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Abstract:



Reports that globular proteins could enhance the interference blocking ability of the PPD (poly(o-phenylenediamine) layer used as a permselective barrier in biosensor design, prompted this study where a variety of modifying agents were incorporated into PPD during its electrosynthesis on Pt-Ir electrodes. Trapped molecules, including fibrous proteins and β-cyclodextrin, altered the polymer/modifier composite selectivity by affecting the sensitivity to both H2O2 (signal molecule in many enzyme-based biosensors) and the archetypal interference species, ascorbic acid. A comparison of electrochemical properties of Pt and a Pt-Ir alloy suggests that the benefits of the latter, more rigid, metal can be exploited in PPD-based biosensor design without significant loss of backward compatibility with studies involving pure Pt.






Keywords:


Platinum-iridium electrodes; Polymer electrosynthesis; Cyclic voltammetry; Amperometry; Proteins; Cyclodextrins; Ascorbate; Hydrogen peroxide; Brain analysis








1. Introduction


Biosensors exploit the specificity of a biological component, such as a cell [1–3] or tissue [1,2,4,5], but usually an enzyme [2,6–10], to provide sensitivity to a target analyte. This chemical specificity can be very high, even to the level of stereoselectivity, for example, the use of L-glutamate oxidase (GluOx) [11] in the design of electrochemical biosensors to detect neurotransmitter L-glutamate (Glu) [8,12–17]. However, the remarkable specificity of enzyme-based amperometric biosensors can be seriously undermined by interference from electroactive species present in the target system, reducing the selectivity of the device. This problem is particularly pronounced for biosensors implanted in biological tissues for real-time monitoring [1,8,10,18–21], because separation techniques cannot be exploited to eliminate the interference, as is the case for on-line microdialysis approaches to in-vivo monitoring [22–24]. Despite this drawback, considerable efforts have been made over the past two decades to overcome interference in biosensor signals, mainly because of the significant benefits of biosensor monitoring in vivo: small probe size, minimizing tissue damage [25,26]; and sub-second time resolution, allowing real-time correlation with animal behavior [10,18,24].



A number of strategies have been employed to maximize biosensor selectivity. For example, redox mediators have been used to compete with the natural co-substrate of the oxidase enzymes incorporated into most biosensor designs. This avoids the need for oxidation of H2O2 at relatively high applied potentials as the electrochemical signal generating step, replacing it with the electrochemical oxidation of the enzyme-reduced mediator at lower potentials; this eliminates interference by species oxidizing more anodically [27–29]. Another strategy involves the use of secondary enzymes to eliminate the interference species before it reaches the electrode surface. The commonest example of this method is the use of ascorbic acid oxidase (AAOx) to convert the ubiquitous biological reducing agent, ascorbic acid (AA; ascorbate at physiological pH), into dehydroascorbate (DHA; see Rxn. 4) [15,30]. The most widespread approach for increasing biosensor selectivity, however, is the incorporation of a permselective membrane into the sensor design to block access of interference molecules to the active electrode surface. Several methods have been devised for the deposition of the permselective barrier, including pre-cast [31], cast [32] and electrosynthesized forms [33,34]. This latter approach has proved most effective, and interference blocking levels for AA greater than 99.9% have been reported using polyphenols [35].



Such levels of AA blocking are often needed for in-vivo applications because of the high concentration of AA in many biological tissues [36], and especially in brain extracellular fluid (ECF) which is the most common site of biosensor implantation for neurochemical monitoring [1,24,37–39]. Very low permeability of the membrane to AA, however, often leads to decreases in the response of the biosensor to its target analyte because access of the enzyme transduction molecule, H2O2, to the electrode surface is also blocked to some extent [35]. Thus, the value of a particular membrane in biosensor function is better expressed, not in terms of permeability to interference, but as a selectivity parameter [40,41] that incorporates both interference sensitivity and target signal strength [28,42].



