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a b s t r a c t

The ability of grape seed extracts to bind to bovine serum albumin (BSA) and a-amylase was studied by
fluorescence quenching of protein intrinsic fluorescence and nephelometry. The influence of grape seed
ripeness on astringency was also evaluated. From the spectra obtained, the modified Sterm–Volmer (Kapp)
and the bimolecular quenching constants were calculated. Results showed that grape seed extracts had
good affinity for proteins. The association strength of tannin–protein interactions varied with changes in
tannin structure associated with the degree of ripeness affecting the binding/quenching process. In all
cases studied, higher values of Kapp were obtained in samples at harvest which have greater ability to
bind to proteins than have samples at post-veraison time. Nephelometric assays show the same trend
as do fluorescence quenching studies. A possible explanation for this is that, as seeds ripen, their tannins
increase in molecular mass, which relates to an increase in hydrophobicity of the molecules, and this
increases protein affinity. However, that is contrary to the reported decrease in astringency of grape seeds
during maturity. This indicates that tannin–protein interactions are not the only explanation for the
complex sensations of astringency of grape seeds.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tannins are phenolic compounds classically divided into two
major groups: hydrolysable and condensed tannins, both having
the ability to bind and precipitate proteins (Khanbabaee & van
Ree, 2001). Proanthocyanidins or condensed tannins are oligomers
and polymers of flavan-3-ol units which are widely distributed in
fruits, vegetables, nuts and beverages; they are present in the solid
parts of the grapes, seeds, skins, leafs and stems (Kennedy,
Matthews, & Waterhouse, 2000; Prieur, Rigaud, Cheynier, &
Moutounet, 1994; Souquet, Cheynier, Brossaud, & Moutounet,
1996; Souquet, Labarbe, Le Guerneve, Cheynier, & Moutounet,
2000) and extracted during red wine making (Cadot, Minana-Cas-
tello, & Chevalier, 2006; Sun, Pinto, Leandro, Ricardo Da Silva, &
Spranger, 1999). These compounds are responsible for important
characteristics of wine, such as bitterness and astringency and
are considered relevant to the long-term colour stability of red
wines (Escribano-Bailón, Álvarez-García, Rivas-Gonzalo, Heredia,
& Santos-Buelga, 2001; Gawel, 1998). Generally, grape seed procy-
anidins exist in the form of oligomers (mainly dimers and trimers)
and polymers composed of the monomeric flavan-3-ols (+)-cate-
chin, (�)-epicatechin linked by C4–C8 and/or C4–C6 bonds

(B-type) (Escribano-Bailón, Gutiérrez-Fernández, Rivas-Gonzalo,
& Santos-Buelga, 1992; Jordao, Ricardo Da Silva, & Laureano,
2001; Prieur et al., 1994). The flavan-3ols can also be esterified
with gallic acid, forming 3-O-gallates (Da Silva, Rigaud, Cheynier,
Cheminat, & Moutounet, 1991; Passos, Cardoso, Barros, Silva, &
Coimbra, 2010; Santos-Buelga, Francia-Aricha, & Escribano-Bailón,
1995). Levels of galloylated derivatives are usually present in smal-
ler amounts than are the non-galloylated ones. (+)-Catechin is of-
ten the most abundant individual flavanol of seeds; dimers B2
and B4 and trimer C1 are usually well represented in their respec-
tive oligomer groups (Da Silva et al., 1991; Ricardo Da Silva, Rosec,
Bourzeix, Mourgues, & Moutonet, 1992; Sun et al., 1999). Quantity,
structure and degree of polymerization of seed tannins are modi-
fied during ripening development (De Freitas, Glories, & Monique,
2000; Downey, Harvey, & Robinson, 2003; Kennedy et al., 2000;
Obreque Slier, 2010; Romeyer, Macheix, & Sapis, 1986) which af-
fects their ability to bind to proteins (McRae, Falconer, & Kennedy,
2010).

