

  chemosensors-10-00114




chemosensors-10-00114







Chemosensors 2022, 10(3), 114; doi:10.3390/chemosensors10030114




Article



Effect of Applied Electrical Stimuli to Interdigitated Electrode Sensors While Detecting 17α-Ethinylestradiol in Water Samples



Paulo M. Zagalo 1,2,*, Paulo A. Ribeiro 2[image: Orcid] and Maria Raposo 2,*[image: Orcid]





1



CEFITEC, Departamento de Física, Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa, 2829-516 Caparica, Portugal






2



Laboratory of Instrumentation, Biomedical Engineering and Radiation Physics (LIBPhys-UNL), Department of Physics, NOVA School of Science and Technology, Universidade NOVA de Lisboa, 2829-516 Caparica, Portugal









*



Correspondence: p.zagalo@campus.fct.unl.pt (P.M.Z.); mfr@fct.unl.pt (M.R.)







Academic Editors: Paolo Ugo and Nicole Jaffrezic-Renault



Received: 30 January 2022 / Accepted: 14 March 2022 / Published: 16 March 2022



Abstract

:

The effect of impedance measurements of applied voltage on the detection of 17α-ethinylestradiol (EE2) in water samples using interdigitated electrodes (IDE) coated or not with thin films, is described. Firstly, the effect of immersion in EE2 aqueous solutions of layer-by-layer films prepared with poly(allylamine hydrochloride) (PAH), graphene oxide (GO), poly(1-(4-(3-carboxy-4-hydroxyphenylazo) benzene sulfonamido) 1,2 ethanediyl, sodium salt) (PAZO), polyethylenimine (PEI) and poly(sodium 4-styrenesulfonate) (PSS) was analyzed. These results demonstrated that PAH/GO films desorb during the immersion on EE2 solutions, while EE2 adsorbs on PAH/PAZO and PEI/PSS films with characteristic time values of 16.7 and 7.1 min, respectively, demonstrating that both films are adequate for the development of EE2 sensors. However, as the adsorption characteristic time is shorter, and the EE2 adsorbed amount is smaller, the PEI/PSS films are more suitable for the development of sensors. The effect of the applied voltage was analyzed using both IDEs covered with PEI/PSS films as well as those uncoated. The capacitance spectra are best fitted to analyze this effect, and the loss tangent spectra are advantageous to analyze the aqueous media. Furthermore, it was concluded that lower voltage values are best suited to perform measurements of this nature, given that higher voltages lead to less reliable results and cause irreparable damage to the sensors.
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1. Introduction


Personal care and pharmaceutical products (PPCP) and endocrine-disrupting chemicals (EDC) are an ever-looming concern and have started to become an environmental threat that should no longer be ignored or cast aside [1,2,3,4]. Such compounds can be found in a myriad of areas and industries, ranging from medicine (in a multitude of drugs) to hygiene (toothpaste, shampoos), and beauty and skincare (lotions, scrubs, perfumes, makeup), mainly due to revolutionary breakthroughs or advantages made possible by these compounds, such as regulating certain physiological processes, antimicrobial and/or bacteriostatic properties [5,6]. Amongst these chemicals and products are triclosan (5-chloro-2-(2,4-dichlorophenoxy) phenol) (TCS), polychlorinated biphenyls (PCB), chloridane, polyvinyl chloride (PVC), dichlorodiphenyltrichloroethane (DDT), amoxicillin, metaflumizone, methiocarb, estrone (E1), 17β-estradiol (E2) and 17α-ethinylestradiol (EE2), to name a few [7,8,9,10]. Although some of these chemicals have already been banned in certain countries, others remain in use, albeit being part of international watchlists, whose main goal is to develop and analyze a great volume of studies regarding their impact on the environment, and posteriorly, allowing for a more informed and educated decision as to their future, be it them being banned, having their use limited and regulated, or allowing their use freely [7,8,9,10,11,12,13,14]. The threat that PPCP and EDC pose against the environment has a nexus to the impossible; due to current technological limitations, to completely remove these compounds from water that undergoes cleaning processes in wastewater treatment plants (WWTT), results in trace amounts of such products being released into the environment and thus finding their ways into natural water bodies, such as lakes, rivers, seas, and underground waters, among others [15,16,17]. Even though only diminished concentrations of these chemicals exist in WWTTs, their continued and exponentially growing build-up—as a direct result of our day-to-day usage—have, as demonstrated recently by more and more studies, potential and actual malign consequences for animal and plant life, including humans [18,19,20]. One of these abovementioned EDCs, EE2, is a synthetic hormonal molecule that is one of the main components of the oral birth control pill ingested by women throughout the world [21]. As stated before, this hormone ends up in natural bodies of water where several studies have shown cases of changes in reproductive organs, mating habits, and even in some extreme situations, mass sterilizations, be it in fauna or flora [22,23,24]. In humans, there have also been reported studies that connect the presence of EE2 in the environment to a propensity to developing cancer [25,26].



