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Abstract:



The influence of the experimental conditions (glutathione concentration and incubation time and temperature) concerning the covalent immobilization of glutathione via carbodiimide coupling on the behavior of a glutathione modified screen-printed carbon electrode obtained by electrografting is evaluated. The optimized parameters fasten the modification process and improve the performance of the sensor as compared to the usual procedure. This suggests the convenience of a tailored preparation of metal sensors based on metal-binding biomolecules such as glutathione.
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1. Introduction


Environmental contamination by heavy metals is a serious problem enhanced by the large quantity and variety of natural and anthropogenic sources of these species, their accumulation in organisms and their negative effects on human health [1]. Against such contamination, organisms have developed biochemical mechanisms of defense, based on the synthesis of molecules with high affinity for heavy metal ions than can chemically bind them to decrease their toxicity and to favor their elimination. The basis of such biochemical defense includes high concentrations of small molecules, mainly aminothiols like cysteine (Cys), cysteine-glycine (Cys-Gly) or glutathione (GSH), and low concentrations of larger molecules which are enzymatically synthesized from the previous ones as a response to heavy metal contamination. In the case of plants, algae and fungi, such larger molecules are phytochelatins, of general structure (γ-Glu-Cys)nGly with n usually ranging from 2 to 5 [2,3,4]. In the case of mammals metallothioneins, a more complex combination of aminoacids with a high proportion of cysteine, play a similar role as phytochelatins [2].



While organisms reinforce their mechanisms to minimize the effects of heavy metal contamination, analytical chemists try to develop more effective methods to determine and monitor the concentration of heavy metals in environmental and biological samples. Although techniques like atomic absorption or ICP are especially powerful in the analysis of metals [5,6], they should be complemented by portable, low-cost techniques for these applications where simplicity, ease of use, economy and possibility of measuring on-line or in-situ are required. Among these techniques, voltammetry is a sensitive, cheap and versatile choice, especially when it includes analyte preconcentration by reduction (anodic stripping voltammetry, ASV) or by adsorption (adsorptive stripping voltammetry, AdSV) [7]. For a long time, stripping voltammetric measurements were mostly carried out with mercury drop or mercury film electrodes [8]. However, in the last years, the toxicity of mercury has encouraged its replacement by alternative materials such as bismuth and antimony films on carbon supports or conventional solid electrodes chemically modified with nanoparticles and molecules having some affinity for heavy metals [9,10,11]. More recently, the popularization of screen-printed electrodes (SPE) and their commercial availability in a wide variety of materials has largely expanded the field of application of modified electrodes as substitutes for mercury [12]. Commercial screen-printed electrodes are an excellent substrate for modification. They are cheap and reproducible and their disposable character avoids tedious and time-consuming polishing and cleaning steps which are mandatory in the modification of conventional solid electrodes.



Among the different strategies proposed for the stripping analysis of heavy metals beyond the use of mercury, some efforts have been devoted to mimic the defense mechanisms of plants and preconcentrate the target metals by binding them to the electrode with the same molecules used for metal bioaccumulation. Thus, the molecule immobilization procedure is a key aspect in the design of these electrodes [13]. In this regard, the literature describes different strategies including the formation of alkanethiol self-assembled monolayers (SAMs) and the molecule immobilization based on aryl diazonium salt anchored on the electrode surface, which is a more viable approach that can overcome the major limitations of SAMs and has proven its usefulness in the development of metal ion sensors [14,15,16]. For example, the development of modified sensors in which glutathione (GSH) and its fragments Cys-Gly and γ-Glu-Cys were immobilized through aryl diazonium electrochemical grafting onto the surface of graphite-epoxy composite electrodes (GEC), was used for the simultaneous determination of Cd(II), Pb(II) and Zn(II) [17]. More recently, the procedure was successfully adapted to the special characteristics of screen-printed electrodes to develop a glutathione-modified carbon nanofiber screen-printed electrode [18].



In the present work we revisit the glutathione-modified electrode to gain a deeper insight on the main factors concerning the immobilization of the peptide by electrografting. In this way, we try not only to improve the analytical performance of this sensor, but also to deduce some practical guidelines for the immobilization of more complex metal-binding biomolecules.




