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A B S T R A C T

In this research, we determined the chemical composition of 37 Vitis vinifera cv. Carménère wines and

established their antioxidant capacity (AC). A set of 26 measurements of chemical species potentially

related to AC, including phenolic compounds, free and combined sulfites and iron, copper and

manganese were obtained for each wine. The AC was estimated by DPPH� and ORAC-FL methods.

Statistical analyses showed good correlations between chemical profiles and AC values (DPPH r2 = 0.90

and ORAC-FL r2 = 0.87). The main chemical markers contributing to AC were the fraction of color given

by free and copigmented anthocyanins (39.1%) for DPPH and gallic acid (30.7%) for ORAC-FL. These are a

good indication of the complexity of the wine matrix, and the wide variety of substances possibly

contributing to AC.

� 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Wine, especially red, contains a wide array of antioxidant
species (e.g. phenolic compounds), some of which have been linked
with the wine’s capacity to withstand aeration and aging (Laurie
and Clark, 2010). Although phenolics seem to be the main
contributors to the antioxidant capacity (AC) in wines (Laurie
and Clark, 2010; Li et al., 2009) – among them, flavanols, flavonols
and anthocyanins are the most abundant subclasses, in concen-
trations ranging from 100–200 mg L�1 for flavanols, 53–
200 mg L�1 for flavonols, and 90–400 mg L�1 for anthocyanins,
for a broad range of red wines (Waterhouse, 2002) – a larger pool of
compounds such as transition metals and sulfites are also known
to influence the radical quenching ability of wine (Laggnera et al.,
2005). Moreover, the interaction between these compounds might
increase or reduce AC in wines (Danilewicz et al., 2008).

In red wines, flavonoids are the predominant phenolic species
(Neveu et al., 2010; Waterhouse, 2002), so they could be expected
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to be one of the main contributors to AC. However, the chemical
structure and the degree of condensation of wine phenolics are also
relevant in determining AC (Danilewicz et al., 2008). For instance,
as the wine ages, some of the larger polymeric phenolics could
precipitate, while others could break into smaller units resulting in
additional reactive sites (Villamor et al., 2009) and unusual
variations in AC.

In addition to the phenolic content, free metal ions such as Cu2+

or Fe2+ can be relevant because they catalyze Fenton-type
reactions (Danilewicz, 2003), and therefore decrease AC. On the
other hand, sulfites may produce the inverse opposite effect
(Laurie and Waterhouse, 2006; Waterhouse and Laurie, 2006; Elias
et al., 2009). The most abundant transition metals in wines are iron
and copper, with concentrations ranging between 2.8–16 and
0.11–3.6 mg L�1, respectively (Laurie et al., 2010; Pohl, 2007).

Recently, Elias et al. (2009) offered further evidence regarding
an oxidative mechanism in wines in which the presence of metals
is key. According to their proposal, oxygen is converted to a
hydroperoxyl radical by a reduced metal (i.e. Fe2+), which then
directly oxidizes a catechol to its semiquinone radical, producing
also hydrogen peroxide, a form of oxygen that is incapable of
directly oxidizing significant amounts of ethanol. However, if this
peroxide reacts with copper or iron (catalysts in Fenton-type
reactions), the highly reactive hydroxyl radical could be formed
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Fig. 1. Distribution map of samples by origin (by north, central and south zone of

Chile). Diagram not to scale. Color dots are reference points of a wider geographical

area. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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(Danilewicz, 2003; Laurie and Waterhouse, 2006). Another action
of the metals in wine is the formation of complexes with
polyphenols (Esparza et al., 2004; Hynes and Ó Coinceanainn,
2001).

Sulfites, on the other hand (bisulfite in particular), can react
directly with hydrogen peroxide, thus decreasing the formation of
oxygen radicals and increasing AC. Likewise, sulfites and thiols can
also react with quinones, which in effect reduce browning as well
as the AC (Laurie et al., 2012).

Among the many available assays for estimating AC, some of the
most common are based on either hydrogen atom transfer (HAT) or
electron transfer (ET). Due to the complexity of the wine matrices
and the intricate nature of the reactions involving radicals,
different methods of quantification of AC should be used, as they
may even yield opposite results (Ou et al., 2001; Huang et al.,
2005).