Tannins were shown to reduce saliva-lubricating ability, both
by increasing friction and by reducing its viscosity (Prigent et al.,
2009; Prinz & Lucas, 2000). Some authors have shown that the
interaction between tannin and salivary proteins is indeed
involved in the mechanism of astringency (Horne, Hayes, & Law-
less, 2002; Kallithraka, Bakker, & Clifford, 1998). In this way, sev-
eral studies have been performed to correlate or predict the
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astringency by certain techniques based on the in vitro reactivity of
polyphenols towards different proteins (Canon, Giuliani, Paté, &
Sarni-Manchado, 2010; Fia, Dinnella, Bertuccioli, & Monteleone,
2009; Mateus & De Freitas, 2001; McRae et al., 2010; Monteleone,
Condelli, Dinnella, & Bertuccioli, 2004; Obreque-Slier, López-Solís,
Peña-Neira, & Zamora-Marín, 2010; Papadopoulou & Frazier,
2004; Papadopoulou, Green, & Frazier, 2005; Petrovic, 2009). Fluo-
rescence quenching and nephelometry are commonly used for this
purpose (Carvalho et al., 2006; De Freitas, Carvalho, & Mateus,
2003; Hofmann et al., 2006; Papadopoulou & Frazier, 2004; Soares,
Gonçalves, Fernandes, Mateus, & de Freitas, 2009). Nephelometry
is a particularly simple method that allows direct estimation of
the amount of protein/tannin complexes (Mateus, Pinto, Ruão, &
de Freitas, 2004). Fluorescence measurements provide information
about the molecular environment in the vicinity of the chromo-
phore molecule. The decrease of protein intrinsic fluorescence
intensity is called quenching, which can occur by different mecha-
nisms, namely, collisional quenching, when the excited-state fluo-
rophore is deactivated upon contact with some other molecule in
solution (the quencher [Q]), or static quenching, whereby fluoro-
phores form non-fluorescent complexes with quenchers.

Bovine serum albumin (BSA) and a-amylase are globular pro-
teins frequently used to study polyphenols/protein interactions
(Papadopoulou & Frazier, 2004; Papadopoulou et al., 2005; Soares
et al., 2009). BSA, a single polypeptide chain, consists of 582 amino
acid residues with two tryptophan residues in different environ-
ments (hydrophobic and hydrophilic environments), which are
responsible for the intrinsic fluorescence. a-Amylase is an abun-
dant protein in saliva which constitutes around 30% of total pro-
teins (Elodis, Móra, & Krysteva, 1972). a-Amylase from porcine
pancreas consists of 496 amino acid residues, forming a single
polypeptide chain with 17 tryptophan residues with intrinsic fluo-
rescence (Buisson, Duee, Haser, & Payan, 1987; Pasero, Mazzei-
Pierron, Abadie, & Chicheportiche, 1986; Rawel, Frey, Meidtner,
Kroll, & Schweigert, 2006). Generally, it is considered that the por-
cine enzyme is very similar to human a-amylase (Buisson et al.,
1987).

It has been suggested that oral astringency results from the pre-
cipitation of salivary proteins. However, by itself this does not ex-
plain all aspects of astringency (Jackson, 2009) and it has been
recently pointed out that tannin–protein interaction is more closely
associated with astringency than is tannin–protein complex precip-
itation (Obreque-Slier et al., 2010). Nowadays, tannin–protein pre-
cipitation is questioned as an objective measure of sensory
attributes (Obreque-Slier et al., 2010; Schwarz & Hofmann, 2008)
and sensory analysis is a useful tool for evaluating sensory proper-
ties (Le Moigne, Maury, Bertrand, & Jourjon, 2008; Monteleone et al.,
2004; Sáenz-Navajas, Ferreira, Dizy, & Fernández-Zurbano, 2010).

