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Abstract
Astringency and more generally mouthfeel perception are relevant to the over-
all quality of the wine. However, their origin and description are still uncertain
and are constantly updating. Additionally, the terminology related to mouth-
feel properties is expansive and extremely diversified, characterized by common
traditional terms as well as novel recently adopted descriptors. In this context,
this review evaluated themention frequency of astringent subqualities and other
mouthfeel attributes in the scientific literature of the last decades (2000–August
17, 2022). One hundred and twenty-five scientific publications have been selected
and classified based on wine typology, aim, and instrumental–sensorial meth-
ods adopted. Dry resulted as the most frequent astringent subquality (10% for
red wines, 8.6% for white wines), while body—and related terms—is a common
mouthfeel sensation for different wine types, although its concept is still vague.
Alongside, promising analytical and instrumental techniques investigating and
simulating the in-mouth properties are discussed in detail, such as rheology
for the viscosity and tribology for the lubrication loss, as well as the different
approaches for the quantitative and qualitative evaluation of the interaction
between salivary proteins and astringencymarkers. A focus on the phenolic com-
pounds involved in the tactile perception was conducted, with tannins being
the compounds conventionally found responsible for astringency. Nevertheless,
other non-tannic polyphenolic classes (i.e., flavonols, phenolic acids, antho-
cyanins, anthocyanin-derivative pigments) as well as chemical–physical factors
and thewinematrix (i.e., polysaccharides,mannoproteins, ethanol, glycerol, and
pH) can also contribute to the wine in-mouth sensory profile. An overview of
mouthfeel perception, factors involved, and its vocabulary is useful for enologists
and consumers.
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1 INTRODUCTION

The wine properties defining mouthfeel are complex, het-
erogeneous, and often difficult to understand by sensory
judges. For this reason, unlike fundamental tastes (i.e.,
sweetness, acidity, bitterness, saltiness, and umami), the
tactile perceptions require a high and diversified number
of reference standards and explicative definitions. These
properties are drivers of quality, refinement, and typical-
ity of different wine types. Concurrently, the origin of
tactile perceptions and the astringent mechanisms are
constantly updated. In this context, mouthfeel features,
particularly astringency subqualities, are a current topic in
the scientific research.
Sensory wheels are a useful tool for the categorization

of different sensory terms and for the development of a
common language among the wine tasters. Noble and col-
leagues (1984) were among the first to use them for wine
aroma, and subsequently a modified version of the wheel
was realized (Noble et al., 1987). Similarly, the mouthfeel
wheel was a starting point for the formulation of a shared
vocabulary in the scientific research, as well as in thewine-
making industry, onmouthfeel characteristics of redwines
(Gawel et al., 2000). Over the years, consumers became
more demanding, and therefore, a greater comprehension
and optimal classification of the different typologies of
astringency influencing mouthfeel perception were neces-
sary. Many definitions of mouthfeel have been presented,
such as “the group of sensations characterized by a tactile
response in the mouth” (Pickering & Demiglio, 2008) or, as
reported by Gawel et al. (2018), “mouthfeel encompasses the
tactile, chemosensory and taste attributes of perceived vis-
cosity, astringency, hotness and bitterness.” Nevertheless, a
shared vocabulary of mouthfeel had not been agreed. In
this context, the sensory mouthfeel wheel for red wines
proposed by Gawel et al. (2000) was developed (Figure 1).
It includes “Feel” and “Astringency” macro groups, along-
side “Acidity,” and “Flavor” grouping categories. In this
graphical representation, the astringent-like descriptors
(Astringency macro-group) have been classified in seven
groupings, while feel sensations (Feel macro-group) have
been grouped in four categories. Moreover, the descriptors
were accompanied by physical standards, when possi-
ble, or by conceptual definitions to clarify the perceptible
mouthfeel sensations.
Despite astringency being a complex oral perception

combined in a large number of subqualities, they were

conveniently classified according to Gawel et al. (2000)
wheel in the following grouping terms: particulate, surface
smoothness, complex, drying, dynamic, harsh, and unripe
(Figure 1). In detail, particulate refers to the “feelings of
particulate matter brushing against the mouth’s surfaces,”
while surface smoothness concerns the “textures felt on
mouth surfaces when they come in contact with each other.”
Complex is a positive hedonic grouping consisting of a
mixture of pleasing astringent sensations; drying is the
feelings of lack of lubrication or desiccation in mouth
and dynamic is a sensation involving some form of mouth
movement; harsh and unripe represent two negative hedo-
nic groupings associated with an excessive roughness and
with exaggerated green flavors, respectively (Gawel et al.,
2000). The feel macro-group descriptors are often eval-
uated together with astringency since they are similarly
involved in the tactile perception of the oral cavity. They
could be classified into four groupings: irritation, heat,
texture, and weight (Gawel et al., 2000). Particularly, irrita-
tion group includes strong and unpleasant sensations, like
spritz, prickle, tingle, pepper, and chilli.Moreover,heat cate-
gory is divided intowarm and hot terms.Creamy and syrup
soft-feel sensations take part of the texture grouping. In
parallel, the mouthfeel sub-category ofweight includes vis-
cous, full, thin, and watery descriptors (Gawel et al., 2000).
Additionally, mouthfeel has been evaluated in several pub-
lications in terms of purity, intensity, structure, harmony,
persistence, and quality contribution (Duan et al., 2021;
Gao et al., 2015; Sáenz-Navajas et al., 2016).
A sensory wheel on white wine’s taste and mouthfeel

characteristics has also been constructed on the basis of the
hierarchical structure of the red wine wheel (Pickering &
Demiglio, 2008). Differently from the latter, the white wine
descriptors were categorized according to the number of
sensory perceptions (i.e., single or multiple sensations)
and the persistence over time. In particular, the discrete
category concerned a clear individual sensation, whereas
the integrated category gathered more than one sensa-
tion. In order to discriminate the perception of sensory
stimuli over time (i.e., from ingestion to expectoration),
early and finish categories were introduced. Moreover,
no sections have been dedicated to flavor’s descriptors,
namely retro-nasal odors. Nonetheless, non-taste and tex-
ture sensations were still present in the white wine
wheel, as in the categories of pucker,mouthwater, fullness,
surface texture, irritation, mouthcoat, overall drying, and
length.
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(a) (b)

F IGURE 1 The Mouthfeel Wheel for red wine evaluation proposed by Gawel et al. (2000). Reproduced with modifications from Gawel
et al. (2000), with permission by John Wiley & Sons, Inc.

Overall, the mouthfeel wheel’s lexicon are frequently
considered, adapted, and updated according to wine’s
typology, panel of tasters, and purpose of study in many
publications (Harbertson et al., 2009; Oberholster et al.,
2009; Piombino et al., 2020; Vidal et al., 2016; Watrelot
et al., 2016). Therefore, the mouthfeel wheels remain a still
valid approach for the study of wine tactile characteristics.
Alongside the sensory studies on mouthfeel percep-

tions of wine, the instrumental research has been for long
focused on the related chemical compounds. Tannins have
been themain and well-studied sources of astringent stim-
ulation, but recently other phenolic classes and physical–
chemical factors have shown their contribution on the oral
mouthfeel. In this regard, phenolic acids, anthocyanins,
flavonols, polysaccharides, and glycerol are only a part of
the factors that influence the complex profile of a wine
(Gonzalo-Diago et al., 2014; Laguna et al., 2019; Paissoni
et al., 2018; Sáenz-Navajas et al., 2010; Sáenz-Navajas et al.,
2017; Vidal et al., 2004a; Vidal et al., 2004b). Notably, the
evolution of separation, identification, and quantification
techniques by liquid chromatography coupled with mass
spectrometry helped to achieve improved models relating
chemical and sensory data when wines are under evalua-
tion (Gonzalo-Diago et al., 2014; Sáenz-Navajas et al., 2010;
Sáenz-Navajas et al., 2017). Additionally, the research of
polyphenol–protein interactions by nuclearmagnetic reso-
nance (NMR) and the formed aggregates by dynamic light
scattering (DLS) andmicroscopy approaches allowed to get
closer to the in-mouth representation when tasting a wine
(Brossard et al., 2016, 2021; Charlton et al., 2002; Ferrer-
Gallego et al., 2014, 2015a, 2015b, 2017; Laguna et al., 2017;

Soares et al., 2012). In this context, the use of tribologi-
cal approaches is a promising field to mimic the friction
caused by an astringent compound (Brossard et al., 2016,
2021; Edmonds et al., 2021; Laguna et al., 2017; Rudge et al.,
2021; Wang et al., 2020, 2021; Watrelot et al., 2019). Simul-
taneously, the perception of the softness and roundness
inducted by a viscous (or full-bodied) wine is often con-
nected to its physical viscosity and thereforemeasurable by
means of rheological methodology (Brossard et al., 2020;
Danner et al., 2019; Runnebaum et al., 2011; Shehadeh
et al., 2019; Yanniotis et al., 2007).
The aim of the present work is to elucidate the use and

recent research that has led to update the terminology pro-
posed byGawel et al. (2000) in thewine scientific literature
(period from January 1, 2000 to August 17, 2022). The red
winemouthfeel wheel remains amilestone and an inspira-
tion for subsequent investigations; therefore, the selected
literature (125 papers) was divided and grouped based
on its terminology. A narrative synthesis of the papers
applying the vocabulary proposed for sensory analysis, or
investigating it instrumentally, was examined. Moreover,
correlation with instrumental parameters (chemically and
physically measured) is discussed in depth.

2 METHODOLOGY

The present review used Scopus database (https://
www.scopus.com/) as a research source for scientific
publications containing “subquality/sub-quality” and
“mouthfeel/mouth-feel” as main keywords. The time
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limit has been fixed from 2000, the year of the publi-
cation of the Gawel’s red wine mouthfeel wheel. The
following strings were used: Subqualit* AND (grape* OR
wine*), Sub-qualit* AND (grape* OR wine*), Mouthfeel
AND (grape* OR wine*), andMouth-feel AND (grape* OR
wine*). The resulting total number of papers was 389 (from
January 1, 2000 to August 17, 2022). More precisely, 16, 27,
280, and 66 publications have been obtained from each
string, respectively. Subsequently, the papers were exam-
ined by the authors of this review and selected according
to (a) the consistency with the purpose of the research,
(b) the explicit mention of one/more terms related to the
mouthfeel, feel, and/or astringency subqualities, (c) the
absence of articles in duplicate, and (d) the lack of recent
reviews on specific topics. At the end of the screening, the
results were merged and discussed. Finally, 125 publica-
tions were taken into account for frequency evaluation
(criteria b) (Table S1) and for narrative synthesis of the
results, whereas others without the specific mention of
subqualities were selected for discussion purpose.
The 125 selected papers that mention at least one

mouthfeel subquality term were divided on the basis
of the aims of study (i.e., instrumental-sensory correla-
tion, winemaking strategy, methodology, characterization,
preference, agronomical practices) and further analyzed
according to the descriptors used (i.e., feel/astringency
mouthfeel wheel macro-groups) and the sensory methods
adopted (e.g., descriptive analysis, sorting task, check-all-
that-apply). The lists of astringency and feel subqualities
for red/white/sparkling wines have been copied and their
frequency rate studied after lemmatization (Table S2). The
website Word Frequency Counter—WriteWords (http://
www.writewords.org.uk) was used for frequency evalua-
tion. The red wine mouthfeel wheel (Gawel et al., 2000)
was used for categorization as a common denominator
among 125 resulting papers.

