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Wine aging is a desirable and valuable process, commonly used to improve wine quality,
and traditionally carried out in oak wooden casks. The correct use of oak barrels and the ever-increasing
demand for barrels in different production areas of the world has led to a constant search for technological
alternatives to reproduce the chemical and physical processes undergone by wines during their stay
in barrels.

This Special Issue aims to publish a compilation of original research and reviews that cover
different aspects of the aging processes of wine in casks and other alternative systems that reproduce,
with different technologies, the transformations that take place in the barrel. This special issue has
seven works, the first, titled “Different Woods in Cooperage for Oenology: A Review” [1] by Ana
Martínez-Gil et al., focused on the possible use of different woods to the traditional ones in the wine
aging process. New trends in the use of barrels have resulted in an increased demand for oak wood
in the cooperage. This growing demand has led to the use of woods within the genus Quercus other
than those traditionally used (Quercus alba, Quercus petraea, and Quercus robur) and even wood of
different genera. The species of the genus Quercus, such as Quercus pyrenaica Willd, Quercus faginea
Lam, Quercus humboldtti Bonpl, Quercus oocarpa Liebm, Quercus frainetto Ten, and other genera, such as
Robinia pseudoacacia L. (false acacia), Castanea sativa Mill, Prunus avium L. and Prunus cereaus L. (cherry),
Fraxinus excelsior L. (European ash), Fraxinus americana L. (American ash), Morus nigra L. and Morus alba
L. have been studied as possible sources of wood suitable for cooperage. The chemical characterization
of these woods is fundamental to be able to adapt the treatment of the cooperage and therefore obtain
a wood with enological qualities suitable for the treatment of wines. This review aims to summarize
the different species that have been studied as possible new sources of wood for enology, defining the
extractable composition of each of them and their use in wine.

The second work entitled “Study of High Power Ultrasound for Oak Wood Barrel Regeneration:
Impact on Wood Properties and Sanitation Effect” [2], by Breniauxa et al., presented the ability of
high power ultrasound (HPU) to ensure oak barrel sterilization and wood structure preservation.
Optimization was performed in terms of temperature and time. The impact of the HPU process on the
porous material was also characterized. In this research, several wood characteristics were considered,
such as the specific surface area, hydrophobicity, oxygen desorption, and spoilage microorganisms
after treatment. The study showed that the microbial stabilization could be obtained with HPU
60 ◦C/6 min. The results obtained show that microorganisms are impacted up to a depth of 9 mm,
with a Brettanomyces bruxellensis population <1 log CFU/g. The operating parameters used during the
HPU treatment can also impact wood exchange surface and oxygen desorption kinetics indicating that
tartrate was removed. Indeed, the total oxygen desorption rate was recovered after HPU treatment
close to a new oak barrel and this may indicate that there is no impact on the ultrastructure (vessel,
pore size, or rays). Finally, wood wettability can also be impacted depending on the temperature and
the duration of exposure.

Beverages 2019, 5, 24; doi:10.3390/beverages5010024 www.mdpi.com/journal/beverages1
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The third work was carried out within the scope of alternative aging systems, with the title
“Oxygen Consumption by Red Wines under Different Micro-Oxygenation Strategies and Q. Pyrenaica
Chips. Effects on Color and Phenolic Characteristics” [3] by Sánchez-Gómez et al. described the
importance of micro-oxygenation (MOX) as a key factor in obtaining a final wine that is more stable
over time and with similar characteristics as barrel-aged wines. Therefore, the oxygen dosage added
must be that which the wine can consume to develop correctly. The oxygen consumption of red wine
determines its properties so it is essential that micro-oxygenation is managed properly. This paper
shows the results from the study of the influence on red wine of two different MOX strategies: floating
oxygen dosage (with dissolved oxygen setpoint of 50 μg/L) and fixed oxygen dosage (3 mL/L ·month).
The results indicated that the wines consumed all the oxygen provided: those from fixed MOX received
between 3 and 3.5 times more oxygen than the floating MOX strategy; the oxygen contribution from
the air entrapped in the wood was more significant in the latter. Wines aged with wood and MOX
showed the same color and phenolic evolution as those aged in barrels, which demonstrates the
importance of MOX management. Despite the differences in oxygen consumption, it was not possible
to differentiate wines from the different MOX strategies at the end of the aging period. Another work
in the same field is that of Rubio-Bretón et al. entitled “Use of Oak Fragments during the Aging of
Red Wines. Effect on the Phenolic, Aromatic, and Sensory Composition of Wines as a Function of
the Contact Time with the Wood [4]. This paper studied the effect of the use of oak fragments on the
volatile, phenolic, and sensory characteristics of Tempranillo red wines, as a function of the contact
time between the wood and the wine. The results showed important changes in the wines’ colorimetric
parameters after two months of contact time. Extraction kinetics of volatile compounds from the
wood were highest during the first month of contact for chips, variable for staves, and slower and
continuous over time for barrels. Wines macerated with fragments showed the best quality in short
periods of aging, while barrel-aged wines improved over the time they spent in the barrel. In addition,
the results allowed an analytical discrimination between the wines aged with oak fragments and those
aged in oak barrels, and between chips and staves, just as at the sensory level with triangular taste
tests. In conclusion, the use of oak fragments is a suitable practice for the production of red wines,
which may be an appropriate option for wines destined to be aged for short periods. The fifth paper,
“New Strategies to Improve Sensorial Quality of White Wines by Wood Contact” [5] by Alañón et al.,
focused on the importance of quantitative and qualitative compounds of the wood depending on the
species, its origins, and the treatments applied in cooperages. Traditionally, oak wood species are most
often used in cooperage, specifically Quercus alba, known as American oak, and Quercus robur and
Quercus petraea, both known as French oak. Although the use of wood contact is very common for red
wines, its use is still restricted in the case of white wines. However, this topic is particularly interesting,
since due to the sensorial benefits of wood contact, the option for aging white wines in barrels or chips
could be chosen by winemakers. This review compiles the novel strategies applied to white wines
using wood contact in recent years with the aim to increase wine quality and sensorial features.

Mohekar et al. presented their work “Effects of Fining Agents, Reverse Osmosis and Wine Age
on Brown Marmorated Stink Bug (Halyomorpha halys) Taint in Wine” [6], in which is they described
how trans-2-decenal and tridecane are compounds found in wine made from brown marmorated stink
bug (BMSB)-contaminated grapes. The effectiveness of the post-fermentation processes on reducing
their concentration in finished wine and their longevity during wine aging was evaluated. Red wines
containing trans-2-decenal were treated with fining agents and put through reverse osmosis filtration.
The efficiency of these treatments was determined using chemical analysis (multidimensional gas
chromatography–mass spectrometry (MDGC–MS)) and sensory descriptive analysis. Tridecane and
trans-2-decenal concentrations in red and white wine were determined at bottle aging durations of
0, 6, 12, and 24 months using MDGC–MS. Reverse osmosis was found to be partially successful in
removing trans-2-decenal concentrations from finished wine. While tridecane and trans-2-decenal
concentrations decreased during bottle aging, post-fermentative fining treatments were not effective at
removing these compounds. Although French oak did not alter the concentration of tridecane and
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trans-2-decenal in red wine, it did mask the expression of BMSB-related sensory characters. Because of
the ineffectiveness of removing BMSB taint post-fermentation, BMSB densities in the grape clusters
should be minimized so that taints do not occur in the wine.

And finally the paper of Rodríguez et al., entitled “Novel Method for the Identification of the
Variety of Grape Using Their Capability to Form Gold Nanoparticles” [7], showed the possibilities of
gold nanoparticles (AuNPs) obtained using musts (freshly prepared grape juices where solid peels and
seeds have been removed) as a reducing and capping agent. Transmission electron microscope images
showed that the formed AuNPs were spherical and their size increased with the amount of must used.
The size of the AuNPs increased with an increase in the total polyphenol index (TPI) of the variety of
grape. The kinetics of the reaction monitored using UV-VIS showed that the reaction rates were related
to the chemical composition of the musts and specifically to the phenols that acted as reducing and
capping agents during the synthesis process. Since the particular composition of each must produces
AuNPs of different sizes and at different rates, color changes can be used to discriminate the variety of
grape. This new technology can be used to avoid fraud.

We would like to acknowledge the chance offered by MDPI, the publisher, to coordinate and serve
as guest editors of this special issue of Beverages on the topic of wine aging technologies, which we
have pleasantly carried out. We are very grateful to the authors who have generously shared their
scientific knowledge and experience with others through their contribution to this special issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Contact of wine with wood during fermentation and ageing produces significant changes
in its chemical composition and organoleptic properties, modifying its final quality. Wines acquire
complex aromas from the wood, improve their colour stability, flavour, and clarification, and extend
their storage period. New trends in the use of barrels, replaced after a few years of use, have led
to an increased demand for oak wood in cooperage. In addition, the fact that the wine market
is becoming increasingly saturated and more competitive means that oenologists are increasingly
interested in tasting different types of wood to obtain wines that differ from those already on the
market. This growing demand and the search for new opportunities to give wines a special personality
has led to the use of woods within the Quercus genus that are different from those used traditionally
(Quercus alba, Quercus petraea, and Quercus robur) and even woods of different genera. Thus, species
of the genus Quercus, such as Quercus pyrenaica Willd., Quercus faginea Lam., Quercus humboldtti
Bonpl., Quercus oocarpa Liebm., Quercus frainetto Ten, and other genera, such as Robinia pseudoacacia L.
(false acacia), Castanea sativa Mill. (chestnut), Prunus avium L. and Prunus cereaus L. (cherry), Fraxinus
excelsior L. (European ash), Fraxinus americana L. (American ash), Morus nigra L, and Morus alba L.
have been the subject of several studies as possible sources of wood apt for cooperage. The chemical
characterization of these woods is essential in order to be able to adapt the cooperage treatment and,
thus, obtain wood with oenological qualities suitable for the treatment of wines. This review aims to
summarize the different species that have been studied as possible new sources of wood for oenology,
defining the extractable composition of each one and their use in wine.

Keywords: traditional oaks; different oaks; other woods; ellagitannins; low molecular phenols;
volatile compounds

1. Introduction

The wine trade controlled mainly by Greeks and Romans (2000 BCE) used earthenware jars
and amphora, although these containers were fragile, heavy, and difficult to handle. Faced with this
problem of transporting wines from the production to the consumption areas, wooden containers
were created. The study of archaeological findings and written testimonies allows us to establish how
wooden barrels displaced clay amphorae for wine transport and storage: a revolution. There are many
references to the use of wooden containers for wine. The best-known reference is possibly that of
Julius Caesar in “The Gallic Wars” (51 BCE) [1,2]. From the 5th century onwards, the term ‘barrel’ was
used to designate these wooden containers. Since then, oak has been one of the main woods for this
purpose, being a resistant, flexible, easy to handle, and not very permeable material. Specifically, the

Beverages 2018, 4, 94; doi:10.3390/beverages4040094 www.mdpi.com/journal/beverages4
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European species, mainly Quercus petraea and Quercus robur, were used as they were abundant near
the areas where wine was made.

In the mid-twentieth century, the use of wood was notably abandoned due to the proliferation of
other materials (cement and stainless steel). However, from the 1990s onwards, the use of wooden
barrels re-emerged rather significantly and became a world fashion [2–4]. In addition, this resurgence
also led to a change in their use. Nowadays, wine ageing has changed with the use of newer oak
barrels because with their use the extractability of the oak compounds decreases. For this reason,
in recent years, an imbalance between the amount of oak available and the number of barrels produced
has been detected in France [5]. Moreover, the price of cooperage logs is increasing steadily with
a concomitant decrease in the quality/price ratio. Given the growing demand for French oak barrels
(Quercus petraea and Quercus robur) and the increase in price, some cooperages also work with oak from
Eastern Europe (Romania, Hungary, Russia), as it is the same species with characteristics similar
to those of French oak. Many oenologists have used barrels of this type of oak, as the results
obtained are comparable to those of ageing wine in French oak. For these reasons, over the last
few years, there has been a proliferation of studies on European oaks of the same species but of
different origins. In recent years, the literature has offered studies about Slovenian oak [6], Spanish
oaks [7–11], Hungarian oaks [12,13], Russian oaks [13,14], Romanian, Ukrainian, and Moldavian
oaks [15], Romanian oak [16,17], among others. These studies of the same species but different origin
showed similar characteristics to American and French oaks, suggesting that they are suitable for
barrel production for quality wines. Some authors even state that these origins have intermediate
characteristics between French and American oaks [7,9,15].

Singleton mentions different woods within cooperage, from both the United States (white oak,
red oak, chestnut oak, red or sweet gum, sugar maple, yellow or sweet birch, white ash, Douglas
fir, beech, black cherry, sycamore, redwood, spruce, bald cypress, elm, and basswood) and Europe
(white oak, chestnut, fir, spruce, pine, larch, ash, mulberry), and a number of additional species
imported from Africa, South America, and Australia (acacia, karri: Eucalyptus diversicolor; jarrah:
Eucalyptus marginata; stringybark: Eucalyptus obliqua and Eucalyptus gigantea; and she oak: Casuarina
fraseriana). However, this long list of woods rapidly diminishes when considering only those that
are suitable for ageing different alcoholic beverages [18]. As the number of wood species declined,
oak and chestnut became the most widely used varieties in barrel-making and so were already those
most used from the 16th century onwards [19–21]. They were chosen because they modified the
gustatory and olfactory characteristics of the different wines and spirits favourably [21]. These two
woods (Quercus and Chestnut) are the only ones approved today by the Organzation of Vine and Wine
(OIV) (Resolution OENO 4/2005).

The typical anatomy of oak offers greater resistance, flexibility, easy handling, and low
permeability in relation to those provided by other woods [22]. At present, oak (Quercus) is the
preferred material for the manufacture of barrels for ageing alcoholic beverages, especially wines.
Oak belongs to the genus Quercus, which is made up of more than 250 species, although this figure is
controversial as some authors cite up to 600 [21,23]. Most of these are to be found in the temperate
zones of the northern hemisphere as far as south to Central America and Ecuador. The number of
species increases from East to West, from Europe and Africa to the North American Pacific coast,
Mexico being the country with the greatest diversity of species. The Quercus genus is subdivided
into two subgenera, Cyclobalanopsis and Euquercus: the first includes tropical species and some
from Asia and Malaysia not used in the manufacture of barrels for oenological use, while those
within the subgenera Euquercus are used in cooperage [21]. Within these species, few meet all of the
requirements, and those most used belong to the group of white oaks [5]. According to Vivas [21],
some of the species used in cooperage in the USA and Europe are Quercus alba, Quercus garryana,
Quercus macrocarpa, and Quercus stellata, and only in Europe Quercus cerris, Quercus suber, Quercus
coccifera, Quercus lanuginosa, Quercus petraea, and Quercus robur. The main species used for wine ageing
belong to the genus Oersted (formerly Lepidobalanus): Quercus petraea L. (Quercus sessilis) and Quercus

5
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robur (Quercus pedunculata) growing in Europe and Quercus alba growing in different areas of the
United States.

In America, white oak has only been associated with Q. Alba for years; however, strictly speaking,
the classification of “white oak” includes many other species, such as: Q. alba, Q. garryana, Q. macrocarpa M.,
Q. stellata Wan., Quercus lyrata Walt., Quercus prinus, Quercus muehlenbergii E., Quercus michauxi Nutt,
Quercus bicolor Willd., Quercus lobata Née, Quercus montana Willd, and Quercus virginiana L. [24,25].
Thus, in cooperage, Q. alba, a majority species in the eastern United States, has been associated with
numerous species resulting in confusion, as is the case for: Q. prinus, Q. muehlenbergii, Q. bicolor,
Q. stellata, Q. macrocarpa, Q. lyrrata, and Quercus durandii [18,26].

In Europe, the largest forests producing high-quality oaks are found in France. Forests cover 27%
of the total area of France, and approximately 9% of these are oak forests. The regions of Le Fôret du
Centre, Nevers, Tronçais, Allier, and Limousin in the Massif Central and Vosges in the northeast of
the country are particularly important producers. Although French oak is the most highly valued in
Europe, other producer regions include Hungary, Poland, Russia, Italy, and, in the Iberian Peninsula,
the Basque Country. In fact, until the 1930s, the oak that was most widely used in the châteaux of
Bordeaux came from Russia rather than France. However, Q. petraea and Q. robur are associated with
France and not the rest of Europe.

In general, American oaks differ from European species because they have higher density and
resistance and lower porosity and permeability than European species [25]. In addition, American
woods have larger tylosis, which allows this wood to be cut by sawing without compromising
the watertightness, which leads to a better use of wood. Heartwood of Quercus is composed of
macromolecules that are polymers of cellulose, hemicellulose, and lignin, representing 90% of dry
wood. In addition, there is an extractable fraction that are soluble compounds released to wine during
aging; this part represents approximately 10% of dry wood and is variable depending on species.
The extractable fraction (ellagitannins, low molecular weight compounds and volatile compounds)
in wood depends not only on variety but also on many other factors, such as sylvocultural factors,
geographic origin, and individual tree and cooperage processing, with high variability in content
(Tables 1 and 2). In general, Q. robur has the highest content of ellagitannins followed by Q. petraea
and finally Q. alba. In addition, Q. alba also tends to have lower content of low molecular weight
compounds (Table 1) and Q. robur lower aromatic compounds (Table 2).
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Furthermore, the use of oak barrels in the production of quality wines implies long periods and
a high economic cost for wineries. For this reason, alternative techniques to ageing in oak barrels have
been used for over 15 years and these were developed to give wood characteristics to the wine in
a faster, cheaper, and simpler way. They are based on the addition to the wine of pieces of wood of
very different sizes and shapes (splinters, cubes, staves). These alternative products have been widely
used for a long time in the producing countries of the New World, but their use has spread, above all,
since the main wine producer, Europe, changed its legislation to admit their use. This maturation
practice was approved by the International Oenological Codex of the International Organization of Vine
and Wine (OIV) (OENO 9/2001) and by the Official Journal of the European Union (CE 1507/2006).

2. Oak Species Not Traditionally Used in Cooperage

The use and/or study of alternative oaks (other species of the genus Quercus) is proposed
as a solution to the search for new sources of quality wood for cooperage that provide wines
with differentiated notes appreciated by the consumer. For this reason, a market opportunity has
arisen for oak species not traditionally used in cooperage, such as Quercus pyrenaica, Quercus faginea,
Quercus frainetto, Quercus oocarpa, and Quercus humboldtii and others that are less well-known, such as
Quercus serrata, Quercus mongolica or Quercus denta (Figure 1).

 
Figure 1. Cross-sections of some of the non-standard species in cooperage in comparison with Q. sessilis.
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2.1. Pyrenaica Oak (Quercus Pyrenaica Willd)

It is distributed throughout the western Atlantic–Mediterranean regions (West France, Portugal,
Spain, and North Morocco) through a wide range of altitudes, from sea level to over 2000 m. This wood
is known as “rebollo” or “melojo”, and is mostly located in Spain (Allué, 1995) with a forest mass of
1,090,716 ha, the majority of which is found in the region of Castilla y León [61] (Figure 2). Traditionally,
this wood has been used in Spain for railway sleepers and ships and, in recent years, especially as
firewood from low forest cover, an arboreal mass composed of feet coming from buds or roots. This has
resulted in a progressive degradation of the characteristics of some of these forest areas, such as a high
percentage of trees with a diameter of <40 cm and knotty, twisted, or short-boled trees. Therefore,
their use for manufacturing barrels is very limited due to the high number of poor quality trees
for cooperage. However, its structural properties (mesh, grain, density, and permeability) are also
appropriate for oenological use [27].

 

Figure 2. Quercus pyrenaica Willd distribution map [62]. https://commons.wikimedia.org/wiki/File:
Quercus_pyrenaica_range.svg.

Various studies from 1996 to the present place value on this wood’s content of ellagitannins,
low weight, and aromas [7,8,27–32,34,35,46,50–53,55,58,59,63–65], as well as its use for containers of
alcoholic drinks, such as brandy and other spirits [66–70] and wines [9,10,58,60,71–79]. However,
the supply of quality wood for the manufacture of barrels is insufficient, so this wood can be used for
the manufacture of alternative products in the short and medium term. With proper management,
these forests could supply wood for the manufacture of barrels in the future. Consequently, most studies
on the behaviour of this wood during wine ageing have been carried out with alternative products
(in particular chips or staves) [58,60,71–77,79], observing that wines aged with this wood present good
final characteristics. The resulting wines are closer to those aged with French oak than those aged with
American oak, thus meaning this wood is suitable for producing quality wines [9,10,74]. In addition,
peculiarities have been reported, such as that wines aged with barrels of this oak species had high
levels of eugenol, guaiacol, and other volatile phenols, while the contents of cis-β-methyl-γ-octalactone
or maltol are similar to those of wines aged with Q. alba [76]. However, Fernandez de Simón et al. [60]
observed that the Tinta del País variety, in addition to having a higher concentration of eugenol,
also had a higher content of cis-β-methyl-γ-octalactone than the same wine treated with French and
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American oak, especially when staves were used. In tasting, wines aged in Q. pyrenaica wood barrels
are more appreciated than the same ones aged in American or French oak barrels [76]. Gallego et al.
2012 [79] also observed that the wines aged with chips and staves from Q. pyrenaica oak were
better considered than American or French ones, showing higher aromatic intensity and complexity,
and woody, balsamic, and cocoa notes. Connick et al. [77] carried out a sensorial analysis and found
that wine aged in contact with Q. pyrenaica chips only differed to wine aged with Q. petraea for woody
character and attained a higher score. However, a wine from two Portuguese red grape varieties
(Tinta Roriz, 80% and Touriga Nacional, 20%), aged with chips of Q. petraea versus Q. pyrenaica,
reported that, from a sensory point of view, the wine with French oak chips showed a tendency for
higher aroma scores than those aged in contact with Q. pyrenaica oak [71]. As regards oxygen, a very
important factor in the ageing of wines, Del Álamo et al. [73] reported that the same red Tempranillo
variety aged with Q. pyrenaica required less oxygen than the same one aged with traditional oak species
(Q. petraea and Q. alba). Similarly, Gonalves and Jordão 2009 [75] recorded that Syrah wines aged in
contact with Q. pyrenaica oak species had higher antioxidant activity values than those aged in contact
with the American oak species.

2.2. Quercus Faginea Lam

A wood studied from 1996 [30] to the present [80] for oenological purposes. This species
is endemic to the Iberian Peninsula and North Africa. Its common name is Quejigo, with about
269,000 ha distributed mainly in Castilla-La Mancha, Castilla y León, Aragón, and Cataluña on the
peninsula [61,81] (the protected surface area is under 4%, due to its dispersion and abundance in
Spain [81]). It is a medium-sized deciduous or semi-evergreen tree growing to a height of 20 m and
a diameter of 80 cm. This species once covered (during the 15th and 16th centuries) much of the
Iberian Peninsula, and the wood was valued and intensively exploited for naval construction [82].
It was traditionally used for the production of charcoal, and it has also been used in the manufacture
of beams for construction due to its strength and resistance. Q. faginea wood has a white yellowish
sapwood and brown yellowish heartwood, high density, and considerable mechanical strength [80].
Its composition in ellagitannins, low molecular weight compounds, and volatile compounds in wood
has been studied [7,8,10,28–30,51,63,80], as well as its interaction with wine [9,10,78]. The antioxidant
activity is very high, with an IC50 of 3.3 μg/mL for heartwood, as compared to standard antioxidants
(an IC50 of 3.8 μg/mL for Trolox) [80]. Miranda et al. [80] reported that Q. faginea is a very good
candidate for cooperage due to it being a source of compounds with antioxidant properties. However,
after studying the volatile composition of different species of Spanish oak, both in traditional species
(Q. robur and Q. petraea) and new species (Q. faginea and Q. pyrenaica), Cadahía et al. [51] propose
that, while Q. pyrenaica may be considered suitable for wine ageing, Q. faginea is not. In addition,
a wine was in contact with this oak for 21 months and then compared with other species, especially
traditional ones, and it was observed that wine aged with Q. faginea was the least preferred by
the tasting panel and always the one that obtained the lowest scores in almost all descriptors [10].
Fernández de Simón et al. 2003 [9] studied the low molecular weight phenolic compounds in red
Rioja wine aged during 21 months in barrels made of Q. Faginea oak and other woods (Q. pyrenaica,
Q. robur, Q. petraea, and Q. alba), showing by means of a discriminant analysis that wines aged with
Q. faginea could be discriminated from the rest by function 2, which was related to trans-resveratrol,
p-hydroxybenzaldehyde, syringic acid, ellagic acid, and 5–HMF.

2.3. Quercus Frainetto Ten

This species is native to the Balkan Peninsula and also present in South Italy and Northwest
Turkey (Figure 3). Despite also being known as Hungarian oak, its presence in Hungary is sporadic [83].
In Greece, it is a vital timber tree and frequently managed as coppice forest for both firewood and
timber in combination with grazing. In the other countries in which it grows, it is most often used for
firewood, although the quality of the wood is similar to Q. petraea. Because of the rather high durability
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of its wood, Q. frainetto has sometimes been used as construction material in civil engineering and
mining. Vivas [21] is studying this species with the aim of using it in cooperage. This wood has
an ultra-structure that is comparable to French oaks, and its lindens are similar to those of Q. alba.
However, in the manufacture of barrels with Q. frainetto, the staves have been found to need longer
heating during taming, which could be due to their high density [21]. This species also has a high
content in ellagitannins [36]. As regards the gustatory quality of the wood extracts of this species,
it has high bitterness and particular and indefinable aromas, but both attributes can be cushioned by
the natural drying and toasting of the wood [21].

 

Figure 3. Quercus frainetto Ten. distribution map [62]. https://commons.wikimedia.org/wiki/File:
Quercus_frainetto_range.svg.

