

  chemosensors-11-00153




chemosensors-11-00153







Chemosensors 2023, 11(3), 153; doi:10.3390/chemosensors11030153




Article



The Platinization of Graphite Composites Turns Widespread and Low-Cost Materials into Hydrogen Peroxide Sensors and High-Value Biosensor Transducers



Myriam Caval 1, Carla Sanna 2, Salvatore Marceddu 3[image: Orcid], Gaia Rocchitta 2,*[image: Orcid] and Pier Andrea Serra 2,3





1



Dipartimento di Scienze Biomediche, Università Degli Studi di Sassari, Viale San Pietro 43/B, 07100 Sassari, Italy






2



Dipartimento di Medicina, Chirurgia e Farmacia, Università Degli Studi di Sassari, Viale San Pietro 43/B, 07100 Sassari, Italy






3



Institute of Sciences of Food Production, National Research Council, 07100 Sassari, Italy









*



Correspondence: grocchitta@uniss.it







Academic Editors: Alexander G. Bannov, Tamara Basova, Alexey Glushenkov and Mahmut Durmuş



Received: 17 January 2023 / Revised: 17 February 2023 / Accepted: 20 February 2023 / Published: 21 February 2023



Abstract

:

Electrochemical microsensors and biosensors have been widely used in many fields, in particular neurochemical monitoring, because of their features. Usually, hydrogen peroxide (HP), obtained as a by-product of an enzymatic reaction, is the detected compound on transducers made of precious metals, in particular platinum. The over-time increase in the price of platinum and its alloys requires the use of miniaturizable low-cost supports that can be suitably modified with the deposition of Pt particles; among them, graphite is the most widespread. In the present paper, carbon-composition resistors (CCRs) and pencil leads (PLs) of different diameters (0.3, 0.5 and 2.0 mm), mainly made up of graphite, clay and some other components were used as carbonaceous support for the deposition of platinum. Platinizations were carried out by means of cyclic voltammetry (CV) and constant potential amperometry (CPA) techniques. On the platinized supports, hydrogen peroxide (HP) and ascorbic acid (AA) sensitivity were assessed in order to verify the possibility of using them as transducers of amperometric biosensors. All the used protocols determined the occurrence of HP monitoring, not appreciable on carbonaceous surfaces. We chose 0.3 mm Ø PLs for the construction of glucose biosensors by appropriately modifying the platinum surface layering, a permselective polymer, an enzyme booster, the glucose oxidase (GOx) enzyme and a containing network. The biosensor constructed in this way demonstrated a behavior comparable to that obtained using classic platinum wires.
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1. Introduction


Electrochemical microsensors and biosensors have been widely used in many fields such as food processing [1,2,3,4,5,6], environmental monitoring, pre-clinical and clinical applications [7,8,9,10], and many more purposes. One of the most widespread applications for amperometric biosensors is to study the physiological and pathological mechanisms of the brain in animal models. Despite being invasive devices, biosensors are particularly suitable for neurochemical monitoring because they possess high spatial and temporal resolutions [11,12] and also a high sensitivity [13,14,15,16] compared with other non-invasive techniques [17,18].



Implantable biosensors are composed not only by a signal transducer, suitably modified with immobilized compounds, but also a recognition element; both are needed to improve the devices’ sensitivity and selectivity [11,19]. Accuracy and precision, as well as stability and miniaturization, are important features that characterize biosensors and make them such widely used devices [20,21,22].



Implantable enzyme-based biosensors are the ones most extensively used for pre-clinical uses, and oxidase enzymes are the most exploited for biocatalysis [23,24,25,26,27,28,29,30]. This class of enzyme possesses covalently bounded co-factors [23,31], which make it easy to engineer, and it is also oxygen-dependent [23], so hydrogen peroxide (HP) is a by-product, as previously reported [32,33,34,35,36]. The reaction mechanism was previously described [32,37]:


substrate + EOx/FAD → product + EOx/FADH2










EOx/FADH2 + O2 → EOx/FAD + H2O2











HP is well detected on precious metals such as palladium (Pd), gold (Au) and principally platinum (Pt) due to their catalytic proprieties [38]. The anodic monitoring of enzyme-produced H2O2 has been the most broadly used approach for biosensor signal transduction [32]:


H2O2 → O2 + 2H+ + 2e−











The over-time increase in the price of platinum and its alloys [39,40,41], but the simultaneous need to use platinum as a transducer for the detection of HP, requires the use of miniaturizable low-cost supports that can be suitably modified with the deposition of Pt particles [42]. Due to their capacity to counterbalance each other’s shortcomings, the interaction between platinum catalysts and carbon-based supports is became of great interest [42,43]. Owing to their exceptional properties, such as their adaptable shape, size, and porosity, chemical stability, corrosion resistance, cost, strong thermal resistance, and electrical conductivity, carbon materials are of particular interest for the deposition of precious metal by means of electrochemical techniques [44,45,46].



