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Abstract: Condensed tannins play a major role in the quality of red wine. After grape extraction, they
quickly evolve thanks to different oxidation mechanisms. Recently, NMR identified a new sub class
of condensed tannins, named crown procyanidins, in red wine. The crown procyanidins’ tetramer
exhibits a macrocyclic structure composed of four (-)-epicatechin with an unusual cavity in the center
of the molecule. These new tannins exposed a higher polarity than the linear tannins. In this work,
the evolution kinetics of these crown procyanidins during the winemaking process and after aging of
red wine in bottles were studied. Samples’ quantification was analyzed by UPLC-UV-Q-TOF. The
concentration of cyclic and non-cyclic procyanidins was compared. During the winemaking process,
crown procyanidins are mainly extracted at the beginning of the alcoholic fermentation and they
remain stable until the end of the winemaking process. The high polarity and solubility of this new
molecule in water was confirmed. During the aging of red wine in bottles, crown procyanidins’
concentrations are stable, whereas the non-cyclic tannins decrease dramatically. Finally, a strong
oxygenation experiment confirmed the crown procyanidins’ resistance to oxidation and unique skills.

Keywords: crown procyanidins; condensed tannin; winemaking process; red wine aging; UPLC-UV-
Q-TOF

1. Introduction

Condensed tannins are one of the key factors in wine quality [1]. They have a signifi-
cant impact on the organoleptic properties of the red wine, as well as in wine chemistry. In
red wine, they are directly responsible for the colour [2] and taste [3–5]. Recently, a new sub-
family of condensed tannin with an unusual skeleton has been reported and named crown
procyanidin [6,7]. In red wine, crown procyanidin tetramer was detected by UPLC-UV-
QTOF and the structure was characterized by NMR, which revealed a macrocyclic structure
composed of four (-)-epicatechin monomers linked together via alternatively 4β→8 or
4β→6 B-type interflavanyl linkages (Figure 1). These new molecules exhibited very specific
chromatographic characteristics compared with non-cyclic procyanidins. Crown procyani-
dins have a higher polarity, a better solubility than the non-cyclic procyanidins, and a
resistance to phloroglucinolysis depolymerisation. Moreover, a recent study showed that
these molecules are specifically located in grape skins and not in the other part of the grape
berries. The unique skeleton of these new molecule’s families conferred it some unique
properties in comparison with the non-cyclic procyanidins.

Solubility is one of the principal key factors during the winemaking process. It has
been reported that 50% of the phenolic compounds are extracted during the winemak-
ing process [8]. In fact, phenolic compounds are extracted during the first step of the
winemaking process: the alcoholic fermentation and all the different existing maceration
processes. Polyphenols, in particular condensed tannins, are extracted differently in terms
of the function of their structure and of the medium [9]. On one hand, anthocyanins
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as well as low-molecular-weight flavanols are associated with a high solubility in aque-
ous medium [10]. Thus, they are extracted preferentially during the pre-fermentative
maceration and during the beginning of alcoholic fermentation [11]. On the other hand,
high-weight flavanols, flavonols, and phenolic acids are extracted during post-fermentative
maceration in an alcoholic solution [12,13]. A long maceration period is sometimes used to
extract more of this phenolic compound [14]. During the maceration step of the red wine
making process, condensed tannins are extracted from the grape skins and seeds [15,16].
Their concentrations in red wine are influenced by grape varieties [17], as well as by the use
of different technical processes. The type of maceration has a direct impact on the grape
polyphenol extraction and especially condensed tannins [18,19]. In these winemaking
processes, the time [20] and the temperature [21] are two major factors. Other maceration
techniques were developed such as carbonic maceration [22]; cryomaceration [23]; or, re-
cently, pulsed electric fields [24]. Anthocyanins and tannins are also extracted with aeration
techniques such as pumping over or draining-off [25].
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Wine aging is an important step in the future taste and quality of the red wine. Dur-
ing this period, phenolic compounds are involved in complex chemical reactions [26].
Condensed tannins undergo different structural polymerisation [27], transformation, or
degradation. Direct condensation [28,29] or ethyl-bridge condensation [30,31] are one of
the principal reaction in the condensed tannins’ evolution. The colour change is directly
impacted by the anthocyanin decrease and evolution in polymerized pigments [32,33]. Con-
densation is possible between tannins and tannins [34] and tannins and anthocyanins [35],
directly impacting the colour [36] and taste of the wine [37]. All of these chemical reactions
influence the initial concentration of the condensed tannins and increase the polymers’
formation [26]. Moreover, some tannins’ intramolecular reaction has been detected in
wine [38,39]. These oxidation reactions directly affect the tannins’ concentration [40,41].
The aims of this study were to determine the evolution kinetics of crown procyanidins
from ripening to the aging of red wine. This study was separated into two parts. On one
hand, crown procyanidins’ extraction and evolution during the winemaking process was
carried out. On the other hand, the crown procyanidins’ evolution during againg of red
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wine in bottles was studied. During the work, crown tetramer tannins’ concentration was
compared with the non-cyclic tetramer tannins’ concentration.

2. Materials and Methods
2.1. Chemicals

Deionized water was purified with a Milli-Q water system (Millipore, Bedford, MA,
USA). Methanol (MeOH, analytical grade and HPLC grade) and ethanol (HPLC grade)
were purchased from Prolabo-VWR (Fontenays/Bois, France). Water (Optimal® LC/MS),
MeOH (Optimal® LC/MS) and formic acid (Optimal® LC/MS) were obtained from Fisher
Scientific (Geel, Belgium) for high-resolution mass spectrometry analysis.