Here we investigate a number of modifications of a commonly used interference-rejecting layer, electrosynthesized PPD (poly(o-phenylenediamine)), in an attempt to increase further its selectivity for biosensor applications in neurochemical monitoring. The selectivity of existing PPD-based biosensors for brain glucose is more than adequate [43–45], because the ECF concentration of this important energy metabolite is high (∼0.5 mM [46,47]), and of the same order as that of the main interference, AA [36,48]. However, the long-term monitoring of key neurochemicals which have much lower ECF levels, such as Glu (∼5 mM [17,49–51]), requires better selectivity than presently available, and is the motivation for the work reported here.




2. Experimental Section


The overall experimental design involved electrosynthesizing polymers amperometrically, mainly using o-phenylenediamine (oPD) as monomer, onto either bare Pt or Pt-Ir wire electrodes. All monomer solutions were buffered at a pH value close to neutrality to obtain the non-conducting form of the respective polymer [52] which has low permeability to interference species, such as AA and urate [33,43,53–55]. Electropolymerizations were also carried out in monomer solutions containing additives, such as albumins, that can affect the permselectivity of the resultant polymer [55]. Amperometric calibrations were then carried out to determine the sensitivity of the modified surface to H2O2, the signal molecule in many biosensor designs, where appropriate, and to AA, the archetypal interference present in biological media.



2.1. Instrumentation and Software


Experiments were performed in a standard three-electrode glass electrochemical cell. A saturated calomel electrode (SCE) was used as the reference electrode and a large stainless steel needle served as the auxiliary electrode. Constant potential amperometry was performed at +700 mV using Chart (v5.2) software (AD Instruments Ltd., Oxford, UK), and a low-noise potentiostat (Biostat II, Electrochemical and Medical Systems, Newbury, UK; or Biostat IV, ACM Instruments, Cumbria, UK). A Powerlab/400 interface system (AD Instruments Ltd.) was used to acquire data onto a PC. Cyclic voltammetry was carried out using in-house software written in QuickBasic®, as described previously [56].




2.2. Reagents and Solutions


The monomers studied in this work were high purity o-phenylenediamine (oPD, Sigma Chemical Co.) and 3-methyl-o-phenylenediamine (oPD-Me, Aldrich Chemical Co.). L-ascorbic acid (AA) and H2O2 (30% w/w aqueous solution) were supplied by Sigma. All chemicals were used as supplied.



Solutions of monomer (300 mM, unless otherwise stated) were made up freshly each time in 25 mL of a phosphate-buffered saline solution (PBS). Stock solutions of 100 mM AA were prepared in 0.01 M HCl prepared from doubly distilled water. Because albumin has been shown to increase the compactness of some electrosynthesised polymers [53,54,57], a variety of agents (from Sigma) were added at a range of concentrations to some monomer solutions to investigate their affect on the polymer formed. These included bovine serum albumin (BSA, Fraction V), chicken egg albumin (CEA, Grade V), gelatine (Type 1, from porcine skin), casein and β-cyclodextrin (CD). Amperometric calibrations (+700 mV) were carried out in vitro in PBS (pH 7.4) that consisted of NaCl (BDH, AnalaR grade, 150 mM), NaH2PO4 (BDH, AnalaR grade, 40 mM) and NaOH (Sigma, 40 mM). Solutions were kept refrigerated when not in use.




2.3. Electrode Preparation and Polymer Modification


The main working electrodes used in this study were fabricated using platinum:iridium (90:10) Teflon® -insulated wire, bare wire diameter 125 μm (Advent Research Materials, Eynsham, UK). The use of Pt-Ir was favored due to its mechanical rigidity compared to pure Pt, making the wire easier to manipulate during in-vitro experiments [55] and for later implantation in vivo. Cylinder electrodes were prepared from approximately 4 cm lengths of the coated wire. At one end of the wire approximately 3 mm of Teflon® was stripped away using a scalpel to expose the bare wire. This end was soldered into a gold clip or connection to the potentiostat. Approximately 1.5 mm of Teflon® was then stripped away from the other end and, using a microscope, the wire was cut down to 1.0 mm ± 0.1 mm in length.