3 MAIN AIMS IN THE STUDY OF
MOUTHFEEL SUBQUALITIES

The wine properties related to mouthfeel subqualities in
the scientific publications have been studied for multiple
reasons (Table 1), the most common being the correlation
between instrumental techniques and sensory character-
istics of wines. This requires a multidisciplinary approach
that combines the study of wine chemical components
or physical properties using instrumental methods with
the in-mouth sensory and tactile properties. This is the
most investigated purpose also because many different
phenolic compounds contribute to oral-tactile and sen-
sory elicitations. Concurrently, statistical predictive mod-

els are often built as good predictors of the oral sensory
perception.
Also, the winemaking strategy impact on the mouth-

feel has been extensively evaluated, as the influence of the
pre-fermentative condition in terms of total soluble solids
content (Casassa et al., 2013; Frost et al., 2021), macera-
tion length, and different skin contact techniques (Casassa
et al., 2013; Garrido-Bañuelos et al., 2021; González-Lázaro
et al., 2019; Sokolowsky et al., 2015), as well as the use
of native and commercial yeasts (Fanzone et al., 2020;
Pickering & Nikfardjam, 2008). Furthermore, the post-
fermentative influence of the tannin and mannoprotein
addition (Li et al., 2017; Picariello et al., 2020; Rinaldi &
Moio, 2018; Rinaldi et al., 2019; Rinaldi et al., 2021b), the
oxygen-controlled exposure during aging (Gambuti et al.,
2020a; Rinaldi et al., 2021c), and the combined impact
of wine-packaging configurations and storage tempera-
ture (Hopfer & Heymann, 2013; Hopfer et al., 2012) were
considered.
On the other hand, few scientific articles are aimed at

evaluating the sensory or instrumental methodology, to
ascertain their validity on mouthfeel evaluation. Among
sensory analysis methods, descriptive analysis (DA) (Pick-
ering & Robert, 2006; Pittari et al., 2020; White & Hey-
mann, 2015), check-all-that-apply (CATA) (Vidal et al.,
2018), and rate-all-that-apply (RATA) (Rinaldi et al., 2019)
were found to be the most common. For the instru-
mental techniques, the main applications were about
tribology, rheology, turbidity, and particle size measure-
ment (Brossard et al., 2020, 2021; Danner et al., 2019;
Edmonds et al., 2021; Rudge et al., 2021; Shehadeh et al.,
2019;Wang et al., 2020, 2021;Watrelot et al., 2019; Yanniotis
et al., 2007).
Oral sensory features have been used for the characteri-

zation of autochthonous and international varieties. Both
red and white wines were taken into consideration, and
the descriptive analysis was themost used sensorymethod
for varietal characterization (Capitello et al., 2016; Car-
lucci & Monteleone, 2001; Etaio et al., 2008; King et al.,
2003; King et al., 2014; Koussissi et al., 2003; Langlois et al.,
2010; Mirarefi et al., 2004; Nel et al., 2015; Piombino et al.,
2020; Sáenz-Navajas et al., 2016; Schlosser et al., 2005). As
well, few papers wanted to understand preference evalua-
tions, which is usually carried out by untrained consumers
(Ivanova et al., 2022; Loureiro et al., 2016;Mezei et al., 2021;
Niimi et al., 2017; Rinaldi et al., 2021a; Torrico et al., 2020).
Only a small number of studies used the sensory for in-
mouth properties evaluation of wine derived from grape
subjected to different agronomical practices. For instance,
the effect of deficit irrigation, leaf removal, and canopy
exposure were studied (Duan et al., 2021; Minnaar et al.,
2020; Ou et al., 2010).
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TABLE 1 Counts of the selected scientific papers grouped by aim of the study (single and grouped into main categories)

Aims Counts
Counts for the
main aims grouped

Range of publication
years

Correlation instrumental-sensory methods 34 35 2001–2022
Winemaking strategy 30 33 2008–2021
Methodology 20 22 2002–2021
Characterization 18 22 2001–2021
Preference 8 13 2015–2022
Agronomical practices 7 8 2010–2021
Winemaking strategy/Preference 2 2017
Characterization/Preference 2 2016–2021
Agronomical practices/Preference 1 2015
Methodology/Characterization 1 2003
Methodology/Correlation Instrumental-Sensory methods 1 2019
Winemaking strategy/Characterization 1 2011
Total selected papers 125

TABLE 2 Counts of the most used sensory strategy in astringency and feel subqualities evaluation

Sensory strategy Counts
Range of publication
years

Descriptive analysis (DA) 82 2001–2022
Check-all-that-apply (CATA), Rate-all-that-apply (RATA) 28 2014–2022
Preference, Quality, Emotion 18 2013–2021
Sorting, Projective mapping (PM) 12 2003–2022
Temporal 9 2013–2019
Discriminative 7 2008–2020
Ultra-flash profiling (UFP) 4 2016–2021
Rate-K 3 2020–2022
Focus group, Free choice 2 2022

4 SENSORY EVALUATION OFWINE
MOUTHFEEL PROPERTIES

The main approach for the evaluation of mouthfeel
subqualities is undoubtedly through sensory analysis
(Table 2): In this sense, DA is by far the most widely
adopted technique. This method presents a training phase
of the assessors for the identification of attributes, the
product familiarization, and the specific vocabulary devel-
opment, supported by definitions and sensory standards.
The training step is essential for the panel standardiza-
tion and judgment alignment (Lawless &Heymann, 2010).
DA is a trusted method, typically adopted for complex
foodstuff description, which ensures precise, statistically
robust, and high-quality results due to employment of
trained assessors, sample replication, and intensity scales
(Albert et al., 2011; Campo et al., 2010; Hopfer &Heymann,
2013). The training allows a limited number of assessors
(8–20) to obtain discrimination of small differences in com-

plex samples such as wine (Ares et al., 2015; Varela & Ares,
2012). In contrast, the drawbacks are attributable to the
consumption of time for the training phase and to the
possible loss of information when a relatively small vocab-
ulary is used (Campo et al., 2010; Lawless & Heymann,
2010).
More recently, the so-called rapid sensory methods have

been adopted as an alternative or in association with
DA (Paissoni et al., 2020; Piombino et al., 2020). Briefly,
the rapid sensory methodologies are traditionally divided
into three categories: verbal-, similarity-, and reference-
based methods (Valentin et al., 2012). Among the first,
CATA and RATA are two rapid methods frequently used
in mouthfeel characterization of wines. They are based
on the sensory panel’s ability to express the perception
using descriptors—phrases or words—that could be pro-
vided by a pre-determined list or by the judges themselves
(Valentin et al., 2012). The CATAmethodology asks partic-
ipants to tick as “apply” the perceived descriptors on the
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vocabulary list, regarding the focal sample (Adams et al.,
2007). Hence, the contribution of sensory intensity is not
evaluated, and only binary responses (i.e., 1/0 respectively
for presence/absence) are collected for each descriptor.
For this reason, CATA method could be a suitable tech-
nique for non-specific wine description or for products
with a wide difference in terms of sensory properties (Ares
et al., 2015; Varela & Ares, 2012). Nevertheless, this rapid
technique has been frequently used for the evaluation of
astringency and tactile subqualities. Its advantage is the
possibility to assess the presence or absence of several
attributes that may be difficult to be evaluated simultane-
ously with a scale—mouthfeel subqualities or aroma—in
complex products—wine (Campo et al., 2010; Varela &
Ares, 2012). For instance, four Italian red wine varieties
(Rinaldi & Moio, 2018) and six commercial Uruguayan
Tannat wines (Vidal et al., 2018) were characterized by
CATA method adopting trained assessors (n = 13) and
both trained (n = 9) and expert (n = 43) assessors, respec-
tively. In addition, mouthfeel differences of South African
Chenin blanc wines, obtained from different trellis sys-
tems, have been identified by two panels of trained (n =
10) and experienced (n = 18) judges using CATA sensory
sessions (Panzeri et al., 2020).
An extension of CATA is represented by RATA method.

This verbal-based technique integrates the sensory evalu-
ation by rating the intensity of descriptors on a point line
scale (Ares et al., 2014). For the mouthfeel subqualities, a
7-point scale (Mezei et al., 2021; Rinaldi et al., 2021a; Sáenz-
Navajas et al., 2017) and a 9-point scale (Gambuti et al.,
2020a; Picariello et al., 2020; Rinaldi &Moio, 2018; Rinaldi
et al., 2019; Rinaldi et al., 2020a; 2020b) are the most fre-
quently used. In this sense, there is no predetermined
number of points to be used, but it is suggested to use the
smallest scale as possible to maintain the method rapidity
and easiness (Danner et al., 2018). A modification of these
methods used in evaluating mouthfeel and taste percep-
tions in wines by experts is “Rate-K attributes,” a variant
of RATA, applicable also to CATA, as “Pick-K attributes”
(Ferrero-del-Teso et al., 2020, 2022; Sáenz-Navajas et al.,
2020; Valentin et al., 2012). In these variants, only the dom-
inant attributes are selected or rated, highlighting themain
characteristics of the product but reducing the complexity
of the sensory information (Valentin et al., 2012).
RATAmethodology is considered more suitable to over-

come the limitation of CATA: with the intensity rating,
it is possible to achieve higher statistical power by using
parametric statistics, and even if the results are ana-
lyzed as binary data, the discriminating attributes were
found to increase (Danner et al., 2018; Varela & Ares,
2012). Recently, RATA methodology used by untrained
consumers (n = 71 and n = 84) for evaluating two sets of
commercial wines showed a similar sample discrimination

compared with the DA results of trained judges (n = 11)
(Danner et al., 2018). Using RATA, also small differences
in astringency subqualities obtained by the application of
winemaking techniques, such as the effect of oxygenation
with or without oenological tannins addition during age-
ing in different monovarietal wines, were evidenced by 13
trained assessors (Gambuti et al., 2020; Picariello et al.,
2020; Rinaldi et al., 2021c).
Some studies involving mouthfeel properties adopted

naïve consumers for CATA and RATA techniques (Mezei
et al., 2021; Torrico et al., 2020; Vidal et al., 2015). In this
context, the debate for the recruitment between trained
assessors, semi-trained, experts, and consumers in analyti-
cal tests is still open (Ares & Varela, 2017). For rapid meth-
ods, the training phase is not required; consequently, these
techniques are faster, intuitive, and cost-effective, and
also consumers are suitable in their application (Varela
& Ares, 2012). Nevertheless, in many studies concern-
ing the mouthfeel evaluation, the recruited assessors were
wine usual consumers or wine professionals subjected to
a minimum training even when rapid methods were used
(Gambuti et al., 2020a; Picariello et al., 2020; Rinaldi &
Moio, 2018; Vidal et al., 2018). This choice denotes the com-
plexity of identifying and recognizingmouthfeel properties
in wines, even for judges with a previous sensory or wine
experience. For instance, five different types of Sauvignon
blanc wines were similarly evaluated by trained panelists
(n= 10) using DAmethod and consumers (n= 134) adopt-
ing a rapid method (in this case CATA questions) (Ares
et al., 2015). However, trained judges perceived a greater
difference for one wine sample from the rest of the sam-
ples, unlike untrained consumers, showing as expected
higher discriminative power given by the training. In this
study, not only mouthfeel attributes were considered, but
the consensus on sample evaluation depended on both
the degree of differences among the wines and the nature
of the attributes: Complex mouthfeel attributes such as
smooth, tingly, and viscousmayhave had differentmeaning
for consumers (Ares et al., 2015). Therefore, the terminol-
ogy adopted for wine evaluation by consumers should be
easy and similarly understood by them, or an agreement on
the definition should be obtained before the assessment.
In this regard, Rinaldi and colleagues (2021a) reported
that 134 consumers and the 13 trained assessors agreed on
Sangiovese wine samples evaluated by CATA and RATA,
respectively, but some difficulties for consumers emerged
in recognizing complex attributes such as hard or thewood
character. For consumers, the mouthfeel wheel terminol-
ogy may be too technical and consumers’ involvement as
well as culture can influence the adopted terminology in
describing astringency subqualities (Vidal et al., 2015). For
instance, only 17 out of 31 descriptors from the mouthfeel
wheelwere used bymore than 10%of the 125 consumers for
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describing Tannat astringency (Vidal et al., 2015). Besides
the terminology, different assessors have been employed
in verbal-based methodology depending on the aim of the
study, and adapting the number depending on their experi-
ence and tasks, for example, trained (8–20), expert (14–43),
or untrained consumers (30–443, average 149) (Table S3).
Even to a lesser extent, other methodologies have

