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Abstract 

Understanding the molecular basis for the astringent response of red wine remains an active 

area of research. The first component of this review examines the evidence for the existence 

of molecular assembly processes, particularly involving proanthocyanidins, proteins and 

polysaccharides. The need for competitive studies involving other wine components on the 

aggregation processes is identified. Secondly, we examine the impact of molecular assembly 

on the methodology used to assess astringency, arguing that gustation experiments should be 

designed around wine in its natural state. Finally, the possibility of finding commonalities 

between sensory descriptors for astringency and analytical measurements on the wine in its 

natural state is outlined. 
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Terminology 

The relevant literature to be reviewed uses several terms to describe red wine tannins 

including tannin, condensed tannin, non-hydrolysable tannin and proanthocyanidin. The term 

proanthocyanidin will be used in this review. 

 

Introduction 

There has been extensive research on sensory aspects of red wine over the last 20 years or 

more, attempting to describe the relationship between proanthocyanidin (tannin) 

concentration and composition and the mouthfeel of wine. Despite this research, the same 
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questions regarding astringency response of red wine keep arising. These include identifying 

the main drivers of mouthfeel responses, especially whether astringency perception is only a 

consequence of precipitation between proanthocyanidins and proteins, and what is the 

influence of proanthocyanidin modification (ethyl-bridged compounds, pyranoanthocyanins) 

during wine ageing on sensory perception. 

 

More recent questions link to a broader appreciation that components of the wine matrix other 

than proanthocyanidins may influence the response of the taster. Gawel (1998) raised this 

issue in his review of red wine astringency. The issues that are now being added to the above 

questions include a possible influence on sensory response from colloidal particles that may 

form in wine from proanthocyanidin-protein interactions and remain in solution (ie: do not 

precipitate) and how polysaccharides influence the astringency response. This leads to the 

question of the role of molecular assembly on the perception of astringency. 

 

This review will present a detailed discussion of the evidence for molecular assembly 

processes in red wine, a concept that was first introduced in 1966 but overlooked until the last 

10 years or so. It will extend the ideas presented by Scollary (2010) and McRae and Kennedy 

(2011). It will be argued here that molecular assembly processes are likely to impact on the 

method of assessment of red wine astringency. Directions for future research are suggested 

that will lead to a more comprehensive understanding of the mechanisms of 

tannin/protein/polysaccharide molecular assemblies in relation to the astringency perception. 

 

Interactions in the wine matrix: molecular assembly 

The concept of molecular association is related to the creation of some form of aggregation of 

molecules in the wine matrix. Molecular associations are well established in foods generally, 
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but only in the last 10 to 12 years has there been a renewal of interest in this concept with 

respect to wine properties. Somers (1966), however, first proposed an assembly model 

following experiments on the isolation of pigmented wine tannins by gel filtration, suggesting 

that the ease with which the pigmented component of the extract is released by mild acid 

treatment implied that the pigmented molecules are “physically rather than chemically 

incorporated into the three dimensional tannin structure”. In a subsequent analysis of the 

polymeric nature of pigments in red wine, Somers (1971) interpreted his chromatographic 

data as implying that the polymeric pigments are associated with hydrophilic molecules, most 

probably as molecular aggregates. 

 

Speculation about the existence of larger pigmented polymers as aggregates or actual 

chemical molecules is reasonably common in the recent literature (see, for example, Santos-

Buelga and de Freitas (2009) and Salas, Dueñas, Schwarz, Winterhalter, Cheynier, & 

Fulcrand (2005)). Importantly, Santos-Buelga and de Freitas (2009) suggest that 

methodological issues may be significant in the interpretation of the results. Citing their own 

unpublished data on the chromatographic analysis of red wine pigments, they observed that 

when diluted the red wine showed the appearance of monomeric anthocyanins that were not 

present in the original chromatographic hump (Santos-Buelga and de Freitas, 2009). This 

could readily be interpreted as some form of dispersion of an assembly of molecules. 

 

Molecular association involving anthocyanin pigments and other phenolic compounds has 

been described as the basis for the copigmentation or colour enhancement effect in red wine 

(Boulton, 2001). Recent work has shed new light on the balance of the self-association of 

malvidin-3-glucoside (the ‘model’ anthocyanin) versus copigmentation ‘stacking’ of the 

anthocyanin/copigment molecules (Lambert, Asenstorfer, Williamson, Iland, & Jones, 2011). 
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This work demonstrated the ability of a molecular association process to impact on sensory 

(colour) properties of a wine. 

 

Fining wine with protein to soften the astringency response is a common winemaking 

practice. The impact of protein fining on the composition of wine has been recently re-

examined with the observation that only a small proportion of the total phenolic content was 

present in the solid fraction after fining (Maury, Sarni-Manchado, Lefebvre, Cheynier & 

Moutounet, 2001, 2003). In essence, the results showed that there was minimal change to 

wine composition before and after fining yet the sensory analysis showed that there was a 

decrease in astringency after fining. Cheynier et al. (2006) comment that this observation may 

be due to residual protein remaining after fining incorporating potentially astringent tannin 

molecules in a soluble or colloidal form so that they are ‘unavailable’ to generate an 

astringent response, while Terrier, Poncet-Legrand, & Cheynier (2009) refer to “aggregates” 

in their interpretation of these experimental results. 