The stock solutions of monomer (300 mM in PBS, unless stated otherwise) or monomer/modifier mixtures were used in the electropolymerization procedure. Electro-oxidative polymerization was carried out amperometrically for 15 or 30 min at +700 mV vs. SCE to produce the modified electrodes; previous studies revealed little or no difference between PPD films formed for these time periods [54]. Electropolymerization at pH values close to neutrality produces PPD in its non-conducting, self-sealing form which is appropriate for a permselectivity function [33,43,53–55]. Amperometry was chosen as the preferred electropolymerization method, because cyclic voltammetry has been shown to form polymers of greater permeability to certain interfering analytes [58]. The polymer-modified electrodes were stored in PBS at 4 °C when not in use. All polymer modified electrodes were allowed to settle overnight at +700 mV in PBS and calibrations were carried out the following day. The long-term stability of these polymers is not a major issue because effective blocking of AA has been observed several weeks after implantation in brain tissue [59].




2.4. Electrode Characterization and Data Analysis


Bare metal Pt and Pt-Ir wire electrodes were characterized using cyclic voltammetry at 20 mV/s, as described previously for macrodisks [56], and the response converted to current density, using the geometric area of the cylinders (4.05 × 10-3 cm2). The double-layer capacitance (Eqn. 1, where ν is the scan rate) was determined in PBS at a potential (400 mV) where the anodic and cathodic arms of the voltammograms were essentially horizontal (Figure 1, inset). To quantify the position of a voltammetric wave for an analyte on the potential axis when a peak is not present or is broad, the potential at which the current rises most steeply (potential of maximum slope, Es,max) can be used [60,61]. Differences in Es,max recorded under similar conditions (scan rate, pH, etc.) reflect differences in electron transfer kinetics (k° ) for a given analyte on different electrodes [60]. There is some debate whether Es,max or the slope itself (Smax) at Es,max is the better index of electron transfer kinetics [60]. We therefore report both parameters here in order to compare the behavior of Pt and Pt-Ir electrodes effectively. Because Smax (μA cm-2 mV-1) also depends on non-geometrically computed aspects of electrode area (e.g., roughness) and the concentration of analyte [56], the value of Smax was normalized with respect to the corresponding current at the reversal potential for each scan, and is represented as Smax,N (mV-1).


Figure 1. Cyclic voltammograms recorded at 20 mV/s for Pt wire electrodes in PBS containing either 1 mM AA or 1 mM H2O2. The background current, recorded in PBS only, has been subtracted to isolate the Faradaic response of the analytes. Inset: background current, recorded in PBS only, showing the potential used to determine the double-layer capacitance (arrow).
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The polymer-modified wire electrodes were calibrated amperometrically at 700 mV vs SCE with H2O2 and/or AA. The H2O2 calibrations were carried out in the range 0 – 0.1 mM, prior to an AA calibration in the range 0 – 1 mM. The H2O2 calibration plots of the steady-state responses were linear at all modified surfaces, as reported for previous Pt/PPD electrodes [53,59]; the H2O2 sensitivity is therefore reported as the slope (nA mM-1 or μA cm-2 mM-1) of the calibration. The response of AA at Pt/PPD type electrodes is distinctively non-linear, forming a well-defined plateau at AA concentrations greater than 0.5 mM [42,53,55,59], either hyperbolically or after a relative maximum, imax(AA), is observed; see Figure 2. This non-linear behavior has been interpreted previously in terms of self-blocking by AA, or its oxidation products, trapped in the polymer matrix [53,55]. The main sensitivity parameter for AA used here was the limiting current at 1 mM, iL(AA), because brain ECF levels can approach millimolar levels during period of behavioral stimulation [48,62,63]. However, we also used the maximum steady-state current recorded during the AA calibration, imax(AA), as an additional index of polymer properties.