By developing sensor devices, or even an array of sensors based on the electronic tongue (ET) concept [27,28,29], the issues regarding the detection and monitoring or emergent contaminants, such as PPCP and EDC, can be tackled to transition from a quasi-passive state to a more active and dynamic one, thus providing a valuable set of tools to battle this alarmingly rising health hazard. To this end, one viable option is the use of interdigitated electrodes (IDE) in tandem with systems of electrical measuring devices, as is the case of impedance spectroscopy, to allow the analysis, study, and observation of a diverse pool of samples of varied origins [30]. IDEs are a highly versatile tool for this type of work due to their innate adaptability, be it regarding their configuration, size, geometry, or even their low cost and rather simple manufacturing methods. These advantages have propelled them to reach new heights, namely in their widespread use by the scientific community in the sensor science field [31,32,33]. In a study developed by Taylor and MacDonald [34], a model was proposed to illustrate the AC electrical behavior of metal electrodes upon their immersion in electrolyte aqueous solutions, and allow its user to observe and analyze the thin film growth on electrode substrates. Additionally, it is also possible to measure spectra of loss tangents as well as capacitance, to infer and attain relevant data related to the sample’s capacitive and conductive properties throughout a range of moderate frequencies as well as to demonstrate that the electrical behavior displayed by the electrodes differs based on the frequency zone (high frequencies or low frequencies). This work laid down the path for a multitude of studies on interdigitated electrodes and their potential applications.



One of these studies investigated the variations of the width of the electrodes’ digits as well as the distance between them to ascertain how these morphological changes would affect the signal-to-noise ratio and IDE general electrical response [35]. Similarly, there have also been studies that explored the importance of the different geometrical parameters of IDE digits, such as width (W), gap (G), length (L), and height (H). After numerous simulations and attempts, the optimized final version of these electrodes possessed 39 fingers digits and their inherent parameters were as follows: W/G = 1500/500 nm; L = 180 μm; H = 200 nm. Through further simulations and experimental work, several interesting conclusions were drawn: by increasing the contact areas delimited through the height and length of the IDE digits, a larger number of biomolecular interactions could take place, thus increasing the richness of the signal and the information obtained; the width parameter was found to possess a diminished weight as compared to previous studies; and finally, the gap (spacing) between the IDE fingers was reported to be the primary and deciding feature regarding the variation of the sensors’ overall sensitivity [36]. Another study reported to have conducted multiple simulations intending to model an impedance-based IDE biosensor, and through this work, it was shown that the dimensions of the IDE configurations (primarily digits’ width and gap) would inevitably influence the electric field’s magnitude measured. They went on to conclude that electrodes of significantly small dimensions that rely mainly on highly expensive manufacturing techniques generally do not display better results than similar devices, whose dimensions were faintly bigger and were pointedly less expensive to produce [37].