This study was carried out in order to obtain a range of
compositional values representative of the Carménère variety of
wine. Even though a few studies have reported some composi-
tional features of this variety (Pszczólkowski, 2004; Fernández
et al., 2007; Obreque-Slier et al., 2010), none of them have focused
on the relative contribution of specific chemical species that could
affect AC. Only varietal Carménère wines were employed in this
research as an opportunity to further characterize the chemical
composition of this recently rediscovered red grape variety in
Chile. Furthermore, the influence of the vintage on the relative
contribution of the chemical composition on antioxidant capacity
is presented.

Consequently, this study explored AC in Carménère wines using
two different methodologies: oxygen radical absorbance capacity
(ORAC-FL) and a, a-diphenyl-b-picrylhydrazyl free radical scav-
enging (DPPH); we also determined the relative influence of
selected compositional features on the AC values obtained.
Specifically, this study offered a detailed compositional profiling
of Carménère wines, which is rarely available in the literature as
this variety has only been recently rediscovered.

2. Materials and methods

2.1. Wine samples

Commercial varietal red wines of the Carménère variety
(n = 37), from 2008 to 2010 vintages, were obtained directly from
Chilean wineries located throughout a geographic span of almost
700 km north to south (Fig. 1). One of the samples was obtained in
Elqui valley (Lat. 298580S, Long. 71840W. Altitude 198 m), 14 of
them were gathered between Maipo and Colchagua valley (Lat/
long between 338450S/708420W and 3483600S/718210W.; altitude
between 472 and 158 m), and the remaining 22 were obtained
between the Curicó and Maule valleys (Lat/long between 348440S/
708590W and 358560S and 728190W.; altitude between 325 and
154 m).

The sample aliquots for analysis were obtained by puncturing
the corks of each bottle with a syringe needle and sealing them
afterwards to avoid over-aerating the wine between analyses. The
sample aliquots needed for each analysis were taken at the time of
each measurement in order to reflect the chemical composition of
the wines as accurately as possible.

2.2. Chemicals

AAPH (2,2-azobis (2-methylpropionamidine) dihydrochlor-
ide), fluorescein (as disodium salt), Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), DPPH, Folin-Ciocalteu
reagent, hydrochloric acid, triethanolamine, bovine serum album,
ferric chloride hexahydrate, sodium dodecyl sulfate, potassium
metabisulfite, maleic acid, and sodium carbonate, gallic acid,
(+)-catechin, caffeic acid, p-coumaric acid, trans-resveratrol,
myricetin, (�)-epicatechin and kaempferol also were obtained
from Sigma (St. Louis, MO, USA). Milli-Q water was used for
dilutions in all measurements.

2.3. Compositional analyses

2.3.1. Polyphenol compound analysis

The measurement of total phenolics was performed using the
Folin-Ciocalteu method (Slinkard and Singleton, 1977), measuring
the absorbance at 725 nm by means of a Shimadzu UV-160 (UV–
Visible recording) spectrophotometer, and estimating the concen-
tration of phenolics based on a standard curve of gallic acid (0–
500 mg L�1). Anthocyanins, polymeric pigments, tannic and non-
tannic phenols were determined with the Harbertson–Adams
assay (Harbertson et al., 2003). This method also yielded the
contributions of small and large polymeric pigments (SPP and LPP,
respectively). The contribution of phenolics to red wine color,
given by free anthocyanins, co-pigmented anthocyanins, and
polymeric pigments, was calculated separately following the
method proposed by Boulton (Downey et al., 2006; Harbertson
et al., 2003; Boulton, 2001).