In the present paper, for the first time in the literature, carbon-composition resistors (CCRs) were used. CCRs are composed of a mixture of pure C, as graphite, mixed with clay and some insulating ceramic component. The resistors become more conductive (and their value decreases) as the mixture’s carbon content increases.



CCRs were widely used as high-quality components in the construction of devices for high-quality audio reproduction (hi-fidelity audio, HiFi) in the 1960s. Although this technology has now been replaced by metal film resistors, their production is being continued for the construction of high-quality HiFI devices.



Given their manageability based on the relatively large diameter of their carbon disc (1.25 mm), CCRs were used and modified using different platinization protocols in order to define the most effective one in terms of HP monitoring.



In recent years, the use of disposable pencil lead (PL) graphite-based electrodes has been the subject of several reports in the literature [47,48,49,50]. It is widely known that the most stable form of carbon is graphite, which is the primary component of PL and is found in several natural materials. All carbons in graphite and GC are sp2 hybridized, which determines their high conductivity and facilitates analyte adsorption [51,52].



Graphite and clay are the main components of PLs, even though other components can be present [53]. It has been reported that the relationship between graphite and clay defines different types of leads [51]. Actually, while HB type pencil leads have an equal amount of clay and graphite, B type leads are softer and contain more graphite, while H type leads are harder and include more clay [53,54]. According to Kariuki [47], the addition of clay determines a significant part of the chemical (such as ion exchange) and structural (such as degree of disorder and surface shape) characteristics of pencil graphite leads. In the present paper, HB pencil leads of different diameters were used and modified, but, as proof of concept, another carbon-based material was used.




2. Materials and Methods


2.1. Chemicals and Reagents


All the chemicals as well as the Glucose Oxidase enzyme (GOx, 895 U/mL in PBS) were purchased from Sigma-Aldrich (Milan, Italy). All the in vitro experiments were performed in phosphate-buffered saline (PBS, 50 mM, pH = 7.4) composed (in g/L) as follows: NaCl 8.90, NaH2PO4 6.89 and NaOH 1.76. Hexachloroplatinic acid (H2PtCl6 6H2O, Hexachloroplatinic acid hexahydrate, HA, 10 mM and 20 mM) was dissolved in sulfuric acid (H2SO4, 0.1 M). The stock solution of ascorbic acid (AA, 100 mM) was obtained by solubilizing the powder in Chloridic acid (HCl) 0.01 N, while the hydrogen peroxide one (HP, 100 μM) was prepared by diluting the 30% stock solutions in double-distilled water. Polyorthophenyenediamine (PPD) polymer was obtained by dissolving o-Phenylenediamine (OPD, 300 mM) monomer powder in deoxygenated PBS. Stock glucose solution (GLU, 1 M) was obtained by solubilizing the powder in ultrapure water and leaving it for 24 h at room temperature to allow the equilibration of anomers and then keeping it at 4 °C. A polyethyleneimine (PEI) solution of 1% w/v was prepared by dilution of the stock solution (50% w/v) in bidistilled water. Ultrapure nitrogen (N2, >99.9%) was bought from Sapio s.r.l Special Gases Division (Caponago, Italy). Polyurethane (PU, 0.1%) was obtained by dissolving the pearls in pure tetrahydrofurane (THF).




2.2. Preparation of CCR and Pencil Leads


Two different carbon-based microsensors, as displayed in Figure S1 of the Supplementary Material, made of different carbon materials were developed and characterized: carbon-composition resistors (CCR) and pencil leads (PL). The CCRs and PLs were made of mixtures of pure graphite.



The CCRs-based sensors (Ohmite, Warrenville, IL, USA) (Figure 1) were obtained using fixed-value resistors with a specific electrical resistance. Resistors are made up of a cylinder obtained by a mixture of graphite, clay and an insulating, usually ceramic, material with two metal terminals at the ends called rheophores. In the present project, CCRs with intermediate resistance values (1 KΩ) were used and were cut in half by means of an electrical drill in order to obtain two identical carbon disc sensors with the same diameter. The rheophores were then insulated with a portion of a plastic sheath, leaving a few millimeters free to allow current continuity between the potentiostat and the carbon disc. The junction between sheath and ceramic disc was insulated with epoxy glue (Pattex© 2022—Henkel Italia Srl, Milan, Italy). After construction, the microsensors were left to dry for 24 h at RT.



