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Abstract

:

Advances in design of selective interfaces and printed technology have mighty contributed to the expansion of the electroanalysis fame. The real advantage in electroanalytical field is the possibility to manufacture and customize plenty of different sensing platforms, thus avoiding expensive equipment, hiring skilled personnel, and expending economic effort. Growing developments in polymer science have led to further improvements in electroanalytical methods such as sensitivity, selectivity, reproducibility, and accuracy. This review provides an overview of the technical procedures that are used in order to establish polymer effectiveness in printed-based electroanalytical methods. Particular emphasis is placed on the development of electronalytical sensors and biosensors, which highlights the diverse role of the polymeric materials depending on their specific application. A wide overview is provided, taking into account the most significant findings that have been reported from 2010 to 2017.
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1. Introduction


Electroanalytical methods have gained a leading role in the implementation of user-friendly analytical devices [1]. The use of electroanalytical tools has been adopted worldwide because of the most known (and commercially successful) model of an easy-to-use device: the blood glucometer. It allows everyone, everywhere, to autonomously monitor the level of blood glucose (almost 90% of the entire biosensors global market is represented by this device) [2]. Only taking into account the Roche’s plant in Indianapolis, over 2 billion test strips are produced per year [3].



Nowadays, self-testing devices represent the main request in the diagnostic field [4]. Inspired by the successful example reported above, the idea is to provide non-specialists with portable devices for many applications, from the environmental to the clinical, through the agri-food field. Electroanalysis, whether combined with printed technologies, i.e., screen-printing [5], inkjet printing [6], or wax printing [7], represents a promising starting point for reaching this goal. Its relevance is strictly bound to its operational simplicity and “blindness” towards colored/turbid solutions (real matrices often limit optical-based tests). The desired devices should satisfy the following requirements: they should be sensitive, small, lightweight, portable, disposable, and affordable. To deal with these, the printed electroanalytical plaftorms can be ad-hoc manufactured by using various supports for printing, i.e., plastic, ceramic, paper, removable tattoo, etc. [8,9,10,11]. Plenty of materials are adopted to make the devices sensitive and specific, i.e., metal nanoparticles, carbonaceous nano- and micro-materials, bioelements (enzyme, nucleic acids, antibodies, etc.), and polymers, etc. [12,13,14,15]. Depending on the specific chemical reactions that are involved/required to sense a target molecule, the use of some materials might fall within different scopes. For instance, gold nanoparticles (AuNPs) can serve as sensing elements (detection of metals in acidic solution, i.e., arsenic, mercury, copper, etc.) [16,17,18] or to create a recognition element/electrode interface, i.e., a DNA-based platform (AuNPs are used to link the electrode to the thiolated-DNA that represents the recognizing probe) [19,20].



Another class of “dual-use” materials is represented by polymers. However, the word “polymers” is too generic and the utilization of such materials is strictly dependent on what polymer is being utilized, and why. Among these, conductive polymers combine the conventional properties of polymers and the unique electronic properties that characterize metals and/or semiconductors [21,22]. The high π-conjugation of polyacetylene (PA), polypyrrole (PPy), polyaniline (PANI), and polythiophene (PTh), etc., makes them suitable for developing sensing platforms. Their doping may result in diverse materials: insulators, semi-conductors, or conductors [23,24]. They can be applied as conductivity enhancers (when combined with a “real” sensing element), or, alternatively, they can be employed as the sensing materials. For instance, PANI can be applied in a different way: combined with graphene and polyvinylpyrrolidone (PVP) [25], PANI led to an improvement of the conductivity in the biosensing of cholesterol, while Killard and his group utilized PANI to detect ammonia in the breath [26]. Beyond its conductive properties, electroanalysis also takes advantage of polymers for other purposes. Sometimes, polymers and/or mixtures of them can be utilized with the only aim of entrapping sensing elements, as in the case of glucose biosensor fabrication: Brett’s group used a layer-by-layer approach combining the positively-charged chitosan together with the negatively-charged poly(styrene sulfonate) (PSS) [27], while Ayenimo and Adeloju entrapped the enzyme by electropolymerizing pyrrole on the electrode surface [28]. Another widely utilized polymer in electronalytical manufcaturing is Nafion: it is a perfluorinated sulphonated cation exchanger, highly permeable to cations. It is generally coated on the electrode surface to avoid interference from negatively-charged species and to enhance the accumulation of metals [29]. These are just some of the applications of polymers within electroanalysis.



In this review, readers will be provided with the main techniques that are used to modify printed electrodes with polymeric materials. The main modification approaches, i.e., drop casting, dispensing, inkjet printing, screen-printing, and electrodeposition, will be described, highlighting their strengths/weaknesses. Moreover, polymers will be grouped in three main sections: those that are involved as the sensing element, those that are utilized to improve the electrochemical performance of printed electrodes, and those that are employed to entrap/protect the (bio)sensing element.




2. Techniques for Integrating Polymeric Materials onto Printed Devices


Depending on (i) the experimental needs, (ii) the laboratory facilities, and (iii) the properties of the polymer, different techniques can be adopted to customize printed electrodes with polymeric materials. In particular, the modification of a certain substrate with polymeric materials depends on the polymer itself. Taking into account the polymer, many considerations should be taken into account: one of the principal issues related to monomers and polymers is their insolubility, especially in aqueous-based solutions. Even if their solubility might be improved by dissolving them in organic solvents, the use of plastic-based cartridges (as in the case of inkjet printing) could represent a limitation. Moreover, the post-processing approach is strictly dependent on the particular platform, as for the case of protecting polymers: a thermal polymerization is often not suitable for protecting an enzyme (it could be denatured). The approaches that have been reported in the literature during the 2010s are mainly focused on drop casting, inkjet printing, screen-printing, and electropolymerization. In this section, all these approaches are described, highlighting their characterizing features. To provide the reader with a quick overview, the main significant advantages and disadvantages of each technique are schematized in Figure 1.