Measurements of gallic, caffeic, and coumaric acids, as well as
catechin, epicatechin, myricetin, kaempferol, and resveratrol were
carried out by HPLC-DAD. The extractions from the wine samples
were performed exactly as was described by Peña-Neira et al.
(2000). Detection was performed in the UV region (210–360 nm).
Identification of individual compounds was based on retention
times of original standards and spectral data. Standard calibration
curve was established by plotting the area of peaks against
different concentrations (from 0.5 to 50 mg L�1) for the 8
compounds. Correlation coefficients were between 0.9989 and
0.9999. Quantitation limits were between 0.017 and 0.150 mg L�1

for the 8 compounds. The polyphenols measures in wine samples
were performed in triplicate, and the highest relative standard
deviation observed was less than 5%.
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2.3.2. Metal analysis

The concentrations of iron, copper and manganese were
measured by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) using a Varian Liberty II series spectrometer
(Agilent, Santa Clara, CA, USA). The detection wavelengths were
248.3 nm for iron, 324.8 nm for copper and 257.6 nm for
manganese. Limits of detection and quantitation were 0.034 and
0.115 mg L�1 for iron, 2 � 10�4 and 7 � 10�4 mg L�1 for copper and
0.0021 and 0.007 mg L�1 for manganese, respectively (Esparza
et al., 2004). All of these measurements were performed in
triplicate, and the highest relative standard deviation observed
was less than 5%.

2.3.3. Free and total sulfite analysis

Free and total sulfites were measured using the standard OIV-
MA-AS323-04A method for wine analysis (O.I.V, 2011). All of these
measurements were performed in triplicate, and the highest
relative standard deviation observed was less than 5%.

2.4. Antioxidant activity analyses

2.4.1. DPPH� scavenging capacity assay

DPPH� (2,2-diphenyl-1-picrylhydrazyl) scavenging capacity
assay was monitored spectrophotometrically (Moon and Shiba-
moto, 2009; Huang et al., 2005). Wine was diluted 1:10, with a 10%
ethanol solution. Subsequently, 6 aliquots of diluted wine with
increasing volumes were added to 2.5 mL of a DPPH� solution.
Previously, the kinetics of the reaction of the diluted wine with
DPPH was recorded, to determine the time in which the reaction
stabilizes. After 15 min of reaction, changes in absorbance at
516 nm were registered for the 6 wine dilutions. The IC50 values
obtained from these curves expressed the antioxidant capacity of
the wine samples. These values account for the volume (in mL) of
sample required to scavenge 50% of the DPPH� radicals. Since
higher IC50 values imply that larger sample volumes are required to
scavenge oxidizing radicals, the results from this technique are
inversely proportional to the antioxidant capacity (i.e. higher DPPH
values imply lower AC). It is important to note that these results
provide information according to the stoichiometry of antiox-
idants, whereas other methods used in conjunction with DPPH can
deliver information according to the reactivity of antioxidants. All
AC measurements were performed in triplicate.

2.4.2. Oxygen radical absorbance capacity

ORAC-FL was evaluated following on a Synergy HT multi-
detection microplate reader, from Bio-Tek Instruments, Inc.
(Winooski, Vermont, USA), using 96-well polystyrene white
microplates purchased from Nalge Nunc International (Roskilde,
Denmark). Fluorescence was read from the top, with an excitation
wavelength of 485/20 nm and an emission filter of 528/20 nm. The
plate reader was controlled by Gen 5 software. The oxygen radical
absorbance capacity was determined as described by Ou et al.
(2001), with slight modifications. Samples of 10 mL of wine were
diluted in 1 mL of a 10% (v/v) ethanol solution in water. Six aliquots
of this dilution with volumes ranging from 30 to 100 mL were
mixed with a 75 mM sodium phosphate buffer (pH 7.4) to reach a
final volume of 300 mL. Subsequently, 25 mL of each of the 6
mixtures were placed in cells of a 96-well, along with 150 mL of a
40 nM solution of fluorescein in phosphate buffer. The mixture was
preincubated for 15 min at 37 8C, before the AAPH solution (25 mL;
18 mM, final concentration) was rapidly added. Blanks were
prepared similarly, using the 10% ethanol solution without wine.
The fluorescence was recorded every 1 min for 90 min and was
quantified by integration of the area under the curve (AUC). The
slope for each wine sample was normalized using the slope
obtained with Trolox (mmol Trolox equivalents/mL wine). All
reaction mixtures were prepared in triplicate and at least three
independent assays were performed for each sample.