2. Materials and Methods


2.1. Chemicals


Potassium ferrocyanide K4[Fe(CN)6]·3H2O, 2-(N-morpholino)-ethanesulfonic acid (MES), sodium acetate, acetic acid, hydrochloric acid and glutathione (GSH), in the reduced form, with purity greater than 99% were supplied from Merck (Darmstadt, Germany). N-hydroxysulfosuccinimide (sulfo-NHS), 4-aminobenzoic acid (ABA), perchloric acid, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), potassium dihydrogen phosphate, sodium monophosphate, sodium nitrite and methanol were provided by Sigma-Aldrich (St. Louis, MO, USA). Potassium ferricyanide K3[Fe(CN)6] was purchased from Panreac (Barcelona, Spain). All reagents were of analytical grade. Cd(II) and Pb(II) stock solutions 10−2 mol·L−1 were prepared from Cd(NO3)2·4H2O and Pb(NO3)2·4H2O respectively and standardized complexometrically [19]. Ultrapure water (Milli-Q plus 185 system, Millipore) was used in all experiments.




2.2. Instrumentation


An Autolab System PGSTAT12 (EcoChemie, Utrecht, The Netherlands) attached to a Metrohm 663 VA Stand (Metrohm, Herisau, Switzerland) and using GPES 4.9 software package (EcoChemie) was used for differential pulse anodic stripping voltammetric (DPASV) measurements.



For experiments, the working electrode was a modified glutathione electrode prepared from carbon nanofibers modified screen-printed electrode (GSH-SPCNFE) of 4 mm diameter and supplied by Dropsens (Oviedo, Spain) (ref. 110CNF, DS SPCE). A flexible cable (ref. CAC, DropSens) was used to connect screen-printed electrodes to the Autolab System. The auxiliary electrode was a Pt wire (Metrohm, Switzerland) and the reference electrode was Ag|AgCl|KCl (3 mol·L−1).



A Crison micro pH 2000 pH-meter was used for pH measurements, and all measurements were performed in a glass cell at room temperature (20 °C) without oxygen removal.




2.3. Preparation of the Glutathione Modified Screen-Printed Carbon Nanofiber Electrode (GSH-SPCNFE)


GSH-SPCNFEs were prepared based on a two-step procedure previously reported [18] and briefly described below. Factors concerning the immobilization of glutathione onto the functionalized SPE such as concentration of glutathione, and incubation time and temperature for the binding of the activated carboxyl groups and glutathione were considered for optimization.



2.3.1. Diazonium Salt Electrografting


The aryl diazonium salt was generated in-situ by adding 2 mmol·L−1 of sodium nitrite to a cooled solution of 73 mmol·L−1 of ABA in 1 mol·L−1 aqueous HCl. This solution was mixed in an ice bath for 30 min before the electrochemical grafting process [20] was conducted. For this purpose, the SPCNFE was immersed in the diazonium salt solution and 15 cyclic voltammetry (CV) cycles were applied from 0 V to −1 V at 0.2 V·s−1. The functionalized electrodes were thoroughly rinsed with Mili-Q water and methanol in order to remove any physisorbed compounds.




2.3.2. Covalent Immobilization of Glutathione via Carbodiimide Coupling


The carboxylic groups were activated by dropping 10 µL of a 35 mmol·L−1 sulfo-NHS and 26 mmol·L−1 EDC solution in 100 mmol·L−1 MES buffer (pH 4.5) onto the electrode surface and leaving it for 1 h. Then the electrodes were rinsed with Mili-Q water. The activated carboxyl groups reacted 30 min, 2 h or 24 h at 4 °C or 25 °C with the amine terminal groups of glutathione by placing 10 µL of a glutathione solution of a concentration of 1.45, 2.90 or 5.80 mg/100 μL in 0.1 mol·L−1 MES buffer (pH 4.5).