 

Maury (2001) also observed that the addition of polysaccharides influenced both the extent of 

tannin-protein precipitation and the selectivity of gelatin for higher molecular mass proteins 

implying that other components of the wine matrix are important factors. This was extended 

by Vidal et al. (2004a) in their study of the effect of proanthocyanidins, anthocyanins and 

wine polysaccharides on mouthfeel perception. They showed that factors that promote 

aggregation may increase the intensity of the astringency sensation, although the effect 

appears to be dependent on the type of polysaccharide (Cheynier et al, 2006). 

 

The aggregations that can potentially occur may involve proanthocyanidin-proanthocyanidin, 

proanthocyanidin-protein, proanthocyanidin-polysaccharide and proanthocyanidin-protein-
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polysaccharide interactions. Figures 1 and 2 show schematically the possible interactions that 

can occur. Evidence for each type of interaction is presented before the implications for 

astringency are discussed. 

 

The focus of this review is on aggregation processes involving (+)-catechin and (-)-

epicatechin and the polymeric species formed from these two compounds. These compounds 

may be formed in the grape or by reactions in the wine matrix. Other reactions may occur 

within the wine matrix such as the condensation reaction between a flavan-3-ol and 

acetaldehyde to generate so-called ‘tannin-like’ compounds (Santos-Buelga & Scalbert, 

2000), but there is limited information on aggregation processes (Saucier, Bourgeois, Vitry, 

Roux & Glories, 1997) and are therefore outside the scope of this review. 

 

Analytical methods for examining aggregation processes involving polyphenolic compounds 

with proteins and polysaccharides have recently been reviewed (Le Bourvellec & Renard, 

2012). 

 

Proanthocyanidin-proanthocyanidin interactions 

Aggregation processes of flavan-3-ol monomers and dimers extracted from grape seeds (as 

well as from apple and pear) in a tartaric acid model wine base showed that colloidal 

interactions are important in influencing wine stability, clarification and taste (Poncet-

Legrand, Cartalade, Putaux, Cheynier, & Vernhet, 2003). Using dynamic light scattering 

(DLS) and cryo-transmission electron microscopy, it was shown that the structure of the 

initiating compound, particularly the extent of galloylation of monomer polyphenols, 

enhanced the formation of aggregates. The relationship between the polymer size, as 

measured by the mean degree of polymerisation (mDP), and aggregation was complex with 
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more aggregation being observed with mDP values of 8 to 10. The authors also argued that 

the higher solubility of proanthocyanidins with large mDPs (15 and higher) may be due to the 

ability of the large molecule to adopt a conformation that enhances solubility, an issue that 

may impact on astringency perception.  

 

Zanchi et al. (2007) examined the interactions between grape seed proanthocyanidins (mDP = 

11) in aqueous ethanol solutions using small angle neutron scattering (SANS), DLS, 

analytical ultracentrifugation (AUC), and capillary electrophoresis (CE). The 

proanthocyanidin used was found to contain three fractions, labelled T1 (minor amount), T2a 

(33%) and T2b (65%). Component T1 was hydrophobic and was found to form colloidal 

particles up to 60% ethanol. Both T2 fractions were soluble (‘molecularly dissolved’) up to 

12% ethanol. The hydrophobic character of the T1 fraction is shown to be a consequence of 

the fraction being an oxidised proanthocyanidin (Zanchi, Poulain, Konarev, Tribet & Svergun, 

2008a). When the ‘tannin’ solution in ethanol was mixed slowly into an aqueous buffer, the 

resulting colloidal aggregates were spherical with radii between 100 and 200 nm with a 

smooth surface. This mixing approach modelled the slow extraction of tannins during 

winemaking which it was argued by Zanchi et al. (2008a) is always at low supersaturation. 

On the other hand, when rapid mixing of the tannin solution and aqueous buffer was 

employed, high supersaturation conditions were obtained leading to rapid aggregation. 

Fractal, rather than spherical, aggregates resulted from this approach (Zanchi et al., 2008a). 

High supersaturation conditions are improbable during extraction from grape skins and seeds 

during winemaking, but could result when exogenous tannin (Parker et al., 2007) is added. 

Further, and as discussed below, spiking wines with monomeric flavan-3-ols or 

proanthocyanidins in sensory studies may also change the saturation status of the wine matrix 

leading to a change in the type of aggregate with consequent sensory impact. 
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One issue that must be faced when dealing with proanthocyanidins extracted from grape seeds 

or skins is that the exact composition cannot be specified. While separating proanthocyanidins 

based on the effective molecular mass (mDP) is achievable to some extent, there is no 

procedure presently available to quantify the arrangement of individual flavan-3-ol monomers 

within the polymeric molecule (Herderich & Smith, 2005). The diasteroisomerism at C3 of 

(+)-catechin and (-)-epicatechin and the capacity to link between C4 of one unit to either C6 

or C8 of another gives rise to the possibility of multiple isomers: 8 for a dimer, 32 for a trimer 

and 128 for a tetramer. As the structural characteristics of the isomers could influence the 

aggregation process and the consequent colloidal structure, knowledge of individual isomer 

behaviour is essential. 

