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    Abstract
Three methods, the Folin-Ciocalteu (F-C), Ferric Ion Reducing Antioxidant Power (FRAP), and 2,2-diphenyl-1-picrylhydrazyl Radical (DPPH•) assays were compared to determine polyphenol concentration in white wine and to compare the effects of SO2. The aim was to determine which method gives the best indication of the concentration of polyphenols that are likely to be oxidized in wine. In the FRAP assay, Fe(III) is a stronger oxidant than in wine and sulfite has the greatest effect. The DPPH• assay is less robust as results are greatly affected by basic and acidic solvent impurities, and thus the acidity of wine samples is sufficient to slow the rate of reaction relative to that of calibration standards. In the DPPH• assay, augmentation produced by SO2 developed slowly, indicating that quinones are not formed initially, unlike the FRAP assay. Though the F-C assay is least selective, giving the highest values, when SO2 is removed, the three methods rank wines similarly with respect to polyphenol concentration. However, the FRAP assay is preferred, being more robust than the DPPH• assay and giving a better indication of the concentration of potentially oxidizable polyphenols than the Folin-Ciocalteu method. Values obtained were in the range reported using cyclic voltammetry.

	wine oxidation
	wine polyphenol concentration
	Folin-Ciocalteu
	FRAP
	DPPH

Polyphenols are extremely important wine components. They impart bitterness by binding with different selectivities to a family of taste receptors (Soares et al. 2013). Larger polyphenols are proposed to impart astringency by binding to buccal proteins in a process akin to tanning (Kallithraka et al. 1997). Polyphenols also react with oxygen, with the catalytic assistance of Fe and Cu, to produce quinones and hydrogen peroxide, resulting in wine spoilage, which is prevented by sulfite addition (Scheme 1; Danilewicz and Wallbridge 2010). In vivo polyphenols are thought to impart their beneficial action to health by reacting with free radicals produced as a result of oxygen metabolism (Guilford and Pezzuto 2011).
[image: Scheme 1]
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Scheme 1 Proposed mechanism for the Fe catalyzed oxidation of catechols and the role of sulfite in reacting with the oxidation products.



With these properties in mind, many assays have been developed to determine polyphenol concentrations (Prior et al. 2005, Huang et al. 2005). Much data have been generated using the Folin-Ciocalteu (F-C) assay, which has proved very useful for the comparison of wines. Though it depends on the oxidation of polyphenols, some phenolic systems are oxidized which would not normally react with oxygen in wine. Other methods have therefore been used to assess the ability of wines to interact with oxygen and oxygen-derived radicals. In this study, two widely used methods are compared with the F-C assay; the Ferric Ion Reducing Antioxidant Power (FRAP) assay in which Fe(III) is used as the oxidant and a free radical scavenging power assay using the 2,2-diphenyl-1-picrylhydrazyl Radical (DPPH•).
FRAP assay.
In this assay, Fe(III) oxidizes polyphenols, and the amount of Fe(II) produced is measured spectroscopically. The Fe(II) selective ligand, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), is added (Prior et al. 2005, Huang et al. 2005, Katalinić et al. 2004), which not only produces a colored Fe(II) complex that can be quantified spectroscopically at 593 nm, but crucially it also markedly raises the reduction potential of the Fe(III)/Fe(II) couple (> +1.0 V; Danilewicz 2013). The effect of this ligand is to displace the redox equilibrium towards Fe(II), making Fe(III) a much stronger oxidant. Therefore, though oxidation by Fe(III) is involved (Scheme 1), the assay does not exactly mimic wine conditions as more forceful oxidative conditions are involved. The results are generally expressed as Fe(II) equivalents but may also be given as trolox equivalents (TE), with either expressed as mmol/L (Prior et al. 2005, Huang et al. 2005, Katalinić et al. 2004, Stratil et al. 2008). Since quinones are produced when Fe(III) is reduced, the presence of sulfite, which reduces quinones back to catechols (Scheme 1), should increase the amount of Fe(II) produced, and hence absorbance in the FRAP assay (Danilewicz and Wallbridge 2010).