Drop casting approach is without doubt the easiest and cheapest method to modify a surface. It allows one to modify the chosen surface in a single step, or with multi-steps, in order to choose the ideal amount of drop that fits with the area of the surface, i.e., electrode. Although this procedure does not require particular instrumentation (a pipette is enough), some considerations are needed: (i) water-insolubility of some polymers often limits their applicability, especially if screen-printed electrodes (SPEs) are modified (the conductive inks that are used in SPE fabrication could be removed by the addition of polymers that have been prepared in organic solvents); (ii) μL-drops are subjected to “coffee-ring effect” that produces accumulation of the polymers at the borders of the drop [30], providing poor, homogenous, modified surfaces (reproducibility might be affected); and (iii) radial diffusion of the drop limits the modification of rounded surfaces. The same (enhanced) method can be adopted by using an automated dispenser, which can be thought of as a high-tech drop casting. Dispensers are used for multiple applications in the field of diagnostics: biosensors (glucose strips), dry chemistry (pH strips), lateral flow (pregnancy test), and low volume PCR (genomic research), etc. A world leader company is BioDot (www.biodot.com). Its non-contact technology can typically dispense fluids down to a volume of a nL. However, to realize micro-array, nL droplets could not be enough. Another technology, widely used for manufacturing polymer microarray fabrication, is inkjet printing. This approach is classified as drop-on-demand. It requires an inkjet printer (Fujifilm Dimatix DMP-2831/2850 are the most commonly used ones on the small laboratory scale, while printers from Ceradrop, Pixdro, and Microfab are usually adopted on the large scale) that has a mechanism similar to those used in office environments; piezoelectric- and thermal-inkjet are the main utilized technologies [31,32]. The former generates a drop by deforming the jet chamber depending on the piezoelectric properties of the chamber wall, while the latter produces drops by heating and vaporizing the liquid in the jet chamber. Typically, vapor point of solvent can limit thermal-based technologies: in fact, those polymers that can be only dissolved in fast evaporating solvents might dry out the nozzles quickly. Even if inkjet printing allows one to deposit small droplets in the pL-nL range, the “coffee-ring effect” needs to be carefully evaluated: it can be adjusted by controlling experimental parameters such as drop spacing and temperature [33]. A big advantage is that inkjet printers do not require a mask: they offer the possibility of modifying all the geometric configurations, just by designing the ad-hoc pattern with a dedicated drawing software. However, viscosity and particle size can limit this approach. In particular, dimension of the polymers should be ~100 fold smaller than the nozzle aperture diameter, otherwise nozzles can get easily clogged, i.e., a 10 µm particle cannot be inkjet printed with a 20 µm nozzle. This represents the main disadvantage of inkjet printing. To avoid the issues related to both size and solubility of polymers in aqueous solutions, and also those related to the realization of non-homogenous modified surfaces, polymers can be directly dispersed in the conductive ink and screen-printed onto strips [34,35]. Since the use of screen-printing is not widely reported for fabrication of polymeric-based electrochemical platforms, it owns its experimental advantages to the possibility of both manufacturing electrodes and manually integrating polymer in the conductive inks. However, its major limitation is due to its low resolution in creating micro-sized electrodes. Other limitations concern the integration of polymers within the conductive ink: (i) high amount of polymeric materials is required (typically in the order of grams); and (ii) if only the working electrode needs to be modified, a particular screen has to be utilized (it means longer steps). Switching from the mechanical (casting, printing) to the electrochemical procedures, electrodeposition represents a very common approach used in the modification of printed electrochemical strips with of polymers [36,37]. Usually, electropolymerization is carried out by applying a voltage that can be fixed (amperometry) or variable (voltammetry). This approach allows one to control the amount of deposited polymers, e.g., by selecting the duration of the applied voltage, adjusting the window of potential, varying electrochemical parameters such as number of scans, scan rate, etc., and even obtaining a more homogenous, coated working electrode with respect to the other methods. However, its limitations are related to its automation: common potentiostats allow the user to modify electrodes one-by-one, ensuring a longer time for multi-electrodes. Even if a parallel connection would lower the required time for multi-deposition of polymers, in practice the commercially available multi-output potentiostats are majorly connected in series. Even if these are the majorly utilized techniques for customizing printed electroanalytical platforms with polymer-based modifiers, other approaches can serve to accomplish this goal (although some techniques have not been applied to (bio)electrochemical detection yet); among these, roll-to-roll [38], electrospray [25], pen-writing [39], and dip coating [40] represent other possible methods. However, roll-to-roll allows a quick modification of a high amount of electrodes, but the equipment required is bulky and expensive; electrospray can be carried out with home-made apparatus, but one of its limitations could be ascribable to the interaction between the electric field applied to generate droplets and the polymer; pen-writing is also a very versatile way to produce or modify printed electrodes, but it lacks of repeatability; dip coating for layer-by-layer structuring of electrodes is a simple and effective approach, which exploits the adsorption of oppositely charged polymer layers, but it requires many steps.