For the second design (Figure 2), commercial HB pencil leads (STAEDTLER®, Nuremberg, Germany) of different diameters (0.3, 0.5, 2.0 mm Ø) were used. While 0.5 and 2.0 mm diameter pencil leads were cut to 15 mm in length, 0.3 mm diameter PLs were cut to 7 mm instead. In all cases, a copper wire was wrapped around one edge, this being needed for guaranteeing electrical continuity with the potentiostat. Disposable micropipette tips (2 µL, 200 µL and 1000 µL, for pencil leads with diameters of 0.3, 0.5 and 2.0 mm respectively) were filled with epoxy glue and the pencil leads were then inserted inside. The microsensors were then left to dry for 24 h. The day after, the microsensors’ surfaces were gently polished using extra-fine emery paper (P600, 25.8 µm) and then using cardboard in order to clean the glue off the carbon disc and expose the active surface.




2.3. CCR and PL Platinization and Characterization Protocols


The CCRs were initially used in order to define the best platinization protocol.



Before platinization process, the CCRs were initially cleaned on a paper sheet and then calibrated by exposing them to increasing concentrations of HP and AA, in ranges between 0 and 150 µM and 0 and 1000 µM, respectively, in order to assess the monitoring of these compounds on bare carbon.



Then, the CCRs were subjected to different platinization protocols exploiting cyclic voltammetry (CV) and constant potential amperometry (CPA) techniques (Figure S2). In both cases, two different concentrations (10 mM and 20 mM in H2SO4 0.1 M) of HA were used. The HA solutions were used either deoxygenated, as previously described [44], obtained by bubbling pure N2 for 15 min, or untreated.



In the case of CV experiments, based on a previous publication [55], the following parameters were used: ΔE = −1.0 ÷ +0.5 V vs. Ag/AgCl with a scan rate = 0.75 Vs−1 (Figure S3).



Inspired by the paper of McKelvey, the platinization performed with CV was carried out by means of a series of 2 consecutive cycles followed by HP and AA calibrations. The full protocol required the repetition of the above-described series up to 5 times, leaving 15 min between the repetitions of the 2-cycle series, during which the solution containing HA was deoxygenated. Then, further platinization protocols were applied. Using the same abovementioned parameters, the first protocol provided the platinum deposition by means of 3 series of 2 consecutive cycles without any HP and AA calibration between the series, while the second provided the application of 6 consecutive CV cycles. In the latter two protocols, HP and AA were carried out only at the end of each platinization process (Figure S2).



The platinization protocol with CPA was conducted by applying a constant potential of −200 mV for 10 s, as previously reported [56,57,58]. After CPA platinization, the monitoring of HP and AA was performed, with the same protocol previously described.



In all protocols, HP and AA slopes derived from linear regression of calibration data were evaluated.



The most efficient protocol was identified by calculating the selectivity index through the ratio between the slope of HP and AA measured on the same sensor under the same conditions, as follows:


Selectivity index (SI) = slope HP/slope AA











The results for all protocols used are reported in Figure S3 of the Supplementary Material.



For PLs of all diameters, the protocol that gave the best results in terms of SI was applied. This protocol was based on the calibrations of HP and AA on bare carbon, followed by the platinization of the leads through 3 series of 2 consecutive cycles (without calibrations between the series) in CV, using a 10 mM solution of HA deoxygenated with N2 for 15 min (Figure S3). Given the obtained results, in particular based on the SI calculated (data not shown), but also based on the dimension of the sensor, the pencil leads with a diameter of 0.3 mm were used for the construction of the glucose biosensors as described in paragraph 2.5.




2.4. Scanning Electron Microscopy (SEM) Study of the Sensors


For SEM/EDX analysis, the samples were mounted on carbon stubs and scanned without any pretreatment by means of a Zeiss EVO LS10 Environmental Scanning Electron Microscope, in low-vacuum mode (pressure chamber 10 Pa) coupled with a back-scattered electron detector (BSD). The microanalysis was carried out using the energy-dispersive spectrometer (EDS) Inca X-Act (Oxford Instruments, Abingdon, UK).




2.5. Biosensor Construction and Characterization


Initially, the platinization of the carbon disc was carried out through the protocol indicated in the Section 2.3. Then, at Day 0, 0.3 Ø PL once platinized (Cplat) was suitably modified in order to obtain a biosensor for glucose as previously published [59,60,61]. In brief, after platinization, the leads were immersed in a solution consisting of OPD 300 mM in 12 mL of deoxygenated PBS while a positive potential of +0.7 V vs. Ag/AgCl reference was applied for 15 min in order to allow the deposition of PPD polymer. Then, the Cplat/PPD leads were placed deep in a PEI (1%) solution and permitted to dry for 5 min before dipping the leads in a GOx solution. These processes were repeated 4 more times. In the end, one layer of 0.1% PU was layered by means of a single dip.