DPPH• assay.
In this assay, test solutions of the polyphenol are added to a methanolic solution of the free radical, which has a strong absorption maximum at 515–517 nm. The polyphenol reduces the radical with loss of absorbance, which is followed over time. Results have been expressed as percent decrease in absorbance at a chosen time and molar concentration of the test compound and DPPH• (Katalinić et al. 2004). Alternatively, the concentration of test compound that lowers the absorbance due to DPPH• by 50% is defined as the EC50 (efficient concentration; Prior et al. 2005, Huang et al. 2005). However, both methods are unsatisfactory as results depend on DPPH• concentration. An alternative is to consider the molar ratios of the test compound and DPPH•, and in that regard the EC50 has been defined as the molar ratio of antioxidant to DPPH• that reduces the initial DPPH• concentration by 50% (Brand-Williams et al. 1995). Doubling this value gives the concentration of reactant that reduces the initial concentration of DPPH• by 100% (EC100), in effect the stoichiometry of the reaction. A more satisfactory approach for the quantification of polyphenols has been to express the results as TE (Stratil et al. 2008) in the same manner as the use of gallic acid in the F-C assay (Singleton and Rossi 1965).
Another complication of the DPPH• assay method is that different polyphenols react at different rates and some, though they react quickly, give products that continue to react more slowly with the radical (Goupy et al. 2003). Consequently, the stoichiometry of the reactions varies depending on the time when readings are taken; also the stoichiometry of the test compound may change relative to that of a reference compound. Some investigators take readings at 16 min, others at 30 min, and yet others when a steady state is reached, which can take hours (Huang et al. 2005, Katalinić et al. 2004, Stratil et al. 2008).

F-C assay.
This assay has been widely used and gives an overall indication of the polyphenol content of wines. The F-C reagent is thought to be a phosphotungstate-molybdate complex, which on reduction by phenolic compounds in a one- or two-electron process produces a blue product with an absorbance maximum at 765 nm. The result is expressed as gallic acid equivalents (GAE mg/L; Singleton and Rossi 1965, Ough and Amerine 1988a). The reagent is nonselective in that it oxidizes phenolic groups, such as in the phloroglucinol system, which are not susceptible to aerial oxidation. A complication in using the F-C assay is that, though the reagent does not oxidize sulfite alone, sulfite nevertheless potentiates the response to catechols, which is proposed to be due to the recycling of quinones (Somers and Ziemelis 1980, Ough and Amerine 1988a, Saucier and Waterhouse 1999), as mentioned above for the FRAP assay. This interference is particularly marked in white wines, where sulfite concentration would tend to be high relative to that of polyphenols. It has been recommended that acetaldehyde be added to bind free SO2 and so remove sulfite interference (Ough and Amerine 1988a). However, it has also been reported that such addition does not significantly alter the measured polyphenol concentration in either red or white wines (De Beer et al. 2003).

Aims.
The rate at which a wine will react with oxygen will depend on the concentration of the most oxidizable polyphenols. Polyphenols containing pyrogallol and catechol systems, with redox couples having the lowest reduction potentials, are therefore the most vulnerable (Kilmartin et al. 2001, 2002). The aim of this work is to examine which assay gives the best indication of the concentration of these oxidizable compounds on exposure of white wine to air, rather than those that only react with more powerful reagents such as in the F-C assay. Such data may allow a better comparison of wines as to the contribution of polyphenols to rates of oxidation. A further aim is to compare the extent of interference caused by sulfite.

Materials and Methods
Materials.
Water (Emsure, Fe ≤ 1 μg/L, Cu ≤ 0.4 μg/L. E. Merck, Darmstadt, Germany), Fe(III) chloride hexahydrate, hydrogen peroxide (30%), sodium hydroxide, sodium carbonate, acetic acid (BDH, GPR), hydrochloric acid, and methanol (GPR grade) were obtained from VWR International (Lutherworth, UK). Fe(II) sulfate heptahydrate (99+% ACS reagent), ascorbic acid, caffeic acid, (+)-catechin hydrate, gallic acid, ferulic acid, phloroglucinol, trolox, 2 N F-C reagent, TPTZ, and DPPH• were obtained from Sigma-Aldrich (Poole, Dorset, UK). UV-vis spectra were taken with a Jenway 7315 spectrometer (Keison Products, Chelmford, UK).

