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Electrocatalytic Oxidation of Hypoxanthine on a Na®on/Lead-Ruthenium Oxide Pyrochlore Modi®ed Electrode Jyh-Myng Zen,* Yu-Yen Lai, Govindasamy Ilangovan, and Annamalai Senthil Kumar Department of Chemistry, National Chung-Hsing University, Taichung 402, Taiwan Received: July 19, 1999 Final version: September 1, 1999 Abstract



An enzymeless sensor based on a Na®on/lead-ruthenium oxide pyrochlore modi®ed electrode (NPME) is described for the sensitive estimation of hypoxanthine (Hx) using square-wave voltammetry. The NPME showed a marked catalytic activity towards the oxidation of Hx. The quasi-steady-state oxidation current for Hx on the NPME provided a crucial mechanistic indication that the process follows the Michaelis-Menten kinetics. In brief, the process involves the formation of a substrate-catalyst complex that subsequently decomposes to form product and precatalyst; the latter can afterwards be regenerated electrochemically. The Michaelis-Menten constant …Km †, catalytic rate constant …kc †, heterogeneous electrochemical rate constant …ke0 †, and the reaction order …m† were evaluated. The experimental parameters were optimized for analytical estimation of Hx and the detection limit …S=N ˆ 3† was found to be as low as 0.75 mM. The use of the proposed sensor to estimate the ®sh freshness is demonstrated with very good reproducibility with a relative standard deviation of 2.4 % for ten successive measurements. Keywords: Lead-ruthenium oxide pyrochlore, Chemically modi®ed electrode, Hypoxanthine, Michaelis-Menten kinetics, Heterogeneous redox catalysis



1. Introduction The development of biosensors through electrocatalysis for the determination of biologically important compounds is a major interest in current research. Hypoxanthine (Hx) plays an essential role in catabolic steps of purine nucleotides after the death of animals as shown in Scheme 1 [1]. In the catabolic steps the conversion of Hx to xanthine (X) through the enzyme xanthine oxidase (XOD) together with H2O and O2 was found to be the rate determination step in the overall reaction sequence [2, 3]. H2O2 is one of the products in the above reaction sequence. Thus, from monitoring the concentration of Hx in the dead animals, one can predict details about its aging index. In the past, the quantitative Hx assay was made by measuring the O2 consumed [4±6] or the H2O2 formed [3, 7] after XOD enzymatic action. Monitoring O2 consumption requires the use of two gas-only permeable membranes and as the membrane layer becomes thicker the response and recovery become complicated. Although monitoring H2O2 is experimentally simpler, the applied potential is very high so that the oxidation of other electroactive compounds will become inevitable. To overcome this problem, redox mediator and metallized electrode coupled with enzyme speci®c towards the H2O2 reduction were required [8±10]. Nevertheless, the enzyme XOD is not speci®c towards Hx alone [1]; it also reacts with X to form uric acid and hence determining the Hx concentration in the presence of X becomes dif®cult. Moreover, the enzyme electrodes must be preserved at lower temperatures for longtime use [3]. The use of a nonenzymatic method to detect Hx amperometrically without the aid of XOD is a more attractive and simple approach. It can simplify the preservation problem of enzyme electrodes. However, earlier attempts for direct oxidation of Hx on bare surface of conventional electrode resulted in vain, due to severe adsorption and overpotential [11]. Recently, our group has demonstrated the excellent performance of the Na®on=leadruthenium oxide pyrochlore modi®ed electrode (NPME) towards Electroanalysis 2000, 12, No. 4



various organic and biomolecules oxidation reactions including purine and pyrimidine bases [12±17]. Since the lead-ruthenium oxide pyrochlore exhibits high surface area and speci®c redox surface group [18], we expect superior catalytic and electrospeci®c action to Hx. In this article, a systematic investigation on the electrocatalytic activity of the NPME on Hx was carried out using cyclic voltammetry (CV) and the appropriate mechanistic parameters were evaluated. It is shown that the Hx interaction with active redox sites on the NPME is analogous to its interaction with XOD enzyme. In other words, the NPME functions as an inorganic enzyme analogue. At the same time, most of the interference can be overcome in the present approach due to the presence of the ionomer Na®on, which precludes the anionic species. We then optimize the analytical parameters to use it as an amperometric assay for the direct determination of Hx using square-wave voltammetry (SWV). Finally, a successful application of the NPME in evaluating the ®sh freshness by measuring the Hx content is demonstrated.