been applied in the studies of in-mouth properties. In
particular, in order to estimate simultaneously the sen-
sory perceptions—astringency above all—and their length
over time, temporal strategies have been developed such
as temporal-check-all-that-apply (TCATA) and temporal
dominance of sensation (TDS) for evaluating qualitatively
subqualities in wines (Frost et al., 2017; Kemp et al., 2019;
McMahon et al., 2017a; Poveromo & Hopfer 2019; Vidal
et al., 2016). In the former, multiple descriptors can be
selected at each moment, whereas for the second only
the dominant attribute is highlighted. A modification is
progressive profile (PP) that enables to obtain multiple
attributes’ intensity at once (Kang et al., 2019). The advan-
tage of these methodologies is the ability to decompose
during time the different qualitative terms of mouthfeel.
For example, Tannat wines with similar astringency inten-
sity were found to have different TDS profile (Vidal et al.,
2016), or Shiraz wines produced by different maceration
techniques that were not discriminated in overall astrin-
gency by RATA (n = 61, untrained) showed different
subqualities—mouthcoat, adhesive, and graininess—in the
time-dependent evaluation (n = 8, trained). By contrast,
only few (6–8) attributes can be evaluated during dynamic
methods, assessors must be trained, and replications are
required (Kang et al., 2019; Vidal et al., 2016, 2020).
Among the similarity-based methods, sorting and pro-

jective mapping (PM) have been applied to identify
similarities (and dissimilarities) using sensory andmouth-
feel descriptors for phenolic fractions and wine samples
(Araujo et al., 2021; Barbe et al., 2021; Ferrero-del-Teso
et al., 2020, 2022; Garrido-Bañuelos et al., 2021; Mafata
et al., 2020; Piombino et al., 2020; Sáenz-Navajas et al.,
2017; Sáenz-Navajas et al., 2020). The PM method takes
advantage of a rectangular white paper sheet where sam-
ples are placed close/far to each other, based on their
affinities/differences (Risvik et al., 1994). In association
with PM, ultra-flash profiling (UFP) is frequently used
afterward to describe the samples of interestwith attributes
on a list (Sereni et al., 2016, 2020; Hayward et al., 2020;
Moss et al., 2021). Only a few studies used discriminative
methods (e.g., Duo-trio tests) to highlight themacro differ-
ences between wine fractions and samples (Fanzone et al.,
2020; Ferrer-Gallego et al., 2014).
Wine mouthfeel subqualities are important drivers of

quality, preference, and emotional responses on con-
sumers’ perception, and in this regard, several studies

deepened the liking and affective properties with con-
sumers (Coste et al., 2018; King & Heymann, 2014; McMa-
hon et al., 2017b; Mezei et al., 2021; Pagliarini et al., 2013;
Torrico et al., 2020; Vidal et al., 2015). Sensory test with
regular consumers can be good predictors of a product
acceptability by the competitive market, but they require
a considerable number of individuals for sensory tests
(103–150) (Capitello et al., 2016; Coste et al., 2018; King
& Heymann, 2014; Lawless & Heymann, 2010; McMa-
hon et al., 2017b; Mezei et al., 2021; Niimi et al., 2017;
Vidal et al., 2015). In order to obtain the liking profiles
of wines, structured and unstructured line scales are usu-
ally used. A 7-point hedonic scale and a 9-point hedonic
scale for preference, as well as a 10-cm unstructured line
scale for quality have been extensively adopted (Capitello
et al., 2016; McMahon et al., 2017b; Minnaar et al., 2020;
Niimi et al., 2017; Pagliarini et al., 2013; Rinaldi et al.,
2021a; Sáenz-Navajas et al., 2016). Astringency and its
sub-terms related to wine quality were also evaluated by
expert judges, such as winemakers (Minnaar et al., 2020;
Sáenz-Navajas et al., 2016).
In conclusion, DA remains the most frequently applied

method for the evaluation of mouthfeel and astringent-
like wine characteristics in the scientific literature, fol-
lowed by verbal-based strategies (e.g., CATA, RATA) and
similarity-based techniques (e.g., sorting, PM) (Table 2).
Undoubtedly, the task of illustrating the complex tactile
properties ofwines is still entrusted to the conventionalDA
sensory method due to its ability in discriminating small
differences in complex products and the use of trained
assessors on specific vocabulary. However, the most recent
rapid methods are sensory tools of strong application and
are useable even for the wine mouthfeel characterization,
although a higher number of judges are required, in par-
ticular when they are consumers (Ares et al., 2015). In the
last case, information on liking and preference can also be
obtained without compromising the sensory profile char-
acterization (Jaeger & Ares, 2015). Therefore, sensory tests
should be selected according to a “fit-for-purpose”method,
on the basis ofmatrix complexity, availability of judges and
samples, and objectives of study.

5 THE CHOICE OF DESCRIPTORS:
THE TENMOST USED
ASTRINGENCY-RELATED SUBQUALITIES

5.1 Red wine

Among the current publications regarding red wines’
astringency subqualities, 56 different terms have been
found with a total frequency of 440 (Table S4). The astrin-
gency subquality with the highest frequency among red
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MOUTHFEEL SUBQUALITIES IN WINES 3335

F IGURE 2 Citation frequency (%) of astringency subqualities (a) and feel terms (b) in red/white wine.

wines’ literature is dry (10.0%) (Figure 2). It belongs to the
drying category, together with numbing and parching. In
this category, all the terms are united by the feelings of lack
of lubrication or desiccation in the mouth (Gawel et al.,
2000). The dry feeling could be perceived in all parts of the
mouth (Gonzalo-Diago et al., 2014), on tongue side or on
palate (Ferrero-del-Teso et al., 2020; Sáenz-Navajas et al.,
2020). In order to simplify the assessors’ understanding
of dry subquality, potassium and aluminum sulfate, grape
tannins, grape seed tannin extract, and green tea extract
are employed as reference standards (Frost et al., 2017;
Gonzalo-Diago et al., 2013; Sáenz-Navajas et al., 2011;Wang
et al., 2020) (Table 3). Interestingly, terms related to dry-
ness were the most frequently mentioned by consumers
when they were asked to describe the astringency of red
Tannat and Sangiovese wines (Rinaldi et al, 2021a; Vidal
et al., 2015), confirming dry as a well-known and easily
recognizable characteristic, even among untrained judges.
Pucker and mouthcoat are the most used terminologies

(both 5.7%). The first is the result of a reflex action ofmouth
surfaces being brought together and released in an attempt

to lubricate mouth surfaces (Gawel et al., 2000), and it
was also previously described as “the tightening or draw-
ing sensation that can be felt in the cheeks and muscles of
the face” (Lawless & Corrigan, 1994). It could be perceived
all over the tongue, including laterals and palate (Gonzalo-
Diago et al., 2013). The pucker subquality is grouped
in the dynamic category, which involves some form of
mouth movement. The sensation of pucker could be
explained by a conceptual definition, reference standards
such as tannic acid or a solution of alum and tartaric acid
(Gonzalo-Diago et al., 2013; Wang et al., 2020; Wang et al.,
2021), and by burlap as touch standard (Rinaldi & Moio,
2018). Interestingly, puckery was among the astringency
subqualities negatively correlated with Tannat wines qual-
ity when evaluated by experts (Vidal et al., 2018). With
regards to mouthcoat, it is a complex group sensation
that gives the impression of a coating film adhering to
the mouth surfaces and falling with time (Gawel et al.,
2000). In addition to this ordinary definition ofmouthcoat,
banana peel and suede were also used as touch standards
(Kang et al., 2019; Rinaldi & Moio, 2018). It differs from
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3336 MOUTHFEEL SUBQUALITIES IN WINES

TABLE 3 Chemical/Touch reference standards of the most used astringency and feel subqualities

Term Gawel’s grouping Chemical/Touch reference standard Reference
Astringency subqualities

Dry Drying Potassium and aluminum sulfate (0–4 g/L);Grape tannins
(5 g/L)
Grape seed tannin extract (1–3 g/L)Green tea extract (1
g/L)

Frost et al., 2017; Gonzalo-Diago et al.,
2013; Oberholster et al., 2009 ;
Sáenz-Navajas et al., 2011; Wang et al.,
2020

Velvet Surface smoothness Quercetin-3-O-galactoside (0–10 mg/L)
Velvet cloth

Gawel et al., 2001; Paissoni et al., 2020;
Scharbert et al., 2004;
Pickering & Demiglio, 2008; Vidal et al.,
2016

Pucker Dynamic Tannic acid (8 g/L)
Alum (0.5–2 g/L) and tartaric acid (1–4 g/L)
Burlap

Gonzalo-Diago et al., 2013; Rinaldi &
Moio, 2018; Wang et al., 2020; Wang
et al., 2021;

MouthcoatComplex Banana peel
Suede

Kang et al., 2019; Rinaldi & Moio, 2018

Silk Surface smoothness Silk cloth Gawel et al., 2001; Oberholster et al., 2009;
Pickering & Demiglio, 2008; Vidal et al.,
2016

Adhesive Dynamic Grape seed extract (1.5 g/L) and tartaric acid (0.5 g/L)
solution

Kang et al., 2019

Grainy Particulate Flour for fine grain,Semolina for medium grain
Polenta for coarse grain
Sand paper 1000 grade
Silk cloth for fine grain
Fine-grade emery paper for medium grain
Coarser grade emery paper for coarse grain
White sugar

Kang et al., 2019; Paissoni et al., 2020;
Rinaldi & Moio, 2018

Aggressive Harsh Sand paper 600 grade Rinaldi & Moio, 2018
Feel subqualities

Body - Solution of glycerol (6 mL)
Gum arabic
Xanthan gum (0.5 g/L in wine)Methylcellulose (4 g/L in
water)Carboxymethylcellulose sodium salt (0.5–1.5 g/L in
water)

Chong et al., 2019; Gawel et al., 2020;
Hopfer & Heymann, 2013; Niimi et al.,
2017; Pagliarini et al., 2013 ; Runnebaum
et al., 2011; Wang et al., 2021

Viscous Weight Gum Arabic in red wine
Carboxymethylcellulose sodium salt (0.5–1.5 g/L) in
water

Gawel et al., 2020; Hopfer & Heymann,
2013; Rinaldi et al., 2021c

Hot Heat Water spiked with 8% (v/v) food grade alcohol
Wine spiked to 23.5% (v/v) with 190 proof ethanol

Frost et al., 2017; Gawel et al., 2020

Burn - Water spiked with 12% and 20% ethanol
Wine spiked with 20% 100-proof ethanol
Wine spiked with grain neutral spirits

Chong et al., 2019 ; Diako et al., 2016;
Wang et al., 2021

Tingle Irritation Soda water (15 mL) Watrelot et al., 2016
Prickle Irritation Soda water (15 mL) Watrelot et al., 2016
Metallic Acidity 8 iron tablets (approximately 3.0 g) dissolved in 300 mL

base wine and filtered
Diako et al., 2016

adhesive (4.5%), which is a dynamic subquality that con-
cerns the sticky or adhering feelings of mouth surfaces to
one other (Gawel et al., 2000) that could involve front lips
and gums (Kang et al., 2019). In this case, no reference stan-
dards are usually adopted for this subquality, even if one
study proposed a solution of grape seed extract and tartaric

acid as chemical standard (Kang et al., 2019). Mouthcoat-
ing has been positively correlated to red wine liking in
Tannat and Sangiovese wines (Rinaldi et al., 2021a; Vidal
et al., 2018). Surface smoothness velvet and silk subqualities
(5.5% and 4.8%, respectively) are used to describe the feel-
ing when different mouth surfaces come in contact with
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MOUTHFEEL SUBQUALITIES IN WINES 3337

each other. Velvet is described as finely textured kind of
astringent sensation, notably perceived in the tip of the
tongue and in front of superior teeth (Gonzalo-Diago et al.,
2013; Gonzalo-Diago et al., 2014). Its reference standard is
represented either by a quercetin-3-O-galactoside solution
(Scharbert et al., 2004) or by touch standard using vel-
vet cloth (Gawel et al., 2001; Pickering & Demiglio, 2008;
Vidal et al., 2016). Like velvet, the silk astringent percep-
tion, instead of using a definition, is commonly described
as the tactile sensation of silk itself (Rinaldi et al., 2021c)
and coupled with a piece of silk fabric (Gawel et al., 2001;
Pickering &Demiglio, 2008; Vidal et al., 2016). Notably, the
term smooth is often reported (3.6%) in characterizing red
wine sensory description. This descriptor is not present as
a single term in the mouthfeel wheel but may be repre-
sented by the surface smoothness category. In fact, smooth
is reported as a soft and delicate feeling often associated
with silky and velvety astringent perception (Arajuo et al.,
2021), and in turn correlated to a lower astringency inten-
sity (Vidal et al., 2016). Smooth, velvety, and silky have been
reported by experts as markers of high-quality red wines in
several studies (Ferrer-Gallego et al., 2014; Sáenz-Navajas
et al., 2016; Vidal et al., 2018).
Grainy (4.0%) is the only subquality belonging to partic-