Wines.
The South African Sauvignon blanc (W.O. Western Cape) was obtained from Sainsbury’s Supermarket Ltd., London EC1N 2HT. The Italian Soave was obtained from the Co-operative Group Ltd., Manchester M60 0AG. Both wines were nonvintage from wine boxes. The California Pinot Grigio, 2013, pH 3.12, titratable acidity 5.58 g/L (as tartaric acid), Blossom Hill, California, was obtained from Blossom Hill Co., London NW10 7HQ. The French Sauvignon blanc, 2013, pH 3.02, titratable acidity 6.22 g/L, L’héritage de Carillan, Pays d’Oc, was obtained from Les Cellier des Terres de France, Nimes, France. The concentration of SO2 was reduced by adding 45 μL portions of 3% aqueous hydrogen peroxide solution stepwise per 50 mL of wine and SO2 measurements made after ~1 hr equilibration (Table 1). It is understood that hydroxyl radicals generated from H2O2 are powerful oxidants that react at diffusion-controlled rates, attacking the first potential substrate they encounter, which, because of its greatest abundance, would be ethanol (Elias and Waterhouse 2010). In this study the near total removal of SO2 with 1.7 mole equivalent of H2O2 (wine SB-3) did not alter polyphenol concentration compared to the treatment with 0.7 equivalents of H2O2 for the removal of free SO2 (wine SB-2). Evidently, the excess H2O2 did not significantly affect polyphenol concentration. This method of SO2 removal was preferred in this study, as opposed to acetaldehyde addition, to confirm that bound SO2 did not affect results. Unlike many white wines that were examined, these wines did not contain ascorbic acid (data not shown) as determined with the 2,6-dichlorophenolindophenol method (Ough and Amerine 1988b).
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Table 1 SO2 concentration in the four wines studied. Wines with different SO2 content are numbered as follows: Sauvignon blanc: SB-1 to SB-5; Soave: S-1 and S-2; Pinot Grigio: PG-1 and PG-2.




Measurement of SO2.
Free and bound SO2 concentration was measured by the aeration-oxidation method (Ough and Amerine 1988c). Measurements were made on the original purchased wine and at the points after SO2 removal indicated in Table 1.

FRAP assay.
The assay was performed essentially as previously described (Katalinić et al. 2004). The Fe(III)/TPTZ reagent was prepared by dissolving TPTZ (12.0 mg) in 0.04 M hydrochloric acid (5.0 mL) and FeCl3.6H2O (27.0 mg) in water (5.0 mL) and adding these solutions to 0.3 M acetic acid buffer pH 3.6, making up the volume with the buffer to 50 mL. The reagent solution (5.0 mL) was dispensed into reaction tubes to each of which was added 655 μL of water. Solutions of polyphenols in acetate buffer (14 μL) were added to give concentrations of 1.79 × 10−5 mol/L in the final reagent solution, which contained 1.76 × 10−3 mol/L Fe(III) and 6.78 × 10−4 mol/L TPTZ. Caffeic acid and gallic acid required a little ethanol for dissolution before buffer addition. Trolox and ferulic acid were dissolved in methanol. For wines, 500 μL of water was initially added followed by 170 μL of wine. The increase in absorbance at 593 nm was followed over time in triplicate against the reagent blank. To relate the absorbance to concentration of Fe(II) produced, a calibration curve was constructed for Fe(II) concentration ranging 1 to 6 mg/L using FeSO4.7 H2O. The calibration curve gave the following relationship: Abs = 0.3797 × C + 0.0042, R2 = 1.0, where C = Fe(II) concentration (mg/L). From 6.0 to 10 mg/L the curve progressively deviated from linearity (Abs = 2.3105ln(C) − 1.8335, R2 = 0.9998), and this extended curve was used to derive higher Fe(II) concentrations. The results were expressed as caffeic acid equivalents (CafE) on the basis that two Fe(II) would be produced when a molecule of caffeic acid is oxidized at the time point selected, the oxidation of catechols to quinones being a two-electron process (Scheme 1).