3. Role of Polymeric Materials in Printed-Electrochemical Devices


3.1. Polymers as the Sensing Element


The first application related to the use of polymeric materials in the realization of electrochemical devices is devoted to those that have been used as a real sensing element. In particular, these materials are often realized by employing conductive polymers. These are particularly useful in the detection of small-molecules [41], due to their sensitivity to minor perturbations. In fact, gas-sensors developed by employing conductive polymers are widely known [42].



For instance, the group headed by Killard developed a human breath ammonia sensor by inkjet printing PANI onto a screen-printed silver interdigitated electrode [26], Figure 2A. This conducting polymer has been interrogated as ammonia-sensitive material due to a well-understood mechanism, PH+A− + NH3 ↔ P + NH4+A−, where P, PH+, and A− are the deprotonated polymer, the protonated polymer, and the dopant counter anion, respectively. The presence of ammonia leads to a deprotonation of the polymer, which produces a decrease in conductivity. They choose the electrochemical impedance spectroscopy (EIS) to correlate the level of ammonia with the conductivity decrease. PANI was chemically synthesized using dodecylbenzenesulfonic acid (DBSA) as the dopant and to avoid aggregation of PANI during the process [43]. During the optimization procedures for manufacturing the device, a 10 pL printer cartridge with a drop spacing of 20 μm was utilized. Authors quantified the impedimetric response to ammonia after 16 simulated breaths. A limit of detection equal to 4.1 μg/m3 has been calculated and a linearity in the range of 27–1514 μg/m3 has been observed. The effectiveness of PANI as sensing material have been also evaluated in presence of the major interfering species that can be found in air or breath: ammonia resulted as the only major gas to give a significant effect (compared to carbon dioxide, nitrogen, oxygen, hydrogen sulfide, and nitric oxide).



The sensing properties of PANI were also exploited for the detection of analytes in aqueous solution. Kit-Anan et al. [44] modified a disposable paper-based carbon-SPE with PANI to detect ascorbic acid. As for the ammonia sensor developed by Killard [26], PANI was inkjet-printed using a Dimatix Inkjet Printer (Fujifilm, Tokyo, Japan). In this case, PANI was chemically sinthesized using linear alkyl benzene sulphonic acid (LABSA) instead of DBSA. Authors evaluated the effect of printing different amount of PANI (1 to 10 layers): 5 layers provided the highest sensitivity towards ascorbic acid in comparison with the bare SPE. The high electrochemical redox catalytic properties of PANI towards ascorbic acid led to a >10-fold increase of the sensitivity with respect to bare SPE. Ascorbic acid was chronoamperometrically detected reaching a detection limit of 30 μM and a linear range extended up to 270 μM. Their sensors compared positively, in terms of analytical performances, with the other existing electrochemical devices that exploit PANI as the sensing element. In addition, they evaluated the selectivity of the platform by performing measurements in presence of uric acid and acetoaminophen (two of the majorly occurring interferring species present in biological fluids): 500 and 140 μM of uric acid and acetaminophen, respectively, did not produce detectable signals.



Bergamini and co-workers electropolymerized a synthetic polyaminoacid, poly-l-histidine (PH), onto a carbon-based SPE to detect isoniazid in human urine [36]. Authors compared the sensing effectiveness of the electropolymerized PH (EPH) with the drop cast PH. EPH displayed a relevant electrocatalytic effect in terms of less negative peak-potential (−0.89 V vs. −1.02 V) and higher peak intensity. Only in presence of the EPH film the electrocatalytic reduction of isoniazid was observed: the reduction potential observed at the bare SPE was the same as that in presence of drop cast PH. One possible explanation for this experimental behavior is the diverse isoniazid diffusion within the inner domain that reaches the working electrode surface: EPH allowed a better diffusion through the more opened structure of the film if compared to the thicker PH film formed by drop casting. Since the methodology for preparing the best sensing materials was set-up, the EPH-SPE was challenged in presence of isoniazid by using linear sweep voltammetry (LSV), differential pulse voltammetry (DPV), and square-wave voltammetry (SWV), reaching 5 × 10−7, 1.7 × 10−7 and 2.5 × 10−7 M as the detection limit, respectively. Although this platform was challenged in a liquid matrix, the interferences were not evaluated.



PPy was used to screen a cancer biomarker in point-of-care configuration [37]. Carcinogenic embryonic antigen (CEA) protein, which is routinely used to follow-up the progression of specific cancer diseases, was chosen as the biomarker. In this case, the electropolymerized PPy was named “plastic antibody”. Authors realized an imprinted polymer on the printed Ag-working electrode, as shown in Figure 2B. The biomimetic PPy film was formed by cycling the electrode immersed in an aqueous solution, which contained Py monomer and CEA. After the 15th cycle, the biomimetic film was formed. The biomarker molecules were initially entrapped in the polymeric network and successively removed by protease action. The recognition capability of the PPy “plastic antibody” was evalauted with diverse analytical techniques such as CV, EIS, and SWV. All the techniques gave a linearity response up to 1.25 pg/mL (against logarithm concentration). The non-imprinted PPy gave a non-specific response lower than those due to the “plastic antibody”. The effectiveness of the platform was then evaluated in CEA-spiked urine, observing the same linearity range even if the slope was affected.



