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a b s t r a c t

The effect of size (2 and 8 mm) and toasting degree (light, medium and high) of oak chips on the C-
glycosidic ellagitannins composition of model wine solutions has been studied by HPLC-ESI-MS-MS.
Furthermore, the effect of the presence of (þ)-catechin (50 mg/L and 200 mg/L) in the solution was
assessed. Respecting toasting, the levels of ellagitannins were higher and reached earlier when light-
toasted chips were used. Regarding chip size, the highest ellagitannin contents were found in the so-
lutions in contact with the smallest oak chips. Nevertheless, the size of oak chips can be crucial
depending on the toasting degree: high temperatures or long times of toasting can provoke the ellagi-
tannin degradation from the whole chip if its size is too small. Acutissimins A and B were detected in the
solutions containing (þ)-catechin. Unlike the levels of acutissimins, the ellagitannin composition was not
affected by the concentration of (þ)-catechin in the solutions.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Wine aging using oak barrels is a traditional practice to which
quality wines are subjected. Nowadays, wine aging in stainless steel
tanks with oak chips is an alternative practice to the use of oak
barrels since the storage and handling of the oak barrels make
traditional aging expensive. The use of oak chips can increase the
competitiveness of wineries as it reduces the costs of production.

The European Union (EU) authorized the use of wood chips by
the EC Regulations 2165/2005 “concerning the use of pieces of oak
wood in winemaking” and regulated the designation and presen-
tation of the wine treated with pieces of oak wood ((CE) No 1507/
2006).

During barrel aging, wine undergoes a series of transformations
leading to important changes in aroma, color, taste, and astringency
(Glabasnia & Hofmann, 2006; Puech, Feuillat, & Mosedale, 1999).
This is due in part to a progressive extraction of wood compounds
such as aldehydes, phenolic acids and C-glycosidic ellagitannins
(Fern�andez de Sim�on, Sanz, Cadahía, Poveda, & Broto, 2006).
Among the C-glycosidic ellagitannins, castalagin and vescalagin are
the two monomeric ellagitannins that largely predominate in oak
France from 3 to 5 July 2013.
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wood representing 40%e60% of the ellagitannins, although lyxose/
xylose derivatives (grandinin and roburin E) are also present in
smaller percentages (Herv�e du Penhoat et al., 1991; Jourdes,
Lefeuvre & Quideau, 2009; Masson, Moutounet, & Puech, 1995).
The structure of ellagitannins enables these compounds to take
part in oxidation reactions, acting as consumers of oxygen and fa-
voring, among other reactions, the transformation of ethanol into
acetaldehyde (Vivas & Glories, 1996), which can be involved in
polymerization reactions between flavanols and between flavanols
and anthocyanins (Francia-Aricha, Guerra, Rivas-Gonzalo, &
Santos-Buelga, 1997; Timberlake & Bridle, 1976; Vivas & Glories,
1996), affecting wine astringency and color, respectively. Further-
more, ellagitannins could directly affect wine color (Chassaing
et al., 2010; Quideau et al., 2005) and also could contribute to in-
crease the astringency and the bitterness of wine aged in oak bar-
rels or with oak chips due to their ability to precipitate salivary
proteins (Glabasnia & Hofmann, 2006).

Moreover, ellagitannins can react directly with other wine
constituents. In particular, vescalagin is able to react with (epi)
catechins via CeC linkage between the carbon-1 atom of the ves-
calagin moiety and either carbon-8 or -6 of the A ring of the (epi)
catechin to form acutissimin A or B, respectively (Quideau et al.,
2005). These compounds have been reported to possess inter-
esting biological properties as antitumoral (Quideau et al. 2005).
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The ellagitannins contents and their proportions in oak wood
are affected by several factors among which toasting has been
pointed out as one of the most important (Fern�andez de Sim�on,
Cadahía, Del �Alamo, & Nevares, 2010). The influence of toasting
on the extraction of phenolics from the oak wood (Cadahía, Varea,
Mu~noz, Fern�andez de Sim�on, & García -Vallejo, 2001; Doussot, De
Jesso, Quideau, & Pardon, 2002; Fern�andez de Sim�on, Hern�andez,
Cadahía, Due~nas, & Estrella, 2003; Hale, McCafferty, Larmie,
Newton, & Swan, 1999) is well established in literature. Some of
the works focused on the phenolic composition also studied the
ellagitannin composition depending on the toasting degree, but
they only determined the ellagitannin levels by the quantification
of ellagic acid released during acidic hydrolysis (Chira & Teissedre,
2013).