 

Rather than use extracted proanthocyanidins, an alternative approach is to synthesise 

oligomeric proanthocyanidins. Such an approach was been adopted by Pianet et al. (2008) and 

extended by Cala et al. (2011). In the initial study, the self-association processes of 

monomeric (+)-catechin, (-)-epicatechin and epigallocatechingallate (EGCG) as well as four 

dimers and one trimer of known structural integrity were examined (Pianet et al, 2008). 

Diffusional (DOSY) NMR in an aqueous medium showed that the monomers undergo self 

association with a high affinity constant (37 – 53 M-1) and low critical micelle concentration 

(cmc; 1 – 5 g L-1) leading to, in the case of catechin and epicatechin only, micelle aggregation 

and the formation of a haze or precipitate (no particle size was given). With the dimers and 

trimer, the micelles were small (less than 5 nm) and the affinity constants were lower 

(approximately 6 M-1) and the cmc values were higher (between 10 – 20 g L-1). Ethanol (10 % 

v/v) did not affect the aggregation process, but led to increased cmc values and a reduction in 

the micelle size. Similar observations regarding the aggregation process, including aggregate 
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size, were made by Cala et al. (2011) in their study of synthesised C4-C8 proanthocyanidins 

(dimer to tetramer). Micelle organisation was described by Pianet et al. (2008) as more π-π 

stacking, rather than hydrogen bonding that seems to dominate proanthocyanidin-protein 

interactions (see below). The claim by Pianet et al. (2008) that, at wine concentrations, only 

monomeric flavan-3-ols are capable of forming colloids is potentially significant for the 

design of gustation experiments on astringency perception. 

 

These studies using well-characterised oligomeric proanthocyanidins have opened up a new 

approach to the behaviour of these molecules in solution. There is a commonly expressed 

view that proanthocyanidin solubility decreases with increasing size, based more on an 

assessment of astringency than on actual molecular mass measurements (see discussion in 

Goldstein & Swain, 1963; Foo & Porter, 1980; Lea, 1990). Contrary to this view, it can now 

be demonstrated that the conformational arrangements and aggregation processes of the larger 

molecules leading to the hydrophobic parts being ‘hidden’ that results in higher solubility in 

aqueous ethanol solutions. The importance of these observations for interactions with proteins 

cannot be underestimated. 

 

Proanthocyanidin-protein interactions 

Interactions between proteins and proanthocyanidins are well-recognised as playing a role in 

wine sensory properties, especially astringency perception, as well as haze formation and 

inhibition of enzyme activity. There would appear to be little specificity in terms of either the 

protein or the flavonoids, although proteins rich in proline (PRPs) have a high affinity for 

interacting with proanthocyanidins. 
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In an attempt to determine proanthocyanidin specificity, DLS and small angle X-ray 

scattering (SAXS) were used to examine the influence of the monomeric flavan-3-ol, EGCG, 

and proanthocyanidins on the aggregation of a glycosylated PRP (GPRP) (Pascal, Poncet-

Legrand, Cabane & Vernhet, 2008). It was observed that for the EGCG monomer, there was a 

threshold EGCG/GPRP ratio at which aggregation occurred. However, when 

proanthocyanidins were used, aggregation occurred at lower GPRP concentrations and lower 

tannin/GPRP ratios. Pascal et al. (2008) proposed that the relationship determining the 

proanthocyanidin/PRP aggregation is probably the consequence of multiple bonding 

occurring, as proposed by Cartalade and Vernhet (2006) in their adsorption isotherm study of 

proanthocyanidin binding to surfaces. Nephelometry has been used to study the interactions 

between bovine serum albumin (BSA) (Carvelho, Mateus, & de Freitas, 2004) or salivary 

proteins were used (de Freitas and Mateus, 2001a) and proanthocyanidins extracted from 

grape seeds. The ability of proanthocyanidins to bind PRPs and α-amylase increased with the 

average molecular mass of the proanthocyanidin fraction. In addition to molecular mass, there 

would appear to be a structural influence as flavan-3-ol dimers linked C4-C8 were more 

effective than those with a C4-C6 linkage (de Freitas and Mateus, 2001b). Similar results 

were obtained using fluorescence quenching (Soares Mateus, & de Freitas, 2007). In essence, 

these studies have demonstrated a complex relationship between proanthocyanidin size and 

structural linkage, proanthocyanidin/protein ratio and colloidal stability. The implication of 

these results for astringency assessment requires further investigation. 