At the end, the following design was obtained:


Cplat/PPD/[PEI(1%) − GOx]5/PU(0.1%)











The biosensors were then rinsed in pure water and put in 20 mL of fresh PBS, polarized with a potential of +0.7 V vs. Ag/AgCl, and left for overnight baseline stabilization.



On Day 1, the biosensors were put in fresh PBS and a calibration of AA was carried out in a range between 0 and 1000 µM in order to verify shielding against electroactive interfering compounds, as previously described [62,63].



Afterwards, the biosensors were exposed to increasing concentrations of glucose, ranging between 0 and 140 mM, in order to extrapolate the kinetics and analytical parameters.



As previously described [25,64,65], after calibrations, the biosensors were rinsed in pure water and kept at −80 °C. At Day 2, the biosensors were removed from the freezer and left for 30 min at RT, then subjected to the same calibration scheme performed on Day 1.




2.6. Instrumentation and Software


For all the experiments, a classical three-electrode cell was used, consisting of a beaker containing 20 mL of fresh PBS, four working electrodes represented by microsensors or biosensors, an Ag/AgCl (NaCl 3 M) reference electrode (Bioanalytical Systems, Inc., West Lafayette, IN, USA), and a high-surface stainless needle serving as the auxiliary. All electrochemical tests were conducted using a four-channel potentiostat (eDAQ Quadstat, e-Corder 410, eDAQ Europe, Warsaw, Poland) and Chart software (v 5.5, eDAQ Europe, Warsaw, Poland).




2.7. Statistical Analysis


Sensitivity to HP and AA are expressed as slope, obtained by the linear regression of the row data and given as nA/µM ± SEM (standard error of the mean). Data were compared for statistical difference (p values) by means of ANOVA.



The electrochemical data from the biosensor calibrations were VMAX and KM, expressed as nA and µM, respectively, and LRS was given as nA/µM.



All data were statistically estimated by using Graph-Pad Prism 9.3 software (San Diego, CA, USA).





3. Results and Discussion


3.1. Role of HA Concentration and N2-Deoxygenation Protocol


As shown in Figure 3, the results from HP calibration are shown. In the graph are displayed the results obtained from 10 mM (Panel A) and 20 mM HA (Panel B) solutions, deoxygenated (a) and not deoxygenated (b) with N2. As highlighted in both panels, after each series of two cycles, in both conditions, significantly different (p < 0.001) HP slopes, when compared with bare C ones, were obtained.



As displayed in Panel A, HA 10 mM solution determined an increasing trend of HP sensitivity as the number of cycles increased, starting from 1.014 ± 0.028 nA/µM and reaching 1.381 ± 0.028 nA/µM for the deoxygenated solution (a), while starting from 1.155 ± 0.011 nA/µM and reaching 1.552 ± 0.030 nA/µM for the not-deoxygenated solution (b).



Moreover, no-deoxygenation protocol gave statistically different results compared to the deoxygenating protocol in only 2-cycles and 2 + 2 + 2 + 2 + 2 cycles experiments (p < 0.001 vs. a).



As demonstrated in Panel B, showing 20 mM solution results, a similar trend to Panel A was obtained, in particular for the not-deoxygenated solution (b), where HP slopes varied from 0.911 ± 0.019 nA/µM for 2 cycles up to 1.448 ± 0.036 nA/µM for 2 + 2 + 2 + 2 + 2 cycles. About the deoxygenated solution (a), a decrease was highlighted for 2 + 2 + 2 + 2 + 2 cycles. More, up to the 2 + 2 + 2 + 2 cycles protocol, HP slopes obtained from the deoxygenated solution were statistically lower than the ones obtained from the not-deoxygenated solution (p < 0.001 vs. a).



In Figure S5, AA calibration results for the same experiments are displayed. In Panel A, the platinization obtained from HA 10 mM caused an increasing AA sensitivity as the number of cycles increased, both in deoxygenated and not-deoxygenated solution, with statistical differences (p < 0.001) if compared with the respective bare C data, reaching the maximum values in 2 + 2 + 2 + 2 + 2 cycles equal to 0.683 ± 0.021 nA/µM and 0.858 ± 0.012 nA/µM, respectively.



In Panel B, AA data from platinization using 20 mM solution are shown. The not-oxygenated solution (b) caused a general increase in the AA slopes, which were significantly higher (p < 0.001) if compared with the respective ones on bare C value, up to the 2 + 2 + 2 cycles protocol, recording a maximum value of 0.445 ± 0.004 nA/µM. On the contrary, the deoxygenated solution (a) produced a global significant decrease in AA slopes when compared with the respective ones on bare value, settling around an average value of about 0.445 nA/µM.