ulate group that is present in the ranking of the 10 most
used astringent attributes for red wines. It is described as
a sensation of microparticles in the mouth (Rinaldi et al.,
2021c), and for this reason, grainy is better understood by
judges with the help of particulate touch standards, which
are sometimes used as scales of increasing grainy percep-
tion such as corn flour, semolina, polenta (Kang et al.,
2019), or the touch standard sandpaper 1000 grade (Rinaldi
& Moio, 2018).
One of the unpleasant astringent terms in red wine

description is aggressive (3.9%). It belongs to the category
of harsh, together with hard and abrasive, and it con-
sists of an excessive astringency of strong roughing nature
(Rinaldi et al., 2021c), and the tactile sensation could
be elicited by sandpaper of 600 grade (Rinaldi & Moio,
2018). This aggressive/sandpaper sensation has been cor-
related to low-quality or low-rated red wines by experts
(Sáenz-Navajas et al., 2016; Vidal et al., 2018), and more
precisely, sandpaper is considered relevant as the descrip-
tion of astringency for consumers, although not directly
included in the mouthfeel wheel terminology (Vidal et al.,
2015). Also, hard (3.6%) underlines aspects of excessive
roughness and unbalanced astringency (Gawel et al., 2000)
determined by the combined effect of bitterness and astrin-
gency (Gawel et al., 2000; Rinaldi et al., 2021c). Often used
as a synonym of harsh in many scientific works (Piombino
et al., 2020; Pittari et al., 2020), both terms are commonly

used also by consumers in the description of red wines’
astringency (Vidal et al., 2015). Interestingly, the term
aggressive has been associated with the European red wine
style, whichwas consideredmore “difficult” to understand
than international style, and harsh is one of the subquali-
ties utilized to describe “difficult” European white wines
(Loureiro et al., 2016).

5.2 White wine

For the white wine evaluation, only some astringent sub-
qualities (i.e., 40 different terms) are adopted in the
scientific literature on a total frequency of 70 (Table
S4), which is in line with the lower interest in eval-
uating astringency in white wines, due to their minor
content of polyphenols. Nevertheless, it is interesting to
notice that dry remains the most frequently cited sub-
quality for white wines (8.6%). Rich (7.1%), followed by
balanced/unbalanced (5.7%), is the most cited astringent
attribute for white wines. Rich attribute, which belong to
the complex group, is often associated with white wine’s
tactile characterization and is defined as “a high flavor
concentration with balanced astringency” (Gawel et al.,
2000). Similarly, balanced/unbalanced terms are often
used in white wine description, as in the evaluation of
Chenin blanc old vine wines (Mafata et al., 2020), and are
inclusively related to the aroma, acidic profile, and the
astringent perception. Additionally, complex refers to the
general category, which includes different qualities, like
soft, supple, fleshy, mouthcoat, and rich (Gawel et al., 2000),
and it is often present (4.3%) highlighting this category’s
importance in white wine’s quality evaluation. The term
Strong (4.3%) was identified with alcoholic, robust, intense
in taste, and concentrated white wines’ evaluation. As an
example, dry, smooth, and strong attributes were present
among the 10 most cited terms used to describe white
wines produced inNova Scotia by untrained participants in
an on-line survey (Moss et al., 2021). In this study, dry was
the term mentioned with the highest frequency, but some
of the assessors used it to describe a still wine, with a low
amount of sugar, while others adopted it with the mean-
ing of drymouth perception. Smooth descriptor (5.7%) was
instead correctly associated with the astringent property,
but also with the sensations of pleasant, round, easy to
drink, low content of alcohol, and velvety. In addition, dry,
smooth, rich, and balanced/unbalanced were evaluated in
Chardonnay wines obtained at different timings and tem-
perature conditions ofmalolactic fermentation byUFPand
a restricted version of PM, namelyNapping R© (Sereni et al.,
2020).
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6 THE CHOICE OF DESCRIPTORS:
THE TENMOST USED FEEL-RELATED
SUBQUALITIES

6.1 Red wine

In the current scientific literature, the mention frequency
of the macro-category feel descriptors adopted is lower
than that of astringency subqualities for the samewine cat-
egory. For instance, a total mention frequency of 130 with
30 different terms has been highlighted for red wine (Table
S5). Among feel-related descriptors, as shown by Figure 2,
body is the most frequent mouthfeel descriptor (17.7%),
followed immediately by hot (15.4%) and viscous (11.5%).
These three terms together make up almost half (44.6%)
of the total citation frequency for red wines. Subsequently,
alcohol (7.7%), full (5.4%), and burn (5.4%) are the most
used terms in this category, and only a few sources adopted
volume (3.1%), prickle (3.1%), oily (3.1%), and irritant (3.1%).
Bodypresents different synonyms, like full-body and full-

bodiedness, and is defined as a sensation of high viscosity
(Rinaldi et al., 2021c). Traditionally, the term body was
not included in the mouthfeel wheel, and its concept is
adopted for the weight sensory evaluation of wines. Sim-
ilarly, the viscous attribute is strictly related to the weight
contribution of a wine and is defined as an apparent thick-
ness resulting from pressure required to move the wine
around the mouth (Gawel et al., 2000). When viscosity is
low in intensity, it has been described as watery and thin
mouthfeel, while for higher intensity it has been associ-
ated with oily and thick mouthfeel (Walker et al., 2019).
Hot descriptor, which is higher in intensity than warm,
together with the latter, belongs to the heat grouping of
Gawel’s wheel. Generally, hot is a thermal perception,
characterized by heat sensation in the mouth and after
expectoration (Li et al., 2017), stimulated by higher ethanol
contents; indeed, its reference standard is water spiked
with ethanol (8% v/v) or wine spiked to 23.5% v/v with
ethanol (Frost et al., 2017; Gawel et al., 2020). Similarly,
burn descriptor is represented by wine added with higher
content of ethanol (12% and 20% v/v) as reference standard
(Wang et al., 2021) or even grain neutral spirits (Chong
et al., 2019). Besides, hot descriptor is commonly associ-
atedwithwarm, tingling, and numbing sensations (Li et al.,
2018). Interestingly, tingle and prickle sensations are often
considered together, as they cause strong and disagreeable
responses on consumers’ perception. Tingling mouthfeel
is defined as light, diffuse pins and needles sensation on
the tongue. Conversely, prickle definition is associatedwith
a deeper, more localized needle prick sensation on the
tongue. Both descriptors are described with soda water
as reference standard (Watrelot et al., 2016) (Table 3).
Likewise, the term irritant is among the 10 most used in
mouthfeel red wine description and refers to a generic

unpleasant sensation, negatively influencing expert eval-
uation, which could be due to prickle, tingle, spritz, pepper,
or chilli specific descriptors (Gawel et al., 2000, Vidal et al.,
2018).

6.2 White wine

In the white wine evaluation, the two most used mouth-
feel attributes of the 20 terms found are represented by
viscous (15.0%) and body (15.0%) (Figure 2). In particu-
lar, Chenin blanc wines obtained from grapes produced
by different trellis systems showed differences in terms
of light, medium, and full body (Panzeri et al., 2020). In
addition, thewine body perception by consumerswas stud-
ied, and it has been observed that wine with increased
body did not influence wine liking and emotions, dif-
ferently from an increased astringency perception (Niimi
et al., 2017). Moreover, the tactile descriptor of hot (10.0%)
was also frequently used. Watery, round, and full each
accounted for 6.7% of the citation of descriptors employed
inwhite wine sensory evaluation. Interestingly,waterywas
described by untrained judges with two different defini-
tions. The first description was related to the lack of flavor
in white wines and the statedwatery descriptor was associ-
ated with bland or lacking wine. In the second definition,
only some participants defined watery as a lack of body or
a low viscous wine (Moss et al., 2021). Similarly, in another
consumer study combining projective mapping (PM) and
ultra-flash-profiling (UFP), watery, together with light and
pungent, have been adopted in the red/white/rosé wine
description (Hayward et al., 2020). Besides, the mouthfeel
profile of Chardonnay white wines was partially influ-
enced bymalolactic fermentation conditions (i.e., different
timing, temperature, strains), according to experts’ judg-
ment. Indeed, it has been noticed that there is no dominant
factor, like temperature or malolactic fermentation tim-
ing, driving mouthfeel perception (Sereni et al., 2020).
Moreover, in similar treatment conditions (i.e., Chardon-
naywines obtained from differentmalolactic fermentation
conditions), the retro-nasal aromatic perceptionwas found
to influence the mouthfeel perception (Sereni et al., 2016).
Nevertheless, it is unclear if these differences are due to
interactions between chemical groups, indirect effects of
volatile fraction, or associative learning.

7 THE PARTICULAR CASE OF
SPARKLINGWINE: MOUTHFEEL
SUBQUALITIES

A further wine category has been researched: special
wines. The results included sparkling wine, whereas no
studies using mouthfeel subqualities concerning other
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TABLE 4 Frequencies of astringency and feel subquality descriptors in sparkling wine

Term Counts
Mention frequency
(%)

Range of publication
years

Carbonated 3 11.1 2017–2020
Foamy 2 7.4 2017
Bubble Pain 2 7.4 2015–2017
Bite 2 7.4 2017
Watery, viscous, tingly,
strong, smooth, pungent,
prickle, persistence,
numbing, global
perception, fresh,
equilibrium, dry, crisp,
creamy, burn, body, after
numbing

1 3.7 2015–2020

Total mention frequency 27 100
Number of terms 22

special wines, such as passito, reinforced or orange wines,
have been found. In sparkling wines’ case, the sensory
evaluation of foam, originated from carbon dioxide flow,
is extremely important and the mouthfeel sensations
considerably differ from still wines. Indeed, Pickering
and Demiglio (2008) introduced separate categories (e.g.,
mousse dynamics, tingle, fresh meringue) for the mouthfeel
properties elicited uniquely by sparkling wines. A total of
22 different astringent and mouthfeel related descriptors
have been found in the scientific literature with a total
mention frequency of 27 (Table 4). In the case of sparkling
wines, the most frequently cited terms are carbonated
(11.1%), bubble pain (7.4%), foamy (7.4%), and bite (7.4%).
The other terminology found has only been mentioned
once, as watery, strong, viscous, smooth, creamy, fresh,
and numbing. As reference standards, 30 mL seltzer
water for carbonation/bubble pain, 30 g peroxide-baking
soda toothpaste for numbing, 1 lemon-honey cough drop
dissolved in 300 mL boiling water for after-numbing, 0.5
g candy with tongue pressed to roof of mouth for prickly,
30 mL soda (7-Up) for foamy, 30 g peroxide-baking soda
toothpaste for tingly were used (McMahon et al., 2017b).
The bubbles of carbon dioxide could also be involved in
irritating sensations, associated with pungent, prickly, and
tingly descriptors. In addition, sparkling wine’s weight
is also considered with the terms of watery, viscous, and
body. The only astringency subqualities mentioned in this
category are smooth, dry, and strong.