2. Experimental 2.1. Reagents and Apparatus Na®on, lead nitrate, and ruthenium trichloride were obtained from Aldrich. Hx was obtained from Sigma. Ammonium chloride and ammonia solution (ca. 25 %) was purchased from RDH. All other chemicals used were of analytical-reagent grade. Double distilled deionized water was used for making aqueous solutions. Because of the poor solubility of Hx in deionized water, the stock solution (10 mM) was prepared in 0.01 M NaOH solution; smaller portions of its aliquots were used for subsequent analysis. Voltammetric measurements were made with a Bioanalytical System (West Lafayette, IN, USA) BAS-50W electrochemical analyzer. The three-electrode system consisted of either a glassy
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Scheme 1. The major pathways of degradation of ATP (nucleotide) to uric acid in animals. Rib, P , and Pi represents the ribose, phosphate in ribose and individual phosphate unit, respectively.



carbon electrode (GCE) or a NPME electrode, a Ag=AgCl reference electrode (Model RE-5, BAS), and a platinum wire auxiliary electrode. Tissue samples from ®sh ®llet were homogenized with a homogenizer (PRO 200 Scienti®c Inc.) and centrifuged with a centrifuge (Bantex Model 154).



frequency, 50 mV amplitude, and 4 mV step height. Unless otherwise mentioned, a pH 9.0 ammonia buffer (ionic strength: 1.47 M) was used for Hx quanti®cation by measuring the oxidation peak current.



2.3. Preparation of Fish Sample 2.2. Procedure The GCE was polished with the BAS polishing kit and the NPME was prepared as described previously [19, 20]. Brie¯y, the Na®on-coated GCE was prepared by carefully dropping 4 mL of 4 wt. % Na®on solution on 0.07 cm2 surface area and drying in ambient conditions. It was then immersed into the aqueous solutions of RuCl3 and Pb(NO3)2 and the counter ion of Na‡ of Na®on is exchanged with the Ru3‡ and Pb2‡ cations. The ®lm was further soaked in 1 M KOH solution at 53  C for 24 h in presence of O2. Such preparation of the NPME resulted in uniform distribution of the catalytically active lead-ruthenium oxide pyrochlore microparticles throughout the Na®on matrix. The formation of lead-ruthenium oxide pyrochlore inside the Na®on ®lm was con®rmed by XRD as in our earlier studies [19]. The SW anodic stripping voltammograms were obtained by scanning the potential from 0.7 to 1.1 V at the SW parameters of 50 Hz



Two kinds of commercially available ®shes, Carassius auratus and Tilapia mossambia, were purchased from a local market for real sample analysis. Tissue samples from ®sh ®llet (ca. 2 g) was homogenized with 10 mL of buffer and then added 5 mL of 0.1 N perchloric acid. After centrifugation at 4000 rpm, the supernatant was then ®ltered through a membrane ®lter (0.22 mm) and neutralized with 2 N sodium hydroxide solution to pH 9.0. The ®sh samples were diluted up to 5- or 10-fold and then the standard addition method was used to evaluate the content of Hx in ®sh samples.



3. Results and Discussion 3.1. Electrochemical Behavior Figure 1A shows the CV behavior of 1 mM Hx in pH 9.0 ammonia buffer at a scan rate of 10 mV=s on the NPME (c) and Electroanalysis 2000, 12, No. 4
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Fig. 1. A) CV response of 1 mM Hx at GCE (b) and NPME (c) and in the absence of Hx on GCE (a) in pH 9.0 ammonia buffer solution with a scan rate of 10 mV=s. B) SW voltammograms for 100 mM Hx in pH 9.0 ammonia buffer at a) GCE, b) Na®on-coated GCE, and c) NPME. Conditions: Ep ˆ ÿ0:6 V; tp ˆ 16 s; SW parameters: modulation amplitude, 50 mV; modulation frequency, 50 Hz; modulation step, 4 mV.



