coated electrodes and traditional UV spectroscopy, different concentrations of Dex, ranging from 1 to 500 μM were examined by UV spectroscopy. As showed in Figure 6A, characteristic Dex absorbance spectra at 242 nm could be observed in 100, 125, 250 and 500 μM Dex solutions, however, no Dex absorbance spectrum was observed in 1–10 μM Dex solution. Furthermore, the UV spectra absorbent values were positively correlated with the concentration of Dex at the range of 100–500 μM and the correlation coefficient equal to 0.9539 (Figure 6B).


Figure 6. (A) Typical UV spectroscopy spectra of different concentrations of Dex, ranging from 1 to 500 μM. The characteristic Dex absorbance bands at 242 nm are observed in 100–500 μM Dex solution. (B) The standard curves of the absorbance at 242 nm of the UV spectroscopy spectra vs. Dex concentration (log(μM)).
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These results, together with the electrochemical measurements of the PEDOT/PSS/chitosan-coated electrodes for Dex bio-sensing, revealed that the PEDOT/PSS/chitosan-coated electrodes possess the higher sensitivity for Dex bio-sensing than traditional UV spectroscopy.





4. Discussion


In the present study, the PEDOT/PSS/chitosan coatings were electrochemical polymerized on the surfaces of 0.5 mm Pt electrodes. Constant anodic potential of 1.0 V relative to the counter and polymerization time of 3600 s was selected for the polymerization of PEDOT/PSS/chitosan-coated electrodes. Electrochemical CV and EIS properties of the PEDOT/PSS/chitosan-coated electrodes in PBS and in Dex solutions were investigated. The results demonstrated that the PEDOT/PSS/chitosan-coated electrodes increased the charge delivery capacities and decreased the impedance relative to the bare electrodes. The PEDOT/PSS/chitosan-coated electrodes exhibited stable CV and EIS properties in PBS solution. In Dex solution, the PEDOT/PSS/chitosan coatings could absorb Dex, resulting in the CV and EIS changing with the time at first and then becoming stable in Dex solution. In addition, the PEDOT/PSS/chitosan-coated electrodes could be used for Dex bio-sensing based on some evidence. First, CV and EIS properties could be altered by Dex. Second, good linearity for the relationship between CV and Dex concentration, and between EIS and Dex concentration, can be obtained. Third, after Dex bio-sensing and thorough cleaning, CV and EIS value of the PEDOT/PSS/chitosan-coated electrodes were close to those before bio-sensing. Fourth, the sensitivity of the PEDOT/PSS/chitosan-coated electrodes for Dex detection was better than traditional UV spectroscopy.



Numerous previous studies have revealed that conductive PEDOT can be polymerized by electrochemical polymerization of EDOT monomer and during this polymerization process, a variety of dopants can be incorporated into the PEDOT polymers [28,29]. In the present study, EDOT monomer, PSS, and chitosan were placed into the electrolyte solution and subjected to electrochemical polymerization. Even though chitosan is a non-conducting biomaterial and the exact mechanism of electrochemical interactions during the polymerization of PEDOT/PSS/chitosan was not fully understood, however, it was thought to involve ionic interactions with dopant anions, hydrophobic interactions with either dopants molecules or monomer or physical entrapment of the biomedical molecule [21]. The exact process and mechanism of electrochemical copolymerization of PEDOT/PSS/chitosan needs further investigation, such as by Fourier transform infrared spectra characterization. In this study, it might be assumed that chitosan was incorporated into the PEDOT/PSS polymers and the PEDOT/PSS/chitosan coatings were deposited on the surface of Pt electrodes, since the characteristic current-time curve during the polymerization process was detected (Figure 1) and the PEDOT/PSS/chitosan-coated electrodes were consistent in electrochemical properties in PBS solution (Figure 2). During the polymerization of PEDOT/PSS/chitosan coatings, the currents were decreased as the function of time might be explained by competition between increases in the amount of conducting PEDOT/PSS polymers and surface areas, and the increases in the incorporation of chitosan.