The aim of this work rested on confirming the results of previous work [38] and achieving optimization of said work for future impedance measurements of thin film-based IDE sensors focused on the detection and monitoring of emergent contaminants (EE2 in this case) in water matrices, to which end, two separate studies were planned and put into practice. Firstly, a study was conducted by spectrophotometry, and was centered around the stability of different combinations of thin films ((PAH/GO)5, (PAH/PAZO)5 and (PEI/PSS)5) to select the one(s) with the best response(s) for this and future related works. Secondly, a study was designed to see in what ways different values of AC voltages applied to the sensors during the aforementioned measurements would influence the quality of both the data received and of each sensor. The information and results attained through the present work will then be implemented in a variety of sensor science experiments with the ultimate goal of obtaining an array of different sensors capable of detecting emergent pollutants (electronic tongue).




2. Materials and Methods


For spectrophotometric measurements, quartz solid supports were used while for the impedance-related measurements, ceramic substrates with gold IDE (200 μm/200 μm) deposited onto their surfaces were used as the base sensor devices, as shown in Figure 1. These ceramic IDE substrates were acquired from DropSens (Asturias, Spain).



Three different kinds of films are composed of poly(allylamine hydrochloride) (PAH) and graphene oxide (GO) (designated as PAH/GO); PAH and poly(1-(4-(3-carboxy-4-hydroxyphenylazo) benzene sulfonamido) 1,2 ethanediyl, sodium salt) (PAZO) (designated as PAH/PAZO); and polyethylenimine (PEI) and poly(sodium 4-styrenesulfonate) (PSS) (designated as PEI/PSS) were prepared onto both quartz supports and ceramic substrates with gold IDE using the layer-by-layer (LbL) technique. This technique consists of adsorbing alternating layers of polyelectrolyte molecules with opposing electrical charges at a solid/liquid interface onto [39]. One should denote the polyelectrolytes as PAH and PEI are positively charged, while GO, PAZO, and PSS are negatively charged. The adsorption period of each polyelectrolyte layer was of one minute and the concentration of GO aqueous solutions was 10−4 M and the monomeric concentration of other polyelectrolyte aqueous solutions was 10−2 M. After the adsorption of each polyelectrolyte layer, the solid supports were immediately rinsed with ultrapure water and dried with a nitrogen flux. The prepared thin films contained 5 bilayers adsorbed onto the solid substrates, and henceforth will be referred to as (PAH/GO)5, (PAH/PAZO)5, and (PEI/PSS)5.



As stated above, one intends to develop EE2 sensors, and it is necessary to analyze if EE2 adsorbs on the thin films or if the LbL film deposited on the solid desorbs when immersed in the EE2 aqueous solutions. Therefore, the immersion of the three types of thin films deposited onto quartz substrates in a solution of ultrapure water (pH = 6.5 ± 0.3) spiked with a concentration of 10−12 M of 17α-ethinylestradiol were analyzed by measuring the ultraviolet-visible (UV-Vis, Shimadzu, Kyoto, Japan) spectra before and after the thin films were to be immersed for a period of time. The UV-Vis spectra were measured at each timestamp of 5 min of immersion of the thin films in the EE2 aqueous solution. UV-Vis spectrophotometry was chosen because GO, PAZO, PSS, and EE2 present absorption in the UV-visible region which allows to verify if EE2 molecules adsorb on the LbL films or the molecules of the LbL films desorb on the EE2 solution. The procedure was repeated in increments of 5 min submersions until each thin film reached a time of immersion of 25 min. The UV-Vis spectra were obtained using a double beam spectrophotometer UV-2101PC (Shimadzu, Kyoto, Japan) in transmission mode with a sampling interval between 800 nm and 200 nm, and with a resolution of 0.5 nm. The spectrophotometric measurements were performed by placing both a neat quartz solid support and one with the adsorbed LbL thin film in a double beam system, wherein the source beam is split into two equal beams and each beam penetrates two substrates simultaneously, the remaining one being an uncoated quartz substrate. The photodetectors, located directly after the substrates, are then able to detect the transmittance (fraction of light that traverses the object and exits on the opposite side) of each substrate, which in turn is converted into absorbance. Such a configuration displays the advantage of exclusively allowing the attainment of the absorbance of the deposited thin film. All five polyelectrolytes (PAH, PAZO, GO, PEI, and PSS) and EE2 standards were purchased from Sigma-Aldrich (Darmstadt, Germany).



