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An HPLC-MS method for the characterization of proanthocyanidins (PA) has been refined. Further
application to red wines provided interesting conclusions about the composition of the flavanol fraction
and PA extractability during winemaking. The yield in PA extraction increases with the length of the
postfermentative maceration (PFM), as well as the mean degree of polymerization (mDP) of wine
flavanols. In early winemaking events mostly monomers to trimers are extracted from grape solids,
whereas PFM is required for the significant extraction of higher oligomers. Nevertheless, at the end
of a regular process of elaboration the mDP is not very high and does not usually exceed a value of
2.3, dimers and trimers being the predominant flavanols in red wines. With regard to groups of
compounds, gallocatechins and prodelphinidins (located in the skins) are extracted rapidly in the
first stages of the winemaking. On the contrary, long postfermentative macerations are required for
the extraction of galloyled derivatives from the seeds. PA extractability is also dependent on the
grape variety used for winemaking. Thus, wines made with Graciano grapes were found to require
a longer process of PFM than those made from Tempranillo grapes to obtain similar yields in the
extraction of flavanols.
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INTRODUCTION

Proanthocyanidins (PAs) are polymeric flavan-3-ols having
elementary units usually linked by C-C and occasionally
C-O-C bonds. They are widespread in plants, where they play
a crucial role in the mechanisms of natural defense, giving them
protection against pathogens and acting as predator repellents
(1). They are also found in food of plant origin, in particular,
in fruits, legume seeds, cereal grains, and different beverages
(wine, tea, cocoa, cider), where they contribute to functional
and sensory properties. The characteristic that best defines the
PAs is their capacity to join to substances such as proteins,
polysaccharides, alkaloids, free radicals, and metallic ions. Many
of their biological activities derive from these properties. It is
precisely their capacity to precipitate salivary proteins that
confers on them an astringent character (2). In grapes, they are
located fundamentally in seed, skin, and stem; from there they
pass to the wine during winemaking. In wine, these compounds
are directly responsible for sensory properties such as body,
bitterness, and astringency (3-5) and contribute to others, such
as color, through their interactions with the anthocyanins. The
processes of copigmentation with the anthocyanins and the
formation of new pigments, in which PAs are involved, are

necessary phenomena for the stability and definition of red wine
color (6, 7). All of these processes are still insufficiently known,
and their study demands a wider and more detailed knowledge
of the PA composition of the grape and wine. Furthermore, PAs
are increasingly recognized as having beneficial health effects
for humans (2). Recent studies suggest that only the low
molecular weight oligomers (polymerization degree up to 3)
might be absorbed in the gastrointestinal tract (8). Considering
that it appears that the polymeric PAs are not depolymerized
in the stomach (9), those foodstuffs that present PAs with a
low degree of polymerization could prove to be especially
interesting.

Most of the methods used to determine the degree of
polymerization of PAs are based on depolymerization in the
presence of nucleophiles (10-15), many of which present the
inconvenience of being difficult or uncomfortable to work with
and the added problem of the instability of the adducts formed
(16, 17).

The aim of this work was to optimize a methodology for the
qualitative and quantitative characterization of wine proantho-
cyanidins using HPLC-MS. The method was applied to the study
of the PA fraction during winemaking, so that conclusions about
tannin extractability could be obtained.
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MATERIALS AND METHODS

Chemicals and Standards.All organic solvents utilized were of
HPLC grade and were purchased from Merck, Darmstadt, Germany.
Standards of catechin (C), epicatechin (EC), epicatechin-3-O-gallate
(ECG), and malvin (i.e., malvidin-3,5-diglucoside) were purchased from
Sigma, St. Louis, MO.