Chitosan is one of the most widely used biopolymers for sensor applications due to several qualities of chitosan, such as excellent film forming ability and high permeability. In this study, the immersion of the PEDOT/PSS/chitosan-coated electrodes into Dex solution, the electrochemical properties of the PEDOT/PSS/chitosan-coated electrodes were altered with time at first, then stay at a constant level. Chitosan facilitating the immobilization of molecular or ions [19,30] could result in the permeability of Dex into the PEDOT/PSS/chitosan coatings increasing with time at first. The electrochemical properties of the PEDOT/PSS/chitosan-coated electrodes reached constant levels, probably due to the saturation of the binding sites available on the PEDOT/PSS/chitosan coatings. As to the mechanism of the PEDOT/PSS/chitosan coatings binding Dex, it was hypothesized that the physical binding may dominate since the electrochemical properties of the PEDOT/PSS/chitosan-coated electrodes could be resumed after Dex bio-sensing and thorough cleaning.



In the present study, the findings have demonstrated that the PEDOT/PSS/chitosan coatings could be deposited on the surface of Pt electrodes and could be used for electrochemical bio-sensing, reflected by the alterations in CV curve areas and impedance of EIS. In this study, Dex was served as a model testing materials. It was mostly possible that the PEDOT/PSS/chitosan-coated electrodes could be used for many biomaterials or chemical materials testing, such as toxic metal ions or compounds. As a matter of fact, previous studies have revealed that several conducting polymers/chitosan coatings or films can be used for electrochemical bio-sensing. For example, polypyrrole/chitosan conducting polymer composite was used for toxic metal Pb2+ and Hg2+ ion detection [19]. Polyaniline/chitosan hybrid conducting polymers were used for detection of Ochratoxin-A, one of a mycotoxin [30], and a breast cancer susceptible gene [21]. Our present results, collected with these previous studies, suggested that conducting polymers/chitosan coatings or films be one of the most promising electrochemical biosensors. These biosensors, including the PEDOT/PSS/chitosan coatings, are low-cost since the whole detection process does not require specific sample labeling. Furthermore, these electrochemical bio-sensing are sensitive and Dex as low as nM can be detected in this study, four orders lower than UV spectroscopy detection. It is, thus, concluded that the PEDOT/PSS/chitosan-coated electrodes can provide simple, inexpensive, and sensitive electrochemical detection. It should be addressed that, in this study, any element in the electrolyte, which could be immobilized on the surface of the PEDOT/PSS/chitosan-coated electrodes, might influence the electron-transfer kinetics and affect the electrochemical properties of the PEDOT/PSS/chitosan coatings. It, thus, cannot be denied that the PEDOT/PSS/chitosan-coated electrodes for traditional electrochemical detection may not have specific selectivity. However, immobilization of specific probes onto the PEDOT/PSS/chitosan-coated electrodes will increase the electrochemical selectivity [21].




5. Conclusions


In this study, the PEDOT/PSS/chitosan coatings were electrochemically polymerized on the surface of Pt electrodes. Electrochemical properties of the PEDOT/PSS/chitosan-coated electrodes in CV curve areas and EIS were sensitive to Dex, a model bio-sensing material in this study. Linear regression analyses revealed good linearity for the relationship between the electrochemical properties of the PEDOT/PSS/chitosan-coated electrodes and the concentrations of Dex, and the sensitivity of these electrodes to Dex was much higher than the UV spectroscopy detection. Based on this evidence, it could be concluded that the PEDOT/PSS/chitosan-coated electrodes can be used for electrochemical bio-sensing. The remarkable features of this kind of biosensor include ease of polymerization and high sensitivity.
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The following are available online at http://www.mdpi.com/2079-6412/7/7/96/s1. Figure S1: A typical electrochemical impedance spectroscopy (EIS) in the form of Nyquist plot of the PEDOT/PSS/chitosan-coated electrodes in PBS at different time points of 0, 0.5, 1, 1.5, 2 and 48h; Figure S2: A typical EIS in the form of Nyquist plot of the PEDOT/PSS/chitosan-coated electrodes, with the polymerization time of 1800, 3600 and 5400s, in 10μM Dex solution at different time points of 0, 0.5, 1, 1.5 and 2h, respectively; Figure S3: A typical EIS in the form of Nyquist plot of the bare Pt electrode in PBS, the PEDOT/PSS/chitosan-coated electrodes in PBS, in 10μM Dex for 2h, and in PBS 2h after in Dex, respectively.





