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Abstract

:

Usually, electronic tongues (e-tongue) do not require specific interactions to discriminate aqueous solutions. Among the several factors which determine the electrical properties of sensing units, the interactions between liquids and interfaces have a crucial role. Here, we explore the interaction between dioctadecyldimethylammonium bromide (DODAB) lipid and carbendazim (MBC) pesticide in an e-tongue to discriminate different MBC concentrations in aqueous solutions. The sensing units were fabricated of gold interdigitated electrodes (IDEs) coated with layer-by-layer (LbL) films of DODAB and nickel tetrasulfonated phthalocyanine (NiTsPc), perylene and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG), namely (DODAB/NiTsPc)5 and (Perylene/DPPG)5, respectively. Besides, a bare electrode also constituted the e-tongue to distinguish MBC concentrations from 1.0 × 10−7 up to 1.0 × 10−10 mol L−1, by impedance spectroscopy. In addition, the experiment was optimized using two IDE geometries. The LbL films were manually fabricated obtaining linear growth monitored via UV-Vis absorption spectroscopy. Optical images associated with chemical mapping reveals the presence of small aggregates in the DODAB/NiTsPc LbL film surface. Although the e-tongue was able to discriminate all MBC concentrations by means of the interactive document map (IDMAP), only the sensing unit covered with DODAB/NiTsPc LbL film presented a satisfactory response. According to the equivalent circuit, the main contribution arises from the bulk and film surface due to the interaction between DODAB and MBC, indicating THE sensitivity of the sensing unit. Finally, the adsorption of MBC molecules onto the film surface induced an irreversible process, although there are some frequencies at which the sensing unit response seems to be reversible, as shown by parallel coordinates.
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1. Introduction


Recent progress in the field of detectors has shown that sensors produced with thin films are capable of highly distinguishing various analytes, including pesticides, whose monitoring is important for public health [1]. Pesticides are commonly applied on a large scale in agriculture for pest control, leading to bioaccumulation. Among these pesticides, we highlight carbendazim (MBC), a broad-spectrum fungicide applied in several crops. Its persistence in water sources due to difficulties in degradation poses a potential risk to the environment and human health [2,3]. According to the 2016 European Union report on pesticide residues in food [4], carbendazim residues can be found in a large variety of samples, which require specific methodologies to detect them in a matrix. For instance, detection strategies for carbendazim have been developed for kale, orange juice [5], apples, and tomatoes [6], as well as for wine samples [7].



The detection of MBC can be performed using several techniques, such as voltammetry [8], colorimetric [9], impedimetric [10], SERS [11], and other sensors. Since its first publication in 1985, the electronic tongue (e-tongue) system for liquid analysis has been improved and applied in complex systems [12,13]. Typically, electrochemical methods were applied in e-tongues, such as in the evaluation of cross-sensitivity of chemical sensors [14]. However, the use of impedance spectroscopy has opened new window of applications [15]. It is common to fabricate e-tongues using interdigitated electrodes (IDEs) covered by nanostructured thin films to perform impedance spectroscopy measurements because IDEs have a high aspect ratio. Gold is widely used for IDEs due to its inert nature and strong affinity for specific sets of molecules [16]. Thin films can be deposited by several techniques, such as Langmuir–Blodgett (LB), layer-by-layer (LbL), and physical vapor deposition (PVD). The versatility of these techniques allows the growth of films from a wide variety of materials, such as conductive polymers, pigments, dyes, biomolecules, and hybrid compounds. It is also possible to immobilize enzymes [17] and antigens [18] to act as biosensors, which have specificity and high sensitivity. In terms of pesticide detection, an e-tongue composed of reduced graphene oxide (rGO) and rGO-based nanocomposites was applied to detect malathion and cadusafos, both organophosphate pesticides [19]. In general, e-tongues do not require a specific interaction between the analyte and sensing units. However, Chen et al. [20] have demonstrated the need for a specific interaction to detect dithiocarbamate pesticides, using cetyltrimethylammonium bromide (CTAB)-encapsulated fluorescent copper nanoclusters.



In addition to its use in e-tongues, impedance spectroscopy is a powerful tool for investigating electrical properties and providing information about a material electrical conductivity and dielectric constant [21]. The impedance spectrum also allows for the separation of the contributions of different phenomena, such as bulk effects from interfacial and surface effects [22]. It can even identify transport properties, such as the diffusion and migration of ions [23], and represent them as elements in a phenomenological equivalent circuit. Impedance can also determine whether the sensing mechanism is reversible or results in permanent changes. Sensors based on electrochemical response have drawn attention due to advantages, such as high stability, sensitivity, and selectivity [24], and electrical analysis is a cheap and miniaturizable way to perform detection.



