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The presence of phenolic compounds can make a great contribution to the perception of astringency in 
red wines based on their interactions with proteins. Human salivary protein and bovine serum albumin 
were used in this study to investigate the relationship between astringency and polyphenol composition. 
The interactions between polyphenols and proteins were analysed by means of electrophoresis and 
fluorescence spectra, and they were further confirmed by sensory analysis. The results indicate that a 
positive correlation existed among the percentage of polymeric proanthocyanidins and the total phenols. 
Additionally, astringent wine was generally identified as having a high percentage of polymeric fragments. 
In comparison with other fractions, polymeric fractions exhibited the highest affinity for protein, and thus 
the highest astringency. 

INTRODUCTION
Phenolic compounds are partly responsible for the organoleptic 
properties of wine, including the colour, astringency and 
bitterness, as well as for the physiological effects (Monagas 
et al., 2003). These compounds can be categorised as 
flavonoids (flavonols, flavan-3-ols and anthocyanins) and 
non-flavonoids (stilbenes, hydroxycinnamic acids and 
benzoic acids) (Obreque-Slier et al., 2010).

Red wine represents a very rich source of phenolic 
compounds, especially flavanols, monomers, as well as 
oligomeric and polymeric proanthocyanidins (Mattivi et al., 
2009). The majority of phenolic compounds are extracted 
from grape seeds and skins during the fermentative maceration 
process in winemaking. Grape seed tannins consist of mainly 
catechin and epicatechin, with the degree of polymerisation 
(DP) ranging from 2 to 17 (Mcrae & Kennedy, 2011). Skin 
tannins have a higher average DP than seed tannins and are 
composed of procyanidins and prodelphinidins (Travaglia 
et al., 2011). The sizes of skin tannins have been reported 
to be within the DP range of 3 to 83. Several studies have 
shown that saliva protein appears to have a higher affinity 
for condensed tannins than for hydrolysable tannins, and 
for polymers over monomers. Increasing the DP of phenolic 
compounds increases their ability to precipitate proteins, as 
well as their relative astringency, up to a given degree of 
polymerisation (Vidal et al., 2003; Cheynier et al., 2006; 
Bajec & Pickering, 2008: Rinaldi et al., 2010).

Astringency, an essential characteristic of red wine, 
refers to “the complex of sensations due to shrinking, drawing 
or puckering of the epithelium as a result of exposure to 

substances such as alums or tannins” (Gawel, 1998). Different 
mechanisms have been proposed for astringency, such as 
the disruption of oral lubrication coatings, the inhibition 
of sodium ion channels on the oral epithelia, and a three-
stage model of the interaction between tannins and proteins 
(Simon et al., 1992; Lee et al., 2012; Ma et al., 2014). It is 
generally accepted thus far that interactions between saliva 
proteins and tannins play a significant role in astringency. 
The most direct assessment method of astringency appears 
to be sensory analysis, through which the testers can 
perceive the physiological response. Nevertheless, as this 
method contains a certain degree of subjectivity, it is hard 
to guarantee the accuracy and repeatability of the method. 
In reference to the mechanism of astringency, dynamic light 
scattering methods (DLS), nuclear magnetic resonance 
(NMR) and mass spectrometry (MS) have been applied to 
evaluate the intensity of astringency (Simon et al., 2003; 
Poncetlegrand et al.; 2006, Scollary et al., 2012). It is 
difficult to evaluate the perception of astringency by taking 
into account only one of the proposed methods. In this 
context, the interactions between polyphenols and proteins 
were evaluated by electrophoresis and fluorescence spectra, 
and they were further confirmed by sensory analysis.
More specifically, the main objectives of this study were 
to investigate the relationship between astringency and the 
polyphenol composition, and then to evaluate the impact of 
different phenolic fractions on the astringency of red wine 
samples. 
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MATERIALS AND METHODS
Reagents
Bovine serum albumin (BSA), p-dimethylaminocinnamal-
dehyde (DMACA), and Folin-Ciocalteu’s phenol reagent 
were all purchased from the Sigma Chemical Co. (St. Louis, 
MI, USA). The SDS-PAGE kit was purchased from Shanghai 
Solarbio Bioscience & Technology Co., Ltd (Shanghai, 
China).