There are few studies focusing on the importance of the size of
the pieces of oak wood. Moreover, they are devoted to the volatile
composition (Fern�andez de Sim�on, Cadahía, Del �Alamo & Nevares,
2010). To our knowledge there are no studies that have moni-
tored the individual extraction of ellagitannins depending on the
size of oak chips and on their toasting levels. Taking into account
the differences of reactivity and activity between the different
ellagitannins (Jourdes, et al., 2009, Quideau et al., 2005), it is
important to know the effect of toasting on them.

On the other hand, the formation of flavano-ellagitannin has
been studied both in model solution (Quideau et al., 2005) and in
wine (Jourdes, Michel, Saucier, Quideau, & Teissedre, 2011), but
there are no studies that try to correlate the formation of these
compounds with the toasting degree of the oak or with the flavanol
concentrations. This could be important considering the properties
described for these derivative ellagitannins (Quideau et al., 2005).

Thus, the aim of this work was to study how the size (2 and
8 mm) and the toasting degree (light, medium and high) of oak
chips affect the composition of individual C-glycosidic ellagitannins
in model wine solutions. Furthermore, the effect of the presence of
(þ)-catechin (50 mg/L and 200 mg/L) in the model solutions on the
ellagitannins extraction and on the acutissimin A and B formation
was also investigated.

2. Materials and methods

2.1. Chemicals

Vescalagin was isolated from commercial chestnut tannin pro-
vided by Laffort (Laffort oenologie, Bordeaux, France). Castalagin,
roburin E and grandinin were isolated from non-toasted Quercus
petraea oak chips (see Section 2.4 for further details). Acutissimin A
and B were obtained by hemisynthesis from vescalagin as it is
described by Quideau and co-workers (Quideau et al., 2005) and
purified by semi-preparative HPLC.

(þ)-Catechin and (�)-gallocatechin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All solvents used were of
analytical grade and were purchased from Prolabo (BHD) VWR
International (Briare, France). Ultrapure water was obtained from a
Direct-Q water purification system equipped with a Millipak 40
(0.22 mm) filter unit (Millipore, Billerica, MA, USA).

2.2. Oak chips

Theoak chips added tomodelwine solutionswereprovided from
AEB Group (Brescia, Italy) and were obtained from naturally
seasoned (24 months) Q. petraea oak from central and eastern
France. Twodifferent sizes (Length�width�height¼4�2�1mm
(2 mm), and L�w� h¼ 4� 8� 1 mm (8 mm)) and three different
levels of toasting for each size (light, L; medium, M; and high, H)
were used.
2.3. Preparation of the model wine solutions

Model wine solutions (MWS) consisted of 12mL/100mL ethanol
in ultrapure water, 3.8 g/L of tartaric acid and 0.6 g/L of potassium
chloride (adjusted at pH 3.3 using NaOH 1 M). Oak chips (4 g/L)
were added in the model wine solutions containing different con-
centrations of (þ)-catechin: 0 mg/L (reference samples), 50 mg/L
and 200 mg/L. Two sizes of oak chips were used in the study (2 mm
and 8 mm), and different toasting level for each size (light, L; me-
dium, M; and high, H) were used. In total, eighteen different model
wine solutions were prepared (see Table 1 for code descriptions).
The sampling started the day after the oak chips (and the catechin
in non-reference samples) were added (day 1) and it was prolonged
for 35 days. Samples were takenweekly. Each sample was analyzed
in triplicate by HPLC-ESI-MS/MS-multiple reaction monitoring.