GCE (b). A clear anodic peak related to the oxidation of Hx at 0.91 V was observed on the NPME. The corresponding cathodic peak is totally absent in the reverse sweeps indicating the irreversible oxidative nature of Hx on the NPME. Compared to the oxidation potential of 0.99 V on GCE, an 80 mV lower overpotential for the NPME was observed. A supportive evidence for the catalytic behavior of the NPME for Hx oxidation was also demonstrated for SW voltammetric response of 100 mM Hx on GCE, Na®on-coated GCE, and NPME as shown in Figure 1B. We have previously reported similar lowering of peak potentials for various biologically important compounds due to the catalytic nature of the NPME [12±17, 19, 20]. However, all these studies emphasized solely the analytical aspect. The mechanism for the oxidation of Hx on the NPME is further understood using linear sweep voltammetry (LSV). A plot of log(ipa ) vs. log(v) showed a straight line up to 500 mV=s with a slope of 0.4 indicating the diffusion control of the oxidation process on the NPME. Th change in the anodic peak potentials (Epa ) for the oxidation of Hx to X on the NPME with respect to



tenfold increase in the scan rate was found to be 17.03 mV= decade. Since the oxidation involves two electrons, based on the irreversible kinetics [21], the anodic transfer coef®cient (a) was found to be 0.89 at 25  C. Note that the obtained a value is very comparable to that of good catalytic systems [22]. Figure 2A shows the CV response of the Hx oxidation on the NPME recorded at different concentrations in pH 9.0 ammonia buffer at quasi-steady-state condition, i.e., at a scan rate of 10 mV=s. The ipa vs. [Hx] plot is shown in Figure 2B. It was linear up to 1 mM; after that, the ipa tends to become a plateau. The behavior is similar to the enzyme kinetics in many of the biological systems obeying Michaelis-Menten mechanism with a key-lock type substrate=catalyst complex high-energy intermediate [1]. The formation of the substrate=catalyst complex in the Michaelis-Menten kinetics is considered to be an equilibrium transient species with relatively higher energy and totally unstable. Note that the activated complex formed in the Michaelis-Menten kinetics is close to the Erying's activated complex [23]. It is very dif®cult to trap the intermediate by either



Fig. 2. A) CV responses of the NPME in different concentrations of Hx (0, 0.1, 0.3, 0.5, 0.7, 1.0, 1.2, 1.5, and 2.0 mM) in pH 9.0 ammonia buffer solution at a scan rate of 10 mV/s. B) The ipa vs. [Hx] plot. C) The log…ipa † vs. log [Hx] plot. Electroanalysis 2000, 12, No. 4
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electrochemical or spectroscopic techniques. On the other hand, the physical picture regarding its equilibrium kinetics can be seen from the Michaelis-Menten rate constant (Km ). The Km values were calculated from three different methods for the system studied here as listed in Table 1. The fundamental characteristic of the Michaelis-Menten kinetics is that a transition from ®rstorder to zero-order kinetics is observed near a critical substrate concentration. In order to con®rm the Michaelis-Menten kinetics, the order of the oxidation reaction (m) was estimated by plotting the log(ipa ) vs. log[Hx] as shown in Figure 2C. A linear line with a slope of 0.86 was noticed up to 1 mM of Hx indicating ®rstorder kinetics. At higher concentration, the slope was found to be zero, which is typical of zero-order kinetics. This observation provides a crucial mechanistic indication that the Hx oxidation follows the Michaelis-Menten kinetics on the NPME. Note that, although Michaelis-Menten catalysis is well known in immobilized enzyme electrodes [24], there are very few reports in enzyme-less sensors [25±29]. The electrocatalytic oxidation on the NPME is expected to be due to the existence of one of the higher oxidation state of the oxy-metal ion, i.e., either Run‡ or Pbn‡. The detailed redox chemistry reported for lead-ruthenium oxide pyrochlore in previous studies [12, 18] shows that the Ru in the higher oxidation state existing in the Ru2O6 octahedral sites of the pyrochlore network participates effectively in the mediated oxidation reaction [28, 29]. In accordance with that of RuO2 [22, 30], the possible active redox couple in this pH on the NPME is identi®ed to be Py-Ru(VI)=Ru(IV), where Py denotes the basic pyrochlore network. We also evidenced the similar type of Py-Ru(VI)= Ru(IV) mediated mechanism for cysteine and amitrole on the NPME [28, 29]. Thus, the mediator in the oxidation for Hx to X reaction is the surface bound Py-[Ru(VI)=Ru(IV)] and the corresponding mechanism is depicted in Scheme 2. The catalytic currents at different concentrations of Hx obtained by quasi-steady-state CV experiments were further considered for evaluating the Michaelis-Menten kinetic parameters. A theoretical model for the Michaelis-Menten analysis of microheterogeneous systems dispersed uniformly in a supporting matrix like Na®on has been reported previously [25, 26]. The
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electrochemical equivalent of the Michaelis-Menten equation in terms of ipa can be written as follows: ipa ˆ