Figure 2. Comparison of steady-state AA calibrations carried out amperometrically on Pt-Ir/PPD, Pt-Ir/PPD-BSA, Pt-Ir/PPDMe and Pt-Ir/PPDMe-BSA electrodes. Data for the PPD systems were taken from the literature [55] for direct comparison with PPDMe.
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In the present context, a high response to H2O2 is advantageous, and modifications that decreased H2O2 sensitivity were generally avoided. However, the selectivity coefficient, S% (Eqn. 2), was the main criterion used for judging the effectiveness of a particular modification. We define S% in terms of the current recorded for 1 mM of each of H2O2, i(H2O2), and the interference species AA, iL(AA). The S% value was calculated as the percentage interference, Eqn. 2, because iL(AA) is very small compared with i(H2O2) and is ideally zero; thus the optimum value of S% defined in this way is zero [55]. The use of equimolar concentrations in this definition allows S% to be interpreted in terms of the ratio of effective polymer permeability for two analytes with the same z-value (electrons transferred per molecule), as is the case for AA and H2O2 (z = 2; see Rxns. 3 and 4) [42].
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Values of electrochemical parameters are presented as mean ± SEM, with n = number of electrodes, unless stated otherwise. The statistical significance of differences observed between responses for the various designs was calculated using Student's two-tailed paired or unpaired t-tests on either the absolute parameter values or on changes expressed as a percentage of the baseline value. Values of p < 0.05 were considered to indicate statistical significance of the difference or change.





3. Results and Discussion


3.1. Comparison of Pt and Pt-Ir, using cyclic voltammetry and amperometry


The electrochemical properties of AA and H2O2 at Pt-Ir alloy wires [64], used as substrate for the majority of the polymer-modified electrodes described here, were compared directly with those of pure Pt. The characteristics of the cyclic voltammetric response of the two metal types were determined in the background electrolyte (PBS) and in PBS containing either 1 mM H2O2 or AA (Figure 1). The basic irreversible electrochemistry of AA on solid electrode surfaces has been described before [53,65–69], as has that of H2O2 [53,64,70,71]. One difference between these two molecules is the ability of H2O2 to be electrochemically reduced [53,72], as well as oxidized, an attribute evident in Figure 1.



First, some of the electrochemical characteristics of the background current, recorded in PBS only, were quantified (see Figure 1 inset, and Table 1). The main contributions to the CV for Pt in PBS are double-layer capacitance and the redox chemistry of metal oxide formation and reduction [73,74]. The shape of the CV for Pt wires in PBS was essentially the same as that for Pt (1.6 mm disks) reported previously [56]. There was no difference in the double-layer capacitance (Eqn. 1; see Figure 1, inset), for the Pt and Pt-Ir electrodes. Taken together with the finding that there was also no significant difference between the background current at the CV reversal potential (oxide formation plateau) for the two metal types, these results indicate that some important characteristics of Pt and Pt-Ir are similar, such as effective surface area (roughness) and metal oxide formation; see Table 1 for statistical comparison. The electrochemistry of H2O2 and AA on the two metals was also investigated by cyclic voltammetry (Rxns. 3 and 4). The finding that neither kinetic parameter, Es,max nor Smax,N (Table 1; see Section 2.4), for both analytes showed any significant difference between Pt and Pt-Ir suggests that the Ir-containing alloy can be used for its greater strength in place of pure Pt, without a major loss of compatibility with previous electrochemical data obtained for Pt-based electrodes.



Table 1. Comparison of electrochemical properties of Pt and Pt-Ir, determined using cyclic voltammetry at 20 mV/s (see Figure 1), in background electrolyte (PBS) and in PBS containing either 1 mM H2O2 or 1 mM AA. H2O2 and AA parameters were calculated following subtraction of the background current. Number of determinations, n = number of electrodes × number of scans.