The loss of salivary lubrication is not the only mechanism in-
volved in the perception of astringency (Kallithraka, Bakker, & Clif-
ford, 1997; Payne, Bowyer, Herderich, & Bastian, 2009; Rossetti,
Bongaerts, Wantling, Stokes, & Williamson, 2009); this phenome-
non may also be due, at least in part, to binding of procyanidins
or procyanidin–protein complex, to cells of the oral epithelium
(Green, 1993; Nayak & Carpenter, 2008; Payne et al., 2009). In fact,
studies in breast and lung cancer cell lines have identified a recep-
tor for epigallocatechin-gallate as the mammalian 67 kDa laminin
receptor (Tachibana, Koga, Fujimura, & Yamada, 2004), a protein
also found in the extracellular matrix of oral mucosa (Hakkinen,
Uitto, & Larjava, 2000). More recently, Payne et al. (2009) have
demonstrated that procyanidins, present in a commercial grape ex-
tract, bind to oral epithelial cells in a dose-dependent manner.

The importance of wine astringency for marketability has led to
a wealth of research on the causes of astringency and how tannins
impact the quality of the sensation (McRae & Kennedy, 2011). In
this context, the aim of this work is to evaluate the ability of grape

seed procyanidins to bind to proteins and how the different
degrees of seed ripeness affect this interaction. For this, BSA and
a-amylase were used and fluorescence quenching and nephelome-
try techniques were applied. Moreover, a sensory analysis was per-
formed in order to evaluate the levels of astringency and tannic
intensity in grape seeds at two different developmental stages
(post-veraison and harvest).

2. Material and methods

2.1. Seed samples

Vitis vinifera L. cv. ‘‘Graciano’’ red grapes were collected from
two different vineyards located in P.O.D. La Rioja (Spain). Two vin-
tages (2008–2009) and two different developmental stages (post-
veraison, ca. 15 �Brix, and harvest time, ca. 24 �Brix) were taken
into account for this study. In total, 300 berries per vineyard were
collected at each date from both sides of vines located in different
rows within the vineyard. Berries were collected and immediately
tasted. For all other analyses, the samples were immediately frozen
and stored at �20 �C until analyses were performed.

2.2. Phenolic compounds extraction

Phenolic extraction was carried out as described in Garcia-Mar-
ino, Rivas-Gonzalo, Ibañez, and Garcia-Moreno (2006). Briefly,
grape seeds were separated manually and freeze-dried. Seeds were
ground to obtain a homogeneous powder for extraction. The grape
seed powder was extracted with 75% methanol. The methanolic
extracts were concentrated at low pressure until an aqueous ex-
tract was obtained. All analyses were performed in triplicate.

2.3. Reagents and chemical analysis

Bovine serum albumin (BSA) (96%), a-amylase (98%) from por-
cine pancreas and (+)-catechin (98%) were purchased from Sigma.
The phenolic compound identifications and quantifications were
carried out in accordance with Ferrer-Gallego, García-Marino,
Hernández-Hierro, Rivas-Gonzalo, and Escribano-Bailón (2010).
LC-diode array detection (DAD) analysis was performed in a Hew-
lett–Packard 1200 series liquid chromatograph, and detection was
carried out using a photodiode detector. A Spherisorb� S3 ODS-2 re-
verse phase 3 lm particle size C18 column, 150 � 4.6 mm i.d.
(Waters, Ireland), thermostatted at 25 �C, was used.

The solvents used were: (A) 2.5% acetic acid, (B) 2.5% acetic
acid/acetonitrile (90:10, v:v), and (C) HPLC-grade acetonitrile,
establishing the following gradient: from 0% to 100% B for 5 min,
from 0% to 15% C for 25 min, from 15% to 50% C for 5 min, and iso-
cratic 50% C for 5 min, at a flow rate of 0.5 ml min�1. Detection was
carried out at 280 nm as the preferred wavelength.

The mass analyses were performed using a Finnigan™ LCQ ion
trap detector (Thermoquest, San Jose, CA, USA) equipped with an
API source, using an electrospray ionisation (ESI) interface. The
LC system was connected to the probe of the mass spectrometer
via the UV cell outlet. Sheath gas and auxiliary gas were nitrogen
and helium. The sheath gas flow was 1.2 l min�1 and the auxiliary
gas flow, 6 l min�1. The source voltage and the capillary voltage
used were 4.50 kV and 28 V, respectively, and the capillary temper-
ature 270 �C. Spectra were recorded in positive ion mode between
m/z 120 and 2000.