2.2. UPLC-UV-Q-TOF

The UPLC-MS system used was an Agilent 1290 Infinity equipped with an ESI-Q-
TOF-MS (Agilent 6530 Accurate Mass, Les Ulis, France). Chromatographic separation was
carried out on an Eclipse Plus C18 column (2.1 × 100 mm, 1.8 µm). The solvents used were
as follows: water with 0.1% formic acid for solvent A and methanol with 0.1% formic acid
for solvent B at a flow rate of 0.3 mL/min. The gradient of solvent B for crown procyanidins
methods was as follows: stay at 6% during 0.5 min; 6 to 95% in 13.5 min; stay at 95% during
4 min; and UPLC column was equilibrated for 3 min. For the non-cyclic procyanidins,
other gradients were performed: 6% during 0.5 min, from 6% to 50% in 19.5 min, from
50% to 100% in 5 min, stay stable at 100% during 5 min, and then an equilibration for
3 min. ESI conditions were as follows: gas temperature and flow were 300 ◦C and 9 L/min,
respectively; sheath gas temperature and flow were 350 ◦C and 11 L/min, respectively; and
capillary voltage was 4000 V. The injection volume was 5 µL. The fragmentor was always
set at 200 V. The quantification of the crown tetramer and non-cyclic B type tetramer was
realised by Q-TOF. The collision energy used for the MS/MS fragmentation was set at 30.
A standard sample containing 80 mg/L catechin was injected every eight samples in order
to control the sensibility of the mass spectrometer.

2.3. Sample Quantification Methods

All of the winemaking, aging, and oxidized samples were collected and filtered
at 0.45 µm. Samples were injected in triplicate in the UPLC-UV-Q-TOF. The data ob-
tained were treated by MassHunter Qualitative Analysis software. For the crown pro-
cyanidins’ quantification, a linear calibration curve (2–65 mg/L) was established with
pure crown procyanidins’ tetramer obtained from red wine with the protocol reported by
Zeng et al., 2019 [6]. For the non-cyclic procyanidins, the concentration was determined
with a calibration curve of catechin equivalent (2–100 mg/L). All of the compounds were
quantified by MS. All of the compounds were integrated into extracted ion chromatogram.
A fragmentation method in MS/MS was performed to confirm the structure of the crown
and the non-cyclic procyanidins.

2.4. Wine Samples
2.4.1. Samples Collected during the Winemaking Process

The winemaking samples were collected on a winery in Paulliac, near to Bordeaux.
Cabernet Sauvignon grape was harvested at the end of September 2015 at maturity. On
the same day, grapes were crushed and SO2 (4 g/hL) was added during the transfer in a
stainless-steel tank (50 hL). Commercial yeast (522D, Lamothe Abiet, Canéjan France) and
an extraction enzyme (Vinozym Vintage FCE, Lamothe Abiet) were added into the tank.
The alcoholic fermentation was processed at 27 ◦C for 9 days. During this fermentation,
two extraction treatments were used separately to improve the extraction of phenolic
compounds: pumping over and draining-off. Pumping over is an extraction process used
to quickly extract the phenolic compounds during the alcoholic fermentation. In this case,
the liquid part of the tank is totally removed in another tank and the solid part stays at
the bottom of the initial tank. Then, the liquid part (must) is pumping over the solid
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part. The draining-off is also an extraction process to extract the phenolic compounds at
the beginning of the alcoholic fermentation. In this approach, a small part of the must
is running off the tank and injected again on the top of the same tank to break the solid
part of the must. Both extraction technique were used once a day during the 9 days of
the alcoholic fermentation. For both extractions, a tank triplicate was used in the winery.
In total, just during the alcoholic fermentation, 81 samples were collected A sample was
collected every day before performing the extraction technique in a bottle. Finally, after
the alcoholic fermentation, a maceration step of 10 days was carried out just before the
free-run wine.

2.4.2. Red Wines Samples Aged in Bottles

Two different red wine series were collected directly at the winery. The first one came
from Languedoc-Roussillon, appellation Languedoc Montpeyroux, with the variety 100%
Syrah. These series of red wine were composed of 16 wines with different vintages: 2011,
2010, 2009, 2008, 2007, 2006, 2003, 2002, 2001, 2000, 1999, 1998, 1994, 1993, 1992, and 1991.
The second wine’s series originated from Bordeaux, appellation Pauillac, composed of 85%
Cabernet Sauvignon, 12% Merlot, and 3% Cabernet Franc. These second wine’s series were
composed of 17 wines with different vintages: 2016, 2014, 2012, 2010, 2008, 2006, 2004, 2002,
2000, 1998, 1996, 1994, 1992, 1988, 1986, 1984, and 1982. Each of the red wines were filtered
on 0.45 µm before quantification in triplicate by UPLC-UV-Q-TOF.

2.4.3. Samples from the Strong Oxidative Condition Experiment

To study the resistance of crown procyanidin tetramer to oxidation in the red wine,
two commercials red wines from Bordeaux, made with only 100% Merlot, were used.
These two wines have two different vintages, 2009 and 2016. The wine from 2009 was
named “Old wine” and the wine from 2016 was named “Young wine”. At the beginning
of the experiment, a bottle of both wines was characterized and the crown and non-
cyclic procyanidins were determined by UPLC-UV-Q-TOF. The experiment was realised in
triplicate. The temperature was controlled and keep at 20 ◦C during the experiment. Wine
samples were oxygenated at 8 mg/L of oxygen once a week with a diffuser. Oxygenation
was controlled with an oximeter (Oximeter HQ30D). The experiment was conducted over
15 weeks. A sample was collected once a week before the oxygenation and injected directly
in the UPLC-UV-Q-TOF. The crown procyanidins and non-cyclic B type procyanidins were
quantified with Mass Hunter.