 

The interaction between proteins and proanthocyanidins is understood to be a combination of 

hydrogen-bonding and hydrophobic effects in the acidic wine matrix, as opposed to 

electrostatic interactions that may occur at basic pH values. The hydrophobic effects are more 

probably van der Waals-London interactions. These interactions have been documented by 
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Oh, Hoff, Armstrong, & Haff (1980), Murray, Williamson, Lilley, & Haslam (1994) and 

Charlton et al. (1996) (see also Santos-Buelga & de Freitas, 2009). Murray et al. (1994) used 

NMR to identify stacking between the phenolic rings of the proanthocyanidins and proline 

residues with hydrogen bonding between the hydroxyl groups on the phenolic B-ring and 

hydrogen acceptor sites of the peptide bond. Further evidence for the two types of bonding 

was obtained in an isothermal calorimetry (ITC) study of the interactions between flavan-3-

ols and poly-L-proline (Poncet-Legrand Gautier, Cheynier, & Imberty, 2007a). Entropy 

changes were interpreted as reflecting the effects of hydrophobicity and conformational 

changes, whilst enthalpic changes reflected the consequences of hydrogen bonding. Similar 

results were obtained in an ITC study of poly-L-proline and grape and wine 

proanthocyanidins (McRae, Falconer & Kennedy, 2010). 

 

The application of DLS, circular dichroism (CD), AUC, electron impact mass spectrometry 

(EIMS), SAXS, NMR and dynamic molecular modelling has provided greater insight into the 

critical factors underpinning proanthocyanidin-protein interactions. The nature of the 

interaction between EGCG and β-casein (Jöbstl, O’Connell, Fairclough & Williamson, 2004) 

and proanthocyanidin B3 inhibition of trypsin enzyme activity (Gonçalves, Mateus, Pianet, 

Laguerre, & de Freitas, 2011) is dependent on the relative amounts of proanthocyanidin and 

protein. Gonçalves et al. (2011) demonstrated that there was a specific interaction between the 

protein backbone and B3 below the cmc for B3 self-association, driven by hydrogen bonding 

whereas above the cmc, the interaction is less specific. This is essentially in agreement with 

the 3-stage model for aggregation proposed for the monomeric EGCG with β-casein (Jöbstl et 

al., 2004). More specific details of the binding between EGCG and a PRP rich protein 

fragment of human saliva (IB5) have been described (Pascal, Paté, Cheynier & Delsuc, 2009). 
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DOSY NMR data suggested the existence of anchorage points for EGCG at preformed 

structural elements in the natively infolded protein.  

 

Simon et al. (2003) investigated the interaction between a wine proanthocyanidin (B3, 

synthesised as the catechin-4α,8-catechin) and IB714, a peptide fragment of human saliva 

protein, using 1H magic angle spinning NMR as well as CD and EIMS. Their results 

suggested the binding of three B3 units with one IB714. The peptide secondary structure was 

maintained on binding of the B3 units, although the conformation flexibility of the peptide 

was reduced. Simon et al. (2003) also suggested that the conformation of the B3 

proanthocyanidin was significant in terms of the binding interaction. Specifically the 

‘tweezers’ conformation of B3 was found to bind to the hydrophilic side of the peptide and 

this observation led the authors to propose that hydrogen bonding between peptide carbonyl 

groups and the OH groups on the proanthocyanidin A and B rings may well be the driving 

force for the association. 

 

The concepts proposed by Simon et al. (2003) were reinforced by Cala et al. (2010) and Cala 

et al. (2011). Using synthesised proanthocyanidin dimers, trimers and a tetramer, interactions 

with IB714 were examined using in particular DOSY NMR and dynamic molecular modelling. 

The important parameters that underpin the proanthocyanidin-protein interactions were shown 

to include whether the proanthocyanidin concentration was above or below its cmc, the 

conformation or three-dimensional structure of the proanthocyanidin, binding site preferences 

and the balance of hydrophilic/hydrophobic bonding. In essence, interactions below the 

proanthocyanidin cmc were specific, leading to well-ordered structures utilising the same 

binding sites on the peptide. Above the cmc, the association was more random utilising 
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hydrophobic interactions. These observations are in agreement with the three-step aggregation 

process proposed by Jöbstl et al. (2004).  

 

An affinity scale for the interaction of oligomeric proanthocyanidins with the peptide 

fragment IB714 was established by Cala et al. (2010) using NMR data. While the trimer 

showed the strongest affinity, the four dimers used in their study differed significantly in their 

ability to interact with the peptide. In essence, the conformation of the dimers appears to be a 

critical factor, as also observed by Simon et al. (2003). Intra-molecular π-bonding dominates 

in the so-called ‘compact’ conformation whereas the open, ‘extended’ conformation has an 

arrangement of phenolic rings that enhances inter-molecular bonding. These observations 

could lead to a potential method for differentiating the astringency response for different 

proanthocyanidins. 

 

The above studies focussed on oligomeric proanthocyanidins and their interaction with a 14-

unit peptide fraction of the human saliva protein. An alternative approach was followed by 

Zanchi et al (2008a) in their study of the effect of a DP11 proanthocyanidin (T2 fraction) on a 

well-defined human salivary PRP (II-1; 150 residues) that contains 51 regularly placed 

proline groups on the hydrophilic side. Using SAXS as a means of studying the aggregation, 

albeit at high ionic strength and in the absence of ethanol, Zanchi et al (2008a) proposed that 

the T2 fraction led well organised protein micelles with a reduction in the effective volume 

ratio of the protein. This volume reduction would bring about a fall in saliva viscosity that in 

turn would reduce lubrication in the mouth. Proanthocyanidin-protein interactions, and not 

precipitation, would therefore underpin the astringent response. The results were reinforced 

through parallel studies on proanthocyanidin assisted aggregation of β-casein (Zanchi et al, 