2.4. Purification of the ellagitannins

For the extraction of vescalagin, 3 g of the commercial chestnut
tannin was dissolved in 150 mL of acidified water (AcOH 2.5 mL in
100mL of ultrapurewater, pH¼ 3.36). The solutionwas cleaned three
timeswith diethyl ether and three timeswith ethyl acetate in order to
remove other oak wood compounds that might interfere in further
isolation steps. Traces of organic solvents were removed under vac-
uum and the extract was diluted in 750 mL of acidified water. Casta-
lagin, grandininandroburinEwereextracted fromoakchips following
the procedure described byGarcía-Est�evez and co-workers (García-Es
tev�ez, Escribano-Bail�on, Rivas-Gonzalo, & Alcade-Eon, 2010). The
purification of ellagitannins was performed using an Agilent Tech-
nologies 1260 Infinity LC Purification system (Agilent Technologies,
Waldbronn, Germany) controlled by ChemStation software (Agilent
Technologies,Waldbronn, Germany). The purificationwas performed
using a 21.2 mm � 150 mm, 5 mm Agilent Prep C-18 column (Agilent
Technologies, Waldbronn, Germany). Mobile phases were solvent A:
acidified water (AcOH 2.5 mL in 100 mL of ultrapure water) and B:
methanol. The following gradient was used: (0e14 min, 0% B;
14e22min;0e65%B;22e27min,65e0%B).Detectionwascarriedout
at 250 nm, 280 nm and 360 nm. The final purities of the isolated
ellagitannins (higher than 95%) were determined from the results of
the HPLC-DAD-MS analyses (García-Estev�ez, et al., 2010).

2.5. Purification of acutissimin A and B

Purification of acutissimin A and B was performed using the
same equipment, column, and mobile phases as ellagitannins.
Nevertheless, the gradient used was different: (0e10 min, 0%B;
10e30 min; 30%B; 30e40 min, 60%B; 40e45 min, 75%B;
45e50 min, 0%B). Detectionwas performed at 250 nm, 280 nm and
360 nm. Final purity of each acutissimin was higher than 95%.

2.6. Quantification

Vescalagin, castalagin, roburin E and grandinin were quantified
by using the previously validated HPLC-ESI-MS/MS-multiple reac-
tion monitoring method (García-Estev�ez, et al., 2010; García-
Estev�ez, Escribano-Bail�on, Rivas-Gonzalo & Alcalde-Eon, 2012).
HPLC analyses were performed in a HewlettePackard 1100 series
liquid chromatograph (Agilent Technologies, Waldbronn, Ger-
many). MS detection was performed in an API 3200 Qtrap (Applied
Biosystems, Darmstadt, Germany) equipped with an ESI source and
a triple-quadrupole linear ion trap mass analyzer that was
controlled by Analyst 5.1 software (Applied Biosystems, Darmstadt,
Germany). Zero grade air served as nebulizer gas (344.7 kPa) and
turbo gas for solvent drying (400 �C, 413.7 kPa). Nitrogen served as
curtain (137.9 kPa) and collision gas (high). Both quadrupoles were



Fig. 1. Total content of ellagitannins (mg/L) in the model wine solutions in contact
with 2 mm light (F2L, white), medium (F2M, gray) and high (F2H, black) toasted oak
chips. Different lower case letters indicate significant differences for p < 0.05, n ¼ 3.

Table 1
Characteristics of the model solutions analyzed: code, (þ)-catechin content (mg/L)
and toasting degree of oak chips used.