2.4. Quercus Oocarpa Liebm

This species is also used in wine ageing [36] and extends naturally from Veracruz, Mexico,
through Chiriquí, Panama, Guatemala, and Costa Rica, where it is found in Monteverde, Puntarenas;
Cordilleras de Tilarán and Central; Escazú, San José; Muñeco, Cartago; and the Cordillera
de Talamanca [84]. Vivas [21] proposes this as a new species when observing that it presents
an ultra-structure that is comparable to French oaks with a clear succession of early and late wood,
forming an annual growth and, with respect to its lime trees, observed that Q. oocarpa was comparable
to Q. alba. This species presents only monomers of ellagitannins, since during its analysis no dimer was
found [36]. Regarding the gustatory quality of the extracts of these woods, the quality of the Q. oocarp
was similar to that of Q. petraea [21].

2.5. Quercus Humboldtii Bonpl

This is one of the main forest species in the woods of Colombia [85]. This white oak is a neotropical
species found in the Three Mountains range, from 750 m to 3450 m above sea level, in 18 departments
of the Colombian Andes (Antioquia, Bolívar, Boyacá, Caldas, Caquetá, Cauca, Chocó, Cundinamarca,
Huila, Quindío, Risaralda, Nariño, North of Santander, Santander, Tolima, Valle del Cauca, Cesar,
and Córdoba) [85]. The hardwood is hard, heavy, and easy to work and its density is 0.9–1 g/cm3.
Traditionally, it has been used for making posts, railroad ties, handles for tools, wooden rollers,
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charcoal, and firewood [86]. In addition, this species is normally used in barrel-making; specifically,
it has been utilised by two companies since the middle of the 20th century. Cooperage products made
from this “White oak” have normally been used to age alcoholic beverages, such as rum [87] or brandy.
Recently, three studies on the composition of this oak when green and before and after toasting have
been published [16,17,88]. The phenolic composition (ellagitannins and low molecular weight phenols)
of green Q. humboldtii was characterized and compared to traditional oak wood species, with the most
abundant phenolic acids, aldehydes, and ellagitannins being the same as in Q. alba and Q. petraea,
and with a phenolic composition closer to that of the American ones [16]. The study on syringaldehyde
and vanillin contents showed a similar vanillin concentration to Q. Faginea in toasted wood and
a balanced syringaldehyde/vanillin relationship, a marker usually used to characterize oak wood
quality [88], when seasoned and toasted. Q. humbolditti had comparable low molecular weight phenols
to woods of Q. petraea and Q. alba. Its ellagitannin composition was similar to that in Q. alba, and its
volatile composition differed from that of Q. petraea and Q. alba, since it had the highest concentration of
5-methyl furfural, furfuryl alcohol, guaiacol, 4-ethylguaiacol, 4-vinylguaiacol, cis and trans-isoeugenol,
and syringol and the lowest furfural, 5-hydroxymethylfurfural, and cis-β-methyl-γ-octalactone
concentrations [17]. When this wood is used as an alternative for ageing wines compared to
traditional species, the wines macerated with Q. humboldtii chips showed higher concentrations
of 5-methylfurfural, guaiacol, isoeugenol, trans-isoeugenol, and syringol and lower furfural, 5–HMF,
trans-β-methyl-γ-octalactone, and cis-β-methyl-γ-octalactone content [89]. In the sensorial analysis,
there were no negative comments from the tasters about the wine macerated with Colombian oak;
in addition, few significant differences in the sensorial analysis were observed in these wines compared
to those aged with traditional oaks. Therefore, Q. humboldtii oak has an interesting oenological potential
as an alternative species for coopering [89].

3. Woods Not Traditionally Used in Cooperage Different to Oak

The growing demand for wood for cooperage and the search for new opportunities to give wines
and their derivatives a special personality have led to the use of woods other than oak, some of which
have been used for many years. This is how wood from species such as Castanea sativa Mill. (chestnut),
Robinia pseudoacacia L. (false acacia), Prunus avium L. and Prunus cereasus L. (cherry), Fraxinus excelsior L.
and F. americana L. (European ash and F. americana L.). (European and American ash, respectively),
and Morus alba L. and Morus nigra L. (Mulberry) have been proposed as alternatives to oak (Figure 1).
In addition to those mentioned above, experiments in wines have been made with other types of
wood, such as Juglans regia, Juniperus communis, Pinus heldreichii var. Leucodermis, Prunus armeniaca,
Fagus Syvatica, and Alnus glutinosa [48,90], but, to date, few trials have been carried out. Moreover,
many producers prefer using local woods in order to reduce costs [43], and, recently, some wine cellars
have ordered barrels with some non-oak staves included from cooperages.

3.1. Castanea Sativa Mill

This species of the Fagaceae family can be found in southern Europe and Asia (China) (Figure 4).
Chestnut is widely cultivated for its tasty edible fruits. Its starch is used in industrial applications,
such as paper, plastics, textiles, food, pharmaceuticals, and cosmetics, and its wood is of interest for
the manufacture of stakes. Moreover, this species has been widely used for oenological purposes in
the Mediterranean area in the past due to its widespread availability and low cost [91]. As mentioned
above, it is the only species alongside Quercus that has been accepted for use by the OIV. It seems
that there is a growing interest in the use of this wood in the ageing of different drinks, which is why
numerous studies have been carried out on the characteristics of this wood [31,33,34,36–41,43,47,51,
53,54,92,93] and its use for the purpose of ageing spirits [36,67–70,91,94–103], vinegars [53,104,105],
and wines [57,106–113]. Chestnut wood barrels prove to be suitable for the ageing of wine liqueurs,
as they improve the chemical composition and the sensory properties of the alcohol of the aged
wine, showing higher content of total phenolics and of low molecular weight compounds and higher
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antioxidant activities [100]. The sensory properties found in spirits aged in chestnut wood demonstrate
the potential of this wood for the ageing of alcoholic beverages [69], with the heat treatment in
cooperage having a very significant influence on the majority of low molecular weight extractable
compounds by brandies aged two years in chestnut barrels [39]. Chestnut wood proved to be a suitable
alternative to Limousin oak for ageing brandies, showing a high quality, with a faster evolution of
brandies and more economical ageing as the price is lower [91]. However, chestnut does not seem
to be the most suitable for vinegar ageing, as the best results are found when oak or cherry are
used [104,105]. Regarding the ageing of wine in barrels made of this wood, it has been observed that
they are suitable for short periods, but not for prolonged ageing, due to the high porosity [108–113].
Thus, Rosso et al. [113] observed a low content of oxidizable polyphenols in wines aged with chestnut,
indicating that this type of wood causes a more oxidative environment than oak and is, therefore,
less suitable for prolonged ageing. Alañon et al. [108] reported that wines aged for long periods in
chestnut present off-flavours (4-ethylphenol and 4-ethylguaiacol) and oxidation problems. However,
chestnut is an excellent flavouring wood for short periods of ageing in barrels, as very balanced wines
are obtained [108]. Arfelli et al. [106] observed that red Sangiovese wine aged in old chestnut barrels
were more fruited and tannic than in Allier, while the latter were less astringent, more balanced,
and had more vanilla notes.

 

Figure 4. Castanea sativa Mill. distribution map [62]. https://commons.wikimedia.org/wiki/File:
Castanea_sativa_range.svg.

3.2. Robinia Pseudoacacia L., (False Acacia)

This species, originating in the eastern United States and introduced into Europe, is often referred
to as acacia, but its proper name is robinia [42] (Figure 5). It is considered a rapid-growth species
with adaptive plasticity compared to others [114]. Traditionally, it has been used for the production
of poles and pulp, as well as for other uses, such as erosion control and fodder. It has now been
proposed for cooperage purposes, as robinia barrels are approximately 10% cheaper than French oak
though still more expensive than American oak. Acacia wood is hard, with a low porosity [115]. In the
last 10 years, research papers have been published focusing on the characterization of this wood for
cooperage purposes and its use with alcoholic beverages, especially wines [71,110–113,116–119] and
vinegars [104,105,120]. Red wines aged in acacia barrels have higher notes of smoky, spicy, and fruity,
and may be related to their richness in mono and dimethoxyphenols, acetosyringone, and ethyl
vanillate [111,121]. Fernández de Simón et al. [111] observed that, after the use of barrels of the species
cherry, chestnut, acacia, ash, and oak, the wines with the highest scores were those aged with acacia
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and oak [111]. Acacia barrels also had a positive influence on the quality of Istria wines, as they were
the best-rated with the highest amount of simple volatile phenol compounds [116]. In the case of
white wines, the preference of this wood over others, such as cherry and even over American and
French oak, was also observed [119]. The use of acacia for vinegar ageing is increasing due to the air
transfer efficiency that favours a good rate of acetification [122], since, of all of the woods studied,
the acacia barrels were observed to be those with the highest oxygen permeability. However, regarding
the aromatic notes of the vinegars aged with wood, Callejon et al. [105] suggest that the best woods
are cherry and oak, not acacia.

 

Figure 5. Robinia pseudoacacia L. distribution map [123]. https://commons.wikimedia.org/w/index.
php?curid=29169867.

3.3. Prunus

The cherry species studied for this purpose are Prunus avium L. and Prunus cerasus L., related to
each other and native to Europe and western Asia (Figure 6). The cherry has been extensively studied
in recent years in order to know its characteristics [31,43,44,55–57,92,124] and the effect it provides
during the ageing of different drinks, such as wine, distillates, and vinegars [40,48,71,105,110–113,
117,119,125,126]. This wood has a high porosity and oxygen permeation, and is usually used for
short ageing times [40]. Fernández de Simón et al. [110], after studying white, rosé, and red wines
aged using barrels and chips, observed that 6 (aromadendrin, naringenin, taxifolin, isosakuranetin,
eriodictyol, and prunin) of the 68 identified nonanthocyanic phenolic compounds were only identified
in wines aged with cherry wood. Thus, the nonanthocyanic phenolic profile could be a useful tool to
identify wines aged in contact with this wood. In addition, significant differences were found in certain
compounds with respect to Q. petraea and Q. alba. Delia et al. [119] showed that the white wine aged in
contact with cherry chips showed similar overall appreciation scores to those obtained for the wines
aged with Q. alba and Q. petraea chips. De Rosso et al. [113] also found some special characteristics
in wines aged in untoasted cherry barrels compared to other woods (acacia, chestnut, mulberry,
and oak), suggesting that this wood allows for greater oxygen penetration through its staves. However,
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Torrija et al. [122] observed that the most permeable to oxygen was acacia. Cerezo et al. [104] observed
that vinegars from red wines after their acetification with better scores in the sensory analysis were
those from ageing with this wood together with oak, presenting better notes of global impression and
red fruits. De Rosso et al. [113] also found some special characteristics in wines aged in a cherry-barrel
compared to other woods (acacia, chestnut, mulberry, and oak), suggesting greater oxygen penetration
through their staves; and, therefore, proposed their use for shorter ageing times.

 
Figure 6. Prunus avium L. distribution map [62]. https://commons.wikimedia.org/wiki/File:Prunus_
avium_range.svg.

3.4. Fraxinus

This genus of the family of oleaceae, generally known as ash, is found in the geographical area
of the Fraxinus excelsior L. extending throughout Europe, Asia Minor, and North Africa, preferably
in oceanic climates (Figure 7). It reaches heights of up to 40 m, and specimens from 20 to 30 m are
common. This species only grows properly in areas where the climate and soil conditions provide
a good water supply throughout the year. Ash is highly appreciated. The highest quality logs are
destined for the veneer industry, where they reach their maximum price. Ash is also highly valued in
the sawmill and cabinet-making industries. Fraxinus americana, L. a native of North America, is found
mainly in the eastern United States and has been introduced in Cuba and Romania [127,128]. It is
a large tree approximately 36 m high and 182 centimetres in diameter, and is highly appreciated
thanks to the qualities of its wood, which is moderately heavy, strong, rigid, hard, and resistant
to shocks. Because of these characteristics, it is mainly used for handles, ropes, oars, vehicle parts,
baseball bats, and other sporting goods, as well as for veneers, sawn wood, and canoes. Heartwood
from Fraxinus, both excelsior and American, has been considered as a possible source of wood
for ageing wines [57,110,111], so its composition has been studied from the oenological point of
view [43,45,48,124]. Wines aged in ash barrels differed from the rest due to their high content of 3-ethyl
and 3,5-dimethylcyclotene, o-cresol, α-methylcrotonalactone, and vanillin and their low content of
furanic derivatives, the latter like wines aged in cherry [111]. In spite of showing greater quantities of
vanillin, after a sensorial analysis, the wine aged with oak had the highest scoring vanilla notes [111].
The polyphenolic profile of wines aged in contact with ash has not shown any specific polyphenols
provided by this wood, with no unusual compounds being found when the wine was aged with
oak [110], although ash has shown to have compounds not present in oak [45].
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Figure 7. Fraxinus excelsior distribution map [62]. https://commons.wikimedia.org/wiki/File:
Fraxinus_excelsior_range.svg.

3.5. Morus (Mulberry)

The mulberry species that have been considered as possible new woods in wine ageing have been
Morus alba L. (known as white mulberry) and Morus nigra L. (known as black mulberry). Morus alba L. is
a native of China but widely planted and naturalized in many warm temperate regions. Morus nigra L.
is a native of western Asia but mostly cultivated in Europe and Asia [129]. In general, Morus L.
(Moraceae) is found in Asia, Africa, Europe, and North, Central, and South America [130] and grows
in various forest types from sea level up to 2500 m [131]. Morus species are economically important to
the silk industry, as they are host plants for the silkworm (Bombyx mori L.) larvae [132]. Additionally,
species have been cultivated in many parts of the world for their edible fruits and as ornamental trees.
Moreover, M. alba is the main species for making traditional bowl-shaped musical instruments [133].
Karami et al. [133] studied the anatomical differences and similarities between these two species of
wood, showing that small differences exist between them in vessel distribution and frequency and
the existence of aliform axial parenchyma cells. The main differences reported by these authors were
a semi-ring porous distribution of vessels in M. alba, and fewer vessels and a lower presence of aliform
parenchyma in M. nigra. The wood of these species is tender and elastic, with medium porosity,
and is characterized by the low release of compounds [134]. These species have been less-studied
from the point of view of their characterization and use for the ageing of beverages than those
previously mentioned. Rosso et al. [92] studied extracts (50% water/ethanol v/v) with 60 g/L of
different woods (acacia, chestnut, cherry, mulberry, and oak) and observed that the lowest contents of
volatile compounds were found in mulberry, with little eugenol and no methoxyeugenol though high
(negative) fatty acids. Flamini et al. [56] extracted the compounds from the same woods and in the
same dosage as in the previous study, not only with a 50% water/ethanol solution but also with model
wine (12% ethanol with tartrate buffer pH 3.2), showing that the mulberry wood extract had a low
presence of volatile benzene compounds and is probably more suitable for ageing wines.

Gortzi et al. [90] studied two Greek red wines (Syrah and Cabernet) aged with white Mulberry
wood chips. They observed that the total polyphenol content (mg/L) in Syrah wines aged with M. alba
was lower than those aged with Q. alba when the dosage of alternatives was 1 g and very similar when
it was 2 g. The opposite occurred when the grape variety used was Cabernet. Gortzi et al. [90] saw that
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the concentration of resveratrol and catechin in all of the wines studied was much higher when aged
with M. alba chips than when aged with Q. alba. The sensory test showed that, after 20 days’ ageing with
M. alba, Syrah wines presented better scores than the same ones aged with Q. alba; however, the scores
of the Cabernet wines after ageing with these two woods were similar [90]. Mulberry extract (M. nigra
heartwood) (2 g/L of wood in 40% water-ethanol) had higher a polyphenol content and antioxidant
activity than the extracts from the Quercus robur, Robinia pseudoacacia L., and Cotinus coggygria Scop
wood species [116]. Rosso et al. [113] observed that a red wine (Raboso Piave var.) aged during
9 months in blackberry (M. alba) 225-L barrels presented a significant decrease in fruity-note ethyl
esters and ethylguaiacol and the high cession of ethylphenol (a horsey-odour defect). Therefore,
these authors concluded that this wood is hardly suitable for wine ageing.

4. Chemical Composition of the Extractable Fraction of the Different Woods

The chemical composition, especially the extractable fraction, of oak wood can decisively condition
its oenological quality, as it contributes to characteristics such as the colour, smell, flavour, and body of
the final wine. Ellagitannins, low molecular weight compounds, and volatile compounds are the main
constituents of this fraction in oak. Table 1 shows the total concentration of ellagitannins and the total
content of low molecular weight phenolic compounds in green, dried, and toasted wood of Quercus
specimens but of different species than the traditional ones (Quercus: pyrenaica, faginea, frainetto, oocarpa,
and humboldtti) and woods other than oak (castanea sativa, robina pseudoacacia, prunus avium, prunus
cereaus fraxinus americana, and fraxinus excelsior). In general, the ranges found for total ellagitannins
and low molecular weight phenolic compounds in the same species are broad due to factors such as
the type of treatment and the intensity and variability within the species, and are shown in Table 1.

As can be seen in Table 1, the species Robinia pseudoacacia (acacia), fraxinus americana (ash),
and fraxinus excelsior (ash) do not contain ellagitannins in their composition. With regard to cherry,
no studies have been found on the species Prunus cereaus. The ellagitannins in Prunus avium were not
detected in the studies by Sanz et al. [43,44], with only very small quantities of castalagina (0.04 mg/g)
and vescalagina (4.19 μg/g) being detected in the work of Alañon et al. [31], insignificant quantities
with respect to the habitual contents that exist in the woods used in cooperage. As regards woods other
than oak, the eight ellagitannins have only been found in the species Castanea sativa Mill (chestnut).
The ranges of ellagitannins in dried chestnut are between 4.74 and 76.3 mg/g and in toasted vary
from 0.66 to 10.51 mg/g (Table 1). As with oak [17,32,135], toasting decreases the concentration of
these ellagitannins. In general, the total concentration in ellagitannins is similar to that found in
traditional oaks. In addition to ellagitannins, other hydrolysable tannins not present in oak have
been found in chestnut. In addition, cherry and acacia have condensed tannins, never found in
oak, in their composition. All this means that there is an important qualitative difference between
these different woods and Quercus with respect to the composition of the traditional oak used in
wine ageing. The main phenolic components analyzed specially in the green and seasoned wood
of these new species of Quercus were ellagitannins (Table 1), with similar results to those found in
other oaks traditionally used in oenology. Drying and toasting degrade these compounds as well
as traditional Quercus woods. The eight ellagitannins identified in the traditional oaks were found
in all the new species of Quercus, except in the case of the Q. oocarpa, which did not present dimer
ellagitannins (A, B, C, and D Roburins) in its composition. Q. pyrenaica, Q. faginea, and Q. oocarpa had
a similar range of total ellagitannin concentration among them; moreover, ellagitannins of these species
were between Q. robur and Q. alba, and more similar to Q. petraea. However, Q. humboldtii showed
a lower concentration than the other new species and more similar to Q. alba. On the other hand,
Q. frainetto is distinguished especially from the other species by its higher content of pentosylated
dimers, and a monomer concentration that is similar to the rest of Quercus, which makes it the species
with the highest content in ellagitannins (108 mg/g). Unlike ellagitannins, low molecular weight
compounds during drying and toasting increase their concentration in both Quercus and other woods,
just like traditional oaks. Castanea sativa Mill. wood has the highest low molecular weight phenolic
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(LMWP) content (Table 1). In general, the total LMWP contents found in the acacia (Robinia pseudoacacia L.),
cherry (Prunus), and ash (Fraxinus) woods are lower than in the others, especially after drying. Ellagic
and gallic acids are the main LMWPs in Q. pyrenaica, Q. faginea, Q. humboldtii, and Castanea sativa as in
traditional oaks. Only in the toasted wood of Q. humboldtii does this not occur, as the majority were
coniferaldehyde and sinapaldehyde. This behaviour has also been observed in traditional woods,
especially in the species Q. alba and/or Q. robur [7,17,47,48], although the most common profile is that
mentioned above. In Q. oocarpa and Q. frainetto, only the ellagic and gallic acids were studied [36],
probably because they are the majority in this species. Furthermore, there is more ellagic acid than
gallic acid in Q. pyrenaica, Q. faginea, Q. humbolditti, and Q. oocarpa, as usually occurs in traditional oaks;
however, in Q. frainetto and Castanea sativa, this relationship was reversed. Compared to traditional
oak, the most different woods were acacia, cherry, and ash, as in none of the three were these acids the
majority. With the exception of the dry wood of P. cereaus, the majority component of which was ellagic
acid, gallic acid was not detected [40]. Similarly, neither gallic acid nor ellagic acid were detected in
the wood of the considered Fraxinus species [43].

Table 2 represents the concentration of some of the most representative volatile compounds of
traditional oak for their aromatic contribution to wine during the ageing process analyzed by gas
chromatography (GC) in green wood and dried and toasted specimens of the genus Quercus, but of
different species to the traditional ones (Quercus: pyrenaica, faginea, and humboldtti) and woods other
than oak (castanea sativa, robina pseudoacacia, prunus, and fraxinus excelsior and american). This table does
not list Q. oocarpa and Q. frainetto, as no work has been found with the concentrations of these volatile
compounds. Only Vivas [21] shows the presence of vanillin and eugenol β-Methyl-γ-octalactone in
these species as well as Q. alba, Q. petraea, and Q. robur and oxo-3-retro-α-ionol in addition to Q. alba.
Regarding cherry, in Table 2 the species is not indicated since it was not identified in the studies
found. In addition, as these compounds are formed during drying and especially during toasting,
only one work in green wood has been found that studied the species Q. pyrenaica. The concentration
of the volatile species represented in Table 2 shows that the majority of the green and dried wood of
Q. pyrenaica is cis-β-Methyl-γ-octalactone, 59 and 68 μg/g, respectively; in the dry wood of Q. faginea
it is furfural with 17.6 μg/g, and in Q. humbolditti it is eugenol with 2.65 μg/g. However, the majority
in non-Quercus woods after drying is vanillin. As for the wood after toasting, which is usually used in
the processes of ageing wines, in almost all species the content of furfural is higher than that of the
other five aromas as generally occurs in traditional oaks [17,51,55,60], with the exception of Q. faginea,
Fraxinus american, and Fraxinus excelsior, with vanillin content being the highest. The guaiacol levels
in medium-toasted ash woods were much higher than those detected in the other toasted woods,
even those normally found in traditional oak, so a more pronounced smoke character can be expected
when using toasted ash wood in ageing wines. In some studies, the concentrations of eugenol found in
Q. pyrenaica were very high, especially when they were subjected to light toasting, much more so than
in those normally found in traditional oaks, so that when using these woods we would have more
spicy wines, especially with notes of clove. In general, Table 2 shows that woods not belonging to
the genus Quercus do not have either β-Methyl-γ-octalactone or cis-β-Methyl-γ-octalactone in their
composition. Only the study by Caldeira et al. [53] found small amounts of these isomers in chestnut
(0.23 and 0.34 μg/g in the isomer trans and cis, respectively), but using 55% ethanol to extract them.
The two isomers of β-Methyl-γ-octalactone have a high sensory impact on the wines after wood
maturation [136], giving the wines coconut, toasted, and wood notes; moreover, theses isomers allow
French and American oaks to be differentiated [59,137,138]. Q. humboldtii also presented very low
concentrations of these two isomers. Regarding the species Q. faginea, the concentration of these two
isomers in its wood has only been found in the work of Cadahía et al. [51], in which they also study
the traditional oak species, observing that the concentrations in this species are within the usual values
found in the traditional species (Q. robur, Q. petraea, and Q. alba). The wood of Q. pyrenaica has been
more widely studied, so we find wider ranges of concentrations, depending on the origin, drying,
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and toasting. In general, we could say that some woods have higher concentrations than those found
in traditional woods, especially the cis isomer.

Many options for woods to be used in cooperage are available and suitable and there may be more.
However, with the exception of the species Q. pyrenaica, there have not been many studies carried out on
the aforementioned woods and the corresponding treatments in cooperage. Therefore, it is considered
of great interest to know more about the aromatic composition of these woods, thus offering more
information to coopers and oenologists about the wood they can use for their wines, thus providing
that distinctive sought-after seal.
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Abstract: This study aims to investigate the ability of high power ultrasound (HPU) to ensure
oak barrel sterilization and wood structure preservation. Optimization was performed in terms
of temperature and time and the impact of the HPU process on the porous material was also
characterized. In this research, several wood characteristics were considered, such as the specific
surface area, hydrophobicity, oxygen desorption and spoilage microorganisms after treatment.
The study showed that the microbial stabilization could be obtained with HPU 60 ◦C/6 min.
The results obtained show that microorganisms are impacted up to a depth of 9 mm, with a
Brettanomyces bruxellensis population < 1 log CFU/g. The operating parameters used during the HPU
treatment can also impact on wood exchange surface and oxygen desorption kinetics indicating that
tartrate is removed. Indeed, the total oxygen desorption rate was recovered after HPU treatment,
close to a new oak barrel, and thus may indicate that there is no impact on the ultrastructure (vessel,
pore size or rays). Finally, wood wettability can also be impacted, depending on the temperature and
the duration of exposure.