2.5. Statistical analysis

Statistical analyses were performed using the software R (R
Core Team, 2013, Vienna, Austria). The data were checked for
normality using the Shapiro–Wilk test. Equal variances among
groups of samples were checked using the Brown–Forsythe
correction for Levene’s test (Noguchi et al., 2012). Groups of
measurements whose values did not pass normality and equal
variance tests were analyzed using the non-parametric Kruskal–
Wallis test. A threshold p-value of 0.05 was used to treat
differences as statistically significant. For chemical markers found
to be significantly different, pairwise comparisons using the
Bonferroni–Holm method were performed to identify differences
among groups. If the samples did not follow assumptions of
normality, Wilcoxon non-parametric tests were employed instead.

Correlations between the two measures of AC with composi-
tional parameters were assessed for all 37 wine samples. Linear
regressions were used for these analyses. Correlations between the
measurements of AC and compositional data were obtained by
multiple linear regressions, calculated by the least squares
method. Relevant factors were discriminated by backward
selection, which consisted in first fitting a model having all factors
incorporated, and then proceeding by sequential elimination of
those without statistical significance (linear regression coefficients
with p > 0.05). The validity of the chosen set of parameters was
confirmed by selecting the model with the minimum Bayesian
Information Criterion (BIC) (Venables and Ripley, 2002). A data
point was regarded as an outlier if its Cook’s distance, a statistical
measurement of the point’s influence in the overall regression, was
above 0.5.

3. Results and discussion

3.1. Chemical composition

Chemical compositions of the varietal Carménère wines are
reported in Table 1. Wines from the 2010 vintage showed a few
compositional features that were significantly different from those
from 2008 and 2009 vintages as shown in Table 2. The p-values
from pairwise comparisons by vintage year of selected chemical
parameters showed that the vintage year significantly influenced
AC. Compared with older vintages, namely the wines from the
2010 harvest, had significantly different AC than those from 2009
and 2008, with the sole exception than DPPH between 2010 and
2008 (p = 0.06). Overall, wines from the 2010 vintage appeared to
have lower AC, regardless of the method used. These results were
somehow expected as the wines from the 2010 vintage showed
lower phenolic content than those from prior years, these results
could be explained by edaphoclimatic and cultural practices with
respect to environmental impact up to 2010. Most of the data
showed distributions that did not fit the assumptions of normality
and equal variance required for ANOVA tests. Therefore, most of
the statistical validation was performed using a non-parametric
substitute. Table 1 summarizes the results of 26 compositional
variables along with results from previously published research
(Neveu et al., 2010; Laurie et al., 2010; Skogerson et al., 2007; Pohl,
2007; Soyollkham et al., 2011; Rastija et al., 2009; Fanzone et al.,
2010; Gambelli and Santaroni, 2004; Peña-Neira et al., 2000;
Gerogiannaki-Christopoulou et al., 2006).

Total phenolics, i.e. anthocyanins and tannins, were within the
ranges already published for red wines. The concentration of small
polymeric pigments (SPP) was in the upper range of the reported
values (Skogerson et al., 2007).



Table 1
Average (� standard deviation) values of selected chemical parameters in Carménère wines, grouped by their vintage year and compared with results from the literature.

Variable 2008 (n = 10) 2009 (n = 8) 2010 (n = 19) Literature Ref.a

Total polyphenols 2374 [1874–3591] 2808 [2230–2886] 1886 [1569–3536] 2150 � 650 Neveu et al. (2010)

Anthocyanins 69 [32–143] 89 [27–177] 285 [210–397] 0–1000 Skogerson et al. (2007)

Tanins 110 [63–161] 117 [37–197] 65 [14–241] 8.1–769 Skogerson et al. (2007)

Color given by:

Polymeric pigments 4.80 AU [3.68–7.11] 6.69 AU [3.19–8.95] 3.58 AU [2.72–5.24]

Free anthocyanins 0.97 AU [0.22–1.69] 2.02 AU [0.86–2.91] 3.08 AU [2.50–3.86]