As previously demonstrated [33,66], carbon-based transducers were less efficient in detecting HP. More, carbon alone cannot meet the catalytic requirements, and thus platinum layering plays an important role in ensuring the electrocatalytic activity of the carbonaceous support [42]. Actually, in our experiments this aspect was further stressed, since HP currents monitored on the carbonaceous supports were not appreciable. Moreover, the electrodeposition of platinum on the carbon surface significantly improved the catalytic monitoring of HP (Figure 3). In addition, it is clear that the sensitivity of the electrodes towards HP increased as the platinum deposition processes increased (Figure 3). The use of such transducers as a basis for the construction of amperometric biosensors also requires research concerning the electroactive interfering species possibly present in the matrix. In the case of neuroscience applications, these interferences are mainly generated by ascorbic acid [67,68,69,70]. Regarding AA detection, at low concentrations of HA, there was an increase in monitoring as the deposition of Pt increased. On the other hand, the use of a non-deoxygenated solution resulted in more efficient monitoring of AA, as can be seen from the data reported in Figure S5. Moreover, at high concentration of HA, the presence of oxygen caused a contrary trend compared to low concentrations; in fact, a decrease in sensitivity towards AA was monitored.



CCRs were not chosen for implantable biosensor construction not only for their quite large dimensions, which are not compatible with animal models, but also because the PPD polymer layering did not efficiently occur (data not shown), making the biosensor unshielded against any electroactive interfering species present in the matrix.



Additionally, from our experiments, it was not possible to deduce a unique effect related to the deoxygenation or otherwise of the solution containing HA, so the role of oxygen needs to be further investigated.




3.2. Cyclic Voltammetry vs. Constant Potential Amperometry


In Figure 4, the comparison between CV (Panel A) and CPA (Panel B) techniques is shown.



In Panel A, platinization was carried out with CV technique by means of three series of two consecutive CV cycles, with HP and AA calibration at the end of all series. All the experiments gave significantly different results (p < 0.001) if compared with bare C, settling around an average value of 1.358 nA/µM. No statistical differences were observed among different protocols.



Moreover, data obtained with this protocol resulted in no statistical differences from those obtained by performing HP calibration after each series of two consecutive cycles (data not shown).



In Panel B, CPA protocol results are displayed. Even the platinization obtained with CPA technique produced an increased, statistically higher (p < 0.001), sensitivity if compared with bare C. In this case, not-deoxygenated solution produced the greater increase in sensitivity to HP, equal to 1.153 ± 0.040 nA/µM and 1.374 ± 0.063 nA/µM for 10 mM and 20 mM HA solutions, respectively.



For HP slopes obtained with the CV protocol used in these experiments, results were not statistically different from those obtained with three series of two consecutive CV cycles, with HP and AA calibrations performed between each series, as shown in Figure 3 (Panel A and B, green columns) nor from data obtained after six consecutive CV cycles as displayed in Figure S6, in the Supplementary Material.



In Figure S6, AA slopes obtained with CV and CPA techniques are shown. While the platinization performed by CPA produced no statistically different slope values, the CV protocol caused slope values to be statistically higher (p < 0.001 vs. bare C value), reaching a maximum equal to 0.891 ± 0.052 nA/µM using the HA 10 mM deoxygenated solution.



From an observational study, it is clearly possible to deduce how the platinum deposition obtained via CV was more efficient when compared with data obtained using the CPA technique, since higher sensitivities towards HP are displayed. This phenomenon is probably due to more efficacious and structured platinum deposition. The same difference was highlighted in the monitoring of AA, which was higher for the sensors platinized via CV.




3.3. HP Sensitivity after Platinization on Pencil Leads


After the characterizations were carried out on the CCRs, the best protocol, determined according to the best selectivity index (SI; Figure S2) was applied to the PLs with different diameters.



As shown in Figure 5, sensitivity against HP (Panel A) and AA (Panel B) monitored on pencil leads of different diameters are displayed. Data were obtained by applying the most performant protocol found on the CCRs, as stated in Section 2.3.



In panel A, data from HP calibration are displayed and they demonstrate that platinization produced a statistically higher sensitivity for HP (p < 0.001 vs. bare C), increasing as the diameter of PLs increases. In actuality, the monitored slopes were 0.316 ± 0.007 nA/µM, 0.512 ± 0.015 nA/µM and 0.697 ± 0.010 nA/µM for 0.3, 0.5 and 2.0 mm, respectively.