Information visualization methods allow for the visual inspection of large amounts of data, making them a useful tool for distinguishing between analyte variations even when the data is very similar. Information visualization methods have been used frequently in the analysis of e-tongues [25]. The statistical method most commonly used for this purpose is principal component analysis, which applies linear statistical dimension reduction [26]. However, methods that involve dimension reductions through nonlinear relationships have been shown to be more efficient for biosensors [27]. Among these methods, the interactive document map (IDMAP) generates a graph containing several marks representing the measurements. The distance between the marks is a function of the difference between the measurements, with closer marks indicating greater similarity between the measurements.



Here, layer-by-layer (LbL) films of dioctadecyldimethylammonium bromide (DODAB) and nickel tetrasulfonated phthalocyanine (NiTsPc), perylene and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG), namely (DODAB/NiTsPc)5 and (Perylene/DPPG)5 were fabricated and used as sensing units to detect MBC concentrations an e-tongue using impedance spectroscopy. The growth of the films was monitored by UV-Vis absorption spectroscopy, and the morphology was studied using optical images and atomic force microscopy (AFM). IDMAP was applied as a data projection technique to discriminate the MBC concentrations in the e-tongue. Additionally, the electrical properties of the DODAB/NiTsPc sensing unit were studied using equivalent circuit analysis and ac conductivity spectroscopy to relate the detection phenomena to the respective processes that occur in the bulk and at the interface of the sensing units.




2. Materials and Methods


DODAB (MW 630.95 g mol−1) was purchased from Fluka and the phospholipid 1,2-Dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DPPG, MW734.04 g mol−1) was acquired from Avanti Polar Lipids. NiTsPc (MW 979.40 g mol−1), MBC (MW 191.19 g mol−1), polyallylamine hydrochloride (PAH, average MW 50,000 g mol−1), and poly(sodium 4-styrenesulfonate) (PSS, average MW 70,000 g mol−1) were purchased from Sigma-Aldrich and the perylene was synthesized. All the molecular structures are given in Figure 1a. Ultrapure water was provided from Milli-Q system (pH 5.6 and resistivity of 18.2 MΩ cm). Interdigitated electrodes (IDEs) of gold were fabricated by photolithography onto glass substrates using 20 nm of chrome as adhesive layer. The experiments were carried out using two IDEs geometries: 60 digits, width 40 μm, height 100 nm, spaced 40 μm each other (IDE 40), and another IDEs with 100 digits, width 10 μm, height 100 nm, and spaced 10 μm each other (IDE 10).



2.1. LbL Films


DODAB and DPPG dispersions (1.0 × 10−3 mol L−1) were prepared dissolving the lipids in ultrapure water under heating at 60 °C for complete solubilization. The NiTsPc was dissolved in water at 5.0 × 10−2 mol L−1 and pH 5.6, and the perylene solution (2.0 × 10−4 g mL−1) was obtained at pH 2 filtering to retail the solid material. Aqueous solutions of PAH and PSS were prepared at 1.0 mg mL−1.



DODAB/NiTSPc LbL films were manually grownby immersing the substratein alternating DODAB (cationic) and NiTsPc (anionic) solutions. The first bilayer, denoted by (DODAB/NiTsPC)1, was fabricated as follow: the substrate was immersed in DODAB dispersion for 3 min, then immersed in ultrapure water to remove the excess of material. Subsequently, the substrate was immersed in NiTsPc solution for 3 min and immersed in ultrapure water to remove the excess of material. This process was repeated five times, i.e., five bilayers were stacked to form the active layer film, giving (DODAB/NiTsPC)5. Perylene/DPPG LbL films were growth similarly, with perylene being the cationic solution and DPPG the anionic solution, with the active layer denoted by (Perylene/DPPG)5. The LbL films fabrication steps are illustrated in Figure 1b. It is important to mention, in the case of (DODAB/NiTsPC)5, LbL film was added a last layer of DODAB.



Priorto the LbL film fabrication, an adhesive layer was deposited over the IDEs to minimize the substrate effect and material loss [28]. For this purpose, three surface treatment approaches were conducted using LbL films: one bilayer of PAH/PSS denoted by (PAH/PSS)1, two bilayers of PAH/PSS—(PAH/PSS)2 and one bilayer of PAH/NiTsPc—(PAH/NiTsPc)1 followed by five bilayers of DODAB/NiTsPc-(DODAB/NiTsPc)5. The LbL films composed of (PAH/PSS)1 + (DODAB/NiTsPc)5, (PAH/PSS)2 + (DODAB/NiTsPc)5 and (PAH/NiTsPc)1 + (DODAB/NiTsPc)5 were immersed in ultrapure water and their absorbances were monitored versus the immersion time, as shown in Figure S1. Moreover, a LbL film of (DODAB/NiTsPc)5 without the adhesive layer is presented for comparison. All films present an initial material loss in a few minutes after immersion in ultrapure water, stabilizing at ca. 30 min. The LbL film without the adhesive layer presented the higher material loss, around 48.2%, followed by the LbL film of (PAH/NiTsPc)1 + (DODAB/NiTsPc)5 with 5.4%, (PAH/PSS)2 + (DODAB/NiTsPc)5 with 4.1% and (PAH/PSS)1 + (DODAB/NiTsPc)5 with 3.7% (Figure S1). Thus, the sensing units (DODAB/NiTsPc) and (Perylene/DPPG) were fabricated covering the IDEs with (PAH/PSS)1 to minimize the material loss, although it will be omitted in the nomenclature.