Keywords: high power ultrasound; wine aging; regeneration; sanitation; brettanomyces; oak
wood barrel

1. Introduction

Aging red wines can be carried out in barrels to allow olfactory and gustatory modifications [1–4].
However, when aging takes place in wooden barrels, some organoleptic deviations may appear
referred to as “brett flavor”, referring to “stable”, “leather”, “manure” or “horse sweat”. Bacteria
and yeasts can penetrate into the wood to the same depth as the wine (close to 8 mm) [5] and then
contaminate other wines if the oak barrels are not sterilized properly [6], even if polyphenols have a
negative impact on bacteria viability [7]. Brettanomyces can provide organoleptic deviations due to
production of undesirable compounds, such as 4-ethylphenol and 4-ethylgaiacol [8]. These molecules
can deteriorate the wine quality [9]. To avoid such deviations, several treatments can be employed
in wineries. However, Yap et al. [10] have argued that hot water and chemical treatments (the two
treatments most commonly used) may be ineffective against the Brettanomyces spoilage yeast [11,12].
Several types of treatments are used in wineries to sanitize barrels, such as chemical agents (sulfur
dioxide, ozone) or physical agents, with UV radiation, hot water, microwaves and ultrasounds showing
varying levels of efficiency [5,11,13]. For example, microwave treatment enables only a 35% reduction
in the Brettanomyces spp. population [14]. Guzzon et al. [13] studied the efficacy of aqueous steam, UV
irradiation, gaseous, and aqueous O3 for sterilizing oak barrels. Steam and O3 were demonstrated to
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be the most effective treatments, eliminating as much as 90% of yeasts. Nevertheless, in this case, total
sanitation is not completely ensured because the treatment is only carried out on the stave surface. Due
to the porous nature of wood and the limited transmittance of UV radiation, this process appears to be
ineffective. With regards to the steam treatment, some authors have shown that the microorganism
inhibition is linked to the wood depth. A reduction of 3 log can be observed for depths of less than
3 mm, and 2 log if the depth is between 3 and 6 mm [15]. None of these processes are therefore
completely effective and sulfur dioxide in wines should be managed carefully to avoid contamination.

Studies of the use of high power ultrasound (HPU) in industrial processes has recently been
published [16,17]. In this process, electrical energy can be converted into ultrasound (20 kHz–10 MHz)
at frequencies higher than those audible by the human ear (16–20 kHz). High power ultrasound is
characterized by intensities in excess of 1 W/cm2 and frequencies between 20 and 100 kHz [18–20].
When they are emitted in a liquid, this process forms high-energy micro bubbles (acoustic cavitation
phenomenon) [21–23]. These cavitation bubbles generate very high temperatures locally (close to
80 ◦C) and pressures greater than 50 MPa [19]. These micro cavitation bubbles (diameters around 1 μm)
act homogeneously throughout the fluid (Pascal’s law) and can penetrate deeply into the pores of the
wood. Piyasena et al. [24] showed that the cavitation phenomenon generated by HPU can kill microbial
cells by cell disintegration in many cases [24]. The effect of ultrasound on the growth and viability of
pathogenic bacteria such as Escherichia coli, Pseudomonas fluorescens, several yeast like Saccharomyces
cerevisiae, Brettanomyces, as well as various fungi, algae and protozoa, has been summarized by Jiranek
et al. [25]. These authors consider that the rate of inactivation of microorganisms varies with the
power [26–28] and frequency [29] of the ultrasound applied. Thus, according to Tsukamoto et al. [28],
the wave amplitude has a large influence on the inactivation rate for S. cerevisiae cells. According to
Borthwick et al. [29], cell disruption in this species is greater at high frequencies (267 kHz compared
to 20 kHz for the same exposure time). In addition, HPU and thermal treatments (45–60 ◦C) have
synergistic effects on the inactivation of microorganisms [30].

The potential application of HPU technology in the wine industry has also been assessed by
Yap et al. [10] and Jiranek et al. [25]. These authors argued that this process could be used for the
management of microorganisms at different stages of winemaking. Yap et al. [31] studied the effect of
HPU on wood barrels and noticed that HPU removes Brettanomyces spp. on the barrel surface and in
the stave up to a depth of 4 mm.

Validation tests carried out in 2007 and 2008 by the Australian Wine Research Institute (AWRI)
demonstrated that the cleaning and disinfection of barrels (American oak) using HPU technology
was more efficient than with steam in conventional conditions of use (1000 psi/6900 kPa at 60 ◦C for
5 min). In this research, the HPU not only removed all the deposited tartrate, but also inhibited 100%
of Brettanomyces cells on the surface and up to 4 mm deep in the wood [31]. However, microorganisms
can be located deeper in the oak wood (close to 8 mm) and the impact of this treatment on the oak
wood structure was not apprehended. Moreover, there were no optimization parameters for the HPU
treatment in this study.

Recently, Porter et al. [32] studied the effect of HPU treatment on porous cleaning efficacy in
American oak wine barrels using X-ray tomography. It was demonstrated that HPU can significantly
remove tartrate deposits from the first two millimeters of oak surfaces, but this was not reproducible at
a depth of 2–8 mm. An average of 89% total tartrate volume was removed from the surface layer in the
first treatment, but this was further increased to 98% by increasing temperature and time treatment.
A highly significant removal of stave surface tartrate crystals was also demonstrated with this cleaning
technique at the temperatures studied. Only a few studies considered the oak wood characteristics
after HPU treatment, even if oak is a fragile matrix. Oak wood consists of macromolecules such as
cellulose, hemicellulose and extractive compounds like ellagitannins, lignin and aromatic precursors.
Cellulose and hemicellulose are complex components in the cell wall of wood and make up a large part
of oak wood composition (more than 50%). Hemicellulose is formed from covalent bonds with lignin
(close to 30% of the total composition) and ester linkage with acetyl units and hydroxycinamic acids.
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These bonds are important to ensure the mechanical stability of the structure. These bonds limit the
extraction of hemicellulose from the cell wall matrix. The application of ultrasound in extraction and
refining processes has drawn increasing attention recently for several applications, and these studies
prove that HPU could have a significant impact on cell wall structure [33]. Furthermore, ultrasonic
treatment is well established in the processing of plant raw materials, in particular, in extracting
low molecular weight substances and pharmaceutically active compounds [34,35]. The authors also
consider that HPU could be used to extract cellulose from several plant materials and this aspect
is essential for our work. The mechanochemical effect of ultrasound is believed to accelerate the
extraction of organic compounds from plant materials due to the disruption of cell walls.

The innovative point of this study is the characterization of the porous material by evaluating
the specific surface, oxygen desorption rate, and hydrophobicity of the oak wood after treatment.
These parameters are very important as a modification of the oak wood structure could induce several
modifications (wettability, oxygen desorption). Indeed, wine might penetrate deeper if the specific
surface area and hydrophobicity are changed. Thus, microorganisms could also penetrate further into
the depth of the wood and oxygen desorption could be more important. These measurements could
ensure that no modifications of the oak wood structure (on the surface and at a depth) are induced
by HPU.

The aim of this work was to study the effect of different operating conditions (temperature and
time) for HPU treatment on wood properties and sanitation effect. The study investigated the impact
of high power ultrasound (HPU) on (i) the specific surface (B.E.T method); (ii) the oxygen desorption
kinetics contained in the wood; (iii) the oak wood hydrophobicity (contact angle) and (iv) spoilage
microorganism (Brettanomyces bruxellensis) removal. All these indications could provide insights into
oak wood structure and sanitation possibilities up to 9 mm. Operating parameter optimization was
performed in the first part and the microbial stabilization was carried out on with the optimized HPU
parameters and the classical barrel treatment (steam) in the second part.

2. Materials and Methods

2.1. Barrel Treatment

2.1.1. High Power Ultrasound (HPU)

The HPU treatment process consisted in filling the barrel with water (heated to 40, 60 or 80 ◦C
by an autonomous system) and then to inserting the sonotrode (Dyogéna, Blanquefort, France) (part
that emits the ultrasound waves) into the bung hole (Figure 1), thereby allowing pressurization of
the water inside the barrel (0.3 bar). HPU was emitted inside the barrel (frequency 20 kHz, 3.8 kW).
The experimental barrel used for the HPU treatment was made in order to place and maintain the
experimental staves inside the barrel (Figure 2). The hatch of the experimental barrel was closed for
water filling.

HPU experiments were carried out to characterize the influence of operating conditions:
temperature and time.
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Figure 1. High power ultrasound (HPU) apparatus.

Figure 2. Experimental barrel for HPU treatment.

2.1.2. Aqueous Steam Treatment

The treatment by aqueous steam was carried out with an autonomous boiler Barriclean® (Bouyoud
Distribution, Brive-la-gaillarde, France) supplying pressurized hot water during 10 min (1.1 bar, 110 ◦C)
inside the barrel. Steam modalities were only used to compare results for microbiological aspects.

2.2. Lab Experimental Setup and Operating Conditions

The operating conditions investigated for HPU were processing time (4, 6 or 8 min) and
temperature (40, 60 or 80 ◦C). The staves for testing were extracted from French oak barrels with a
medium toast used during two years. The study was carried out on 10 types of stave in triplicate, after
undergoing various HPU treatments. The control staves were untreated. All the operating conditions

32



Beverages 2019, 5, 10

are summarized in Table 1. The staves were then cut in different ways to obtain the appropriate sample
size for each analysis. All the experiments were carried out in triplicate.

Table 1. Operating condition testing and experimental design.

Treatment Temperature (◦C) Treatment Time (min) Liquid Used for Treatment HPU Power (kW)

40
4

water 3.8

6
8

60
4
6
8

80
4
6
8

No treatment

2.3. Oak Wood Characterization

2.3.1. Determination of Specific Surface

Knowledge of the specific surface of a wood sample (from a stave) is an important parameter
to appreciate the exchange surface between the wood and wine. The specific surface refers to the
real area of an object, as opposed to its apparent surface area. This is estimated from the amount
of nitrogen adsorbed in relation to its pressure at the boiling point of liquid nitrogen and at normal
atmospheric pressure.

The SA 3100 BET (Beckman Coulter, Brea, CA, USA) measures the specific surface of granulated
samples via gas adsorption using the Brunauer-Emmett-Teller (BET) method. In this so-called discrete
method, the data points obtained and the gas pressures are balanced before the reading is recorded.
The volume of adsorbed gas retained by the sample is calculated from the pressures recorded at each
measuring point.

2.3.2. Oxygen Desorption Staves

Several 500 mL flasks (Schott®) were connected to a vacuum system generating a negative
pressure of 0.2 bars. This negative pressure is comparable to that observed in the barrel. In the barrel,
the 225 L of wine are in contact with the 2 m2 of the internal surface of the barrel. In order to simulate
the real conditions, the volume surface ratio was respected by introducing an exchange surface of
36.3 cm2 of wood into each bottle filled with the model solution (12% ethanol v/v, 5 g/L tartaric
acid and pH 3.5), made inert beforehand with nitrogen. The external surfaces of the two oak pieces
(7.25 cm × 2.5 cm) were covered with silicone gel (Elastosil E43), with the exception of the inner
side (toasted side) to reproduce the real conditions in an oak barrel. The inert model solution was
changed every 6 days. This methodology was used to avoid the oxygen consumption of the released
oak wood polyphenols [36]. Preliminary tests were realized to ensure that no oxygen transfer could
occur through the silicone gel. The oxygen desorption kinetics of the wood pieces were monitored
every day for 1 month. The oxygen concentration in the liquid flask was detected using a mobile
optical fiber coupled with a sensor device. The luminescent system was of the Oxy-trace type (PreSens
GmbH, Germany), coupled with a PSt3 type oxygen sensor (detection limit = 15 μg/L, 0–100% oxygen).
The spot sensors were placed inside the liquid flask allowing detection of the oxygen concentration.

2.3.3. Contact Angle Measurement

The sessile drop contact angle measurement technique seeks to determine the wettability
of the staves studied by characterizing the ease of a liquid drop spreading over a solid surface.
We characterized here the hydrophobic/hydrophilic nature of the material. The experimental device
used was a Digidrop Contact Angle Meter (GBX Scientific Instruments, Ireland). A 20 μL water droplet
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was placed on the stave and the contact angle was measured after stabilization for around 200 s.
The contact angle is defined as the angle between the solid surface and a tangent, drawn on the drop
surface, passing through the atmosphere–liquid–solid triple point (Figure 3) [37]. An image system
analysis integrates the angle as a function of time and makes it possible to determine whether the drop
enters the material.

For each modality studied, the contact angles were calculated from measurements on three pieces
of stave from three different parts of each stave. The drop was systematically in a place where there
were no apparent residues of tartrate, to avoid any experimental artefacts. For each experimental
modality, the average contact angle was thus obtained from 9 individual measurements on three
different samples.

Figure 3. Schematic example of contact angle measurement.

2.4. Impact on Microorganisms

The impact of HPU on spoilage microorganisms, especially Brettanomyces bruxellensis, was
investigated according to their depth in the wood.

The staves of French oak wood barrels of one or two years (medium toast) were incubated in
a liquid culture of YPG (Yeast extract 10 g/L; bactopeptone 10 g/L; glucose 20 g/L; adjusted to
pH 5), supplemented with antibiotics in order to limit the growth of bacteria, molds and yeast of
the Saccharomyces genus (0.1 g/L chloramphenicol; 0.15 g/L biphenyl; 0.5 g/L cycloheximide), and
containing B. bruxellensis L0539 (available through the “Centre de Ressources Biologiques Œnologiques”
of Bordeaux University (CRBO)) in mid-exponential phase during 4 days at room temperature.
The population was determined before and after treatment by drilling staves to different depths
(0–2 mm; 2–5 mm; 5–9 mm) with a small drill bit and permits recovering 0.2 g of wood.

The wood samples recovered at different depths were incubated in 2 mL of sterile saline solution
(9 g/L sodium chloride) during 48 h at room temperature under agitation. Serial dilutions of these
samples were plated on solid YPG (Yeast extract 10 g/L; bactopeptone 10 g/L; glucose 20 g/L;
agar 20 g/L; adjusted to pH 5) supplemented with antibiotics (0.1 g/L chloramphenicol; 0.15 g/L
biphenyl; 0.5 g/L cycloheximide). Yeast populations in the primary dilution were monitored by
fluorescence microscopy.

Colonies were counted after 7 days of incubation at 30 ◦C. All assays were performed in triplicate.

2.5. Statistical Analyses

Statistical data were analyzed using the Kruskal–Wallis non-parametric test (RStudio software,
v1.0.143, RStudio Inc., Boston, USA, http://www.rstudio.com/) to identify the means that were
significantly different. The statistically significant level was 5% (p < 0.05).
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3. Results and Discussion

3.1. Specific Surface Area

The objective of this measurement is to characterize the specific surface area, which could have
an impact on the liquid/solid exchange surface. The specific surface area of a wood sample (from a
stave) could be defined as the total surface area of a material per unit of mass and has a particular
importance for adsorption phenomena.

The specific surface area measured by the BET method for the different test modalities tested is
presented in Figure 4. The specific surface area increases regardless of the HPU treatment modalities
compared to the control (from 900% to 1400%). There is no effect of the time treatment on the
specific surface contrarily to temperature. Indeed, at high temperature (80 ◦C), we notice that the
specific surface area was around 2 m2/g, which is significantly lower than 40 ◦C and 60 ◦C. These
low values compared to other temperatures should indicate a wood modification of HPU treatment
above 60 ◦C. This deterioration of wood integrity could involve a degradation of lignin, cellulose
and hemicellulose [38]. Moreover the increase in the specific area could also indicate that tartrate is
effectively removed from the wood structure during HPU treatment, especially for 40 ◦C and 60 ◦C,
while remaining present in the untreated controlled staves. Figure 5 illustrates an example of tartrate
removal from HPU treatment at 60 ◦C. However, the surface tartrate is more efficiently removed at
60 ◦C and 80 ◦C, instead of 40 ◦C. These results corroborate those of Porter et al. [32], which showed
98% of total tartrate volume removed with HPU treatment (4 KW, 12 min at 40–60 ◦C).

Ultrasound treatment clearly modifies the physiochemical structure of wood because we notice
significant differences between all the HPU modalities and the control. These considerations were
also observed by He et al. [38]. These authors considered that HPU could decrease the alkali metals
in the resulting material, and significantly increase its crystallinity. It has been observed in the case
of eucalyptus, and our results indicate that the same trend is obtained for oak wood. The authors
considered that a rupture appears between the methyl/methylene groups in cellulose and contributes
to removing cellulose, hemicellulose and lignin.

Figure 4. Specific surface of wood treated by HPU.
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Figure 5. Examples of tartrate removal before and after HPU treatment (60 ◦C).

HPU also apparently increases the exposure of the material to the treatment solution and enhances
its accessibility, as well as breaking down pits, which could generate collapses and micro channels,
and removing attachments on the wood tissue. This aspect will have an impact on oxygen desorption
and should be considered to validate our results. Finally, further investigation should be made on the
specific surface deeper in the wood stave.

3.2. Oxygen Desorption of Staves

The influence of the HPU treatment on the quantity of oxygen desorbed and its kinetics was
investigated with a specific vacuum system. The O2 desorption monitoring was carried out over
26 days for each treatment considered in triplicate. The results for HPU treatment at 60 ◦C are presented
in Figure 6.

We noticed that untreated staves desorbed less oxygen over the first 6 days. We could consider in
this case that tartrate is still present in the oak wood vessels and thus could limit the oxygen desorption
kinetic. For HPU treatment, in the first 6 days we noticed that O2 desorption is higher for 8 min than
for 6 min at 60 ◦C. Then, over the next 6 days, we observed that desorption of HPU 6 min was slightly
higher than HPU 8 min, with a variation close to 0.5 mg/L. We can see in Table 2 that there was no
difference in total oxygen transfer over 26 days for HPU treatment between 6 and 8 min. On the other
hand, the total oxygen concentration desorbed was 5.57 ± 1.25 mg/L for untreated stave, which was
significantly lower than HPU. In comparison to results obtained by Qiu et al. [39], the O2 desorption
rate for wood barrel during the first month was lower in this case (close to 10 mg/L for a new oak
wood [36]). Considering other HPU temperatures (40 ◦C and 80 ◦C), the same trend could be observed
(results not shown).

Our results indicate that oxygen desorption is highly impacted by HPU treatment. In the case of
untreated oak wood, the oxygen desorption rate was two times lower, as was kinetics, especially for
the first week. After HPU treatment, the sum was close to 10 mg/L indicating a significant variation.
These values are still similar to an unused oak wood, which indicates that the oak structure is not
impacted. The hypothesis of the appearance of micro channels was not verified here for the HPU
treatment at 60 ◦C. Oak wood ultrastructure seems to be conserved.

36



Beverages 2019, 5, 10

Figure 6. Influence of HPU treatment on O2 desorption.

Table 2. Total oxygen desorption for different type of treatment over 26 days. The total oxygen
concentration is the sum of each mean oxygen value during each 6-day period previously shown in
Figure 6.

Type of Treatment Total Oxygen Concentration (mg/L)

No treatment 5.57 ± 1.05 a

HPU 60 ◦C
6 min 8.11 ± 1.15 b

HPU 60 ◦C
8 min 8.63 ± 0.43 b

Subscript letter refers to the significant differences between the types of treatment (p = 0.05).

3.3. Contact Angle

The purpose of this analysis was to characterize the hydrophobic/hydrophilic nature of the contact
surface. The contact angle could indicate the modifications that may possibly occur at the structural
level of the staves after HPU treatment. By definition, the smaller the contact angle, the higher the
hydrophobicity, which could have an impact on the absorption rate.

The contact angle measurements for HPU treatments are presented in Figure 7. We could consider
that the duration of treatment does not seem to have a decisive influence on the hydrophobic nature of
the wood surface. However, we noticed a trend in the HPU effect with the global increase in contact
angle values. In the other types of treatment, no significant difference was observed compared to the
control, although we did notice an upward trend in the contact angle. These results suggest that wood
samples are more hydrophobic and significant differences are observed for some cases (80 ◦C and
40 ◦C/6 min). These differences are possibly related to lignin removal, the presence of hemicelluloses
or other carbohydrate material and extractives at the fiber surface. These results are similar to those
obtained by [33]. In our case, our results suggest that, HPU treatments and, more especially, high
temperature (80 ◦C), could induce some modification because the contact angle is significantly different
(higher than 50◦ for each case). The results obtained are in good agreement with those observed for
the main wood components, reported by Young [40]. The authors proved the wettability of wood
pulp fibers where hardwood lignin (kraft) has a contact angle of 60◦ and cellulose 33–34◦. The authors
consider that surfaces rich in lignin and extractives have higher contact angles, and the values obtained
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in this case were close to 60◦. These values therefore indicate a greater proportion of extractives and
lignin in the surface of oak wood, which is a more hydrophobic surface. The potential of ultrasound
to extract polysaccharide components has been widely studied in different plants and plant tissues
and this phenomenon is confirmed in our study. Ultrasounds are known to be a powerful tool for
accelerating polysaccharide extraction. In our case, the extraction seems to be effective because the
hydrophobic characteristics are increased in the case of HPU treatment at high temperature. This could
indicate that polysaccharide content is also increased on the surface and their desorption will be higher.
This parameter is essential because it will impact the oak wood wettability. In our case, the use of HPU
generally led to an increase in the hydrophobicity of the wood (from 125% to 350%). Even if the link
between wettability and O2 desorption kinetics exists from a theoretical point of view, it is difficult to
extrapolate in our case and additional experiments should be conducted to validate this hypothesis.

Figure 7. Influence of HPU treatments on wood hydrophobicity by contact angle measurements.

3.4. Sanitation Effect on Spoilage Microorganism B. Bruxellensis

Sanitation effects of two types of treatment (HPU 6 min/60 ◦C and steam 10 min/110 ◦C) were
investigated for the removal of the spoilage microorganism B. bruxellensis. Staves inoculated with
B. bruxellensis were treated with HPU and different depth samples were recovered in order to estimate
the effectiveness of the in-depth treatment as we can see in Table 3.

If we focus on HPU treatment (6 min/60 ◦C), we notice that the post-treatment population of
B. bruxellensis is lower than the detection limit (1 log CFU/g) to a depth close to 9 mm. This length
represents the maximum depth reached by the wine by passive diffusion in the wood during aging
and therefore corresponds to the maximum depth reached by Brettanomyces yeast. This efficiency is
probably due to the synergistic effect between the HPU treatment, especially cavitation bubbles, and
the thermal effect of the water at 60 ◦C brought into contact with yeast nested in the wood. On the
other hand, we consider that steam treatment is less efficient because the post-treatment population of
B. bruxellensis is unchanged from 2 mm to 9 mm. The depth efficiency for steam treatment is 2 mm
with a population lower than the detection limit. We could consider that these results are due to
the thermal inertia of the wood. During steam treatment, the first millimeters of the wood reach a
temperature close to 100 ◦C, allowing elimination of Brettanomyces yeasts, whereas the temperature
only reaches 45 ◦C at 5 mm. We can also see that there is no difference in the treatment response
(HPU or steam) between staves of 1 or 2 years. Yap et al. [31] have studied the effect of HPU on wood
barrels and noticed that HPU removed Brettanomyces spp. on the barrel surface and in the stave up to
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4 mm, but they did not investigate to further depths. In comparison to another innovative treatment,
González-Arenzana et al. [14] studied the microwaves capacity to sterilize French oak wood barrels
and they were able to remove 35% of the population for Brettanomyces spp., 36% of total yeast, 90% of
lactic acid bacteria and 100% of acetic bacteria up to a depth 8 mm [14]. In our case with optimized
operating parameters, the HPU sanitation effect reaches a depth of 9 mm in the wood, which is also
the depth to which the wine and therefore Brettanomyces yeast can penetrate.

According to these results, the barrels contaminated by B. bruxellensis can be reused if they are
treated with HPU (3.8 kW, 6 min at 60 ◦C), unlike steam treatment that leaves viable B. bruxellensis cells
in the depth of the wood, which can quickly become sources of recontamination. The HPU treatment
is expected to target cells that are located deep within the pores of the staves, which would otherwise
be untreated by classical barrel treatments.

Table 3. B. bruxellensis population before and after HPU or steam treatment on staves of one and two
years at different sampling depth.

Stave Age (year) Type of Treatment
Sampling Depth

(mm)

B. bruxellensis
Population before

Treatment (log CFU/g)

B. bruxellensis
Population Post

Treatment (log CFU/g)

1

HPU 6 min
60 ◦C

0–2 7.73 ± 0.02 <DL
2–5 5.89 ± 0.04 <DL
5–9 4.23 ± 0.01 <DL

Steam 10 min
110 ◦C

0–2 7.79 ± 0.05 <DL
2–5 5.71 ± 0.03 4.92 ± 0.04
5–9 4.63 ± 0.02 4.59 ± 0.03

2

HPU 6 min
60 ◦C

0–2 8.11 ± 0.04 <DL
2–5 6.08 ± 0.02 <DL
5–9 5.61 ± 0.01 <DL

Steam 10 min
110 ◦C

0–2 7.91 ± 0.05 <DL
2–5 6.82 ± 0.03 5.96 ± 0.02
5–9 5.71 ± 0.02 5.63 ± 0.03

<DL: Detection limit (1 log CFU/g).

4. Conclusions

This study has shown that the combined effect of HPU and heat treatment may have an impact on
wood sanitation, the wettability of wood, its specific surface and oxygen transfer kinetics. The operating
parameters used during the HPU treatment are essential.

Specific surface measurement seems to be a relevant method for determining the tartrate removal
efficiency of wood. This method has good repeatability and is not influenced by the heterogeneity
of the wood surface. Concerning the hydrophobicity of the wood, we have shown that HPU could
increase the contact angle, especially at high temperatures (80 ◦C). Thus, the HPU treatment enables the
initial oxygen transfer capacity of the wood to be partially recovered particularly because of the surface
tartrate removal. Nevertheless, we could go further in the experiments by extending to different wood
origin and types of barrels (age, toast, wine, wood grain) or by investigating the ultrastructure of
the wood.