Acknowledgments


This work was supported by Program of Development of Science and Technology of University of Shanghai for Science and Technology (16KJFZ107 and 2017KJFZ160).




Author Contributions


Li Sui conceived and designed the experiments; Bingshu Zhang and Jun Wang performed the experiments; Ainan Cai analyzed the data; Li Sui wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	1. 
Kirchmeyer, S.; Reuter, K. Scientific importance, properties and growing applications of poly(3,4-ethylenedioxythiophene). J. Mater. Chem. 2005, 15, 2077–2088. [Google Scholar] [CrossRef]

	2. 
Petraki, F.; Kennou, S.; Nespurek, S.; Biler, M. A spectroscopic study for the application of a PEDOT-type material as buffer layer in electronic devices. Org. Electron. 2010, 11, 1423–1431. [Google Scholar] [CrossRef]

	3. 
Denneulin, A.; Blayo, A.; Bras, J.; Neuman, C. PEDOT: PSS coating on specialty papers: Process optimization and effects of surface properties on electrical performances. Prog. Org. Coat. 2008, 63, 87–91. [Google Scholar] [CrossRef]

	4. 
Green, R.A.; Matteucci, P.B.; Hassarati, R.T.; Giraud, B.; Dodds, C.W.; Chen, S.; Byrnes-Preston, P.J.; Suaning, G.J.; Poole-Warren, L.A.; Lovell, N.H. Performance of conducting polymer electrodes for stimulating neuroprosthetics. J. Neural Eng. 2013, 10, 016009. [Google Scholar] [CrossRef] [PubMed]

	5. 
Venkatraman, S.; Hendricks, J.; King, Z.A.; Sereno, A.J.; Richardson-Burns, S.; Martin, D.; Carmena, J.M. In vitro and in vivo evaluation of PEDOT microelectrodes for neural stimulation and recording. IEEE Trans. Neural Syst. Rehabil. Eng. 2011, 19, 307–316. [Google Scholar] [CrossRef] [PubMed]

	6. 
Chikar, J.A.; Hendricks, J.L.; Richardson-Burns, S.M.; Raphael, Y.; Pfingst, B.E.; Martin, D.C. The use of a dual PEDOT and RGD-functionalized alginate hydrogel coating to provide sustained drug delivery and improved cochlear implant function. Biomaterials 2012, 33, 1982–1990. [Google Scholar] [CrossRef] [PubMed]

	7. 
Sui, L.; Song, X.J.; Ren, J.; Cai, W.J.; Ju, L.H.; Wang, Y.; Wang, L.Y.; Chen, M. In vitro and in vivo evaluation of poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate)/dopamine-coated electrodes for dopamine delivery. J. Biomed. Mater. Res. A 2014, 102, 1681–1696. [Google Scholar] [CrossRef] [PubMed]

	8. 
Nikolou, M.; Malliaras, G.G. Applications of poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonic acid) transistors in chemical and biological sensors. Chem. Rec. 2008, 8, 13–22. [Google Scholar] [CrossRef] [PubMed]

	9. 
Rozlosnik, N. New directions in medical biosensors employing poly(3,4-ethylenedioxy thiophene) derivative-based electrodes. Anal. Bioanal. Chem. 2009, 395, 637–645. [Google Scholar] [CrossRef] [PubMed]

	10. 
Abidian, M.R.; Daneshvar, E.D.; Egeland, B.M.; Kipke, D.R.; Cederna, P.S.; Urbanchek, M.G. Hybrid conducting polymer-hydrogel conduits for axonal growth and neural tissue engineering. Adv. Healthc. Mater. 2012, 1, 762–767. [Google Scholar] [CrossRef] [PubMed]