Sample code (þ)-catechin content (mg/L) Oak chips toasting degree

0F2L 0 Ligh
0F2M 0 Medium
0F2H 0 High
50F2L 50 Ligh
50F2M 50 Medium
50F2H 50 High
200F2L 200 Ligh
200F2M 200 Medium
200F2H 200 High
0F8L 0 Ligh
0F8M 0 Medium
0F8H 0 High
50F8L 50 Ligh
50F8M 50 Medium
50F8H 50 High
200F8L 200 Ligh
200F8M 200 Medium
200F8H 200 High
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set at unit resolution. The ion spray voltage was set at �4500 V in
the negative mode. Optimization of the conditions was carried out
automatically by direct infusion of acutissimin A. Settings used
were as follows: declustering potential (DP), �100 V; entrance
potential (EP),�10 V; collision energy (CE),�38 V; collision cell exit
potential (CXP), �28 V. Acutissimin A and acutissimin B were
quantified by using a calibration curve built with data supplied by
mass spectrometry using the signal obtained for the transition
(each parent ion-daughter ion pair) m/z 1215/m/z 917 correspond-
ing to the acutissimin A, corrected with the signal obtained for the
transition corresponding to the internal standard (�)-gallocatechin
(m/z 305/m/z 249). This calibration curve was built in the concen-
tration range between 1.5�10�1 mg/L and 7.5 mg/L of accutissimin
A (R2 ¼ 0.9995). The linear model that correlated the ratio accu-
tissimin signal/internal standard signal (y) with the accutissimin
concentration (x) was as follows:

y ¼ 0:0051xþ 0:1� 10�4: (1)

Detection (LOD) and quantification (LOQ) limits for acutissimin
were calculated following the procedure described by García-
Est�evez and co-workers (García-Est�evezet al., 2012) for ellagi-
tannins. LOQ was 0.02 mg/L and LOQ was 0.09 mg/L.

2.7. Statistical analysis

Analysis of variance (ANOVA) was conducted using the software
XLSTAT 2006.6 (Addinsoft, Paris, France). Differences were
considered significant at p < 0.05.

3. Results

3.1. Influence of the size and toasting level of oak chips

In the model wine solutions (MWS) that contained the smallest
oak chips (2 mm), the highest levels of ellagitannins were detected
in that containing light-toasted chips (0F2L). In this case, the total
concentration of C-glycosidic ellagitannins increased to reach
maximum value of 41.76 mg/L after 7 days, and then ellagitannins
content decreased over time to reach the value of 25.78 mg/L after
35 days. In samples that contained medium-toasted oak chips
(0F2M), the maximum concentration of total ellagitannins
(18.89 mg/L) was reached after 21 days. After that, a decrease in the
ellagitannin content was also observed. The lowest content of C-
glycosidic ellagitannins was detected in MWS in contact with high-
toasted oak chips (0F2H), and the maximum concentration in that
sample (1.92 mg/L) was reached later (after 28 days) than in the
other MWS studied (Fig. 1). In all samples, castalagin was the C-
glycosidic ellagitannin most representative (Fig. 2) followed by
vescalagin. Roburin E was determined in all samples representing
the lowest percentages whereas grandinin was only detected in
0F2L and 0F2M samples although in higher percentages than
roburin E.

Regarding the MWS containing the largest oak chips (8 mm) it
was observed that in those with light-toasted chips (0F8L) the total
concentration of C-glycosidic ellagitannins did not increase regu-
larly and two maximum contents (29.64 mg/L after 7 days and of
30.16 mg/L after 35 days) were observed (Fig. 3). In samples 0F8M
total ellagitannins content increased regularly up to 21 days
reaching at this point the maximum concentration (15.85 mg/L). In
the MWS with high-toasted oak chips (0F8H) the maximum con-
centration of 8.32 mg/L was detected after 28 days (Fig. 3). In the
case of MWS with the largest oak chips (samples 0F8L, 0F8M and
0F8F) castalagin was also the most abundant ellagitannin (Fig. 4),
followed by vescalagin. In this case both grandinin and roburin E
were detected in all samples, the latter representing the lowest
percentages.
3.2. Influence of the presence of catechin

In the samples containing 50mg/L and 200mg/L of (þ)-catechin
the contents and the evolution of ellagitannins were similar to
those observed in the corresponding MWS without catechin, and
no significant differences were found as a consequence of the
presence of catechin in the media (data not shown). Nevertheless,
in MWS containing (þ)-catechin, the formation of flavano-
ellagitannins could be monitored. A gradual formation of acutissi-
mins A (Table 2) and B (Table 3) was observed.