Samples.The wines were supplied by the cellar Roda S.A. located
in Haro (La Rioja, Spain). They were obtained fromVitis Vinifera red
grapes, harvested in 2003, of the Tempranillo variety (wine 1) and from
a blend of the Garnacha and Graciano red varieties in a proportion of
70:30 (wine 2). The winemaking process was carried out at industrial
scale (17000 L) and was the same in both wines. Briefly, it includes
cold prefermentative maceration (14°C, 2 days), alcoholic fermentation
at controlled temperature (23( 2 °C), and postfermentative maceration
at 20 °C. Maceration was facilitated by daily pumping-over and
pushing-down the pomace cap with oxygenation during alcoholic
fermentation and without air in further stages. Afterward, the wines
were transferred to French oak barrels (225 L) for the malolactic
fermentation (20°C, 38 days on average) and aging at 9-12 °C.
Samples were collected at the end of the cold prefermentative
maceration, after the alcoholic fermentation, at 3, 7, and 11 days of
postfermentative maceration, and after 11 months in French oak barrels.

Isolation of Proanthocyanidins.Grape seeds were utilized to isolate
proanthocyanidins. The seeds were manually separated, washed with
distilled water, and freeze-dried. The dry seeds were ground to obtain
a homogeneous powder, 75% methanol in water was added and mixed
by stirring, and the mixture was further maintained for 15 min in an
ultrasonic bath at room temperature. Afterward, it was centrifuged for
10 min, the supernatant was collected, and the residue was submitted
twice more to the same extraction procedure. The methanolic extracts
were combined and concentrated in vacuo at 30°C until the elimination
of the methanol. The aqueous extract obtained was washed repeatedly
with hexane to eliminate liposoluble substances and fractionated on a
Sephadex LH-20 column (500× 30 mm) using ethanol as a solvent as
described in Escribano-Bailon et al. (18). The procyanidin dimers B2
(EC-4,8-EC), B1 (EC-4,8-C), and B2-3-O-gallate (EC-4,8-EC-3-O-
gallate) and the trimer EEC (EC-4,8-EC-4,8-C) were isolated from the
Sephadex LH-20 fractions by semipreparative HPLC. The C4-C8
epicatechin trimer (procyanidin C1) and the C4-C8 epicatechin
tetramer were isolated from apple peel using the same procedure.

Semipreparative HPLC. A Waters 600 series pump and a Phe-
nomenex 5µm Ultracarb ODS20 (10× 250 mm) column were used.
The solvents were (A) acetic acid 5% and (B) methanol. The gradient
used was 0-10% B over 10 min, 10-20% B over 20 min, 20-50% B
over 20 min, 50-75% B over 5 min, and 75-100% B over 5 min.
Detection was carried out at 280 nm, and the peaks were collected by
a fraction collector. The fractions that contained the PAs were
concentrated under vacuum at low temperature and further lyophilized.
The purity and identity of the isolated PA were checked by HPLC-
DAD and LC-MS by comparison with standards previously obtained
in our laboratory (19).

Analysis of Flavanols.The analyses were carried out by HPLC using
a Hewlett-Packard 1100 chromatograph with a quaternary pump and a
diode array detector (DAD) coupled to an HP Chem Station (rev.
A.05.04) data-processing station. A Waters Spherisorb S3 ODS-2 C8,
3 µm (4.6× 150 mm) column was used thermostated at 30°C. The
mobile phase was (A) 2.5% acetic acid, (B) acetic acid/acetonitrile (10:
90, v:v), and (C) acetonitrile. The elution gradient established was 100%
A to 100% B over 5 min, 0-15% C in B over 25 min, and 15-50%
C in B over 10 min. MS detection was also performed using a Finnigan
LCQ detector (San Jose, CA) equipped with an ESI source and an ion
trap mass analyzer, which were controlled by the LCQ Xcalibur
software. The mass spectrometer was connected to the HPLC system
via the DAD cell outlet. Both the auxiliary and the sheath gases were
nitrogen at flow rates of 6 and 1.2 L min-1, respectively. The source
voltage was 4.5 kV, the capillary voltage was 28 V, and the capillary
temperature was 270°C. Spectra were recorded in positive ion mode
betweenm/z 150 and 2000. The MS detector was programmed to
perform a series of three consecutive scans: a full mass scan, an MS/

MS scan of the most abundant ion the first scan, and an MS3 of the
most abundant ion in the MS2 using normalized collision energy of
45%.

