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ABSTRACT: The oxidation of Cabernet Sauvignon wines during secondary shelf life was studied by headspace solid-phase
microextraction (HS-SPME) coupled to gas chromatography�quadrupole mass spectrometry (GC�qMS) and sensory tests, with
the support of multivariate statistical analyses such as OPLS-DA loading plot and PCA score plot. Four different oxidation
conditions were established during a 1-week secondary shelf life. Samples collected on a regular basis were analyzed to determine the
changes of volatile chemicals, with sensory characteristics evaluated through pattern recognition models. During secondary shelf life
the separation among collected samples depended on the degree of oxidation in wine. Isoamyl acetate, ethyl decanoate, nonanoic
acid, n-decanoic acid, undecanoic acid, 2-furancarboxylic acid, dodecanoic acid, and phenylacetaldehyde were determined to be
associated with the oxidation of the wine. PCA sensory evaluation revealed that least oxidized wine and fresh wine was well-separated
from more oxidized wines, demonstrating that sensory characteristics of less oxidized wines tend toward “fruity”, “citrous”, and
“sweetness”, while those of more oxidized wines are positively correlated with “animal”, “bitterness”, and “dairy”. The study also
demonstrates that OPLS-DA and PCA are very useful statistical tools for the understanding of wine oxidation.
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’ INTRODUCTION

Oxidation of wine is a major biochemical reaction that can
greatly affect the organoleptic characteristics of wine in the
(secondary) shelf life, as well as in the winemaking process.1�3

The specific alterations can affect a wine positively or negatively,
depending on the wine type. Much research has been devoted to
lessen the negative deterioration of wine quality and to improve
or preserve desirable sensory qualities of wine.4�8 During wine-
making, it is difficult to avoid oxygen-related problems, from
prefermentation steps, such as crushing, pressing, piping, and
racking of must, to postfermentation steps, such as wood barrel
or stainless steel storage, filtration, and bottle filling. Additionally,
the choice of stopper can dictate the degree of oxygen (O2)
permeation into the bottle, which can alter sensory properties of
individual wine during secondary shelf life.9�11 The oxidative
degradation of wine aroma is dependent on several factors,
including the concentration of dissolved O2, pH, storage tem-
perature, concentration, and types of phenolic compounds, as
well as the presence of exogenous antioxidants such as sulfur
dioxide (SO2) and ascorbic acid.

12 The sensory characters asso-
ciated with wine oxidation originate with paper, cardboard, cider,
cooked vegetables, rancid or rotten food, and woody or pungent
notes, while the presence of impact odorants of oxidized wine has
been attributed to compounds such as 2,4,5-trimethyldioxolane,
methional (methylthiopropanal), sotolon (3-hydroxy-4,5-dime-
thyl-2(5H)-furanone), eugenol (4-propenyl-2-methoxyphenol),
1-octen-3-ol, t-2-octenal, t-2-nonenal, furfural, 5-methylfurfural,
benzaldehyde, 2-butoxyethanol, acetovanillone, and 1,1,6-trimeth-
yl-1,2-dihydronaphthalene (TDN).13�16 In white wines, pheno-
lics undergo nonenzymatic oxidation in the presence of O2,
yielding polymerized polyphenols that finally precipitate in the
form of brown pigments and lead to a loss of their sensorial
qualities.4 Therefore, winemakers should try to minimize contact

withO2 during the overall winemaking process to preserve sensory
qualities such as fruity and fresh aromas, pale color, and acidic taste
in a good condition. But, although it appears possible for white
wines to develop in the bottle in the absence of O2, undesirable
reduced characters may develop if the wine’s redox potential is too
low as a result of too little O2 exposure after bottling.

17 On the
contrary, in red wine the addition of small and controlled amounts
of O2 enhances the development of fruity flavours, integrates the
aroma of the wood, and reduces the reductive and vegetal pro-
perties (since O2 can oxidize unwanted sulfur compounds such as
hydrogen sulfide (H2S), which has a rotten egg smell).18 Wine
oxidation involves reactions between atmospheric O2 and various
substances in wine such as phenolics, aldehydes, sugars, and H2S,
and too great an O2 flow may cause a large negative effect in wine
quality, as this can lead to the oxidation of aromas, precipitation of
high-molecular-weight polymers, and browning.19,20 However,
few papers have been published on these topics, and most focus
on the influence of O2 on phenolic compounds in wine,7,21�26

with other a few studies having focused on sensorial properties,
mainly color.27,28 Very few papers have been published on the
effect of oxidation as well as microoxygenation (the application of
small, continuous and controlled amounts of O2)

18 on the volatile
composition of wine during the preparation process or bottle
storage, or especially secondary shelf life, which covers all the
period from opening the wine stopper by the end-consumer to
keeping the rest in a cellar. After the wine stopper is opened, the
quality of the corresponding wine can be affected by potential
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temperature abuse and oxygen ingress or remaining oxygen in a
bottle, which may accelerate to alter wine quality in some way.

For this reason, the principal aim of this work was to evaluate
the influence of O2 on the volatile composition and organoleptic
characteristics of Cabernet Sauvignon wine during a 1-week
storage period with O2 inside individual bottles being removed
by O2 scavenger or vacuum stopper, which were employed to
improve the secondary shelf life, using pattern recognition
models such as orthogonal projections to latent structure dis-
criminant analysis (OPLS-DA) and principal component anal-
ysis (PCA).