The electrochemical characterisation of each GSH-SPCNFE was carried out using 2 mmol·L−1 ferrocyanide/ferricyanide as redox probe in 100 mmol·L−1 phosphate buffer (pH 7.4) at each functionalization step by CV leading voltammograms that confirm the modifications taking place on the electrode surface (figure not shown).





2.4. Voltammetric Measurements


The linear calibration plots for the simultaneous determination of Pb(II) and Cd(II) on GSH-SPCNFE were obtained from DPASV measurements, performed at a deposition potential (Ed) of −1.4 V during a deposition time (td) of 120 s with stirring and followed by a rest period (tr) of 5 s, by increasing metal ion concentrations in 0.1 mol·L−1 acetate buffer (pH 4.5) solution. Determinations were done by scanning the potential from −1.4 to −0.3 V using pulse times of 50 ms, a step potential of 5 mV and pulse amplitudes of 50 mV.





3. Results and Discussion


The preparation of the GSH-SPCNFE by electrografting methodology is based on two main steps. The first one, the diazonium salt electrografting, is mainly dependent on both the substrate and the support of the working electrode. There is not a clear agreement about the number of CV cycles (ranging from 1 to 200) that should be performed during the electrografting process [18]. Thus, the number of CV cycles as well as their scan rate should be optimized according to the working electrode. In our case, for a SPCNFE this step was previously optimized to 15 cycles at 200 mV·s−1 [18]. The second step, the covalent immobilization of the ligand via carbodiimide coupling, is crucial in the modification of working electrodes with different ligands through the aryl diazonium salt electrografting. In the case of electrodes modified with glutathione, slightly different conditions have been reported in the literature for this step, with concentrations of glutathione ranging from 2.5 to 5 mg/100 µL MES buffer pH 4.5, either at 4 °C or without temperature control and usually overnight [17,18,21,22,23,24]. The influence of these three parameters (glutathione concentration, incubation temperature and incubation time) in the performance of the resulting sensor was studied taking the conditions used in [18] (2.9 mg/100 µL MES, 4 °C and overnight) as starting point and using the determination of Cd(II) and Pb(II) as a model of application.



First of all, three different glutathione concentrations, 1.45, 2.90 and 5.80 mg/100 µL MES, were tested maintaining the incubation time and temperature at 24 h and 4 °C respectively. Figure 1 shows the obtained voltammetric responses with each resulting sensor for a solution containing 77 µg·L−1 of both Cd(II) and Pb(II). As it can be observed, well-shaped peaks were obtained using 1.45 and 2.90 mg GSH/100 µL MES whereas 5.80 mg GSH/100 µL MES resulted in less defined and smaller peaks. This fact could be due to an excess of glutathione blocking the active sites. This blocking also affects the interaction of Pb(II) and Cd(II) with the surface of the electrodes, resulting in a slight shift in the potential, which is also highlighted by the worse baseline. Also, the performance of the resulting sensors was evaluated in terms of sensitivity, limit of detection (LOD) and linearity range for both Cd(II) and Pb(II) (Table 1). Looking for a linear proportionality between metal concentration and analytical response, the use of peak intensity or peak area as analytical response was evaluated during the experimental research of this work. The second approach showed a better linearity, particularly for Pb(II) ions, than the peak intensity. Therefore the peak area approach was used as analytical response in this study. Sensitivities were calculated as the slope of the calibration curve and LODs were calculated as 3 times the standard deviation of the intercept over the slope of the calibration curve. In all cases, linear calibration curves were obtained up to 125.2 and 150.1 µg·L−1 for Cd(II) and Pb(II) respectively. As shown in Table 1, the highest sensitivity for Pb(II) and Cd(II) were obtained using 1.45 and 5.80 mg GSH/100 µL MES respectively whereas the lowest LODs were obtained using 2.90 and 5.80 mg GSH/100 µL MES respectively. Taking into account the better defined peaks achieved using either 1.45 or 2.90 mg GSH/100 µL MES compared to those obtained using 5.80 mg GSH/100 µL MES and the lower LODs provided by 2.90 in comparison to 1.45 mg GSH/100 µL MES, 2.90 mg GSH/100 µL MES was selected as the optimal glutathione concentration. It should be pointed out though, that if a more expensive peptide was to be used as a ligand, a concentration of 1.45 mg/100 µL MES would result in a less expensive sensor without highly affecting its analytical performance.