2.2. E-Tongue


The sensing unit consists of gold IDEs covered by a LbL film, as represented in Figure 1c. Optical image of the IDE 10 is available in Figure 1d. The e-tongue was composed of three sensing units, (DODAB/NiTsPc)5, (Perylene/DPPG)5 and a bare electrode. This system was applied to detect MBC dissolved in water at concentrations 1.0 × 10−7, 1.0 × 10−8, 1.0 × 10−9 and 1.0 × 10−10 mol L−1, by impedance spectroscopy. The measurements were performed from the lower to higher concentration adding aliquots of MBC to the same solution. Moreover, measurements were recorded in ultrapure water (without MBC) at the beginning and at the end of experiments, called initial and final water, respectively. The capacitance curves were obtained applying Vac = 50 mV in the frequency range from 1 to 106 Hz and Vdc = 0 V. Prior to measurements with MBC, 3 of 10 bare IDEs were selected to compose the electronic tongue. The criterion of choice was the similarity of their electrical properties when measured in ultrapure water. This procedure guarantees the similarities among the electrodes in terms of geometry and electrical response. Figure S2 shows the capacitance curves of the sensing units (bare IDEs, and IDEs + LbL films) in ultrapure water for IDE 40 and IDE 10. After the deposition of LbL films (DODAB/NiTsPc or Perylene/DPPG), there is a slight change in the capacitance. As the selected electrodes had a similar electrical response, the change can be exclusively assigned to the presence of the LbL films, discarding differences from the fabrication process.




2.3. Information Visualization Methods


A nonlinear technique of projection IDMAP was employed to analyze the capacitance data obtained for the sensing units. More details can be accessed in [27]. Basically, the technique converts the data in a marker and displays it on a two-dimensional map, assigning a Euclidian distance between the markers. The smaller the Euclidean distance, the more similar the response of one marker in relation to the other. The error function minimized in IDMAP (SIDMAP) is represented by equation [29]:


    S   I D M A P   =   δ     x   i   ,   x   j     −   δ   m i n       δ   m a x   −   δ   m i n     − d (   y   i   ,   y   j   )  



(1)




where δ(xi, xj) is the dissimilarity function, δmin is the minimum distance and δmax is the maximum distance, between points for the projected map. IDMAP were obtained using Projection Explorer (PEx) software, version 1.6.3 [30] and raw data.




2.4. Instrumentation


UV-Vis absorption spectra were obtained in a UV-Vis spectrophotometer Varian, model Cary 50. Raman spectra was performed in a micro-Raman spectrograph Renishaw, model in-Via, equipped with 633 laser line, diffraction grating with 1800 groves mm−1. Chemical mapping was built collecting one spectrum every 1 μm in a line of 100 μm. Optical images were obtained using a Leica microscope, coupled to a Raman spectrograph, under 50× objective lens. Atomic force microscopy (AFM) topography was carried out in a Nanosurf, EasyScan 2 Flex AFM model, using TAP150 Al-G tips in tapping mode. The data were processed in the WSxM v4.0 software package. The electrical measurements were carried out using a Solartron impedance analyzer, model 1260A, with a 1296 dielectric interface system, and the impedance data werefitted using the ZView 2.0 software.





3. Results and Discussion


3.1. Fabrication and Characterization of the LbL Films


The LbL film growth was monitored by UV-Vis absorption spectroscopy, collecting one spectrum every each bilayer on glass substrate. The absorbance versus number of bilayer for the DODAB/NiTsPcLbL film is shown in Figure 2a and for the Perylene/DPPG LbL film in Figure 2b, the wavelength was fixed at 632 and 501 nm, respectively. In both films, the growth was linear, revealing the homogeneity in the film fabrication process, with the same amount of material being deposited in each step. In general, this behavior is reported for other LbL films [31], and therefore this technique allows controlling the film thickness. Moreover, it is noteworthy the importance of the number of bilayers and, as consequence, the film thickness in sensing applications. For instance, Ferreira et al. [32] compared sensing units covered with two methodologies to fabricate thin films, such as cast film (thickness~1 μm) and 11 layers of LB films (total thickness of ~11 nm). Their findings show that ultrathin films provide a lower dispersion and better distinction of the data. In the same way, Volpati et al. [25] demonstrated that thicker films (within nanometer scale) tend to have worse response to lower concentrations (<10 μM). In their study, sensing units covered with perylene derivative were fabricated via the LB technique (1 layer) and by PVD with film thickness of 5, 10, 15, 20, 30, 40, and 120 nm. The pioneering work of our group in assembling LbL films of phospholipids, which is the approach applied here, was highlighted by Aoki et al. [33], working with LbL and LB films of phospholipids. Moreover, the versatility of LbL technique allowing several film architectures was pointed out by Aoki et al. [34] when they demonstrated the importance of a suitable medium for immobilizing enzymes in biosensors.