	
Parameter

	
Pt

	
Pt-Ir

	
p-value






	
Background scans

	

	

	




	
Current at the CV reversal potential (μA cm-2); n = 4 × 10

	
17.4 ± 1.1

	
16.6 ± 0.9

	
0.62




	
Double-layer capacitance, Cdl (Eqn. 1; mF cm-2); n = 4 × 10

	
0.48 ± 0.02

	
0.45 ± 0.01

	
0.15




	
H2O2 scans

	

	

	




	
Potential of maximum slope (Es,max, mV); n = 2 × 20

	
200 ± 5

	
195 ± 5

	
0.55




	
Normalized maximum slope (Smax,N, mV-1) ; n = 2 × 20

	
0.45 ± 0.01

	
0.43 ± 0.01

	
0.30




	
AA scans

	

	

	




	
Potential of maximum slope (Es,max, mV); n = 2 × 20

	
110 ± 5

	
115 ± 5

	
0.55




	
Normalized maximum slope (Smax,N, mV-1) ; n = 2 × 20

	
0.59 ± 0.01

	
0.51 ± 0.07

	
0.38
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However, a more direct comparison of the amperometric sensitivity of the two metals was carried out. Because of the key involvement of Pt oxides in H2O2 electro-oxidation [75], and because the oxide state of the electrode surface is expected to be different under voltammetric scanning and constant potential conditions [64], the calibration slopes for H2O2 and AA were determined on bare Pt and Pt-Ir electrodes at 700 mV vs. SCE. There was no difference (p > 0.96) between the AA slope for pure Pt (147 ± 27 μA cm-2 mM-1, n = 10) and the Pt-Ir alloy (148 ± 7 μA cm-2 mM-1, n = 20). There was, however, a significant difference (p < 0.002) between the calibration slopes for H2O2: Pt (225 ± 15 μA cm-2 mM-1, n = 8); Pt-Ir (171 ± 6 μA cm-2 mM-1, n = 51), a loss of sensitivity for the alloy compared with the pure metal which is consistent with previous studies [64]. Fortunately, this unwelcome property of Pt-Ir, in the context of H2O2 detection for biosensor applications, was reversed by modification with PPD (see Section 3.2). The greater sensitivity of both bare metal electrode types for H2O2 compared with AA is in line with diffusion coefficient values for the two analytes [76,77] and diffusion-limited kinetics at 700 mV (see Figure 1).




3.2. Comparison of H2O2 sensitivity at bare and PPD-modified electrodes


The primary aim of the work reported in this paper was to determine whether modifications of PPD-coated Pt-Ir (Pt-Ir/PPD) could be used to improve the selectivity of the polymer layer for biosensor applications. In principle, this could be achieved in two ways: increase the H2O2 sensitivity, or enhance the interference blocking ability of the layer (see Eqn. 2). Evidence that the sensitivity to H2O2 for PPD and PPD-enzyme composite electrodes is similar to that for bare metal [42,53,55] indicates, however, that H2O2 sensitivity is maximal for the basic design, and that the only strategy available for increased selectivity is reducing the sensitivity to interference. Logically, therefore, only modifications that increased interference blocking needed to be tested for the possibility of decreased H2O2 sensitivity; those modifications that give poorer interference blocking can be rejected on that basis alone.



It was important to test rigorously, using a large population of wire electrodes, the hypothesis that ultra-thin (10-30 nm [33,55,78,79]) electrosynthesized PPD does not decrease the sensitivity of Pt-Ir to H2O2 [55]. Calibrations for H2O2 at Pt-Ir cylinders, before and after PPD modification, were therefore carried out. Surprising, this sample size revealed that PPD-modified Pt-Ir showed a small, but statistically significant, increase in the H2O2 calibration slope (189 ± 10 μA cm-2 mM-1, n = 51) compared with the bare metal (171 ± 6 μA cm-2 mM-1, n = 51, p = 0.05 for a paired t-test). One possible explanation for the unexpected increase in the efficiency of the electrochemical H2O2 oxidation on the coated metal (see Section 3.1) is that the PPD inhibits the H2O2 disproportionation reaction (Rxn. 5) at the electrode surface, the extent of which varies with electrode condition [80]. It is clear, however, that the basic Pt-Ir/PPD design displays near-optimal H2O2 sensitivity, so that the only effective way to improve selectivity significantly is to increase interference blocking by the polymer layer.
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In the present context, it is interesting to cite the small decrease in H2O2 sensitivity observed previously following PPD modification of pure Pt electrodes [53]. Thus, although the decrease was not statistically significant when compared to the bare Pt in the original study, these results indicate a convergence of the H2O2 sensitivity for Pt/PPD (196 ± 20 μA cm-2 mM-1, n = 8) and Pt-Ir/PPD (189 ± 10 μA cm-2 mM-1, n = 51; p > 0.79). Pt-Ir working electrodes were therefore used throughout the remainder of the work presented here.