Finally, the sanitation effect of HPU was investigated and permits removal of all viable
B. bruxellensis cells up to a depth 9 mm with processing parameters set at 60 ◦C/6 min with 3.8
kW. These parameters (60 ◦C; 6 min) are the most efficient in regards to all of these issues.
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Abstract: The use of alternative oak products (AOP) for wine aging is a common practice in which
micro-oxygenation (MOX) is a key factor to obtain a final wine that is more stable over time and with
similar characteristics as barrel-aged wines. Therefore, the oxygen dosage added must be that which
the wine is able to consume to develop correctly. Oxygen consumption by red wine determines its
properties, so it is essential that micro-oxygenation be managed properly. This paper shows the results
from the study of the influence on red wine of two different MOX strategies: floating oxygen dosage
(with dissolved oxygen setpoint of 50 μg/L) and fixed oxygen dosage (3 mL/L·month). The results
indicated that the wines consumed all the oxygen provided: those from fixed MOX received between
3 and 3.5 times more oxygen than the floating MOX strategy, the oxygen contribution from the air
entrapped in the wood being more significant in the latter. Wines aged with wood and MOX showed
the same color and phenolic evolution as those aged in barrels, demonstrating the importance of MOX
management. Despite the differences in the oxygen consumed, it was not possible to differentiate
wines from the different MOX strategies at the end of the aging period in contact with wood.

Keywords: aging; chips; dissolved oxygen; floating and fixed micro-oxygenation; Quercus pyrenaica;
red wine

1. Introduction

Oxygen has a fundamental role in wine technology [1]. It plays an important role in the different
processes that take place during wine-making and aging [2–6]. Oak barrel aging is traditionally used
in wine-making to produce high quality wines, since the contact between wine and oxygen in the oak
barrels influences its composition.

In order to shorten time and reduce costs [7–10], the use of alternative oak products (AOP) is
widespread. Although its combination with the micro-oxygenation (MOX, small oxygen dosage)
technique has scarcely been used until now [11,12], it is known that its results essential to reproducing
the behavior, and hence the benefits, of the barrel. Since micro-oxygenation is the controlled
introduction of oxygen into wine, the dosage and duration of oxygen addition are the critical points in
MOX treatment, and positive effects can be obtained when the treatment is applied correctly. This can
be acquired by specifying the oxygen management for each kind of wine, alternative oak product
(chips, cubes and staves, among others) and also for the botanical origin of each wood [13]. Active
micro-oxygenation could be accomplished in two ways: (i) by means of continually adding small fixed
dosages of oxygen, known as fixed MOX dosage; and (ii) by means of an adaptive dosage at the level
of dissolved oxygen (DO) present in the wine, known as floating MOX dosage. The latter strategy
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consists of an adaptive oxygen dosage to achieve the desired amount of DO in the wine (setpoint).
This content can satisfy the demand throughout the aging process, and must be maintained throughout
it to ensure the best integration of wood and wine. Thus, the dosage can be regulated by comparing
the reading of each DO measurement with the reference of the DO level.

Recently, it has been demonstrated that, when oak chips were flooded with wine, they would
provide 0.135 mg of oxygen per gram of oak chips [14]. In wine aging processes, the oxygen contained
in alternative products (oak chips, staves, cubes, etc.), added to wine, has to be estimated correctly.
The wine needs to count on the oxygen necessary to evolve appropriately during these processes of
aging with wood products, so the dosage of oxygen provided by the wood itself needs to be added to
that added by active or passive MOX [15].

Quercus pyrenaica wood’s effectiveness in wine aging has meant that it is considered highly
advisable as a source of barrels [16]. However, its forest management does not allow it to be supplied
to the barrel manufacture industry, but as a source for obtaining alternative products [11,17–21].

The main goal of this work was to study the influence on red wine of two different strategies of
MOX/floating oxygen dosage (with a dissolved oxygen setpoint of 50 μg/L) and fixed oxygen dosage
(3 mL/L·month), together with the effect over time of adding chips of Q. pyrenaica oak wood during
aging: all at the beginning, or fractionations at two different times during the process.

2. Materials and Methods

2.1. Wood Samples

Oak heartwood in the form of chips (1 cm × 0.5 cm, approximately) from Q. pyrenaica trees, grown
in Salamanca (Spain) and provided by CESEFOR (Soria, Spain), were used after natural seasoning in
climatic conditions. The wood was then toasted in an industrial-scale convection oven located in the
experimental cellar of the University of Valladolid (Palencia, Spain), with supports specially adapted
to special oven trays for chips (BINDER APT-COM V 1.0., New York, NY, USA) at 190 ◦C for 10 min.

2.2. Wine

A young red wine made from a red single-variety grape (cv. Tinta del País) belonging to the
Spanish appellation of origin Ribera del Duero, and produced on an industrial scale in 2008, was
treated using different MOX aging systems for a period of 4 months. The chemical parameters of the
wine before aging were: total acidity 6.1 g/L (expressed as tartaric acid), volatile acidity 0.69 g/L
(expressed as acetic acid), sugars 1.33 g/L, degree of alcohol 14.59%, color intensity 21, and total
polyphenol 2.2 g/L (expressed as gallic acid). These parameters were evaluated before the wine was
transferred into tanks, and also during aging, in accordance with International Organization of Vine
and Wine (OIV) methods (OIV, 1990).

The wines were transferred into the tanks and samples were taken from each after 20, 48, 76, 97
and 111 days’ aging. After 111 days, the wines were taken out of the tanks and bottled separately.
Samples were taken periodically from each aging system.

2.3. Wood and Micro-Oxygenation (MOX) Strategies

Oak chips were added to the tanks at two different moments: in half of them, all the wood was
added at the beginning of the aging process, whereas in the other half of the tanks, the wood was
added twice, half at the beginning and the other half 48 days after the beginning of the experiment,
coinciding with a wine sampling.

The quantity of oak chips added was calculated using the surface/volume relation of 225-L
barrels in order to determine the quantity of oak chips necessary to reproduce the same relation in
225-L stainless steel tanks [22]. The oak chip dosage was determined by their weight distributed
over a known surface: 1250 g of oak chips were used for each tank. Two different strategies were
applied: A—all oak chips at the beginning of the experiment; and B—half of the oak chips at the
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beginning and the other half 48 days later. All the tanks with oak chips were micro-oxygenated using
an Eco2 device (Oenodev, Maumusson-Laguian, France) and ceramic diffusers. The MOX dosage was:
A—floating MOX strategy (FMOX), in which the setpoint was set at 50 μg/L; B—fixed MOX strategy,
with 3 mL/L·month. Additionally, the quantity of air in the oak chips’ interior was taken into account,
since that is an additional oxygen contribution, which can be estimated at 0.135 mg oxygen per gram
of oak chips [14]. The quantity of oxygen contributed during initial filling of the tanks was added and
established as 1 mg/L.

The wine was stored in stainless steel 225 L tanks with oak chips and MOX (Figure 1). Every
aging system was replicated, thus requiring eight stainless steel tanks as follows: tanks 1 and 2 with A
wood strategy and A MOX dosage [13], tanks 3 and 4 with B wood strategy and A MOX dosage, tanks
5 and 6 with A wood strategy and B MOX dosage, and tanks 7 and 8 with B wood strategy and B MOX
dosage. The wines were matured in the same aging room in the experimental cellar of the University
of Valladolid (Palencia, Spain), where humidity and temperature conditions were controlled at 65–75%
and 15–16 ◦C, ensuring MOX in the best way over the aging period [3,23].

Figure 1. Wine micro-oxygenation (MOX) and wood strategies scheme.
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The dosages were checked daily with each DO measurement and, in the case of the floating MOX
strategy, adjusted, increased or decreased according to the DO level of each reading, always searching
for the DO setpoint.

2.4. Oxygen Determination

The DO measurement system used was capable of measuring oxygen concentrations at μg/L
(ppb) level. An Electrochemical system was selected, model 3650/111 Micrologger O2 (Orbisphere
Laboratories, Geneva, Switzerland) and equipped with a sensor measuring from 0.1 μg/L (ppb)
to 80 mg/L (ppm) with an accuracy ± 0.001 mg/L, and a detection limit from 0.1 μg/L using the
most sensitive membrane. It was fitted in a stainless-steel flow chamber. The conditions of the
micro-oxygenated wines were not altered because a non-intrusive pumping system, based on a
small peristaltic reversible turn pump equipped with a Tygon® tube, was used. The flow rate was
10 mL/min in order to avoid the influence of any oxygen consumption by the probe or oxygen
diffusion when low oxygen concentrations of samples needed to be measured at very low flow rates
(≤0.1 mL/min). This enabled the use of a tangential flux, essential for correctly measuring the DO [24].
The whole system was argon-inerted and equipped with quick-connectors that linked all the tanks
with non-permeable flexible tubing in order to avoid any interference. Wine samplings were collected
at mid-height from each tank. Wine was force-returned to the tanks with argon, in order to guarantee
no oxygenation of the system at any time. This procedure was previously tested to verify the absence
of oxygen permeability through the walls of the tubing or the fittings [23].

The electrochemical equipment was calibrated in air as a valid option before every reading; in
addition, zero calibration was performed in electrochemical systems between every tank reading when
the installation was purged with argon to return the wine to the tank. The sensors were chemically
reconditioned and the membranes replaced if the zero calibration was above 2 μg/L [25]. A detailed
calibration in air-saturated water at a constant temperature, as described in other studies, was carried
out monthly [26].

2.5. Consumed Oxygen Determination

The oxygen consumed by the wine aged in stainless steel tanks was calculated every reading day
by the difference between the oxygen dosage and the remaining dissolved oxygen at every moment.

2.6. Wine Analysis

2.6.1. Phenolic, Anthocyanin, and Tannin Global Parameters Determination

Phenolic compounds, such as total phenols (PT, as mg/L of gallic acid), were determined by
the method of Folin-Ciocalteu [27], and low polymerized phenols (LPP, as mg/L of gallic acid)
were determined by Masquelier et al. [28]. High polymerized phenols (HPP, as mg/L of gallic
acid) were calculated by the difference between PT and LPP. Total anthocyanins (ACY, as mg/L
of malvidin-3-O-glucoside) were analyzed by means of color changes according to the pH of the
medium [29], tannins (TAN, as g/L of cyanidin chloride) using the Ribéreau-Gayón and Stonestreet
method [30] and, finally, catechins (CAT, as mg/L of D-catechin) were analyzed following the
method described by Swain and Hillis [31]. Orthodiphenols (OD, as mg/L of D-catechin) were
analyzed by Paronetto [29]. The ionization index (ION-I) was analyzed by Somers and Evans
method [32] and gelatin index (GEL-I), ethanol index (EtOH-I) and hydrochloric acid index (HCl-I) by
Ribéreau-Gayón [33].

2.6.2. Color Analysis

Color intensity was determined by measuring absorbance at 420, 520, and 620 nm in a 1 mm cell.
Other variables calculated were red, yellow, and blue percentages, according to Glories [34].
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Spectral readings (transmittance every 10 nm over the visible spectrum, 380–770 nm, and
absorbance measurements at 420, 520, and 620 nm) were performed with a PerkinElmer’s LAMBDA
25 UV/vis Spectrophotometer (Waltham, MA, USA), using 1 mm path length cuvette. All the
parameters were measured in duplicate in every sample.

2.6.3. Copigmentation Parameter Determination

Copigmentation was determined according to the method proposed by Boulton [35], via the
following parameters, where the color was due to (TA) total anthocyanins; (COP) copigmentation; (AL)
free anthocyanins; (PP) polymeric pigment; (FC) the estimation of the content of flavanol cofactors;
and (TP) the estimation of the content of total phenols (monomers and tannins).

2.6.4. Anthocyanin Individual Determination

Anthocyanins were analyzed by HPLC-DAD according to del Alamo Sanza et al. [8], as mg/L
of malvidin-3-O-glucoside: delphinidin-3-O-glucoside (Df-3-Gl), cyanidin-3-O-glucoside
(Cy-3-Gl), petunidin-3-O-glucoside (Pt-3-Gl), peonidin-3-O-glucoside (Pn-3-Gl),
malvidin-3-O-glucoside (Mv-3-Gl), vitisin A (vitA); acetyl derivates: peonidin-3-O-acetylglucoside
(Pn-3-Gl-Ac) and malvidin-3-O-acetylglucoside (Mv-3-Gl-Ac); coumaryl derivates:
delphinidin-3-O-p-coumarylglucoside (Df-3-Gl-Cm), cyanidin-3-O-p-coumarylglucoside (Cy-3-Gl-Cm),
petunidin-3-O-p-coumarylglucoside (Pt-3-Gl-Cm), malvidin-3-O-p-coumarylglucoside cis-C and
trans-T (Mv-3-Gl-Cm); and ethyl-linked malvidin-3-O-glucoside-ethyl-epicatechin (Mv-3-gl-Ethyl).

2.7. Statistical Analysis

Correlation coefficients and principal component analysis were performed using the Statgraphics
Centurion XVII statistical program (version XVII; StatPoint, Inc., Warrenton, VA, USA).

3. Results and Discussion

3.1. Micro-Oxygenation Strategy and Evolution of Oxygen Consumption in Wines

The two micro-oxygenation (MOX) strategies selected would be approximated: the normal
published oak barrel oxygen ingress rates (50 μg/L) [13,26] and another higher one (3 mL/L·month).
Throughout the aging period (111 days), continuous measurements of dissolved oxygen (μg/L) were
carried out in each tank. Figure 2 shows the evolution of this dissolved oxygen in wine for each
combination of MOX/wood strategy, together with the dosage applied in each one. The difference
between a floating and fixed wine MOX can be observed immediately: in the first (Figure 2A1,A2),
the dosage varies according to the measure of dissolved oxygen, the wine’s initial level being
0.5 mL/L·month. Each day after exhaustive measuring, as described in the previous section, the
level was adjusted to reach the fixed setpoint (50 μg/L). In the second set of cases (Figure 2B1,B2) the
measurements were also carried out, but the oxygen dosage was the same throughout the 111 days of
the experiment: 3 mL/L·month.
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Figure 2. Graphic representation of dissolved oxygen (mg/L) and MOX dosage (mL/L·month) of
wines treated with two micro-oxygenation strategies: (A) floating MOX strategy, in which the setpoint
was set at 50 μg/L; (B) fixed MOX strategy with 3 mL/L·month. The wood chips were added at two
different moments: (1) all the wood at the beginning of the maturation process; (2) half of the wood at
the beginning and the other half 48 days after the beginning of the experiment.

The average trends in the evolution of accumulated oxygen consumption in wines treated with
oak chips from Q. Pyrenaica, added at two different times during aging with different MOX strategies,
is shown in Figure 3. The data obtained indicate that the wines treated during 111 days with a floating
MOX strategy, in which the setpoint was fixed at 50 μg/L, and all the oak chips were added at the
beginning (from now on, A wood strategy) consumed an average of 5.86 ± 0.473 mg/L with significant
differences from the wines to which the wood was added twice (from now on, B wood strategy),
which consumed an average of 7.87 ± 0.287 mg/L. The wines treated with a fixed MOX strategy of
3 mL/L·month and A wood strategy were recorded as consuming an average of 16.58 ± 0.017 mg/L
without any significant differences from the wines to which the oak chips were added according to the
B wood strategy, and which consumed an average of 16.59 ± 0.001 mg/L.

From the start point (Figure 3, detail number 1), the aging systems were noticeably different
in accordance with both the micro-oxygenation and wood dosage strategies. In wines treated with
fixed MOX, the most obvious difference appeared from the start point until the moment the second
quantity of oak chips was added (Figure 3, detail number 2). No significant differences were observed
among them after that time. The average dosage during the whole process was the same for
both: 2.04 ± 0.00 mg/L·month (Table 1). With regard to the floating MOX strategy, differences were
appreciable between tanks from the start: B wood strategy wines needed a higher oxygen dosage
to maintain the setpoint levels than those to which all the wood was added at the beginning of the
process (Figure 3, detail number 3). Therefore, the average dosages during the whole process were
0.83 ± 0.24 mg/L·month and 0.62 ± 0.14 mg/L·month (Table 1), respectively. Related to the total
oxygen inputs, no significant differences were recorded among the values of wines with a fixed MOX
(16.60 ± 0.02 and 16.41 ± 0.25 mL/L, Table 1). However, in the case of those treated with a floating
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MOX, wines aged with the B wood strategy received over 1.50 mL/L more oxygen than wines treated
with the A wood strategy (Table 1).

Table 1. Summary of dosages during MOX in the aging tanks tested.

Micro-Oxygenation 50 μg/L 3 mL/L·month

Time wood was
added

At the
beginning

Half of the wood at the
beginning and the

other half at 48 days

At the
beginning

Half of the wood at the
beginning and the

other half at 48 days
MOX dosage

(mL/L·month) 0.92 ± 0.17 1.22 ± 0.35 3.00 ± 0.00 3.00 ± 0.00

Total O2 inputs
(mL/L) 6.06 ± 0.27 7.60 ± 0.37 16.60 ± 0.02 16.41 ± 0.25

MOX dosage
(mg/month) 0.62 ± 0.14 0.83 ± 0.24 2.04 ± 0.00 2.04 ± 0.00

Total O2 inputs include MOX + O2 from the air inside the wood chips and the oxygen contributed during initial
tank filling.

Figure 3. Graphic representation of MOX total consumption of oxygen (TCO mean, mg/L) in wines
treated with two micro-oxygenation strategies. �: floating MOX strategy (50 μg/L) and all chips added
at the beginning of the experiment; �: floating MOX strategy (50 μg/L) and half of the chips added at
the beginning and the other half 48 days later; �: fixed MOX strategy (3 mL/L·month) and all chips
added at the beginning of the experiment; �: fixed MOX strategy (3 mL/L·month) and half of the
chips added at the beginning and the other half 48 days later.

These results showed that wines consumed all the oxygen available. Also, if a MOX strategy was
followed for the wines to retain the amounts of oxygen similar to that in barrel (20 to 50 μg/L) [13,26],
between 5 and 8 mg/L of oxygen was required to maintain those levels. However, when they were

48



Beverages 2018, 4, 69

micro-oxygenated with the fixed dosages common in finished wines, for example 3 mL/L·month, this
was between 3 and 3.5 times more than the oxygen they would receive in barrel. When wood was
added at the beginning, the micro-oxygenated wines, with a fixed dosage of 3 mL/L·month, consumed
2.8 times more oxygen than those subjected to floating MOX. Similarly, when the wood was added
twice, the micro-oxygenated wines with a fixed dosage of 3 mL/L·month consumed 2.10 times more
than those subjected to floating MOX.

The contribution of the oxygen from the air entrapped in the oak chips (auto-oxygenation) was
evident when both wood and MOX strategies were taken into account. On the one hand, the oxygen
contributed by the wood was appreciable: in those tanks where the A wood strategy was tested, it was
higher than those where the B wood strategy was used. On the other hand, the oxygen contributed by
the oak chips had a greater repercussion when the floating MOX strategy was used (Figure 3, detail
number 3): 13.08% and 9.75% of the total oxygen inputs for wood strategies A and B, respectively.
In wines treated with fixed MOX (Figure 3, detail number 2) this contribution was 4.62%. Hence, under
the conditions tested in this study, the oxygen contribution from the oak chips was higher when a
lower MOX was used, in this case, an FMOX. It should be noted that when wine consumes the required
quantity of oxygen, auto-oxygenation needs to be taken into account, since it is an important part
of the total oxygen consumed, as previously stated. When an FMOX is considered, logically, it has
less influence, since it overlaps with the fixed dosage. However, in both cases, the oxygen contained
in the wood should be considered as it acts as an oxidizing agent of the compounds released by the
wood [14].

3.2. Effect of Micro-Oxygenation in Wines

The measurements carried out throughout the aging process showed that the factors involved
(MOX and time of oak chip addition) did not generally affect the chemical wine parameters at the
end of aging, with the exception of the degree of alcohol, since wines from floating MOX and A
wood strategy had a significantly higher value with respect to the rest of the wines (data not shown).
The final chemical parameters of these wines varied in range: total acidity 5.85 to 5.90 g/L; volatile
acidity 0.45–0.49 g/L; sugars 1.35–1.39 g/L; degree of alcohol 13.43–14.05%; and the pH of all the
wines studied were close to 3.69.

The oxygen consumed by the wine determines its evolution during the period of contact with
wood + MOX, thus explaining the final wine differences. Correlations between total consumed oxygen
(TCO) by wine and each variable analyzed in the wines were calculated and are shown in Table 2.
They were calculated with TCO and the variation of each parameter in each sample, calculated
with respect to the value at the initial time (Delta). The parameters studied were (a) parameters
of phenols (D-LPP, D-HPP, D-TAN, D-CAT, D-ACY, D-OD); (b) copigmentation indexes (D-COP,
D-PP, D-AL, D-FC, D-TP D-HCl-I, D-EtOH-I, D-Ion-I, D-GEL-I); (c) color parameters (D-T, D-%A420,
D-%A520, D-%A620); and d) individual anthocyanin compounds (D-Df-3-Gl, D-Cy-3-Gl, D-Pt-3-Gl,
D-Pn-3-Gl, D-Mv-3-Gl, D-Vitisin A, D-Pn-3-Gl-Ac, D-Mv-3-Gl-Ac, D-Df-3-Gl-Cm, D-Cy-3-Gl-Cm,
D-Pt-3-Gl-Cm, D-Mv-3-Gl-Cm C, D-Mv-3-Gl-Cm T and D-Mv-3-gl-Ethyl). The correlation values
significant with total consumed oxygen at p < 0.05 (r > 0.51 or r < −0.51) are in bold (Table 2), where the
positive correlation indicates an increase in compound concentration and the negative one a decrease.
Significant correlations (p < 0.05) were recorded between TCO and some of the parameters studied
in wines treated with both MOX strategies. Table 2 showed the expected increase of D-HPP, which
correlated significantly with TCO in wines from both MOX strategies, and had similar values (0.4928
and 0.4708, for 50 μg/L and 3 mL/L·month, respectively). Anthocyanin (D-ACY) evolution correlated
negatively to oxygen consumption reflect the anthocyanin decrease. A great number of their reactions
during wine aging are known to be determined by DO level [36,37]. This negative correlation was
higher in the case of wines with a fixed MOX (−0.6219), which can be explained by higher quantities
of anthocyanins lost in wines submitted to this MOX strategy. The anthocyanin decrease is one of
the most important processes occurring during wine storage and was previously reported by Del
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Alamo et al. [13] when a 20 μg/L FMOX was carried out with different alternative oak products. These
processes encompass oxidation, condensation and phenolic polymerization with transformation into
other compounds which have an evident effect on the modification of wine color. The correlation
results shown by the red component (D-%A520) agreed with the above: TCO showed a significant
negative correlation with this color component in wines, with a higher value in those from floating
MOX. Also, the previous results were in agreement with the free anthocyanins (D-AL) value from
copigmentation parameters, since TCO showed a statistically significant (p < 0.05) correlation with
its decrease, but only in wines from a floating MOX (−0.6023). In the same way, the D-ION-I was
negatively correlated with TCO, especially in the case of wines treated with fixed MOX (−0.7754),
which coincided with the higher negative value in the D-ACY parameter for these wines.

Table 2. Mean and standard deviation of each delta analyzed parameter, and correlation
coefficients between parameters and oxygen consumed by wine in each micro-oxygenation and wood
strategies process.

Parameter
50 μg/L 3 mL/L·month

Means Std. Dev. TCO (μg/L) Means Std. Dev. TCO (μg/L)

TCO (μg/L) 4731.553 2027.881 1.000000 10834.07 4902.537 1.000000
D-LPP 15.865 92.833 0.141855 27.19 173.186 0.439508
D-HPP 575.850 182.728 0.492817 497.68 247.238 0.470771
D-CAT 5.581 116.711 −0.138876 −12.84 70.835 −0.380093
D-ACY −106.595 62.470 −0.521031 −90.65 33.655 −0.621881
D-TAN 3.026 0.285 0.118416 2.92 0.187 0.078329

D-CI −1.789 3.240 −0.561610 −1.99 3.315 −0.683212
D-T 0.115 0.075 0.782966 0.12 0.077 0.909374

D-FC −0.400 1.666 −0.098521 −0.61 1.681 −0.261112
D-TP −11.231 14.193 −0.453367 −10.55 12.323 −0.321815

D-COP 0.029 0.048 0.065126 0.04 0.056 0.097685
D-AL −0.154 0.032 −0.602250 −0.16 0.065 −0.286415
D-PP 0.074 0.040 0.402556 0.07 0.034 0.381631

D-EtOH-I 6.613 2.660 −0.431844 5.36 4.294 −0.658603
D-HCl-I 3.529 2.668 −0.464282 3.50 3.059 −0.488752
D-GEL-I −20.827 7.877 −0.095990 −19.63 5.599 −0.029458
D-ION-I −8.443 8.122 −0.516031 −9.93 8.022 −0.775361

D-OD −182.100 60.460 −0.738996 −162.80 53.456 −0.756095
D-IPT 0.103 6.066 0.009464 −1.37 3.020 0.002513

D-%A420 0.975 3.415 0.318594 0.92 3.513 0.379195
D-%A520 −7.347 5.000 −0.588424 −7.58 5.243 −0.645097
D-%A620 6.372 6.934 0.267373 6.66 7.274 0.281831

D-Df-3-Gl −4.957 6.689 −0.359792 −5.45 6.259 −0.164040
D-Cy-3-Gl −2.007 1.846 −0.876709 −2.00 1.808 −0.829679
D-Pt-3-Gl −2.196 3.909 −0.162831 −2.37 3.643 0.055472
D-Pe-3-Gl −0.883 1.095 −0.407683 −0.92 1.005 −0.226321
D-Mv-3-Gl −10.421 11.659 −0.436685 −10.85 10.893 −0.264131
D-Vitisin A 0.179 0.191 0.657446 0.18 0.193 0.659883

D-Mv-3-Gl-Ethyl 0.108 0.205 0.540355 0.09 0.213 0.699438
D-Pe-3-Gl-Ac −0.485 0.523 −0.350600 −0.59 0.440 −0.323565
D-Df-3-Gl-Cm −2.470 1.986 −0.813771 −2.52 1.918 −0.868531
D-Mv-3-Gl-Ac −0.258 0.190 −0.361746 −0.30 0.203 −0.107868
D-Cy-3-Gl-Cm 0.954 1.845 0.114454 1.02 1.962 0.130637

D-Mv-3-Gl-Cm C 0.316 0.336 0.525493 0.42 0.575 0.383817
D-Pt-3-Gl-Cm −0.152 0.214 −0.467845 −0.14 0.164 −0.390148

D-Mv-3-Gl-Cm T −2.396 1.985 −0.875855 −2.36 1.944 −0.884408
D-Acet 4.270 6.419 0.677614 3.63 5.936 0.771172
D-Cum 5.378 8.351 0.660566 5.44 8.005 0.810550
D-Total 32.185 76.224 0.516223 30.13 73.811 0.678868

Significant correlation values (r > 0.51 or r < −0.51). Bold type indicates at least p < 0.05.
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The tonality (D-T) increase in wines correlated positively with TCO, especially in the case of
those treated with fixed MOX (0.9094). The negative correlations present in color intensity (D-CI) were
higher in wines from a fixed MOX strategy (−0.6832) than those from a floating strategy (−0.5616).
Del Alamo et al. [13] reported a positive correlation between TCO and D-CI when a 20 μg/L FMOX
was studied.