nFAkc Gt ‰HxŠ im ‰HxŠ ˆ Km ‡ ‰HxŠ Km ‡ ‰HxŠ



…1†



where im ˆ nFAkc Gt . Gt represents total surface concentration of the electro-active ruthenium species (i.e., Py-Ru(VI)=Ru(IV)) and is obtained from the charge (q ˆ nFAGt ) associated with redox transformation; kc represents the ®rst-order catalytic rate constant for the decomposition of the substrate-catalyst intermediate to product; Km is the Michaelis-Menten constant related to the equilibrium step of the product with substrate-catalyst intermediate; other factors have their own signi®cance. Maximum ipa value could be obtained when ‰HxŠ 4 Km and this quantity is independent of the substrate concentration. Since there is no distinct redox transition peak of the surface bound PyRu(VI)=Ru(IV) groups on NCME by CV in the base electrolyte, separate chronocoulometric measurements were made to calculate the Gt value. Experiments were performed on the NPME at a potential jump of 0±900 mV with a pulse with of 250 ms. The intercept in the reverse step of the Anson plot corresponds to the double layer charge (qdl ); while the intercept in the forward step leads to the sum of charge associated with the redox reaction of the surface con®ned species (nFAGt ) and qdl [21]. From the difference between the two intercepts, which is 4.24610ÿ6 C, one can measure the amount of redox species on the surface. The calculated Gt from q ˆ nFAGt is 3.107610ÿ10 mol cmÿ2, corresponds to the monlayer coverage of the Py-Ru(VI)=Ru(IV) site on the NPME. The heterogeneous rate constant value k 0e is obtained by substituting the kc , Gt , and Km in k 0e ˆ kc Gt yKm .



Table 1. Mechanistic features of Hx oxidation on the NPME. Parameters



Values



1. 2. 3. 4. 5. 6. 7.



800 mV 870 mV 911 mV 324.9 AVÿ12 s1=2 molÿ1 cm3 0.89 0.86



Starting oxidation potential (Es ) [a] Half-wave potential (E1y2 ) [a] Anodic peak potential (Epa ) [a] Current function, if (ipa yv1y2 CHx ) Transfer coef®cient (a) Order of the reaction (m) Michaelis-Menten rate constants I Nonlinear curve ®tting analysis a) Km b) kc c) k 0e II LB plot analysis a) Km b) kc c) k 0e III EH plot analysis a) Km b) kc c) k 0e



1.673 mmol dmÿ3 20.592 sÿ1 0.382610ÿ2 cm sÿ1 1.191 mmol dmÿ3 15.026 sÿ1 0.392610ÿ2 cm sÿ1 1.838 mmol dmÿ3 21.89 sÿ1 0.369610ÿ2 cm sÿ1



[a] Data based on a scan rate of 5 mV=s from CV studies.



Scheme 2. Electrocatalytic mediated mechanism for Hx oxidation on the NPME. A) Illustration of the participation of the Ru(VI)/Ru(IV) redox sites in the mediated mechanism. B) Reaction pathway based on the Michaelis-Menten kinetics, where Py presents the basic network of the pyrochlore. Electroanalysis 2000, 12, No. 4
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The relevant characteristic kinetic parameters namely Km and kc can be accurately obtained by ®tting the experimental data into the above equation. The data were ®t into the Michaelis-Menten equation using a general purpose nonlinear least squares regression program based on Marquardt-Levenberg algorithm [31], which minimizes the sum of the squares of errors by iterative manner. Here, the Km and im are treated as unknown parameters to be evaluated and the calculated im and Km values are 87.29610ÿ6 A and 1.67 mmol=dm3, respectively. The ®rst order catalytic rate constant (kc ) and the heterogeneous rate constant (k 0e ) obtained are summarized in Table 1. Meanwhile, the kinetic parameters were also evaluated using the following linearized form of the above equation; i.e., the Lineweaver-Burk (LB) plot (Eq. 3) and Eadie-Hofstee (EH) plot (Eq. 5). Lineweaver-Burke (LB) Expression: 1=ipa ˆ Km =nFAkc Gt ‰HxŠ ‡ 1ynFAkc Gt ˆ SLB ‰HxŠ ‡ ILB …2† SLB ˆ Km ynFAkc Gt and ILB ˆ 1ynFAkc Gt