2.4. Statistical and chemometric analysis

Significant differences were determined by one-way analysis of
variance (ANOVA). Principal components analysis (PCA) was used
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for data analyses as an unsupervised pattern recognition method.
The data matrix was constituted by sensory scores, nephelometry
and fluorescence (Kapp) values and phenolic composition. The
aforementioned chemometric tool was applied to the correlation
matrix of the original variables. All data were processed using
the SPSS Program, version 13.0 for Windows software package
(SPSS, Inc., Chicago, IL).

2.5. Principles of fluorescence quenching (Lakowicz, 1999)

Fluorescence quenching is described by the Stern–Volmer
equation

F0=F ¼ 1þ kqs0½Q � ¼ 1þ KSV½Q � ð1Þ

where F0 and F are the fluorescence intensities before and after the
addition of the quencher, respectively, kq is the bimolecular
quenching constant, s0 is the lifetime of the fluorophore in the ab-
sence of quencher, [Q] is the concentration of the quencher, and KSV

is the Stern–Volmer quenching constant. Hence, Eq. (1) was applied
to determine KSV by linear regression of a plot of F0/F against [Q].

A linear Stern–Volmer plot is generally indicative of a single
class of fluorophores in a protein, all equally accessible to the
quencher; this also means that only one mechanism of quenching
occurs (dynamic or static). In the cases of a static mechanism, there
is a complex formation, and in such cases, the bimolecular quench-
ing constant is calculated; kq can be calculated by the ratio be-
tween KSV and s0. For BSA, the lifetime of the fluorophore is
approximately 5 ns (Lakowicz, 1999) and, for a-amylase, the life-
time of the fluorophore is approximately 2.97 ns (Prendergast,
Lu, & Callahan, 1983).

The maximum value possible for diffusion-limited quenching in
water is �1010 M�1 s�1. When the value of the bimolecular
quenching constant is higher, it could mean that there is a complex
formation between protein and quencher, corresponding to a static
mechanism. There have been several studies reporting BSA
quenching due to specific interactions (Johansson, 1997) and, in
these cases, the quenching constant has been much higher than
the maximum value of diffusion-limited quenching in water. Smal-
ler values of kq can result from steric shielding of the fluorophore.

In many cases, the fluorophore can be quenched by both colli-
sion and complex formation with the same quencher. In other
cases, an upward curvature indicates the presence of a sphere of
action. This assumes the existence of a sphere of volume around
a fluorophore, within which a quencher will cause quenching with
a probability of 1. When this is the case, the Stern–Volmer plot
exhibits an upward curvature, concave toward the y-axis at high
[Q], and F/F0 is related to [Q] by the following modified form of
the Stern–Volmer equation

F0=F ¼ ð1þ K½Q �Þ expð½Q �VN=1000Þ ð2Þ

In this equation, V is the volume of the sphere, and N is Avoga-
dro’s constant. If K[Q] is small enough, (1 + K[Q]) � exp(K[Q]),
which is equivalent to exp([Q]VN) (Lima, Cordeiro Da Silva, de Cas-
tro, & Gameiro, 2007). Thus, the previous equation becomes Eq. (3).

F0=F ¼ eðK½Q �Þ ð3Þ

2.6. Fluorescence quenching and nephelometry measurements

A Perkin–Elmer LS 45 fluorimeter was used for fluorescence
quenching and nephelometry measurements. For the fluorescence
quenching assays the excitation wavelength was set to 290 nm and
the emission spectrum was recorded from 300 to 500 nm. Both
slits were 10 nm. For nephelometry analysis, the fluorimeter was
used as a 90� light scattering photometer; for that, both excitation

and emission wavelengths selected were the same (400 nm). At
this wavelength, protein and tannins do not absorb the incident
light (Carvalho et al., 2006).