2008b; Shukla, Narayanan & Zanchi, 2009). 
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Zanchi et al. (2008a) also point out a role of the protein in assisting the solubilisation of 

proanthocyanidins. The protein micelles incorporate the proanthocyanidin molecules within 

the micelle, essentially removing the proanthocyanidins from the hydrophilic solvent. At 

least, this would seem to be the case for smaller proanthocyanidins (Zanchi et al, 2008b), 

especially with β-casein. Proanthocyanidins larger than the crown width (a measure of the 

thickness of the micelle’s hydrophilic hair) of the β-casein micelle result in the formation of 

large assemblies that may lead to phase separation. These observations, if they also apply to 

other proteins, may provide an explanation for the impact of protein during wine fining where 

little or no change in wine composition was found after fining, even though a marked change 

in astringency was recorded (Maury et al., 2001). 

 

Proanthocyanidin-protein-polysaccharide interactions 

The capacity of polysaccharides to inhibit protein-tannin interactions has been established for 

some time (Ozawa Lilley, & Haslam, 1987) with Luck et al. (1994) clearly referring to the 

capacity of polysaccharides to moderate the astringent response in foods and beverages. 

 

Several analytical approaches have been adopted to examine the influence of polysaccharides 

on protein-proanthocyanidin interactions. Nephelometry has been applied to a study of the 

three component polysaccharide/protein/proanthocyanidin aggregations. Polysaccharides 

were found to induce the solubilisation of protein-tannin complexes with pectin, xanthan, 

polygalacturonic acid and gum arabic being effective (de Freitas, Carvalho, & Mateus, 2003). 

There is also a structure/function relationship between the effectiveness of the polysaccharide 

in inhibiting the protein-tannin aggregation, although the conclusions from various studies are 

not always in agreement (Mateus, Carvalho, Luís, & de Freitas, 2004); Carvalho, Mateus, & 
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de Freitas, 2006a). In further investigations using salivary proteins and condensed tannins 

isolated from grape seeds, Carvalho et al. (2006b) found different responses from acidic 

polysaccharides with respect to α-amylase and IB8c, a synthetic proline-rich protein. 

 

The influence of polysaccharides on tannin aggregation has been examined using DLS (Riou, 

Vernhet, Doco, & Moutounet, 2002). Although the effect of protein was not studied, it was 

observed that polysaccharides did not inhibit tannin aggregation. Rather, they affected particle 

size evolution. Neutral arabinogalactanprotein (AGP0) and rhamnogalacturonan-II (RG-II) 

monomer had no effect while manoproteins (MPs) and acidic AGP4 showed a strong 

inhibition effect. The RG-II dimer actually enhanced the mean particle diameter, suggesting 

the possibility of co-aggregation. 

 

The efficiency of MPs as stabilising species decreased as their molecular mass increased 

which led Poncet-Legrand, Doco, Williams, & Vernhet. (2007b) to conclude that steric 

factors might be important. From these observations, Poncet-Legrand et al. (2007b) proposed 

a mechanism where high molecular mass polysaccharides generate ‘bridging flocculation’ 

whereas smaller molecular mass polysaccharides generate high surface coverage which limits 

the interaction between the tannin compounds and results in smaller particles. This 

mechanism is essentially parallel to that suggested by Zanchi et al. (2008b) whereby larger 

proanthocyanidins bring about aggregation of protein micelles through a bridging process. 

Clearly, this mechanism requires further investigation. 

 

Based on studies on the polysaccharide/protein/proanthocyanidin systems in fruits and 

beverages generally, two possible mechanisms for the role of polysaccharides in inhibiting the 

protein-proanthocyanidin interactions have been proposed (Luck et al., 1994; Haslam 1998; 
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see also Mateus et al., 2004). In one case, charged (polyelectrolyte) polysaccharides could 

form ternary complexes with protein-tannin aggregates to enhance solubility while an 

alternate mechanism would allow polysaccharides to encapsulate proanthocyanidins and 

thereby interfere with their ability to aggregate with proteins. Figure 1 attempts to summarise 

these mechanisms (Mateus et al., 2004). Increasing ionic character of the polysaccharides 

enhances their effectiveness in inhibiting protein-proanthocyanidin aggregation (Luck et al., 

1994; Carvalho et al., 2006b), supporting the first proposal. Recent work on polysaccharide 

inhibition of α-amalyse-condensed tannin interactions provided further evidence for the first 

of the two proposed mechanisms (Soares, Gonçalves, Fernandes, Mateus, & de Freitas, 2009). 

On the other hand, the work of Poncet-Legrand et al. (2007b) is perhaps more supportive of 

the second proposal.  

 

A potential resolution of the different mechanisms of the effect of polysaccharides on 

proanthocyanidin-protein aggregation has been described (Gonçalves Mateus, Pianet, 

Laguerre, & de Freitas, 2011). These authors used saturation transfer difference (STD) NMR 

and fluorescence quenching when a vegetable pectin was added stepwise to a mixture of a 

proanthocyanidin dimer and trypsin enzyme. The resulting increase in protein fluorescence 

and the decrease in the proanthocyanidin STD signal were taken to be clear evidence for the 

disruption or even dissociation of the proanthocyanidin-protein aggregate by the pectin, a 

modified version of pathway ii) in Figure 2, although there was no evidence presented for any 

proanthocyanidin-polysaccharide complexes. Clarification of the mechanism is essential for 

understanding how changes in the aggregation state can affect the sensory properties of red 

wine. 