’MATERIALS AND METHODS

Chemicals. All chemical reagents were of analytical grade. Iron
powder (200�325 mesh) and activated carbon (48�100 mesh) used in
making an O2 scavenger were purchased from Kento Chemical (Tokyo,
Japan) and Sigma-Aldrich (St. Louis, MO, USA), respectively. Com-
mercial O2 scavenger, marketed in the form of a sachet, and laminated
film (NY15 μm/PE 25 μm/COPE 60 μm) for self-made O2 scavenger
were provided from TPG (Kimpo, Korea).
Wine. Wine used in this study was produced from Vitis vinifera var.

Cabernet Sauvignon, a representative variety of red wine, grown in the
Colchagua Valley in Chile during 2004 vintage following standard wine-
making procedures and wood contact of 2 years. Sample wine was
selected on the basis of total polyphenol content ranging from 1.8 to
2.2 g/L holding antioxidant activity at a medium level.
O2 Scavenger Sachets. Two O2 scavengers were used in the

study. One was an iron-based O2 scavenger that was commercially avail-
able locally. The other was anO2 scavengermanufactured in the biopoly-
mer engineering laboratory, School of Life Science, Korea University, to
improve O2 absorption capacity/rate in other studies. The latter sca-
venger was composed of 1 g of iron powder (200�325 mesh), 1 g of
activated carbon (48�100 mesh), 0.5 mL of NaCl (0.68 mol), and
laminated film in NY15 μm/PE 25 μm/COPE 60 μm.
Four Storage Conditions of Secondary Shelf Life. All bottles

of wine for the corresponding experiment were poured into a 20 L glass
carboy tominimize quality deviation in individual bottles of wine. Trans-
parent bottles of 750mLwere each filled with 300mLof the pooled wine
prior to capping with a stopper with or without an O2 scavenger. Each
bottle was wrapped with aluminum foil to block out light. In preparation
for headspace O2 analysis and easy sampling for analyzing volatile com-
pounds, a 1 cm deep hole with a silicon septum projecting out of the
upper side of the bottle was made with care. The headspace volume of all
wine bottles was always the same, and wine samples were collected for
analysis on days 1, 3, 5, and 7 since storage in a darkened wine cellar at
18 �C . Figure 1 reveals the storage conditions for each wine, where wine
1 was capped with natural cork alone, wine 2 was capped with natural
cork andO2 scavenger of low absorption capacity for oxygen, wine 3 was
capped with natural cork and O2 scavenger of high absorption capacity
for oxygen, and wine 4 was capped with vacuum stopper alone. The
number of bottles analyzed for each storage condition for headspace
solid-phase microextraction (SPME) followed by GC�qMS analysis
was 3 bottles at each time of individual storage, so that 48 bottles in total
were applied in this experiment. For the accurate analysis, the experi-
ment was performed divided into 4 batches where 1 batch equals 12
bottles in each storage condition.

In addition, we considered as “fresh wine” a product against the
oxidized wines such as wine 1, wine 2, wine 3, and wine 4. The term of
fresh wine was defined as just-opened, then pooled wine with no contact
of O2 since then.
Head-Space O2 Analysis. Headspace O2 concentration was

monitored using a model 5890 gas chromatography apparatus chroma-
tograph (Agilent, Palo Alto, CA,USA) equippedwith thermal conductivity

detectors and CTR-1 as column. O2 was periodically sampled using a
gas-tight syringe. O2 analysis operating conditions were as follows:
temperature of injector, oven, and detector of 50 �C, 50 �C, and 150 �C,
respectively; carrier gas (helium) flow rate of 70 mL/min; injected
headspace volume of 0.3 mL using a gas-tight syringe. Twelve bottles for
each storage condition, where 3 bottles at each time of individual storage
condition were analyzed for O2 concentration, were applied for this
experiment.
Solid-Phase Microextraction Analysis. A headspace solid-

phase microextraction (SPME) method was utilized to prepare for
GC�MS analysis.29�31 Two milliliters of each wine sample and 0.8 g of
NaCl were transferred to a 20 mL headspace glass vial with a magnetic
stirrer, which was then spiked with 0.4 μL of a solution containing
3-octanol (82 mg/L) and 13% ethanol as an internal standard. After
testing four kinds of fibers in advance, including PDMS, CAR/PDMS,
PDMS/DVB, DVB/CAR/PDMS, divinylbenzene/carboxen/polydi-
methylsiloxane (50/30 μm) fiber (Supelco, Bellafonte, PA, USA) with
best affinity was finally applied for analysis. All vials were tightly capped
with a silicon septum and pre-equilibrated for 30 min at 40 �C in a
thermostatic bath with magnetic bar stirring. Afterward, the stainless
steel needle positioned at the fiber housing was pushed through the vial
septum, and the fiber was pushed out of the housing and exposed for
30 min at 40 �C to the headspace generated in the sample vial. After
extraction, the fiber was pulled back into the housing, and the SPME
device was removed from the vial and inserted into the injection port of
the GC for thermal desorption of the analytes.
Volatile Compound Analysis. A model 7890 GC (Agilent