Fractionation of phenolic compounds by solid-phase 
extraction 
Twenty millilitres of wine was fractionated by utilising 
Waters C18 Sep-Pak cartridges according to the method of 
Sun et al. (1998), with slight modifications. The cartridges 
were conditioned by rinsing with 10 mL of methanol and 
20 mL of distilled water. After conditioning, the cartridges 
were loaded with the sample and washed with 10 mL of 
distilled water, 25 mL of ethyl acetate and 15 mL of methanol. 
The wine could be separated into three fractions by different 
organic solvents: F1 (phenolic acids), F2 (monomeric flavan-
3-ols and oligomeric proanthocyanidins) and F3 (polymeric 
proanthocyanidins). All fractions were evaporated to dryness 
(T < 35°C) and dissolved in 10 mL of a model wine solution 
(5 g/L tartaric acid, 12% v/v ethanol, adjusted to a pH of 3.6 
with 1 mol/L NaOH).

The total phenols and total flavanols of samples
The total phenolic content of the wine samples and three 
fractions was measured by the Folin-Ciocalteu method 
(Singleton & Rossi, 1964). The absorbance was determined 
at 765 nm using gallic acid (GAE) as a standard. The total 
flavanol content was determined by absorptiometry at 640 nm 
using 0.1 mL of sample and 3 mL of 0.1% DMACA solution 
(0.1% in 1 mol/L HCl in methanol) (Meng et al., 2012). The 
results were expressed as catechin equivalents (CTE).

The evaluation of astringency
Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE)
Human saliva (HS) was obtained by mixing saliva samples 
from four healthy, non-smoking individuals (two males 
and two females) between 10:00 and 11:00. Before saliva 
collection, the volunteers are not permitted to consume 
any beverages or food for 2 h. The resulting mixture was 
centrifuged for 10 min at 10 000 g to remove any insoluble 
material, and the supernatant was referred to as HS (Bacon 
& Bacon, 2000; Rinaldi et al., 2012).

After binding for 5 min at 25ºC, interaction mixtures 
(300 μL of HS and 150 μL of sample) were centrifuged at 
10 000 g for 10 min. The supernatant was mixed with an 
equal volume of 2 x electrophoresis sample buffer (1 mol/L 
Tris–HCl, 4% SDS, 20% glycerol, 0.2 mol/L DTT, 0.1% 
bromophenol blue, pH 6.8), heated at 100ºC for 5 min, and 
analysed by SDS–PAGE using 12% acrylamide resolving 
gel and 5% acrylamide stacking gel. The gel was run at 100 
V for the stacking gel and 120 V for the resolving gel. The 
gel was then stained with Coomassie  brilliant blue R250 
(0.1% in 45% methanol and 10% acetic acid) and de-stained 
in a mixture of acetic acid, methanol and deionised water 
(10:10:80) (Gambuti et al., 2011; 2013). 

The SPI (salivary protein precipitation index), an index 
evaluating the precipitation abilities of phenolic compounds 
with HS, was obtained by calculating the percentage of 
reduction in the optical density of two bands (at 54 to 59 kDa 
and at 15 kDa) after interacting with the samples (Rinaldi 
et al., 2015). 

Fluorescence spectrum
BSA was diluted to 1.0 × 10-6 mol/L in 1 mol/L Tris-HCl 
buffer (pH 7.4) and 0.1 mol/L NaCl. Two hundred microliters 
of an appropriately diluted (wine 1 000-fold, F1, F2 and F3 
10-fold) sample was added to 3 mL of 1.0 × 10-6 mol/L BSA 
with sufficient mixing. After reacting at room temperature 
for 5 min, the fluorescence spectra were recorded on a 
970CRT fluorescence spectrophotometer using 5.0 nm 
excitation and 10.0 nm emission slit widths. Samples were 
scanned at emission wavelengths from 285 to 450 nm, and 
the fluorescent intensity was determined under excitation at 
280 nm (Le Moigne et al., 2008; Pinto et al., 2010).

Sensory evaluation 
The sensory characteristics of the wines were evaluated by a 
trained panel of 11 judges with rich experience in taste tests. 
The panellists were provided with 30 mL of wine at room 
temperature (18°C to 20°C) in standardised tasting glasses, 
labelled with random three-digit numbers. All samples were 
expectorated and tap water was provided for mouth-rinsing 
between samples. The wines were evaluated in triplicate by 
each panellist. A 4-min break was taken between samples. 
The intensity of astringency was evaluated using a 14-point 
scale (1: null; 14: very strong) (Ferrer-Gallego et al., 2010; 
Stamatina et al., 2015).