DPPH• assay.
DPPH• (12.0 mg) dissolved in methanol (10 mL) was used to obtain a calibration curve in methanol. The mean of four separate calibrations gave the following relationship: Abs = 10520.0 × C- 0.0109, R2 = 1.0, where C is DPPH• concentration in the range 3.0 to 17.2 × 10−5 mol/L, ɛ = 10,550 ± 202/M.cm at 517 nm (ɛ =10,870 ± 200/M.cm at 515 nm; Foti et al. 2004). The reagent solution was obtained by diluting 2.5 mL of the original methanol solution to 50 mL with methanol. From the calibration curve, the mean initial DPPH• absorbance in four separate determinations was 1.659 ± 0.043 AU, which corresponded to 1.59 × 10−4 mol/L of the radical. The radical is described as stable, but absorbance was found to decrease by ~1% per hour and so baseline absorbance was required to be determined at regular intervals during an assay sequence. The phenol dissolved in 20 μL water was added to give a concentration of 2.92 × 10−5 mol/L in 5.0 mL of the reagent solution (caffeic acid and gallic acid required a little ethanol for dissolution before water was added). Trolox and ferulic acid were dissolved in methanol. For wines, 250 μL was added with a correction applied for the increase in volume. The decrease in absorbance was followed over time in triplicate to determine the DPPH• concentration that reacted relative to that of the added phenol, which provided the molar reaction ratio. Results were expressed as CafE on the basis that two DPPH• would be required to oxidize one molecule of caffeic acid, as for Fe(III) in the FRAP assay.

F-C assay.
The assay was performed as previously described and the results expressed as gallic acid equivalents (Singleton and Rossi 1965, Ough and Amerine 1988a).

UV-vis spectroscopy.
Wine samples (5 mL) were diluted to 20 mL with water and spectra obtained against water blanks. E280, which gives an indication of total polyphenol concentration, is absorbance at 280 nm times dilution. Total hydroxycinnamate concentration is expressed as caffeic acid equivalents (CafE), and is derived from CafE = (E320 − 1.4) × 11.1 mg/L, where E320 is absorbance at 320 nm times the dilution (Somers and Ziemelis 1985). Quartz 10 mm cuvettes were used throughout the study.
When measurements were taken in triplicate, mean values (± SD) were calculated and figures drawn using Excel software (Microsoft, Redmond, WA). Where error bars denoting ± SD are not shown, they were smaller than the data point symbol dimensions. Experiments were conducted at ambient temperature (18.5 to 20.5°C)


Results and Discussion
If the effectiveness of antioxidants is being studied, such as their ability to offer protection against oxidizing free radicals, reaction kinetics would be of prime concern, as the rapid removal of potentially damaging oxidants/radicals would be sought. However, for measuring polyphenol concentration, conditions would be required where the main wine polyphenols react to the same extent with the same stoichiometries as reference standards.
FRAP assay.
When caffeic acid, (+)-catechin, ascorbic acid, and trolox are oxidized there is an immediate production of Fe(II) followed by slow steady reaction. The curves for the latter two compounds are not shown as they are superimposed on those for caffeic acid and (+)-catechin (Figure 1). The Fe(III)/polyphenol molar reaction ratio for some representative compounds after one and four min reaction time are shown in Table 2. The four min timepoint which is generally used, seems acceptable for the assay as (+)-catechin and caffeic acid, which represent the most abundant polyphenol types in white wine, both show molar reaction ratios close to 2:1 at that time. This value is consistent with an initial two-electron oxidation to produce the quinone. However, the quinone would be unstable, and so the slow subsequent phase is proposed to be due to oxidation of quinone reaction products (Osman 2011), as Fe(III) is generally present in a 100-fold molar excess in this assay. Ascorbic acid is presumably initially oxidized to dehydroascorbic acid by a two-electron process, which is useful to know if a correction needs to be made for this possible additive. Trolox, which is sometimes used as a reference standard, also undergoes a two-electron reduction. Interestingly, ferulic acid, with its single phenolic group, also approaches this value. It appears that the oxidation product derived from gallic acid also reacts rapidly with Fe(III), as the initial molar reaction ratio approaches twice that for caffeic acid and (+)-catechin. In this respect, the reaction of this acid differs from that in the F-C assay, where it consumes a similar equivalent amount of reagent as the two catechols (Singleton and Rossi 1965). However, this difference should not be of concern for white wine as little gallic acid or its esters should be present. The Fe(III)/TPTZ and F-C reagents also differ in that the former reacts only weakly with phloroglucinol, which indicates that it should not react with the flavanol A-ring.
[image: Figure 1]
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Figure 1 Fe(III)/TPTZ oxidation of polyphenols (1.79 × 10−5 mol/L).
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Table 2 Fe(III)/TPTZ oxidation of reductants in the FRAP assay. Ratio of molar concentration of Fe(II) produced to molar concentration of reductant oxidized after one and four minutes.