Technologies) coupled to a model 5975C quadrupole mass spectro-
meter (Agilent Technologies) was used to analyze volatile compounds
with a DB-WAX bonded fused capillary column (30 m � 0.32 mm
internal diameter � 0.25 μm; J&W Scientific, Folsom, CA, USA) being
employed. The analyses were performed at an inlet temperature of
250 �C; splitless time of l min; purge flow rate to the split vent of 50mL/
min for 1 min; column head pressure of 14.14 psi; a helium carrier gas
flow rate of 1.0 mL/min; and an average helium gas velocity of 25 cm/s.
The oven temperature was held at 40 �C for 4 min, increased from 40 to
80 �C in an increment of 2.5 �C/min, from 80 to 110 �C in an increment
5 �C/min, and from 110 to 220 �C in an increment of 10 �C/min, and
held for 5 min at 220 �C. Quadrupole mass spectrometry (qMS) was
conducted in electron impact (EI) mode at 70 eV, and data acquisition

Figure 1. Photographic representation of storage conditions for each
wine sample during secondary shelf life, where each condition is as
follows: wine 1 under natural cork and no O2 scavenger; wine 2 under
natural cork and O2 scavenger of low absorption capacity for oxygen;
wine 3 under natural cork and O2 scavenger of high absorption capacity
for oxygen; wine 4 under vacuum stopper and noO2 scavenger. All wines
were stored totally wrapped in aluminum foil at 18 �C for 1 week.
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was performed in full scan mode for 50�650 m/z with a scan time of
2.9 s. Selected GC�qMS peaks were identified by comparing the mass
spectra with those from both the National Institute of Standards and
Technology (NIST) and Wiley registry. To quantify the volatiles, each
sample prepared in triplicate was run in two different injections, and the
integrated area based on the total ion chromatograms was naturalized to
the area of the internal standard (3-octanol) and averaged. All samples
obtained at specified collection times fromwine 1, wine 2, wine 3, wine 4,
and fresh wine were analyzed, and the resulting data were analyzed in the
appropriate statistical methods such as ANOVA, OPLS, and PCA, but
not all data are shown in the article.
Sensory Analysis. The sensory panelists comprised eight judges

aged 27�50 years. All of the judges had extensive experience in sensory
analysis and had been working for the Wine Academy of KangNam.
Judges were trained during three 1-h sessions. In sessions one and two,
the two different aroma standards and aroma kit solely patented and
developed by the Wine Academy of KangNam were presented and
discussed. From these panelist discussions, nine aroma terms (fruity,
citrous, woody, spicy, mushroom, green, dairy, animal, overall flavor)
that best captured wine oxidation and five taste terms (sourness,
sweetness, bitterness, astringency, overall taste) including mouth-feel
attributes were selected by panelist consensus. In training session three,
the panelists scored the intensity of each attribute in four oxidized wines
on a 7-point scale where just-opened fresh wine provided the reference
point score of 4 (1 = lowest, 2 = lower, 3 = low, 4 = same, 5 = high,
6 = higher, 7 = highest). In all cases, samples (20 mL) were served in
black tulip-shaped wine glasses, which were identified by a randomly
generated 3-digit number, and covered with a Petri-dish top after an
equilibration time of 20 min at 21 �C.
Statistical Analyses. Statistical analysis of the data such as volatile

and descriptive analyses was carried out by analysis of the variance
(ANOVA) andDuncan’s multiple-range using SPSS version 12.0 (SPSS,
Chicago, IL, USA). The resulting data sets from GC�qMS and sensory
evaluation were processed in the support of SIMCA-P (Soft Indepen-
dence Modeling of Class Analogy) version 12.0 (Umetrics, Ume�a,
Sweden) for multivariate data analysis. A supervised pattern recognition
method, OPLS-DA, was performed to extract maximum information on
discriminant compounds or to maximize the separation between samples
from GC�qMS data sets. OPLS-DA can be described as the regression
extension of PCA that gives the maximum covariance between measured
data and the response variable. The quality of the models usingOPLS-DA
is described by R2x and Q2 values. R2x is defined as the proportion of

variance in the data explained by the models and indicates goodness of
fit.Q2 is defined as the proportion of variance in the data predicted by the
model and indicates predictability.32,33 PCA, an unsupervised pattern
recognition method, was employed to reduce the dimensionality of the
original data matrix retaining the maximum amount of variability in
sensory evaluation and to visualize the correlation between the intensity
ratings by panelists for the attributes for each “oxidized wine” and
corresponding oxidized wine samples.