The ultimate goal of this work rested on the study of the sensors’ behavior to varying values of applied voltage while conducting measurements to detect 17α-ethinylestradiol (EE2) in two different waters with different matrix complexities. The water samples used were a commercial Portuguese mineral water (Águas de Luso, Luso, Portugal) (pH = 5.7 ± 0.3) and tap water (pH = 6.8 ± 0.1). Throughout this paper, they will be referred to as MW and TW, respectively. These matrices were chosen as the objects of study due to their different complexity levels, and particularly, to investigate how this difference would influence the electrical measurements conducted regarding the detection of EE2. For each water matrix, two types of sensors were prepared: IDE with no film (uncoated), and (PEI/PSS)5 thin films adsorbed on IDE. The thin film deposition was achieved using LbL, following a procedure identical to the one detailed above.



Solutions containing 10−12 M of EE2 were prepared for each water, MW, and TW, and both uncoated and thin film sensors were then immersed in these solutions. Several AC voltages applied to the IDE sensors were chosen, and measurements for each voltage were performed: from 25 to 1000 mV. These electrical measurements were conducted using a Solartron 1260 impedance analyzer, Solartron Metrology Limited, Leicester, England, with a frequency range of (1–1 M) Hz, and all measurements were repeated in triplicate to guarantee that the data was reliable and reproducible.



With all the data collected from the impedance analyzer, the electrical features, and properties associated with the conducted measurements underwent a statistical treatment via the principal component analysis (PCA) method, thus allowing for the volume of data to be compacted while not losing any vital information, and to analyze the correlation between all the voltage values and the sensors’ detection capabilities in a separate dimension specific to orthogonal components [40]. The core concept behind an electronic tongue rests on the use of a vast collection of sensing devices and then correlating the resulting data obtained with an equally grand quantity of samples. This goes perfectly together with the basis of PCA, where to achieve better results one must make use of a considerable number of samples, each with a vast number of variables [41]; however, there are also studies showing that smaller quantities of samples yield equally valid and good quality results [42]. For the PCA analysis, we used data consisting of impedance, capacitance, real and imaginary components of impedance, and loss tangent, which, as mentioned above, were obtained for a range of frequencies between 1 Hz and 1 MHz. This statistical treatment was applied to every IDE sensor and both waters used.




3. Results


3.1. Studies of Stability of Thin Films


To analyze the stability of the prepared thin films when immersed in aqueous solutions, the (PAH/GO)5, (PAH/PAZO)5, and (PEI/PSS)5 thin films deposited onto the surface of quartz substrates were immersed in solutions of EE2 with a concentration of 10−12 M during increments of 5 min and up to a total of 25 min of immersion. After every set of 5 min, the UV-Vis spectra of the films were measured. Figure 2a–c shows the evolution of the absorbance at a wavelength of 280 nm with the time of immersion of the (PAH/GO)5, (PAH/PAZO)5, (PEI/PSS)5 thin films, respectively, in the EE2 solutions. Through the achieved data, it is possible to observe that the absorbance of each film was influenced by the immersion times.