8 A FOCUS ON THEWINE BODY
CONCEPT: SENSORY AND
INSTRUMENTAL INVESTIGATIONS

Body is one of the most frequently cited descriptors in both
red andwhite wines’ mouthfeel sensory analysis, although

this term does not fall explicitly into the vocabulary of the
sensory wheels. This term is related to a wider concept,
which unifies and includes a series of attributes employed
to describe the same concept. First of all, the nearest words
associated with body are full-body, fullness (Loureiro et al.,
2016; Vidal et al., 2004b), roundness (Pineau et al., 2011),
volume (Casassa et al., 2013; Diago et al., 2010; Hopfer
& Heymann, 2013; King et al., 2014b), weight (Harbert-
son et al, 2009; Ou et al., 2010), density (Ivanova et al.,
2022), and viscous (Gawel et al., 2016). All these terms
commonly shared the concept of thickness resulting in
pressure required to move the wine around the mouth
(Gawel et al., 2000), the sensation of fullness and richness
in the oral cavity (Coste et al., 2018), and the viscosity and
overall intensity of wine (Li et al., 2018).
The reference standards related to body are likewise

numerous (Table 3): a solution of glycerol, carboxymethyl-
cellulose sodium salt, methylcellulose, and xanthan gum
(Chong et al., 2019; Gawel et al., 2020; Hopfer &Heymann,
2013; Niimi et al., 2017; Pagliarini et al., 2013; Runnebaum
et al., 2011; Wang et al., 2021). In other words, the concept
of body is wide and quite complicated, not only because
of the several chemical reference compounds that could
trigger it, but also because of the lack of lexical con-
sensus. Among the various combinations of terminology,
the necessity to clarify and unify many weight-related
attributes under a unique wine body term has been high-
lighted by untrained judges. Namely, consumers associate
this term with the wine flavor, fullness, and strength more
rather thanmouthfeel, and to a greater extent as their wine
knowledge decreases (Niimi et al., 2017). In the cited study,
Syrah, Cabernet sauvignon, and Port wines were associ-
ated with full-bodied wines in contrast with Sauvignon
blanc, rosè, and sparkling wines that were associated with
light-bodied ones (Niimi et al., 2017). The multi-modal
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dimension of wine (and beer) body by consumers was also
recently studied by Ivanova and colleagues (2022), and it
was confirmed how consumers associate this term with
mouthfeel attributes (velvety, smooth, creamy) as well as
with flavor, particularly with nuances of dark fruit (black-
berry, cherry, plum), and derived from wood-aging (e.g.,
caramel, chocolate, and oak).
Body is often linked with the concept of perceived viscos-

ity, which is in turn related with the thickness perceived
in mouth and correlated with the physical viscosity. The
latter is defined as the internal friction of a fluid and its
presented resistance to the flow. It has been instrumen-
tally measured in wine by rheological techniques, such
as falling ball viscometer, capillary viscometer, or rota-
tional rheometer (Brossard et al., 2020; Danner et al., 2019;
Laguna et al., 2017; Runnebaum et al., 2011; Shehadeh
et al., 2019; Yanniotis et al., 2007). Since Arrhenius’ law
is valid for wine, a decrease in viscosity is reported at
increasing temperature, and usually the value at 20◦C is
measured analytically for comparison, although the wine
serving temperature may vary with a consequent variation
in perceived viscosity (Yanniotis et al., 2007). The viscos-
ity of Australian Chardonnay wines was reported to range
between 1.448 and 1.529 mPa⋅s at 20◦C, whereas that of
Californian Chardonnay wines was found between 1.232
and 1.313 mPa⋅s at 30◦C, according to the higher mea-
surement temperature, but values up to 1.93 mPa⋅s can be
found at 20◦C in Greek white wines (Danner et al., 2019;
Runnebaum et al., 2011; Yanniotis et al., 2007). Interest-
ingly, differences were found between Californian wine
regions in terms of viscosity, allowing their discrimina-
tion (Runnebaum et al., 2011). Higher viscosity values were
found in redwines, from 1.448 to 1.695mPa⋅s for Australian
Shiraz, and from 1.78 to 2.02 mPa⋅s for Greek red wines
(Danner et al., 2019; Yanniotis et al., 2007). Indeed, the
difference thresholds of perceived viscosity are reported at
0.141 mPa⋅s and, more recently, 0.138 mPa⋅s in the stud-
ies of Noble and Bursick (1984) and Danner and colleagues
(2019), respectively.
Sugars are the main contributors to both physical and

perceived viscosity in wine, which is well represented by
the full-body sensation of sweet wines. Nevertheless, it
has been reported that under 4 g/L of residual sugars,
or as studied more recently 15 g/L of sucrose (Burns &
Noble, 1985; Nurgel & Pickering, 2005; Runnebaum et al.,
2011), their contribution is negligible in terms of viscosity.
Other basic compositional makers are considered respon-
sible for viscosity, such as ethanol, as well as glycerol,
and other compounds present in the wine dry extract. The
contribution of glycerol to wine viscosity and fullness is
debated in several studies. Traditionally, the glycerol pres-
ence in white and model wines has been related to both
perceived and physical viscosity (Jones et al., 2008; Laguna

et al., 2019; Nurgel & Pickering, 2005; Runnebaum et al.,
2011). Its production depends on yeast strain, fermentation
parameters, and winemaking processes (Erasmus et al.,
2004). In contrast, other scientific papers have not high-
lighted the relationship between glycerol and viscosity in
white wines, suggesting that other chemical and physical
factors may participate in wine body, such as pH or resid-
ual sugars (Gawel et al., 2014a; Runnebaum et al., 2011;
2018; Shehadeh et al., 2019). In few words, considering the
above-mentioned difference thresholds, these perceived
differences in viscosity correspond to an increase of 25 and
28 g/L of glycerol, respectively (Yannotis et al., 2007; Dan-
ner et al., 2019), which is far from the content present in
wines. Similar magnitudes are considered for alcohol con-
tent: With an increase of 0.047 mPa⋅s of viscosity for each
alcohol degree (Yannotis et al., 2007), a viscosity difference
may be perceivable with more than 3% alcohol difference
among wines. These results were confirmed also by Dan-
ner et al. (2019): Although a strong positive correlation
was found between physical and perceived viscosity, an
increase of 4.5% and 3.2% of alcohol was required in order
to sense it in awhite and a redwine, respectively. Addition-
ally, the lubrication conditions of the oral cavity are modu-
lated by the presence of solvents, like ethanol and glycerol.
Both these compounds were found to be able to modulate
the formation of salivary protein–polyphenol aggregates:
in particular, glycerol was found to restore lubrication in
the mouth, whereas ethanol was able to prevent them
(Rudge et al., 2021). Therefore, other compounds involved
in the wine dry extract (excluding glycerol) are presum-
ably related to the body perception, such as the presence
of organic acids, amino acids, yeast mannoproteins, and
tannins. Metabolomic analyses by gas-chromatography
coupled with time-of-flight mass spectrometry (GC-TOF-
MS) and nuclear magnetic resonance (NMR) have been
attempted to highlight the possible chemical markers cor-
related with perceived viscosity (Skorgerson et al., 2009;
Rochfort et al., 2010). The GC-TOF-MS determination
allowed to discriminate between wines classified in three
classes of perceived viscosity by 28 compounds, with the
amino acid proline and some organic acids, such as lactic
and succinic acids, as enhancers, in contrast to the pres-
ence of fatty acids (Skorgeson et al., 2010). In addition,
NMRwas able to discriminate wines based on the different
perceived “body” following different shading treatments of
grapes in the vineyards (Rochfort et al., 2010), which could
be correlated in turn by different secondary metabolites
content and extraction, with tannins among others. Tan-
nins arewell known for their involvement in themouthfeel
andmore specific in astringency. Considering the relation-
ship between viscosity and tannins concentration in Shiraz
wines, a positive trend has been observed, although non-
significant (Danner et al., 2019). Interestingly, when an
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astringent compound is added to a model saliva (based
on mucin salivary protein) or human saliva, the mix-
ture showed a shear-thinning behavior (therefore as a
non-Newtonian fluid) with increasing viscosity related to
ascending tannin dose, although the tannin content neces-
sary for this effect was dependent on the ratio’s wine/saliva
tested, and therefore of correspondent tannins/proteins
content (Laguna et al., 2017; Brossard et al., 2019). The
change in viscosity was combined with the formation of
tannin–salivary protein aggregates—analyzed by scanning
electron microscopy or nephelometry—which suggested
that those complexes were responsible for the increase
in viscosity and the greater perceived thickness. In this
case, the combination of rheology with the investigation
of aggregate formations bymicroscopy and light-scattering
techniques and the change of in-mouth lubrication by
tribology is a promising approach.

9 CORRELATION BETWEEN SENSORY
MOUTHFEEL SUBQUALITIES AND
INSTRUMENTALMEASUREMENTS

As described previously, astringency is a complex tac-
tile sensation perceived in the oral cavity, and it has
been defined by the American Society for Testing and
Materials as a group of sensations involving shrinking,
drawing, or puckering of the epithelium (ASTM, 2004).
According to the mechanism, the mouthfeel perception
origins from the interaction between salivary proteins
(i.e., PRPs or proline-rich proteins, histatins, α-amylase,
lactoferrin, and mucins) (Condelli et al., 2006; de Fre-
itas & Mateus, 2001; Gambuti et al., 2006; Lu & Bennick,
1998; Yan & Bennick, 1995) and polyphenolic compounds,
like tannins. Additionally, other classes of compounds
interact with salivary proteins, like organic and inorganic
acids, dehydrating agents, andmultivalentmetallic cations
(Bajec & Pickering, 2008).
Several phenomena influence the onset of in-mouth sen-

sations, involving different oral tissues and constituents.
Nevertheless, severalmechanisms aremainly involved and
widely accepted regarding the perception of astringent
sensation, as recently reviewed by González-Muñoz et al.
(2022). Briefly, the first one involves the interaction, aggre-
gation, and precipitation of polyphenols with PRPs (Lu
& Bennick 1998; Soares et al., 2012). In order to explain
this mechanism, Charlton et al. (2002) proposed a three-
step model, which has been confirmed and modified by
other authors (Jöbstl et al., 2004). Initially, a polyphenol–
PRP chemical bond is formed due to the development of
hydrogen bonds (Hagerman&Butler, 1980) and hydropho-
bic forces (Bennick 2002; Simon et al., 2003). The first
interaction triggers the subsequent aggregation with other

polyphenols, like tannins, and the formation of a soluble
complex. In the second stage, the complex forms cross-
linkswithmore polyphenols creating insoluble aggregates.
Ultimately, polyphenol–protein large complexes precipi-
tate, leading to dryness and puckering sensations on the
oral surface.
The precipitation of polyphenol–PRP complexes deter-

mines a disruption of the lubricating salivary film, which
covers all oral surfaces causing friction and mechanore-
ceptors activation, thus the astringent perception in the
mouth (Gibbins & Carpenter 2013), as a second mecha-
nism. This lattermechanism suggests the direct interaction
of polyphenols alone or the polyphenol–protein complexes
with oralmucosa surface (Gibbins&Carpenter, 2013). This
process is allowed by the frictional force that decreases
lubrication and leads to the exposure of inner epithelial
layers. Even the tongue presents superficial slow-adapting
and fast-adapting receptors which could respond to this
mechanism (Breslin et al. 1993). Last, studies on the inter-
action of oral epithelial cells from buccal mucosa and
tongue with the main oral components (human saliva,
mucosal pellicle, epithelial cells membrane) and pheno-
lic compounds showed their contribution to the astringent
perception (Soares et al., 2017, 2020; Reis et al., 2020). It is
still unknown if these mechanisms occur step-by-step or
simultaneously in the oral cavity (González-Muñoz et al.,
2022). Nevertheless, it has underlined their contribution
to the mouthfeel and, in more detail, to the astringent
perception in food and beverages, including wine.