Copigmented anthocyanins 0.66 AU [0.34–1.37] 0.81 AU [0.21–1.35] 0.76 AU [0.28–1.48]

Fraction of polymeric pigments (fPP) 0.77 [0.56–0.85] 0.70 [0.47–0.79] 0.49 [0.39–0.57]

Fraction of free anthocyanins (fFA) 0.14 [0.04–0.23] 0.19 [0.09–0.39] f = 0.40 [0.35–0.47]

Fraction of copigmented anthocyanins (fCA) 0.11 [0.04–0.21] 0.07 [0.03–0.14] 0.12 [0.04–0.21]

Large polymeric pigments (LPP) 2.8 [0.8–4.1] 2.9 [1.0–4.5] 0.8 [0.1–2.4] 0.5–3.1 Skogerson et al. (2007)

Small polymeric pigments (SPP) 3.3 [2.5–3.9] 4.8 [2.6–7.8] 3.6 [2.8–4.9] 0.0–4.2 Skogerson et al. (2007)

Flavonols 8.8 [6.1–13.5] 11.5 [10.1–12.7] 9.9 [6.7–11.8]

Gallic acid 21.9 [9.2–29.3] 20.1 [13.6–31.8] 11.6 [7.7–20.6] 36 (0–126) b

Caffeic acid 3.5 [0.6–6.0] 3.8 [1.5–9.3] 1.3 [0.6–4.6] 19 (0–77) b

Coumaric acid 4.6 [0.1–10.7] 3.2 [1.3–8.4] 0.6 [0.4–4.6] 5.5 (0–40) b

Catechin 14.1 [11.5–17.0] 15.2 [13.1–24.5] 14.3 [8.7–22.2] 68 (13.8–390)

Epicatechin 2.2 [0.6–5.0] 2.9 [1.2–4.8] 6.5 [4.2–15.0] 38 (0–165) b

Kaempferol 1.3 [0.4–2.3] 2.1 [1.2–3.6] 1.4 [0.5–2.5] 2.3 (0–3.6) b

Myricetin 3.0 [0.5–5.8] 3.2 [0.04–7.3] 3.5 [2.1–4.9] 8.3 (0–18) b

Resveratrol 1.5 [0.5–9.1] 3.3 [2.2–7.8] 1.5 [0.7–2.1] 2.7 (0–28) b

Copper 0.17 [0.10–0.35] 0.13 [0.08–0.17] 0.08 [0.01–0.12] 0–3.1 Pohl (2007)

Iron 2.0 [1.6–3.8] 3.1 [1.5–4.0] 0.8 [0.09–2.4] 3.3 � 1.1 Laurie et al. (2010)

Manganese 0.9 [0.2–1.4] 1.2 [0.7–2.5] 0.7 [0.2–2.4] 0–5.5 Pohl (2007)

Sulfites, free 6.5 [2.4–12.8] 2.4 [1.6–4.0] 5.2 [1.6–8.8]

Sulfites, combined 24.0 [15.6–39.2] 17.2 [8.8–23.2] 35.6 [16.4–57.2]

Sulfites, total 31.2 [25.6–45.2] 19.0 [12.0–25.6] 40.8 [18.0–66.0]

Values are expressed in mg L�1 except those marked by AU (absorbance units) and f (fraction of the total absorbance measured at 520 nm). Tanins are expressed as mg L�1 of

catechin equivalents, while anthocyanins are in mg L�1 of malvidin-3-glucoside. The pound symbols (#) indicate variables whose averages for the 2010 vintage were

significantly different (p < 0.05) from those of the 2008 and 2009 vintages, with these two taken as separate groups.

Measured values expressed as medians and range [minimum–maximum].
a Reported values from the literature are expressed range, or average (minimum–maximum).
b Soyollkham et al. (2011), Rastija et al. (2009), Fanzone et al. (2010), Gambelli and Santaroni (2004), Peña-Neira et al. (2000) and Gerogiannaki-Christopoulou et al. (2006).
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Furthermore, the concentration range for low-molecular mass
phenolics was very broad, as already reported for wines from other
countries.