 

Influence of the wine matrix 
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There have been very few studies that have addressed the impact of wine components of 

aggregation processes. While Poncet-Legrand et al. (2003) showed that increasing the ethanol 

concentration generated smaller and less polydispersed colloidal aggregates, there has not 

been any detailed examination of the influence of ethanol on aggregation across the range of 

concentrations found in wine. Such a study is critical, given the known ability of ethanol to 

influence astringency perception. 

 

The capacity of tartaric acid to adsorb onto the surface of proanthocyanidin aggregates 

leading to the stabilisation of colloids was demonstrated by Zanchi et al. (2007). Surprisingly, 

this potentially significant observation was not been followed up. 

 

The next steps 

The application of diverse analytical tools has allowed significant progress to be made in 

understanding aggregation processes involving proanthocyanidins, proteins and 

polysaccharides. The studies have been performed on well-defined model systems that have 

generated critical insight into the chemistry and physics of the aggregation processes. 

 

Extending these data to actual wines and astringency response, even with the current state of 

knowledge, requires ‘a leap of faith’. For example, competition between proanthocyanidin 

self-association and proanthocyanidin-protein aggregation within the time scale of a gustatory 

experiment needs to be determined. It is also vital that the self-association mechanisms be 

examined in the presence of other wine components, especially those that are regarded to 

modulate astringency response.  
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There is considerable evidence that the conformation of the proanthocyanidin molecule is 

significant in terms of aggregation with salivary protein. Conformational changes during 

ageing of a wine could lead to different dynamics for the aggregation process with consequent 

impact on the perception of astringency, as proposed by Simon et al. (2003). 

 

NMR has proved to be a valuable tool in understanding aggregation processes for oligomeric 

proanthocyanidins up to a tetramer. Molecular symmetry may limit its use to a maximum size 

of pentamers, even if isomeric separation can be achieved, and the application of NMR to 

actual wine samples would be a challenge.  

 

Studying particle dynamics in red wine by SAXS or SANS may well be achievable, 

particularly if used in combination with AUC. There appears to be only one detailed study 

that utilised AUC for examining molecular aggregations of proanthocyanidins and proteins 

(Jöbstl et al., 2004). This is surprising given the success of fluorescence-based AUC for the 

determination of the molecular mass of polymers (see, for example, Hao, Ryan, Bailey, & 

Smith, 2009). Similarly, Couette shear flow, in combination with fluorescence spectra, has 

been applied to the study of the aggregation of conjugated polymers (Chan, Hao, Smith, & 

Dunstan, 2009). The use of fluorescence spectra for analysis of wines has long been ignored 

as interference from the Raman spectrum of water and also from Rayleigh scattering has 

severely limited the usable emission wavelength range. However, a mathematical approach to 

remove these interferences is now possible (Bouveresse, Benabid, & Rutledge, 2007) and this 

allows a wider excitation-emission wavelength range to be used. 

 

Molecular assembly and astringency assessment 
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The traditional approach for the sensory evaluation of wine astringency involves the training 

of a sensory panel, commonly with reference compounds or standards, for which the taste 

panel will develop an agreed set of descriptors. A hierarchy of sensory descriptors in the form 

of a ‘mouth-feel wheel’ has been developed (Gawel, Oberholster, & Francis, 2000). In this 

study, physical as well as chemical standards were used as a guide to sensory terms. For 

example, tasters were able to feel a solid such as talc, sawdust, velvet or silk as a guide to the 

most appropriate descriptor to the mouthfeel sensation. This study by Gawel et al. (2000) was 

a major development towards the development of a common vocabulary, although some (see 

for example, Santos-Buelga & de Freitas, 2009) query whether the vocabulary is in fact too 

extensive. Extending this study, Gawel, Iland, & Francis (2001) demonstrated that astringency 

of red wine can manifest itself in several forms, sometimes with subtle variations that only 

well-experienced tasters are able to differentiate. For example, velvet astringency may be 

perceived as ‘silky’ or ‘fine textured’, whereas puckering astringency is better described as a 

reflex action in an attempt to re-lubricate mouth surfaces (Gawel et al., 2001).  

 

This type of approach is time-consuming and even with experienced tasters, very high 

standard deviations (25.8%) have been reported (Llaudy et al., 2004). Individual differences 

in salivary flow rate and response to repeat tastings are sources of the poor reproducibility. 

There have been some sensory studies where panellists were partitioned into distinct groups 

on the basis of salivary flow-rates to decrease the effect of this variable (Fischer, Boulton & 

Noble, 1994; Ishikawa & Noble, 1995), but the impact on time and cost becomes significant. 