9.1 Tribology: Can lubrication loss
determine the subqualities of astringency?

Recently, several studies on rheology, tribology, and tur-
bidity investigated the mouthfeel and, more precisely, the
astringent perception in wine, as summarized in Table 5.
Although tribology measurements are widely diffused in
food science (Shewan et al., 2020), and the correlation
between the friction coefficient (μ) and sensory descriptors
common in dairy foods—such as smoothness, pastiness,
and stickiness—was deeply confirmed (Sarkar & Krop,
2019), the study of the relations between wine’s perceived
astringency and μ is relatively recent (Brossard et al.,
2016). Using this approach, overall astringency can be dis-
criminated in wines with different contents of tannins or
produced from grapes picked at different levels of ripeness
(Brossard et al., 2021; Watrelot et al., 2019). Previously, a
tribological approach demonstrated the reduction in lubri-
cation determined by galloylated flavan-3-ols standards,
namely, epigallocatechin-gallate and epicatechin-gallate,
whereas epicatechin was perceived as astringent but did
not modify the measured lubricant properties (Rossetti
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et al., 2009). Given that astringency is often related to
a lack of lubrication in the mouth, the study of friction
coefficient seemed the most suitable option to fill the gap
between the molecular basis (protein–polyphenol interac-
tion) and the perceived astringency (Brossard et al., 2016;
Laguna & Sarkar, 2017; Upadhyay et al., 2016). The objec-
tive of this approach is to simulate the interaction between
tongue/palate/gums and wine components. In particu-
lar, the difficulty of this purpose is to realize accurate
experiments capable of measuring the different astringent
perception mainly in term of instrumentation and of the
surface mimicking the mouth properties (Shewan et al.,
2020). In fact, the determination of the friction coefficient,
unlike the viscosity, is based on a complex physical pro-
cess involving both lubricant and surface characteristics
(Laguna & Sarkar, 2017; Upadhyay et al., 2016). The typ-
ical representation of tribological results is the Stribeck
curve, which plots the friction coefficient as a function of
the entrainment speed. It is typically divided into three
regimes: (i) the boundary regime, with low entrainment
speed and mainly driven by the surface characteristics—
which is considered the most related to the astringency
of wine (Brossard et al., 2016)—, (ii) the mixed regime,
where the surface properties are still determinant but it is
influenced by the hydrodynamic regime, that is, the (iii)
regime that happens at higher speed and the bulk lubricant
rheological properties are predominant.
The lubricant under evaluation is saliva (human or arti-

ficial) or the mix of wine (or specific compounds) and
saliva, which can be analyzed as bulk or by a thin layer
formed by saliva on the surface (Wang et al., 2020, 2021).
Despite wine being a Newtonian fluid, the saliva and the
mentioned mix are proved to be not, showing a shear-
thinning behavior (Brossard et al., 2019).Moreover, human
saliva showed higher lubricant capacity than artificial
mucin-based saliva (Watrelot et al., 2019). Concerning the
testing surface, it must mimic as much as possible the
in-mouth characteristics. Watrelot and colleagues (2019)
tested different material for tribological measurements of
Pinot noir andCabernet sauvignonwines, showing the dif-
ferent effects resulting from the use of hard-hydrophilic
mica and soft-hydrophobic elastomer polydimethylsilox-
ane (PDMS) coated surface, with the latter considered
preferable. Indeed, human tongue is characterized by soft,
rough, and hydrophilic (due to the saliva) properties, and
PDMS can be customized by different treatments tomodify
its elasticity, smoothness, hydrophobicity, and roughness
(Rudge et al., 2019). PDMS customization makes it the
most used material for oral tribology studies, as reviewed
recently by Shewan and colleagues (2020) and Sarkar
and colleagues (2019). These studies highlighted the prop-
erties of elastomer PDMS in food studies compared to
biological surface, such as pig tongue, and opened new
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frontiers in the use of hydrogels. In the future, this sur-
face may be employed in reaching conditions as close as
possible to mouth in the field of the soft-tribology (i.e.,
the measurement that involves at least one compliant
surface).
Obviously, the frictional evaluation depends on the

adopted instruments and experimental conditions, as
well as on the lubricant and surface considered (Rudge
et al., 2019). In this regard, the application of PDMS soft-
tribology inwine astringency studies showed potentialities
to instrumentally investigate the astringency subqualities
that were previously only investigable with sensory analy-
sis. Wang and colleagues (2020) used three different tribo-
logical protocols and sensory results from aDA, performed
by a trained panel, and found interesting instrumental–
sensory correlations for the subqualities drying and pucker.
The first term is mainly driven by the tannin content
and instrumentally correlated with the increased friction
studied in a bulk of model-wine and human saliva. The
formation of salivary protein–tannin complex reduced the
lubricant ability of saliva (Wang et al., 2020). Pucker was
correlated with low pH and was instrumentally measur-
able using PDMS incorporated with human saliva: After
model wine flushing, the wine with lower pH value caused
a faster increasing in the friction coefficient. This approach
was further used (Wang et al., 2021) adding a Malbec wine
with various levels of ethanol, tannin, pH, and manno-
protein, evidencing that the descriptors drying, grippy,
and rough were correlated with high tannin contents and
increased boundary friction, whereas burning and resaliva-
tion were not-frictional correlated but linked, respectively,
with an ethanol and acidity increase. On the contrary, the
softening in astringency, smoothness, was correlated with
a lower protein precipitation and higher viscoelasticity of
salivary films as determined by quartz–crystal microbal-
ance with dissipation monitoring (QCM-D). Briefly, high
correlationwith physicalmeasurementswas found for sev-
eral investigated subqualities, except also for fullness that
was more linked with the alcohol content. In another tri-
bological approach, alcohol presence was proved to reduce
the protein–polyphenol bonding between astringent stan-
dard and PRPs, which were found to be the main cause of
lubrication loss. Glycerol showed increased viscous lubri-
cation, restoring from astringency sensation (Rudge et al.,
2021). Dynamic light scattering (DLS) confirmed the exis-
tence of smaller aggregates when ethanol and glycerol
were present (Laguna et al., 2017).
Indeed, the study of particle size by DLS proved that

larger polyphenols increased precipitation and therefore
lubrication loss (Rudge et al., 2021), confirming that
polyphenols’ molecular mass together with their concen-
tration are the drivers of lubrication loss, and that the
interaction involves mainly PRPs differently from other

salivary proteins, such as mucins (Edmonds et al., 2021;
Rudge et al., 2021; Watrelot et al., 2019). In fact, even if
the number of aggregates may influence the intensity of
astringency, Brossard and colleagues (2021) showed that
their characteristics in term of shape (such as round-
ness), size (as Feret diameter), and texture may drive
the different astringency subqualities. In their evalua-
tions, a Carménère wine resulting higher in astringency
and velvety subquality than a Cabernet sauvignon showed
lower aggregates formation, but with a compact globular
form with respect to open and flat aggregates of Cabernet
sauvignon.
Combined with tribological measurements, the amount

and surface characteristics of salivary protein aggregates
with wine polyphenols in different matrix may be a future
improvement in the instrumental measurement of astrin-
gency subqualities, providing more knowledge. Moreover,
the correlations among the results of sensory analysis, e-
tongue, and peptide arrays have been recently investigated
and applied successfully for taste and astringency discrim-
ination among wines, whereas feel-subqualities are still a
research topic (Diako et al., 2016; McMahon et al., 2017b;
Umali et al., 2015; Vera et al., 2010).

9.2 Polyphenol–protein interaction:
Instrumental study of the chemical base of
astringency

It is certain that polyphenols contribute to the com-
plexity of color, flavor, and astringency (Ma et al., 2014;
González-Muñoz et al., 2021). Depending on their struc-
tural features, grape polyphenols can be divided into
non-flavonoids and flavonoids. The former includes phe-
nolic acids (i.e., hydroxybenzoic and hydroxycinnamic
acids) and stilbenes. The latter consists of flavan-3-ols
monomers, their polymeric structures proanthocyanidins
(tannins), flavonols, flavones, and anthocyanins.
The importance of flavan-3-ols and tannins on astrin-

gency has been widely discussed in many works, and it
is commonly accepted that the degree of polymerization
and molecular weight of polyphenols increase the pre-
cipitation of proteins (Bate-Smith, 1973) and intensify the
astringent perception (Arnold et al., 1980; Peleg et al.,
1999). In the investigated literature, wine often needs to be
fractionated in order to determine the sensory influence of
polyphenol compounds. In this sense, a number of analyt-
ical options are available as remarked in Table 6. Among
the most common methodologies, liquid/liquid solvent
extraction or counter-current chromatography, and
solid/liquid extraction by solid phase extraction, prepar-
ative or semi-preparative liquid chromatography (LC)
are often employed to achieve fractions from grape and
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F IGURE 3 Citation frequency (%) of astringency subqualities and feel terms in standards and fractions.

wine (Ferrero-del-Teso et al., 2022; Gonzalo-Diago et al.,
2014; Hufnagel & Hofmann, 2008; Paissoni et al., 2018;
Sáenz-Navajas et al., 2017, 2018; Vidal et al., 2004a, 2004b,
2004c). In these studies, the identification and quantifica-
tion analysis of the chemical compounds contained in the
fractions is required by a mean of analytical LC coupled
with spectrophotometer and mass spectrometer, as well
as gel-permeation and size exclusion chromatography
for tannins (Gonzalo-Diago et al., 2014; Hufnagel & Hof-
mann, 2008; Sáenz-Navajas et al., 2010). Last, by means of
sensory analysis methods, the correlation between sensory
attributes and single chemical molecules is achievable,
with partial least square (PLS) regression as the most
used statistical technique (Ferrero-del-Teso et al., 2022;
Gonzalo-Diago et al., 2014; Sáenz-Navajas et al., 2010).

Remarkably, even in the study of grape/wine fractions,
dry remains the most used astringent-investigated
term (21.9%, Figure 3), and more precisely, wine
fractions containing procyanidins and/or oligomer-
ized flavan-3-ols have been associated with higher
intensity of dry descriptor. In fact, the mean degree
of polymerization and the tannin concentration are
good predictors of dryness perception and overall
astringency (9.4% of citation) (Vidal et al., 2003).
In accordance with these results, tannin activ-
ity, tannin concentration, and the mean degree
of polymerization (mDP) of tannins proved to be
important factors for the dryness evaluation of phe-
nolic fractions (Ferrero-del-Teso et al., 2022), as
well as tannin concentration drives frictional forces
of dry model wine (Wang et al., 2020). Besides,
the intensity of all astringent attributes increased
with tannin concentration and decreased with the
addition of polysaccharides, such as rhamnogalac-
turonan II (Vidal et al., 2004c). Among astringency
subqualities, grainy (7.3%), velvet (6.3%), pucker
(6.3%), and silk (5.2%) also appeared. Besides, the

subcategories of fine/medium/coarse grain rated
in grape proanthocyanidin fractions have been
related to the quantity of their extension fla-
vanol units (Gonzalo-Diago et al., 2013; Vidal
et al., 2003). It is well-known that the galloyl-
substitution of flavan-3-ols increases both the
hydrophobic interactions with PRP and the fric-
tion coefficient (Ma et al., 2014; Rossetti et al.,
2009). Recently, their interaction with cell epithe-
lial lipidic membranes has been also proven (Reis
et al., 2020). Moreover, prodelphinidins (gallo-
catechin and epigallocatechin-based, B-ring tri-
hydroxylated) are involved in smoother and velvety
subqualities, with respect to di-hydroxylated B-
ring procyanidins (catechin and epicatechin-based)
that are reported more dry, rough, unripe (Ferrer-
Gallego et al, 2015a). The former are present just
in grape skins, whereas the latter are in both seeds
and skins, and the galloylated-derivatives are exclu-
sively in seeds (Ma et al., 2014). It is consolidated
that the tannin content and sharing between grape
tissues are varietal characteristics, although influ-
enced by ripeness, climate, pedology, vintage, and
agronomical practices. With regard to feel group
descriptors for wine fractions’ evaluation, hot is the
most investigated (20.4%) (Ferrero-del-Teso et al.,
2020, 2022; Gawel et al., 2014b).

Flavan-3-ols and tannins are the most studied classes
for their contribution in astringency, and many studies
confirm their essential role about mouthfeel perception.
In fact, conventionally, tannins are the major class of
polyphenolic compounds involved in the tannin-PRP com-
plex formation (Arnold et al., 1980; Bate-Smith, 1954;
Courregelongue et al., 1999; Joslyn & Goldstein, 1964), but
also other compounds (Table 6) have been found to be
implicated in the astringent stimuli, including monomers,
dimers, and trimers (Naish et al., 1993; Peleg et al., 1999).
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Satisfactory results in the prediction of astringency by
precipitation methods, such as the ones using salivary
proteins or alternative proteins such as BSA, had been
achieved in wine (Boulet et al., 2016; Rinaldi et al., 2012a;
Schwarz & Hofmann, 2008), but soluble polyphenols
may be able to activate astringency without precipitation,
nonetheless. In particular, the improvement in the analysis
of polyphenol–protein interactions has been achieved by
the study of protein–ligand interaction by saturation trans-
fer difference (STD)-NMR and molecular dynamic (MD)
simulation or by isothermal titration calorimetry (ITC), as
well as matrix-assisted laser desorption/ionization time of
flight (MALDI-TOF) approaches that can be used for deter-
mination of soluble complexes (Ferrer-Gallego et al., 2014,
2015b, 2017, García-Estévez et al., 2017; Soares et al., 2019).