2.5. Global Phenolic Compounds Analysis

Different analyses were performed to characterize the red wine as well as the principal
phenolic compounds. Basic chemical wine analysis was characterized by FOSS WineScan
79,000 (FOSS, Nanterre). For the global phenolic compounds analysis, the total polyphenols
index (TPI) as well as total tannins (TTs) were measured by spectrophotometric analysis.
The anthocyanin’s concentration was realized by HPLC-UV analysis. For the TPI, red wines
were diluted 100 times with water, then the optic density (OD) was measured at 280 nm
using a quartz cell with a 1 cm diameter. The total polyphenols index was calculated as
follows: ITP = OD × dilution. Each sample was measured three times and the means and
standard variation were calculated. The total tannin estimated by the Bate–Smith reaction
was measured by acidic hydrolysis of proanthocyanidin. Each red wine was diluted by 50
before the reaction. Then, in two different tubes, 1 mL of diluted wine was mixed with
500 µL of water and 1.5 mL of HCl 37%. One tube was heated at 100 ◦C in a waterbath for
30 min and the other one was cooled in ice for 30 min too. After, 250 µL of ethanol was
added to both tubes and the absorbance difference was measured at 550 nm on a 1 cm
optical path. The concentration was obtained by the following calculation:

C (g/L) = 50 × 0.3866 × ∆DO550
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For the anthocyanins’ concentration, wines were filtered (0.45 µm) and directly injected.
HPLC-UV analyses were performed by means of a Thermo Scientific Accela (Thermo Fisher
Scientific, Waltham, MA, USA) with an Accela 600 pump module and a UV/Visible diode
array detector and Xcalibur Software according to González-Centeno et al. (2017) [42].
Separation was performed on a reverse-phase C18 Nucleosil column (250 × 4.6 mm, 5 µm).
The injected volume was 20 µL. The mobile phases were water/formic acid (95:5, v/v)
(solvent A) and acetonitrile/formic acid (95:5, v/v) (solvent B), at a flow rate of 1 mL/min.
Initial solvent B was set at 10%. The mobile phase gradient was as follows: 35% B at
25 min, 100% B at 35 min, 100% B from 35 to 40 min, 10% B at 41 min, and then 10% B
for 4 min before the next injection. Eluting peaks were monitored at 520 nm. The mean
peaks were identified by comparison with injected external standards and previous results.
A calibration curve of malvidin-3-O-glucoside (5–50 mg/L, purity: 95%, Merck, France)
was injected. Concentrations were expressed as milligrams of malvidin 3-O-glucoside
equivalents per liter.

3. Results
3.1. Differentiation between Non-Cyclic Tetramer and Crown Procyanidins’ Tetramer in Red Wine

To determine the evolution and the extraction kinetics of the crown procyanidins’
tetramer and to compare it with a non-cyclic procyanidins’ tetramer, mass spectrometry
techniques were used. On one hand, a specific method was created for the crown pro-
cyanidins. The injection of the pure crown tetramer standard confirm the MS molecule
parameters (r.t. = 2.50 min, [C60H48O24 + H]+ = 1153.2608 Da). Moreover, the crown
tetramer procyanidin concentration was determined by a crown tetramer procyanidin
calibration curve injected on the UPLC-UV-Q-TOF. On the other hand, another method
was developed for the non-cyclic procyanidins’ tetramer. The structure of the non-cyclic
procyanidins’ tetramer (r.t. = 4.75 min, [C60H50O24 + H]+ = 1155.2765 Da) was confirmed
by MS-MS. The concentration of this non-cyclic tetramer was determined by a (+)-catechin
equivalent calibration curve. To confirm the MS data, Table 1 displays the difference be-
tween the masses calculated and the measured masses. The difference was under 5 ppm
for both molecules, confirming the molecules’ formula.

Table 1. Positive ions of B type procyanidins’ tetramer and crown procyanidins’ tetramer.

Compounds Formula Calculated m/z Measured m/z Diff (ppm)

B type tetramer [C60H50O24+H]+ 1155.2765 1155.2724 −3.55
[C60H50O24+Na]+ 1177.2584 1177.2555 −2.46

Crown tetramer
[C60H48O24+H]+ 1153.2608 1153.2601 −0.61
[C60H48O24+Na]+ 1175.2428 1175.2428 0.00
[C60H48O24+K]+ 1191.2167 1191.2151 −1.34