’RESULTS AND DISCUSSION

Level of O2 Concentration in Four Wines with Storage
Time.The overall pattern for the level of oxygen concentration in
four wines with storage time, respectively, is shown in Figure 2. In
general, oxygen concentration in all wines decreased with time,
and among them, the level of oxygen in wine 3 decreased dras-
tically from initial storage time. On day 1 of storage, its O2

concentration reached around 3%, continuing to the end as it is.
As for wine 4, it had a similar behavior compared to wine 3, but
the level of O2 was maintained at around 7% to the end. On the
other hand, the O2 level in wine 2 decreased slowly to about 9%
after 3 days and then decreased very little, while wine 1 decreased
gradually to around 19%, remaining constant to the end.
OPLS-DA Pattern of Volatile Compounds during Storage

for Each Wine. To provide comparative interpretation for
volatile chemical changes in each wine, the OPLS-DA pattern
recognition method was applied to the GC�MS data to visualize
the development of volatile compounds and the differentiation of
wine samples according to storage time. OPLS-DA score plot of
wine 1, which was the most oxidized of the four wines, showed a
clear differentiation between samples collected from wine 1 with
storage time, demonstrating a good fitness and high predict-
ability of the OPLS-DA model with high statistical values of R2x
(0.89), R2y (0.92), andQ2 (0.73) (Figure 3A). Counterclockwise
rotation of the plot indicated a change of volatile compounds in
wine 1 capped with natural cork only during the 7-day oxidation
period. The loading plot provided information of the volatile
compounds that contributed to the separation and revealed
significant differences between ethyl acetate, isoamly acetate,
methyl hexanoate, isoamyl alcohol, ethyl hexanoate, 1-hexanol,
ethyl octanoate, 16-hydroxyhexadecanoic acid, furfural, ethyl

Figure 2. O2 levels in each wine bottle stored during secondary shelf life. Error bars are the standard mean error. O2 concentratrion was expressed as
mean ( SD (n = 3). Means of O2 level at each time point with different letters are significantly different, p < 0.05.
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decanoate, diethyl succinate, phenylethyl alcohol, nonanoic acid,
4-ethylphenol, n-decanoic acid, 2-methyl-5-(1-methylethyl)-
phenol, and ethyl hydrogen succinate by Duncan’s multiple
range test at p < 0.05 (Figure 3E and Table 1).
Figures 3B�3D depict the OPLS-DA score plots of the other

three wines, providing comparisons with high values of R2x, R2y,
Q2, respectively. The score plot of wine 2 (Figure 3B), which was
the second most oxidized of the four wines, revealed that the
separation among samples collected from wine 2 with storage
time on the OPLS-DA plane was very similar to that of wine 1,

although it did not demonstrate the same counterclockwise
movement according to the increase in storage time, as did
the score plot of wine 1. By component 1, the fact that the two
samples collected on day 1 and day 3 were well-separated, while
samples obtained on day 5 and day 7 were less separated, was
related reasonably well with the results from Figure 2, where the
O2 level of wine 2 during the first 3 days decreased greatly, while
decreasing only marginally thereafter. The volatile compounds
such as ethyl acetate, isoamyl alcohol, ethyl hexanoate, 3-methyl-
1-pentanol, 1-hexanol, ethyl octanoate, 16-hydroxyhexadecanoic

Figure 3. The OPLS-DA score (A�D) and loading (E�H) plots derived from volatile compounds on GC�MS of each wine being stored for seven
days: wine 1 (A, E); wine 2 (B, F); wine 3 (C, G); wine 4 (D, H). Volatile compounds with open symbols are significantly different byDuncan’s multiple-
range test at p < 0.05.
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acid, furfural, ethyl decanoate, diethyl succinate, phenylethyl
alcohol, nonanoic acid, n-decanoic acid, and ethyl hydrogen
succinate contributed to this separation (Figure 3F and Table 1).
The score plot of wine 3 (Figure 3C), which was the least

oxidized wine, displayed very poor separation according to
storage time, compared with that of wine 1 and wine 2. By the
criterion of component 1, the sample from day 1 to the right side
in the OPLS-DA score plot was well-separated from three sam-
ples obtained from days 3, 5, and 7 to the left side in the score
plot. The corresponding loading plots showed that the following
compounds contributed to the separation: ethyl acetate, ethyl
propanoate, 2-methyl-1-propanol, isoamyl alcohol, ethyl hex-
anoate, 2-n-butylfuran, 1-hexanol, ethyl octanoate, 16-hydroxy-
hexadecanoic acid, furfural, ethyl decanoate, diethyl succinate,
phenylethyl alcohol, octanoic acid, nonanoic acid, n-decanoic
acid, and ethyl hydrogen succinate (Figure 3G and Table 1).
The score plot of wine 4, which was capped with vacuum

stopper and was the third most-oxidized wine, was very similar to
that of wine 3, which was the least oxidized (Figure 3D), suggest-
ing that the four samples were divided into three groups by first
component of the OPLS-DA score plot, where one group is

for samples from day 1, another for samples from day 3, the other
for samples from day 5 and day 7. The volatile compounds
responsible for the separation in the score plot were as follows by
the corresponding loading plot (Figure 3H and Table 1): ethyl
acetate, 2-methyl-1-propanol, isoamyl acetate, methyl hexano-
ate, isoamyl alcohol, 2-n-butylfuran, 1-hexanol, ethyl octanoate,
16- hydroxyhexadecanoic acid, furfural, 2-ethyl-1-hexanol, ethyl
nonanoate, ethyl decanoate, 1-nonanol, diethyl succinate, 2-phe-
nylethyl acetate, phenylethyl alcohol, octanoic acid, nonanoic
acid, 4-ethylphenol, n-decanoic acid, and dodecanoic acid.
To obtain more specific results associated with wine oxidation,