3.3. Comparison of oPD and oPD-Me as monomers


Analysis of AA calibrations reported recently showed that inclusion of a globular protein (BSA) in the monomer oPD solution improved the interference blocking properties of the PPD film formed [55]. The presence of a pronounced imax(AA) at low concentrations of AA for BSA-free PPD suggested that this polymer was capable of transporting AA, but that this ability diminished significantly as AA/DHA levels built up in the polymer matrix. In an attempt to decrease further the permeability of PPD to hydrophilic ions, such as AA, by adding additional hydrophobicity and steric bulk to the polymer, a methylated derivative of oPD was polymerized onto Pt-Ir in the presence and absence of BSA. Calibrations for AA at these Pt-Ir/PPDMe and Pt-Ir/PPDMe-BSA electrodes are shown in Figure 2, and compared to previously reported data for Pt-Ir/PPD and Pt-Ir/PPD-BSA [55]. Pt-Ir/PPDMe electrodes showed no imax(AA) peak in the calibration; instead the AA steady-state responses increase monotonically with concentration to the limiting plateau value, iL(AA), which was not different from that observed for Pt-Ir/PPD (p > 0.99). Over the entire calibration, therefore, the methylated polymer was less permeable to AA compared with PPD, as expected. However, the inclusion of BSA in the monomer solution did not enhance the AA blocking ability of PPDMe, with no significant difference between iL(AA) for Pt-Ir/PPDMe and Pt-Ir/PPDMe-BSA (p > 0.35; see Figure 2). The mechanism by which BSA in the monomer solution leads to better interference blocking by the polymer is unknown at present. It is clear from Figure 2 that BSA can improve the permselectivity of PPD, with Pt-Ir/PPD-BSA having the lowest iL(AA) value of the four electrode types (p < 0.001), and 99.8% lower than bare Pt-Ir (∼600 nA) [55].



These results are in line with previous reports that BSA does not augment the blocking properties of other polymers, such as polyaniline [55] and polyphenol [35]. The finding here that even the smallest deviation from the oPD structure (methylation) negated the benefits of BSA on the resulting polymer was surprising, and prompted us to investigate the role of BSA in PPD formation further.




3.4. Effect of albumins in the monomer solution on resulting polymers


Among the applications envisioned for biosensors are bedside monitoring and other clinical uses [1,81]. The inclusion of a bovine protein in biosensor fabrication for such applications might give rise to problems related to the perception of risks associated with transmissible spongiform encephalopathies (BSE/CJD) [82], which could be avoided by the replacement of BSA. The first step in this section of the work, therefore, was to determine whether other proteins could mimic the effect of BSA on AA rejection by PPD coatings. Table 2 shows that chicken egg albumin (CEA; 45 kDa) had the same effect on all four response parameters as did BSA (66 kDa), when used at the same weight concentration (5 mg/mL) in the oPD solution.



Table 2. AA calibration parameters, H2O2 slope and selectivities for PPD formed in oPD solutions containing two different albumins (bovine serum and chicken egg at 5 mg/mL). Values of p were calculated using unpaired two-tailed t-tests. Number of electrodes in parenthesis.