The lack of alignment between the quality concepts expressed by winemakers with those 

described by consumers (Lattey, Bramley & Francis, 2009) suggests that traditional sensory 

analysis may be of more value for scientific analysis rather than broad common use for 

describing astringency. 
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Predictive models 

An alternative approach to traditional sensory analysis is to develop a reliable analytical 

method that reflects the astringency of a wine. It is essential that any analytical method does 

not require major perturbation of the wine matrix before the astringency measurement step. 

For example, extensive dilution would lead to dispersal of any assemblies of aggregates that 

exist in the wine with the effect that the subsequent measurement will not reflect the potential 

availability of astringent wine components. 

 

A predictive model for astringency based on the concentration of total phenolic compounds 

and co-pigmented anthocyanins in 35 wines has been proposed (Cliff, Brau, King & Mazza, 

2002). When applied to a further set of 25 wines, there was however only limited agreement 

between the predicted and observed astringency scores.  

 

The Adams-Harbertson (AH) (Harbertson, Kennedy & Adams, 2002) assay and the 

methylcellulose precipitation (MCP) (Mercurio, Dambergs, Herderich & Smith, 2007) are two 

widely used methods for the rapid determination of ‘total tannin’ in red wine. Mercurio & 

Smith (2008) have applied both these assays to 20 wines (10 Cabernet Sauvignon and 10 

Shiraz; two vintages). Correlations (r2) between the sensory parameter of drying and the 

tannin assay parameters were 0.90 for the AH assay and 0.83 for the MCP assay. Similar 

correlations were obtained for other sensory descriptors such as surface texture and 

adhesiveness. The AH assay as well as several other chemical and instrumental measures of 

proanthocyanidins were applied to forty wines (Cabernet Sauvignon, Merlot and Syrah; two 

vintages) in a quest to find meaningful correlations between a measured analytical parameter 

and sensory assessment of astringency (Kennedy, Ferrier, Harbertson, & Peyrot des Gachons, 



- 22 - 
 

2006). A good correlation between sensory assessment of astringency and the values from the 

AH assay was again found (r2 = 0.82). 

 

Several investigators have used protein based assays, on the basis that astringency is linked to 

tannin-protein interactions in the mouth. For example, a predictive model for astringency 

based on the turbidity induced through polyphenol-mucin precipitation has been developed 

(Monteleone, Condelli, Dinnella & Bertucciolo, 2004; Condelli, Dinnella, Cerone, 

Monteleone & Bertucciolo, 2006). While the preliminary work was based on grape seed 

extract, the model generated a significant correlation between the measured turbidity and the 

astringency rating of 18 wines (r = 0.95) (Condelli et al, 2006). A fluorometric assay to 

measure the polyphenol- mucin reactivity and correlate with the astringency due to 

polyphenols has been subsequently proposed (Fia, Dinnella, Bertuccioli & Monteleone, 

2009). 

 

The Glories gelatin index is perhaps one of the most commonly used methods to assess 

astringency (Glories, 1978, but the heterogeneity of gelatin means that this technique can lack 

reproducibility. In addition, the gelatin index provides only an approximate measurement of 

the proanthocyanidin concentration as it relies on a variable and approximate acid hydrolysis 

of the phenolic compounds (Llaudy et al., 2004). Red wine astringency has also been assessed 

using ovalbumin, rather than gelatin as the source of protein, based on the assumption that 

protein/proanthocyanidin precipitation is the cause of the sensory response (Llaudy et al., 

2004). The reproducibility of the ovalbumin method is far better than the gelatin index and it 

is claimed that the assessment of astringency by the ovalbumin method shows a better 

correlation with sensory assessment (Llaudy et al., 2004). 
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Generally, these various approaches suggest that there is the potential to find an analytical 

surrogate for the assessment of astringency. Importantly, the initial measurement step in the 

precipitation assay methods uses the wine without pre-treatment, so that perturbation of any 

assembly that is linked to the astringent response would be minimal. More rigorous testing of 

the methods, especially in terms of predictor capacity, is required before one or more of the 

methods can be widely accepted. 

 

Wine fractionation studies 

Hufnagel & Hofmann (2008) have recently presented a different approach to the identification 

of compounds in red wine that contribute to astringent mouthfeel. After fractionation of the 

wine and taste dilution analysis, fractions that contributed to puckering and velvety 

astringency were identified. Determination of the compounds in each sub-fraction showed 

that the main contributors to astringency included hydroxybenzoic acids, hydroxycinnamic 

acids, flavon-3-ol glycosides and dihydroflavan-3-ol rhamnosides as well as one fraction 

larger than 5 kD. The monomeric flavan-3-ols were not found to be of major importance in 

terms of astringency contribution, contrary to earlier studies (see Peleg, Gacon, Schlich & 

Noble, 1999). 

 

Similarly, HPLC was utilised to fractionate the non-volatile extract of a Tempranillo wine 

followed by reconstitution of the fractions with water, rather than aqueous ethanol resembling 

the wine matrix, and a trained sensory panel rated the resultant astringency of each fraction 

(Saenz-Navajas, Ferreira, Dizy & Fernández-Zurbano, 2010). These authors found that the 

monomeric flavan-3-ols were not of major importance for astringency, similar to the 

observations of Hofnagel & Hoffmann (2008). Saenz-Navajas et al. (2010) extended the list 

of ‘non-astringent’ compounds to include both galloylated and non-galloylated 
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proanthocyanidin dimers, trimers and tetramers. This result is surprising and would appear to 

be in conflict with the conclusions of the molecular association studies described above. 