TCO showed significant correlations with some individual anthocyanins. While D-Cy-3-Gl,
D-Df-3-Gl-Cm and D-Mv-3-Gl-Cm T content defined wines in the first sampling, their decrease
throughout the aging process correlated negatively with TCO, with values similar in wines from each
MOX studied (Table 2). In wines from floating MOX, D-Pt-3-Gl-Cm also correlated negatively with
TCO. Contrary to the D-Mv-3-Gl-Cm T, the cis isomer correlated positively with TCO (0.5255) in wines
from floating MOX. D-vitisin A correlated positively (p < 0.05) with the TCO increase, with values very
close for both MOX strategies: 0.6574 and 0.6599 for floating and fixed MOX strategies, respectively.
Vitisin A, as a pyranoanthocyanin, is an important compound in the color of red wines, since the
cycloaddition process strongly increases product stability. In this way, vitisin A has been reported as
being more stable than Mv-3-Gl or ethyl-linked compounds, and more resistant to oxidation [38].

Related to ethyl-linked compounds, D-Mv-3-Gl-Ethyl increased significantly in wines throughout
the aging period. This compound, purple in color, is less sensitive to bleaching by SO2 and pH than
monomeric anthocyanins, and its formation is favored by oxygen [36], as shown by the positive
correlation between this compound and TCO.

Figures 4–6 present the results of principal component analysis (PCA) of the variation in variables
analyzed in wines (Delta). This analysis was carried out to obtain a reduced number of linear
combinations of the variables that explain the greater variability in the data. The projections of the
variables analyzed in the principal components (PCs) are the weighted sum of the original variables
and are named loads (Table 3). Using the variables of total oxygen consumed, phenolic compounds
and color parameters, 3 components with eigenvalues greater than or equal to 1.0 were obtained.
They explain 74% of the variability in the original data, where the first main component included
34.6%, the second 27.6%, and the third 11.73% (Table 3 PCA-A). Projection of the variables on the
factor-plane (1 × 2) (Figure 4A) and of the wines on the factor-plane, show that wines were located
according to their aging time (Figure 4B), and demonstrate the significance of the variables in the
samples with aging time. There was a greater distance between the samples of the first and second
sampling, which indicates a greater evolution between 20 and 48 days, while there was almost no
differentiation between 76 and 97 days of aging. Finally, the separation between the samples after 111
days of aging was remarkable, indicating different characteristics of the wines aged in the different
systems according to the variables studied. The first main component PC1 contains, on the one hand,
information on oxygen consumption and tonality and, on the other, the red component related to the
loss of anthocyanins. The second main component PC2 is primarily defined by the yellow component
information, which relates to the formation of polymerized phenolic compounds on the one hand,
and the blue color component on the other. According to the distribution of the samples the youngest
wines, after one month’s aging, were located in the negative PC1 and logically defined by the free
anthocyanins, catechins, and orthodiphenols, showing significant levels of compounds responsible
for their red color. As aging progresses, after 3 months’ contact with wood and MOX, the wines had
significant levels of compounds responsible for blue tones, which in the following month, changed
to brown, showing the importance of the yellow color component. Wines at the end of the period of
contact with wood (after 111 days) were located in the positive PC1 and defined by their consumption
of oxygen (TCO), which is directly related to the formation of highly polymerized phenolic compounds,
and increase in wine tonality and the yellow component (Figure 4B).
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Figure 4. Principal component analysis (PCA) performed with global phenol parameters in wines from
different micro-oxygenation and wood strategies. 1, 2, 3, 4, and 5: samplings carried out in each tank
after 20, 48, 76, 97, and 111 days’ aging, respectively.

As regards the capacity of wine differentiation by accumulated oxygen consumption (TCO),
copigmentation, phenolic indexes, and color Delta parameters (Figure 5), the three main components
comprised 77.40% of the variance (Table 3 PCA-B), where the first and second main components explained
31.6% and 25.41%, respectively, whereas the third was 20.39%. As before, wines were shown based on
their aging time according to the projection of the variables on the factor-plane (1 × 2) (Figure 5A)
and the projection of the wines on the factor-plane (Figure 5B). In this case, the wines of the first two
samplings were very close, which indicates low evolution of the variables studied between 20 and 48
days. Similar trends were observed in samplings 3 and 4. The first main component, PC1, encompasses
positive variables, such as ionization index and the blue color component, whereas the yellow component
and gelatin index were negative. Meanwhile, the second main component PC2 was mainly defined
by the information on oxygen consumption relating to the loss of anthocyanins and represented by
two parameters: the red color component and free anthocyanins from the copigmentation parameters.
The distribution of the samples showed that after one month’s aging, wines were located in the negative
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PC2, and defined by the anthocyanins, both as free ones and as a percentage which contributed to color.
They also showed significant levels of compounds responsible for the red color, as previously stated
(Figure 4A). As the wine aging progressed, after 3 months’ contact with wood and MOX, wines were
found to show significant levels of compounds responsible for blue tones. In the following months, these
changed to brown, showing the importance of the yellow color component (after 111 days). At the end
of the aging period, wines were located in the positive PC2, and were defined by their consumption of
oxygen (TCO), which was directly related to the copigmentation parameter (COP) and the astringent
tannin content through the gelatin index (Figure 5B).

Table 3. PCA results.

Parameter Factor 1 Factor 2

PCA-A

TCO (μg/L) 0.6634 0.1964
D-LPP 0.3082 0.1378
D-HPP 0.4402 0.4895
D-CAT −0.5360 0.4341
D-ACY −0.7675 0.3499
D-TAN −0.0502 −0.4529

D-T 0.8553 0.4782
D-%A420 0.1334 0.9629
D-%A520 −0.8512 0.4295
D-%A620 0.5486 −0.7790

D-OD −0.6510 −0.5311

PCA-B

TCO (μg/L) −0.1588 0.7599
D-%A420 −0.9154 0.1802
D-%A520 −0.5577 −0.7365
D-%A620 0.8483 0.4431

D-COP −0.4493 0.2756
D-TP 0.5143 −0.4087
D-FC 0.5851 −0.2164
D-AL 0.0251 −0.6377
D-PP 0.5921 0.4860

D-EtOH-I 0.1834 −0.6141
D-HCl-I 0.0113 −0.5556
D-GEL-I −0.7125 −0.2527
D-ION-I 0.7163 −0.5213

PCA-C

TCO (μg/L) 0.3890 0.6159
D-%A420 −0.3931 0.5658
D-%A520 −0.8618 −0.2132
D-%A620 0.8129 −0.1221
D-Df-3-Gl −0.9192 0.2025
D-Cy-3-Gl −0.5871 −0.7686
D-Pt-3-Gl −0.8454 0.4356
D-Pe-3-Gl −0.9341 0.1583
D-Mv-3-Gl −0.9427 0.1100
D-Vitisin A −0.0175 0.9354

D- Mv-3-Gl-Ethyl −0.1916 0.9326
D-Pe-3-Gl-Ac −0.8297 0.1714
D-Df-3-Gl-Cm −0.7212 −0.5033
D-Mv-3-Gl-Ac −0.3799 −0.1920
D-Cy-3-Gl-Cm 0.6353 −0.4160

D-Mv-3-Gl-Cm C 0.5347 0.0076
D-Pt-3-Gl-Cm −0.8031 −0.0258

D-Mv-3-Gl-Cm T −0.4527 −0.8697
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Figure 6 summarizes the principal component analysis carried out with individual anthocyanin
compounds and color parameters, which revealed that the three main components explained
82.97% of the variance, where the first main component includes 46.13% and the second 25.63%
(Table 3 PCA-C). Figure 6A,B include the projection of the variables and the wine samples
in the plane of the first two main components respectively, showing that wines were located
according to their aging time, as was also found with the previously studied parameters (Figures 4
and 5). On the one hand, information related to the yellow component was included in the
first main component PC1 and, on the other hand, the red component related to the loss of
individual anthocyanins, where compounds such as malvidin-3-O-glucoside, peonidin-3-O-glucoside,
and delphinidin-3-O-glucoside are worth noting, in this order. The second main component,
PC2, was mainly defined by vitisin A and malvidin-3-O-glucoside-ethyl-epicatechin, along with
information on oxygen consumption and the loss of malvidin-3-O-p-coumarylglucoside trans, and
cyanidin-3-O-glucoside. Considering the distribution of wines throughout the aging process, they
were located in the negative PC2 from the first month of aging to the third one. They were defined
by compounds responsible for the red color and anthocyanin monomers (malvidin-3-O-glucoside,
peonidin-3-O-glucoside, and delphinidin-3-O-glucoside) in the younger wines. Sample 2
showed variations in malvidin-3-O-p-coumarylglucoside trans, and cyanidin-3-O-glucoside until
the blue color component and anthocyanins, such as cyanidin-3-O-p-coumarylglucoside and
malvidin-3-O-p-coumarylglucoside cis, were recorded in wines from the second month. Wines at
the end of the period of contact with wood and MOX, which covers the fourth and fifth sampling,
were located in the positive PC2 and defined by the consumption of oxygen (TCO) and anthocyanin
derivates more stable to oxidation, such as vitisin A and malvidin-3-O-glucoside-ethyl-epicatechin
(Figure 6B), showing significant levels of the compounds responsible for yellow tones.

Figure 5. Cont.
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Figure 5. Principal component analysis (PCA) performed with copigmentation parameters in wines
from different micro-oxygenation and wood strategies. 1, 2, 3, 4, and 5: samplings carried out in each
tank after 20, 48, 76, 97, and 111 days’ aging, respectively.

Figure 6. Principal component analysis (PCA) performed with individual anthocyanin compounds in
wines from different micro-oxygenation and wood strategies. 1, 2, 3, 4, and 5: samplings carried out in
each tank after 20, 48, 76, 97, and 111 days’ aging, respectively.
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4. Conclusions

The results of oxygen consumption by red wines under different micro-oxygenation (MOX)
strategies and Q. pyrenaica chips showed that they consumed all the oxygen available, and that this
consumption depended on the MOX strategy selected. Thus, wines from fixed MOX received between
3 and 3.5 times more oxygen than those using the floating MOX strategy. In the latter, the oxygen
contribution by the air entrapped in the wood was more significant, since this contribution represented
a higher percentage with respect to the total. Therefore, the oxygen contribution from the chips and
the moment when this contribution is made should be taken into account, because it affects the MOX
strategy selected. In general, although the amount of oxygen that had been applied and the way it
was applied is different, it does not appear that these are important differences in the studied time.
However, it will be interesting to continue the study of the wines in the bottle in order to evaluate the
effect of this great difference in the oxygen consumed by the wines. According to this information we
could say that the wines are similar, even though we believe that it is more appropriate to implement
floating dosage MOX, that is, to give the wine the oxygen it needs at every moment.

In relation to their effect on color and phenolic characteristics, both MOX strategies studied
contributed to the characteristic processes which take place during barrel aging: oxygen consumption
was related to copigmentation increment, with the consequent loss of monomeric anthocyanins together
with an increase in yellow tones, related to the formation of polymerized phenolic compounds. From
the point of view of individual global phenol and copigmentation parameters, 111 days’ aging was the
period where a higher evolution was observed, while in case of individual anthocyanin compounds,
there was hardly any evolution between the last two sampling points.

Consequently, the use of chips combined with MOX is an adequate technique to carry out the
aging process in tanks.
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Abstract: The use of oak fragments allows wine cellars to reduce costs and the length of wine aging
compared to traditional aging in oak barrels in the winery. The main objective of this work was to
study the effect of the use of oak fragments on the volatile, phenolic, and organoleptic characteristics
of Tempranillo red wines, as a function of the contact time between the wood and the wine. The results
showed important changes in the wines’ colorimetric parameters after two months of contact time.
Extraction kinetics of volatile compounds from the wood was highest during the first month of contact
for chips, variable for staves, and slower and continuous over time for barrels. Wines macerated
with fragments showed the best quality in short periods of aging, while barrel-aged wines improved
over the time they spent in the barrel. In addition, the results allowed an analytical discrimination
between the wines aged with oak fragments and those aged in oak barrels, and between chips and
staves, just as at the sensory level with triangular tasting tests. In conclusion, the use of oak fragments
is a suitable practice for the production of red wines, which may be an appropriate option for wines
destined to be aged for short periods.

Keywords: oak fragments; oak barrels; volatile compounds; phenolic compounds; sensory analysis;
triangular tasting

1. Introduction

The aging of red wines in oak barrels is a technique commonly used in wineries to increase
wine stability and complexity. During this process, an organoleptic improvement of the wines is
achieved as a consequence of the contribution of oak wood compounds, and the phenolic and aromatic
modifications that take place [1,2]. This practice involves long aging periods and represents a high
economic cost for the wineries.

The use of pieces of oak wood during winemaking, as an alternative to traditional aging in oak
barrels, is an enological practice authorized by the International Vine and Wine Organisation (OIV)
and included in the International Enological Codex [3,4]. This practice was approved by the European
Community [5], and is subject to regulation [6,7].

Currently, there is a varied range of commercial products available, and therefore their effects on
wine quality can be very variable, since they are influenced by numerous factors (size of fragments, oak
wood origin, toasting degree, manufacturing process, dose, contact time with wine, etc.) [8,9]. Due to
the large contact surface of these materials with the wine, the extraction of compounds is much faster
than in barrels. Additionally, the cost of the process is lower than that of the classic aging in barrels.
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The shape and size of the oak fragments available vary: powder, chips, pieces of medium
size (cubes or beans, dominoes, blocks or segments), or larger pieces (staves) to put in the
tanks. These products are made with oak from different oak origins (American, French, Spanish,
Hungarian, etc.), using different toasting processes (direct fire, convection by hot air, or infrared
radiation), and different levels of toasting (medium, strong, light, or untoasted). These effects have
been largely investigated, but the influence of the length of the aging process needs further studies.

Depending on the characteristics of the final product desired, the contact time of the wood with
the wine can vary from a few days to several weeks, and even months. This contact time will depend
on the type of wood, the fragment size, the dose, and the sensory profile expected to be achieved in
the wines.

Most previous studies about the influence of the length of the aging process have dealt with a
particular subgroup of compounds (volatile or phenolic), which is clearly a limiting condition to obtain
a more comprehensive view of the subject. The main objective of this work was to study for the first
time the evolution of the aromatic and phenolic composition of wine during the contact time with
oak wood, employing four different accelerated aging strategies: chips and staves, with and without
micro-oxygenation. In addition, the impact of these treatments on the wine organoleptic characteristics
was evaluated. These aging procedures were compared with the traditional oak barrels aging method.

2. Materials and Methods

2.1. Wine and Wood

To carry out this study, a red wine of the Tempranillo variety (Vitis vinifera L.) was used. Once the
malolactic fermentation (MLF) was finished, the wine was divided into eight stainless steel tanks of
250 L capacity and two 225 L oak barrels. In four tanks, oak chips were added at a dose of 4 g/L,
while staves were placed in the other four. In this case, the dose was adjusted so as to have a contact
surface with the wine of 0.4 m2/hL. All the fragments were of American oak with medium toasting.
Simultaneously, two of the tanks with chips and two with staves were micro-oxygenated with a
dose of 2 mL/L/month during the first two months, and 1 mL/L/month during the following two
months. Thus, the total dose of oxygen during 4 months was 6 mL/L. Micro-oxygenation treatments
were carried out using a Micro-Ox-3V system (Intec, Verona, Italia) connected to the stainless steel
tanks. These tanks (Herpanor S.A., Laguardia, Spain) were 2 m in height and a diameter of 0.45 m.
The dimensions of the tanks were chosen because of the necessity to achieve the height recommended
for micro-oxygenation, and to reproduce the height to diameter ratio of common red wine tanks used
in industrial-scale production. These dimensions were necessary so that the small oxygen bubbles
produced during micro-oxygenation would have a sufficient displacement height to guarantee their
complete dissolution into the wine. Oxygen was provided through a diffuser composed of a porous
ceramic membrane placed 10 cm above the bottom of the tank. The contact period of the oak fragments
with the wine was 6 months, and then, the wines were bottled to be stored for 18 months. In addition,
the same wine was simultaneously aged for 12 months in American oak barrels with medium toasting,
manufactured in the same cooperage as the chips and staves. After this aging period, the wine
was bottled to be bottle-aged for another year (Figure 1). In this way, all the tests were carried out
in duplicate.

The chemical parameters of the wine before aging were: alcoholic strength 13.7% v/v, pH 3.81,
total acidity 4.88 g/L, and volatile acidity 0.51 g/L. These parameters were evaluated using the
analytical methods established by the European Community [10].
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Figure 1. Experimental design.

2.2. Chemical Analysis

2.2.1. Color Parameters Measurements

Color intensity (CI) was determined according to the EEC Regulation 2676/90 [10]. Percentage
of yellow, red, and blue components (% yellow, % red, and % blue, respectively) were evaluated
according to the methodology described by Glories [11]; while the total polyphenol index (TPI)
and total anthocyanins were determined by the methods described by Ribéreau-Gayon et al. and
Ribéreau-Gayon and Stonestreet, respectively [1,12]. Color parameter measurements were made before
starting the treatments, and after 2, 4, 6, 12, and 24 months.

2.2.2. Wine Volatile Compounds from Oak Wood

The analysis of the volatile compounds in wine coming from oak wood was carried out by Gas
Chromatography (GC), with a method based on that described by Ortega et al. [13], under optimized
conditions. To carry out the extraction of the volatile compounds, in a glass tube were added: 5 mL
of wine, previously centrifuged at 4000 rpm at 0 ◦C for 10 min; 9.5 mL of supersaturated ammonium
sulfate solution; 15 μL of a solution of 2-octanol and 3,4-dimethylphenol (internal standards) in ethanol
at a concentration of 50 mg/L; and 0.2 mL of dichloromethane. These tubes were shaken vigorously,
first manually, and then horizontally in an orbital agitator at 400 rpm for 60 min. Next, the tubes were
centrifuged at 2500 rpm and 0 ◦C for 10 min. The supernatant aqueous phase was removed with a
Pasteur pipette and the organic phase was collected. This extract was transferred to a microtube and
centrifuged at 13,000 rpm and 0 ◦C for 5 min, to break up any possible emulsions formed. Finally,
the organic phase was collected with a syringe and transferred to a vial with an insert, in order to
analyze in the gas chromatograph.

The separation and detection of the compounds was carried out in a gas chromatograph HP-6890
series II equipped with an automatic injector and a flame ionization detector (FID). The column was a
DB-WAX (50 m × 0.20 mm × 0.2 μm thick film, J and W Scientific, Folsom, CA, USA), using nitrogen
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as a carrier gas with a flow rate of 0.6 mL/min. The injection was carried out in splitless mode
(0.5 min) with an injection volume of 2 μL. The chromatographic conditions used were the following:
injector temperature, 250 ◦C; detector temperature, 275 ◦C (H2 flow, 40 mL/min; air flow, 450 mL/min;
auxiliary gas, N2 at 40 mL/min); and initial oven temperature, 75 ◦C (5 min), 3.7◦C/min to 240 ◦C
(maintained for 15 min), and a post time of 10 min at 240 ◦C.

The identification of the volatile compounds was performed by comparison with the retention
times of the standard substances, and the concentration of each substance was measured by comparing
it with calibrations made with the pure compounds analyzed under the same conditions.

Wine volatile compounds from oak wood analysis were made before starting the treatments, and
after 1, 2, 4, 6, 12, and 24 months.

2.2.3. Low Molecular Weight Phenols

Low molecular weight phenols were analyzed by HPLC-DAD with direct injection of the 30 μL of
sample, according to Martínez and Rubio-Bretón [14]. A column Zorbax Eclipse Plus C18 (300 mm
× 150 mm × 3.9 μm) was used. The eluents used in the mobile phase were: A (water/acetic acid,
98/2, v/v), B (water/acetonitrile/acetic acid, 78/20/2, v/v/v), and C (methanol), with a constant
flow of 0.9 mL/min according to the following program: 0 to 80% of B from 0 to 65 min; 80% B from
65 to 85 min; 100% C from 86 to 90 min. The wine samples were centrifuged (4000 rpm/0 ◦C/10 min)
and filtered by 0.45 μm before injection into the equipment. The identification of the compounds was
carried out by comparing the retention times and the spectral parameters of the chromatographic
peaks with those of the standards.

The wine was analyzed before starting the treatments, and after 1, 2, 4, 6, 12, and 24 months.

2.3. Sensorial Analysis

The organoleptic study was carried out during the process at 2, 4, 6, 12, and 24 months.
Ten wine tasters carried out the sensory analysis, all of them with extensive experience as wine tasters.
The samples were evaluated comparatively by a blind tasting system and served in a random order.
A sufficient amount of wine samples were presented without any identification according to regulation
UNE 87-022-92 [15]. All the wines were served at room temperature and were evaluated in individual
booths. The score sheet used was based on that used in some wine competitions and is considered
official in some designations of origin. According to this model sheet the wines are evaluated based
on the absence of defects, so the lower the score, the higher the quality of the wine. The sensory
attributes valued were visual, olfactory and taste phases, and harmony. Quantitative evaluation
of aromatic descriptors was also carried out on an intensity scale of 1 to 10 (fruity, varietal, spices,
wood-toasted, almond-caramel, vanilla, and smoked) as well as the taste characteristics (structure,
persistence, retronasal aroma, and astringency).

Triangular tasting tests were also carried out, at 6 and 12 months, to determine the existence of
detectable differences between two different samples, according to regulation UNE 87-006-92 [15].
To conduct these tests, three coded samples were presented simultaneously to the tasters, two of which
were the same, so that the taster could identify which was the different sample. Although the aim
of this technique is not the determination of preferences, the preferred sample in each series was
also specified. The percentage of preferences was calculated with the correct answers, discarding the
preferences of the incorrect tests.

2.4. Statistical Analysis

Canonical discriminant analysis (CDA) was performed with the concentrations of volatile and
phenolic compounds in the different samples for all the moments studied. The “IBM SPSS Statistics
22” statistical program was used.
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3. Results and Discussion

3.1. Color Parameters of Wine

Figure 2 shows the evolution of the main colorimetric parameters over aging time. In general,
all the samples followed a similar chromatic evolution, independent of the treatment carried out.

CI of the wines increased during the first two months, mainly in the micro-oxygenated wines
and in the wines aged in barrels. From that moment, this parameter decreased in all the treatments,
maintaining the initial differences until the end of the aging process (Figure 2a). These results coincide
with those obtained by other authors [16,17]. Furthermore, a higher CI in micro-oxygenated wines
was also observed by other authors [18,19], which could be due to an increase in the blue color by the
contribution of pigments with ethyl bridges. As noted by these authors, a pronounced increase in the
blue color percentage in micro-oxygenated wines was observed (Figure 2f).

In the same way as CI, the percentage of red color increased in all wines until two months, with a
notable decrease observed from that moment (Figure 2d). Del Álamo et al. [20] also observed a loss of
CI, especially in the red component, from the third month of aging with fragments and barrels.

The percentage of yellow color in wines followed a trend similar to the tonality (data not shown),
appreciating a decrease during the first two months, and then a significant increase until the end of
the period studied (Figure 2b). Pérez-Prieto et al. [21] attributed the increase in yellow tones to the
extraction of color compounds from the oak wood during aging. Our results also coincided with those
of Cadahía et al. [22], who observed a decrease in the percentage of red color and an increase in the
percentage of yellow color and tonality, while these authors did not observe significant variations in
the CI in wines aged for 12 months in oak barrels.

A decrease in TPI was observed over the aging period (Figure 2c). This parameter, at 4 and 12 months
of aging, was higher in barrels compared to the other aging systems, but at 24 months, the highest
TPI value corresponded to wine with staves and micro-oxygenation. In the case of total anthocyanins,
the decrease was more pronounced in micro-oxygenated wines during the first 12 months, although
these differences disappeared at 24 months (Figure 2e). Tavares et al. [23] also observed a decrease
in anthocyanins during wine contact with chips, probably due to anthocyanin condensation and
polymerization reactions, and the precipitation of these compounds during wine aging.