	
Albumin

	
iL(AA)

nA

	
imax(AA)

nA

	
H2O2 slope

nA mM-1

	
S%

(Eqn. 2)






	
BSA

	
1.5 ± 0.2 (29)

	
3.5 ± 0.3 (29)

	
661 ± 92 (6)

	
0.23 ± 0.04




	
CEA

	
1.6 ± 0.2 (12)

	
3.1 ± 1.2 (12)

	
620 ± 10 (8)

	
0.27 ± 0.03




	
p-value

	
p > 0.74

	
p > 0.69

	
p > 0.61

	
p > 0.43










Although globular proteins, such as BSA, have been shown to have a marked positive effect on some polymer properties, including surface compactness [53], and AA-rejecting capabilities [53,54,57], the optimum concentration of protein needed to elicit these effects has not been determined previously. There was no significant effect on S% (Eqn. 2) of increasing the concentration of CEA from 5 mg/mL (Table 2) to 15 mg/mL (0.41 ± 0.15, n = 10, p > 0.31), 30 mg/mL (0.33 ± 0.13, n = 12, p > 0.55), 50 mg/mL (0.25 ± 0.14, n = 8, p > 0.82), or close to saturation at 75 mg/mL (0.41 ± 0.18, n = 4, p > 0.30). These results, determined over such a large range of CEA concentration, indicate that the effect of the albumin in the monomer solution is mediated, not through its physicochemical influence on monomer activity or on the solubility of polymerization intermediates (e.g., dimers [83]), but on the protein which is trapped in the polymer as it forms. This latter phenomenon is illustrated by the entrapment of enzyme proteins in the electrosynthesized polymer when these enzymes are included in the oPD solution [59,84]. Furthermore, the results suggest that the maximum amount of CEA is trapped at 5 mg/mL, which is in line with the finding for glucose oxidase [53].



Although a number of groups use low millimolar concentrations of oPD to generate PPD [79,85], we have shown that much higher concentrations provide the level of interference blocking needed for neurochemical monitoring [44,53,54]. Before proceeding to investigate the effects of other modifiers on PPD properties, a detailed comparison was made between PPD formed from 200 and 300 mM oPD, the latter being close to saturation in PBS. All four electrochemical parameters tended to be slightly worse for the PPD-BSA formed from 200 mM oPD, although not statistically different. Most importantly, the S% value tended to be inferior: 0.35 ± 0.06, n = 4, p = 0.12). A monomer concentration of 300 mM was maintained, therefore, for the remainder of this work.




3.5. Effect of other modifiers in the monomer solution on resulting polymers


Having shown that different globular proteins, e.g., BSA, CEA and glucose oxidase [53], have similar effects on the selectivity of PPD-modified Pt-Ir, the influence of fibrous proteins was investigated. Gelatin is a protein product formed by the partial hydrolysis of collagen, a fibrous macromolecule found in skin, bones and tendons, and has many uses in food, medicine and manufacturing. Casein is the predominant phosphoprotein in milk, and consists of a fairly high number of proline peptides giving it considerable hydrophobic properties. The effects of these two fibrous proteins, at 5 mg/mL in the oPD solution, on the resulting PPD properties were more pronounced than those of the globular proteins; see Table 3. Thus, although the AA blocking ability of PPD-gelatin were as good as that of PPD-albumin (Table 2), and that of PPD-casein significantly better, both fibrous proteins caused a marked reduction in the sensitivity of the Pt-Ir/PPD electrode to H2O2. Overall, the S% was therefore worse for gelatin (p < 0.001) and not significantly different for casein (p > 0.30). Taking the H2O2 sensitivity and S% values in account, modification of PPD with fibrous protein was not considered suitable for biosensor applications.



Table 3. AA calibration limiting current, H2O2 slope and selectivities for PPD formed in oPD solutions containing different modifiers (each at 5 mg/mL). Values of p were calculated using unpaired two-tailed t-tests, comparing S% for each PPD-modifier composite with that for PPD-CEA (Table 2). Number of electrodes in parenthesis.