9.3 Main wine metabolites influencing
mouthfeel properties and their implication
in winemaking

9.3.1 Phenolic acids

The contribution of phenolic acids on mouthfeel sen-
sory properties in wine, particularly astringency and bitter
taste, has been highlighted in many studies (Ferrer-
Gallego et al., 2014; Ferrer-Gallego et al., 2017; Gonzalo-
Diago et al., 2014; Hufnagel & Hofmann, 2008; Sáenz-
Navajas et al., 2010). Both hydroxycinnamic and hydrox-
ybenzoic acids are key astringent compounds. Ferrer-
Gallego and co-workers (2017) demonstrated for the first
time the interaction between phenolic acids and salivary
proteins by (STD)-NMR and molecular dynamic simula-
tions. Notably, the affinity for the salivary peptide was
higher in hydroxybenzoic acids than in hydroxycinnamic
acids. Caffeic acid, p-coumaric acid, gallic acid, and pro-
tocatechuic acid were considered, and mixtures of these
compounds rather than individual phenolic acid showed
a higher affinity with PRPs, as confirmed by lower disso-
ciation constant values (KD). In addition, when phenolic
acids were tasted jointly, the perceived astringency and
bitterness were higher than individual compound, indi-
cating a synergistic effect (Ferrer-Gallego et al., 2014).
Particularly, synergismwas explained by the change in the
secondary structure and in the receptor binding sites of
salivary peptides (Ferrer-Gallego et al., 2017).
Concerning phenolic acids’ sensory descriptors, they

were mainly astringency, bitterness, and persistence
(Ferrer-Gallego et al., 2014; Gonzalo-Diago et al., 2014;
Hufnagel &Hofmann, 2008; Sáenz-Navajas, et al., 2010). p-
Coumaric, caffeic, gallic, and protocatechuic acids induced
astringency and slight bitterness, whereas as the com-
plexity of the mixture increases, the trained panel’s

judgment moved to the velvet astringency subquality.
Moreover, trans-caffeic and trans-coutaric acids had a
strong significant correlation with the perceived astrin-
gency (Sáenz-Navajas et al., 2010). A few hydroxybenzoic
and hydroxycinnamic acid ethyl esters were also described
as bitter and pucker astringent in wine fractions (Hufnagel
& Hofmann, 2008). Furthermore, a correlation between
hydroxycinnamic acids (i.e., coutaric and trans-coumaric
acids) and persistence attribute has been found (Gonzalo-
Diago et al., 2014). In the cited study, wine fractions con-
taining protocatechuic, trans-caftaric, and coutaric acids
received higher scores by trained assessors for dry descrip-
tor compared to those fractions in which a partial loss of
phenolic acids occurred. Conversely, hydroxybenzoic and
hydroxycinnamic fractions slightly contributed to velvety
astringency. It is interesting to notice that the concentra-
tions of coutaric and trans-caftaric acidswere largely above
their sensory thresholds of 10 and 5 mg/L, differently from
trans-coumaric and protocatechuic acidswith taste thresh-
olds of 23 and 32 mg/L, respectively (Gonzalo-Diago et al.,
2014).
Phenolic acids and their derivatives influence the sen-

sory quality perception of wines. It has been observed that
high-quality wines were associated with the presence of
trans-coutaric and trans-caftaric acids, and higher concen-
trations of trans-caffeic acid (10 mg/L) were attributed to
low-quality wines by experts (Sáenz-Navajas, et al., 2010).
Phenolic acids, and in particular hydroxycinnamic acids,
are a varietal-characteristic suggested for the discrimi-
nation of white winegrape varieties or even of natural
versus artificial ice-wines (Ferrandino et al., 2012; Scalzini
et. al., 2021). Nevertheless, their content is influenced by
the winemaking process, in particular by oxygen manage-
ment, due to their easiness to be oxidized. Winemaking
techniques such as reductive winemaking of white wine-
grape varieties may conserve a high quantity of these
compounds (Mattivi et al., 2012), and in absence of tan-
nins extracted by grape solid maceration, their sensory
implications may be relevant.

9.3.2 Flavonols

Among the low-molecular-weight classes, flavonols play
a remarkable role in the sensory qualities and complexity
of wines. For instance, quercetin-3-O-galactoside (0–10
mg/L) is used as standard for velvety astringency dur-
ing panel training phase (Gonzalo-Diago et al., 2014;
Scharbert, et al., 2004). Flavonols are the polyphenolic
class with the lowest astringency recognition threshold
concentrations. Syringetin-3-O-β-D-glucopyranoside
and quercetin-3-O-β-D-galactopyranoside present
threshold values of 0.2 and 0.4 μmol/L, respectively
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(Hufnagel & Hofmann, 2008). Similarly, quercetin-3-O-
α-L-rhamnopyranosyl-(1→6)-β-D-glucopyranoside and
quercetin-3-O-β-D-glucopyranoside exhibit 0.001 and 0.65
μmol/L (in water) as orosensory astringent thresholds,
respectively. Nevertheless, some flavonol glycosides
show no ability to form bonds with salivary proteins,
suggesting the possibility of alternative mechanisms
that explain astringent perception (Schwarz & Hoffman,
2008). Recently, the ability of a flavonol extract from
yellow onion to interact with oral cell lines, particularly
from the tongue, was demonstrated (Guerreiro et al.,
2022), and this interaction (oral cell derived instead of
salivary-related) may be the key to velvety descriptor. In
fact, the astringency subqualities identified for flavonols
were velvet, dry, and pucker (Gonzalo-Diago et al., 2014;
Hufnagel & Hofmann, 2008). Particularly, quercetin and
quercetin-3-O-rutinoside drive dry astringency, whereas
kaempferol and quercetin-3-O-rutinoside have been found
responsible for eliciting bitterness. Recently, red wine
fractions containing flavonols have also been reported
to be associated with bitter, burn, and hot sensations
(Sáenz-Navajas et al., 2017), as well as main contributors
of grape fractions’ bitterness (Ferrero-del-Teso et al., 2022).
Flavonols are varietal markers of winegrape varieties,

although they are strongly increased by UV-light expo-
sure, thus being defined as indicators of winegrape sun
exposure (Ferrandino et al., 2012; Martínez-Lüscher et al.,
2019; Mattivi et al., 2006). Mainly found in grape skin as
glycosides, their hydrolysis occurs in wines during aging,
resulting in an increase of the free flavonols thatmay result
in precipitation (Gambuti et al., 2020b;Makris et al., 2006).
Clearly, a prolonged skin contact can increase their extrac-
tion, and the initial contentmay be relevant in determining
in-mouth characteristics in the wine.

9.3.3 Anthocyanins

Anthocyanins are a class of phenolic compounds pri-
marily responsible for wine color, as well as the taste
and mouthfeel properties of wines. Vidal and colleagues,
2004a, 2004b, 2004c) were among the first to observe the
contribution of purified anthocyanins on the perception of
astringency and its subqualities. Anthocyanidin glucosides
and coumarates presented lower intensity values of astrin-
gency subterms, in comparison with proanthocyanidin-
and tannin-like fractions. In particular, glucoside and
coumarate anthocyanidin fractions did not significantly
differ from the model wine regarding astringency sub-
qualities, except for dry descriptor (Vidal et al., 2004a).
Additionally, the anthocyanidin fraction evaluated in-
mouth and after expectoration by a trained panel slightly
increased the intensity of fullness and overall astringency
when compared to the model wine (Vidal et al., 2004b).

Anthocyanidin fraction also showed a contribution in full-
ness perception, coarseness, and chalkiness (Vidal et al.,
2004c), but the presence of phenolic compounds other
than the anthocyanin class could have occurred. Further-
more, Gawel et al. (2007), studying the correlation between
phenolic composition and in-mouth textural characteris-
tics of Shiraz red wines, found the chalky texture strongly
and positively associated with anthocyanins, whereas a
puckery sensation was attributed to low anthocyanin con-
tent wines.
Textural and sensory properties were also investigated in

red juice fermented with skins and seeds, and white juice
fermented with/without pomace and anthocyanin addi-
tion (Oberholster et al., 2009). The mouthfeel attributes
and their intensity of white and red wines changed greatly.
The presence of anthocyanins during the white juice
fermentation determined an increase in the intensity
of astringency-related attributes, mainly the fine grain
astringency subquality, but also dry, grippy, and slightly
viscosity and fine emery. Indeed, Soares et al. (2020)
showed anthocyanin interaction with oral cells, which
may link to different astringency subqualities, although
no differences were observed among the five studied
grape anthocyanidin glucosides. Previously, the ability of
malvidin-3-O-glucoside to interact with salivary proteins
forming soluble aggregates was reported (Ferrer-Gallego
et al., 2015b), and when tasted at 400 mg/L concentration,
anthocyanin glucosides were found to be slightly astrin-
gent (Ferrer-Gallego et al., 2015b; Paissoni et al, 2018),
with velvety and chalky subqualities (Paissoni et al., 2020),
whereas the substitution (acetyl- or coumaroyl-glucoside)
can decrease their detection thresholds up to 68 mg/L for
acetylated and 58 mg/L for cinnamoylated anthocyanins
(Paissoni et al., 2018). A later study showed malvidin-3-
O-glucoside as the driver of PRP interaction in mixtures
with epicatechin, in a synergic effect that can explain why
it is often difficult to correlate perceived astringency with
the single compound concentration in the wine matrix
(Soares et al., 2019). Particularly, the effect of anthocyanin
perception may be different depending on the tannic
composition (Paissoni et al., 2020).
Anthocyanins are among the most researched com-

pounds in the wine field, and their extraction during
maceration and preservation during aging are currently
updated with new information. Surely, it is interesting to
evaluate how their deriving structure during thewinemak-
ing process is involved also in sensory analysis.

9.3.4 Pigments

Anthocyanin-derivative and anthocyanin-flavanol pig-
ments showed a contribution to sensory properties
(Ferrero-del-Teso et al., 2022; Sáenz-Navajas et al., 2010,
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2017, 2018).More precisely, a redwine fraction containing a
series of anthocyanin trimerswas characterized by dryness,
bitterness, and persistence. Monomeric and small poly-
meric anthocyanins were described as bitter, burning, and
hot, whereas the fraction with large polymeric pigments
presented many astringency subattributes, such as sandy,
dry, dry on palate, bitter, sour, burning, hot, prickly, and
persistent (Sáenz-Navajas et al., 2017). Low-polymerized
anthocyanin derivative pigments, smaller than tetramers,
also contributed to astringent perceptions and stickiness
in red wine and grape fractions (Ferrero-del-Teso et al.,
2022). Rinaldi et al. (2021b), studying the mannoprotein
addition on free-run wines before aging, observed the for-
mation of stable polymeric pigments: These compounds
improved the wine quality and increased the perception
of silk, velvet, and mouthcoat attributes. The interaction
between isoamyl alcohol and anthocyanin derivative pig-
ments in “green character” formation (Sáenz-Navajas,
et al., 2018) has also been suggested. Interestingly, the
“green character” was positively correlated with in-mouth
astringency, green, dry, and negatively correlated with
oily and sweet in-mouth descriptors. Red wines with a
strong “green character” did not meet the preference of
experts and consequently this sensory property could be
a driver in the purchase choice of consumers. In addi-
tion, the correlation between the malvidin-catechin dimer
and quality perception of premium red wines has been
observed. In the same study, the anthocyanin content and
astringency showed a significant correlation in the par-
tial least squares regression (PLSR) model for astringency
prediction (Sáenz-Navajas, et al., 2010). Gonzalo-Diago
et al. (2014) studied the relation between low-molecular-
weight compounds and their sensory properties in six red
wines. Bitterness was positively correlated with several
polyphenolic compounds, among others with pyranoan-
thocyanins. Interestingly, this study revealed for the first
time the participation of anthocyanins and derived pig-
ments to bitter taste, with A-type vitisin of malvidin-3-O-6-
p-coumaroyl-glucoside (i.e., p-coumaroyl-vitisin A) being
the major anthocyanin contributing to the bitterness pre-
diction model. The drying astringency was also positively
correlated with the presence of p-coumaroyl-vitisin A.
The interaction between pyranoanthocyanins and

human salivary (acid) proline-rich proteins (aPRPs) was
studied instrumentally for the first time by García-Estévez
et al. (2017). Notably, the pigments considered in the
study were pyranomalvidin-3-O-glucoside (i.e., vitisin
B), pyranomalvidin-3-O-glucoside-catechol (i.e., pinotin
A), and pyranomalvidin-3-O-glucoside-epicatechin (i.e.,
epicatechin-vitisin B). The molecular information by
MALDI-TOF analysis showed that the anthocyanin-
derived pigments, which formed the highest number
of complexes with aPRPs, were in decreasing order:

epicatechin-vitisin B, pinotin A, and vitisin B. Afterward,
(STD)-NMR spectroscopy confirmed the binding affinity
of the soluble aggregates by their dissociation constants.
Vitisin B alone was associated with the highest value
of KD, thus the lowest binding ability to aPRPs, while
the presence of catechol or epicatechin into the pigment
structure increased the interaction with aPRPs. Therefore,
the presence of additional units to the pyranoanthocyanic
structure greatly influences the number and the binding
strength of pigment–protein complexes.
Pigment formation during wine aging and their reac-

tivity toward flavan-3-ols are associated with the change
of in-mouth properties during aging. Therefore, this topic
of research remains of great scientific and practical
value.