Figure 1. Differential pulse anodic stripping voltammetric (DPASV) measurements of 77 µg·L−1 Pb(II) and Cd(II) on GSH-SPCNFE applying a Ed of −1.4 V during 120 s at 0.1 mol·L−1 acetate buffer (pH 4.5). GSH-SPCNFE modified with a glutathione solution of a concentration 1.45, 2.90 or 5.80 mg/100 μL in 0.1 mol·L−1 MES buffer (pH 4.5) during 24 h at 4 °C.
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Table 1. Calibration data for the simultaneous determination of Pb(II) and Cd(II) on GSH-SPCNFE at Ed of −1.4 V, td of 120 s and pH 4.5 at different GSH immobilization conditions.







	

	
Pb(II)

	
Cd(II)




	
GSH Concentration (mg/100 μL)

	
Time (h)

	
T (°C)

	
Sensitivity (a.u. µg−1·L)

	
R2

	
LOD (µg·L−1)

	
Sensitivity (a.u. µg−1·L)

	
R2

	
LOD (µg·L−1)






	
1.45

	
24

	
4

	
0.347 (0.004)

	
0.9993

	
2.74

	
0.670 (0.008)

	
0.9993

	
2.65




	
2.90

	
24

	
4

	
0.314 (0.003)

	
0.9996

	
2.49

	
0.702 (0.007)

	
0.9995

	
2.25




	
5.80

	
24

	
4

	
0.330 (0.004)

	
0.9994

	
3.11

	
0.718 (0.006)

	
0.9997

	
2.12




	
2.90

	
0.5

	
4

	
0.369 (0.003)

	
0.9996

	
2.18

	
0.659 (0.005)

	
0.9997

	
1.80




	
2.90

	
2

	
4

	
0.415 (0.003)

	
0.9997

	
2.24

	
0.687 (0.005)

	
0.9998

	
1.65




	
2.90

	
2

	
25

	
0.535 (0.004)

	
0.9997

	
2.07

	
1.014 (0.008)

	
0.9997

	
1.96










Once the glutathione concentration was selected, the effect of the incubation time was studied. Figure 2 shows the voltammograms obtained for a solution containing 77 µg·L−1 of both Cd(II) and Pb(II) using incubation times of 30 min, 2 h and 24 h. Well-defined peaks were obtained in all cases. Again, linear calibration curves were obtained from 1 and up to 125.2 and 150.1 µg·L−1 for Cd(II) and Pb(II) respectively. Sensitivities associated to Cd(II) increased using longer incubation times whereas Pb(II) sensitivity increased when the incubation time was varied from 30 min to 2 h but decreased when it was extended to 24 h. On the other hand, the lowest LODs were obtained using incubation times of 30 min and 2 h for Pb(II) and Cd(II) respectively. Therefore, these results suggest that 30 min is not enough time to reach the full analytical performance of the modified sensor whereas an incubation time of 24 h considerably increases the manufacturing process without providing a much better analytical performance. Thus, an incubation time of 2 h was selected.


Figure 2. DPASV measurements of 77 µg·L−1 Pb(II) and Cd(II) on GSH-SPCNFE applying a Ed of −1.4 V during 120 s at 0.1 mol·L−1 acetate buffer (pH 4.5). GSH-SPCNFE modified with a glutathione solution of a concentration 2.90 mg/100 μL in 0.1 mol·L−1 MES buffer (pH 4.5) during 30 min, 2 h or 24 h at 4 °C.
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Finally, the effect of the incubation temperature was also evaluated. Figure 3 shows the voltammograms obtained for a solution containing 77 µg·L−1 of both Cd(II) and Pb(II) using incubation temperatures of 4 °C and 25 °C. As it can be observed, an incubation temperature of 25 °C resulted in more intense peaks for both Cd(II) and Pb(II) ions. Also, as it can be observed in Table 1, higher sensitivities were achieved for both Cd(II) and Pb(II) using an incubation temperature of 25 °C whereas lower LODs were obtained using 4 and 25 °C for Cd(II) and Pb(II) respectively. Therefore, 25 °C was selected as the optimal incubation temperature. It should be pointed out that, out of the three parameters studied, the incubation temperature is the one that mostly affects the target ions sensitivities. However, although increasing the temperature from 4 to 25 °C improves the sensitivity, it should be taken into account that higher temperatures could affect the integrity of glutathione.