the OPLS-DA score plot including the GC�MS data of fresh
wine as well as that of four oxidized wines collected on day 7 since
storage has been created. The plot showed a clear separation with
high values of R2x (0.93), R2y (0.96), and Q2 (0.85) (Figure 4).
The score plot showed that all wines were well-separated in three
groups, demonstrating that one group comprised fresh wine,
another group the least oxidized wine (wine 3), and the remain-
ing group more oxidized wines (wine 1, wine 2, and wine 4) than
fresh wine and wine 3 already mentioned. In an effort to identify
volatile chemicals involved in these oxidation phenomena with
certainty, three samples obtained from fresh wine, wine 1, and
wine 3 as representative of the three aforementioned groups were
used for a one-way ANOVA. Phenylethyl alcohol, ethyl acetate,
isoamyl acetate, ethyl hexanoate, ethyl decanoate, nonanoic acid,
n-decanoic acid, undecanoic acid, 2-furancarboxylic acid, dode-
canoic acid, and phenylacetaldehyde were significantly different
by Duncan’s multiple range test at p < 0.001 (Table 2).
Volatile Compounds Related to the Oxidation of a Caber-

net Sauvignon. Judging from the results of Table 2, eight
volatile chemicals (isoamyl acetate, ethyl decanoate, nonanoic
acid, n-decanoic acid, undecanoic acid, 2-furancarboxylic acid,
dodecanoic acid, and phenylacetaldehyde) were considered to
have a possibility of a positive or negative correlation with the
degree of oxidation of a Carbernet Sauvignon, while three volatile
chemicals, namely, phenylethyl alcohol, ethyl acetate, and ethyl
hexanoate, did not show such a logical consistency with degree of
oxidation, so that more research should be needed.
Isoamyl acetate is a typical type of fusel alcohol acetate with

banana notes.34 The basic odor of wines has been attributed to
four esters including isoamyl acetate as well as ethyl acetate, ethyl

Table 1. Volatile Compounds Significantly Different at p <
0.05 in Each Wine during Secondary Shelf Life of 1 Week

volatile compounds wine 1 wine 2 wine 3 wine 4

ethyl acetate O O O O

ethyl propanoate O

2-methyl-1-propanol O O

isoamyl acetate O O

methyl hexanoate O O

isoamyl alcohol O O O O

ethyl hexanoate O O O

2-n-butylfuran O O

3-methyl-1-pentanol O

1-hexanol O O O O

ethyl octanoate O O O O

16-hydroxyhexadecanoic acid O O O O

furfural O O O O

2-ethyl-1-hexanol O

ethyl nonanoate O

ethyl decanoate O O O O

1-nonanol O

diethyl succinate O O O O

2-phenylethyl acetate O

phenylethyl alcohol O O O O

octanoic acid O O

nonanoic acid O O O O

4-ethylphenol O O

2-methyl-5-(1-methylethyl)phenol O

n-decanoic acid O O O O

ethyl hydrogen succinate O O O

dodecanoic acid O

Figure 4. The OPLS-DA score plot of the samples collected from each
wine on day 7 from storage and fresh wine, which is just-opened, then
pooled wine with no contact of O2 since then.



11662 dx.doi.org/10.1021/jf200759d |J. Agric. Food Chem. 2011, 59, 11657–11666

Journal of Agricultural and Food Chemistry ARTICLE

Table 2. Volatile Compounds in Fresh Wine, Wine 1, and Wine 3 at the 7th Day during Secondary Shelf Lifea