In Panel B, data from AA calibration are displayed. Surprisingly, contrary to what happened with the CCRs, on all PLs, the platinization did not produce any statistical difference on AA monitoring if compared to the respective bare C values. In general, AA monitoring increased, in parallel to the increase in the diameter of the PLs.



Based on the obtained data, the SI for the PLs was calculated (data not shown). So, based on the SI value, but also by virtue of the small size compatible with an eventual implantation in animal models, the 0.3 mm Ø PLs were chosen for the construction of a glucose biosensor, as reported in Section 3.5.



Among carbon-based materials, PLs have largely been used not only because of their proprieties of chemical inertness, low background current, stability, disposability and ease of modification, but also because of their commercial availability and low cost [53,71]. Because of these features, PLs have been largely employed for electroanalytical monitoring in biological samples [51,72,73,74].



In the present paper, PLs were found to be particularly suitable for platinization, as platinum deposition produced a significant increase in HP monitoring, dependent on the pencil diameter. In some cases, HP monitoring was also present on bare C and, contrary to what occurred with the CCRs, the monitoring of AA was not influenced by the platinization process. These phenomena are most likely due to the presence of clay or impurities, such as resins, polymers or wax in the mixture constituting the leads [53].



Actually, based on the European Letter Scale, different types of leads are produced starting with different mixtures, dependent on the C amount or other components, needed to define their blackness or their degree of hardness. The amount of these excipients compared to graphite could influence the electrochemical response of the leads [53]. In fact, it has been demonstrated how additional clay can influence both the structural and chemical properties of PLs [47]. Therefore, a prospective work could envisage the use of different PLs with different compositions in order to evaluate the impact of these various components on the electrochemical behavior and the deposition of the platinum layer and the response to HP and AA.



Because of all the previous observations, PLs were found to be excellent candidates for the construction of an amperometric biosensor for glucose, in order to obtain a device that is not only sufficiently sensitive and performs well, but is also implantable in animal models.




3.4. SEM Images Study


SEM images were obtained for CCR-based and 0.3 mm Ø pencil lead-based sensors, obtained with the best platinization protocol, as specified in the Section 2.3.



In Figure 6, the SEM images of CCRs without any treatment (Panel A) and platinized (Panel B) are shown. As can be seen from the picture, at low magnification, no distinction is made between carbonaceous and ceramic material (Panel A). Nevertheless, in Figure S8 it can be seen that the conductive zone is made up of regions of different granulometry with more homogeneous and larger areas separated by fine-grade zones, which are basically made up of silicates. Following platinization (Figure 6B), a clear distinction of the conductive region on the CCR is observed, with a clear and sharp deposition of heavier atomic elements. By increasing the magnifications (Figure S9), it is possible to highlight the formation of nanoparticle aggregates in the finer granulometry zones, isolated by regions corresponding to coarser particle size (Figure S9A). The average particle size ranges between 150 and 200 nm (Figure S9B,C). The spectrometric analysis (Figure S10) confirms the presence of Pt in particular in the regions with finer particle size and containing nanoparticles (%Pt = 19.49).



In Figure 7, the design of the sensor built with PL clearly stands out. In the picture, the carbonaceous surface of the transducer (the smaller central disc) is evidently highlighted before (Panel A) and after (Panel B) the platinization. At high magnification, the surface (Figure S11) of the graphite surface appears porous and homogeneous and mainly made up of carbon (85.33%). Following the platinization, an heterogeneous deposition of platinum is observed, with the formation of cross-links and pseudo-crystalline formations, which show a diameter of about 10 microns (Figure 8B).



Surprisingly, the spectrometric analysis demonstrates that the platinum is uniformly distributed over the whole surface and a concomitant accumulation of chlorine (but not Na) is observed at the crosslinks and pseudo-crystalline formations, probably related to the use of hexachloroplatinic acid (Figure S12).




3.5. Glucose Biosensor Results


As shown in Figure 9, calibration data from biosensors (n = 4) with the following design are displayed:


Cplat/PPD/[PEI(1%) − GOx]5/PU(1%)











Calibrations were performed on Day 1 (red plot) and Day 2 (blue plot) after the biosensors’ conservation at −80 °C.



In Panel A, Michaelis–Menten kinetic plots are displayed. From the plot is highlighted how conservation at −80 °C produced an increase both in VMAXs and KMs. Actually, VMAX on Day 1 was 29.9 ± 1.4 nA while on Day 2 increased up to 126.4 ± 12.3 nA. Moreover, KMs ranged from 1.199 ± 0.240 µM on Day 1 and went up to 9.113 ± 3.353 µM on Day 2.



As shown in Panel B, even LRSs underwent changes from Day 1 to Day 2, where values were 15.490 ± 0.382 nA/µM and 6.868 ± 0.444 nA/µM, respectively.