Unlike the F-C reagent, sulfite is oxidized in the Fe(III)/TPTZ assay but more slowly than (+)-catechin (Figure 2). However, due to the apparent relative slowness of this reaction, it does not prevent SO2 from augmenting the response to catechol oxidation (Figure 2). When oxidized, (+)-catechin (1.79 × 10−5 mol/L) produces 3.58 × 10−5 mol/L Fe(II) at four min. Addition of sulfite (6.62 × 10−5 mol/L), which is 3.7 times the molar amount, should allow the quinone, once produced, to be recycled 3.7 times, which should result in the total production of 1.68 × 10−4 mol/L of Fe(II). The amount observed at four min was 1.61 × 10−4 mol/L (Figure 2). Evidently, the reaction of sulfite with the quinone is extremely fast.
[image: Figure 2]
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Figure 2 Fe(III)/TPTZ oxidation of (+)-catechin (1.79 × 10−5 mol/L) and SO2 (6.62 × 10−5 mol/L, 4.1 mg/L). The concentrations were the same whether alone or mixed.



From the above results, it is apparent that in wine, sulfite should markedly interfere with polyphenol determination by the Fe(III)/TPTZ method. To test the extent of this interference, sulfite was removed stepwise from four wines, the results for two of which, a Sauvignon blanc and a Soave wine, are shown in Figure 3. As can be seen, removal of sulfite substantially reduced the amount of Fe(II) produced.
[image: Figure 3]
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Figure 3 Fe (III)/TPTZ oxidation of two wines (170 μL); effect of reducing sulfite concentration. (a) Sauvignon blanc (SB-1): SO2 free 33.6 mg/L, bound 103.2 mg/L; (b) Sauvignon blanc (SB-2): SO2 free nil, bound 35.5 mg/L; (c) Soave (S-1): SO2 free 11.2 mg/L, bound 84.8 mg/L; and (d) Soave (S-2):SO2 free nil, bound 3.2 mg/L.



Results are often expressed as Fe(II) molar amounts that are produced (mmol/L). It would be more useful if these results were expressed as caffeic acid equivalents (mg/L CafE) so as better to relate them to other assays. For instance, with Sauvignon blanc wine (SB-1), 170 μL produced 4.19 mg/L of Fe(II) in a 5.67 mL reaction mixture, which is 4.25 × 10−7 moles of Fe(II). One L of wine would therefore produce 2.50 × 10 −3 moles of Fe(II). Since each mole of caffeic acid would produce two of Fe(II), this would equate to 1.25 × 10−3mol/L of caffeic acid, that is 225 mg/L CafE.
In the wine where all the free SO2 was removed, leaving 35.5 mg/L of bound SO2 (SB-2), the polyphenol concentration was measured as 85 mg/L CafE. This is in contrast with 225 mg/L CafE measured in the presence of sulfite. However, removing almost all the bound SO2, leaving 4.8 mg/L (SB-3), did not lower the measured polyphenol concentration significantly further (Table 3). Consequently, it is not necessary to remove all the SO2 to eliminate its interference.
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Table 3 Comparison of results obtained with original wines and after SO2 was largely removed.



As can be seen from Table 3, removal of SO2 from the three other wines had a large effect on the observed polyphenol concentration from an average of 186 mg/L to 78 mg/L (CafE). Concentrations as low as 11 to 14 mg/L free SO2 doubled the observed value.