The fluorescence quenching experiments were performed in
100 mM acetate buffer with 12% ethanol/water (v/v) at pH 5.0. It
is already known that BSA and a-amylase interactions with poly-
phenols are strong at this pH (Soares et al., 2009). Stock solutions
of BSA and a-amylase (20 lM) and procyanidin extracts (1:10)
were prepared in this solvent. All solutions were carefully filtered
(0.45 nm). To 2 ml microtubes, BSA solution (75 ll) and different
volumes of seed extracts were added (from 0 to 200 ll); to com-
plete to the final volume (500 ll) of acetate buffer were added.
In a-amylase assays, the final volume was 100 ll, and 15 ll of
a-amylase solution were added to different volumes of procyani-
din extracts from 0 to 30 ll. All solvents were vortexed for 10 s
and immersed in an ice-bath. The change in fluorescence emission
intensity was measured within 1 min of adding seed extracts to
proteins. A blank was done for each polyphenol concentration, in
which protein solution was replaced only by acetate buffer. The
blank spectrum was automatically subtracted from the emission
spectrum of the corresponding solution. The cell was thoroughly
rinsed to avoid contamination among samples.

Nephelometry assays were carried out with BSA. This experi-
ment was also performed in 100 mM acetate buffer, BSA solution
(50 ll) and different volumes of seed extract (1:20) were mixed
(from 0 to 70 ll); the final volume was 500 ll. The mixture was al-
lowed to stand 30 min, and the blank was measured before the
addition of BSA stock solution.

A complementary nephelometry assay was carried out in BSA,
using a HACH 2100N laboratory turbidimeter. To 2800 ll of

Fig. 1. Emission spectra of a-amylase (A) and BSA (B) 3 lM at kex 290 nm (pH 5.0)
in the presence of different concentrations of grape seed procyanidins [Q].
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100 mM acetate buffer, and 200 ll of seed extract were added and
a blank was measured. Then 100 ll of BSA solution stock were
added and vortexed for 10 s. The mixture was allowed to stand
for 30 min; after this the measurement was made. Results were ex-
pressed in nephelometric turbidity units (NTU ml�1 seed extract).
All experiments were performed in triplicate, and then mean and
standard deviations were calculated.

2.7. Sensory analysis

Sensory properties of seeds were evaluated with the use of a
sensory panel. The panel consisted of eleven non-smoker subjects,
seven women and four men. Prior to their participation in the
experiments, all subjects were trained to recognize and rate the
perceived intensity of astringency, using a standard solution of alu-
minium potassium sulphate (0.3, 0.45, 0.6 and 0.9 g l�1). During
training sessions, subjects were asked when they began to feel
some taste or mouth sensation. Moreover, they had to order differ-
ent concentrations and to perform duo–trio tests. Some panellists
had experience in this kind of tasting but the others were in-
structed to sip the sample, to practise the same number of chews
and to rate the intensity. Astringency and tannic intensity were
evaluated according to Rousseau and Delteil (2000) at two differ-
ent stages of ripening for two vintages and two vineyards.

3. Results and discussion

3.1. Fluorescence quenching

The conformational changes of a-amylase and BSA were evalu-
ated by measurement of the intrinsic fluorescence intensity of
tryptophan residues before and after the addition of grape seed ex-
tracts. Fluorescence quenching of a-amylase and BSA complexes in
the presence of increasing concentrations of procyanidins of grape
seeds was evaluated at different stages of ripening. Fig. 1 shows the
fluorescence emission spectrum (at kex 290 nm) obtained for a-
amylase and BSA (pH 5.0) upon addition of different concentra-
tions of seed extracts (the quencher [Q]). A decrease in the fluores-
cence intensity, caused by quenching, was observed, but there was
no shift of the maximum kem. This indicates that the molecular
conformation of the protein was not affected, whatever the flavo-
noid mechanism of interaction. All spectra were corrected by
subtracting the spectra of quencher fluorescence. This mode of cor-
rection has already been validated (Papadopoulou et al., 2005). The
extinction of tryptophans strongly decreased in both a-amylase
and BSA which demonstrated that grape seed extracts had good
affinity for proteins.