9.3.5 Matrix effect: Ethanol, acidity, and pH

Wine is a hydroalcoholic solution inwhich different chem-
ical and physical factors contribute to its complexity.
Phenolic compounds present a fundamental role in the
mouthfeel and more precisely in astringency of white and
red wines, but they are not the only components that
could influence such a complex and heterogeneousmatrix.
Notably, the contribution of polysaccharides, mannopro-
teins, ethanol, glycerol, and pH on oral sensory properties
is of great interest and importance (Gawel et al., 2008;
Quijada-Morín et al., 2014; Rinaldi et al., 2021b; She-
hadeh et al., 2019; Soares et al., 2017; Villamor et al.,
2013). The presence of ethanol in wines is an additional
factor which modulates taste and mouthfeel sensations
and could present a suppression or enhancement effect
on sensory and tactile attributes (Nurgel et al., 2005;
Demiglio & Pickering, 2008; Gawel et al., 2018; Laguna
et al., 2017; Villamor et al., 2013). Its role in modulating
the wine body was previously explained, but ethanol can
also influence astringency subqualities, due to its good
wetting behavior, as explained by its low friction coeffi-
cient of 0.15 at 1 mm/s (Rudge et al., 2021). In particular,
ethanol addition may prevent hydrogen bond formation
between saliva and tannic acid (Rinaldi et al., 2012b).
However, the polyphenol–saliva aggregation dominates
the frictional properties of ethanol, as the salivary lubrica-
tion layer is disorganized by phenolic compounds (Rudge
et al., 2021). In addition, increasing contents of ethanol are
frequently associated with bitter taste and burning percep-
tion (Wang et al., 2021), alongside a reduction in acidic
intensity ratings (Vidal et al., 2004c). Ethanol levels were
also associatedwith fullness (up to 15.9%), lingering, pucker,
and drying (Wang et al., 2021). Nevertheless, the bitter
taste could be modulated in the presence of proteoglycans,
containing mannoproteins and arabinogalactan–proteins.
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The masking effect of ethanol on sour taste was evident
at a pH value of 3.2. In addition, flavors can be affected
by an increase in ethanol concentration (Villamor et al.,
2013). The increasing of bitterness sensation with ethanol
content was similarly observed by Vidal et al. (2004c). Fur-
thermore, as the ethanol content increased, the scores of
chalky, adhesive, and overall astringency attributes were
lower. In agreement with this consideration, Demiglio
and Pickering (2008) observed higher scores for pucker,
grippy/adhesive, and unripe mouthfeel properties in the
dealcoholized red wines. Interestingly, in the same non-
alcoholic model wine with pH 3.2, overall astringency,
acidity, and mouthcoating intensities increased. Besides,
greater intensities of heat, viscosity, and velvet attributes
were correlated with higher pH values (3.4, 3.6). On the
contrary, lower pH levels are commonly associated to the
acidic perception, especially in white wines. Interestingly,
perceived viscosity has been positively correlated to pH in
white wines, rather than glycerol and polysaccharide con-
tent (Gawel et al., 2014a). Low pH value was associated
with pucker astringency, and high acidity with resaliva-
tion, as sensory-tribological approaches highlighted (Wang
et al., 2020, 2021). This involvement has been explained as
an enhancement of salivary proteins’ precipitation when
the wine pH is lower than their isoelectric point (PRPs
were reported to have an isoelectric point for pH values
between 3.0 and 3.5), causing a loss of lubrication accord-
ing to a speed up in the increase of the friction coefficient
(Wang et al., 2020).

9.3.6 Grape polysaccharides

Several families of polysaccharides are responsible for
decreasing the intensity of astringent perception. As the
ripening phase of grape proceeds, the release of soluble
pectins from the cell walls increases and the subsequent
loss of astringency occurs (Ozawa et al., 1987). The pres-
ence of pectin subunits prevents the possible formation
of aggregates between tannins and salivary proteins; thus,
the physiological disintegration of berry cell walls could
deeply influence the oral perception of astringency in
wines. In addition, in an alcoholic matrix, the loss of
astringency due to the presence of carbohydrates could be
explained by the competitionmechanism of carbohydrates
in tannin/protein interaction and by the ternary complex
formation of protein/polyphenol/carbohydrates (Soares
et al., 2017). Besides, ionic, hydrophilic, and hydrophobic
interactions, aswell as the size and structure of polysaccha-
rides influence these astringent competitive mechanisms
(Quijada-Morín et al., 2014; Soares et al., 2017). Among
the main wine polysaccharides, rhamnogalacturonan-II
shows a strong ability in decreasing the intensity of

astringent perception, whereas neutral polysaccharides,
as arabinogalactan proteins and mannoproteins, present
a smaller contribution (Vidal et al., 2004a, 2004b). The
decreasing effect of polysaccharides on astringency ismod-
ulated by the different polysaccharidic nature and salivary
protein type (Carvalho et al., 2006a, 2006b). For instance,
in the presence of α-amylase, the rhamnogalacturonan-II
could prevent aggregate formation between the salivary
protein and condensed tannins but does not show the same
effect when IB8c (i.e., a PRP) is present (Carvalho et al.,
2006a). In addition, the contribution of pectic polysaccha-
rides in effectively reducing tannin/protein precipitation
has been described by Soares et al., 2012. Nevertheless, it
has been observed that oligosaccharides and their glyco-
syl residues are positively related to astringency perception
(Boulet et al., 2016; Quijada-Morín et al., 2014).

9.3.7 Mannoproteins from yeasts

In addition to polysaccharides from grape cell walls, the
influence of mannoproteins on sensory characteristics
of wines is a topic of recent in-depth study (Alcalde-Eon
et al., 2019; Ramos-Pineda et al., 2018; Rinaldi et al., 2021b;
Wang et al., 2021). Mannoproteins are highly glycosylated
polysaccharides released in wines from yeast cell wall
autolysis during alcoholic fermentation and aging (Del
Barrio-Galán et al., 2012; Vidal et al., 2003). Besides, the
addition of mannoproteins commercial formulations into
wine is also common and widely practiced in the wine-
making process. These compounds considerably improve
the color and mouthfeel perception of wines, supporting
a decrease in the astringent attributes (Rinaldi et al.,
2021b). The modulation of mouthfeel differs according
to mannoprotein structure and concentration, as well as
phenolic compounds content. Particularly, mannopro-
teins with high molecular weight or high protein content
present a greater number of binding sites, capable of
interfering with the interaction between phenolics and
salivary proteins. Consequently, the in-mouth astringent
intensity and the negative astringency subqualities are
strongly reduced. Moreover, it has been observed that
the addition of commercial mannoproteins to phenolic
fractions enhances the astringent attributes of roundness
and softness on the palate. The inhibition effect of manno-
proteins is shown at a concentration of 0.6 g/L (Wang
et al., 2021). The polyphenolic content is a crucial factor in
the modulation effect of mannoproteins. More precisely,
the mouthfeel astringent perception of wines added with
mannoproteins is influenced by the content of phenolics
in wines. Rinaldi et al. (2021b) studied the influence of
three differentmannoproteins added before aging to wines
obtained by different winemaking process (extended mac-
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eration, marc-pressed, free-run wines). In the presence of
high phenolic content and tannins (extended maceration
wines), a decrease in negative astringency subqualities
(i.e., dryness, hardness, unripeness) and an increment of
mouthcoating, velvety, soft, satin, and persistent attributes
have been observed. Besides, the higher the decrease
in tannins, the more positive astringent sub-terms like
velvet, full-body, and mouthcoating are perceived. Fur-
thermore, the same study showed that the addition of
mannoproteins reduces the bitter taste in all treated wines.
Finally, mannoproteins with a different chemical structure
modulate perceived astringency differently. Concretely,
those used to inhibit potassium bitartrate crystallization
present the greatest positive mouthfeel improvement
(Rinaldi et al., 2021b).

10 CONCLUDING REMARKS AND
NEW FRONTIERS FOR IN-MOUTH
PROPERTIES STUDIES

Perceived wine astringency and mouthfeel properties are
typically described according to different sensory method-
ologies, by using panels composed of consumers, trained
assessors, and experts. As shown by many sensory stud-
ies, the alignment of the judges in the same sensory panel
is a crucial factor. Likewise, the greater the lexical affin-
ity among panelists of different research groups, the better
comparable results obtained. Overall, the results of the
present work underlined how a common thought in the
definitions, reference standards, and use of the mouthfeel
and astringent descriptors has not yet been achieved. In
many cases, different words concern the same concept,
such as full, round, and viscous for body. In other situa-
tions, the same descriptor refers to distant ideas, like dry
for astringency wine descriptor and still wine, as well as
watery for a wine without flavor and a wine with a weak
viscosity. The scientific community should align on a com-
mon vocabulary in order to communicate the oral sensory
perceptions between different experiments in the same
manner. On one side, the terms traditionally related to the
mouthfeel wheel could be inspiring, as well as the newest
descriptors derived from the long-lasting experience of the
sensory analysis. To summarize it with a sentence, “When
we judge a wine, we should all speak with the same sensory
language.” Wine industries face several challenges, one of
them is to establish the identity of their products and their
recognizability by consumers, above all when they are not
wine experts, and a common language can surely improve
wine communication.
On the other hand, the study of physicochemical

parameters for mouthfeel evaluation is twofold interest-

ing to be investigated. First, knowing the mechanisms
and the involved compounds allows wine technicians to
modify and adapt the winemaking practices. Concern-
ing astringency, tannin content and features are deeply
involved. Additionally, climate change leads to separate
technological and phenolic ripeness, which in turn could
be responsible for the presence of unripe tannins, the
excess of potential alcohol, or the pH increase, the lat-
ter both strongly related to the mouthfeel. Thus, a deeper
understanding of the sensory implications can guide the
winemaker’s choices, providing a new evaluation tool.
Instrumental analytical measurements sought to remove
the variability of sensory analysis. Nevertheless, study-
ing a complex matrix such as wine, fractionation is often
required, and some variables risk to remain unexplored or
hidden. As separation techniques and research progress, it
will be possible to obtain extremely purified polyphenolic
compounds’ fractions, or even groups/individual salivary
proteins, as well as testing mouth surface such as the use
of oral cell, or new surfaces mimicking in-mouth features,
such as hydrogel. The set of polyphenolic compounds
and chemical–physical variables (e.g., polysaccharides,
ethanol, and pH) cooperate for the overall perception
of mouthfeel and astringency in wine. Several instru-
mental methods have been adopted to understand the
differentmechanisms and to contribute to a greater knowl-
edge of in-mouth properties, as well as successful models
have been adapted to describe analytically a wine in a
more complete way. The new frontier of research turns
to an integrated vision of in-mouth properties, and the
most recent studies highlighted how the volatile fraction
may also influence non-volatile compounds, particularly
mouthfeel perceptions.
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