3.2. Volatile Compounds from Oak Wood in Wine

Figure 3 shows the evolution of furanic compounds, benzoic aldehydes, and oak lactones during
the period of aging. Furanic compounds, with the exception of furfuryl alcohol, are formed during
wood toasting through degradation of carbohydrates [24]. Wines in contact with staves and aged
in barrels had a much higher concentration of these compounds than those treated with chips
(Figure 3a–c). Moreover, their evolution was similar, with their content increasing during the first
6 months and then decreasing sharply, until practically disappearing in the case of furanic aldehydes.

Towey and Waterhouse [25] also observed that the concentration of these compounds decreased
significantly after 7 months of barrel aging. Garde-Cerdán and Ancín-Azpilicueta [26] also found
a decrease of furfural and 5-methylfurfural from the sixth month of aging in new barrels, as well
as 5-hydroxymethylfurfural from the ninth month. Other authors [27] also observed a maximum
extraction in furfural at 6 months of barrel aging and a decrease from that moment. The degradation
of these compounds can be due to their reduction to the corresponding alcohols by biological
mechanisms [28], although they can also participate in other reactions that contribute to the decrease of
their concentrations in free form in wines (such as the formation of 2-furanmethanethiol [29] or of color
adducts with the wine catechin [30]). For a short time of aging, extraction of these compounds from
the wood is greater than their degradation so that they are accumulated in wine. However, when the
aging time increases, degradation reactions may exceed the extraction, so that their concentration
tends to decrease [24,31,32].
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Chips  Chips + O2  Staves Staves + O2  Barrels 

Figure 2. Evolution of the main chromatic parameters over time: (a) color intensity (CI); (b) percentage
of yellow color; (c) total polyphenol index (TPI); (d) percentage of red color; (e) total anthocyanins
(mg/L); and (f) percentage of blue color. Mean ± standard deviation (n = 2).

On the other hand, in wines treated with oak chips, hardly any extraction of furfural or
5-methylfurfural was observed, while the content of 5-hydroxymethylfurfural increased during the
first month of contact with the wood and remained practically constant until 6 months, at which point
it disappeared. Similar results were obtained by Fernández de Simón et al. [33], who observed the
highest amount of furanic aldehydes in wines treated with chips at 30 days, with the concentration of
these also being lower than those treated with staves.

The concentration of furfuryl alcohol also reached higher values in wines treated with staves
and aged in barrels (Figure 3d). This compound originates from the microbiological reduction of
furfural, even after the alcoholic and malolactic fermentations have been completed [34], and its
concentration depends on factors that affect enzymatic reactions, such as pH, temperature, or residual
microbiological activity [35].
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 Chips  Chips + O2  Staves Staves + O2  Barrels 

Figure 3. Evolution over time of furanic compound concentration (μg/L): (a) furfural, (b) 5-methylfurfural,
(c) 5-hydroxymethylfurfural, and (d) furfuryl alcohol; of benzoic aldehyde concentration (μg/L):
(e) vanillin, and (f) syringaldehyde; and of oak lactone concentration (μg/L): (g) cis-β-methyl-γ-octalactone,
and (h) trans-β-methyl-γ-octalactone. Mean ± standard deviation (n = 2).

Benzoic aldehydes (vanillin and syringaldehyde) are formed during the thermal degradation of
lignin. These compounds achieved their maximum concentration during the first month in wines with
oak chips, and between 2 and 4 months in the case of wines treated with staves, which obtained the
highest concentrations throughout the process studied (Figure 3e–f). In both cases, the concentration
decreased from 6 months, probably due to the microbiological reduction to the corresponding
alcohols [31,36,37]. On the other hand, the wines aged in barrels presented a lower content of these
compounds than the wines in contact with staves, increasing until 12 months of aging, and decreasing
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later during the bottle-aging period. Coinciding with our results, different authors [24,32,38] found
that the concentration of benzoic aldehydes was at maximum after 10–12 months of barrel aging.
Like furanic aldehydes, vanillin accumulates in wine during short aging times, since initially the
extraction is high due to the different concentration between wine and wood [26]. However, when the
aging time is prolonged, it can be transformed into vanillic alcohol, so that the vanillin concentration
can decrease.

In wines treated with oak chips, the maximum extraction of the two isomers of β-methyl-γ-
octalactone occurred during the first month of contact with the wood. In the case of staves,
cis-β-methyl-γ-octalactone was extracted during the 6 months of contact time, while the trans isomer
was extracted up to 12 months (Figure 3g–h). Other authors [39–41] also observed that the accumulation
of cis and trans oak lactones increased with the aging time of wines in barrels. Meanwhile, wines
aged in barrels showed a higher content of these compounds than those macerated with fragments,
with these two isomers increasing during the 12 months of contact with the wood, and then decreasing
during bottle-aging. The decrease in the concentration of these compounds could be due to the wine
undergoing different chemical transformations [42].

The evolution of volatile phenols during the aging time is shown in Figure 4. These compounds
are formed from the thermal degradation of the lignin at a high temperature. In general, a greater
extraction of these compounds was observed in the wines in contact with the staves, mainly in the
case of 4-methylguaiacol, trans-isoeugenol, and syringol.

Guaiacol concentration increased throughout the process, obtaining higher values in wines treated
with staves and in those aged in barrels, reaching its maximum concentration at 12 months of aging,
at which point its content remained practically constant (Figure 4a). These results coincide with
those obtained by Garde-Cerdán et al. [38]. The extraction kinetics of 4-methylguaiacol showed major
differences between treatments, finding the highest concentration in wines in contact with staves at
6 months, while in wines aged with chips and in oak barrels, it was achieved during the first month
of contact (Figure 4b). Pérez-Prieto et al. [43] observed that 4-methylguaiacol reached its maximum
concentration at 3 months, while the guaiacol extraction continued for up to a maximum of 9 months
of aging in barrels. Although the staves had medium toasting, their appearance indicated that they
had undergone a stronger toasting than the chips, probably because the toasting system applied was
different. This fact could explain the higher content of guaiacol and 4-methylguaiacol in wines in
contact with staves, since they are compounds that are formed at high temperatures of toasting [26]

As can be seen in Figure 4c,d, the wines aged in barrels sharply increased the levels of ethylphenols
(4-ethylguaiacol and 4-ethylphenol) during their aging in bottles. These compounds can be extracted
from wood in very low concentrations, but mainly they are formed during the aging of wines
by microbiological transformations of cinnamic acids carried out by Brettanomyces/Dekkera yeast
contaminants [44]. The concentrations of ethylphenols found in wines aged in barrels at the end of the
process exceeded those considered harmful to the wine aroma, 140 and 620 μg/L for 4-etilguaiacol and
4-ethylphenol, respectively [45]. This fact could be due to contamination of the wines aged in barrels
during the bottling process.

The concentration of 4-vinylguaiacol tended to decrease progressively up to 12 months, when
the concentration in wines with chips and staves remained practically constant (Figure 4e). However,
in wines aged in barrels, its concentration decreased sharply, probably as a consequence of its reduction
to 4-ethylguaiacol by the effect of contamination by Brettanomyces/Dekkera. The 4-Vinylphenol content
decreased slightly or remained constant in all the wines up to 12 months. In the case of wines aged in
barrels, its concentration remained practically constant from this moment, and yet, in wines in contact
with chips and staves, its content increased until 24 months (Figure 4f).

The concentration of phenol increased until 12 months in all treatments (Figure 4g). From that moment,
its concentration continued to increase in wines in contact with staves, while its level decreased slightly
in wines aged with chips and more sharply in wines aged in oak barrels. Garde-Cerdán et al. [38]
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found the highest concentration of this compound at 10 months of aging in barrels and they also
observed a decrease in its content from that moment.

 Chips  Chips + O2  Staves Staves + O2  Barrels 

Figure 4. Evolution of volatile phenols concentration (μg/L) over time: (a) guaiacol; (b) 4-methylguaiacol;
(c) 4-ethylguaiacol; (d) 4-ethylphenol; (e) 4-vinylguaiacol; (f) 4-vinylphenol; (g) phenol; (h) eugenol;
(i) trans-isoeugenol; and (j) syringol. Mean ± standard deviation (n = 2).

On the other hand, the maximum extraction of eugenol was reached in wines during the first
month of contact with chips, and after 6 months in the wines macerated with staves. In addition,
eugenol was extracted constantly during the contact time of wines with the oak barrels, thus obtaining
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a maximum concentration at 12 months, and its concentration was much higher than that obtained in
wines in contact with fragments (Figure 4h). Similar results regarding the increase in barrels of this
compound were observed by other authors [25,37,40,41].

The trans-Isoeugenol reached its maximum concentration in the first month of contact in wines
aged in the barrel and with chips, and at 4–6 months in those treated with staves, which was much
higher than in the other wines. In all the wines, a decrease in the concentration of this compound was
observed after 6 months, disappearing in wines aged in oak barrels and with chips (Figure 4i). Finally,
syringol presented a similar evolution in all the treatments, reaching the maximum concentration at
4 months, which was higher in wines treated with staves throughout the process (Figure 4j). Different
results were obtained by Fernández de Simón et al. [33], who observed an increase in the concentrations
of trans-isoeugenol and syringol until the end of aging in wines treated with alternative oak products.

3.3. Low Molecular Weight Phenols

Benzoic acids are constituents of wood, and its content in wine increased as a result of contact
with it (Figure 5). These results are in agreement with those observed by other authors [46,47].

 

 Chips  Chips + O2  Staves Staves + O2  Barrels 

Figure 5. Evolution of benzoic acids concentration (mg/L) over time: (a) gallic acid; (b) protocatechuic
acid; (c) p-hydroxybenzoic acid; (d) vanillic acid; (e) syringic acid; and (f) ellagic acid. Mean ± standard
deviation (n = 2).

Gallic and ellagic acids are very important compounds due to their strong antioxidant activity,
even at very low concentrations [48]. The concentration found for both compounds was slightly higher
in wines treated with chips in most of the process (Figure 5a,f), probably due to its greater contact
surface and a less intense toasting than in the staves, since gallic acid is a compound which is sensitive
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to thermal degradation. Similar results were obtained by Alañón et al. [46] when comparing chestnut
wood chips and barrels.

Protocatechuic acid concentration increased more in wines in contact with staves and in wines
aged in barrels than in those treated with chips at almost every moment (Figure 5b). This may be
because this compound is generated during the toasting process, as a consequence of the thermal
degradation of lignin [49], and as has been noted previously the toasting seemed more intense in the
staves than in the chips.

Higher concentrations of p-hydroxybenzoic and vanillic acids were detected in micro-oxygenated
wines (Figure 5c,d), as well as syringic acid in wines treated with staves, compared to those aged in
the barrel and in contact with chips (Figure 5e). The content of these three compounds increased in the
wines during the entire study period.

Cinnamic acids were detected in the wines in their free forms (caffeic, coumaric, and ferulic acids)
and in their respective tartaric esters (caftaric, coutaric, and fertaric acids). The concentration of these
acids in wine depends on grape variety and winemaking technique, but they are not found in oak
wood. The evolution of their content over time is shown in Figure 6.

 Chips  Chips + O2  Staves Staves + O2  Barrels 

Figure 6. Evolution of cinnamic acids concentration (mg/L) over time: (a) caffeic acid; (b) caftaric acid;
(c) coumaric acid; (d) coutaric acid; (e) ferulic acid; and (f) fertaric acid. Mean ± standard deviation (n = 2).
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Coumaric acid concentration in wines may decrease in the presence of the enzyme cinnamate
decarboxylase, by transformation into 4-vinylphenol, which can be transformed into 4-ethylphenol in
the presence of a vinylphenol reductase. In the same way, ferulic acid can decrease by decarboxylation,
transforming into 4-vinylguaiacol, and in the presence of the enzyme vinylphenol reductase can form
4-ethylguaiacol [45].

Caffeic, coumaric, and ferulic acids presented a more or less stable concentration up to 12 months,
with a similar evolution for all treatments (Figure 6a,c,e). It is important to note the decrease of
these acids at 12 months in wines aged in barrels, which could be explained by the decarboxylation
reactions described in the previous paragraph. The decrease in coumaric and ferulic acids at 12 months
coincided with a significant increase in 4-ethylphenol and 4-ethylguaiacol (Figure 4c,d), which as
explained above, could be due to contamination of the wine by Brettanomyces at the time of bottling.
On the other hand, Cadahía et al. [50] justified the variations of the concentration of caffeic acid due
to their involvement in esterification reactions to give caftaric acid, as well as in the co-pigmentation
reactions that allow the color of anthocyanins to stabilize.

There was no clear relationship between the content of the free cinnamic acids and their
esterified forms. While the free form concentrations remained relatively constant or increased slightly,
their corresponding esters had a heterogeneous evolution. Caftaric and coutaric acids diminished or
maintained their concentration constantly during the first months, whereas the fertaric acid content
remained practically stable. In these compounds there was a notable increase from 12 to 24 months
(Figure 6b,d,f). Tartaric esters (caftaric and coutaric acids) decrease during aging because they are very
reactive compounds and participate in oxidation processes. The only differences between treatments
were observed in the caftaric acid, which had a slightly higher concentration in wines aged in oak
barrels (Figure 6b), probably because this type of container encourages the esterification processes [41].

The evolution of flavanols and flavonols in wines can be seen in Figure 7. As can be observed,
the concentrations of catechin and epicatechin decreased slightly until 12 months, producing a greater
decrease in the case of the epicatechin from 12 to 24 months (Figure 7a,b). These results coincide
with those obtained by other authors [18,22,41,50,51] who also obtained a decrease in these phenols
over the aging period. This is related to their participation in the oxidative processes, polymerization,
and condensation reactions with other compounds, favored in barrels by the continuous diffusion
of oxygen [52]. On the other hand, Del Barrio-Galán et al. [53] found lower concentrations of
flavanols (catechin and epicatechin) in wines and in model solutions treated with chips than in
control wines, corroborating the theory that these compounds can be adsorbed on the surface of
the wood. Modifications of the flavanols content between treatments during aging could be due
to the reactivity of these compounds. Thus, their concentration may decrease due to oxidation and
polymerization reactions and may increase due to the hydrolysis of higher oligomers [54].

Quercetin concentration was higher in wines without micro-oxygenation than in the micro-oxygenates
and those aged in barrels, over the whole time studied (Figure 7c). The values of this compound decreased
in wines aged in oak barrels and micro-oxygenated wines during the first two months, remaining practically
constant during the rest of the process. Likewise, in wines without micro-oxygenation, its concentration
remained more or less constant throughout the time studied. Cejudo-Bastante et al. [55] also found
lower concentrations in wines aged with chips and micro-oxygenated, compared to those treated with
chips but without micro-oxygenation. Castellari et al. [56] also observed a decrease of this compound
in micro-oxygenated wines with respect to the control one.

Rutin concentration decreased significantly during the first month in all the wines, decreasing
later in the micro-oxygenated wines and wines in barrels, and remaining practically constant in the
non-micro-oxygenated wines during the rest of the time studied (Figure 7d). Fernández de Simón et al. [51]
also observed a decrease in some flavonols in wines aged for 21 months in oak barrels of different origins.
This decrease could be due to the fact that flavonols can react with anthocyanins in co-pigmentation
reactions [57,58].
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 Chips  Chips + O2  Staves Staves + O2  Barrels 

Figure 7. Evolution over time of flavanols concentration (mg/L): (a) catechin and (b) epicatechin; and
of flavonols concentration (mg/L): (c) quercetin and (d) rutin. Mean ± standard deviation (n = 2).

Figure 8 shows the evolution of the concentration of trans-resveratrol and its glycoside, trans-piceid.
The concentration of trans-piceid was hardly modified throughout the process, with no important
differences being observed between the treatments (Figure 8a). Alañón et al. [46] did not find
differences in the stilbene concentration between wines aged in chestnut wood barrels and wines in
contact with chips.

 Chips  Chips + O2  Staves Staves + O2  Barrels 

Figure 8. Evolution of stilbenes concentration (mg/L) over time: (a) trans-piceid; (b) trans-resveratrol.
Mean ± standard deviation (n = 2).

Finally, the concentration of trans-resveratrol decreased in all treatments, more in micro-oxygenated
wines and in those aged in oak barrels compared to non-micro-oxygenated wines (Figure 8b).
Barrera-García et al. [59] estimated an average rate of decrease of trans-resveratrol of 50% in a model
wine in the presence of oak wood, partly due to adsorption mechanisms on the surface of oak.
This coincides with our results when considering micro-oxygenated wines and wines aged in barrels.
The decline of stilbenes during aging was also observed by other authors [41,51,60].
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3.4. Sensorial Analysis

Figure 9 shows the sensory evaluation of wines during the aging period considered. After 2 months,
the most highly valued wines (lowest score) were those treated with staves, followed by those aged
in barrel, while wines with chips scored worse. However, at 4, 6, and 12 months, the wines aged in
barrels obtained better scores than those treated with fragments, and of these, the wines with staves
were better scored than those with chips in most cases.

Figure 9. Sensory average valuation of wines over time.

Cano-López et al. [61] obtained the best sensory results in wines with fragments in the form of
cubes compared to those aged in barrels, after 3 and 6 months of contact. For this reason, they affirmed
that the use of oak chips could be a good choice for short aging wines.

At 24 months, only the sensory analysis of the micro-oxygenated wines and those aged in barrels
was carried out. At this time the valuation changed, wines with chips obtaining the best score, followed
by wines aged in barrels, and finally those treated with staves. The organoleptic deterioration of
wine aged in barrels could be due to its contamination by Brettanomyces during bottling. In addition,
in wines with staves a high volatile acidity was detected in the organoleptic analysis (data not shown).

Figure 10 shows the sensory profiles of the wines at the different moments studied. Fruity and
varietal notes were hardly appreciated in the wines at any of the moments. Up to 6 months, notes
related to wood were perceived more intensely in wines treated with staves (toasted, almond, caramel,
vanilla, smoked), while at 12 months they were perceived equally in wines aged in barrels and treated
with staves. This greater intensity of tertiary aromas in the wines with staves could possibly have been
due to a more intense toasting of these, since these aromas come from compounds generated during
the wood toasting. Casassa et al. [62] also found an increase in notes related to wood (toast, clove,
vanilla, etc.) as the degree of toasting of the chips increased.

With respect to the gustatory phase, wines with chips were perceived as less structured, persistent,
astringent, and with a lesser retronasal aroma after 2 months. However, at 4 months they were the
ones considered best in this phase. Wines which were micro-oxygenated and in contact with staves
obtained the best evaluations at 6 and 12 months, with scores at this time similar to those for wines
aged in barrels.
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Sensory evaluation of wines at 24 months could be considered invalid due to the strong impact
that ethylphenols had on wines aged in barrels and the high volatile acidity in wines treated with
staves, which did not allow an adequate evaluation of the rest of the attributes (data not shown).

 Chips  Chips + O2  Staves Staves + O2  Barrels 

Figure 10. Sensory profiles of wines at: (a) 2 months; (b) 4 months; (c) 6 months; and (d) 12 months.

Regarding triangular tests, the results obtained in the sensory assessment at 6 and 12 months
are shown in Table 1. At 6 months, wines added with fragments were clearly discriminated (with a
level of significance of 99.9%) from those aged in barrels, independently of the size of the fragments.
However, an adequate level of significance was not obtained for their discrimination at 12 months.
When comparing the size of the fragments (chips vs. staves), it was possible to differentiate between the
treatments at both moments (6 and 12 months) with a level of significance of 95% and 99% respectively.

As regards preferences, at 6 months, the preferred wines were those aged in barrels (72.2%),
while at 12 months they did not opt for any of the two types of aging. In relation to the size of the
fragments, the staves were preferred at 6 months (57.1%), and both treatments were evaluated equally
at 12 months.

Table 1. Results of the sensory evaluation by triangular tests.

Moment Variable Mean Right Answer (Based on 10) Preference (%)

6 months
Fragments-Barrel 10.0 (***) 72.2 barrel

Chips-Staves 7.78 (*) 57.1 staves

12 months
Fragments-Barrel 6.43 50.0

Chips-Staves 8.57 (**) 50.0

Significance level: p < 0.05% (*); p < 0.01% (**); p < 0.001 (***).

3.5. Treatments Classification

Two canonical discriminant analyses (DCA) were carried out to classify the different treatments
based on the volatile compounds from oak wood and the low molecular weight phenols (Figure 11a,b,
respectively). To carry out the discriminant analysis, the data from all the moments and all the trials
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studied were used in order to obtain as many variables as possible and try to achieve better sample
classification. The graphs obtained present the distribution of the samples in the plane formed by
the first two discriminant functions. When trying to discriminate the wines, a good separation was
achieved between the three treatments (chips, staves, and barrels) for both groups of compounds.

In the case of the volatile composition (Figure 11a), discriminant function 1 explained 88.8% of
the variance and discriminant function 2 explained 11.2%, representing 100% of all variance. In this
graph, with 100% of cases correctly classified, the separation between the two types of aging was
carried out by means of function 1. Wines aged in barrels were correlated with a high concentration
of 5-hydroxymethylfurfural and 5-methylfurfural; and wines in contact with staves were correlated
with a high content of vanillin and trans-isoeugenol, with these results coinciding with those shown in
Section 3.2.

Chips  Staves  Barrels 

Figure 11. Canonical discriminant analysis: (a) volatile composition contributed by oak wood; and
(b) low molecular weight phenols.

In the graph of low molecular weight polyphenols (Figure 11b), the percentage of accumulated
variance explained by the first two functions was 100%, with discriminant function 1 explaining 63.2%
of the variance, and discriminant function 2 the 36.8%. Additionally, 100% of the cases were correctly
classified. Function 1 allowed us to differentiate between fragments and barrels, while function
2 separated the wines treated with chips from those aged in barrels and with staves. The variables
with the highest discriminant power in function 1 were syringic acid and quercetin with a positive
character (related to staves), and caftaric acid with a negative sign (associated with barrels). On the
other hand, the discriminant function 2 correlates the caftaric acid with the wines aged in barrels and
with fragments in the positive part of the axis, and the gallic acid with the wines treated with chips in
the negative part. These results coincide with those obtained in Section 3.3.

4. Conclusions

The use of oak fragments and barrels during the aging of red wines influenced the evolution of the
wines’ chromatic parameters, which was similar between treatments over the aging time. Moreover,
an improvement in volatile and phenolic compounds coming from wood was observed in all the wines.
Due to the chromatic evolution of the wines and the contribution of substances which came from the
wood, the optimal contact time between fragments and wine could be estimated as being 2 months.

The best sensory evaluation of the wines macerated with staves was obtained in short periods
of aging, while for those aged in barrels, their sensory quality improved with time. Wines aged with
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chips were evaluated more poorly than the wines with other treatments at all times. Good sensory
discrimination was also achieved between wines in contact with fragments and those aged in barrels.

The canonical discriminant analyses carried out with the volatile compounds and the low
molecular weight phenols showed a good separation between the two types of aging (fragments
and barrels), as well as between the two types of fragments (chips and staves).

The results of this study about the contact time with wood during the aging of red wines with
oak wood fragments (chips and staves) indicated that the use of these fragments is a suitable practice
for aging red wines, which can be an appropriate option for wines destined for short aging periods.
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Abstract: Ageing wine is a common practice used in winemaking, since the quality and sensory
profile increase due to the extractable compounds coming from wood, by means of barrels or chips.
The quantitative and qualitative compounds of the wood depend on the species, its origins and the
treatments applied in cooperages. Traditionally, oak wood species are most often used in cooperage,
specifically Quercus alba (Q. alba), Known as American oak and Quercus robur (Q. robur) and Quercus
petraea (Q. petraea), both known as French oak. Although this stage is very common for red wines, its
use is still restricted in the case of white wines. However, this topic is particularly interesting, since
due to the sensorial benefits of wood contact, the option for ageing white wines in barrels or chips
could be chosen by winemakers. This review compiles the novel strategies applied to white wines by
means of wood contact in recent years with the aim to increase wine quality and sensorial features.

Keywords: white wine; volatile compounds; sensorial characteristics; oak; alternative woods;
barrels; chips

1. Introduction

The white wine market has been monopolized for many years by young varietal wines, which
should be consumed in a short period after bottling to avoid the loss of freshness and fruity character,
mainly due to the detriment of the compounds of varietal origin. Different oenological practices
were used to enhance varietal aromas in slightly aromatic or neutral white grape varieties, such as
pre-fermentative skin-contact treatment or the use of glycosidic enzymes, to obtain more aromatic
wines with a low content of phenolic compounds [1–3].

Wood ageing in the case of white wines has only been used occasionally, mainly by fermentation
in barrels or by ageing on lees [4,5]. The yeast cells absorb the ellagitannins from the wood, reducing
the astringency of the wines, while some compounds extracted from wood such as furfural and vanillin
can be metabolized by the yeasts decreasing their sensory impact [6].

Recently, these techniques have been recovered together with other alternative practices in white
vinification, such as the use of chips which are allowed in some countries. Fermentation and/or ageing
in wooden barrels, accelerated ageing with wood chips, ageing in barrique on lees [5,7–9] and the
use of other types of wood such as acacia or cherry [10,11] have been used to improve the quality of
white wines.

Different authors have studied the volatile composition of different woods for potential use in
enology [12–14]. Table 1 shows the concentration of some of the main volatile compounds found in
those “new” woods, such as chestnut, acacia or cherry, along with the components of the oak woods
traditionally used in the aging of wines.
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All these innovations have contributed to increasing and improving the variety of white wines in
contact with wood in the market, adapting to the new tastes of the consumer and the demands of the
international market. However, it is important to look for the best combination between type of wood,
ageing process and grape variety in order to obtain a quality wine with new sensory sensations, but
without masking the primary and secondary aromas specific to each grape variety.

Table 1. Volatile composition (μg/g) of different untoasted woods with potential use in enology [13,14].