Preparation of Wine samples for mDP Analysis. With the
objective of eliminating the anthocyanins, 2 mL of wine diluted (1:1)
with 0.1 N HCl was placed in an Oasis MCX cartridge previously
conditioned with 5 mL of methanol and 5 mL of water. After washing
with water, the flavan-3-ols were eluted with 15 mL of methanol, the
anthocyanins being retained in the cartridge. A small volume of water
was added to the eluate and concentrated under vacuum at temperature
lower than 30°C until the complete elimination of the methanol. The
volume of the aqueous residue was adjusted to 450µL with distilled
water. A further 50µL of a solution of malvin (internal standard) was
added to provide a final concentration of the anthocyanin of 0.025 mM.

Analysis of the PA Fraction in Wine. The average full mass
spectrum of a given wine sample was obtained from the chromatogram
recording between 0 and 40 min, sufficient time for the flavanols to
elute from the column in the HPLC conditions used. Calibration curves
(flavanol concentration versus relative abundance) were obtained using
flavan-3-ol monomers (C, EC, ECG), dimers (procyanidins B1, B2,
and B2-3-O-gallate), trimers (EEC and C1), and the C4-C8 epicatechin
tetramer, in the range of concentration of 0.005-0.2 mM. In all cases,
malvin at a concentration of 0.025 mM was used as an internal standard.
The quantification of flavanols of each group (i.e., monomers, gal-
loylated monomers, dimers, galloylated dimers, trimers, and tetramers)
in wines was made by comparing the intensities of their ion signals
recorded in the full mass spectrum of the sample with the corresponding
calibration curve.

The concentration of total flaVanols in wine was calculated from
the sum of the individual concentrations obtained for each of the
different groups of flavanols analyzed, expressed in milligrams per liter.

Themean degree of polymerization(mDP) of the flavanol fraction
was estimated from the ratio between the total number (mmol) of
elementary flavan-3-ol units for the whole of quantified flavanols and
the amount (mmol) of total flavanols in the sample

where Ni is the amount (mmol) of flavanols of each group (i.e.,
monomers, galloylated monomers, dimers, galloylated dimers, trimers,
and tetramers),Ui is the number of elementary units in each group of
flavanols (i.e., 1, 2, 3, or 4 for monomers, dimers, trimers and tetramers,
respectively), andNt is the amount (mmol) of total flavanols in the
sample () ΣNi).

Statistical Analysis. Analysis of the variance (ANOVA) was
conducted using SPSS 9.0. Significant (p < 0.05) differences between
means of three replicates were identified using Tukey’s procedure.

RESULTS AND DISCUSSION

LC-MS Method for Proanthocyanidin Characterization.
The PA composition in the wines was characterized from the
average full mass spectra obtained after HPLC separation. Direct
injection of the wine samples into the mass spectrometer was
discounted because the ionization of the molecules is influenced
not only by their nature and concentration but also by the nature
and concentration of the rest of the compounds present
simultaneously in the ionization chamber. After the chromato-
graphic separation, each flavanol enters individually the ioniza-
tion chamber, and thus the matrix effect is minimized. Pro-
anthocyanidin detection can be made in either negative or
positive ion mode; it is considered that better response is usually
obtained in negative mode (20). Nevertheless, the presence of
acetic acid as a chromatographic solvent improves the efficiency
of the ionization in positive mode, whereas it may favor the
formation of acetate/phenolate adducts in negative mode, which
sometimes makes the interpretation of the spectra more difficult.
Taking this into account, as well as the good results obtained

mDP) ∑Ni × Ui

Nt
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in previous analysis of wine PAs (19), we decided to use the
positive ion mode in this study.

Analyses were carried out using malvidin 3,5-diglucoside as
internal standard (IS). The reason for choosing an anthocyanin

is that they are charged molecules with an easy ionization
compared to PAs. Therefore, at concentrations even smaller than
those of the PAs, its peak is expected to be maximum in the
mass spectrum, thus preventing saturation of the signals
corresponding to flavan-3-ols and allowing them to be measured
and related to their concentration. Malvin was selected due to
its absence inVitis Vinifera red wines and commercial avail-
ability. In addition, it presents a time of chromatographic elution
within the range in which the PAs elute in the HPLC conditions
used. A malvin concentration of 0.025 mM was employed,
which provides a minimum peak compared to the ones of flavan-
3-ols in the HPLC chromatograms obtained with UV detection,
whereas it always reaches 100% of relative abundance in the
mass spectra even at the greatest flavan-3-ol concentrations
assayed in this study.