storage conditions

no. volatile compdsb odor descriptor tR (minutes) fresh wine wine 1 wine 3

Higher Alcohol

1 2-methyl-1-propanol* bitter 9.36 4.3 b 4.9 b 10.2 a

2 isoamyl alcohol* fusel 14.78 364.4 b 332.4 b 929.7 a

3 3-methyl-1-pentanol* 20.37 1.0 b 2.3 a 1.4 b

4 1-hexanol* green grass 21.61 42.4 b 40.9 b 80.6 a

5 3-hexen-1-ol* grass 22.07 1.3 b 1.1 b 2.5 a

6 1-nonen-3-ol 25.32 0.8 0.9 0.6

7 heptanol* 25.46 1.7 b 2.0 b 2.6 a

8 2-ethyl-1-hexanol** 26.56 6.4 b 2.9 c 10.8 a

9 3-ethyl-4-methylpentanol* 27.07 0.9 b 0.8 b 1.4 a

10 1-octanol* 28.23 2.7 b 4.1 b 7.7 a

11 1-hexen-3-ol* 28.73 12.6 a 7.9 b 13.5 a

12 1-nonanol* 29.87 4.8 a 3.2 b 5.0 a

13 4-trimethyl-3-cyclohexene-1-methanol* 30.35 5.9 a 4.6 b 7.3 a

14 benzyl alcohol 32.39 3.2 3.3 3.6

15 phenylethyl alcohol*** rose 32.75 518.6 a 230.2 b 199.3 c

16 2-furanmethanol* 30.00 2.2 b 3.1 ab 4.0 a

Ester

17 ethyl acetate*** ethereal-fruity 3.26 54.4 b 33.6 c 117.5 a

18 ethyl propanoate* sweet, fruity 4.65 2.7 b 2.1 b 5.7 a

19 ethty 2-methyl propanoate* sweet, fruity 4.79 2.6 b 3.0 b 4.7 a

20 ethyl butanoate** fruity, sweet 6.75 3.7 c 4.7 b 7.1 a

21 ethyl 3-methyl-butanoate* fruity, floral 7.85 1.8 b 5.0 a 5.9 a

22 isoamyl acetate*** banana 9.88 12.9 c 19.4 a 16.0 b

23 methyl hexanoate* 12.62 0.8 b 1.4 a 0.9 b

24 ethyl hexanoate*** fruity 14.95 97.0 a 75.7 b 7.7 c

25 hexyl acetate fruity, herb 17.01 1.0 0.7 0.8

26 ethyl heptanoate 20.09 1.0 0.7 1.3

27 ethyl 2-hexenoate 20.73 1.2 1.2 1.6

28 methyl octanoate 22.71 1.2 1.4 1.1

29 ethyl octanoate** ripe fruit 24.46 75.4 a 68.8 a 47.8 b

30 ethyl nonanoate* 27.59 1.8 b 1.3 b 3.1 a

31 ethyl 3-(methylthio)propanoate* 28.40 2.2 ab 1.5 b 2.8 a

32 ethyl decanoate*** fruity 29.52 51.8 a 24.6 c 36.1 b

33 ethylmethyl ester* 29.60 3.1 ab 2.7 b 3.4 a

34 diethyl succinate* fermented, floral 30.13 182.7 b 169.1 b 227.1 a

35 methyl 2-hydroxy- benzoate** 31.27 1.5 b 1.1 c 2.3 a

36 diethyl pentanedioate* 31.31 7.8 a 4.3 b 8.0 a

37 ethyl benzeneacetate* 31.37 5.3 a 3.8 b 5.2 a

38 2-phenylethyl acetate* 31.69 13.5 a 10.7 b 13.2 a

39 1-methylethyl dodecanoate* 31.76 8.4 a 2.4 b 7.1 a

40 ethyl dodecanoate* 31.87 5.8 a 2.9 b 6.7 a

41 2-ethyl hexanoate* 33.12 1.3 a 0.7 b 1.2 a

42 diethyl hydroxybutanedioate 34.03 8.0 5.9 7.6

43 diethyl phthalate 37.06 4.2 5.1 4.9

44 ethyl hydrogen succinate 37.19 46.7 53.5 40.5

45 propyl pentanoate 38.28 2.0 2.1 3.1

46 dibutyl phthalate* 40.88 4.0 a 1.6 b 3.2 a

Acid

47 16-hydroxyhexadecanoic acid** 25.81 16.2 a 24.5 ab 36.2 a

48 butanoic acid 29.64 1.2 1.2 2.2
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hexanoate, and ethyl octanoate, all of which are fermentation
products.35 The result in Table 2 shows that isoamyl acetate
increased with higher oxidation level, being highest in the most
oxidized wine (wine 1). This result was different from that of a
previous study36 reporting that isoamyl acetate slowly decreased
to make isoamyl alcohol and ethanol by hydrolysis during
oxidative aging. On the contrary, however, another study re-
ported the increase of isoamyl acetate after 20 weeks in wood,
which may have been related to a change in the equilibrium for
increasing levels of acetic acid and the high concentration of
isoamyl alcohol.37

Ethyl decanoate, which is a typical ethyl ester of a long chain
fatty acid (C10) with a pleasant or fruity note,38 is produced
during yeast fermentation by the reactions of ethanol and acyl-
coenzyme A derivatives.39 Our results showed that ethyl decan-
oate decreased with higher oxidation level (Table 2), providing
its lowest concentration in the most oxidized wine 1, and this
result corresponded to other experiments. Other studies have
reported ethyl decanoate increased before malo-lactic fermenta-
tion while decreasing after that process, and, compared with
other ethyl esters, ethyl decanoate hydrolyzed so rapidly to
become decanoic acid and ethanol with oxidative storage time
that it was often undetectable after long periods.18,40 In addition,
while most ethyl esters exhibit inconsistency in their levels
according to storage time and aging matrix, such as wood barrel

or bottle, ethyl decanoate consistently decreased in a way that is
unrelated to the two aforementioned factors.36

Nonanoic acid (C9), decanoic acid (C10), undecanoic acid
(C11), and dodecanoic acid (C12) are typical types of medium
and long chain (9�12 carbons) fatty acids in oxidized wine with
fatty, rancid, and soap notes.34,38,41 This study showed the four
long chain fatty acids mentioned above were decreased as the
oxidation level of the wine increased (Table 2). In general,
microoxygenation treatment enhanced the presence of fatty
acids, and this could be related to a higher hydrolysis of their
corresponding ester or even to a low initial formation of esters.
However, if a qualitative correlation could be detected, it is not
possible to establish a quantitative correlation between changes
in ethyl ester and fatty acids levels.18 On the other hand, a study
conducted with Madeira wines reported a significant decrease in
medium chain and some long chain fatty acids, namely, hexanoic
acid and octanoic acid during conservation, with the exception of
decanoic acid whose concentration decreased slightly, while
short chain fatty acids, particularly butanoic acid and isobutanoic
acid, increased their contents during wine aging.39