DPPH• assay.
Caffeic acid reacted very rapidly with DPPH•, with two equivalents of the radical being taken up in one min, and the reaction stopping by four min with a total uptake of 2.23 equivalents (Figure 4, Table 4). Trolox followed the same pattern but (+)-catechin reacted more slowly, uptake only reached two equivalents by four min but then continued beyond that time to reach 2.4 equivalents by 20 min. A value as high as 3.7 has previously been reported and 3.9 for (−)-epicatechin (Goupy et al. 2003). Gallic acid has given a value as high as 4.7 (Xie and Schaich 2014). These high values for the flavanols and gallic acid would make the selection of a suitable reference compound and reaction time for red wine more difficult. DPPH• would appear to be more reactive than the Fe(III)/TPTZ system, as phloroglucinol reacted to a significant degree. This may in part explain the extent of (+)-catechin oxidation, in which the A-ring would be vulnerable. Ferulic acid also reacted, reaching one equivalent by four min. On balance, as for the FRAP assay, the choice of a four min reaction time would again seem appropriate as both caffeic acid and (+)-catechin, which represent the two most abundant polyphenol types in white wine, both exhibit a ~2:1 stoichiometry (Table 4). The decrease in molar concentration of DPPH• should then correspond to half that of caffeic acid expressed as caffeic acid equivalent per L of wine (mg/L CafE), as for the FRAP assay.
[image: Figure 4]
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Figure 4 DPPH• (1.59 × 10−4 mol/L) oxidation of phenols (2.92 × 10−5 mol/L).
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Table 4 DPPH•/phenol molar reaction ratio at one and four minutes.



The interaction of DPPH• with sulfite was quite different from that of the Fe(III)/TPTZ system. The radical did not react with sulfite and showed little augmentation in uptake initially when catechols were oxidized. The increase in uptake only developed slowly as the reaction proceeded (Figure 5), unlike the Fe(III)/TPTZ system where an immediate increase in Fe(III) reduction occurred (Figure 2). It appears, therefore, that the quinone is not formed initially. The radical that is initially formed could be trapped by DPPH•, which is present in large molar excess. Consequently, it is proposed that the semiquinone forms an intermediate adduct that slowly eliminates DPPHH to release the quinone, which would only then be susceptible to sulfite reduction (Scheme 2). A condensation product of undetermined structure has previously been identified by mass spectrometry (Osman 2011). When the caffeic acid and (−)-epicatechin are at the same concentration as DPPH•, the stoichiometry is reduced to ~0.8:1 (Xie and Schaich 2014), indicating that the semiquinone dimerizes, possibly with prior rearrangement, as there is insufficient DPPH• to trap it.
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Figure 5 DPPH• (1.59 × 10−4 mol/L) oxidation of (+)-catechin and caffeic acid; effect of SO2 (2.44 × 10−4 mol/L). (+)-Catechin and caffeic acid 2.92 × 10−5 mol/L. Concentrations were the same whether alone or mixed with SO2.
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Scheme 2 Proposed mechanism for the DPPH• oxidation of catechols.



The result with wines followed this pattern. The increase in reduction of the radical by SO2 was slight initially but became larger with time (Figure 6). Consequently, with the short reaction time, the apparent polyphenol content of wine samples containing free SO2 were much lower than obtained with the Fe(III)/TPTZ reagent. The mean polyphenol concentration was lowered from 80 to 68 mg/L (CafE) on SO2 removal, and again it was only necessary to remove free SO2, as near total removal had no additional effect (Table 3). It is likely that the effect of SO2 could become very large with extended reaction times of 30 or more minutes.
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Figure 6 Effect of SO2 on the DPPH• oxidation of wines (250 μL). (a) Sauvignon blanc (SB-1): SO2 free 33.5 mg/L, bound 103.2 mg/L; (b) Sauvignon blanc (SB-2): SO2 free nil, bound 35.5 mg/L; (c) Soave (S-1): SO2 free 11.2 mg/L, bound 84.5 mg/L; and (d) Soave (S-2): SO2 free nil, bound 3.2 mg/L.