Gallic acid was the most abundant phenolic compound (mean
18.03 mg L�1) in Carmenere wines; the highest level (21.6 mg L�1)
was found for the 2009 vintage (n = 8), while the lowest level
(12.2 mg L�1) was found for the 2010 vintage (n = 19). Previously
published data for other red wines varieties, such as Austrian
Zweigelt, Argentinian malbec and a croatian grape variety showed
slightly lower concentrations of gallic acid, ranging from 12.7 to
18.0 mg L-1(Soyollkham et al., 2011;Rastija et al., 2009; Fanzone
et al., 2010)

Italian red wines from Puglia and Molise regions showed an
average concentration 3 times higher than the Carménère wines
Table 2
p-Values from pairwise comparisons by vintage year of selected chemical parameters 

Variable 2008–2009 (n = 18) 

Total polyphenols (NP) 

Anthocyanins 2 � 10�4

Tannins (NP) 

Fraction of polymeric pigments (fPP) 

Fraction of free anthocyanins (fFA) 0.010 

Large polymeric pigments (LPP) 

Gallic acid 

Caffeic acid (NP) 

Coumaric acid 

Copper (NP) 

Iron (NP) 

Significance was measured using the Holm–Bonferroni method for normally distribute

Blanks indicate non-significant values (p > 0.05).
(Gambelli and Santaroni, 2004); finally, selected Spanish red wines
of different geographical origin (Peña-Neira et al., 2000) contained
9 fold less gallic acid than the Carménère wines.

Catechin was the second most abundant phenolic compound
(mean 14.83 mg L�1); the difference between years vintage was
almost negligible. Austrian and Czech (Soyollkham et al., 2011) and
Argentinian (Fanzone et al., 2010) red wines had an average
concentration 2-times higher than the Carménère wines and,
again, Spanish (Peña-Neira et al., 2000) and Croatian (Rastija et al.,
2009) wine were 5–14 times, respectively, lower than the
Carménère wines.

Caffeic and coumaric acid showed mean concentrations of 3.18
and 3.21 mg L�1, respectively; in both cases the lowest level (1.7
and 0.99 mg L�1, respectively) was found from the 2010 vintage,
(shown by a pound sign in Table 1).

2008–2010 (n = 29) 2009–2010 (n = 27)

0.003 7 � 10�4

<10�6 2 � 10�5

0.014 0.013

<10�6 <10�6

<10�6 <10�6

4 � 10�5 9 � 10�6

1 � 10�4 6 � 10�5

0.019 0.002

0.002 1 � 10�4

3 � 10�5 0.002

8 � 10�5 2 � 10�4

d samples and by Wilcoxon tests in the case of non-parametric (NP) distributions.



Fig. 2. Plot of the antioxidant capacity versus Folin-Ciocalteu measurements for 37

Carménère wines. Dotted lines represent the best regression curves for Folin-C

concentrations below 3000 mg L�1 (regarded as outliers).
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while the highest levels (4.45 and 4.58 mg L�1) was found from
the 2009 and 2008 vintages, respectively. The results for these
2 compounds were slightly higher than those found in other
countries, except for Italy.

The results of kaemferol in Carménère wines were 4 times
higher than for Croatian wines. Myricetin results were similar to
concentrations found in Italian wines and 2 times higher than
Croatian wines.

The average resveratrol concentrations in Carménère wines
was 2.81 mg L�1; the highest level (4.11 mg L�1) was found in the
2009 vintage and the lowest level (1.53 mg L�1) in the 2010
vintage. Exceptionally, Austrian and Czech (Soyollkham et al.,
2011), Italian (Gambelli and Santaroni, 2004), Croatian (Rastija
et al., 2009), and Greek (Gerogiannaki-Christopoulou et al., 2006)
wines were 1.5–3 times lower than the resveratrol concentration
in Carménère wines.

With regards to transition metals, these were within the ranges
reported elsewhere (Laurie et al., 2010; Pohl, 2007). Regardless of
this observation, the role of Mn in this type of reaction is still
unknown. We could have obtained clear information about the
action of metals, had a metal speciation analysis been performed,
and the capacity of the metal complexation with polyphenols
present in wine been considered. Another important point to
consider is metal redox chemistry; for example, manganese
involves two electron transfers, unlike iron and copper for which
only one electron transfer is involved.