The highest amounts of acutissimin A and Bwere detected in the
MWS containing 200 mg/L of (þ)-catechin that were in contact
with the light-toasted oak chips (samples 200F2L and 200F8L). In
these samples, the highest concentration of acutissimin A (Table 2)
was reached after 35 days and that of acutissimin B after 28 days
(Table 3). In the MWS containing 50 mg/L of (þ)-catechin, acu-
tissimins A and B were also detected although in lower levels. The
highest levels were also found in the samples with light-toasted
oak chips (samples 50F2L and 50F8L) and were also reached after
35 days (see Tables 2 and 3). In relation to the MWS containing
light-toasted oak chips, the MWS containing medium-toasted oak
chips showed much lower contents of acutissimin A and B and



Fig. 2. Quantitative evaluation of individual C-glycosidic ellagitannins castalagin
(white), vescalagin (light gray), grandinin (dark gray) and roburin E (black) in model
wine solutions in contact with 2 mm light (a), medium (b) and high (c) toasted oak
chips (n ¼ 3).

Fig. 3. Total content of ellagitannins (mg/L) in the model wine solutions in contact
with 8 mm light (F8L, white), medium (F8M, gray) and high (F8H, black) toasted oak
chips. Different lower case letters indicate significant differences for p < 0.05, n ¼ 3.
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among them, the contents were always lower in the MWS with the
largest oak chips. In the MWS containing high-toasted oak chips,
acutissimins A and B were not detected except for the set samples
200F8H (Tables 2 and 3).

4. Discussion

4.1. Influence of the toasting level of the oak chips

Significant differences in the total contents of C-glycosidic
ellagitannins were found in both oak chip sizes considered (2 mm
and 8 mm) for the toasting levels light (L), medium (M) and high
(H) (Figs. 1 and 3). The highest contents of C-glycosidic
ellagitannins were reached in the MWS that were in contact with
the light-toasted oak chips. This is in accordance with other studies
(Cadahía et al., 2001), which described that toasting implies a
decrease in ellagitannin contents. It is also reported that this
decrease would contribute to diminish the sensation of bitterness
and astringency of wines (Chira & Tesseidre, 2013).

In the case of the MWS with the smallest chips (2 mm), higher
differences between L and M samples in the elagitannin content
were observed in the first sampling points than in the last ones.
Toasting process provokes not only a decrease in the ellagitannin
levels of oak wood, but also important changes in the oak structure
(Hale et al., 1999). These changes imply the cracks of the cell walls
of the oak wood, making easier the permeation of the hydro-
alcoholic solution through the wood and the extraction of ellagi-
tannins from the deeper layers of the oak wood. Thus, in the case of
the light-toasted oak chips, the ellagitannins from the most su-
perficial layers can be easily extracted making possible to reach
high levels of ellagitannin earlier. However, the extraction from the
deeper layer is more limited and at the end of the study the ella-
gitannin evolution rate (oxidation, hydrolysis, etc.) may be faster
than the extraction rate. In the case of the medium-toasted oak
chips, the extraction from deeper layers could compensate the
lower contents from the outermost ones (Jourdes et al., 2011). All
this may explain why the differences on the ellagitannin content
between the MWS in contact with L chips and those with M chips
were reduced at the end of the study. This could not be observed for
the MWS containing the high-toasted oak chips since, due to their
small size, toasting have probably affected the whole chip and even
the ellagitannin from the deepest layers could have been degraded
by toasting. As a result, a limited extraction of ellagitannins from
these oak chips is achieved and, thereby, the amounts of ellagi-
tannin determined in samples 0F2H were very low during all the
study. Thus, the size of oak chips can be crucial depending on the
toasting degree, and high temperatures or long times of toasting
should not be suitable when the oak chip size is small.

Comparing the samples containing oak chips with the same
toasting level and different size, it can be observed that for L and M
toasting levels, the highest content of ellagitannins was observed
for the MWS with the smallest oak chips (Figs. 1 and 3). However,
for the toasting level H, the highest concentrations were found in
the MWS in contact with the largest oak chips. In this case, due to
the higher size of the oak chips, toasting was not as harmful for the
deeper layers as it was in the other cases, making then possible the
extraction of the ellagitannins from these layers.