Figure 1 shows the chromatogram recorded at 280 nm and
its average full mass spectrum obtained for a standard solution
of flavan-3-ols (concentration of each compound in the solution
0.1 mM) added with malvin (0.025 mM) as IS. The ion signals
observed in the mass spectrum correspond to EC (m/z at 291),
ECG (m/zat 443), procyanidins B2 (m/zat 579), B2-3-O-gallate
(m/zat 731), and C1 (m/zat 867), and EC tetramer (m/zat 1155).
The IS signal atm/z 655 corresponds to the IS (i.e., malvidin
3,5-diglucoside), and signals atm/z 493 (malvidin 3-glucoside)
and 331 (malvidin) are derived from its fragmentation in the
ESI source.

Before the method was applied to flavanol characterization
in wine samples, it was checked that no relevant fragmentation
of the PA oligomers occurred in the ionization conditions used
for mass detection. It was also checked that no signals that could
be attributed to multiply-charged ions were produced, because
the distance between the isotopic peaks of the carbon was always
equal to 1 mass unit (21). Both aspects are important to ensure
that PAs of different degrees of polymerization are adequately
quantified. To check this, different PA standards were analyzed
using the same LC-MS method further used for the wine
samples. As an example, the chromatograms and mass spectra
obtained for two procyanidin standards are shown inFigure 2.

For its use with quantitative purposes the method was
calibrated with different flavan-3-ols: monomers (C, EC),
dimers (procyanidins B1 and B2), trimers (EEC and C1), C4-

Figure 1. HPLC chromatogram recorded at 280 nm and average positive
full mass spectrum obtained for a solution of flavan-3-ol standards
(concentration of each compound ) 0.1 mM). Peaks and positive
molecular ions: (1) procyanidin B2 (m/z 579); (2) procyanidin C1 (m/z
867); (3) epicatechin (m/z 291); (4) epicatechin-3-O-gallate (m/z 443); (5)
C4−C8 epicatechin tetramer (m/z 1155); (6) procyanidin B2-3-O-gallate
(m/z 731). Ion signal at m/z 655 corresponds to malvin used as the internal
standard (IS) and signals at m/z 493 and 331 (malvidin 3-glucoside and
malvidin, respectively) derived from its fragmentation in the ion source.

Figure 2. HPLC cromatograms recorded at 280 nm and full mass spectra obtained for two procyanidin standards: C4−C8 epicatechin tetramer and
procyanidin B2-3-O-gallate (left and right, respectively).
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C8 epicatechin tetramers, and galloyled derivatives (ECG and
B2-3-O-gallate). The calibration curves obtained and further
used for the quantification of the different flavanol groups in
the wine samples are indicated inTable 1. Similar responses
were obtained for the nongalloyled monomers (C and EC),
dimers (B1 and B2), and trimers (C1 and EEC). However, a
different response was obtained for the distinct groups of
flavanols. Thus, for the same molar concentration, the capacity
of ionization was greater as the number of elementary flavanol

units in their structure increased. A similar observation was
made by Cheynier et al. (21), using negative ion mode, who
indicated that PAs are more easily charged as the degree of
polymerization or the number of galloyl substituents increases.
As for the galloyled flavanols here assayed, the capacity of
ionization of the galloyled dimer was superior to that of the
nongalloyled dimers, whereas the galloyled monomer (ECG)
showed lower capacity of ionization than C and EC. No
standards of gallocatechins and mixed PAs containing both di-
and trihydroxylated units in the B ring were available for
calibration and, therefore, when present in the samples, they
were quantified using the curves obtained for the equivalent
catechins or procyanidin oligomers. Fulcrand et al. (22) indicated
that the signal intensity within an ion peak series decreases as
the number of trihydroxylated units increases. In such case,
gallocatechins and mixed PAs would be underestimated in our
samples.