The concentrations of sulfites were low compared with those
reported in the literature (Jacobs, 1976), but this can vary widely
depending on pH, temperature and oxygen exposure.

3.2. Antioxidant activity

Significant variation in antioxidant activity among vintages was
observed, both with ORAC-FL (p < 10�6) or DPPH (p = 0.009),
calculated using the non-parametric Kruskal–Wallis method.
Compared with older vintages, wines from the 2010 harvest had
significantly lower AC with the exception of DPPH for 2008
(p = 0.06) (a lower DPPH value implies a higher AC). These results
were expected as the wines from the 2010 vintage showed lower
phenolic content than those from prior years. In terms of absolute
values, ORAC-FL measurements were in the range of 3.60–
8.73 mmol equivalent Trolox mL�1 wine, with an average of
5.99 mmol equivalent Trolox mL�1. These values were lower than
those reported in previous studies (Kondrashov et al., 2009) for
Cabernet Sauvignon (7.8–16.6 mmol mL�1) and Merlot wines (7.5–
11.2 mmol mL�1). The mean DPPH for the sampled Carménère
wines was 7.70 mL, ranging from 4.8 to 11.0 mL. The units chosen
to represent this form of AC (mL of wine required to bleach 50% of
the target molecule) (Prior et al., 2005) are not comparable with
other published results in wine. These results offer information
based on the stoichiometry of antioxidants as ORAC-FL, whereas
other methods, including DPPH, refer to the reactivity of
antioxidants present within a sample.

3.3. Relationships between compositional features and AC

measurements

3.3.1. Total phenolics

The phenolic content obtained by Folin-Ciocalteu was plotted
against the two AC measurements (Fig. 2). Linear regressions were
calculated for values below 3000 mg L�1, where the behavior of the
data was linear. Samples with higher polyphenol concentrations
showed interferences and/or saturation of the readings, especially
with DPPH. The latter can occur as increasing numbers of large
antioxidant molecules interfere with the access of each other to the
DPPH, thus hindering the reaction site. The linear regression
between TP (total phenolics by Folin-Ciocalteu) and the two AC
methods indicated a moderate but significant correlation with
ORAC-FL (r2 = 0.67, RSE = 0.78) and DPPH (r2 = 0.64, RSE = 1.08).
These results were expected, as the Folin-Ciocalteu method gives
information about polyphenols amount present in wine, whereas
ORAC-FL and DPPH give information about of the overall
antioxidant capacity displayed by all of the antioxidant substances
present in the wines, not all of which are phenolics. Other reports
have found significant similar correlations between AC and
phenolic content (Fernández-Pachón et al., 2004; Vrcek et al.,
2011; Lucena et al., 2010).

3.3.2. Transition metals and sulfite

Correlations between metals and sulfite with the two AC
methods were lower than 0.2, except for Fe and ORAC-FL
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(r2 = 0.51), indicating that only this variable might be a significant
contributor to the AC.

3.3.3. Other phenolic and metallic composition

Given that the wine matrix is a complex system, measurements
of other specific phenolic compounds besides TP, along with
metallic compositions were performed in order to better explain
the variability of AC according to compositional parameters. We
considered that a multiple linear regression model was necessary
to determine the joint contribution of the different studied
markers for the two representations of AC; linear regressions
were calculated from the sets of chemical markers that produced
the best linear fit. Fig. 3 displays the corresponding average
contributions of each regression term to AC, defined as the product
of the linear coefficients and the mean value of the markers. In
Fig. 3. Graphical representation of the contribution of the chemical markers

measured to the average value of antioxidant capacity (ORAC-FL (A) and DPPH (B)),

defined as the product of the linear coefficients and the mean value of the

explaining variables.
other words, for a regression of the type y = a1�x1 + a2�x2, where ai is
the linear coefficient for the chemical marker i obtained by fitting,
the contribution for i is given by ai � X̄i, where X̄i is the average value
of i. Using this methodology, similar results for DPPH (r2 = 0.90,
p < 10�6) and ORAC-FL (r2 = 0.87, p < 10�6) were achieved, using
different combinations of chemical markers.