Statistical analysis 
The results are expressed as the mean ± standard deviation 
of three repetitions. One-way analysis of variance (ANOVA) 
was performed to verify significant differences at P ≤ 0.05 
using DPS7.05 (Hangzhou Reifeng Information Technology 
Co., Ltd, Hangzhou City, Zhejiang Province). Additionally, 
linear correlations were calculated between the percentages 
of the three fractions and the total phenols of red wines.

RESULTS
The content and composition of the phenolic compounds 
of red wines
The total phenolic (TP) content and total flavanols (TFA) of 
the wines can be seen in Table 1 and Fig. 1A. TP and TFA 
values determined in the tested wines were found to vary 
from 1 439.76 mg GAE/L to 2 965.95 mg GAE/L and from 
439.36 mg CTE/L to 1 367.73 mg CTE/L respectively.

Additionally, the percentages of the three different 
phenolic fractions were calculated by dividing the TP of each 
fraction by the sum of the three parts. As shown in Fig. 1B, 
the total percentages of F1 and F2 were found to range 
from 29.16% to 69.57%. Furthermore, wines 2 and 16 were 
observed to exhibit a lower proportion of F1 + F2 together 
with the weaker astringency intensity. The sensory scores 
for astringency obtained for those wines were 4.20 and 4.70 
respectively. In contrast, significantly higher proportions of 
F1 + F2 were observed in wines with insufficient polyphenols 
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(for example, samples 2, 13, 16 and 23). The proportion of 
F3 increased progressively from 30.43% to 70.84%. More 
specifically, a significantly higher percentage of F3 was 
found in wines 3 and 4 (66.09% and 70.84% respectively). 
Alternatively, wines 3 and 4 had the strongest astringency 
ratings, with scores of 11.6 and 10.90. Interestingly, the 
percentage of F3 was far predominant over F1 + F2 in 
phenol-rich wines (for example, wines 3, 4, 8 and 12).

To better state the correlation between the percentages 
of F3 and sensory scores of red wines, Fig. 2A presents the 
regression coefficients and equations. To some extent there 
was positive correlation between the percentage of F3 and the 
sensory score, and their correlation coefficient was 0.8307. 
Total phenols also possessed a certain positive correlation 
with the sensory score (r = 0.7285), as illustrated in Fig. 2B. 
By comparing the correlation coefficients, the correlation 
between the percentage of F3 and the sensory scores was 
higher than that of total phenols.

SDS-PAGE
An obvious decrease in the optical density was detected 
in all wines, and the SPI values ranged from 41.42% to 
91.50%. As expected, these wines showed different binding 
capacities with HS. With regard to the different degrees of 
fractions, F3 possessed the highest SPI, with an average 

level of 58.36%. In addition, values for optical density after 
interacting with HS were significantly higher in both F1 and 
F2. The average reduction percentages were 36.50% in F1 
and 36.45% in F2. Nevertheless, it is still not clear which 
one possesses a stronger affinity for saliva protein. Higher 
SPI values of F1 were observed for samples 16 and 21. The 
situation is reversed in samples 18 and 23.

Fluorescence spectrum
Fig. 3 shows the fluorescence emission spectra of BSA in the 
presence of wines F1, F2 and F3 at 25ºC. The fluorescence 
intensity of BSA in the absence of samples at the emission 
maximum (335 nm) was approximately 541.68. It was 
observed that, for BSA, there was a noticeable decrease in 
the fluorescence intensity upon binding to F1, F2 and F3. As 
better shown in Fig. 3, F3 exhibited a significantly stronger 
function of quenching the fluorescence of BSA than the other 
fractions. Among a portion of those samples (for example 19 
and 23), the intensity decreased in the order F1 > F2 > F3, 
which means that F2 possessed a higher affinity for BSA 
than F1. However, in other samples (for example 18 and 21), 
the change in the fluorescence intensity of BSA during the 
addition of F1 was higher than for F2. These results are in 
agreement with the findings of SDS-PAGE.

FIGURE 1 
(A) The total phenols and flavanols of the wines; (B C) Linear regression lines between the percentages of the three fractions 

(B: F1 + F2; C: F3) and total phenols of the wines.
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DISCUSSION
Astringency, an important attribute of red wine, has been 
shown to be dependent on the ethanol concentration, pH 
and polysaccharose, and especially the concentration 
and composition of phenols (Gawel, 1998). In this study, 
general analytical parameters, including the TP and TFA, 
demonstrated that wine enriched with polyphenols exhibited 
higher total flavanol contents. 