3.2. Extraction Kinetics of the Crown Procyanidin Tetramer during Winemaking

The extraction kinetic of the crown procyanidins tetramer was determined during
alcoholic fermentation and compared with the extraction of total anthocyanins and total
condensed tannins. The crown procyanidins’ concentration was determined by UPLC-
UV-Q-TOF, while the anthocyanin concentration was determined by HPLC/Vis at 520 nm
and the total condensed tannins concentration by the Bate–Smith reaction. The extraction
percent of different polyphenols and the sugar consumption during the time of the alcoholic
fermentation is reported in Figure 2. During alcoholic fermentation, sugar is consumed
by the yeast and directly transformed into alcohol, as reported in the purple curve in
Figure 2. At the same time, most of the polyphenols are extracted from grape seed and
skin. Regarding the extraction kinetic of anthocyanins and condensed tannin, as expected,
the anthocyanins were extracted before the condensed tannins. Indeed, it is well known
that anthocyanins are highly water soluble compounds, while condensed tannins need
the presence of alcohol to be extracted from the seed and skin [16]. At the time, the
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extraction kinetics of the crown procyanidins tetramer was unexpected for a compound
that belongs to the condensed tannins family. Indeed, as reported in Figure 2 (blue curve),
the concentration of the crown procyanidins’ tetramer increased very quickly. After just
one day of fermentation, there was already 40% of the final concentration of the crown
procyanidins’ tetramer extracted, while at this point, the extraction levels of anthocyanins
(red curve) and the other condensed tannins (green curve) were very low. Thus, the
concentration of the crown procyanidins’ tetramer will keep increasing. Indeed, after three
days of maceration, 68% of the final concentration of the crown procyanidins tetramer
was already extracted, whereas only 60% of anthocyanins and 30% of the condensed
tannins were extracted. The extraction differences could be explaining by a difference in
the alcohol’s percentage in the media as well as by the hydrophilic differences between the
different polyphenols extracted. At the beginning of the alcoholic fermentation, hydrophilic
molecules like anthocyanins are more extracted than non-cyclic condensed tannins, which
need alcohol to be extracted. Crown tannins are also highly hydrophilic molecules [6] and
are extracted in water media in the absence of alcohol at the beginning of the alcoholic
fermentation. Over all, the crown procyanidins’ tetramer has a behavior more similar to
anthocyanins than to non-cyclic condensed tannins.

Foods 2022, 11, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 2. Evolution of sugar (in purple), anthocyanins (in red), condensed tannins (in green), and 
crown procyanidins’ tetramer (in blue) during the alcoholic fermentation expressed as a percentage 
according to their maximum concentration. 

Following this first observation regarding the extraction kinetic of the crown procy-
anidins, the impact of the extraction process on the crown procyanidins concentration was 
studied. Two different extraction processes were compared: pumping over and draining-
off. These two processes are used during alcoholic fermentation to oxygenate the media 
for the development of the yeast and to modulate the polyphenol extractions’ level. Dur-
ing the draining-off process, a small part of the must was pumped out of the tank and 
pumped back to the upper part, directly on the cap. The pressures of the falling juice mod-
ify the organization of the pomace cap and improve the extraction yield. In comparison 
with the draining-off, the pumping over process is a more aggressive extraction. In fact, 
the whole liquid part of the tank is totally removed in another container. At this moment, 
the cap stays on the bottom of the tank and all of the liquid is pumping over. This extrac-
tion techniques induces a full restructuration and immersion of the pomace cap. The ex-
traction kinetics of the crown procyanidin tetramer during these different extraction pro-
cesses was monitored by UPLC-UV-Q-TOF (Figure 3). The crown procyanidins’ tetramer 
concentration was different for the two different methods. For the draining-off methods, 
the concentration in crown procyanidin tetramer was stable in the beginning of the treat-
ment and then increased after a few days. An opposite tendency was observed for the 
pumping over methods. An increase in the crown procyanidins’ tetramer at the beginning 
of the fermentation was measured and then they stabilized until the end. In fact, pumping 
over is a harsher method, which damages the integrity of the berries skin, where the crown 
procyanidins’ tetramer are located, faster. So, the pumping over technique extracted the 
crown procyanidins faster than the draining-off technique, which is, in the end, the more 
efficient technique. Finally, the crown procyanidin tetramer concentration was higher 
with the draining-off process, which promotes a continuous extraction of the phenolic 
compound. Moreover, a last sample was collected 11 days after the alcoholic fermentation 
and just before the separation between the grape pomace and the wine. The concentration 
of the crown procyanidin tetramer was quantified and it appeared that crown procya-
nidins remain stable from the last day of the alcoholic fermentation and 11 days after. This 
enological study proved the uncommon behavior of the crown procyanidins, different 
from the linear condensed tannins. 

Figure 2. Evolution of sugar (in purple), anthocyanins (in red), condensed tannins (in green), and
crown procyanidins’ tetramer (in blue) during the alcoholic fermentation expressed as a percentage
according to their maximum concentration.

Following this first observation regarding the extraction kinetic of the crown procyani-
dins, the impact of the extraction process on the crown procyanidins concentration was
studied. Two different extraction processes were compared: pumping over and draining-off.
These two processes are used during alcoholic fermentation to oxygenate the media for the
development of the yeast and to modulate the polyphenol extractions’ level. During the
draining-off process, a small part of the must was pumped out of the tank and pumped
back to the upper part, directly on the cap. The pressures of the falling juice modify the
organization of the pomace cap and improve the extraction yield. In comparison with the
draining-off, the pumping over process is a more aggressive extraction. In fact, the whole
liquid part of the tank is totally removed in another container. At this moment, the cap stays
on the bottom of the tank and all of the liquid is pumping over. This extraction techniques
induces a full restructuration and immersion of the pomace cap. The extraction kinetics of
the crown procyanidin tetramer during these different extraction processes was monitored
by UPLC-UV-Q-TOF (Figure 3). The crown procyanidins’ tetramer concentration was
different for the two different methods. For the draining-off methods, the concentration in
crown procyanidin tetramer was stable in the beginning of the treatment and then increased
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after a few days. An opposite tendency was observed for the pumping over methods. An
increase in the crown procyanidins’ tetramer at the beginning of the fermentation was
measured and then they stabilized until the end. In fact, pumping over is a harsher method,
which damages the integrity of the berries skin, where the crown procyanidins’ tetramer
are located, faster. So, the pumping over technique extracted the crown procyanidins faster
than the draining-off technique, which is, in the end, the more efficient technique. Finally,
the crown procyanidin tetramer concentration was higher with the draining-off process,
which promotes a continuous extraction of the phenolic compound. Moreover, a last sam-
ple was collected 11 days after the alcoholic fermentation and just before the separation
between the grape pomace and the wine. The concentration of the crown procyanidin
tetramer was quantified and it appeared that crown procyanidins remain stable from the
last day of the alcoholic fermentation and 11 days after. This enological study proved
the uncommon behavior of the crown procyanidins, different from the linear condensed
tannins.
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3.3. Evolution of Crown Procyanidins during Aging of Red Wine