The main chemical markers contributing to ORAC-FL were gallic
acid and flavonols. With an average ORAC-FL value of
5.99 mmol equivalent Trolox mL�1 wine, these two variables con-
tributed with 30.7% and 23.6%, respectively. López-Alarcón and
Lissi (2006) observed that, from among 8 of the most commonly
found polyphenols in wine, gallic acid appears to be the most
reactive, which might explain its preponderant role in defining
ORAC values. Other measurements or substances such as
copigmented anthocyanins, tannin iron and manganese also
contribute, but to a lesser extent (16.3%, 9.6%, 11.0 and 8.9%
respectively), with metal ions apparently increasing AC. Although
counter-intuitive, this can be explained by the fact that the ICP-OES
measurements encompassed both bound and free metals, instead
of only free ions catalyzing Fenton-type reactions.

As DPPH gives decreasing values with increasing AC, it is
expected to have a baseline value given by the intercept of the
linear fit (17.8 mL in this case), which represents the DPPH value
when no antioxidants (or pro-oxidants) are available in a wine. The
fraction of color given by free and copigmented anthocyanins
(fFA + fCA) had a strong correlation with the antioxidant effect
contributing 39.1% of the total. Similarly, gallic acid and LPP are
relevant contributors in decreasing DPPH, with 27.3% and 23.4%,
respectively. The relative contribution of resveratrol and manga-
nese is much lower, with 5.0% and 5.1%, respectively.

These results show that both colored samples and LPP have a
positive correlation with antioxidant capacity when using the
DPPH method. Since this method is more specific for lypophilic
antioxidants or non-protic matrices, high AC contribution of LPP
was expected (as they primarily consist in non-polar molecules)
(Prior et al., 2005). Color was provided by Polymeric pigments, as
well as copigmented and free anthocyanins, which have large
molecules that are well detected by this method. This suggests that
DPPH does not preferentially react with small linear polymer
chains, which are represented by SPP, but only with those given by
LPP.

Rivero-Pérez et al. (2008) previously demonstrated anthocya-
nin contributions to AC. In that study, the authors evaluated
antioxidant capacity of anthocyanin extracts from red wine by
several methods including electron transfer (ET) and hydrogen
atom transfer (HAT). The former method showed that the free
anthocyanin fraction is mainly responsible for AC. On the contrary,
the HAT method did not show a clear contribution of any particular
fraction.

Those results are consistent with the results obtained in the
research outlined in this paper. Through the DPPH (ET method) we
show that the free and copigmented anthocyanins contribute to
the AC in red wines; moreover, we show that they are the main
contributors of AC with 39.1% of the total AC. However, the AC of
simple anthocyanin evaluated by the HAT method had a minor
impact on the overall AC of red wines (results consistent with the
decrease in AC detected by ORAC-FL).

Regressions between AC and individual chemical compounds
have also been reviewed in the literature, with mixed results.
Guendez et al. (2005) measured the concentration of 8 low-
molecular phenolics, but from grape seed extracts of Greek wines.

4. Conclusions

Overall, this paper provides a description of the compositional
and antioxidant features of Carménère wines. Linear correlations
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between compositional and radical-scavenging measurements
were found. TP has a moderate but significant correlation with
ORAC-FL (r2 = 0.67) and DPPH (r2 = 0.64). However, the relative
sum of the selected chemical markers of the wine better explain
the main contributors for antioxidant capacity in Carménère
wines, obtaining good correlations, DPPH r2 = 0.90 and ORAC-FL
r2 = 0.87. Particularly, free and copigmented anthocyanins and
gallic acid were the main chemical markers with the greatest effect
on the AC, but gallic acid turned out to be the chemical marker with
the closest association with both AC methods. Finally, further
insight on the action of transition metals should be investigated by
performing a metal speciation analysis; the capacity of metal
complexation with wine polyphenolics as well as the metal redox
chemistry might also be considered.
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