Analysis of Wine Samples. Figure 3shows the average full
mass spectra corresponding to samples of wines 1 and 2
collected at the end of postfermentative maceration. Ion signals
corresponding to catechin monomers and procyanidin dimers,
trimers, tetramers, and pentamers could be observed in quantifi-
able levels, as well as some due to proanthocyanidins containing
both di- and trihydroxylated units in the B ring. Thus, the signal
at m/z 595 is attributed to a dimer formed by a unit of catechin
and another one of gallocatechin (19). The molecular ion at
m/z 883 might fit either a trimer containing two catechin units
and one gallocatechin unit or a digalloyled procyanidin dimer.
However, the fact that hardly galloyled catechins or monogal-
loyled procyanidin dimers were detected in these particular wine
samples led us to think that it corresponds to the mixed PA
trimer. The absence of peaks corresponding to galloyled
flavanols and the low levels of prodelphinidins detected in these

Table 1. Calibration Curves Obtained for Different Groups of Flavanols
(y ) Relative Abundance of the Compound Signal in the Mass
Spectrum; x ) Concentration Expressed in Millimolar)

type of flavanol equation R 2

catechin monomers y ) 124.75x + 3.49 0.9990
galloyled monomers y ) 56.09x + 2.0992 0.9993
procyanidin dimers y ) 324.43x + 3.5125 0.9991
galloyled dimers y ) 413.33x + 3.105 0.9994
procyanidin trimers y ) 350.6x + 4.9867 0.9997
procyanidin tetramers y ) 518.76x + 0.8258 0.9976

Figure 3. Average full mass spectra obtained for samples of wines 1
and 2 collected after 1 week of postfermentative maceration.

Figure 4. Change in the concentrations of total flavanols during
winemaking in wines 1 ([) and 2 (9). Samples were collected at the
end of the prefermentative cold maceration (CM) after alcoholic fermenta-
tion (AF), after 1 week of postfermentative maceration (PFM), and after
11 months in oak barrels (OB).

Figure 5. Change in the mean degree of polymerization (mPD) during
winemaking in wines 1 (top) and 2 (bottom). Samples were collected at
the end of the prefermentative cold maceration (CM) after alcoholic
fermentation (AF), after 1 week of postfermentative maceration (PFM),
and after 11 months in oak barrels (OB).
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wines are in agreement with previous findings in assays made
in model solutions (23).

As has been previously indicated, PAs should be more easily
charged as the degree of polymerization increases and signals
corresponding to multiply-charged ions may appear. This means
that if large oligomers are present in the wines in significant
amounts, they should be observed in the mass spectra. In our
case, the hexamers were the highest PAs detected in the wine
samples, although always in very low nonquantifiable levels.
In all cases, the signals of the different oligomers corresponded
to monocharged ions, and their intensity in the full MS spectra
progressively decreased for compounds above the trimer. No
relevant signals that could be attributed to multiply-charged ions
of oligo/polymers were observed in the samples analyzed. All
in all, we can conclude that the detected oligomers are the main
PAs and that no larger compounds are present in the wines
analyzed at least in relevant amounts. Therefore, no essential
information concerning wine tannin composition is missing by
using the applied methodology.

To evaluate the behavior of the flavanol fraction during
winemaking, samples of wines 1 and 2 collected at different
vinification stages were analyzed.Figure 4 shows the changes
in the concentration of total flavanols in those wines. Logically,
the concentration of flavanols increases while pomace contact
exists, with maximum levels situated at the end of the postfer-
mentative maceration. In wine 2 (160( 2 mg/L) a much greater
content of flavanols was reached than in wine 1 (65( 4 mg/
L). This is in agreement with the greater concentration of
flavanols existing in Graciano grapes and its higher percentage
of solids (i.e., skin and seeds) in relation to pulp compared with
Tempranillo’s (24, 25). The changes produced in PA composi-
tion during winemaking were not only quantitative but also
qualitative. Thus, an increase in the mDP of the flavanol fraction
is produced during winemaking (Figure 5), which continues
during oak storage. This increase of the polymerization during
wine maturation, once the maceration with grape solids is over,
is attributed to rearrangements in PA structure and their
interaction with anthocyanins (6, 7).