The oxidation of phenols with DPPH• occurs most rapidly by electron transfer from phenolate anions. The rate of reaction is, therefore, accelerated by the addition of base and reduced by acidification. As a result, impurities in the solvent can markedly affect reaction kinetics (Foti et al. 2004). This further complication was encountered towards the end of this study, when catechin was found to react much more slowly using a new batch of methanol (Figure 7). Originally the (+)-catechin/ DPPH• stoichiometry was found to be 2.0:1 at four min. With the new (second) batch of solvent, the stoichiometry was reduced to 1.19:1. However, it was restored to 2.0:1 on addition of one mole equivalent of NaOH. When tartaric acid was added at a concentration that would simulate the addition of a white wine, the ratio remained low at 1.07:1. In contrast, with caffeic acid, the stoichiometric ratios at four min was similar in the first batch (2.23:1) and second batch (2.1:1) of solvent and was unaffected by the addition of NaOH (2.18:1). It may be that the rates of reaction are too fast for differences to be apparent with this compound.
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Figure 7 DPPH• oxidation of (+)-catechin (2.92 × 10−5 mol/L). Comparison of two batches of methanol and effect of basic (14μL 0.01N NaOH, 2.92 × 10−5 mol/L) and acidic (250 μL model wine, 6.0 g/L tartaric acid) conditions.



The results with (+)-catechin highlight a problem with this assay, where the acidity of the reaction mixture would be raised by white wine relative to that present when reference standards are tested. This sensitivity to reaction conditions could apply to other slower reacting polyphenols and lead to low results when compounds containing acidic functions, acidic fruit juices, and acidic beverages are evaluated. To look at this effect in wine, the samples of Sauvignon blanc (SB-5) and Pinot Grigio (PG-2) wines, the SO2 concentrations of which had been reduced to very low levels, were neutralized to pH 7 with NaOH (Figure 8). For the Pinot Grigio wine (PG-2), the apparent polyphenol content increased from 54.4 ± 0.3 mg/L to 79.4 ± 0.6 mg/L (CafE ) on neutralization. The effect on the Sauvignon blanc wine (SB-5) was even greater, increasing from 75.0 ± 1.4 mg/L to 117.9 ± 3.0 mg/L (CafE). These results were not investigated further as they were sufficient to show that the requirement to maintain constant acid/base conditions, as well as the influence of solvent impurities, considerably reduce the attractiveness of this assay.
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Figure 8 Effect of wine pH on the DPPH• oxidation of two wines (250 μL), which have had their sulfite content reduced.




F-C assay.
As previously discussed, the F-C assay is less selective than the FRAP or DPPH• assays and gave much higher wine polyphenol concentrations, ranging from 244 to 303 mg/L GAE (mean 264 mg/L) for the wines containing their original sulfite concentrations (Table 3). Published values have varied widely, ranging from 99 to 430 mg/L GAE (Kilmartin et al. 2001, 2002). The decrease in apparent polyphenol concentration on SO2 removal was most marked in the wine (SB-1) with the highest initial free SO2 concentration. Again, it was only necessary to remove free SO2 (SB-2). The remaining bound SO2 in this wine did not significantly increase the value obtained compared to that observed following near total SO2 removal in wine SB-3. The Sauvignon blanc wines (SB-3 and SB-5) had the same polyphenol concentrations once the SO2 had been removed, as was also the case for the FRAP and DPPH• assays. The mean polyphenol concentration for the wines after SO2 removal was 210 mg/L GAE, which is a loss of 54 mg/L. This is much greater than the proposed correction for SO2, where the correction factor is given as GAE = (total SO2 mg/L) × 0.122 (Ough and Amerine 1988c). However, the effect was much less than previously reported, where SO2 was claimed to be capable of increasing the measured polyphenol concentration as much as five-fold, with the recommendation that the method should not be used for white wines (Somers and Ziemelis 1980).

Comparison of assay methods.
The presence of SO2 produced greatly misleading results. The FRAP assay was most affected, with a free SO2 concentration as low as 11.2 mg/L, doubling the apparent polyphenol concentration. When SO2 was removed, a much clearer picture emerged. Except for the Pinot Grigio wine, the DPPH• assay gave lower values than the FRAP assay, possibly due to the effect of hydrogen ion concentration. Though the two assays gave values 2.5 to 3.2 times lower than with the F-C method, the three assays ranked the wines similarly. The Sauvignon blanc wines had essentially the same polyphenol content, followed by the Soave wine, and the Pinot Grigio wine having the least.
The UV spectra of these wines revealed some interesting differences (Figure 9). It was apparent from the overall UV absorbance that the Sauvignon blanc wines had the highest polyphenol content, in agreement with the assays. However, from the absorbance at 280 nm (E280), the Sauvignon blanc wine, SB-4, had a higher total polyphenol concentration than SB-1, though they had the same concentrations of oxidizable polyphenols under the conditions of the tests. The Soave and Pinot Grigio wines were essentially identical from E280 values, but the Soave wine contained more oxidizable compounds. The spectroscopy results were very useful as they indicated clearly from absorbance at 320 nm that the Sauvignon blanc wines contained twice as much caffeic acid analogs than the other two wines (Table 3).
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Figure 9 UV-spectra of the white wines diluted 1:4 with water.