In 2014, Rotariu et al. [45] reported the utilization of a positively charged polyelectrolyte, poly(allylamine hydrochloride) (PAH), for the detection of NADH in carbon-based SPE, Figure 2C. The reason for choosing this polyelectrolyte was to exploit the electrostatic interaction with NADH, which can facilitate the accumulation at the SPE, producing a sensitivity enhancement. Positively charged PAH was drop cast onto the working electrode surface after a negatively charged surface was obtained by ending the cycling at a negative potential. The use of PAH-SPE led to an increase of the oxidation current from 4 (bare SPE) to 56 μA (14-fold in presence of 5 mM NADH with cyclic voltammetry experiments). This results were obtained by optimizing the amount of PAH onto the SPE; in fact, they observed that a low concentration of PAH was consistent with a very low response, perhaps due to an unstable film formation. However, a overly high concentration of PAH increased the film thickness, which limited the diffusion of NADH inside the film, and consequently the sensitivity of the platforms. 0.5 mg/mL PAH was chosen as the optimal amount, and EIS experiments confirmed the effectiveness of PAH-SPE towards negatively charged molecules. The limit of detection of PAH-SPE was calculated as equal to 0.22 mM, with a linear range extended up to 5 mM. Even in presence of ascorbic acid, a negatively charged molecule, PAH, was capable to confer the system with a satisfactory selectivity.



Istamboulie et al. [34] directly screen-printed a PEDOT:PSS dispersion mixed with graphite paste in different ratios (from 20% to 100% polymer) and utilized this approach to develop an inhibition biosensor based on acetylcholinesterase (AChE) for the detection chlorpyrifos-oxon, an organophosphate insecticide. The PEDOT:PSS polymer was suitable for thiocholine oxidation (by-product of enzymatic reaction in presence of acetylthiocholine as the substrate), allowing the measurement of enzyme activity. Due to its intrinsic properties, 100% PEDOT:PSS-ink was capable of improving >2-fold the conductivity with respect to the bare electrodes. Moreover, authors compared the analytical performance of their sensing polymer with those obtained by using cobalt phathalocyanine (CoPc), i.e., those classically used for thiocholine detection [46]. PEDOT:PSS was allowed to reach a detection limit as low as 4.4 nM (considered as the chlorpyrifos-oxon concentration that induces a loss of signal of 5%) after an incubation time of 10 min.



Besides the variety of electrochemical sensors and biosensors that have been developed by employing a polymeric material as a sensing material, other approaches have been adopted. In particular, Dickert and Lieberzelt developed a plethora of platforms (principally based on quartz microbalance) with molecularly imprinted polymers (MIPs) to detect cells [47], bacteria [48], and viruses [49]. In addition, Lieberzelt and his group recently reported some electrochemical applications with MIPs: in 2014 [50], Cu2+ ions were conductometrically detected down to 0.2 mM by polymerizing N-vinyl-2-pyrrolidone and, in 2016 [51], dengue virus was impedimetrically detected with a 0.12 pfu/mL detection limit by using a graphene oxide-polymer composite. Even the group of Cleij in Maastrischt, which is one of the most active regarding the use of MIPs, developed an impedimetric assay to detect histamine in intestinal fluid patient samples [52]. However, Cleij is a recognized expert on read-technology based on heat; accordingly, read-out technology conducting polymers are replaced by MIPs [53]. Moreover, a collaboration with Banks led to the innovative combination of thermal wave transport analysis (TWTA) and SPEs: MIPs were mixed within the conductive ink and successively screen-printed onto the substrate. TWTA was allowed to detect dopamine down to 0.26 μM, while cyclic voltammetry was allowed to reach 4.7 μM as the detection limit [35].




3.2. Polymers as Analytical Performances’ Boosters


In 2012, Quintana et al. [54] demonstrated the effectiveness of Nafion towards the development of bismuth-modified SPE to detect lead ions in milk. As reported previously by Wang, bismuth-film represented a “greener” approach to detecting heavy metals, avoiding the use of the more toxic electrodes based on mercury drops (hanging drop mercury electrodes, HDME) or films [55]. Bismuth is capable of forming alloys with metals, i.e., lead, cadmium, zinc, when these are dissolved in solution as cations, i.e., lead (Pb) as Pb2+. Authors showed how the drop casting of Nafion onto the carbon-based SPE was consistent with a great improvement in sensitivity, up to a certain point. The modification of SPE with Nafion led to a sensitivity ehnancement towards lead ions, from 0.75 μAL/μg (un-modified bismuth-SPE) to 1.07 and to 1.1 μAL/μg, respectively, using 0.5% and 1% (v/v) of Nafion, while the use of a more concentrated Nafion solution (2% (v/v)) produced a lower improvement of the sensitivity (0.84 μAL/μg). The presence of Nafion was capable of improving the sensitivity towards lead ions, but 2% (v/v) was consistent with a thick layer formed that hid the improvement. The developed procedures, adopting 0.5% (v/v) Nafion, allowed the authors to detect lead ions in contaminated milk at a concentration of 20 ppb (legal limit). In addition to these findings, they utilized the same methods to evaluate the phytoremediation of an aquatic plant (Lemna minor) toward lead and cadmium ions, achieving satisfactory results: detection limit equal to 0.3 and 2 ppb for lead and cadmium ions, respectively [56].