	11. 
Luo, S.C.; Mohamed Ali, E.; Tansil, N.C.; Yu, H.H.; Gao, S.; Kantchev, E.A.; Ying, J.Y. Poly(3,4-ethylenedioxythiophene) (PEDOT) nanobiointerfaces: Thin, ultrasmooth, and functionalized PEDOT films with in vitro and in vivo biocompatibility. Langmuir 2008, 24, 8071–8077. [Google Scholar] [CrossRef] [PubMed]

	12. 
Luo, S.C.; Yu, H.H.; Wan, A.C.; Han, Y.; Ying, J.Y. A general synthesis for PEDOT-coated nonconductive materials and PEDOT hollow particles by aqueous chemical polymerization. Small 2008, 4, 2051–2058. [Google Scholar] [CrossRef] [PubMed]

	13. 
Povlich, L.K.; Cho, J.C.; Leach, M.K.; Corey, J.M.; Kim, J.; Martin, D.C. Synthesis, copolymerization and peptide-modification of carboxylic acid-functionalized 3,4-ethylenedioxythiophene (EDOTacid) for neural electrode interfaces. Biochim. Biophys. Acta 2013, 1830, 4288–4293. [Google Scholar] [CrossRef] [PubMed]

	14. 
Green, R.A.; Lovell, N.H.; Poole-Warren, L.A. Impact of co-incorporating laminin peptide dopants and neurotrophic growth factors on conducting polymer properties. Acta Biomater. 2010, 6, 63–71. [Google Scholar] [CrossRef] [PubMed]

	15. 
Pavinatto, F.J.; Caseli, L.; Oliveira, O.N. Chitosan in nanostructured thin films. Biomacromolecules 2010, 11, 1897–1908. [Google Scholar] [CrossRef] [PubMed]

	16. 
Jayakumar, R.; Prabaharan, M.; Nair, S.V.; Tamura, H. Novel chitin and chitosan nanofibers in biomedical applications. Biotechnol. Adv. 2010, 28, 142–150. [Google Scholar] [CrossRef] [PubMed]

	17. 
Bo, Y.; Wang, W.; Qi, J.; Huang, S. A DNA biosensor based on graphene paste electrode modified with Prussian blue and chitosan. Analyst 2011, 136, 1946–1951. [Google Scholar] [CrossRef] [PubMed]

	18. 
Junbo, B.; Cunxian, S. Chitosan chip and application to evaluate DNA loading on the surface of the metal. Biomed. Mater. 2009, 4, 011002. [Google Scholar] [CrossRef] [PubMed]

	19. 
Abdi, M.M.; Abdullah, L.C.; Sadrolhosseini, A.R.; Mat Yunus, W.M.; Moksin, M.M.; Tahir, P.M. Surface plasmon resonance sensing detection of mercury and lead ions based on conducting polymer composite. PLoS ONE 2011, 6, e24578. [Google Scholar] [CrossRef] [PubMed]

	20. 
Yavuz, A.G.; Uygun, A.; Kaplan Can, H. The effect of synthesis media on the properties of substituted polyaniline/chitosan composites. Carbohydr. Res. 2011, 346, 2063–2069. [Google Scholar] [CrossRef] [PubMed]

	21. 
Tiwari, A.; Gong, S. Electrochemical detection of a breast cancer susceptible gene using cDNA immobilized chitosan-co-polyaniline electrode. Talanta 2009, 77, 1217–1222. [Google Scholar] [CrossRef] [PubMed]

	22. 
Fang, Y.; Ni, Y.; Zhang, G.; Mao, C.; Huang, X.; Shen, J. Biocompatibility of CS-PPy nanocomposites and their application to glucose biosensor. Bioelectrochemistry 2012, 88, 1–7. [Google Scholar] [CrossRef] [PubMed]

	23. 
Arredondo, M.; Stoytcheva, M.; Zlatev, R.; Gochev, V. Some clinical applications of the electrochemical biosensors. Mini Rev. Med. Chem. 2012, 12, 1301–1313. [Google Scholar] [CrossRef] [PubMed]