Saenz-Navajas et al. (2010) did record that one fraction containing proanthocyanidins larger 

than a tetramer contributed to astringency while cis-aconitic acid, vanillic acid, syringic acid 

and ethyl syringate were important drivers of astringency perception in two fractions. 

 

In these fractionation studies, major perturbation of the wine matrix occurs and it cannot be 

claimed that reconstituted fractions show any resemblance to the original wine. That is, 

methodological issues may be important in determining the result and this point form the 

basis of the discussion in the next section. 

 

Does the method of astringency assessment influence the result? 

There are three general approaches that have been used in assessing the contribution of wine 

components to astringency perception: additions of specific compounds to the wine in an 

attempt to retain the contribution of the wine matrix, model systems which have limited 

replication of the wine matrix and fractionation-reconstitution studies where specific fractions 

are tasted in isolation from the wine matrix. 

 

However, perturbation of wine matrix may occur when additions are made such that 

conditions of high supersaturation result. This, as shown by Zanchi et al (2008a), can lead to 

the formation of fractal, rather than spherical, aggregates. While there is little research on the 

taste response of these different aggregate types, the potentially larger fractal aggregates may 

induce a change in textural characterisation due to geometric characteristics (Guinard, & 

Mazzucchelli, 1996), rather than a change in lubrication due to astringency. This is an area 
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that requires significant more research involving both the assessment of aggregate type and 

sensory response as the one study. 

 

The conflict regarding the contribution of monomeric flavan-3-ols to astringency is a good 

example of the impact of methodological approach. The original studies on astringency of 

monomeric, and dimeric flavan-3-ols were in 1% aqueous ethanol not adjusted to wine pH at 

concentration of 0.9 g/Litre (monomers, dimers) up to 1.2 g/Litre (monomers) (Thorndyke 

and Noble, 1995; Peleg et al., 1999). At these concentrations, the monomers and possibly the 

dimers would be capable of forming colloidal particles (Pianet et al., 2008) leading to the 

interaction of an aggregate with salivary protein. The conclusions of Hufnagel & Hofmann 

(2008) and Saenz-Navajas et al. (2010) were based on wine fractionation studies and even if 

self-association of the monomeric flavan-3-ols were to occur in the reconstitution fractions, 

the concentration of the active components would be much lower so that aggregate 

interactions would be far less significant. 

 

It is intriguing that Saenz-Navajas et al. (2010) argue in their detailed wine fractionation study 

that wine astringency appears not to be readily related to the astringent character of the 

fractions, possibly due to interactions between the compounds in the fractions and other wine 

(volatile/non-volatile) compounds. In essence, Saenz-Navajas et al. (2010) are arguing that a 

molecular assembly influence on astringency exists, echoing earlier comments by Gawel 

(1998) who proposed that various components of the wine matrix influence the response of 

the taster to astringency. 

 

Summary 
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The real challenge now is to understand how the various aggregation processes that have been 

described in model systems actually occur in the wine matrix. This point was expressed 

succinctly by Vidal et al., (2004b): ‘the construction of mouthfeel perception is a highly 

complex process depending on the presence of each individual component but also on 

interactions between components and on the structure of the resulting molecular assemblies’. 

 

Vidal et al. (2004b) further commented that additional experiments are required to link 

assembly processes with sensory perception. But 8 years on, these experiments have not been 

undertaken. The complexity of the experiments is apparent, but resolution of factors 

impinging on mouthfeel perception is vital. Experiments that link sensory studies with particle 

dynamics (molecular assembly/colloidal behaviour) would assist in resolving the nature of the 

link between aggregation processes and astringent response. 

 

Searching for commonalities between sensory descriptors and analytical measurements using 

chemometrics methods such as ‘common components and specific weights analysis’ 

(Qannari, Wakeling, Courcoux & MacFie 2000) may well provide insight into which wine 

components fall into a common dimension with, for example, puckering or dryness. Such an 

approach has shown some potential for sweetness and acidity in Semillon (Blackman, 

Rutledge, Tesic, Saliba & Scollary 2010) and bitterness of red wine (Preys et al., 2006). 

Generating analytical data through metabolomic profiling of wines enhances the likelihood of 

finding commonalities between analytical characterisation and sensory descriptors. Some 

preliminary work has been carried out correlating metabolomic profiles with measures of 

white wine viscosity (Skogerson et al., 2009) and red wine made from shaded berries 

(Rochfort, Ezernieks, Bastian & Downey, 2010). Critical to the success of this approach will 

be the use of chemometrics methods as applied, for example, in an examination of micro-
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oxygenation effects on red wine sensory properties (Climaco-Pinto, Barros, Locquet, 

Schmidtke, & Rutledge, 2009; Bouveresse, Pinto, Schmidtke, Locquet, & Rutledge, 2011). 
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Figure Caption 327 

Figure 1. Possible models for the role of polysaccharides (C) in inhibiting the aggregation of 

tannins (T) and proteins (P) after Mateus et al. (2004). Reproduced with permission. 
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