2-Furancarboxylic acid, also known as 2-furonic acid, is
produced by oxidation of the aldehyde group of 2-furfural with
sweet and bread-like notes.38 In this study, furfural had no
significant difference in its concentration between fresh wine
and wine 1, while 2-furancarboxylic acid showed a decreasing

Table 2. Continued

storage conditions

no. volatile compdsb odor descriptor tR (minutes) fresh wine wine 1 wine 3

49 heptanoic acid floral 29.64 4.0 3.9 5.4

50 hexanoic acid* pineapple 32.07 14.3 b 13.1 b 20.9 a

51 octanoic acid rotten fruit 34.21 22.4 22.5 24.3

52 nonanoic acid*** rancid 35.21 6.8 a 3.1 c 4.7 b

53 n-decanoic acid *** fatty, sour 36.17 53.3 a 26.1 c 34.4 b

54 undecanoic acid*** 37.09 7.5 a 1.4 c 4.1 b

55 benzenecarboxylic acid * 37.76 4.5 ab 3.6 b 5.7 a

56 2-furancarboxylic acid *** 37.93 5.9 a 2.7 b 4.7 ab

57 dodecanoic acid *** soap 38.10 6.7 a 3.9 c 5.1 b

Aldehyde

58 benzaldehyde* 27.38 1.6 b 0.9 b 3.7 a

59 phenylacetaldehyde*** flowery, rose 29.73 0.9 c 2.6 a 1.7 b

60 furfural* sweet, bread-like 25.83 30.7 b 32.1 b 37.7 a

61 5-methyl-2-furancarboxaldehyde 28.59 2.7 2.9 3.2

62 5-(hydroxymethyl)-2-Furancarboxaldehyde* 38.43 3.0 a 1.8 b 3.9 a

Miscellaneous

63 phenol 33.76 0.6 0.7 0.9

64 4-ethyl-2-methoxy-phenol* 33.95 8.4 a 5.4 b 7.6 a

65 4-ethylphenol* phenolic, leather 35.36 19.6 a 14.5 b 14.3 b

66 2-methyl-5-(1-methylethyl)-phenol 35.40 3.1 3.6 2.9

67 2,5-bis(1,1-dimethylethyl)-phenol* 36.50 5.3 a 1.4 c 3.0 b

68 2-n-butylfuran * 18.15 17.2 b 16.7 b 18.6 a

69 1-(2-furanyl)-ethanone* 26.99 1.8 b 1.4 b 2.6 a

70 5-butyldihydro-4-methyl-2-furanone* 32.47 5.5 a 3.7 b 5.7 a

71 2,3-dihydrobenzofuran 37.34 4.8 5.0 4.8

72 ethyl 2-furancarboxylate* 29.43 3.5 b 3.0 b 7.5 a
aValues with different letters are significantly different by Duncan’s multiple-range test at ***p < 0.001, **p < 0.01, and *p < 0.05. Volatile compounds
significantly different at p < 0.001 are in bold. bVolatile compounds measured in ppm.
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behavior as the level of oxidation increased (Table 2). Furfural is
mainly formed by the degradation of hemicellulose during
toasting of the barrel, but in aged wines it does not originate
exclusively from the oak cask, but can also be formed from the
carbohydrates occurring in wines during the aging period.36,42,43

Some authors stated36,44�46 that furfural decreased during
oxidative storage time and could be related to the fact that
furfural was implicated in the aldehyde-generating reactions with
flavanols or anthocyanins in wine, producing new color or more
stable pigments. Therefore, the level of 2-furancarboxylic acid
directly made from oxidation of 2-furfural can be also decreased
with a high degree of oxidation.
Phenylacetaldehyde is produced by the oxidation of pheny-

lethyl alcohol, which is very abundant in wine, generating notes
of rose in light of organoleptic characteristics. Presently, the
oxygen inside the wine bottle employed in the experiment may
have been a primary cause of increase in phenylacetaldehyde,
judging from the decrease of phenylethyl alcohol in both wine 1
and wine 3 over fresh wine (Table 2).
Phenylacetaldehyde is a volatile compound showing less

favorable odor properties in oxidation of both red wine and
white wine in several studies on wine oxidation.14,47 Increased
phenylacetaldehyde can cause a deterioration of sensory quality
in an oxidized red wine and is negatively correlated with pleasant
descriptors.47 In addition, phenylacetaldehyde, together with
methional, is the most impactful factor in the quality of white
wine in wine oxidation, revealing the presence of a strong
smelling aldehyde.15 Gas chromatography�olfactometry and
aroma extract dilution analysis of a normal wine and a spoiled
wine led to the identification of substances mainly related with
the typical oxidative white wine aromas such as phenylacetalde-
hyde as well as 3-(methylthio)propionaldehyde.14 Therefore, the
increase of phenylacetaldehyde with degree of oxidation in the
present work may be correlated with the result of sensory
evaluation that will be described in the next part of this work.