The use of a nanocomposite formed by graphene/polyvinylpyrrolidone/polyaniline (G/PVP/PANI) was effective in the realization of a paper-based device for amperometric cholesterol detection in human serum [25]. The paper-based platform was modified by electrospraying the final nanocomposite (Figure 3A). The electrocatalytic effect of the modifiers was estimated step-by-step, taking into account the role of each modifier. To do this, authors studied the platform with experiments of cyclic voltammetry in presence of ferri/ferrocyanide as the redox probe. While the presence of PANI only led to an increase of the current, the addition of graphene (as G/PANI) led to a net increase of the peak intensities and decrease of ΔE, indicating an electrocatalytic effect (ΔE significantly decreases from 0.508 to 0.155 V, respectively, for PANI and G/PANI-modified SPE). Even in the previous case, the presence of G in the nanocomposite boosted the electron transfer kinetics of the platform. However, the authors highlighted how the presence of a small amount of PVP, forming the ultimate G/PVP/PANI composite, improved the dispersibility of G, increasing the electrochemical conductivity of electrodes, i.e., it was consistent with an ehnancement of the current peaks. Cholesterol was indirectly quantified with this electrochemical platform by monitoring the hydrogen peroxide by-produced from cholesterol oxidation in presence of cholesterol oxidase; G/PVP/PANI produced a dramatic increase of sensitivity (40-fold) in comparison with the bare SPE. Finally, cholesterol was detected down to a limit of 1 μM in a linear range between 0.05 and 10 mM.



Another approach to detect ammonia was developed by Seekaew and colleagues [57]. Also, in this case, an interdigitated silver electrode was screen-printed, but the sensing layer was composed of a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) film. Authors inkjet-printed this conducting polymer by using a modified office printer (HP deskjet 2000 j210, Hewlett-Packard, Palo Alto, CA, USA) and filling the original cartridge with the desired modifier, Figure 3B. In addition, they also evaluated the combination of PEDOT:PSS with graphene: 8 printed layers were adopted to produce ca. 400 nm thick films. As already discussed for the sensing mechanism with PANI, the change in conductivity of PEDOT:PSS, as a consequence of the neutral polymer formation in presence of ammonia, has been exploited to correlate change of sensor resistance and ammonia concentration. The use of graphene in combination with PEDOT:PSS allowed the authors to improve the conductivity by more than a factor of two (compared with the pristine PEDOT:PSS), and it produced a sensor with a high selectivity to ammonia in the 25–1000 ppm range, with a detection limit <10 ppm, even if the dynamic range toward ammonia was similar using the pristine film. Moreover, authors claimed that the addition of graphene had the effect of improving the specific adsorption on working area of the flexible sensor; response to ammonia appeared higher than those in presence of diethylamine, acetone, ethanol, toluene, and methanol. The same research group took advantage of the same sensing film to develop an amperometric glucose biosensor [58]. In this case, a carbon-based SPE was modified by drop casting a few microliters of the hybrid nanocomposite (glucose oxidase and graphene-PEDOT:PSS). In presence of glucose, the nanocomposite was capable of directly quantifying the electron transfer between glucose oxidase and the SPE, which was not achievable with the bare SPE. Although the linearity of the developed platform was obtained only from 20 to 900 μM (not sufficient for diagnostic applications for the management of glucose-related diseases, i.e., diabetes), a detection limit of 0.3 μM was appreciated.



Another example showing a polymer for improving electrochemistry is centered on PPy. It is one of the most used conducting polymers because of its good biocompatibility and mechanical properties, and it has been adopted to modify commercial, disposable electrochemical printed chip, to produce an impedimetric immunosensor for human chorionic gonadotropin (hCG) detection [59]. PPy was electro-grafted in presence of a copolymer, represented by the poly pyrrole-2-carboxylic acid (PPa), Figure 3C. Authors combined the features of these two polymers in order to develop a highly stable and sensitive immunosensor; while PPy is exploited for its high conductivity and biocompatibility, PPa is capabe of enhancing the hydrophilicity of the system and its binding ability towards hCG antibody. The ratio of PPy and PPa was chosen equal to 3:1 due to the best electroactivity provided. The effectiveness of this co-polymer electroactive platform allowed us to obtain a label-free impendance immunosensor with a detection limit of 2.3 pg/mL (with a sensor area of 2.64 mm2) and linearity range from 0.1 to 1 ng/mL.




3.3. Polymers to Entrap/Protect the (Bio)Sensing Element


Xin et al. [60] developed a novel and disposable biosensor for determination of hydrogen peroxide by modifying a carbon-based SPE with a mixture made of Fe3O4-Au magnetic nanoparticles coated with horseradish peroxidase (HRP) and a graphene-Nafion film. Authors decided to use Nafion to stabilize and disperse graphene into an aqueous solution. The issue was due to difficulty of graphene in forming a uniform dispersion into an aqueous-based media. Due to its capability for film formation, nontoxicity, biocompatibility, mechanical robustness, and satisfactory water permeability, Nafion was chosen to form a homogenous dispersion of graphene, and also to better immobilize the enzyme (HRP). The amount of Nafion was optimized in order to achieve the best results in term of sensitivity and stability of the bio-platform: 10 μL of graphene/Nafion was selected as the optimal amount of SPE modifier: a higher amount was consistent with a broadening of voltammogram and decrease of sensitivity. The presence of Nafion as the stabilizer within the modifiers’ cocktail led to a current response that retained nearly 90% of its initial value over four weeks of storage. The platform was allowed to detect hydrogen peroxide with just three seconds amperometry, with a detection limit of 12 μM and a linearity in the range between 0.02 and 2.5 mM.