…3†



Eadie-Hofstee (EH) Expression: ipa y‰HxŠ ˆ nFAkc Gt yKm ÿ ipa yKm ˆ IEH ÿ SEH ipa



…4†



IEH ˆ nFAkc Gt yKm and SEH ˆ ÿ1yKm



…5†



In Equations 3 and 5, S and I denote the slope and intercept of the linearized Equations 2 and 4, respectively. The plots, i.e., iÿ1 pa vs. [Hx]ÿ1 and ipa y[Hx] vs. ipa , for the LB and EH type analysis showed reasonably good line with regression coef®cients of 0.983 and 0.980, respectively. The obtained Km, kc , and k 0e based on the LB and EH methods are listed in Table 1 together with other kinetic results. The Michaelis-Menten parameters obtained from three different methods are in the same order, however slight change in the values are understandable. Moreover, the obtained Michaelis-Menten parameters were very much comparable with those values reported for catechol oxidation reaction on RuO2-Na®on composite modi®ed electrodes through mediation by Ru(VI)=Ru(IV) redox sites [25].



3.2. Effect of pH The pH effect on the peak potential (Epa ) and peak current (ipa ) for the oxidation of Hx to X on NPME was carried out using SW voltammetric analysis, since it gave sharp voltammetric features better than CV. As shown in Figure 3A, the peak potential was dependent on pH and shifted to less positive potentials with an increase in pH. The Epa vs. pH plot exhibited a break at around pH 8.7, which corresponds to the pKb of Hx [32]. Since the oxidation of Hx to X involves removal of 2e and 2H‡, i.e., Hx ?X ‡ 2e ‡ 2H‡ , the slope is expected to be 60 mV=pH. However, the obtained values were 98, 48 mV=pH for the pH ranges lower and higher than pKb , respectively. The results indicate a nonstoichiometric exchange ratio of protons to electrons. It may be due to the formation of some relatively stable intermediate (like conjugated base formation) and that may alter the slope of the Ep with pH. Although, neither the exact nature of the intermediate species nor its possible role in the electron transfer step is unclear. The peak current also showed some interesting trends with pH (Fig. 3B). The peak current increased with pH from 8.0 and reached maximum at 9.0, i.e., at pKb . Further increase in pH results in decreasing peak currents. Increase in peak current in the pH range 8.0±9.0 is understandable from the fact that the Hx, being a cationic species in Electroanalysis 2000, 12, No. 4



Fig. 3. Dependence of Epa (A) and ipa (B) on pH for 100 mM Hx on the NPME in SWV. Conditions and SWV parameters are the same as in Figure 1B.



these pHs, is attracted by the anionic Na®on. In higher pHs, i.e., above the pKb , the reverse is true, leading to a decline in peak current.



3.3. Detective Optimization and Analytical Characterization To arrive at the optimum conditions for sensitive determination of hypoxanthine concentration by SWV, both the preconcentration factors and SW parameters should be considered. The effect of preconcentration potential (Pp ) on the SW response for Hx is shown in Figure 4A. As can be seen, the peak current increases as the Pp becomes more negative and reaches a maximum around ÿ0.6 V. The effect of preconcentration time (tp ) on the SW response for Hx oxidation is shown in Figure 4B. The peak current slightly increased with tp , and from 20 s onwards it remained almost constant. The SW parameters investigated were frequency, pulse height, and pulse increment. These parameters are interrelated, and affect the magnitude of the SW voltammetric response. The SW response increases with increase in modulation frequency and attains maximum around 50 Hz. Similarly, the response increased with the pulse modulation amplitude and shows maximum around 50 mV. On the other hand, the pulse increment between 4 to 20 mV did not show any difference in SW peak current. Overall, the best signal to background current characteristics could be obtained with the following instrument settings: modulation amplitude, 50 mV; modulation frequency, 50 Hz; and pulse increment, 4 mV. The applicability of chemical sensors depends on the reproducibility of the electrode surface for successive uses. To characterize the reproducibility of the modi®ed electrode, repetitive preconcentration-measurement-regeneration cycles were performed. Note that the electrode actually was immediately regenerated after the measurement. When the electrode was scanned in the buffer solution after measurement, no trace of Hx oxidation peak was noticed. The result of 10 successive measurements showed a very small relative standard deviation of
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Fig. 4. Effects of Pp (A) and tp (B) on the SWV response at the NPME for 100 mM Hx in pH 9.0 ammonia buffer solution. The SW parameters were the same as Figure 1B.