Fig. 2 shows the Sterm–Volmer plot for the BSA fluorescence
quenching for ripe and unripe seed extracts. The Sterm–Volmer
plot presented has an upward curvature, concave toward the y axis
at high [Q]. This feature could mean that the fluorophore is being
quenched by both mechanisms, dynamic and static, or also the
existence of a ‘‘sphere of action’’. With both BSA and a-amylase,
the quenching of fluorescence obeys the modified Sterm-Volmer
equation (Eq. (3)) described previously. Table 1 summarizes the

Fig. 2. Sterm–Volmer plot (left) and modified Sterm–Volmer plot (right) describing tryptophan quenching of BSA (3 lM) at pH 5 in presence of different concentrations of
seed extracts according their degree of maturity. Black line: ripe seed extract. Grey line: unripe seed extract.

Table 1
Apparent static (Kapp) and biomolecular (Kq) quenching constants for the interac-
tions of grape seed extracts with BSA and a-amylase at pH 5.0. Different letters
denote significant differences (p < 0.05).

Kapp (M�1) Kq � 1011 (M�1 s�1)

Post-veraison Harvest Post-veraison Harvest

Vineyard 1
BSA
2008 2850 ± 110a,b 3015 ± 83b,c 2008 5.70 ± 0.22a,b 6.03 ± 0.17b,c

2009 2703 ± 140a 3066 ± 37b,c 2009 5.41 ± 0.28a 6.13 ± 0.07b,c

Vineyard 2
2008 3243 ± 39c 3929 ± 129e 2008 6.48 ± 0.08c,d 7.86 ± 0.26d,e

2009 3564 ± 120d 4319 ± 16f 2009 7.13 ± 0.24e 8.64 ± 0.03f

a-Amylase
Vineyard 1
2008 1812 ± 37a 2472 ± 164b 2008 6.10 ± 0.12a 8.32 ± 0.55b

2009 3014 ± 122c 3160 ± 143c 2009 10.1 ± 0.41c 10.64 ± 0.48c

Vineyard 2
2008 1919 ± 88a 2280 ± 15b 2008 6.46 ± 0.30a 7.68 ± 0.05b

2009 2453 ± 43b 2905 ± 94c 2009 8.26 ± 0.15b 9.8 ± 0.32c

Table 2
Tannin specific activities (NTU ml�1 seed extracts) of seed extracts towards BSA at pH
5.0 (A) and nephelometry measurements (slope) with different concentrations of
polyphenols (B). Different letters denote significant differences (p < 0.05).

Post-veraison Harvest

Vineyard 1
A NTU
2008 14.2 ± 0.6a,b 21.4 ± 0.3c

2009 11.3 ± 2.6a 18.2 ± 0.5b,c

Vineyard 2
2008 14.0 ± 2.5a 18.7 ± 0.9c

2009 19.0 ± 0.5c 21.0 ± 1.7c

Vineyard 1
B Slope
2008 287 ± 7.7a 362 ± 8.5b

2009 51 3 ± 8.1d 676 ± 11.4f

Vineyard 2
2008 285 ± 8.3a 406 ± 11.1c

2009 381 ± 12.1b 534 ± 10.1e

654 R. Ferrer-Gallego et al. / Food Chemistry 135 (2012) 651–658



Author's personal copy

calculated constants from the modified Sterm–Volmer (Kapp) and
the bimolecular constant (Kq). The bimolecular constant allows
establishing that the quenching is due to a complex formation with
proteins that affect tryptophan’s microenvironment. The Kq of the
extracts was always higher than 1010 M�1 s�1 which suggests a
complex formation between the extracts of seeds and these pro-
teins. In most instances, Kapp values show significant differences
between the two degrees of ripening studied. Generally, BSA ob-

tained Kapp values are higher than a-amylase values, which could
explain better selectivity of BSA (to bind polyphenols). It is worth
mentioning that other authors have found values of Sterm–Volmer
quenching constants higher in a-amylase than BSA with isolated
phenolic compounds (Soares et al., 2009).