Talarico and colleagues utilized chitosan (CS) as the dispersing agent of carbon black (CB) and acetylcholinesterase enzyme (AChE) to fabricate an organophosphorus pesticide biosensor with a “one step” procedure [61], as reported in Figure 4A. The choice of CS is linked to two main aspects: (1) it avoided the aggregation of CB without the necessity of using ultrasounds to make a CB dispersion; and (2) it provided a biocompatible and favorable microenvironment for AChE immobilization, improving operational stability. This work represented the first example in which this bio-polymer has been employed for a single step procedure: in fact, CS has been usually adopted for enzyme immobilization using multi-step procedures [52,62]. CS was capable of providing a stable dispersion composed by AChE, which might be irreversibly inhibited by organophosphorus pesticides and CB, which provided an electrocatalytic modifier to follow-up the detection of the enzymatic by-product. Authors experienced a worsening of the electrochemical behavior when the amount of CS was increased, probably due to its insulator nature: 0.05% w/w CS was selected as the best compromise in terms of sensitivity and stability of the platform. The printed device was capable, with 20 min as the inhibition time, of detecting paraoxon (taken as model compound) down to 0.05 ppb in a linear range of 0.1–0.5 ppb. Moreover, the stability of the biosensor was evaluated in terms of adhesion of the CS-based mixture; five measurements after a period of 20 min in stirring conditions were consistent with a relative standard deviation <8%, and it was ascribable to the presence of CS as the mixture linker.



Loaiza et al. [53,63] utilized a combination of polyethyleneimine (PEI) and glutaraldehyde (GA) to covalently immobilize lactate oxidase (LOx) onto a SPE modified with platinum nanoparticles (PtNPs), supported on graphitized carbon nanofibers (PtNps/GCNF). The mechanism of the stabilization was ascribable to cross-linking between GA and the absorbed PEI layer. Authors reported that the presence of PEI and GA layers was necessary to retain the enzyme and get more sensitive and stable signals; in fact, while the PtNps/GCNF-PEI-GA-LOx-Gly-SPE displayed the highest amperometric signal in presence of lactate, the lowest sensitivity was obtained by PtNps/GCNF-LOx-Gly. Moreover, the presence of the polymeric network allowed the biosensor to retain 90% of the amperometric signal after 50 measurements. The biosensor gave a linear repsonse between 10 and 2000 μM, with a detection limit <7 μM. Moreover, it was applied for measurements of lactic acid in alcoholic beverages, i.e., wine, cider. One of the most interesting aspects of their research was related to effect of PEI-GA over the storage stability; the sensitivity remains almost constant (≥90%) after three months at room temperature, and after more than 18 months at −20 °C (≥95%).



In 2014, Karim et al. [40] took advantage of the negatively charged poly(sodium styrenesulfonate) (PSS) electrolyte to stabilize gold nanocubes (AuNC) in a biosensor architecture to detect cathecol. In particular, a layer-by-layer approach was followed. The process was performed by alternatively dipping a SPE in solutions containing positively charged AuNC-hexadecyltrimethylammonium (CTAB) and negatively charged PSS, Figure 4B. As the final step, a solution containing tyrosinase enzyme was dipped onto the modified SPE. The main role of PSS was to incorporate and stabilize the AuNC in the biosensing structure; instead, tyrosinase was electrostatically immobilized onto the positively charged AuNC-CTAB layer of the sensing architecture. Even though catechol was detected in a wide range of concentrations (10 nM–80 mM) with a detection limit of 0.4 nM, and the biosensor was applied for measurements in real tea samples, there was still the remaining challenge: long term stability. In fact, the stability was interrogated after several days of storage in buffer solution, and after 9 days the biosensor retained 83% of its initial activity. Probably, to enhance the storage stability that is almost entirely dependent on the enzyme activity, it could be enclosed into the multilayer structure to create a more effective environment, maybe employing a positively charged polymer (because of the negative charges in tyrosinase).



Another example of the utilization of a polymeric material to encapsulate a biorecognition element, i.e., an enzyme, was proposed by Weng et al. [64]; they produced a platform by inkjet printing formulations of PPy nanoparticles and enzymes onto SPE. In their study, the authors examined the behavior of two bio-hybrid composites: PPy-HRP and PPy-GOx. Moreover, to prevent the enzyme leaching out from the PPy film, they jetted a permselective ethyl cellulose membrane onto the testing area. The two hybrid nanocomposites were interrogated towards hydrogen peroxide and glucose detection, respectively, for PPy-HRP and PPy-GOx. The entrapment of enzymes within the polymeric matrix led to the detection of hydrogen peroxide from 10 μM to 10 mM, and glucose from 1 to 5 mM. Long term stability studies indicated that PPy-HRP biosensor was capable of retaining more than >90% of its initial sensitivity after a month (dry, 4 °C). This stability was attributed to both the presence of PPy nanoparticles and the cellulose membrane, which minimized the loss of HRP enzyme, providing a kind of protection towards the enzyme. However, the possibility of extending this protection to GOx did not provide the same findings (<70% activity retention); the authors were not capable of providing an explanation, and they concluded that further studies were needed.