The morphological characterization of the LbL films was performed at micro and nanoscale by means optical microscopy and AFM, respectively. The optical image of DODAB/NiTsPc films (Figure 2c) on glass substrate shows the presence of small aggregates at the film surface. This latter is also present in the NiTsPc solution (molecular aggregates) and they are transferred to the substrate in the fabrication process, forming morphological aggregates, as previously reported by our group for LbL films of DODAB/NiTsPc [35]. In fact, the UV-Vis spectra of NiTsPc solution presents the Q band at the 550–750 nm range, which splits in two maxima at 630 and 668 nm in DODAB/NiTsPc LbL film (Figure S3). The first one is assigned to the presence of aggregates and the latter to the monomers [36]. The aggregates present in DODAB/NiTsPc LbL film are smaller than those reported in [35] and can be related to the number of deposited bilayers. In this work, it was only five bilayers, while in [32] it was 21 bilayers. In the chemical mapping (line with color scale at center of optical image), the intensity of the peak at 1556 cm−1, assigned to C = N stretching of NiTsPc molecules, was monitored. DODAB does not present a peak at this range (results not shown). The brightest spots represent higher Raman intensities. The Raman spectrum of DODAB/NiTsPc LbL film is given on the inset in Figure 2c. A large variation on the Raman intensity was observed, which is related to the presence of the amount of NiTsPc aggregates, in agreement with the optical images. On the other hand, the optical image of the Perylene/DPPG LbL film (Figure 2d) on glass substrate does not present morphological aggregates. However, a variation in the Raman intensity was observed in the chemical mapping. This latter was performed monitoring the peak at 1295 cm−1 in the Raman spectrum of Perylene/DPPG LbL film (inset of Figure 2d). Perylene also presents molecular aggregation in solution [37], which can be transferred to substrate in the LbL film fabrication. However, in this case, these aggregates are small and observed at nanoscale, as discussed below.



Figure 2e,f show the AFM topographical scan obtained in tapping mode for DODAB/NiTsPc and Perylene/DPPG films on glass substrate, respectively. Both systems present non-flat surface with irregularities. While for the DODAB/NiTsPc LbL film the image seems diffuse, for Perylene/DPPG, small morphological aggregates are observed. The latter is in agreement with the chemical mapping indicating the presence of small aggregates. The root mean square (RMS) roughness, which takes into account the standard deviation of the height distribution, of the DODAB/NiTsPc LbL film was around 23.4 nm and that of the Perylene/DPPG LbL film was around 8 nm, while the RMS roughness of glass substrate was 0,6 nm. The greater RMS roughness can be related to the presence of micelles/structures of DODAB, besides the NiTsPc aggregates transferred to film. We estimated, from the reference [31] (LbL films of NiTsPc and PAH), the film thickness of our system giving about 13 nm for five bilayers. Although the film is not thick, the surface presents some regions with great variation in height, as shown in Figure S4. Thus, all these structures favor the large RMS roughness found for DODAB/NiTsPcLbL films. The large RMS roughness is also reported in [35] and it was attributed to the presence of small structures of dioctadecyldimethylammonium bromide (DODAB) at film surface. Moreover, in the reference [31], the variation in the RMS roughness of thin films fabricated by different methodologies is reported. Dipping-LbL films (similar to those in this study) present higher RMS/thickness ratio, namely35%, which shows how the RMS can increase with thin film growth. In summary, the presence of DODAB (micelles) and NiTsPc (molecular aggregates) contributes to the roughness of the film.