The evolution of the ellagitannin content was different
depending on the oak chip size. While the total content of



Fig. 4. Quantitative evaluation of individual C-glycosidic ellagitannins castalagin
(white), vescalagin (light gray), grandinin (dark gray) and roburin E (black) in model
wine solutions in contact with 8 mm light (a), medium (b) and high (c) toasted oak
chips (n ¼ 3).
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ellagitannins increased regularly during the study in 0F2L MWS
(Fig. 1), in the 0F8L MWS two maximum contents were observed
(Fig. 3). It is possible that for 2 mm oak chips the hydroalcoholic
solution rapidly permeated in the middle of the oak chips so the
extraction of the ellagitannins was exhaustive. On the contrary, in
the case of the 8 mm oak chips the extraction of ellagitannins
present on the surface occurred during the first 7 days while in the
subsequent days, hydroalcoholic solutions deeply infiltrated the
primary and the secondary xylem vessels of the wood structure. So
another maximum concentration was observed. Therefore, the
dimension of oak chips affected the extraction of the ellagitannins:
a greater surface-to-volume ratio of chips favored the extraction of
C-glycosidic ellagitannins mainly during the first period of contact
with the MWS, whereas the extraction from the largest oak chips
involved not only the surface layers, but also the deepest ones
resulting in more homogeneous ellagitannin levels during all the
study.

Regarding the individual composition (Figs. 2 and 4), castalagin
seemed to be the most stable ellagitannin since its percentage
increased at the end of the study in all the MWS studied, due to a
higher rate of disappearance of the other ellagitannins. This is in
agreement with other studies pointing out that castalagin is more
stable and less reactive than other ellagitannins such as vescalagin
(Jourdes, et al., 2009; Quideau et al., 2010). Moreover, the pro-
portions of ellagitannins in the solutions are conditioned by the
level of toasting (Table 4). Grandinin and roburin E were the ella-
gitannins most susceptible to heat treatments respect to other
monomeric ellagitannins. Previous studies carried out in our lab-
oratory (data not shown) suggested lower stability of grandinin and
roburin E in relation to vescalagin and castalagin, in view of their
faster decrease during wine aging. Moreover, the percentages
represented by grandinin and roburin E are higher in the MWS in
contact with the smallest oak chips than in the correspondingMWS
with the highest oak chips, excepting for the high-toasted ones for
the reasons explained above. The lower percentages of grandinin
and roburin E in the MWS containing the largest oak chips may be
related to a lower extractability of these ellagitannins in relation to
castalagin and vescalagin. This has also been observed in previous
studies carried out in our laboratory (data not shown) but further
studies are necessary to confirm their lower extractability. In
addition, the lower surface-to-volume ratio of the 8 mm oak chips
might contribute to the lower extraction of grandinin and roburin E
in the MWS with these chips.
4.2. Influence of presence of catechin

The effect of the concentration of (þ)-catechinwas evaluated on
the ellagitannins extraction and on the formation of acutissimin A
and B. Although the formation of acutissimin A and acutissimin B
was observed (Table 2), the evolution of the vescalagin contents did
not show significant differences (data not shown). Only the levels of
these ellagitannin derivatives were affected by the (þ)-catechin
concentration, which is explained by the different availability of
reagent. It was also observed that toasting degree significantly
affected acutissimins A and B concentrations since it affects the
ellagitannin contents. The quantity of the two acutissimins was
lower in solutions that contained medium-toasted oak chips in
relation to those containing light-toasted oak chips, as a conse-
quence of the lower contents of vescalagin (Table 2). In the MWS in
contact with light-toasted oak chips and containing 200 mg/L of
(þ)-catechin the formation of acutissimins was important at the
earlier sampling points whereas in the last sampling points their
levels were slightly stabilized, probably as a consequence of a less
important formation rate or a higher evolution rate (oxidation,
degradation, etc.) at the end of the study. In fact, Petit and co-
workers (Petit et al., 2013) have reported that in wine model so-
lution, in presence of oxygen, acutissimins could be converted by
oxidation inmongolicains. However, in theMWSwith themedium-
toasted chips, the formation of these derivative ellagitannins was
more important at the end of the study, in accordance with the
evolution of the ellagitannin levels (Figs. 1 and 3). Acutissimin A
and B were not detected in MWS containing the high-toasted oak
chips except for the set samples containing 200 mg/L of (þ)-cate-
chin and 8mmoak chips, where the vescalagin content was enough
to allow the formation of these derivative ellagitannins at the end
of the study. Thus, the toasting level of the oak chipsmay determine
the time when the maximum levels of acutissimins are reached.