Shimomura and co-workers utilized another kind of polymer, a photo-cross-linkable one [65]. In particular, a polyvinil alcohol matrix, namely O-391, was used to entrap a mixture based on 3-nicotinamide adenine dinucleotide (NAD+) and β-hydroxybutyrate dehydrogenase (3HBDH), previously immobilized onto mesoporous silica, with the aim of developing a disposable amperometric biosensor for ketone 3-β-hydroxybutyrate (3HB), as reported in Figure 4C. The SPE was modified with a Meldola’s Blue layer which was responsible for the detection of the reduced NADH (as a consequence of the enzymatic oxidation of 3HB catalyzed by 3HBDH). The response of the optimized biosensor had linear results, with substrate levels up to 8 mM and a detection limit lower than 30 μM. The great advantage of this method was linked to the high storage stability that was exhibited. The biosensor was stored desiccated at 4 °C when not in use and, despite the dry conditions, it maintained more than the 90% of its initial enzyme activity over a period of six months.



Even the group headed by Girault exploited photo-polymerization to protect the sensing agent—carbon nanotubes (CNTs), in this case [66]. They combined the UV photo-polymerization to inkjet printing. Briefly, polyacrylamide was firstly inkjet-printed onto a device composed by Ag, CNTs, and insulator (all of them were previously inkjet-printed). Successively, the polyacrylamide layer was irradiated by UV light, and a protecting layer was formed. Authors utilized their stand-alone electrochemical device for the detection of antioxidants in complex matrices such as untreated orange juice and red wine. Compared to the bare CNT electrode, as in the case of undiluted red wine, the presence of polyacrylamide hydrogel allowed us to compensate for the matrix effect issues which, as claimed by the authors, are often addressed by diluting and/or filtering real matrices.



In order to provide the readers with a quick summary of the polymer-based devices that have been discussed in this compact review, Table 1 contains some of the most relevant information in terms of the sensing elements and the analytical performances of the investigated electroanalytical devices.





4. Conclusions


After having reported some of the most successful applications of polymeric materials in combination with printed electrodes, it can be concluded that they offer a wide range of applications in the field of printable sensors and biosensors. This review has been divided in three main sections, depending on the major exploitation of the generally termed “polymers”. This general term includes a plethora of different materials, i.e., conductive polymers, charged polymers, insulators, bio-polymers, and biomimetic “plastic antibodies”, etc. Depending on the selected application and the specific need, a polymeric material can provide different features. In particular, the use of conductive polymers represents a relevant step forward towards the development of electrochemical platforms that gain the presence of a conductive backbone and a network that can stabilize the modifiers used in the chosen architecture. Some materials, i.e., chitosan, Nafion, demonstrated high efficacy in allowing nanomaterials i.e., metallic nanoparticles, carbonaceous, to form homogenuos dispersions that are often difficult to obtain. Moreover, the possibility of creating hybrid structures by entrapping enzymes is an added value toward the realization of stable platforms; in some cases, the reported shelf life reached 18 months. Storage stability is of crucial importance, especially for commercial applications. Even if the use of polymeric materials in combination with printed electrochemical strips has highlighted that polymer science might effectively enhance the experimental performance and stability of such methods, their utilization as sensing elements has not been very impressive. The examples related to the utilization of polymers as sensing elements are restricted to conductive polymers; however, their main drawbacks are usually due to a lack of high selectivity and the suitability of sensing prevalent, small molecules, i.e., ammonia, oxygen, and water, etc. In the case of molecular imprinted polymers, instead, the non-specific interactions between target and platforms can affect the reliability of the method. However, polymer-based modifiers can exhibit their effectiveness, especially in those electrochemical systems that necessitate a linker between the sensing (bio)element and the transducer. In addition, their inexpensiveness has to be positively taken into account during the development of printed platforms that generally are involved in mass-production processes. Future development could enable the combination of different technologies to realize the development of all-in-one diagnostic tools (not only within the electroanalytical field). Screen-printing for electrodes manufacturing and inkjet printing as the customizing tool might represent an ideal starting point for the realization of fully-printed low-cost devices.
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Figure 1. Scheme of the main utilized techniques that are used to modify printed electrochemical devices with polymeric materials. 
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Figure 2. (A) Interdigitated polyaniline nanoparticle modified electrode. Screen-printed silver interdigitated electrodes were covered with multiple layers of an inkjet-printed polyaniline nanoparticle dispersion forming a green film for ammonia detection (Permission of [26]); (B) schematic representation of the two stages used in the synthesis of Ag- screen-printed electrode (SPE)_/–/ polypyrrole (PPy) devices, including the electropolymerization of Py in the presence of carcinogenic embryonic antigen (CEA), and the protein removal by proteinase K (Permission of [37]); (C) a SPE modified with poly(allylamine hydrochloride) for electrochemical detection of NADH (reduced nicotinamide adenine dinucleotide) (permission of [45]). 
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Figure 3. (A) The enzymatic reaction between cholesterol and ChOx on Graphene/polyvinylpyrrolidone (PVP)/polyaniline (PANI) modified, paper-based biosensor (permission of [25]; (B) schematic diagram of fabrication of a flexible-printed graphene–poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) gas sensor for ammonia detection (permission of [57]); (C) Figure 3: the structure of disposable electrochemical printed (DEP) chip used within this work and SEM micrograph of deposited PPy–PPa copolymer film onto carbon ink working electrode (permission of [59]). 
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Figure 4. (A) Biosensors based on screen-printed electrodes modified with Acetylcholinesterase, carbon black, and chitosan for organophosphorus pesticide detection (permission of [61]); (B) schematic diagram showing the layer by layer process on an gold nanoparticles (AuNP)-deposited SPE, including SEM and AFM (Atomic Force Microscopy) images alongside the height profile of the platform. Representative cyclic voltammograms for different concentrations of catechol using the Tyrosinase-modified platform (permission of [40]); (C) layer structure and operation mechanism of 3HB biosensor (Permission of [65]). 
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Table 1. Summary of the electrochemical-based (bio)sensors that exploit the presence of a polymeric material in their architecture.
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	Device Architecture
	Method
	Target
	Detection Limit
	Linear Range
	Matrix
	Ref.