After a first study during the winemaking process, the evolution of the crown procyani-
din tetramer during the aging of red wine in bottles was studied. A comparison between
the non-cyclic condensed tannins’ tetramers and the crown procyanidins’ tetramers was
analyzed. First of all, two sets of wine samples were collected: one from Pauillac’s appela-
tion with wine composed by 17 vintages from 1982 to 2016. This set of wine was created
with a majority of Cabernet Sauvignon and a minority of Merlot and Petit Verdot. Then, a
second set of wine from Montpeyroux’s appellation composed of 16 vintages between 1991
and 2011 was collected. This set of wine was exclusively composed of the Syrah variety.
All of the wines of each set were elaborated in the same winery for each appelation with
a similar process and were stored properly at the winery. The concentration of crown
procyanidin tetramer and the main non-cyclic tetramer was quantified by UPLC-UV-Q-
TOF for the two sets of wine. The concentrations of cyclic and non-cyclic tetramer as a
function of the vintage are represented in Figure 4 for appellation Montpeyroux and for
appellation Pauillac. For both figures, the non-cyclic tetramer was represented in black and
crown tetramer was represented in blue. Total polyphenolic richness (TPI) was measured
in grey. Each representation was ordered from the youngest to the oldest wine. For the
Montpeyroux wines, the non-cyclic procyanidin tetramer concentration decreased during
the aging of red wine in bottles from 50 mg/L to less than 10 mg/L. At the same time, the
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crown procyanidin tetramer concentration was quantified between 25 and 45 mg/L over
all vintages. Despite the variation in concentration between vintages, the concentration
of crown procyanidin tetramer showed a rather stable tendency over time. Indeed, the
crown procyanidin tetramer appears to be more influenced by the vintage than by aging.
Moreover, the total polyphenolic concentration (TPI) has a similar tendency to the crown
procyanidins’ concentration. TPI was more impacted by the vintage than by the wine
aging. On the opposite side, the non-cyclic procyanidin tetramer decreases constantly
over time. This last result proved the impact of the vintage and aging on the non-cyclic
tannins. This study continued with the Pauillac wines set. For the wine samples from
Paulliac, the non-cyclic procyanidin tetramer had a regular decrease during aging of red
wine from 48 mg/L to less than 15 mg/L, while at the same time, the crown procyanidin
tetramer concentration stayed stable, ranging between 32 and 56 mg/L. During the aging
time, the evolutions of the cyclic and non-cyclic tetramer were totally different. While the
crown tetramer remained stable, the concentration of the non-cyclic tetramer decreased.
As reported in Figure 4, the concentrations of the two compounds were similar for the
youngest vintage, 2016. In fact, the concentration of the non-cyclic tannins was divided
by three for the 1982 vintage, whereas the concentration of crown procyanidin tetramer
remained the same in 2016 and in 1982.
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Overall, the evolution of the crown procyanidin tetramer and the non-cyclic procyani-
din tetramer concentration shows similar trends between the two sets of wines, even if the
sets of wines are created with different grape varieties and in different regions. Finally, the
kinetic evolution of the crown procyanidin tetramer was mainly stable during the aging
of red wine in comparison with the non-cyclic tetramer, which exhibits a drastic decrease
with the aging time. In fact, the concentration of the crown procyanidin tetramer appeared
to be more influenced by the vintage as well as total polyphenolic richness than the wine
aging. Such behavior could indicate that the crown procyanidins’ tetramer is more resistant
against oxidation than the non-cyclic condensed tannins. Indeed, according to its unusual
macrocyclic structure, the crown procyanidin tetramer does not have any first unit or
terminal unit of the polymeric chain, which are known to be involved in the oxidation and
evolution mechanism of the condensed tannins [32,39]. Once again, as observed with the
extraction kinetics, the crown procyanidin tetramer exhibits a different evolution pattern
compared with the non-cyclic condensed tannins.