3.2. Application of the LbL Films in Sensing Units


The e-tongue, composed of the sensing units: (DODAB/NiTsPc)5, (Perylene/DPPG)5 and bare IDEs, was placed in the setup illustrated in the inset in Figure S5, i.e., it was immersed in aqueous solutions containing different MBC concentrations to carry out the capacitance measurement. Figure S5 presents the real capacitance curves of all sensing units immersed in initial and final water, and MBC concentrations (1.0 × 10−10, 1.0 × 10−9, 1.0 × 10−8, 1.0 × 10−7 mol L−1) for IDE 40. On visual inspection, the capacitance curves are almost superposed, presenting only small differences. Therefore, a quantitative analysis was performed using information visualization methods. Figure S6a shows IDMAP projections, grouping by solution, with all sensing units combined in a single projection. In this projection, the contribution of the capacitance of all sensing units to discriminate the MBC concentrations is taken into account, represented by a dot. Each cluster (dashed circles) represents three repetitions for each measurement, where more compact clusters mean more similar measures and the greater the Euclidean distance from one cluster to another, the better the distinction between concentrations. The e-tongue was able to distinguish almost all the MBC concentrations (1.0 × 10−7 up to 1.0 × 10−10 mol L−1), and initial and final water, with a superposition of concentrations at 1.0 × 10−8 and 1.0 × 10−9 mol L−1. The red arrow presents the pattern observed from lowest to highest concentration. Furthermore, more compact clusters can be observed as the concentration increases, indicating less dispersion of measures. The distance between initial and final water revels that the sensing units are affected by the presence of MBC. Thus, the addition of aliquots of MBC leads to changes in the electrical response and at least part of this change is irreversible.



The contribution of each sensing unit to discriminate the MBC concentrations is shown in Figure S6b. In this projection, it is possible to view the role of the sensing units separately. While the color represents each sensing unit, the concentrations are represented by the clusters (dashed circles). One can observe three groups corresponding to the sensing units (DODAB/NiTsPc, Perylene/DPPG and bare IDEs). In this projection, all the dots representing the MBC concentrations are mixed, allowing only to distinguish the initial and final water for each sensing unit. The individual performance of each sensing unit was not satisfactory. For instance, a simpler system was able to distinguish different concentrations of atrazine [38].



As it is well known in the literature, optimizing the relative size between the sensing layer and the electrodes in a sensor is very important in order to increase the capacitance [39]. This latter is proportional to the IDEs aspect ratio, i.e., the signal strength in a sensor can be controlled easily by changing the dimensions of the IDEs [40]. Accordingly, poor sensor performance can occur due to the choice of electrode aspect ratio. In order to improve the response, we replaced the IDEs for another configuration with width 10 μm and spacing 10 μm between each other—IDE 10, instead of 60 digits, width 40 μm, height 100 nm, spaced 40 μm each other—IDE 40, applied in the first approach. Sensing units produced with this new arrangement were submitted to the same procedures, and a new IDMAP projection was made. Figure 3a shows the IDMAP grouping by solution, while the individual performance of each sensing unit is shown in Figure 3b (grouping by sensing unit). In general, data clusters are more compact, revealing low dispersion. A greater Euclidean distance between clusters was also verified, indicating a greater ability to discriminate all concentrations of MBC, without superposition in the grouping by solution plot.



The best performance was achieved when the sensing units are analyzed separately. The sensing unit covered with DODAB/NiTsPc LbL film was able to discriminate the MBC concentrations while the sensing unit recovered with Perylene/DPPG remains unable to discriminate in the grouping by sensing unit plot (Figure 3b). Moreover, it is possible to observe a pattern from the lower to higher MBC concentrations. The separation of initial and final water shows the irreversibility of measures. This phenomenon is reported in the literature [38] and may be related to adsorption of analyte, which can lead to irreversible changes. In our case, the last layer of the DODAB/NiTsPc LbL films was DODAB, and for Perylene/DPPG LbL films the last layer was DPPG. Thus, we can relate the better response of the sensing units covered with DODAB/NiTsPc to the interaction between DODAB and MBC. Indeed, our group reported the affinity between DODAB and MBC by Langmuir isotherms. The interaction is driven by ion-dipole forces between the benzimidazole moiety and quaternary N+, from MBC and DODAB respectively [41]. The absence of interaction between DPPG and MBC was attained to steric hindrance.



As above mentioned, DODAB/NiTsPc LbL film presented the best sensing performance. To obtain more information about the nature of this sample as a sensor, as well as the properties of the materials that compose this sensing unit, a study of its impedance in terms of equivalent circuit was made. Figure 4 presents the complex impedance plot (Cole-Cole, −Z″–Z′) carried out in the sensing unit covered with (DODAB/NiTsPc)5 LbL film (IDE 10). All complex impedance spectra presented a flattened semicircular-shape in the high frequency region (highlighted in Figure 4), followed by an impedance increasing towards lower frequency, indicating similar behavior in terms of equivalent circuit. The complex impedance spectra show the dependence of the semicircle radius on the MBC concentration. Complex impedance spectra were interpreted in terms of the phenomenological equivalent circuit displayed in the inset in Figure 4, containing resistors (Z = R), a capacitor (Z = 1/j2πfC), and a constant phase element (CPE). The CPE impedance (ZCPE) is defined as 1/Q(j2πf)n, where Q is equivalent to capacitance or conductance depending on n value, and 0 ≤ n ≤ 1. If n = 1, the ZCPE presents a capacitor-like behavior with ZCPE = 1/jQ2πf, and if n = 0, it will have a resistor-like behavior with impedance ZCPE = 1/Q [42]. The representation of the Cole-Cole plot for the (DODAB/NiTsPc)5 LbL film by this equivalent circuit (inset in Figure 4) is corroborated by several other works in the literature [43,44,45,46,47], which is obtained by solving the corresponding Nernst–Planck equation [23]. A decreasing of the resistance upon MBC concentration increasing is clearly visible in the decrease of the flattened semicircle radius. This fact may be a result of the dipole interaction that occurs between DODAB and MBC at the interface surface. In addition, the change in the slope at lower frequencies can be attributed to the chemisorption/physisorption of molecules [48] or even ion diffusion [49].