Sensory Evaluation. To profile the sensory characteristics of
each oxidized wine, the samples were evaluated by descriptive
analysis. Mean intensity ratings and Duncan’s multiple-range test
are given in Table 3. From the results of ANOVA conducted on
the descriptive data, some aroma attributes such as “fruity”,
“woody”, and “animal” and taste attributes such as “sweetness”,
including overall flavor, overall taste, and overall mouthfeel, were
significantly different across the wines at p < 0.05 or p < 0.01.
These sensory notes selected by the panelists did not agree with
some previous descriptions. One study reported that, in the
oxidation of red Grenache wines, color intensity, orange shade,
animal, bitterness, and astringency notes contributed to the
significant difference in the sensory quality of Grenache wine.48

These results may be related to changes in polyphenolic compo-
sition, as previously mentioned in other studies on microoxy-
genation.7,40,49,50 Moreover, the wines that have received more
O2 were perceived as being higher in fruity and caramel odor and
lower in animal character. They also showed more intense and
more orange color.48 In addition, another study suggested51 that,
in young red wines from Rioja Alavesa, nine sensory attributes
changed significantly through time: red berry aroma and flavor,
body, balance, purple hue, and color intensity increased, whereas
alcoholic aroma and flavor and astringency decreased. The
results of PCA factor loading plot (biplot mode with varimax

Table 3. Mean of Sensory Note Ratings of the Wines at the
7th Day since Secondary Shelf Lifea,b

sensory notes fresh wine wine 1 wine 2 wine 3 wine 4

furity* 4.0 ab 3.1 c 3.4 abc 4.2 a 3.3 bc

citrous 4.0 a 3.1 b 3.7 ab 4.1 a 3.6 ab

woody* 4.0 a 2.9 b 3.8 a 4.1 a 4.1 a

spicy 4.0 3.4 3.5 3.8 3.8

mushroom 4.0 4.1 4.1 4.2 4.8

green grassy 4.0 4.0 3.9 4.3 4.5

dairy 4.0 4.1 4.0 3.9 4.2

animal* 4.0 b 5.1 a 4.1 b 3.6 b 4.3 ab

overall flavor** 4.0 a 2.3 b 3.3 a 4.1 a 3.7 a

sourness 4.0 4.4 3.9 3.5 4.2

bitterness 4.0 ab 4.1 ab 4.0 ab 3.8 b 4.7 a

astringency 4.0 4.4 4.1 3.5 4.3

sweetness* 4.0 a 3.1 b 3.7 ab 3.9 a 3.4 ab

overall taste** 4.0 a 2.8 c 3.1 bc 3.8 ab 3.1 bc

overall mouthfeel* 4.0 a 2.8 b 3.2 b 3.5 ab 3.1 b
aValues with different letters in lowercase are significantly different by
Duncan’s multiple-range test at **p < 0.01, and *p < 0.05, but values with
different letters in lowercase and no asterisk in the same row are
significantly different by Duncan’s multiple-range test at p < 0.1.
b n = 8 judges � 2 replications. Sensory notes significant at **p < 0.01
and *p < 0.05 for each wine are in bold.

Figure 5. PCA score plot (A) and loading plot (B) of descriptive data
for five wines, including fresh wine: (red b) fresh wine and wine 3;
(black9) wine 1, wine 2, and wine 4 (PC1 and PC2 are 27% and 17% of
variation, respectively; letters correspond to sensory attributes as shown
in Table 3).
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rotation) for the sensory variables and the intensity ratings for
each oxidized wine are shown in Figure 5A and Figure 5B.
The data revealed that the group consisting of both fresh wine

andwine 3waswell separated from the other groups formedbywine
1, wine 2, and wine 4, with the first two principal components
captured as 44% of the sample variance. In addition, the figures
depict the projection of thewines in the space definedby the sensory
attributes, demonstrating the clear separation of the wines in their
oxidation along the first axis, where fresh wine and wine 3, the least
oxidized wine, were located in the left side accompanying some
sensory notes such as “fruity”, “overall taste”, “overall flavor”, and
“mouthfeel”, whereas highly oxidized wines (wine 1, wine 2, and
wine 4) were positioned in the right side together with the following
notes: “animal”, “sourness”, “dairy”, and “astringency”.
In conclusion, this research has shown that the oxidation

behavior of Cabernet Sauvignon wine during secondary shelf life
can be identified in the OPLS-DA method with some volatile
compounds such as isoamyl acetate, ethyl decanoate, nonanoic
acid, n-decanoic acid, undecanoic acid, 2-furancarboxylic acid,
dodecanoic acid, and phenylacetaldehyde involved in signifi-
cance. Besides, with sensory evaluation followed by the PCA
method, it was found that sensory notes derived from fresh wine
and least oxidized wine were different from those of more
oxidized wines on all occasions including flavor and taste. But
it was difficult to interpret the intricateness of wine oxidation
just depending on oxygen and volatile compounds. One study
reported that the scores plot of oxidized wines, several red wines
including Cabernet Sauvignon and Pinot noir, and the loadings
plot of their volatiles through the PCAmethod differed to a great
extent with the influence of microoxygenation treatments. One
explanation for these results could be found in their diverging
phenolic composition, namely, the level of flavan-3-ol and antho-
cyanin or their ratio and the level of catechin/epicatechin.52

Therefore, although a good classification according to the degree
of oxidation and the identification of volatiles involved were
obtained by OPLS-DA or PCA, this may be the result of being
investigated on volatile compounds only, so future work needs to
be carried out to interpret wine oxidation with getting by far
more information concerning the polyphenolic compounds that
are very abundant in red wine.
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