Compounds
American Oak

(Q. alba)
French Oak
(Q. petraea)

French Oak
(Q. robur)

Chestnut Acacia Cherry

Furfural 5.79 12.09 17.90 3.55 0.56 -
5-Methylfurfural 0.41 3.57 4.95 2.34 0.05 -

3-Oxo-α-ionol 0.03 0.55 1.10 - - 9.17
trans-Oak lactone 1.64 2.14 2.87 - - -

cis-Oak lactone 39.37 6.12 3.19 - - -
Guaiacol 0.91 4.46 4.22 5.24 0.10 0.16

Methylguaiacol 0.24 1.11 0.92 1.51 - 0.01
p-Vinylguaiacol 3.37 3.42 4.58 2.99 0.37 0.65

Syringol 0.41 3.42 3.18 3.18 0.16 0.10
Eugenol 3.44 1.05 1.39 2.53 0.92 0.11
Vanillin 70.37 45.69 6.40 80.90 4.70 4.68

Isoeugenol 0.36 0.30 0.15 1.24 1.19 1.31
Acetovanillone 2.73 3.41 0.47 4.77 0.14 0.17
Propiovanillone 1.92 1.64 1.11 0.62 - 1.37
Butyrovanillone 7.40 6.86 2.15 10.16 0.47 1.32
4-Allylsyringol 0.92 0.89 0.63 1.46 0.45 1.13
Syringaldehyde 23.21 26.13 24.38 21.90 12.23 -
Ethyl vanillate 1.88 6.54 5.29 2.68 1.16 0.20

4-Propenylsyringol 1.60 3.10 1.25 - 0.87 0.99
Coniferaldehyde 23.11 29.05 25.87 29.20 9.76 2.72
Sinapaldehyde 4.34 7.67 6.30 5.24 10.56 3.56

2. Sensorial Quality Improvement of White Wines by Contact with Oak Wood

In recent years, oenological research has not only focused on the ageing of red wines. There are
more and more studies on the contact between white wine and wood, either during the ageing stage
and/or during alcoholic fermentation. In this sense, the selection of wood type is fundamental. The
barrels traditionally used are those of American oak (Quercus alba) and French oak (Q. robur and Q.
petraea), the latter having the most prestige in the market and, therefore, also higher price. Both species
are not exclusive to France, but extend across Eastern Europe and the North of the Iberian Peninsula,
so lately Hungarian, Russian or Spanish oak barrels have been introduced into the market. These
new oak woods present a similar volatile composition to that of French ones, and they are a good
alternative in the ageing of wines [15,16].

The knowledge of the chemical composition of oak wood, especially its content in volatile
compounds and ellagitannins, is of great importance to select the most suitable oak for the ageing of a
particular wine. During ageing time, the transfer of several chemical substances takes place from the
wood to the wine, which will condition the sensory characteristics of the final product. In different
studies, it has been shown that there are very few chemical characteristics of a single oak species.
On the contrary, there is a great variability within each species and even within each geographical
area [15,17], since the climate and forest conditions have a great influence on chemical composition of
oak wood [18]. Moreover, the physical and mechanical parameters of the wood (porosity, grain size,
flexibility, etc.), can have an important influence on the transfer of substances between wine and wood,
for that reason, the most appreciated species are those commonly known as “porous ring” woods,
such as the oak.
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To provide the woody character to white wines, fermentation or ageing in oak barrels have been
carried out. However, compared to red wines, there are few studies on the effect of the interaction
between oak wood barrels and white wine. Although, one of the most suitable white grape varieties to
ferment the must or to age the wine in oak barrels is Chardonnay [5,19–22]. In the literature, different
studies about the influence of oak maturation on the quality of white wines from other varieties can be
found, such as Verdejo [23], white Listán [24], Muscatel [25], Sauvignon blanc [20,22], Encruzado [26]
or Malvazija istarska [9].

Herrero et al. [22] studied the effect of toasting level and ageing time on the volatile composition
and sensory quality of two white wines, Chardonnay and Sauvignon blanc, aged in oak barrels.
The differences observed in the content in wood-extractable volatile compounds of wines were mainly
dependent on the toasting level and ageing time. The volatile compounds released by the oak
wood into wines increased with the ageing time, except methyl vanillate and vinylphenols, which
decreased, although the authors found a high variability among replicates, which has been previously
reported in other works [21]. From a sensory point of view, Chardonnay and Sauvignon blanc wines
12-month aged in French barrels did not show an homogeneous aroma quality among judges [22].
Previous studies that had evaluated the impact of ageing in oak barrels in Chardonnay wines are by
Spillman et al. [19] and Herjavec et al. [20], among others. The former established correlations between
the volatile composition and the olfactory profile of wines aged in new oak barrels and confirmed the
role of some oak wood-extractable compounds in aged Chardonnay wine aroma, such as the strong
correlation between “smoky” aroma and volatile components produced by barrel toasting. While
Herjavec et al. [20] observed a positive influence of the fermentation in new Croatian oak barrels on the
sensory properties of Chardonnay and Sauvignon blanc wines, in comparison with those fermented in
steel tanks.

The aroma quality of Chardonnay wines has also been tried to be improved by fermentation and
ageing in oak barrels on lees. This technology allowed increasing the content of volatile compounds
positively related to the quality of the wines’ flavour. However, no significant differences were
observed in the aroma of the wines compared to the fermented and aged wines in stainless steel,
probably due to the stronger influence of lees in the aroma of the wines compared to oak wood [5].

On the other hand, Rodríguez-Nogales et al. [23] classified Verdejo wines obtained through
different winemaking techniques based on their volatile composition and sensory characteristics.
Verdejo wines fermented and aged in oak barrels shown greater amounts of eugenol and
methyleugenol, and lower quantities of terpenes and esters compared to those young wines fermented
in stainless steel tanks. More recently, Lukic et al. [9] increased the aromatic composition complexity
of white wines by prolonged maceration followed by maturation in wooden barrels. The utilization
of new oak wood barrels induced changes for some aroma descriptors, such as “wood aroma” and
“aroma intensity” in Encruzado white wines [26]. The authors showed the important role of ageing
time and barrel capacity on the quality of oak barrel-aged white wines. The major impact on the
evolution of sensorial properties of Encruzado wines was observed in new oak barrels of 225 L during
180 aging days.

However, these oenological practices have some drawbacks such as the limited capacity of the
barrels, mainly when they are used for wine fermentation, the difficulty to control the temperature of
fermentation or the cleaning of the barrels. Also, not all wines are suitable for ageing in oak barrels
since the micro-diffusion of oxygen through wood pores could oxidize the wine, and the release of
chemicals into the wine could completely mask its sensorial characteristics [27]. In the case of white
wines, oxidation causes a decrease in pleasant sensory levels along with the appearance of off-flavours
as “honey-like” or “cooked vegetables”, and the brown coloration of wine [28]. In this sense, oak wood
chips are presented as a good alternative to the use of barrels for the ageing of white wines. Their price
is less than that of barrels, however, the different behaviour of the chips has made the evolution of this
technique slower than it might seem.

81



Beverages 2018, 4, 91

Like barrels, chips can be used during fermentation or during wine ageing. Various authors have
revealed the advantages of the fermentation of white wines in the presence of oak chips [24,29,30].
Airén wines were fermented with untreated chips from the most common oak varieties, American and
French, at different doses, 4, 7 and 14 g/L. Wines best valued by the tasters were those treated with
7g/L of American oak chips [29].

On the other hand, Gutiérrez Alfonso [24] compared from the sensorial point of view two Listán
blanco white wines fermented with oak chips and in barrels. Chips from American and French oaks
were added in two doses, 4 and 8 g/L, while new barrels of 225 L were made from the same type
of oak. The variable with the greatest effect on the sensory profile of the wine was the amount of
oak chips used, while the geographical origin of the oak was more noticeable in chips than in barrels.
In this sense, wines fermented with the higher quantities of American oak chips showed the greater
intensities of vanilla and coconut aromas, together a greater astringency than in barrels.

Recently, Sanchéz-Palomo et al. [30] tried to improve the quality of Verdejo white wines by using
medium-toasted oak chips during the alcoholic fermentation of the must or during the ageing of the
wine. Wines aged in the presence of chips showed the highest quantities of volatile oak-extractable
compounds, such as oak lactones and furanic compounds, while wines fermented with chips had
higher concentrations of fermentative volatile substances, as alcohols, acetates and ethyl esters of
straight-chain fatty acids.

In respect to the use of oak chips during ageing, the volatile composition and the sensory
characteristics of Chardonnay wines treated with chips of different oak species and toasting degree
have been studied [7]. Table 2 shows the odour activity values (OAV) of volatile oak-related compounds
in Chardonnay wines aged with non-toasted and toasted American (Q. alba) and Hungarian (Q. petraea)
oak chips during 25 days, together the odour perception thresholds and odour descriptions of each
compound are found in the literature [16,31–37]. Volatile oak-related compounds with higher OAVs
were those quantified in wines treated with American oak chips. Compounds with OAVs > 1 and
with a possible impact on the aroma of the aged Chardonnay wine were cis-oak lactone, eugenol and
4-vinylguaiacol in wines treated with non-toasted American oak chips, and cis-oak lactone, eugenol,
isoeugenol, guaiacol and vanillin in wines treated with toasted American oak chips. These results
show the important effect that the toasting process has on the aromatic potential of oak, exhibiting
those toasted oak samples higher number of compounds with OAVs > 1.
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3. Sensorial Quality Improvement of White Wines by Contact with Alternative Woods to Oak

Although oak is by far the wood most used to carry out the ageing process, in recent years several
studies have been published relating to the effects of other woods such as chestnut, cherry and acacia
in wine ageing [38–47]. However, the scientific researchers have been focused on the impact of the use
of alternative wood species exclusively on the quality of red wines and not of white wines. Therefore,
there is a restricted knowledge about the impact of alternative woods to oak wood on white wine
quality during the ageing process.

Recently, the effect of chips from different types of woods such as acacia and cherry on the ageing
process of Encruzado wines was evaluated in comparison with the traditional chips from American
and French oak woods [11]. As consequence of the wood contact, all aged white aged wines had
increased polyphenol content due to phenols transfer from wood to wine. However, those wines
aged with acacia chips exhibited the highest total phenolic content (342.94 mg/L) in comparison with
the rest of wines aged with cherry and oak wood (328.59 mg/L and 319.86 mg/L, respectively) [11].
The particular richness of some phenolic compounds in acacia wood, and consequently in wines
aged in contact with this wood species, had already been reported by other authors [42,45]. However,
contrary to this fact other authors evidenced a pronounced enrichment of model wines in polyphenolic
substances in those model wines treated with oak chips compared to those treated with acacia or
cherry, due to the significantly higher amounts of total extractable polyphenols of oak wood [48].

It is worthy to note that the contact of wood by means of chips with white wines implied a
decrease on the browning potential index, due to the release of phenolic compounds from wood to
wines. Phenomena such as the precipitation of oxidized phenols, the formation of phenolic polymers
and the antioxidant properties of some phenolic compounds, lead to increases in the stability of white
wines to oxidation [11]. This fact should be also confirmed in case of the use of barrels where a gentle
flow of oxygen is produced through the wood pores, since no references regarding this have been
found. Among all types of wood tested, those wines aged with cherry chips exhibited the higher
browning potential values which pointed it out as the most sensitive to oxidation [11]. This fact was in
consonance to low content of oxidizable polyphenols that characterized cherry heartwood [42,49].

From a sensorial point of view, it seems that white wines aged with acacia chips showed major
colour intensity compared to those wines treated with cherry or American and French oak wood.
Indeed, comparing the values of colour difference (ΔE) between control wine and wines aged in contact
with different wood chips species, only white wine aged with acacia wood chips showed values higher
than two CIELAB units, which is detectable by human eyes [11], being CIELAB the color space defined
by the International Commission on Illumination (CIE).

On the other hand, the use of cherry and acacia wood seemed to impart to white wines, less
aggressiveness and less woody character than oak wood. Furthermore, contrary to oak wood, acacia
barrels appeared to enhance the sweetness and honey tastes and pronounce the vanilla and spicy
character of Malvazija wines. These facts resulted in better overall appreciation scores for white wines
aged with acacia than for those aged with oak or other woods [11,50]. However, the typical aged
flavours described as spicy or vanilla were not detected in Chardonnay wines, a more international
grape variety, aged in both acacia barrels and acacia chips [10]. The reasons of these facts were the low
content of volatile phenols such as eugenol and guaiacol, the low level of vanillin and the lack of other
substances contributing to vanilla flavour such as cis- and trans-β-mehtyl-γ-octalactone detected in
wines aged with acacia. On the other hand, the sweetness character of wines aged in acacia was also
confirmed by other authors who found new aged flavours coming from the contact with acacia wood
described as nutty, honeyed and toasted [10]. Based on the literature, the responsible compounds for
these new aromas seem to be 2-acetyl pyrazine, 2-acetyl-3-methylpyrazine and 2-acetylthiazole, which
were identified as distinctive of acacia wood due to their powerful sensorial features described as
toasty, popcorn and nutty [51].

Despite the fact that it seems that there is a clear preference for acacia wood against oak or other
woods to carry out the ageing of white wines, crucial aspects related to ageing treatment (barrels or
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chips) and ageing time have not been elucidated yet. Therefore, our research group compared the
traditional ageing technique of a Chardonnay wine by means of acacia barrels with the alternative
practice of use acacia chips obtained from manufacturing acacia barrels. Both assays were performed
in duplicate and acacia wood underwent a light toasting process. Sensorial properties of aged wines
were monitored along four timing points, monthly for barrels during 4 months and weekly for chips
during 4 weeks. After sampling was completed, wine control without acacia contact and all aged wines
were submitted to a descriptive sensorial analysis to assess the best maturation process conditions
with acacia wood, based on the sensorial properties.

In general terms, the emergence of new sensory features described from acacia wood, nutty,
honeyed and toasted, appeared as a consequence of the acacia ageing of wines. These new pleasant
sensorial features were clearly accentuated in wines aged in barrels during three and four-month
ageing processes [10]. Furthermore, the new aged attributes were in good balance with varietal aromas
coming from Chardonnay wine varieties. The perception of acacia ageing notes was imperceptible
for those wines with less contact with acacia, a one month of stay in barrels and one week macerated
with chips, which preserved better the fresh, fruity and varietal characters of young wine. The better
retention of fruity characteristics of the original wine by the use of chips rather than barrels has been
previously reported by other authors [38,52].

Among wine samples treated with acacia chips, those that were macerated for the three weeks
aging process obtained higher scores by the panellists. Meanwhile, wines that were in contact with
acacia during three and four months were the most regarded samples aged in barrels. Average values
of each descriptor from the sensorial analysis of the highest scored aged wines in comparison with a
control are shown by means of spider web diagrams in Figure 1. Compared to the use of barrels, the
treatment with chips was scored lower by panellists. The use of chips led to a higher acidity and the
attributes from acacia wood were timidly increased, leading to lower scores of taste intensity, taste
quality and global quality. On the other hand, wines aged in barrels for three and four months exhibited
a sensory profile different from the control. They resulted in high complexity due to the good balance
between the varietal features of Chardonnay wine and the emergence of the new clearly perceptible
sensory notes described for acacia wood, such as nutty, honeyed, and toasty, as a consequence of their
contact with acacia barrels.

 
 

 
Figure 1. Olfactive and gustative profiles of aged wines with the acacia treatments best scored in
comparison with sensorial profiles of control wines.

With the aim of looking for other alternative woods to carry out the ageing processes that might
create unique flavours, an exploratory survey evaluated 12 wood species from New Zealand in
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comparison with American oak wood [53]. These wood species had never before used as flavourants
in wine: Matai, Feijoa, Macrocarpa, Pohutukawa, Radiata pine, Totara, Kahikatea, Rimu, Cherry beech,
Silver beech and Manuka were light and dark toasted in the manner of oak barrels and then used to
infuse Chardonnay wines. Each wood showed different behaviours in terms of sensorial properties.
In general terms, typical oaked wine descriptors such as woody, smoky, vanilla and buttery were
provided by these woods. However, other unattractive sensorial features described as earthy, sappy,
resin, paint stripper or pencil sharpening’s were detected in one of the wood treatments. Based on
a hedonic consumer trial, it was concluded that each wood could generate a flavour liked by some
consumers, so wood species as yet untested may be useful in conferring unique flavours from a
particular geographical region.

4. Conclusions

Although the ageing stage has been exclusive to red wines, in recent years, the effects of wood
contact on white wines have been addressed by several scientific researchers. New white winemaking
techniques such as fermentation with oak chips and barrels, or the ageing on lees entail sensorial
advantages due to the highest quantities of volatile oak-extractable compounds. On the other hand,
new wood species alternative to traditional oak wood species offer the possibility to flavour white
wines in a different manner in which oak wood does. Therefore, the treatment of white wines with
wood by means of technological innovations or the use of alternative woods from oak, not only might
drive to an added-value on quality but also to the acquisition of unique flavours in white wines
leading to diversification of market opportunities. However, in the majority of cases, scientific studies
have been done with minority grape varieties, so further studies should be conducted with more
international varieties, to address the effects of wood contact with white wines more deeply.
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Abstract: Trans-2-decenal and tridecane are compounds found in wine made from brown marmorated
stink bug (BMSB)-contaminated grapes. The effectiveness of post-fermentation processes on reducing
their concentration in finished wine and their longevity during wine aging was evaluated. Red wines
containing trans-2-decenal were treated with fining agents and put through reverse osmosis filtration.
The efficacy of these treatments was determined using chemical analysis (MDGC-MS) and sensory
descriptive analysis. Tridecane and trans-2-decenal concentrations in red and white wine were
determined at bottle aging durations of 0, 6, 12 and 24 months using MDGC-MS. Reverse osmosis
was found to be partially successful in removing trans-2-decenal concentration from finished wine.
While tridecane and trans-2-decenal concentrations decreased during bottle aging, post-fermentative
fining treatments were not effective at removing these compounds. Although French oak did not
alter the concentration of tridecane and trans-2-decenal in red wine, it did mask the expression
of BMSB-related sensory characters. Because of the ineffectiveness of removing BMSB taint
post-fermentation, BMSB densities in the grape clusters should be minimized so that the taint
does not occur in the wine.

Keywords: trans-2-decenal; tridecane; MDGC-MS; red wine; Pinot noir

1. Introduction

Brown marmorated stink bug (BMSB) contamination in grape clusters can have a negative effect
on wine quality [1,2]. BMSB is an invasive pest that is believed to have arrived into the United
States from East Asia and is currently detected in 43 states. Globally, it is also found in Canada, Italy,
Hungary and other European countries where wine has economic importance [3,4]. When present in
the vineyard, the pest can lower crop yield and effect quality. When present in grape cluster, it may
enter wine processing where it can harm wine quality through the release of “BMSB taint” compounds.
The chance of BMSB entering wine processing is increasing, as greater densities of BMSB are being
observed in the vineyard [3,5,6]. In order to maintain wine quality, techniques are needed to minimize
BMSB taint concentration in finished wine.

BMSB primarily secretes tridecane and trans-2-decenal when stressed [7–9]. Tridecane is an
odorless compound and its effect on wine quality is currently unknown. Trans-2-decenal is considered
to be the main component of BMSB taint due to its strong “green”, “cilantro”-like aroma [2,10].
It has been shown to have a negative effect on red wine quality, significantly decreasing consumer
preference at a concentration as low as 4.8 μg/L, the determined consumer rejection threshold (CRT) [1].
Above this concentration trans-2-decenal can add green, musty, herbal characteristics to wine which
are not desirable [11]. Additionally, a reduction in favorable attributes such as dark fruit, red fruit
and floral characteristics has also been observed [11]. Due to this negative impact of BMSB taint on
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wine quality and consumer preference, efforts are needed to minimize the concentration of these taint
compounds in finished wine.

It has been shown that as low as three BMSB per cluster in the vineyard can result in finished
wine with 2.02 μg/L of trans-2-decenal [12]. The same bug density may also result in trans-2-decenal
concentration at or above the CRT when winemaking causes stress to BMSB, resulting in higher
secretion of taint compounds. Additionally, previous work suggests that the presence of dead BMSB
can also result in wine containing tridecane but not trans-2-decenal [12].

Modifications in wine making protocol may reduce BMSB taint concentrations in final wine, as
winemaking processes are known to alter aroma composition. Alterations in harvesting, pressing
and fermentation have shown potential in reducing BMSB taint in finished wine [12]. However,
modification of wine processing may not be always appropriate as it can restrict the style of wine made
from BMSB contaminated grapes. Additionally, process modification may not be sufficient against
high BMSB densities and finished wine may still contain trans-2-decenal or tridecane. Therefore,
post-fermentative measures are required to be able to produce a desired wine style while minimizing
taint levels.

The wine industry relies on fining agents to correct wine faults and to improve wine
quality [13–15]. Wine sensory characteristics such as flavor, color and mouthfeel can be adjusted
by fining agents [14,16,17]. Fining agents are chosen for their affinity to unwanted compounds in wine
through mechanisms such as hydrophobic interaction, hydrogen bonds, Vander Waals interaction and
electrostatic interactions [13,18]. The fining agent, along with unwanted or taint compounds, are then
removed by racking, centrifugation or filtering. Commonly used fining agents such as bentonite,
gelatin, casein and activated charcoal have previously been used on taint compounds from lady bug
and smoke exposure [13,15]. In these studies, oak was able to mask green aroma characteristics of lady
beetle taint in red and white wine whereas activated charcoal and synthetic mineral were effective
against smoke taint compounds.

In addition to fining agents, reverse osmosis filtration has also been explored as a viable option
for taint removal [19]. In this process, selective taint removal can be achieved by carrying out filtration
under pressure. Reverse osmosis is often combined with an adsorption or ion-exchange column to
remove taint compounds more efficiently. This technique has been found to be successful in removing
4-ethylguaiacol and 4-ethylphenol from Brettanomyces-affected wine [20] using Amberlite XAD-16 HP
resin and smoke taint compounds (guaiacol, 4-methylguaiacol, 4-ethylguaiacol and 4-ethylphenol)
using a polystyrene-based adsorbent resin [19].

Another possible technique to reduce BMSB taint in wine is through aging. During aging,
complex reactions occur that are known to change wine composition and sensory characteristics [21,22].
Since most wines are aged for at least a year, it is important to understand how BMSB taint is
modified during aging. This information is important in order to assess the quality of an aged
wine. Currently, there is no technique known to be effective against BMSB taint in finished wine and
reduction techniques are needed to help deal with this spoilage issue when control of BMSB in the
vineyard is ineffective.

2. Materials and Methods

Wines—Three different Pinot noir wines (PN1, PN2 and PN3) were used in this study. All wines
were produced on a small scale at the Oregon State University research winery (Corvallis, OR, USA).
PN1 and PN2 were produced from the same grapes sourced from a vineyard located in Oregon and
under the same winemaking protocol. PN1 was made from grapes that did not contain any BMSB.
PN2 on the other hand, was made from grapes to which BMSB were added prior to destemming
at a density of three per cluster. PN2 therefore contained both taint compounds, tridecane and
trans-2-decenal whereas PN1 was taint free. Both wines, PN1 and PN2 were made using a winemaking
protocol as described in [12]. These wines were used to study the effect of aging and reverse osmosis
filtration. PN3 was also produced without any addition of BMSB but the grapes were sourced from a
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different vineyard in Oregon. Winemaking procedure used to make PN3 was similar to the protocol
given in [17]. Trans-2-decenal was added to this wine to study the effect of fining treatment, as not
enough BMSB were available that year to make naturally tainted wines at the concentrations needed.

Fining agents—Fining agents and their dose levels were selected based on preliminary studies
and/or manufacturer recommendations. In the end, five fining agents: gelatin (BBL, Div Becton
Dickinson & Co., Sparks, MD, USA), egg albumin, potassium caseinate (Laffort USA, Petaluma, CA,
USA), bentonite, yeast lees (Oenolees®, Laffort USA, Petaluma, CA, USA) and French oak bean,
medium plus toast (StaVin Inc., Sausalito, CA, USA) were tested. Egg albumin solution was prepared
in 1% NaCl using eggs from the local grocery store. Other fining agents were prepared in hot or
cold water per manufacturer’s instruction. The following dose levels were used for each fining agent:
gelatin at 30 mg/L, egg albumin at 67 mg/L, potassium caseinate at 150 mg/L, bentonite at 75 mg/L,
yeast lees at 150 mg/L and French Oak bean at 1.5 g/L The addition rate for French oak was based on
the manufacturer’s instruction for 50% new oak.

To run fining trials, Pinot noir with trans-2-decenal concentration of 30 μg/L was prepared.
This was done by adding trans-2-decenal standard (50 mg/L made in 14% ethanol) into the base wine,
PN3. The concentration of 30 μg/L was selected for fining treatment because it is significantly above
trans-2-decenal CRT (4.8 μg/L) and has been shown to add green sensory characteristics associated
with trans-2-decenal. Additionally, a significant proportion of consumers (78%) were seen to reject
Pinot noir containing 30μg/L of trans-2-decenal [1].

Twenty-four hours after trans-2-decenal addition into PN3, fining agents were added. PN3
containing trans-2-decenal and fining agent were then stored at 4 ◦C for three days. At the end of three
days, fining agents were removed by racking, wines were rebottled and stored for analysis at 4 ◦C.
Twenty hours after racking, wines were analyzed using sensory descriptive analysis. At the same time,
40 mL sample of these racked wines was collected for trans-2-decenal quantification using MDGC-MS.
Samples were stored in amber vials with PTFE lined caps (Sigma Aldrich, Darmstadt, Germany) at
−18 ◦C until their analysis. All fining trials were conducted in triplicate.