The fittings presented in Figure 4 were obtained with the calculated parameters presenting errors no greater than ~6%, indicating a good correlation between the experimental data and the equivalent circuit adopted. Figure 5a presents a sketch associating the circuit elements with their possible phenomenological interpretations. For this purpose, a drawing of a simplified version of the sensing unit is also presented, containing only the representation of the last bilayer. The R1 represents the series resistance, that has contribution of the contact resistance (gold IDE covered with PAH/PSS) and wire connections. The R2-C parallel circuit branch represents the bulk resistance and the capacitance of the DODAB/NiTsPc LbL film. The R3-CPE parallel circuit branch represents the DODAB/solution interface, where there are effects attributed to the water and MBC solutions influence on the film surface, such as dipolar interactions. Changes in the R3-CPE value is usually attributed to changes in the electrical double layer, chemisorption-physisorption [48], and/or to changes in the dielectric constant [50]. Here, it Is necessary to emphasize that ion-dipole interaction modifies the solution dielectric constant [51]. So, the above-mentioned ion-dipole forces between benzimidazole moiety and quaternary N+, from MBC and DODAB, respectively, must be one of the main interactions responsible for the change in the electrical response when compared to the sensing unit in contact with ultrapure water.



The MBC concentration variation does not change the R1 value, fixed in R1 ≈ 34 ± 2 Ω, indicating that no effect reaches the gold and film interface, and it presented non-blocking low contact resistance. The CPE-n value was n ≈ 0.76 ± 0.02. Figure 5b shows that the capacitance C and CPE impedance have negligible variations with MBC concentration. This occurs because the concentration of MBC is low (10−10 to 10−7 mol L−1), i.e., the capacitance of the interface is dominated by the water capacitance, which is formed by the electrical double layer of H+ and OH− [52]. However, Figure 5c,d show that both resistances, R2 related to the LbL film bulk and R3 related to the interface dynamics, decrease as the MBC concentration increases. The R3 change can be attributed to the aforementioned DODAB/solution interaction at the interface, which may be linked to the time for the dipoles to be reoriented, being different for MBC and water. This has consequences on the material dielectric relaxation time (τ = RC) and, since the capacitance is constant, the expected change is in resistance. The R2 change may be related to chemisorption/physisorption of MBC species that can be able to diffuse into the film achieving the bulk, leading to modify the conductivity of the material permanently.



These resistance alterations will affect the impedance measurements only in a specific frequency range. Then, conductivity analysis is a good complementary approach to help understanding this phenomenon. The ac conductivity (σac) of (DODAB/NiTsPc)5 LbL film was estimated from impedance data using the following equation [53]:


    σ   a c   = k    Z ′       Z ′    2   +    Z ″    2      



(2)




where Z′ and Z″ are the real and imaginary impedance components (Z = Z′ + iZ″), and κ is the cell constant, in general a planar IDEs geometry correction that can be expressed in terms of capacitance or resistance by κ = R/ρ = ϵϵ0/C. In our case, κ was experimentally and theoretically determined using the method reported by Olthuis et al. [54], following the equation:


  k =   1   ( N − 1 ) L     2 K ( k )   K       1 −   k   2       1 / 2        



(3)




where N is the number of fingers in the IDEs, L is the length of the fingers, and K(k) is an elliptic integral of the first kind, given by the follow equation [54]:


  K   k   =   ∫  t = 0   1      d t         1 −   t   2       1 −   k   2     t   2         1 / 2        



(4)




according to Equation (3) and the experimental results, it was found κ ≈ 6.7 m−1.