	
Modifier

	
iL(AA)

nA

	
H2O2 slope

nA mM-1

	
S%

(Eqn. 2)

	
p-value






	
Gelatin

	
1.1 ± 0.1 (6)

	
117 ± 17 (6)

	
0.90 ± 0.15

	
p < 0.001




	
Casein

	
0.7 ± 0.1 (4)

	
182 ± 54 (4)

	
0.37 ± 0.12

	
p > 0.30




	
βCD

	
0.9 ± 0.2 (10)

	
533 ± 60 (8)

	
0.17 ± 0.04

	
p = 0.06










Cyclodextrins are toroidal cyclic oligosaccharides with a wide variety of applications involving host-guest complexation [86,87] which can be exploited in sensor design [88–90]. The inclusion of βCD at 5 mg/mL in the oPD monomer solution produced a polymer which had excellent AA-rejection properties coupled with high permeability to H2O2 (Table 3). The selectivity coefficient, S%, was an improvement on that observed for any other modification of PPD to date, and warranted an investigation of its concentration dependence.



Whereas it is not uncommon to express the concentration of macromolecules in terms of weight, a mole-based unit is more appropriate for species such as βCD. In the context of its use as a modifier in the 300 mM oPD solution, it was decided to use mol%, i.e., 100 × moles of βCD per mole of oPD. On this scale, 5 mg/mL is ca. 1.5 mol%. Varying the concentration of βCD from 0.5 to 20 mol% caused a systematic change in iL(AA): the value decreased abruptly to a minimum of 0.9 ± 0.2 nA (10) for 1.5 mol% and thereafter rose steadily to 3 ± 1 nA (2) at 20 mol%. There was no significant change in the linear calibration slope for H2O2 over the range of βCD concentrations used here. The resulting S% values are shown in Figure 3; the trend evident in this parameter essentially reflects variations in iL(AA). The clear minimum in S% (ideal value being zero; see Eqn. 2) observed between 1 and 5 mol% is in contrast with the lack of any variation seen across the large range of albumin concentrations studied (Section 3.4). It is possible, therefore, that the beneficial effects of βCD at low concentrations are due to its entrapment in the PPD matrix, as observed for other modifiers. However, at higher concentrations the deleterious effects may be due to complexation of the oPD and effective lowering of its availability for polymerization. The value of S% observed for 200 mM oPD (0.35 ± 0.06, n = 4; see Section 3.4) is consistent with this explanation.


Figure 3. Comparison of the selectivity (S%, Eqn. 2) for Pt-Ir/PPD-βCD sensors electrosynthesized using different concentrations of βCD ranging from 0.5 – 20 mol% in 300 mM oPD.
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4. Conclusions


Comparison of cyclic voltammetry data recorded in background electrolyte (PBS) alone, and in PBS containing either AA or H2O2 showed that a 90:10 Pt-Ir alloy exhibited a range of similar electrochemical properties to those of pure Pt (Table 1). Although the two bare metals displayed the same amperometric sensitivity for AA, that for H2O2 was somewhat lower at Pt-Ir electrodes. Polymer modification, however, led to convergence of the H2O2 sensitivity at Pt/PPD and Pt-Ir/PPD. The benefits of the greater rigidity of the alloy can therefore be exploited for implantation of sensors into biological tissues, without significant loss of backward compatibility with studies involving Pt.



A range of selectivity values (S%, Eqn. 2) for PPD-modified Pt-Ir wire electrodes were observed following incorporation of one of a number of proteins into the polymer matrix. Globular proteins (Table 2) generally enhanced the interference rejection properties of the polymer, without affecting H2O2 sensitivity significantly. Fibrous proteins, on the other hand, had a greater effect on polymer permeability, reducing it for both AA and H2O2 (Table 3). As a result, PPD modified with either gelatin or casein displayed poorer S% values compared with those for the globular polypeptide modifiers. The inclusion of βCD at a concentration between 1 and 5 mol% in the monomer solution gave rise to a PPD composite that displayed ∼25% enhanced selectivity compared with the best globular protein value, a finding which should prove useful in the design of biosensors for neurochemical monitoring of analytes with low ECF concentrations.
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