	CholOx drop cast on G/PVP/PANI electrosprayed on paper-based C-SPE.
	A
	Cholesterol
	1 μM
	0.05–10 mM
	Human serum
	[25]



	PANI inkjet-printed on Ag-SPE
	EIS
	Ammonia
	4.1 μg/m3
	27–1514 μg/m3
	Breath
	[26]



	AChE drop cast on PEDOT:PSS/G SPE
	CA
	Chlorpyrifos-oxon
	4.4 nM
	NS
	Std.
	[34]



	MIPs (MAA, EGDMA, ACA) screen-printed on flexible substrate
	TWTA

CV
	Dopamine
	0.26 μM

4.7 μM
	NS
	Banana
	[35]



	Poly-l-histidine electropolymerized on C-SPE
	LSV

DPV

SWV
	Isoniazid
	0.5 μM

0.17 μM

0.25 μM
	1.5–210 μM

0.5–110 μM

1.5–110 μM
	Human urine
	[36]



	PPy electropolymerized on Ag-SPE
	CV

EIS

SWV
	CEA
	NS
	0.05–1.25 pg/mL *
	Human urine
	[37]



	C-SPE dipped in PSS, AuNC-CTAB, and Tyr
	A
	Cathecol
	0.4 nM
	10 nM–80 mM
	Tea
	[40]



	PANI inkjet-printed on paper-based C-SPE
	CA
	Ascorbic acid
	30 μM
	Up to 270 μM
	Std.
	[44]



	Poly(allylamine hydrochloride) drop cast on C-SPE
	DPV
	NADH
	0.22 μM
	0.01–5 mM
	Std.
	[45]



	Au-SPE dipped in N-vinyl-2-pyrrolidone pre-polymer
	C
	Cu2+
	0.2 mM
	Up to 1 mM
	Tap water
	[50]



	GO-polymer composite drop cast on Au electrode
	EIS
	Dengue Virus
	0.12 pfu/mL
	1–2000 pfu/mL
	Std.
	[51]



	Nafion drop cast on Bi-SPE
	SWV
	Pb2+
	20 ppb
	NS
	Milk
	[54]



	PEDOT:PSS/G inkjet-printed on Ag-SPE
	EIS
	Ammonia
	<10 ppm
	25–1000 ppm
	Std.
	[57]



	GOx drop cast on PEDOT:PSS/G inkjet-printed on Ag-SPE
	A
	Glucose
	0.3 μM
	20 to 900 μM
	Std.
	[58]



	PPy electrografted on C-SPE in PPa
	EIS
	hCG
	2.3 pg/mL
	0.1–1 ng/mL
	Std.
	[59]



	Fe3O4-AuNPs/HRP/G/Nafion drop cast on C-SPE
	A
	H2O2
	12 μM
	0.02–2.5 mM
	Std.
	[60]



	CS/CB/AChE drop cast on C-SPE
	CA
	Paraoxon
	0.05 ppb
	0.1–0.5 ppb
	Drinking water
	[61]



	PEI/GA drop cast on C-SPE modified with LOx/PtNPs/GCNF
	CA
	Lactate
	<7 μM
	10–2000 μM
	Alcoholic beverages (wine, cider)
	[63]



	PPy/Enzyme (HRP or GOx) inkjet-printed on C-SPE
	CA
	H2O2

Glucose
	NS
	10 μM–10 mM

1–5 mM
	Std.
	[64]



	O-391, NAD+, 3HBDH drop cast on C-SPE modified Meldola’s Blue
	A
	3HB
	<30 μM
	Up to 8 mM
	Std.
	[65]







Symbols and abbreviations: NS: not specified; *: logarithmic scale; Std.: Standard solution; C-SPE: Carbon-SPE; Bi-SPE: Bismuth-SPE; Au-SPE: Gold-SPE; Ag-SPE: Silver-SPE; GE: Gold Electrode; PANI: Polyaniline; PPy: Polypyrrole; EIS: Electrochemical Impedance Spectroscopy; CA: Chronoamperometry; LSV: Linear Sweep Voltammetry; DPV: Differential Pulse Voltammetry; SWV: Square Wave Voltammetry; CV: Cyclic Voltammetry; C: Conductometry; TWTA: Thermal Wave Transport Analysis; A: Amperometry; G: Graphene; GO: Graphene oxide; GCNF: graphitized carbon nanofibers; PPa: Poly pyrrole-2-carboxylic acid; GA: Glutaraldehyde; MAA: Methacrylic acid; EGDMA: Ethylene glycol dimethacrylate; ACA: 4,4′-azobis(4-cyanovaleric acid); AChE: Acetyl cholinesterase enzyme; HRP: Horseradish peroxidase: GOx: Glucose oxidase; CholOX: Cholesterol oxidase; LOx: Lactate oxidase; Tyr: Tyrosinase; CEA: Carcinogenic embryonic antigen; hCG: Human chorionic gonadotropin; 3HBDH: β-hydroxybutyrate dehydrogenase; 3HB: Ketone 3-β-hydroxybutyrate.
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