Figure 6a presents the σac versus f plot of the (DODAB/NiTsPc)5 LbL film when immersed in ultrapure water and in different concentrations of MBC. The σac at low frequencies is generally a plateau attributed to the dc conductivity (σdc). However, this behavior can be deviated due to the frequency-dependence promoted by the ionic conductivity of the liquids [55]. This phenomenon can slow down charge carriers at the electrodes, causing polarization effects [56]. At intermediate frequencies, those ions can no longer follow the variation of the electric field, establishing an almost frequency-independent plateau. The σac enters in the dispersion regime at high frequencies, that is, it presents a Jonscher’s universal power law behavior given by σac = σdc + Aωn, where A and n are constants and ω is the angular frequency [57]. One may note two regions in frequencies, marked in the graph of Figure 6a as (1) and (2), where the conductivity has greater variation with the concentration. Each frequency region in the σac-spectra is attributed to different phenomena. The effect is an increase in the conductivity with increasing concentration of MBC. The variation in the range of low-frequency (1) can be related to the chemisorption/physisorption of MBC species. When the sensing unit was removed from the last MBC concentration and immersed in the final water, its value is lower than the value of the initial water. This result indicates a permanent change in the electrical properties that respond this range of frequency. This effect was also visible in the Cole-Cole plot (Figure 4) and this interpretation is corroborated by Rubira et al. [38] and Aoki et al. [58], who using different approaches, verified irreversible process being attributed to the adsorption of the analyte onto sensor surface. On the other hand, at high-frequency (2), in which an ion-dipole interaction response is observed, the value of the initial and final water is indistinguishable in terms of ac conductivity, leading to no residue on the electrical properties in this frequency range, probably due to their interaction being based on a weak force (Coulombian). Moreover, an increase of conductivity with the MBC concentration was observed, which is appropriate for a sensor.


  S   %   =       σ   M B C       σ     H   2   O       × 100 %  



(5)




where σMBC is the ac conductivity when the sample is immersed in water at different MBC concentrations and σH2O is the ac conductivity when the sample was immersed in initial water. Figure 6b presents the σac at f = 104 Hz and S(%) versus MBC concentration. Both curves present a linear regime, i.e., σac increases as MBC concentration becomes higher. The ac conductivity increased from σH2O ≈ 92 μS m−1, which represents the minimum limit when the MBC concentration is zero, up to σMBC ≈ 112 μS m−1 when the MBC concentration is 10−7 mol L−1. The S(%) was ~19% at 10−7 mol L−1 and extrapolating the fitting line to the abscissa axes, we can estimate the S(%) > 5 % for the concentration as low as 10−12 mol L−1. We might suppose that the interaction between MBC and DODAB can favor the higher sensitivity, making it possible to detect very small MBC concentrations.



A computational analysis by parallel coordinates (PC) [27,59,60] was performed using σac data to investigate the role of frequency in the sensing unit covered by the(DODAB/NiTsPc)5 LbL film (Figure 7). This method divides the σac spectrum into a set of frequency bands represented by equally spaced vertical lines, in which each sample datum is represented as a line that intersects each column in its value at the corresponding frequency [59]. Moreover, for each frequency, a silhouette coefficient (Sc) box shows the contribution of the dimension related to its distinction capability, i.e., it is a metric of quality of data. Sc values vary between –1 and 1 and is represented in a color scale, blue being the highest contribution for the discrimination of the sample in the related frequency and the red being the smallest contribution. The magnitude of contribution is represented by the fill of the box, i.e., the greater filled, the higher (blue color) or the smaller (red color) contribution [59,60]. In general, all the frequencies contributed to the discrimination of MBC concentrations and initial and final water, being that the frequency interval from1.00 × 101 Hz to 3.16 × 101 Hz the best data discrimination. However, at this frequency region, the initial and final water are also discriminated, indicating residues in the electrical properties. Regarding the presence of MBC, there is a similarity in the profile for all the pesticide concentrations, being it equidistant in almost all frequencies. Moreover, the lines are close to each other in the three repetitions, indicating a good degree of similarity in the measurement. It is interesting to note that, at high frequencies (<3.16 × 105 Hz), the lines start to overlap, suggesting that at higher frequencies the electrical response was similar, independent of the MBC concentration.



Regarding the measurements in water, while the final water presents dispersion in the data at frequencies higher than 3.16 × 102 Hz, the initial water dispersion was observed at frequencies higher than 1.00 × 105 Hz. Moreover, the response for both initial and final water at 1.00 × 102 Hz and between 1.00 × 104 and 1.00 × 105 Hz (highlighted in purple in Figure 7) was similar (the lines are closer each other). The proximity of the initial and final water for those frequencies suggests a reversible process i.e., processes that may be irreversible have no effect on electrical measurements at that frequency. Although, overall, the sensing unit seems to be affected by the presence of MBC, there are specific frequencies at which a reversible process can be achieved. Therefore, the PC analysis of the ac conductivity allows to identify the frequency ranges in which the sensor is reversible or irreversible, showing the potential of the system for the detection of MBC. Moreover, this sensing unit would be suitable for applications in different circuits which may require operation at medium or high frequencies. The ability to operate over a wide frequency range facilitates the portability of the sensor for its use in field.