Table 2
Concentration of acutissimin A (mg/L) in model wine solutions containing (þ)-catechin during aging with oak chips.

Sample Day 1a Day 7a Day 14 Day 21 Day 28 Day 35

50F2L 0.172 ± 0.001u,v,w,x 0.46 ± 0.01m 0.53 ± 0.01l 0.62 ± 0.01j,k 0.74 ± 0.02g,h 0.82 ± 0.02e,f
50F2M <LOQ <LOQ 0.114 ± 0.002x,y 0.19 ± 0.01t,u,v,w 0.266 ± 0.003q,r,s 0.33 ± 0.02� ,p,q
50F8L <LOQ 0.21 ± 0.01s,t,u,v 0.29 ± 0.01p,q,r 0.39 ± 0.02m,n,o 0.57 ± 0.02k,l 0.66 ± 0.03i,j
50F8M <LOD <LOQ 0.09 ± 0.03y 0.14 ± 0.01w,x,y 0.16 ± 0.01v,w,x,y 0.190 ± 0.002t,u,v,w

200F2L 0.34 ± 0.01� ,p 0.781 ± 0.004f,g 0.87 ± 0.03e 1.19 ± 0.06b 1.25 ± 0.03a,b 1.28 ± 0.05a
200F2M <LOQ 0.18 ± 0.01t,u,v,w,x 0.23 ± 0.01r,s,t,u 0.36 ± 0.02n,o,p 0.42 ± 0.02m,n 0.55 ± 0.03l
200F8L 0.15 ± 0.01v,w,x,y 0.55 ± 0.02k,l 0.70 ± 0.02h,i 1.00 ± 0.03d 1.03 ± 0.04c,d 1.10 ± 0.04c
200F8M <LOQ 0.16 ± 0.01x,w,v 0.19 ± 0.01w,v,u,t 0.25 ± 0.01t,s,r 0.29 ± 0.01p,q,r 0.42 ± 0.02m,n
200F8H <LOQ <LOQ 0.15 ± 0.00v,w,x,y 0.21 ± 0.01s,t,u,v 0.25 ± 0.01r,s,t 0.38 ± 0.01n,o

Different lower case letters indicate significant differences (p > 0.05, n ¼ 3).
a LOD: Limit of detection. LOQ: limit of quantification.

Table 3
Concentration of acutissimin B (mg/L) in model wine solutions containing (þ)-catechin during aging with oak chips.

Sample Concentration of acutissimin B (mg/L)a

Day 1 Day 7 Day 14 Day 21 Day 28 Day 35

50F2L <LOQ 0.133 ± 0.004c,d 0.16 ± 0.01e,f,g,h 0.19 ± 0.01i,j,k,l 0.22 ± 0.01n,o 0.227 ± 0.003n,o
50F2M <LOQ <LOQ <LOQ <LOQ 0.111 ± 0.004a,b,c 0.13 ± 0.01c,d
50F8L <LOD <LOQ 0.12 ± 0.01b,c 0.15 ± 0.01d,e,f,g 0.18 ± 0.04h,i,j,k 0.219 ± 0.002m,n
50F8M <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