Figure 3. DPASV measurements of 77 µg·L−1 Pb(II) and Cd(II) on GSH-SPCNFE applying a Ed of −1.4 V during 120 s at 0.1 mol·L−1 acetate buffer (pH 4.5). GSH-SPCNFE modified with a glutathione solution of a concentration 2.90 mg/100 μL in 0.1 mol·L−1 MES buffer (pH 4.5) during 2 h at 4 or 25 °C. Inset: comparison between the response of the GSH-SPCNFE under ideal and base conditions.



[image: Chemosensors 05 00012 g003]






Therefore, these reported results suggest that the better conditions for the covalent immobilization of glutathione during the preparation of GSH-SPCNFE are a concentration of 2.9 mg GSH/100 µL, an incubation time of 2 h and an incubation temperature of 25 °C. As it can be observed in Figure 4, these optimized conditions result in a sensor that provides well-defined peaks that increase linearly with concentration for both Cd(II) and Pb(II) ions. Also, the optimized sensor provides more intensive peaks compared to that modified using the starting conditions (inset in Figure 3) as well as higher sensitivities and lower LODs for both Cd(II) and Pb(II) ions (Table 1). It should be pointed out though, that the optimal incubation time and glutathione concentration could slightly vary depending on the type and the area of the carbon surface where the modification is performed.


Figure 4. DPASV measurements of increasing concentrations of Pb(II) and Cd(II) simultaneously recorded on GSH-SPCNFE applying a Ed of −1.4 V during 120 s at 0.1 mol·L−1 acetate buffer (pH 4.5). GSH-SPCNFE modified with a glutathione solution of a concentration 2.90 mg/100 μL in 0.1 mol·L−1 MES buffer (pH 4.5) during 2 h at 25 °C. Inset: Pb(II) and Cd(II) calibration plots.
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4. Conclusions


The results described so far suggest that, beyond the standard receipts for electrode modification by electrografting and taking into account that the first step should be optimized according to the working electrode, the systematic optimization of the experimental conditions concerning the covalent immobilization of a particular ligand via carbodiimide coupling step can substantially improve the performance of the sensor.



In the case of glutathione immobilization, the incubation temperature has evolved as a relevant parameter. A typical room temperature of 25 °C produces better results than the usual refrigerator temperature of 4 °C, possibly due to faster kinetics. As for the incubation time, it can be notoriously reduced from 24 to 2 h keeping an optimal sensing performance. Finally, the usual concentration of ligand (2.9 mg/100 µL) has shown to be very close to the optimum value. A decrease of such concentration produces a slight increase of detection and quantification limits. Anyway the relatively low impact of reducing the amount of ligand could justify this option in the case of rare or expensive substances. As for the increase of the ligand concentration until 5.8 mg/100 µL, it causes a dramatic enhancement of the baseline and its curvature, which deteriorates sensor performance. This suggests that the concentration of the ligand should be carefully optimized depending on the nature of both subtract and modifier. In this sense, mol·L−1 units would be more convenient than mg/100 µL for a better comparison among ligands with different molecular weight (e.g., glutathione and phytochelatins of different chain length).



Thus, in general, we can conclude that the use of tailored modification procedures which adapt experimental conditions such as the incubation temperature, the incubation time and the concentration of the ligand can considerably improve the performance of modified sensors based on the electrografting methodology, especially in studies where different members of a family of compounds are compared. This is a key point to take into account in further investigation on the bioinspired application of glutathione and related molecules as ligands in the development of heavy metal sensors.
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