4. Conclusions


LbL films of DODAB/NiTsPc and Perylene/DPPG were successfully fabricated with thickness linear growth at nanometer scale. Optical images revel the presence of small aggregates in DODAB/NiTsPc LbL films in agreement with Raman chemical mapping. The e-tongue composed of LbL films of DODAB/NiTsPc, Perylene/DPPG, and bare electrode was able to distinguish different MBC concentrations. The best performance was achieved with a sensing unit covered with (DODAB/NiTsPc)5 LbL film and gold IDEs composed by 100 digits, width 10 μm, height 100 nm, spaced 10 μm each other—IDE 10 (against gold IDEs composed by 60 digits, width 40 μm, height 100 nm, spaced 40 μm each other—IDE 40). The equivalent circuit obtained through the complex impedance graph (Cole-Cole, −Z″–Z′), for DODAB/NiTsPc LbL film, presented errors smaller than 6%, allowing the establishment of a good association of circuit elements with phenomenological interpretations. There was a significant decrease in R3 (attributed to the DODAB/solution interface) with increasing MBC concentration, which is possibly related to the ion-dipole interaction between DODAB and MBC. Furthermore, a small decrease was also observed for R2(attributed to the DODAB/NiTsPc bulk), indicating the MBC diffusion in the DODAB/NiTsPc LbL film. Ac conductivity measurements increased with MBC concentration at low (1 to 102 Hz) and high (104 to 105 Hz) frequencies. However, only at high-frequency are the ac conductivity values of the initial and final water indistinguishable, showing no MBC residues in the electrical properties. The sensitivity for the ac conductivity at 104 Hz grows linearly with the MBC concentration, reaching approximately 19% for 1.0 × 10−7 mol L−1 concentration. Sensitivity extrapolation for lower values of MBC concentration indicated a sensitivity of 5% for 1.0 × 10−12 mol L−1, suggesting that the (DODAB/NiTsPc)5 sensing unit is sensitive to very low concentrations. The PC method demonstrated that the (DODAB/NiTsPc)5 sensing unit is suitable for the MBC detection once it can distinguish the different samples regarding the concentration of the pesticide and indicates the better frequency of a reversible process.
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Figure 1. (a) Molecular structures of DODAB, DPPG, NiTsPc, Perylene and MBC. (b) Layer-by-layer deposition steps. (c) Sensing units composed by bare IDE and IDEs covered with LbL films of (DODAB/NiTsPc)5 and (Perylene/DPPG)5. (d) Optical image of the IDE 10 showing the space of 10 μm between electrodes. 
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Figure 2. Monitoring LbL film growth by absorbance versus number of bilayers for (a) DODAB/NiTsPc and (b) Perylene/DPPG. Optical images and chemical mapping of (c) (DODAB/NiTsPc)5 and (d) (Perylene/DPPG)5 LbL films with the Raman spectra of LbL films as inset. Topography AFM images for (e) (DODAB/NiTsPc)5 and (f) (Perylene/DPPG)5 on glass substrates. 
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Figure 3. IDMAP projection from capacitance data (a) of all sensing units combined, grouping by solution. (b) IDMAP projection grouping by sensing unit. IDE 10. 
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Figure 4. Cole-Cole plot (−Z″–Z′) of the (DODAB/NiTsPc)5 sample immersed in: water initial, MBC dissolved in water at concentrations from 1.0 × 10−10, to 1.0 × 10−7 mol L−1, and water final. The zoom shows the flattened semicircular region with a fitting (continuous lines) using equivalent circuit presented in the inset. IDE 10. 
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Figure 5. (a) Schematic representation of the (DODAB/NiTsPc)5 LbL film onto gold electrodes together with its corresponding equivalent circuit indicating the phenomenological relationship of the two schemes through arrows. (b) C1 and CPE impedance of CPE versus MBC concentration. (c) R2 versus MBC concentration. (d) R3 versus MBC concentration. The respective errors found in the fitting were added as an error bar in the figures. IDE 10. 
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Figure 6. (a) ac conductivity versus frequency of the (DODAB/NiTsPc)5 when immersed in ultrapure water and at different concentrations of MBC. Inset: zoom at the low frequency region. (b) Analytical curve of ac conductivity at 104 Hz and sensitivity versus MBC concentration. IDE 10. 






Figure 6. (a) ac conductivity versus frequency of the (DODAB/NiTsPc)5 when immersed in ultrapure water and at different concentrations of MBC. Inset: zoom at the low frequency region. (b) Analytical curve of ac conductivity at 104 Hz and sensitivity versus MBC concentration. IDE 10.



[image: Chemosensors 11 00213 g006]







[image: Chemosensors 11 00213 g007 550] 





Figure 7. Parallel coordinates plot for the σac data obtained with the sensing units made with (DODAB/NiTsPc)5 LbL film using three measurements for each concentration. IDE 10. 
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