	24. 
Batchelor-McAuley, C.; Dickinson, E.J.; Rees, N.V.; Toghill, K.E.; Compton, R.G. New electrochemical methods. Anal. Chem. 2012, 84, 669–684. [Google Scholar] [CrossRef] [PubMed]

	25. 
Ates, M. A review study of (bio)sensor systems based on conducting polymers. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 1853–1859. [Google Scholar] [CrossRef] [PubMed]

	26. 
Lisdat, F.; Schäfer, D. The use of electrochemical impedance spectroscopy for biosensing. Anal. Bioanal. Chem. 2008, 391, 1555–1567. [Google Scholar] [CrossRef] [PubMed]

	27. 
Chang, B.Y.; Park, S.M. Electrochemical impedance spectroscopy. Annu. Rev. Anal. Chem. 2010, 3, 207–229. [Google Scholar] [CrossRef] [PubMed]

	28. 
Asplund, M.; Thaning, E.; Lundberg, J.; Sandberg-Nordqvist, A.C.; Kostyszyn, B.; Inganäs, O.; von Holst, H. Toxicity evaluation of PEDOT/biomolecular composites intended for neural communication electrodes. Biomed. Mater. 2009, 4, 045009. [Google Scholar] [CrossRef] [PubMed]

	29. 
Xiao, Y.; Li, C.M.; Wang, S.; Shi, J.; Ooi, C.P. Incorporation of collagen in poly(3,4-ethylenedioxythiophene) for a bifunctional film with high bio- and electrochemical activity. J. Biomed. Mater. Res. A 2010, 92, 766–772. [Google Scholar] [CrossRef] [PubMed]

	30. 
Khan, R.; Dhayal, M. Chitosan/polyaniline hybrid conducting biopolymer base impedimetric immunosensor to detect Ochratoxin-A. Biosens. Bioelectron. 2009, 24, 1700–1705. [Google Scholar] [CrossRef] [PubMed]



