The vast majority of polyphenols in red wines are 
derived from grape seeds and skins. Seed tannins differ 
from skin tannins largely by their lower mean degree of 
polymerisation and the absence of prodelphinidins (Brossaud 
et al., 2001). Several reports have demonstrated that the 
degree of polymerisation of polyphenols is associated 
with their binding capacity with protein and the perceived 
astringency (Gambuti et al., 2006). To better explore 
the relationship between the concentrations of different 
phenolic fractions and astringency, each wine was generally 
separated into the following three fractions: phenolic acids; 
monomeric flavan-3-ols and oligomeric proanthocyanidins; 

FIGURE 2 
(A) The total phenol against astringency scores; (B) The percentages of F3 against astringency scores.

FIGURE 3 
Fluorescence quenching of different phenolic fractions (A: wine 17; B: wine 22) and BSA interactions at 25°C: (1) BSA; (2) 

BSA + F1; (3) BSA + F2; (4) BSA + F3.

and polymeric proanthocyanidins. Furthermore, the TP 
and TFA in the fractions were determined. With regard to 
these fractions, polymeric proanthocyanidins exhibited the 
highest TP and TFA values and accounted for the highest 
proportion of polyphenol concentration in polyphenol-rich 
wines (except in wine 2). As expected, from comparing 
these results and the sensory analysis data, astringent wine 
was identified to present a high percentage of polymeric 
proanthocyanidins. Also, by comparing the correlation 
coefficient, the correlation between the percentage of F3 
and the sensory scores was higher than that of total phenol. 
In previous reports, the intensity of astringency has been 
demonstrated to be highly positively correlated to total 
phenols. Nevertheless, according to Fernandez et al. (2007), 
although Carménère wines have a higher proanthocyanidin 
concentration than Cabernet Sauvignon wines, the latter 
wines were perceived as more astringent. The low seed/skin 
proportion in Carménère wines compared to other varieties, 
and the greater amount of epigallocatechin subunits, could 
explain this phenomenon. Alternatively, our results are 
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consistent with the findings of Vidal et al. (2003), who 
indicated that polymeric proanthocyanidins could be the 
main contributors to the perception of astringency in wine.

Protein–polyphenol interactions commonly cause the 
perception of astringency present in red wines. Based on 
this mechanism, several techniques and methods, including 
high performance liquid chromatography, nuclear magnetic 
resonance (NMR) and electrophoresis, have been applied 
to investigate astringency. Since fluorescence spectra and 
electrophoresis possess the advantage of being simple 
and convenient, they are the most common and reliable 
approaches to evaluate the intensity of astringency. A large 
number of experiments have demonstrated that the perceived 
astringency of red wine is correlated with the percentage 
of band protein reduction of the salivary proteins. Rinaldi 
et al. (2010) evaluated the astringent capacity of wines 
enriched with commercial tannins (CTs) by SDS-PAGE and 
demonstrated that the wine matrix influenced the astringency 
of CTs. Furthermore, et al. (2015) carried out fluorescence 
and ultraviolet spectroscopic evaluation of phenolic 
compounds, antioxidants and binding activities in some kiwi 
fruit cultivars. Fewer studies are available on the role played 
by different phenolic fractions in wine astringency using 
the methods of electrophoresis and fluorescence spectra. 
The comparison of the salivary protein electrophoretogram 
after reacting with three different phenolic fractions 
(Fig. 4) shows that the decrease in band density for F3 is 
more evident than for F1 and F2. At the same time, the 
polymeric proanthocyanidins were found to possess higher 
SPI than the other fractions. This conclusion is corroborated 
by the findings of fluorescence spectral measurements, 
which show that polymeric fractions exhibit a significantly 
stronger quenching of the fluorescence of BSA. 

CONCLUSIONS
In summary, a positive correlation was observed among the 
percentages of polymeric proanthocyanidins and the total 

FIGURE 4 
SDS-PAGE of saliva supernatant after the binding reaction between human saliva (HS) and the different phenolic fractions 
(A: wine 18; B: wine 23): (MW) markers [molecular mass (kDa) as marked on the left-hand side]; (lane 1) HS (human saliva) 

+ wine; (lane 2) HS + F1; (lane 3) HS + F2; (lane 4) HS + F3.

phenols. Moreover, the results indicate that astringent wines 
generally showed high percentages of polymeric fragments. 
Three different phenolic fractions exhibited different effects 
on the perception of astringency. Specifically, polymeric 
proanthocyanidins presented the strongest binding affinity 
for proteins and, relatively, the highest astringency. 
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