Cyclic voltammetry (CV) has proved very useful to determine the reduction potential of polyphenol redox couples in wine conditions (Kilmartin et al. 2001, 2002). The reduction potential for the quinone/(+)-catechin couple at pH 3.6 (E3.6) is found to be ~576 mV versus the standard hydrogen electrode (SHE), that is for the two-electron redox reaction between the catechol and quinone. E3.6 for caffeic acid is slightly raised to ~607 mV because of the electron withdrawing effect of the unsaturated side-chain. Similarly, the carboxyl function raises the value for gallic acid to ~583 mV, close to that for (+)-catechin, despite being a pyrogallol derivative. Ferulic acid, in which one of the catechol phenolic groups is methylated, is a much weaker reductant with E3.6 = ~805 mV. Consequently, when wine is oxidized, it would be anticipated that compounds with E3.6 values of ~600 mV or lower, which include pyrogallol and catechol derivatives, would be preferentially oxidized, while phenols with couples having higher reduction potentials, such as ferulic acid, remain unaffected (Kilmartin et al. 2001, 2002).
When a catechol is oxidized to a quinone in a CV scan, a current is generated, which depends on its concentration. With a wine, the current produced will depend on the sum of the contributions of all the oxidizable phenols that will contribute according to their concentrations. When the scanning potential is limited to 500 mV (versus the Ag/AgCl electrode, which is 707 mV versus SHE), the charge passed (Q500) with white wine will be produced mainly by the oxidation of flavanols and caffeic acid analogs, with reduction potentials of their redox couples below that value. The results have been expressed as (+)-catechin equivalents (mg/L CE) or gallic acid equivalents (mg/L GAE) by comparison with the current generated by known concentrations of these substances. In a study with five white wines, the phenol concentration derived from Q500 values ranged from 53 to 177 mg CE/L, and in a second study, values ranged from 41 to 125 mg/L GAE (Kilmartin et al. 2002, De Beer et al. 2004). However, since quinones are generated, sulfite increases the current generated by the oxidation of catechols. To overcome this effect, acetaldehyde was added to white wines to remove all the free sulfite, which resulted in Q600 being reduced by ~20% (Makhotkina and Kilmartin 2009). Since (+)-catechin, caffeic acid, and gallic acid give similar Q500 values (Kilmartin et al. 2002), the above concentrations can be converted to CafE, which on subtraction of 20% for the sulfite effect gives, as a rough estimate, a concentration range of 25 to 105 mg/L (CafE) with a mean of 56 mg/L for white wine. These values, which should give an indication of the most readily oxidized polyphenols, are in the range obtained in the FRAP and DPPH• assays for the wines in which the SO2 had been almost completely removed. Though ferulic acid is oxidized in both TPTZ and DPPH• assays and phloroglucinol in the DPPH• assay, these phenols, which are less oxidizable than catechols, should not interfere in white wine as they are present in relatively low concentration.


Conclusion
The FRAP assay with SO2 removal, backed up by a UV-spectrum, should be adequate for the rapid determination of the concentration of the most readily oxidized polyphenols in white wine. After SO2 removal, the three methods ranked wines similarly with respect to polyphenol concentration but, as is already well known, the F-C assay is much less selective. The Fe(III)/TPTZ reagent is more stable than DPPH• and gives clearer results with flavanols, as represented by (+)-catechin, at short reaction times. It is also conducted in water buffered at wine pH and so is protected from alterations in acidity. The DPPH• assay is greatly affected by solvent impurities and changes in hydrogen ion concentration. It offers no advantage over the FRAP assay and overall it is less robust.
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