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
A PEDOT/PSS/chitosan in PBS (0 h) B mmmm Oh
oo _—— PEDOT/PSS/chitosan in PBS (0.5 h) S s 0.5h
e PEDOT/PSS/chitosan in PBS (1 h) == 1h
—————— PEDOT/PSS/chitosan in PBS (1.5 h) m 1.5h
~~~~~~~~~~~~~~~~~~ PEDOT/PSS/chitosan in PBS (2 h) =100 s 2h
200 - @@ ———— PEDOT/PSS/chitosan in PBS (48h) e mmmm 48h
(@]
% 2 80
£ 3
@ 100 - 60
s )
o S 40
O
0 >
© 20
-100 0

1.0 0.5 0 -0.5 -1.0
Potential (V) Time (h)





nav.xhtml


  coatings-07-00096


  
    		
      coatings-07-00096
    


  




  





media/file8.jpg
A

130 0 ONISS 410030 >

el
S8au wPISE41003 =

Saquoporpop o >

g & &8 8 ° 3§31
oo a1 00 013 3 R
—= s [F /
R -
gi¢ 3
i
s s
1 -3
1333 -
HH
AREY
I )
L
A o
H g 8 ° 8 v
(i woung | o (D601

oy Py, i





media/file6.jpg
80— PEDOTIPSS/chitosan in Dex (0 h) 0. - Dex (01)
p— Ll peats
ol ————  PEDOTPSS/entosan nDex (1 ) =
PEDOTIPSS/chtosan i Dex (15 h) - ety
PEDOTIPSSichtosan i Dex 2 Eo
H
H
£
H
2
0
o
1 5 B o5 o [
Potetal (1)
¢ o
0o
s
5
s g "
5 2
2 5
R
»

g irequany





media/file1.png
00 | | | | |

0 1000 2000 3000 4000 5000

Time (s)





media/file13.png
Z at 1KHz (ratio to electrodes in PBS)

120

100

80

60

40

20

y=-1.3068x+87.4236
R2=0.9984

1 10 100 1000

Log (Dex concentration, nM)





media/file10.jpg
>

120

100

80 ¢
60 f

40 8202x+44.1895

R?=0.9936

20

CV curve area (% of electrodes in PBS)

1 10 100 1000

Log (Dex concentration, nM)





media/file7.png
80

60

IS
o

Current (pA)
N
o

Log (Z, Q)

B PEDOT/PSS/chitosan in Dex (0 h)
—— — PEDOT/PSS/chitosan in Dex (0.5 h)

Sk ke PEDOT/PSS/chitosan in Dex (1 h)
—————— PEDOT/PSS/chitosan in Dex (1.5 h) ,;’f
----------------- PEDOT/PSS/chitosan in Dex (2 h.)’,(///

1.0 0.5 0 -0.5 -1.0

Potential (V)

Log (Frequency, Hz)

CV curve area (% of Oh in Dex)

O

Z at 1 kHz (% of Oh in Dex)

400

300

200

100

100

o
o

(o2}
o

I
o

20t

1800s

1800s

3600s

3600s

I in Dex (0 h)
I in Dex (0.5 h)
I in Dex (1h)
I in Dex (1.5 h)
I in Dex (2 h)

5400s

5400s





media/file3.jpg
Log . ©)

2 3
oy cap——

°

100

Zat 1 kHz (3% of On)

0

Time ()





media/file9.png
X8 ur uesoiyo/Ssd/10d3d =

Sdd ul epoljos|e aleq =

1 1
o o o
w0 (@

1
o
o w0
N - ~
(epouoole aleq JO 9) Bale 9AIND AD
& e s

PEDOT/PSS/chitosan electrode in PBS (2 h after Dex

PEDOT/PSS/chitosan electrode in PBS
PEDOT/PSS/chitosan electrode in Dex (2 h)

bare electrode in PBS

400
300 r

(yni) Juaun)

-1.0

-0.5

0.5

1.0

Potential (V)

X8 Iele Sdd Ul uesopyd/ssd/10d3dd =

S equ oSS
Sdd uluesonyo/sSsd/10ddd =

Sdd ul opoljose aleq ==

16000 -
12000 -
10000

1
o
o
o
<
-

(

opo.}0a[e BIBq JO %) ZHY | 1B Z

/
/

© (v5 '7) Bo

Log (Frequency, Hz)





media/file14.jpg
Absorbance

20

15}

blank
1M Dex

10 1M Dex
1M Dex

104 Dex
100 uM Dex
125 uM Dex
250 M Dex
500 M Dex

Avsorbance

20

18}

18]

14

12|

o8|
- yr08 14003023
RP=09539
04
02
200 20 240 20 280 300 320 10 100 1000
Wavelength (nm) Log (Dex concentration, M)





media/file5.png
o o
o (e0]

120

- (40 J0 %

o
(o]

20

)ZHY L e Z

o

(t5 '2) BoT

Time (h)

Log (Frequency, Hz)





media/file15.png
2.0

1.5

—_
o

Absorbance

0.5

blank

1 nM Dex
10 nM Dex
1 uM Dex
10 uM Dex
100 uM Dex
125 uM Dex
250 uM Dex
500 uM Dex

Wavelength (nm)

Absorbance

N
o
[

©
oo
T

©
o)}
|

0.4}

R2=0.9539

y=0.0614x+0.3023

100

Log (Dex concentration, uM)

1000





media/file12.png
>

CV curve area (% of electrodes in PBS)

120

100

80

60

40

20

y=2.8292x+44.1895
R2=0.9936

10 100 1000

Log (Dex concentration, nM)





media/file11.jpg
B 120

100

80

60

y=-1.3068x+87.4236

40 R%=0.9984

20

Z at 1KHz (ratio to electrodes in PBS)

1 10 100 1000

Log (Dex concentration, nM)





media/file0.jpg
30

25

20

5

10

0s

00

2000

3000

Time (s)

4000

5000





media/file2.jpg
00

H

Curent (uA)
g

PEDOTPSSnasean nPBS (1)
PEDOTPSSntoean P88 (15h)
PEDOTPSSnsean nPBS 21
PEDOTPSSntosan P8 o)

s

O o5
Potentil (V)

100

oV cuve area (% of 1)

Time (n)

=