In Figure S13, AA slopes obtained on bare C, after platinization and after PPD polymer deposition are displayed. As shown in Figure S6, even in these experiments, the platinization of the 0.3 mm PLs did not produce any significative variation in AA monitoring. As expected, the deposition of the PPD polymer determined a significant (p < 0.001 vs. on bare C) decrease in AA monitoring of about 87%, showing that even on the platinized carbon, the formation of the PPD polymer took place correctly even if not fully performing.



As shown in Figure 9, platinized PLs were found to be highly suitable for amperometric biosensors. The platinum layer was found to be well-suited to the enzyme, which was able to perform its catalytic activities against glucose. Moreover, contrary to what is reported in some of the literature, in which the deposited platinum layer has a short life [33], the platinum coating obtained with our protocols was found to be resistant not only to repeated calibrations, as shown in Figure 3, but also to the freezing/thawing processes undergone by the biosensor. The devices constructed on platinized PLs had the same behavior compared to those built on platinum wires, as previously described [59,60,61,75,76,77], also with regard to the process of electropolymerization of PPD. In fact, as shown in Figure S6, the monitoring of AA on the platinized and PPD polymerized PLs underwent a significant decrease, demonstrating that the formation of the PPD polymer occurred correctly and that the same polymer behaved as a barrier against the interfering electroactive species. Contrary to what occurs on Pt wires, in which the shielding following PPD stratification reaches values higher than 99%, in the devices developed in the present work, this shielding reached about 87%. These data are actually of great importance, as this makes these devices usable in most matrices, not necessarily biological ones; however, it is not sufficiently performing for monitoring in the neuronal spaces of preclinical models. With regard to this aspect, the use of other hydrosoluble monomers capable of producing permselective polymers [78,79,80,81] is foreseen in order to improve shielding against AA and obtain better selectivity for use in animal models.





4. Conclusions


In the present study, we demonstrated how widely and easily available industrial graphite-based products can be platinized in order to produce transducers for HP detection and the construction of first-generation amperometric biosensors (oxidase-based). In particular, in this project, for the first time, CCRs were used as sensors and the obtained results are encouraging overall. In contrast to pencil leads, CCRs have shown limitations in the electrosynthesis of permselective films and, at present, are not particularly suitable for the construction of biosensors capable of effectively rejecting the oxidizable interferents eventually present in the matrix. Studies are underway to use other monomers (such as eugenol, isoeugenol, magnolol) for the creation of more performing shielding layers than PPD.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/chemosensors11030153/s1, Figure S1: Pictures of the carbonaceous sensors used in the present paper. A: Carbon composite resistor—1.250 mm Ø; B: pencil lead—0.3 mm Ø; C: pencil lead—0.5 mm Ø; D: pencil lead—2.0 mm Ø. Figure S2: Scheme of the platinization protocols used in the present paper. Figure S3: In Panel A is reported a representative CV cycle performed on CCR (red dotted line) and on PL (blue dotted line) obtained by applying the following parameters: ΔE = −1.0 ÷ +0.5 V vs. Ag/AgCl, scan rate = 0.75 Vs−1. The voltammograms were obtained in a deoxygenated solution of HA 10 mM. In Panel B is highlighted the graph obtained by applying CPA parameters (Eapp = −200 mV vs. Ag/AgCl, t = 10 s) on CCR. Figure S4: Selectivity indexes (SI) calculated for all the CV platinization protocols used. Figure S5: AA slopes, expressed as nA/µM ± SEM, resulting from CV protocols after 2 cycle series using 10 mM (panel A) or 20 mM (panel B) HA solution deoxygenated (a) and not deoxygenated (b). n = 4; *: p < 0.001 vs. respective on bare a; #: p < 0.001 vs. respective on bare b. Figure S6: AA slopes, expressed as nA/µM ± SEM, obtained from 2 + 2 + 2 CV cycles (Panel A) and CPA (Panel B) using different HA solutions: 1: on bare C; 2: HA 10 mM deoxygenated, 3: HA 20 mM deoxygenated, 4: HA 10 mM not-deoxygenated, 5: HA 20 mM not-deoxygenated. * p < 0.001 vs. on bare C. Figure S7: HP (Panel A) and AA (Panel B) monitoring on microsensors obtained with 6 consecutive CV cycles. Slopes are given as nA/µM ± SEM; n = 4; * p < 0.001 vs. 1. Figure S8: Scanning electron micrographs of CCR carbonaceous surface (800× of magnification). In the inset is the magnification (1800× magnification) of an area with fine granulometry of the surface. The dashed curved line indicates the zone of separation between the carbon and ceramic surfaces. Figure S9: Scanning electron micrographs of platinized CCR surface at different magnifications (1800× panel A, 8830× Panel B, 2500× Panel C). Figure S10: EDX Spectrometric analysis of selected areas of platinized CCR surface. On the left, scanning micrograph is shown, while on the right spectra and percentage composition are reported instead. The orange cross indicates the exact area where the the spectrometric analysis was carried out. Figure S11: Scanning electron micrographs of 0.3 mm Ø PL-based sensor at 800× (Panel A) and 1800× (Panel B) of magnification. In Panel C the EDX spectrometric analysis of a specific area of the surface is reported. The orange cross indicates the exact area where the spectrometric analysis was carried out. Figure S12: Scanning electron micrographs of PL-based sensor at 800× (Panel A) and 1800× (Panel B) magnification. In Panel C the EDX spectrometric analysis of a specific area of the surface is reported. The orange cross indicates the exact area where the spectrometric analysis was carried out. Figure S13: AA slopes, expressed as nA/µM ± SEM, calculated for PLs 0.3 mm of diameter before and after biosensor (n = 4) construction. Data were obtained on bare C (white column), after platinization (red column) and after PPD deposition (blue column). *: p < 0.001 vs. on bare C.
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Figure 1. Scheme of the construction of the sensors obtained from the carbon-composition resistors (CCRs). A: schematic representation of the resistor; the rheophores are connected by a conductive carbonaceous composite enclosed within an insulating jacket; B: carbon disk (1.25 mm Ø) obtained by cutting the resistor in a half, the insulating plastic sheath is in yellow; C: carbon disk platinized via CV or via CPA. 
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Figure 2. Scheme of the construction of the sensors obtained from pencil leads (PLs) platinized by means of CV technique. A: complete scheme of the sensor; B: carbon disk (0.3 mm Ø) obtained by inserting the PL in the micropipette tip; C: carbon disk platinized via CV best protocol. 
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Figure 3. HP slopes, expressed as nA/µM ± SEM, resulting from CV protocols on CCRs after 2 consecutive cycles series, with HP and AA calibrations after each series, using 10 mM (panel (A)) or 20 mM (panel (B)) deoxygenated (a) and no deoxygenated (b) HA solution. n = 4; *: p < 0.001 vs. on respective bare C. #: p < 0.001 vs. a. 