Monomers to trimers were already present in the wines at
the end of the cold prefermentative maceration. However,
whereas no significant increase was produced in the levels of
monomers in further winemaking stages, a progressive extraction
of oligomers occurs, which is particularly important in the case
of the trimers and tetramers (Figure 6A). It was also observed
that the extraction of galloyled derivatives is produced very
slowly. These compounds are less soluble than the correspond-
ing nongalloyled derivatives, and they are mostly located in the
seed, thus requiring longer macerations for significant extraction
(23). On the contrary, the extraction of the gallocatechins and

prodelphinidins, located only in the skin, takes place quickly
in the first stages of winemaking to further decline (Figure 6B).

The influence of the postfermentative maceration (PFM) in
PA extraction was also assessed using three different PFM
lengths: 3, 7, and 11 days. The longer the PFM, the greater
was the extraction of oligomers, whereas no increase was
produced in monomers (Figure 7). All of these observations
are in agreement with our previous findings in model maceration
assays (23).

It is noticeable that the size of the PAs found in the studied
wines was not very high. Trimers and dimers were the
predominating compounds, whereas no significant amounts of
PAs greater than pentamers were observed. Thus, the mDP of
the flavanol fractions in these wines did not exceed values of
2.3. These values are lower than those found by other authors
using methods based on PA depolymerization (e.g., thiolysis).
Thus, mDPs of 3.1-3.4 and 5-6 were found in French wines
by Souquet et al. (26) and Sarni-Manchado et al. (27),
respectively, and mDP values in the range of 6-13 were
determined in Spanish and Portuguese wines (25, 28). However,
in our experience, the results obtained using thiolysis may not
be totally accurate, due to variable yields in PA cleavage and
the formation of thioether adducts; side-products are also
produced. In addition, for the quantification of the products
released after thiolysis, previous calibration is required with the
thioether adducts of the different (gallo)catechin units, which
is not always easily achieved because they have to be previously
synthesized and purified.

It is known that flavanols can act as anthocyanin copigments
(29-31). In agreement with Boulton (32) this characteristic
could have a twofold role. First, the binding of free anthocyanins

Figure 6. Change in the concentrations of (A) flavanol monomers ([) and procyanidin dimers (9), trimers (2), and tetramers (×) and (B) prodelphinidins
([) and galloyled derivatives (9) in wine 1 during winemaking. Samples were collected at the end of the prefermentative cold maceration (CM) after
alcoholic fermentation (AF) and after 1 week of postfermentative maceration (PFM).

Figure 7. Change in the concentrations of flavanol monomers ([) and
procyanidin dimers (9), trimers (2), and tetramers (×) in wine 2 during
postfermentative maceration.
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into copigmented forms would enable more pigment to be
retained in wine, and, second, the copigmented anthocyanins
provide much more color than they would have in the free form.
From this point of view, a greater extraction of flavanols should
hold interest not only regarding wine astringency but also for
anthocyanin retention and color. In this respect, a longer PFM,
as long as it provides an increased extraction of flavanols, is
expected to improve wine color definition and stability.
However, it is necessary to take into account the fact that the
extraction of PAs is not only dependent on the length of the
maceration but also influenced by the characteristics of the
grapes and the winemaking process. InFigure 8 it can be
observed that in wine 1 no significant increase in PA concentra-
tion and mDP takes place after a week of PFM; however, PA
levels and mDP continue increasing in wine 2 for at least 11
days. Because a similar winemaking process was used in both
wines, this should be explained by the type of grapes used in
each case. In this respect, the grapes of Graciano (wine 2), with
a smaller size and greater proportion of seeds in relation to the
must, would benefit from a longer PFM than Tempranillo’s
(wine 1), to obtain better yields in the extraction of flavanols.
For that reason, the optimum length of the PFM must be
determined for each particular case, depending on the type of
grapes and the winemaking conditions.
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