Two tendencies are observed from the graphs in Figure 2. In Figure 2a, the absorbance decreases exponentially with the immersion time, indicating that the GO molecules of the (PAH/GO)5 film are being desorbed when immersed in the EE2 solution. This result demonstrates that these films are not adequate to be used as sensors of EE2 molecules, as the calculated characteristic time of 11.6 min is smaller than the electrical measuring time. The data achieved from spectra of (PAH/PAZO)5 and (PEI/PSS)5, Figure 2b,c, respectively, demonstrate that the absorbance increases exponentially with the immersion, which indicates that the EE2 molecules are being adsorbed on these films. The adsorption characteristic times calculated from these data are 16.7 and 7.1 min for (PAH/PAZO)5 and (PEI/PSS)5 films, respectively. These values indicate that the adsorption of EE2 molecules is faster on (PEI/PSS)5 films while the EE2 adsorbed amount on (PAH/PAZO)5 films is twice the one on (PEI/PSS)5 films, indicating that the EE2 molecules have more affinity to (PAH/PAZO)5 films. These results indicate that both films are adequate for the development of EE2 sensors. However, as the adsorption characteristic time is shorter and the EE2 adsorbed amount is smaller, the (PEI/PSS)5 films are more adequate for the development of sensors.




3.2. Effect of Applied Voltage on the Interdigitated Sensors Characterization


(PEI/PSS)5 films were subsequently deposited on the surface of gold IDE (200 μm/200 μm) and were used in a series of impedance-related studies. Figure 3 and Figure 4 illustrate, respectively, the capacitance and electric modulus spectra obtained through the electrical measurements of the IDE sensors, uncoated (Figure 3a,c) and with (PEI/PSS)5 film (Figure 3b,d), for varying applied voltages while immersed in solutions of both MW (Figure 3a,b) and TW (Figure 3c,d), with a 10−12 M concentration of EE2. It should be referred that the error bar measured values for these spectra were not included, given that both measurements conducted are dependent on the frequency, present values are lower than 1%, and it allows for better clarity and interpretation of the plots present in Figure 3 and Figure 4.



Through the analysis of Figure 3, it is possible to infer that there is a correlation between the capacitance and the varying (and increasing) voltage. In the region of lower frequencies, it becomes clear that not only is it easier to distinguish each voltage, but also that there is an ordered sequence ranging from the lowest (25 mV) to the highest (1000 mV) voltage value. This information indicates that this type of measurement is vital to observe how the gradual increase in applied voltage to the measuring sensor device behaves and impacts the electrical data output. While comparing the waters in which the measurements were performed, one can verify that there is an improvement in capacitance for the sensors immersed in tap water regarding the ones in mineral water. However, from the plots in Figure 3, one can observe that the higher the voltage used, the higher the capacitance, which suggests that the sensors can be more susceptible to signal fluctuations and thus display lower stability when compared to lower voltages. This issue is further examined in the discussion section. Figure 5a,b shows the correlation of capacitance at 1 Hz and M’’ at 2 × 105 Hz, respectively, with the varying values of voltage. Both plots allow us to confirm what can be seen above in Figure 3 and Figure 4, in the sense that capacitance proves to be a far better and more valuable tool at showing how each type of sensor responds to the gradual increase of voltage. While Figure 5a shows an exponential tendency for capacitance to increase with voltage and even allows to see a sort of pairing between the types of sensors (uncoated and coated with (PEI/PSS)5), Figure 5b does not provide useful information in this regard, indicating that M’’ is not a good/suitable characterization resource tool in this work.



Having seen how each sensor independently reacted to the voltage variation, a need arose to investigate how similar sensors behaved in different waters, which is depicted below in Figure 6.



Figure 6a,b illustrated how similar sets of sensors (uncoated and coated with (PEI/PSS)5, respectively) react when in the presence of different waters. Both plots convey similar information, given that in both, the loss tangent allows to differentiate between water types, MW and TW, through a right shift of the tap water-related curves, and also displays the ability to better distinguish each voltage applied (TW being the best scenario) while simultaneously exhibiting an ordered sequence of these values, as indicated by the red and blue arrows in Figure 6.



Figure 7 shows three sets of images referring to the IDE sensors used in this work, obtained through optical microscopy.



The images captured during the optical microscopy analysis, presented in Figure 7, give an immediate and quite evident visual confirmation of the impact that increasing AC voltages applied to each sensor have during the impedance measurements.