Figure 3. HP slopes, expressed as nA/µM ± SEM, resulting from CV protocols on CCRs after 2 consecutive cycles series, with HP and AA calibrations after each series, using 10 mM (panel (A)) or 20 mM (panel (B)) deoxygenated (a) and no deoxygenated (b) HA solution. n = 4; *: p < 0.001 vs. on respective bare C. #: p < 0.001 vs. a.



[image: Chemosensors 11 00153 g003]







[image: Chemosensors 11 00153 g004 550] 





Figure 4. HP slopes, expressed as nA/µM ± SEM, obtained from 2 + 2 + 2 CV cycles (without HP and AA calibration between the series) (Panel (A)) and CPA (Panel (B)), both on CCRs, using different HA solutions: 1: on bare C; 2: HA 10 mM deoxygenated, 3: HA 20 mM deoxygenated, 4: HA 10 mM no-deoxygenated, 5: HA 20 mM no-deoxygenated. * p < 0.001 vs. on bare C. 
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Figure 5. HP (Panel (A)) and AA (Panel (B)) monitoring on different diameter pencil leads (0.3, 0.5 2.0 mm). Slopes are given as nA/µM ± SEM; n = 4; * p < 0.001 vs. bare C. 
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Figure 6. Scanning electron micrographs of control CCR (Panel (A), 76× of magnification) and platinized CCR (Panel (B), 66× of magnification). 
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Figure 7. Scanning electron micrographs (100× magnification) of control PL (Panel (A)) and platinized PL (Panel (B)). 
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Figure 8. Scanning electron micrographs of control platinized CCR surface (Panel (A), 1800× magnification) and platinized PL surface (Panel (B), 500× magnification). 
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Figure 9. Representative plot of glucose biosensor Cplat/PPD/[PEI(1%) − GOx]5/PU(0.1%). The non-linear fitting of data (Panel (A)) was performed in the range 0–140 mM of concentrations of glucose. Meanwhile, the linear fitting of data (Panel (B)) was performed in the 0–0.6 mM range. Data were obtained from Day 1 (red plot) and Day 2 (blue plot) calibrations. Cplat: platinized bare carbon; PPD: poly-orthophenylenediamine polymer; PEI: polyetileneimmine; GOx: glucose oxidase; PU: polyurethane. The subscript number indicates the number of layers of the biosensor component. 
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