3.2. Nephelometry measurements

This technique was used to assay the influence of the seed rip-
ening on their ability to form protein–tannin insoluble aggregates.
The increase in the concentration of polyphenols always produces
a greater increase in the relative intensity when the seeds are ripe
(Table 2A). A nephelometry constant value was obtained directly
from the slope of intensity vs. concentration of seed extract (Table
2B). The higher values were always found in the riper extract and
all of them show significant differences. The assay using an HACH
2100N laboratory turbidimeter also confirmed these results.

3.3. Chemical analysis

Up to 38 phenolic compounds were identified by HPLC–DAD-
MS and they were grouped, taking into account their degree of

Table 3
Polyphenol total index (PTI) measured at 280 nm and HPLC analysis (mg-g-1 of seed)
at post-veraison and harvest stages.

Abs.
280 nm

PTI (polyphenol total
index)

HPLC mg g�1 of seed

Post-
veraison

Harvest Post-
veraison

Harvest

Vineyard 1
2008 0.95 ± 0.03 0.77 ± 0.02 2008 62.1 ± 2.8 29.8 ± 1.0
2009 0.63 ± 0.01 0.53 ± 0.05 2009 34.1 ± 2.8 25.5 ± 4.9

Vineyard 2
2008 0.94 ± 0.03 0.77 ± 0.02 2008 64.4 ± 1.3 30.7 ± 0.5
2009 0.73 ± 0.03 0.55 ± 0.05 2009 44.0 ± 0.9 29.4 ± 0.9

Fig. 3. Content of the main catechins and procyanidins present in the seed extracts determined by HPLC-DAD-MS. Abbreviations: M, monomers; D, dimers; T, trimers; TET,
tetramers; DG, galloylated dimers; TG, galloylated trimers; and TTG, total galloylated.

R. Ferrer-Gallego et al. / Food Chemistry 135 (2012) 651–658 655
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polymerization and galloylation. In general, the contents of procy-
anidins of seeds reach a maximum in veraison and then there is a
decrease and stabilization up to the time of harvest (De Freitas &
Glories, 1999; De Freitas et al., 2000; Downey et al., 2003; Kennedy
et al., 2000). Table 3 shows the polyphenol total index (PTI) mea-
sured at 280 nm and total polyphenols (mg g�1 of seed) quantified
by HPLC-DAD. According to both techniques, the larger content of
phenolic compounds always corresponds (with significant differ-
ence) to the post-veraison time. Fig. 3 shows the contents of main
oligomeric proanthocyanidins in seeds at post-veraison and
harvest (unripe and ripe); monomers are generally the major flav-
anol, as previously reported (Da Silva et al., 1991; De Freitas,
Glories, Bourgeois, & Vitry, 1998; Escribano-Bailón et al., 1992;
Kennedy et al., 2000; Santos-Buelga et al., 1995). Monomers and
total galloylated compounds showed the greatest variations,
decreasing to 42% and 48%, respectively, in 2008. Dimers, trimers
and tetramers show little variation during maturation.

A larger phenolic content does not seem to involve a larger
affinity towards proteins (Tables 1–3). This result could show the
importance of the qualitative profile of grape seed extracts for their
ability to form tannin–protein aggregates. The size and structural
features, such as the presence of galloyl groups, affects the affini-
ties to bind to proteins and the environment of tryptophan resi-
dues (Mateus & de Freitas, 2001; Soares et al., 2009). This ability
increases with the rise of molecular weight (increase of catechol
moieties) (Charlton et al., 2002; Luck et al., 1994; Porter & Woo-
druffe, 1984; Saito, Toki, Suga, & Honda, 1998; Soares et al.,
2009). Results obtained show that the degree of ripeness affects
the ability of seed proanthocyanidins to bind to proteins. Ripe
seeds have more affinity to bind proteins than have unripe seeds,
despite their lower content of phenolic compounds.