4. Discussion


Figure 8 includes the PCA graphs calculated and plotted to give a more detailed analysis of the phenomenon observed in Figure 3, and also to demonstrate how the data containing all the information regarding each sensor and type of water would translate into a visual representation.



The principal component analysis plots, present in Figure 8, allow for an in-depth analysis of how both types of IDE sensors respond to the different waters used in this study. In Figure 8a, a plot of PC1 as a function of PC2 was plotted with all the electrical data collected during these measurements for both sensors, uncoated and with a (PEI/PSS)5 film, in the two waters, MW and TW. From this graph, it can be perceived that Principal Component 1 is a strong tool when it comes to separating and distinguishing the different voltages used (even displaying a tendency and an ordered sequence), while Principal Component 2 allows for a clear distinction between MW and TW. Both strong and valuable points were then further examined by plotting the graphs depicted in Figure 8b,c.



No damage can be seen or found in both uncoated sensors and the one coated with (PEI/PSS)5 film, Figure 7a,b, respectively, before being submerged in the water solutions and having any voltage applied to the sensors. It is only when we analyze Figure 7c,d, in which the sensors were immersed in mineral water, that it is possible to observe some differences from the antecedent images, due to some burnt regions in the uncoated sensor. On the thin film coated sensor, this evidence is punctuated by larger burnt areas and some spots that show erosion down to the gold IDE, indicating that in those regions, not only does the (PEI/PSS)5 film get removed but even the gold layer of the electrode suffers a degree of destruction.



However, this effect reaches a peak of damage in the images that depict the measurements undergone in tap water (Figure 7e,f). Here (Figure 7e), the uncoated sensor changes coloration, going from shiny gold to rust orange and the extremities of the interdigitated electrodes suffer alteration, losing the characteristic rectangular shape for a more rounded and smoothed shape as a direct result of the high voltage values used. In the image pertaining to the (PEI/PSS)5 sensor (Figure 7f), from a top-to-bottom observation, the thin film has almost in its entirety been removed due to the gold layer presenting a coloration akin to an uncoated sensor and displaying resistance values like a brand-new IDE sensor. Furthermore, large portions of the gold layer have been thoroughly corroded, showing the ceramic substrate below. From this image, it can be concluded that increasing the AC voltage values that are applied to the sensor strongly influence their integrity and that the phenomenon is directly proportional to the complexity of the water matrix, i.e., the higher the matrix’s complexity, the greater the damage suffered by the sensors will be. These results agree with the ones reported in [38], presenting a confirmation of the suggested build-up of electrochemical reactions that hindered the sensors’ performance at high voltage values that caused reproducibility issues.




5. Conclusions


In this work, we focused on investigating the impact that different values of AC voltage applied to thin films interdigitated electrodes have on their performance as sensing devices, to which end, the study was divided into two separate parts. In the initial stage, an adsorption/desorption analysis was conducted on three distinct thin film combinations, (PAH/GO)5, (PAH/PAZO)5, and (PEI/PSS)5, while being immersed in solutions of ultrapure water containing a known concentration of 10−12 M of EE2. This was achieved by depositing the abovementioned sets of thin films onto quartz substrates, immersing the films in the EE2 solutions in 5 min intervals (total of 25 min), and measuring the resulting absorbance spectra in a UV-Vis spectrophotometer. Having displayed the best and most stable results, (PEI/PSS)5 thin films were chosen as the sensing layer of the IDE sensors. The second part of this study was then centered around the variation of the voltage values that were being applied to the sensors during measurements of impedance spectroscopy, while immersed in solutions of mineral and tap waters spiked with a 10−12 M concentration of EE2. From these measurements, spectra of capacitance, loss tangent, and an imaginary part of the electrical modulus were plotted and subsequently analyzed, to characterize the sensors’ behavior when subjected to varying voltages.