2.4 % for 100 mM Hx. Calibration data were obtained under the optimum experimental conditions given above. In all cases, the peak potentials are consistently obtained at 0.92 V and the peak currents were used for the calibration plot. The plot shows a linear variation up to 120 mM with slope and intercept of 0.19 mA=mM and 0.03 mA, respectively. The detection limit (SyN ˆ 3) is calculated to be 0.75 mM, which is quite comparable with the best detection limit reported for XOD enzymatic electrodes [33±35]. Another advantage of the present approach is the selectivity of the NPME. In the case of XOD immobilized sensors, there is no selectivity of Hx over X and it is known to oxidize both the species resulting in U as the ®nal product [1]. However, the NPME shows good selectivity among these substrates in the form of different oxidation potentials. Figure 5 illustrates the SW



voltammograms for equimolar mixture of Hx, X, and U. As can be seen, the oxidation peak potentials observed for UA, X, and Hx are well separated and exert no in¯uence on each other in terms of either peak current or peak potential.



3.4. Application to Real Sample Analysis Finally, the estimation of Hx in ®sh meats was attempted using the NPME. Determination of ®sh quality is re¯ected directly by increase in the Hx concentration. The concentration of Hx in ®sh after death of the cell is reported to be approximately 0.25± 7.78 mM per gram of meat [35]. Of course, this quantity depends on the ®sh species, as Hx concentration is very high for ¯at ®sh. The ®sh meat extracts obtained as described in experimental details, were directly subjected after appropriate dilution. Table 2 summarizes the test results for two kinds of ®shes, which show that Hx accumulates with increase of storage time. In addition, the recovery of electrode performance is also shown in Table 2. The analysis of Hx in ®sh samples was carried out in triplicate. Results obtained on the proposed NPME showed good reproducibility. The recoveries were also satisfactory with values ranging from 98.0 % to 101.5 %.



4. Conclusions



Fig. 5. SW voltammograms for mixtures of HX, X, and U in pH 7.0 phosphate buffer solution. Conditions: A(1): [U] ˆ 20 mM; A(2): [U] ˆ 30 mM; B(1): [X] ˆ 20 mM; B(2): [X] ˆ 30 mM; C(1): [Hx] ˆ 20 mM; C(2): [Hx] ˆ 30 mM; Ep ˆ ÿ0:6 V; tp ˆ 15 s. SW parameters: modulation amplitude, 35 mV; modulation frequency, 30 Hz; modulation step, 3 mV.



These comprehensive studies reveal that the NPME is catalytically active for Hx oxidation and this effect is demonstrated to be very useful in its direct determination. The electrocatalytic oxidation of Hx on the NPME is mediated by the surface bound Ru(IV)=Ru(VI) redox groups of the lead-ruthenium oxide pyrochlore microparticles uniformly present in the Na®on ®lm by the formation of substrate/catalyst complex that subsequently decomposes to product and precatalyst. The latter is regenerated electrochemically. The performance of this electrode is comparable with XOD enzymatic electrodes and, in fact, the NPME is acting as an inorganic enzyme analogue of XOD biosensor. The oxidation of Hx at the NPME shows close to ®rst-order kinetics at low concentrations and zero-order at higher concentrations indicating the applicability of the Michaelis-Menten kinetics. The proposed NPME shows good sensitivity and selectivity to Hx, Electroanalysis 2000, 12, No. 4
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J.-M. Zen et al. Table 2. Determination of Hx in ®sh muscle tissues after different storage time and recovery studies at the NPME. Parameters Time of storage [h] [Hx] observed [mmol=g] Spiked [mM] Expected [mM] [a] Found [mM] [a] Recovery [%]



Carassius auratus 1 0.48



0



Tilapia mossambia



24



48



6



2.80



8.76 20 58.37+ 0.60 57.07+ 0.65 98.0



2.55



38.37 + 0.60



0



30



72



2.79



4.37



13.25 + 0.34



96



5.88 20 33.25 + 0.34 33.74 + 0.30 101.5



[a] Average value of triplicate + standard deviation.



as the other possible interference appear at different oxidation potentials. The proposed method can be applied to reproducibly estimate the amount of Hx produced in the ®sh meat.
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