3.4. Crown Procyanidins under Strong Oxidative Condition

To confirm the possible resistance of the crown procyanidins tetramer to oxidation, rwo
red wine was submitted to strong oxidative experiments. The two wines were composed
of 100% Merlot; one was two years old and the other one nine years old. The evolution
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of the crown procyanidins under strong oxygenation conditions in two different matrices
was studied. Each sample was submitted to an addition of 8 mg/L oxygen once a week for
20 weeks. Every week, the evolution of the crown procyanidins’ tetramer concentration
as well as the non-cyclic procyanidin tetramer concentration was measured by UPLC-UV-
QTOF. Concentrations of cyclic and non-cyclic tetramer tannins are presented in Figure 5.
At the beginning of the study, the concentration of both tetramers in the older wine
was measured at 51 mg/L for crown procyanidin tetramer and 47 mg/L for the non-
cyclic procyanidin tetramer. Week after week, the decrease in the non-cyclic tetramer
was quantified to reach only 14 mg/L after 20 weeks. On the opposite side, the crown
procyanidin tetramer concentration stayed stable over the 20 weeks. A similar trend
was observed with the young red wine. The concentration of the non-cyclic procyanidin
tetramer was measured at 71 mg/L at the beginning of the experiment, which was higher
than the crown procyanidin tetramer concentration at 35 mg/L. However, after 20 weeks,
both tetramers exhibited a similar concentration around 30 mg/L. These last results proved
the drastic decrease for the non-cyclic procyanidin tetramer, whereas in the same oxidative
conditions, the concentration of crown procyanidins’ tetramer remained stable. In fact,
the concentration of crown procyanidins’ tetramer remained stable during the 20 weeks,
whereas the concentration of the non-cyclic procyanidin tetramer dropped. The absence
of an initial and terminal unit in the crown procyanidins’ structure explains the specific
oxidation’s resistance. In fact, in organic chemistry, the cyclic structure is chemically
really stable and only a strong reaction can break the cycle. In wine, an oxidative reaction
always starts at the initial or terminal unit of the condensed tannins [32,38]. The crown
procyanidins did not have any initial or terminal unit. So, they are more stable and less
impacted by chemical reaction.
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4. Conclusions

In conclusion, the evolution of crown procyanidins during the winemaking process
and during the aging of red wine was studied. The concentration of cyclic and non-cyclic
tannins was compared. During the alcoholic fermentation, the crown procyanidins were
mainly extracted at the beginning of the fermentation like the anthocyanins. These results
are totally in opposition to the non-cyclic tannins’ extraction tendency. In fact, crown
procyanidins are highly soluble in water and do not need ethanol to be extracted from the
grape skin during the wine making process. Indeed, their extraction kinetic during the
red wine making process appeared to be closer to the anthocyanins than the non-cyclic
condensed tannins. An extraction process also proved the hydrosolubility of the crown
tannins as well as their stability until the end of the fermentation. Then, the quantification
of crown procyanidins during aging of red wine was studied. Crown procyanidins appear
to be more resistant to oxidation than non-cyclic condensed tannins. During the aging of
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red wine in bottles, their concentration remained stable compared with the drastic decease
in the non-cyclic procyanidins. These results were proven for two different sets of wine in
different appellations in France. Finally, during a last oxidation experiment, crown tannins’
tetramer exhibited a strong resistance to oxidation and stayed stable against oxygen. At
the same time, the non-cyclic procyanidins decreased dramatically until they were not
quantifiable anymore. The specific cyclic structure of these new condensed tannins confers
them all of these different properties and can represent a new future for the quality of wine.
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7. Merkytė, V.; Longo, E.; Jourdes, M.; Jouin, A.; Teissedre, P.-L.; Boselli, E. High-Performance Liquid Chromatography-

Hydrogen/Deuterium Exchange-High-Resolution Mass Spectrometry Partial Identification of a Series of Tetra- and Pentameric
Cyclic Procyanidins and Prodelphinidins in Wine Extracts. J. Agric. Food Chem. 2020, 68, 3312–3321. [CrossRef]

8. Wojdyło, A.; Samoticha, J.; Chmielewska, J. Effect of Different Pre-Treatment Maceration Techniques on the Content of Phenolic
Compounds and Color of Dornfelder Wines Elaborated in Cold Climate. Food Chem. 2021, 339, 127888. [CrossRef]

9. Kocabey, N.; Yilmaztekin, M.; Hayaloglu, A.A. Effect of Maceration Duration on Physicochemical Characteristics, Organic Acid,
Phenolic Compounds and Antioxidant Activity of Red Wine from Vitis vinifera L. Karaoglan. J. Food Sci. Technol. 2016, 53,
3557–3565. [CrossRef]

10. Gomez-Miguez, M.J.; Gonzalez-Miret, M.L.; Hernanz, D.; Fernandez, M.A.; Vicario, I.M.; Heredia, F.J. Effects of Prefermentative
Skin Contact Conditions on Colour and Phenolic Content of White Wines. J. Food Eng. 2007, 78, 238–245. [CrossRef]

11. De Santis, D.; Frangipane, M.T. Effect of Prefermentative Cold Maceration on the Aroma and Phenolic Profiles of a Merlot Red
Wine. Ital. J. Food Sci. 2010, 22, 47–53.

12. Jara-Palacios, M.J.; Gordillo, B.; González-Miret, M.L.; Hernanz, D.; Escudero-Gilete, M.L.; Heredia, F.J. Comparative Study of the
Enological Potential of Different Winemaking Byproducts: Implications in the Antioxidant Activity and Color Expression of Red
Wine Anthocyanins in a Model Solution. J. Agric. Food Chem. 2014, 62, 6975–6983. [CrossRef] [PubMed]

13. Gambuti, A.; Capuano, R.; Lecce, L.; Fragasso, M.G.; Moio, L. Extraction of Phenolic Compounds from “Aglianico” and “Uva Di
Troia” Grape Skins and Seeds in Model Solutions: Influence of Ethanol and Maceration Time. VITIS-J. Grapevine Res. 2009, 48, 193.
[CrossRef]

14. Liu, Y.; Zhang, B.; He, F.; Duan, C.-Q.; Shi, Y. The Influence of Prefermentative Addition of Gallic Acid on the Phenolic
Composition and Chromatic Characteristics of Cabernet Sauvignon Wines. J. Food Sci. 2016, 81, C1669–C1678. [CrossRef]

15. Mattivi, F.; Vrhovsek, U.; Masuero, D.; Trainotti, D. Differences in the Amount and Structure of Extractable Skin and Seed Tannins
amongst Red Grape Varieties. Aust. J. Grape Wine Res. 2009, 15, 27–35. [CrossRef]