200F2L 0.129 ± 0.002c,d 0.22 ± 0.01n,o 0.264 ± 0.002p 0.28 ± 0.02p 0.324 ± 0.007q 0.28 ± 0.01p
200F2M <LOQ <LOQ 0.101 ± 0.005a,b 0.131 ± 0.004c,d 0.19 ± 0.01j,k,l,m 0.238 ± 0.008n,o
200F8L <LOQ 0.17 ± 0.01g,h,i,j 0.21 ± 0.01k,l,m,n 0.21 ± 0.01k,l,m,n 0.24 ± 0.01o 0.224 ± 0.007n,o
200F8M <LOD <LOQ 0.09 ± 0.01a 0.12 ± 0.01b,c 0.15 ± 0.01d,e,f 0.17 ± 0.01f,g,h,i
200F8H <LOD <LOQ <LOQ 0.09 ± 0.01a,b 0.115 ± 0.005b,c 0.135 ± 0.004b,c,d

Different lower case letters indicate significant differences (p > 0.05, n ¼ 3).
a LOD: Limit of detection. LOQ: Limit of quantification.

Table 4
Percentage (x ± SD) represented by each ellagitannin during all the study.

Sample Percentage on the total ellagitannin content (%)a

Grandinin Vescalagin Roburin E Castalagin

0F2L 17.5 ± 0.9a 32 ± 5a,b 7 ± 1a 44 ± 4a
0F2M 5.1 ± 0.2b 37 ± 3c 2.3 ± 0.3b 55 ± 2b
0F2H <LOQb 32 ± 5a,b 1.1 ± 0.1c 69 ± 4c
0F8L 10.8 ± 0.8c 37 ± 2c 3.6 ± 0.9d 48 ± 3d
0F8M 3.9 ± 0.5d 30 ± 2a 1.7 ± 0.2b,c 65 ± 2e
0F8H 2.0 ± 0.4e 33 ± 2b 1.2 ± 0.1c 64 ± 2e

a Different lower case letters within each column indicates significant differences
(p < 0.05; n ¼ 18).

b LOQ: Limit of quantification.
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The oak chip size also affected the levels of acutissimins, since it
affects the ellagitannin concentration in the media. For the same
concentration of (þ)-catechin the highest levels of acutissimins
were always determined in the MWS in contact with the smallest
chips. This can be explained by the higher levels of vescalagin in
these MWS (Figs. 2 and 4).

The amounts of acutissimin A were much higher than the
amounts of acutissimin B in accordance with the reactivity
described for vescalagin and (þ)-catechin (Quideau et al., 2005).
Furthermore, the formation of the A-isomer was faster than that of
the B-isomer, since the former could be detected and quantified at
earlier sampling points.

5. Conclusions

The effect of the toasting degree and size of Q. petraea oak chips
on the levels of the individual ellagitannins in model wine solu-
tions has been evaluated in this work for the first time. The
toasting degree of the oak chips significantly affected not only the
qualitative composition and levels of total ellagitannins but also
the time when the maximum concentration is reached: the levels
of ellagitannins were higher and reached earlier in the set of
samples in contact with light-toasted oak chips and grandinin and
roburin E are the ellagitannins most susceptible to heat
treatments.

The highest amounts of ellagitannins were found in the set of
samples containing the smallest oak chips, due to the greater sur-
face-to-volume ratio. However, high-toasting levels can affect the
whole chip if its size is too small degrading most of the ellagi-
tannins. Moreover, the size also affected the evolution of the ella-
gitannin contents and in the case of the largest oak chips with a
light level of toasting a second maximum in the levels of ellagi-
tannins could be observed as a consequence of the extraction of the
ellagitannis from the deeper layers of the oak chip. Hence, taking
into account the size and the toasting degree of the oak chips the
levels and evolution of ellagitannin content could be modulated
and it seemed that high temperatures or long times of toasting
should not be used when the oak chip size is small.

The concentration of (þ)-catechin did not significantly affect the
total concentration of ellagitannins in the solutions. The formation
of acutissimins A and B depends on the levels of (þ)-catechin and
ellagitannins. Since these latter are affected both by the toasting
degree and by the size of oak chips, these two parameters affect the
formation of acutissimins which is more important in the solutions
in contact with small and light-toasted oak chips.
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