During ripening, there is a decrease in the proanthocyanidin
content of grape seeds. However, this decrease is not homoge-
neous, occurring mostly for monomeric and galloylated com-
pounds. This reduction in monomeric and galloylated compounds
leads to a relative abundance of higher molecular weight
compounds at harvest time (Fig. 4). These more polymerized com-
pounds have higher affinity for proteins and could explain the
higher reactivity seen with ripe grape seeds, even with a lower
tannin content.

3.4. Sensory analysis

Fig. 5 shows the values obtained in sensory analysis, for both,
astringency and tannic intensity properties. Differences between
post-veraison and harvest time were clearly observed. The results
also illustrate differences in vintages and vineyards studied. It is
noticeable that 2008 was a vintage more astringent and tannic
than was 2009. Also, vineyard 1 showed slightly lower values than
did vineyard 2.

A higher ability of grape seed extracts to bind to proteins when
the seeds are ripe could lead to the conclusion that these are more
astringent but this is not the case. The sensory analysis shows,
therefore, an inverse relationship with fluorescence quenching
and nephelometry measurements. An explanation could be that,
as seeds ripen, their tannins increase in molecular mass, which
likely relates to an increase in hydrophobicity of the molecules
and this increases protein affinity. Also, it may be possible that
the tannin–protein interaction is not the only explanation for the
complex sensation of astringency. Note, for instance, the effect that
carbohydrates from grapes have on the interaction between tan-
nins and proteins (Carvalho et al., 2006; De Freitas et al., 2003).

Fig. 4. Relative abundance in mass spectrometry analysis of phenolic compounds in the seed extracts. Grey: harvest, White: post-veraison.

Fig. 5. Sensory analysis of grape seeds at two different stages of maturity.
Astringency (A) and tannic intensity (TI).
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3.5. Chemometric analysis

In order to evaluate the relationship between sensory parame-
ters, phenolic composition of grape seed samples, fluorescence
and nephelometry, principal components analysis (PCA) was ap-
plied. Fig. 6 shows the loading plot (Fig. 6A) on the plane defined
by the first and second principal components (Fig. 6B) and also
the corresponding projection of samples. The first principal compo-
nent (PC 1) describes 60.80% of the variability in the data and the
second (PC 2) 21.05%. The samples are represented at post-verai-
son (PV) and harvest time (H). The samples are clearly separated
in PC 1 (Fig. 6B). It is also noticeable that the H samples present
a homogeneous pattern.

Fig. 6A shows a relationship between astringency (A) and tannic
intensity (TI) and, to a lesser extent, between polyphenols total
index (PTI) and content of phenolic compounds determined by
HPLC-DAD-MS. The loadings plot (Fig. 6A) shows an opposite pat-
tern among sensory properties (A and TI) and the techniques used
to evaluate the interactions of tannin–proteins (F: fluorescence and
N: nephelometry). Also, an opposite pattern occurs among the con-
tents of phenolic compounds and nephelometry and fluorescence
measurements. This pattern suggests that a higher content of
phenolic compounds does not involve a major ability to bind to
proteins. The grape seeds at harvest time have more of a relation-
ship with fluorescence and nephelometry. However, unripe seeds
are more related to sensory properties (Fig. 6A and B).

4. Conclusions

Results show that grape seed extracts present good ability to
bind to proteins. The association strength of tannin–protein inter-
actions varied with changes to the tannin structure associated with
the degree of ripeness. The seed extracts, at harvest stage, showed
more ability to bind proteins than at post-veraison time. Therefore,
as seeds ripen, their tannins increase in molecular mass, which
relates to an increase in hydrophobicity of the molecules and this
increases protein affinity. However, this is contrary to reported
decrease in astringency of grape seeds during maturity. This could
indicate that the tannin–protein interaction is not the single
explanation for the complex sensations of astringency of grape
seeds.
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