16. Harbertson, J.F.; Kennedy, J.A.; Adams, D.O. Tannin in Skins and Seeds of Cabernet Sauvignon, Syrah, and Pinot Noir Berries
during Ripening. Am. J. Enol. Vitic. 2002, 53, 54–59.

http://doi.org/10.3390/molecules26030718
http://doi.org/10.1021/ja00468a015
http://doi.org/10.1016/j.tifs.2014.08.001
http://doi.org/10.1016/0031-9384(94)90373-5
http://doi.org/10.1111/j.1745-4557.2012.00448.x
http://doi.org/10.3390/molecules24101915
http://doi.org/10.1021/acs.jafc.9b06195
http://doi.org/10.1016/j.foodchem.2020.127888
http://doi.org/10.1007/s13197-016-2335-4
http://doi.org/10.1016/j.jfoodeng.2005.09.021
http://doi.org/10.1021/jf500978n
http://www.ncbi.nlm.nih.gov/pubmed/24779359
http://doi.org/10.5073/vitis.2009.48.193-200
http://doi.org/10.1111/1750-3841.13340
http://doi.org/10.1111/j.1755-0238.2008.00027.x


Foods 2022, 11, 3194 11 of 11

17. Romero-Cascales, I.; Ortega-Regules, A.; López, J.M.; Fernández-Fernández, J.I.; Gómez-Plaza, E. Differences in Anthocyanin
Extractability from Grapes to Wines According to Variety. Am. J. Enol. Vitic. 2005, 56, 212–219.

18. Álvarez, I.; Aleixandre, J.L.; García, M.J.; Lizama, V. Impact of Prefermentative Maceration on the Phenolic and Volatile
Compounds in Monastrell Red Wines. Anal. Chim. Acta 2006, 563, 109–115. [CrossRef]

19. Salinas, M.R.; Garijo, J.; Pardo, F.; Zalacain, A.; Alonso, G.L. Influence of Prefermentative Maceration Temperature on the Colour
and the Phenolic and Volatile Composition of Rosé Wines. J. Sci. Food Agric. 2005, 85, 1527–1536. [CrossRef]

20. Baiano, A.; Terracone, C.; Longobardi, F.; Ventrella, A.; Agostiano, A.; Del Nobile, M.A. Effects of Different Vinification
Technologies on Physical and Chemical Characteristics of Sauvignon Blanc Wines. Food Chem. 2012, 135, 2694–2701. [CrossRef]

21. Cheynier, V.; Rigaud, J.; Souquet, J.M.; Barillère, J.M.; Moutounet, M. Effect of Pomace Contact and Hyperoxidation on the
Phenolic Composition and Quality of Grenache and Chardonnay Wines. Am. J. Enol. Vitic. 1989, 40, 36–42.

22. Ricardo-da-Silva, J.M.; Cheynier, V.; Samsom, A.; Bourzeix, M. Effect of Pomace Contact, Carbonic Maceration, and Hyperoxida-
tion on the Procyanidin Composition of Grenache Blanc Wines. Am. J. Enol. Vitic. 1993, 44, 168–172.

23. Piombino, P.; Genovese, A.; Gambuti, A.; Lamorte, S.A.; Lisanti, M.T.; Moio, L. Effects of Off-Vine Bunches Shading and
Cryomaceration on Free and Glycosilated Flavours of Malvasia Delle Lipari Wine. Int. J. Food Sci. Technol. 2010, 45, 234–244.
[CrossRef]

24. Puértolas, E.; López, N.; Saldaña, G.; Álvarez, I.; Raso, J. Evaluation of Phenolic Extraction during Fermentation of Red Grapes
Treated by a Continuous Pulsed Electric Fields Process at Pilot-Plant Scale. J. Food Eng. 2010, 98, 120–125. [CrossRef]

25. Sacchi, K.L.; Bisson, L.F.; Adams, D.O. A Review of the Effect of Winemaking Techniques on Phenolic Extraction in Red Wines.
Am. J. Enol. Vitic. 2005, 56, 197–206.

26. Monagas, M.; Bartolomé, B.; Gómez-Cordovés, C. Updated Knowledge about the Presence of Phenolic Compounds in Wine. Crit.
Rev. Food Sci. Nutr. 2005, 45, 85–118. [CrossRef]

27. Edwin, H. In Vino Veritas: Oligomeric Procyanidins and the Ageing of Red Wines. Phytochemistry 1980, 19, 2577–2582. [CrossRef]
28. Salas, E.; Dueñas, M.; Schwarz, M.; Winterhalter, P.; Cheynier, V.; Fulcrand, H. Characterization of Pigments from Different High

Speed Countercurrent Chromatography Wine Fractions. J. Agric. Food Chem. 2005, 53, 4536–4546. [CrossRef]
29. Hayasaka, Y.; Kennedy, J.A. Mass Spectrometric Evidence for the Formation of Pigmented Polymers in Red Wine. Australian J.

Grape Wine Res. 2003, 9, 210–220. [CrossRef]
30. Drinkine, J.; Lopes, P.; Kennedy, J.A.; Teissedre, P.-L.; Saucier, C. Analysis of Ethylidene-Bridged Flavan-3-Ols in Wine. J. Agric.