The data obtained allowed us to conclude that both the capacitance and loss tangent were the better-fitted tools to observe these variations, which in turn, demonstrated that for lower values of voltage, more reliable, consistent, and reproducible results were achieved. In particular, loss tangent spectra did not allow for observations of a clear distinction between each voltage curve, and additionally, it is sensitive to the type of water used (and is able to differentiate between them). To further infer the sensors’ ability to react to each different voltage applied, PCA plots were generated and granted a more in-depth view into this issue, making it clear that, for each voltage, there was a unique and separate reaction from the sensors. By combining both parts of this work, one can conclude that (1) (PEI/PSS)5 thin films exhibit the most stable behavior and should be used in future experiments as a sensing layer for EE2; and (2) when conducting impedance spectroscopy measurements, lower voltage values should be used instead of higher ones due to their innately better and more reliable response.
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Figure 1. Schematic representation of the ceramic substrates with gold IDE (200 μm/200 μm) acquired from DropSens (Asturias, Spain) and used in this work. 
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Figure 2. Absorbance at 280 nm of films over time submerged in a solution of ultrapure water spiked with a concentration of EE2 of 10−12 M of (a) (PAH/GO)5, (b) (PAH/PAZO)5, (c) (PEI/PSS)5 thin films. 






Figure 2. Absorbance at 280 nm of films over time submerged in a solution of ultrapure water spiked with a concentration of EE2 of 10−12 M of (a) (PAH/GO)5, (b) (PAH/PAZO)5, (c) (PEI/PSS)5 thin films.



[image: Chemosensors 10 00114 g002]







[image: Chemosensors 10 00114 g003 550] 





Figure 3. Capacitance spectra of the sensor devices, when immersed in water solutions with a concentration of 10−12 M of EE2, for a range of applied voltages: (a) uncoated IDE in MW, (b) IDE coated with (PEI/PSS)5 film in MW, (c) uncoated IDE in TW, (d) IDE coated with (PEI/PSS)5 in TW. The relative error is less than 1%. Arrow indicates the evolution of voltage values, from 25 mV up to 1000 mV. 
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Figure 4. Spectra of the imaginary component of the electrical modulus (M’’) of the sensor devices, when immersed in water solutions with a concentration of 10−12 M of EE2, for a range of applied voltages: (a) uncoated IDE in MW, (b) IDE coated with (PEI/PSS)5 film in MW, (c) uncoated IDE in TW, (d) IDE coated with (PEI/PSS)5 in TW. The relative error is less than 1%. 
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Figure 5. Plots of the (a) capacitance and (b) imaginary component of the electrical modulus (M’’) as functions of the varying voltage applied to the sensors (uncoated and with a (PEI/PSS)5 thin film) in both types of water, MW and TW, for 1 Hz and 2 × 105 Hz, respectively. The relative error is less than 1%. 
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Figure 6. Loss tangent spectra for (a) uncoated sensors and (b) coated with a (PEI/PSS)5 film, for both mineral and tap water. Red and blue arrows indicate the evolution of the voltage values, from 25 mV up to 1000 mV. The relative error is less than 1%. 
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Figure 7. Optical microscopy images of the IDE sensors showing the damage caused by the increasingly higher values of the voltage applied during the impedance measurements. (a) Uncoated IDE before applying voltage, (b) IDE coated with (PEI/PSS)5 film before applying voltage, (c) uncoated IDE after applying voltage while immersed in MW, (d) IDE coated with (PEI/PSS)5 film after applying voltage while immersed in MW, (e) uncoated IDE after applying voltage while immersed in TW, (f) IDE coated with (PEI/PSS)5 film after applying voltage while immersed in TW. 
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Figure 8. PCA plots of all IDE (uncoated and with (PEI/PSS)5 film) in both types of water used: (a) PC1 vs. PC2, (b) PC1 vs. voltage applied, (c) PC2 vs. voltage applied. The green arrow illustrates the ordered sequence of voltage values, from 25 mV up to 1000 mV. 
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