Reverse osmosis—Two wines, PN1 and PN2 went through reverse osmosis filtration conducted by
WineSecrets Corp. (Sebastopol, CA, USA). PN1 was treated by reverse osmosis as well as the BMSB
tainted wine to determine the effect of reverse osmosis on aroma compounds not typically associated
with BMSB. Therefore, both wines were treated in exactly the same manner. Reverse osmosis was
performed on a lab scale Memstar unit with a CBC-5 carbon block filter cartridge (Pentair Pentek,
Milwaukee, WI, USA) attachment. Feeding pump pressure was maintained between 1700–1800 kPa
and total sample flow rate at 50 mL per minute. All wines that went through reverse osmosis were
done in triplicate.

Aging—PN1 and PN2 wines were aged in 750 mL screw-cap closed (Stelvin, Amcor, CA, USA)
bottles in a dark wine cellar located at Oregon State University at 13 ◦C for 1 year. At 0, 6 and 12 months,
bottles were removed from the cellar and 40 mL samples were stored in amber vials with PTFE lined
caps (Sigma Aldrich) at −18 ◦C for later analysis. All wines were aged in triplicate.

Chemical Analysis—Taint compounds were measured using a previously developed
HS-SPME-MDGC-MS method [12].

Sensory Analysis—Descriptive analysis was used to determine the effect of fining treatment and
reverse osmosis on wine sensory characteristics. Sixteen wine professionals (12 M, 4 F) from the
Oregon wine industry participated in this study. Each panelist had more than 10 years of experience
tasting wines. Consent was obtained from all panelists and the study was approved by Oregon
State University’s Internal Review Board (IRB). Descriptive analysis data was collected over three
tasting sessions, each lasting two hours. Each of the three sessions was conducted in the morning.
The third session was conducted in a different room but under similar light and temperature (21 ± 2 ◦C)
conditions. Wines were served in INAO black glasses (International Organization for Standardization
1977) to remove any influence of color [23]. All samples were coded with a three digit random numbers
and served in a random order.
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At the start of each session, panelists were given a set of three wine samples; control, Pinot noir
with trans-2-decenal at its CRT (4.8 μg/L), and Pinot noir with trans-2-decenal above its CRT (30 μg/L).
This was done to familiarize panelists with the taint compound and its effect on Pinot noir aroma
and flavor. These wines were prepared an hour before the tasting session by adding a trans-2-decenal
standard (50 μg/L prepared in 14% ethanol). Wines were served in three sets containing five samples
each. To avoid the effect of fatigue, panelists were given a one-minute break after each wine and five
minutes after each set. Panelists were requested to rinse their palate and eat a cracker during each
break to minimize any carryover effect.

Samples were evaluated for ten aromas (dark fruit, earthy, herbal, musty, red fruit, floral, fresh
green, spice) and three flavors (fruit density, green, and spice). These attributes have been used
previously to evaluate the effect of trans-2-decenal on Pinot noir quality [11]. Each attribute was rated
on a 100 mm visual analog scale with indented word anchors, none and extreme. Panelists were
allowed to rate any other attribute they thought was relevant to describe these samples, to avoid any
dumping effect [24].

Statistical Analysis—Any differences in trans-2-decenal concentration between PN3, with and
without fining agents was analyzed using one-way ANOVA and Dunnett’s test. Descriptive analysis
data was analyzed using mixed model ANOVA to determine consensus among the assessors for each
attribute and wine. The fixed effect was wine and the random effects were panelists and replication.
Canonical variate analysis (CVA) was used to explore the separation between wine treatments [25,26].
Significant differences during aging were analyzed using one way Analysis of Variance (ANOVA) and
Tukey’s HSD. All analyses were conducted using XLSTAT-Pro 2015 (Addinsoft, New York, NY, USA).

3. Results

3.1. Chemical Analysis

Trans-2-decenal was added to PN3 and was present at a concentration of 23.88 μg/L prior
to the addition of any fining agents. After fining, no significant differences were found between
trans-2-decenal concentrations in base wine and fined or oaked wines (p < 0.05, Dunnett’s). Treatment
of PN2 wines by reverse osmosis reduced the trans-2-decenal concentration in wine from 2.02 μg/L to
1.82 μg/L (t-test, p-value < 0.05), a 10% reduction of the compound. Chemical analysis of the aged
PN2 wines showed a decrease in tridecane concentration in PN2 wine during bottle aging (Figure 1).
Trans-2-decenal was 2.02 μg/L at 0 months and decreased to undetectable by 6 months.
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Figure 1. Tridecane concentration in Pinot noir made from BMSB containing grapes, PN2 at 0, 6 and
12 months of bottle aging (n = 3). Means with the same letter are not significantly different from each
other (Tukey’s HSD, α: 0.05).
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3.2. Sensory Analysis

The effect of fining agent on reducing the sensory impact of trans-2-decenal was evaluated using
eight wines. Six wines relating to the different fining treatments were evaluated. The other two
wines were PN3, with and without trans-2-decenal. A significant interaction between panel and
wine treatment was observed for spice flavor. This indicates inconsistency in the use of intensity
scale or interpretation of this attribute by wine professional [24]. The effect of such an interaction
can result from inherent anatomical differences in panelists. There is also the possibility of the term
“spice” being too generic and therefore being interpreted differently by each panelist. Given that the
interaction exists, spice flavor was excluded from CVA analysis. ANOVA of the sensory descriptors
showed a significant difference in red fruit aroma between wine treatments (F value = 3.07, df = 7,
p-value = 0.03). However, no difference in trans-2-decenal-related attributes, such as green, musty and
earthy, were found. The only observed difference (a change in red fruit aroma) is typically considered
as a side effect of using fining agents [27].

CVA analysis (Figure 2) showed a clear separation between the wines. Three distinct groups
were visible:

Group 1—PN3 without trans-2-decenal
Group 2—French oak treatment
Group 3—remaining six wines (PN3 with trans-2-decenal and the other five fining treatments).

PN3 without trans-2-decenal was mainly characterized by fruity aroma and flavor. Wine with
French oak treatment showed a strong spice aroma but no trans-2-decenal-related attributes. Since the
chemical analysis of oak treated wines did not show any change in trans-2-decenal concentration the
effect of oak is most likely a masking effect.

The two wines that underwent reverse osmosis (RO) were assessed by sensory analysis. PN3 with
and without trans-2-decenal were also included in the analysis for comparison. Thus, in the second
CVA analysis, a total of four wines were analyzed: (1) PN1 (made from BMSB free grapes) after RO;
(2) PN2 (wine made from BMSB added grapes) after RO; (3) PN3 with trans-2-decenal and (4) PN3
without trans-2-decenal. The last two wines were included in the analysis in order to provide a means
to compare the effect of reverse osmosis filtration and high levels of trans-2-decenal on wine aromatics.

A significant interaction was observed between panel and wine for green flavor. Using the same
justification as before, green flavor was removed from CVA analysis. The results of CVA analysis are
shown in Figure 3. Three groups were seen on a CVA plot:

Group 1—PN3 with trans-2-decenal
Group 2—PN3 without trans-2-decenal
Group 3—PN1 and PN2 after RO.

These three groups show clear differentiation between wine without trans-2-decenal,
with trans-2-decenal and those wines that went through RO.

As with the previous sensory analysis, PN3 without trans-2-decenal was perceived as fruity and
floral. The addition of trans-2-decenal brought out green, musty herbal characteristics in the same wine.
None of these negative characteristics were found in PN1 and PN2 treated with RO. After reverse
osmosis, PN2 was mainly characterized by earthy notes but none of the more pronounced attributes
associated with trans-2-decenal such as green, musty and herbal were observed.
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4. Discussion

BMSB taint in wine can be detrimental to wine quality but little is known regarding ways to
remove this taint from wine. While fining agents are often used during winemaking to remove wine
taints, the fining agents evaluated in the present study were incapable of removing trans-2-decenal
in BMSB tainted wines. Additional work is needed to determine the underlying factors for this
result. One potential reason may be that the fining agents have only weak binding ability with
trans-2-decenal. Alternatively, the fining agents may have higher affinity for phenolic compounds or
other aroma compounds compared to trans-2-decenal. This explanation seems likely given that most
fining agents are known to bind with non-volatile components in wine such as proteins and phenolic
compounds [14,16,18,28]. Their interaction with volatile compounds is considered to be a secondary
binding action and an undesirable effect that can be exploited for taint reduction [13,14,28,29].

The addition of French oak chips was the only treatment to have an impact on BMSB taint in the
wines with a masking effect being observed during sensory analysis. Previous work on lady bug taint
has also reported a similar masking effect of oak addition [15]. Wines treated with fining agents were
all described with similar characteristics as the trans-2-decenal wines. Overall, the results of sensory
evaluation agree with the conclusion of the chemical analysis data, namely, that fining agents failed to
remove trans-2-decenal from wine.

Reverse osmosis resulted in a slight reduction of trans-2-decenal of 0.2 μg/L. This is minimal
and would likely only be effective in changing sensory perception if the final concentration after
fining was near trans-2-decenal CRT. However, this result indicates the ability of reverse osmosis
to reduce trans-2-decenal, which was not found with other treatments. Therefore, with additional
improvements reverse osmosis may prove to be a viable option for BMSB taint management. The use
of other semipermeable membranes, adsorption/ion exchange column, pressure and flow rate should
be investigated to remove greater amounts of trans-2-decenal.

The impact of RO on the sensory characteristics of trans-2-decenal are unclear. BMSB associated
aromas including green, musty and herbal where not found in RO wines, but an earthy aroma was
described in these wines. Previous sensory analysis conducted on wines with 5 μg/L trans-2-decenal
also were found to be “earthy” [11]. However, wine after RO was described as different from the
control (PN3 without trans-2-decenal) so it is unclear if this would be problematic to wine quality.
The usage of RO to reduce BMSB warrants further research.

Aging appeared to be the most effective treatment to reduce trans-2-decenal and tridecane in
BMSB tainted wines. A longer aging period may be preferable in wines containing BMSB taint since
the aging process appears to naturally decrease their levels. The decrease in BMSB taint post bottling
is likely to be a result of aging-related reactions occurring in wine such as hydrolysis, component
degradation, condensation and reduction reactions [21,22,30]. These reactions can modify existing
compounds or generate new ones.

Aldehydes, such as trans-2-decenal, are highly reactive and can bind with a number of different
compounds such as SO2 or phenolic compounds [31,32]. Prior work has shown that reductive
conditions during bottle aging can cause aldehydes to decrease in wines as they change to their
corresponding alcohol [14,33]. 1-Decanol, the corresponding alcohol for trans-2-decanal, has a detection
threshold (5 mg/L) that is much greater than trans-2-decenal [34]. Therefore, as the wine ages and
trans-2-decenal decreases the effects of 1-decanol may be minimal. However, if wines are matured
under oxidative condition, acetals can form as result of reaction between aldehydes and alcohol [14,35].
Additional research is needed to better understand the transformation of trans-2-decenal during aging.
This taint may only be problematic for young wines, as trans-2-decenal was undetectable after 6 months.
However it is unknown if the transformation products of trans-2-decenal may also be problematic to
wine quality.

The corresponding sensory impact of BMSB taint during aging also needs to be evaluated.
This will estimate the effect after compounds released by BMSB have undergone aging-related changes.
We did not have enough wine to conduct sensory tests on the aged wines but this is needed as
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preliminary sensory tests showed that BMSB taint wines were reduced in 1 year aged wines, but wines
were very different from the control wines.

5. Conclusions

Corrective measures are of significant importance for wine containing BMSB taint. They provide
the last option for winemakers to correct wine faults. Taking this into consideration, this study
evaluated the effectiveness of reverse osmosis, commonly used fining agents, and bottle aging on
BMSB taint compound. While fining agents proved ineffective at removing BMSB taint, reverse
osmosis showed promise as trans-2-decenal concentrations in wine were reduced by 10% and resulted
in improvements in the wines sensory characteristics. In addition to reverse osmosis, oak addition can
also be considered while dealing with BMSB taint as it successfully masked the green characteristics
associated with trans-2-decenal in wine. Finally, aging wines for extended periods of time may offer
the best strategy for reducing BMSB taint in red wines and is also a process that most wines will
undergo as part of the winemaking process. Taken together, wine containing BMSB can be treated by
one of three options, addition of French oak, reverse osmosis or aging. Overall, the outcome of this
study provides means of dealing with BMSB taint in finished wine. This information is important to
minimize the impact of BMSB taint and maintain wine quality.
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Abstract: Gold nanoparticles (AuNPs) have been obtained using musts (freshly prepared grape
juices where solid peels and seeds have been removed) as the reducing and capping agent.
Transmission Electron Microscope images show that the formed AuNPs are spherical and their size
increases with the amount of must used. The size of the AuNPs increases with the Total Polyphenol
Index (TPI) of the variety of grape. The kinetics of the reaction monitored using UV-Vis shows that the
reaction rates are related to the chemical composition of the musts and specifically to the phenols that
can act as reducing and capping agents during the synthesis process. Since the particular composition
of each must produces AuNPs of different sizes and at different rates, color changes can be used to
discriminate the variety of grape. This new technology can be used to avoid fraud.

Keywords: gold nanoparticles; must; grapes

1. Introduction

The synthesis of gold nanoparticles is an active area of research, and a variety of techniques
are currently available [1]. One of the most popular methods is the reduction of gold salts with an
appropriate reducing agent, usually citrate. In recent years, green synthesis of gold nanoparticles
(AuNPs) is gaining interest. In green synthesis, biomolecules (chitosan, polysaccharides, proteins,
phenols, etc.) [2–7] and plant extracts (such as alfalfa, oats, coffee, onion, pear, banana, lemon grass
extract, etc.) [8–11] are used as both the reducing agent and the stabilizer. AuNPs exhibit excellent
physical, chemical and biological properties which are directly related to their size, shape and surface
structure. For instance, AuNPs show a strong surface plasmon resonance (SPR) band in the visible
region at ~520 nm [12,13] that is absent in bulk gold. The formation of gold nanoparticles can
be detected by observing the color change of the solution. Moreover, the position, intensity and
band-width of the SPR peaks rely on the nanoparticle size and shape [14,15]. Anions absorbed on
the surface of nanoparticles stabilize the AuNPs avoiding aggregation. Different anions can be used
to modulate the size and the color of the AuNPs. Size and shape dependent electrochemical and
optical properties can be used for a wide range of applications, including chemical sensors for the
assessment of the antioxidant capacity of foods [16–22]. According to these previous experiments, the
optical properties of gold nanoparticles could be used to develop novel tools for the characterization
of foods based on their antioxidant characteristics. Musts are extremely complex mixtures formed by
more than 300 components including among many others ions, sugars, organic acids and a variety

Beverages 2018, 4, 26; doi:10.3390/beverages4020026 www.mdpi.com/journal/beverages101
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of antioxidants. Phenols are one of the most important classes of antioxidants. The synthesis of
gold nanoparticles with phytochemicals (mainly phenols) present in grape seeds and peels has been
described [23]. Since different varieties of grapes contain different concentrations of polyphenols and
capping agents, one could expect that the type of grape strongly affects the shape and size of the NPs.
On this basis, the shape or size on AuNPs could be used by official agencies to detect frauds relative to
the use of grapes of a different variety than the stated in the label.

The objective of this work was to evaluate the possibility of discriminating musts produced from
grapes of different varieties by means of their capability to obtain AuNPs and to analyze the effect of
the grape variety in the size and shape of the nanoparticles. For this purpose, musts obtained from
eight different varieties of grapes—Cabernet Sauvignon (C), Garnacha (G), Juan García (JG), Mencía
Regadio (MR), Mencía Secano (MS), Prieto Picudo (PP), Rufete (R), Tempranillo (T)—were used as
reducing and capping agents. The effect of the total polyphenolic content was discussed.

2. Materials and Methods

Chloroauric acid (HAuCl4·3H2O) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and
was used as received without any further purification. The deionized water used in preparation was
obtained from Millipore Direct Q TM (resistivity of 18.2 MΩ). Red grapes of eight different Spanish
varieties were used to obtain musts. The varieties included in the study were: Cabernet Sauvignon
(C), Garnacha (G), Juan García (JG), Mencía Regadío (MR), Mencía Secano (MS), Prieto Picudo (PP),
Rufete (R) and Tempranillo (T). They were provided by the oenological station Castilla Leon and
several wineries. Musts were prepared following a method developed by the Instituto Tecnologico
y Agrario de Castilla y León (ITACyl) (Valladolid, Spain). 100 berries of the given variety of grape
were introduced in a plastic bag and crushed for 1 min. Then, peels and seeds were separated by
centrifugation (10 min at 5000 rpm). Total Polyphenol Index (TPI) was measured using international
standard methods by measuring the Absorbance at 280 nm [24]. These results are collected in Table 1
along with other parameters of interest.

Table 1. TPIs measured by chemical methods.

Variety of Grape TPI pH

Cabernet Sauvignon 14 3.17
Garnacha 17 3.17

Juan García 24 3.39
Mencía Regadío 19 3.96
Mencía Secano 19 3.93
Prieto Picudo 26 3.35

Rufete 27 3.37
Tempranillo 24 3.30

AuNPs were obtained using musts as the reducing and the capping agent by mixing a certain
volume of the corresponding must with a certain volume of the chloroauric 0.01 M. The proportions
used are shown in Table 2. In this manner, 9 samples of each grape variety were prepared by varying
the gold/must between 9:1 and 1:9, while keeping all other concentrations constant. All experiments
were carried out at ambient temperature and atmospheric pressure.

Table 2. Volumes of Au3+ and musts employed for the synthesis of AuNPs (mL). Dilutions are denoted
as M1 to M9.

ID M1 M2 M3 M4 M5 M6 M7 M8 M9

Au3+ 9 8 7 6 5 4 3 2 1
Must 1 2 3 4 5 6 7 8 9
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UV-Vis Spectra of AuNPs by bio-reduction of chloroauric acid in aqueous solution was recorded
in a Shimadzu spectrophotometer (mod UV 2603) (Kyoto, Japan) operated at a resolution of 1 nm in
absorption mode. UV-Vis spectra were acquired between 400 and 700 nm. Water was used as the
reference and the blank for baseline subtraction. The bioreduction (formation of nanoparticles) of
HAuCl4 in the aqueous solution was monitored following the plasmon resonance absorption band of
the reaction mixture for 5 h.

In order to investigate the effect of the gold to must ratio on the particle size, Transmission
Electron Microscope (TEM) images were recorded on a high-resolution electron microscope (HRTEM:
JEOL JEM 2200) (Tokyo, Japan) operating at an accelerating voltage of 200 kV. Sample images were
processed using Image J image processing software (public software). The samples were prepared by
drop casting the AuNPs solution on a carbon-coated copper TEM grid. Principal Component Analysis
(PCA) was carried out using the software Matlab v5.3. (The Mathworks Inc., Natick, MA, USA).

3. Results

Colloidal AuNPs were obtained at room temperature by reducing Au3+ using musts obtained
from red grapes obtained from eight different varieties of grapes as the reducing agent. The ability of
musts to form nanoparticles was evaluated by monitoring the color changes of the solutions. In order
to optimize the synthesis, musts were mixed with the gold salt in different proportions as indicated in
Table 2.

As a first step, the formation of nanoparticles was followed visually. As observed in Figure 1, the
color of the suspension changed upon addition of the gold salt from pale pink to dark purple which
indicated the formation of AuNPs. The reaction started immediately and continued for several hours.
It is worth noting that the extent of the reaction was dependent on the Au3+:must ratio used, and also
on the variety of grape; that is, on the chemical composition of the must (reduction capability and
capping agents).

Figure 1. Response of mixtures of Au3+ salt and musts obtained from (a) Cabernet; (b) Garnacha;
(c) Juan García; (d) Mencía Secano; (e) Mencía Regadío; (f) Prieto Picudo; (g) Rufete and (h) Tempranillo
grapes. Left column corresponds to photographs taken 5 min after the mixture. Right column

corresponds to photographs taken 3 h after the mixture. Ten tubes inside each picture correspond to
increasing Au3+:must ratios as indicated in Table 1.
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The formation of AuNPs was monitored using UV-Vis spectroscopy (Figure 2). All spectra showed
a broad absorption peak between 500 and 600 nm corresponding to the SPR band consistent with Mie
theory [25,26], which establishes that the position of the SPR band is related to the size of AuNPs.
In this case, the intensities and positions of the SPR bands were dependent on the nature of the
grape used to obtain the musts. Since musts prepared from different varieties of grape have different
compositions, the variety of colors obtained suggested that AuNPs could be used to analyze grapes.

For the smallest must volume (M1 where Au3+:must = 9:1) the observed plasmon band was weak
and appeared at ca. 580 nm. As the Au3+:must ratio increased, a notable rise in the intensity of the SPR
band was observed, confirming the increase in the number of nanoparticles obtained. Simultaneously,
the position of the band shifted to lower wavelengths (at ca. 520 nm), suggesting growth of the
nanoparticle size when increasing the reagent ratio. This is in good correlation with previous studies
that have demonstrated that the size of the obtained nanoparticles depends on the concentration
of the reducing agent (citrate, nitrite, etc.), and that this effect can be used to develop colorimetric
probes [27,28]. A further observation from analysis of these spectra concerns the broadness of the
peaks that are reflecting of a large dispersion of the size of the AuNPs obtained.

Similar trends were observed in most of the varieties analyzed. However, the spectral changes
were smaller in those varieties of grapes with lower TPI in the whole range of 5 min–5 h. Figure 2
illustrates how the intensity of the peaks increase linearly with concentration.

Figure 2. UV-Vis spectra of Au3+:must Cabernet mixtures in proportions M1 to M9.

TEM images provided information about the morphology of the obtained AuNPs that confirms
the information obtained from the UV-Vis absorption spectra. Figure 3 shows the images of the AuNPs
obtained from Tempranillo must using different ratios Au3+:must. The nanoparticles obtained showed
a reasonable uniform size. When increasing the ratio Au3+:must from M1 to M9, the size of the AuNPs
increased from 5 to 60 nm.

In addition, the size and shape of the obtained nanoparticles changed with the type of must.
A closer look to the AuNPs revealed interesting features. In the case of Tempranillo grapes, the

nanoparticles obtained were nearly spherical in shape, but, gold nanostructures with branched arms
were also observed. This dual structure containing spherical nanoparticles and branched structures
could indicate that two different growth mechanisms were involved. When increasing the Au3+:must
ratio from M1 to M9, the size of the AuNPs increased and the size of the branched arms grows
simultaneously (Figure 4). The size and shape of the obtained nanoparticles changed with the type of
must. When musts with low TPI were used as reducing agent, a larger number of AuNPs was obtained,
and the shapes were not spherical. Instead, they were triangular or hexagonal. This is illustrated in
Figure 5 for the AuNPs obtained using Garnacha grapes in ratio M1.
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Figure 3. TEM images of the AuNPs obtained using Tempranillo must using (a) ratio M5; (b) ratio M9.
Pictures taken at 2,000,000×; 80 K.

Figure 4. TEM images of the AuNps obtained using Tempranillo must using (a) M1; (b) M5 and
(c) M9 ratios.
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Figure 5. TEM images of the AuNps obtained using Garnacha must using Au3+:must ratio 9:1.

As shown in the previous paragraphs, musts obtained from different varieties of grapes produced
different amounts of AuNPs. Changes in color also indicate that some varieties of grape produce faster
reactions than others. The kinetics of the reactions was studied using UV-Vis spectroscopy using three
Au3+:must ratios (M1, M5 and M9) for the different types of grapes. UV-Vis spectra were registered
periodically after the addition of the corresponding must. Results are shown in Figure 6.

Figure 6. UV-Vis spectra of Au3+:must mixtures in M1 (left) and M9 (right) using a must with low TPI
(upper specta: Cabernet-Sauvignon), a must with medium TPI (middle spectra: Mecía Secano) and a
must with high TPI (lower spectra: Tempranillo).
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In all grapes studied, the absorbance increased progressively with time, confirming the formation
of AuNPs. Then, a plateau was attained. The time elapsed before the constant value was reached was
ca. 300 min when using varieties with low TPI such as Cabernet-Sauvignon. The time necessary to
attain the plateau was ca. 180 min for varieties, such as Mancía Secano, with intermetadiate TPI values,
and 50 min when varieties, such as Tempranillo, with high TPI were used. This result confirmed the
influence of the antioxidant capacity in the AuNP formation.

Figure 7 illustrates the variation of the absorbance and the wavelength of the plasmon peak with
time for the variety Tempranillo. Then, a plateau was reached. When AuNPs are formed using the
proportion M1, the concentration of reducing compounds was small, and the formation rate of AuNPs
was slow, as indicated by the slow changes in absorbance and wavelength observed. The rate of AuNP
formation was faster using the proportion M5, where the formation of AuNPs was completed in a few
seconds. In the case of the proportion M9, the formation rate was so fast that at the first measurement,
the AuNPs had already been formed. The kinetics of the reaction analyzed by representing the slope
of the change of absorbance with time (measured from 2 min after the addition until stabilization of
the signal) confirmed the influence of the concentration of reactants in the formation rate. The rest of
the musts showed similar trends, and reaction rates were directly related to the TPI values. Since the
particular composition of each must produce AuNPs with different sizes and at different rates, color
changes can be used to discriminate the variety of grape.

Figure 7. Variation of the wavelength and the absorbance with time during AuNPs formation using
Tempranillo must (a) M1; (b) M5 (c) M9.

4. Discussion and Conclusions

Must-stabilized AuNPs of different diameters were prepared using grape juice. The influence of
the proportion of grape juice and the variety of grape was analyzed. UV-Vis and TEM images show
that when increasing the concentration of reactants, the particle size and the reaction rate increased
simultaneously. Because musts prepared from different varieties of grape possess distinct chemical
compositions, AuNPs of different sizes are obtained from different grapes. The particular reactivity
shown by different variety of grapes produce AuNPs with different colors and with distinct kinetics.
These observations can be used to discriminate grapes of different varieties and to analyze their
phenolic content.
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