Food Chem. 2007, 55, 1109–1116. [CrossRef]
31. Saucier, C.; Guerra, C.; Pianet, I.; Laguerre, M.; Glories, Y. (+)-Catechin—Acetaldehyde Condensation Products in Relation to

Wine-Ageing. Phytochemistry 1997, 46, 229–234. [CrossRef]
32. Guyot, S.; Vercauteren, J.; Cheynier, V. Structural Determination of Colourless and Yellow Dimers Resulting from (+)-Catechin

Coupling Catalysed by Grape Polyphenoloxidase. Phytochemistry 1996, 42, 1279–1288. [CrossRef]
33. He, F.; Liang, N.-N.; Mu, L.; Pan, Q.-H.; Wang, J.; Reeves, M.J.; Duan, C.-Q. Anthocyanins and Their Variation in Red Wines II.

Anthocyanin Derived Pigments and Their Color Evolution. Molecules 2012, 17, 1483–1519. [CrossRef] [PubMed]
34. Monagas, M.; Gómez-Cordovés, C.; Bartolomé, B.; Laureano, O.; Ricardo da Silva, J.M. Monomeric, Oligomeric, and Polymeric

Flavan-3-Ol Composition of Wines and Grapes from Vitis vinifera L. Cv. Graciano, Tempranillo, and Cabernet Sauvignon. J. Agric.
Food Chem. 2003, 51, 6475–6481. [CrossRef]

35. Remy, S.; Fulcrand, H.; Labarbe, B.; Cheynier, V.; Moutounet, M. First Confirmation in Red Wine of Products Resulting from
Direct Anthocyanin-Tannin Reactions. J. Sci. Food Agric. 2000, 80, 745–751. [CrossRef]

36. Fulcrand, H.; dos Santos, P.-J.C.; Sarni-Manchado, P.; Cheynier, V.; Favre-Bonvin, J. Structure of New Anthocyanin-Derived Wine
Pigments. J. Chem. Soc. Perkin Trans. 1 1996, 735–739. [CrossRef]

37. Sun, B.S. Transfer of Catechins and Proanthocyanidins From Solid Parts of the Grape Cluster Into Wine. Am. J. Enol. Vitic. 1999,
50, 6.

38. Mouls, L.; Fulcrand, H. Identification of New Oxidation Markers of Grape-Condensed Tannins by UPLC–MS Analysis after
Chemical Depolymerization. Tetrahedron 2015, 71, 3012–3019. [CrossRef]

39. Mouls, L.; Fulcrand, H. UPLC-ESI-MS Study of the Oxidation Markers Released from Tannin Depolymerization: Toward a
Better Characterization of the Tannin Evolution over Food and Beverage Processing: Oxidation Markers Released from Tannin
Depolymerization. J. Mass Spectrom. 2012, 47, 1450–1457. [CrossRef]

40. Suo, H.; Tian, R.; Li, J.; Zhang, S.; Cui, Y.; Li, L.; Sun, B. Compositional Characterization Study on High -Molecular -Mass
Polymeric Polyphenols in Red Wines by Chemical Degradation. Food Res. Int. 2019, 123, 440–449. [CrossRef]

41. Li, H.-J.; Deinzer, M.L. Tandem Mass Spectrometry for Sequencing Proanthocyanidins. Anal. Chem. 2007, 79, 1739–1748.
[CrossRef] [PubMed]

42. Gonzalez-Centeno, M.R.; Chira, K.; Teissedre, P.-L. Comparison between Malolactic Fermentation Container and Barrel Toasting
Effects on Phenolic, Volatile, and Sensory Profiles of Red Wines. J. Agric. Food Chem. 2017, 65, 3320–3329. [CrossRef] [PubMed]

http://doi.org/10.1016/j.aca.2005.10.068
http://doi.org/10.1002/jsfa.2133
http://doi.org/10.1016/j.foodchem.2012.07.075
http://doi.org/10.1111/j.1365-2621.2009.02126.x
http://doi.org/10.1016/j.jfoodeng.2009.12.017
http://doi.org/10.1080/10408690490911710
http://doi.org/10.1016/s0031-9422(00)83922-9
http://doi.org/10.1021/jf0478096
http://doi.org/10.1111/j.1755-0238.2003.tb00272.x
http://doi.org/10.1021/jf0626258
http://doi.org/10.1016/S0031-9422(97)00268-9
http://doi.org/10.1016/0031-9422(96)00127-6
http://doi.org/10.3390/molecules17021483
http://www.ncbi.nlm.nih.gov/pubmed/23442981
http://doi.org/10.1021/jf030325+
http://doi.org/10.1002/(SICI)1097-0010(20000501)80:6&lt;745::AID-JSFA611&gt;3.0.CO;2-4
http://doi.org/10.1039/p19960000735
http://doi.org/10.1016/j.tet.2015.01.038
http://doi.org/10.1002/jms.3098
http://doi.org/10.1016/j.foodres.2019.04.056
http://doi.org/10.1021/ac061823v
http://www.ncbi.nlm.nih.gov/pubmed/17297981
http://doi.org/10.1021/acs.jafc.6b05497
http://www.ncbi.nlm.nih.gov/pubmed/28366000

	Introduction 
	Materials and Methods 
	Chemicals 
	UPLC-UV-Q-TOF 
	Sample Quantification Methods 
	Wine Samples 
	Samples Collected during the Winemaking Process 
	Red Wines Samples Aged in Bottles 
	Samples from the Strong Oxidative Condition Experiment 

	Global Phenolic Compounds Analysis 

	Results 
	Differentiation between Non-Cyclic Tetramer and Crown Procyanidins’ Tetramer in Red Wine 
	Extraction Kinetics of the Crown Procyanidin Tetramer during Winemaking 
	Evolution of Crown Procyanidins during Aging of Red Wine 
	Crown Procyanidins under Strong Oxidative Condition 

	Conclusions 
	References

