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Oral tribology: Update on the relevanceto study astringency in wines

Abstract

Oral tribology is emerging as a new paradigm to quantify friction and lubricatifmod{saliva
mixtures in the oral mucosa. Recently, oral tribology has captured researcloratient
quantifying wine astringency, aharacteristic “dryness feeling”, which strongly impacts
consumer preferencklence, this paper aims to provide a concise review of oral tribology in the
contextof wine astringency. Firstly, the important rotd$'biolubricant” saliva, salivary proteins

and current tribo-pairs used in oral tribology measurements are reviewed. Then, eve hav
discussed the key mechanisms of wine astringency involving polyphenol-salivaginpr
interactions (hydrogen bonding, hydrophobic interactions), rupture of the lulgisatimary film

and oral sensation of discrete particles. Studies employing Stribeck curve sareagsi
microstructural characterization to understand polyphenol-salivary protein iiesacre
reviewed. Finally, we highlighted the need for bio-relevant tribo-pairs, simulatedoorditions

and tribology-sensory correlation, before such quantification can be usedraztehize wine

astringency at a commercial level.

Keywords: Oral tribology; Wine; Astringency; Mucin; Saliva; Lubrication; Tasni

Proline-rich proteins

Introduction
Astringency is defined as “the complex of sensation due to shrinking, drawing or puckering of

the oral epithelium as a result of exposure to substasuch as alums or tannins’

Astringency is a very frequent sensory experience perceived upon consumption of various food
and beverages, such as some unripe fruits (e.g. persimmon, chokecherry), soy-based foods

green and black tea, some herbs and spices (e.g. turmeric, marjoram, sage) and red wine.
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wine, astringency can be associated with different components, such as metals ions, alcohols,
organic acids, but polyphenols are generally agreed to play the most important role. These
polyphenols in wine come from the grapes (hydroxybenzoic and hydroxycinnamic acids,
flavonol glycosides, flavan-3-ols/procyanidins, and stilbenes) and the oak barrels (hydrolysed
tannins) in which the wine is stored for ageing.

Particularly, astringency ian important wine texture quality parameter. Till now,
wine astringency research has mainly focused on identifying appropriate analytical methods
such as chromatograpiy Although chromatograph tests have enabled successful
identification of the relevant wine components that cause astringdmey do not allow
quantifying the intensity or the evolution of thastringentfeeling”. That is why, the gold
standard method of assessment of the astringency in witasisg’ by trained sensory panels
using set of reference compounds and descrﬁ)ﬂdmNever, traininga sensory panas time-
consuming and expensive. Furthermore, astringer@gomplex sensory attribute as it builds
in intensity over repeated exposure. Thus, it is difficult to clean the mouth between the samples
with astringent components, latter can cause fatigue in sensory panel members and
consequently assessments eﬂﬂ’s

From mechanistic viewpoint, the term astringency cortes: the Latin phrase “ad
stringer& meaning ‘to bind, which is believed to be related to the ability of astringent
substances, such as wine polyphenols to bind to and precipitate salivaryﬁr@ﬂﬁirwgh
there have been several hypotheses on interactions between wine polyphenols and salivary
proteins, the predominant mechanism by which solutions containing polyphenols are perceived
as astringent is still not clear. Using psychophysical methods,ﬁwxyested that oral friction
is the key underlying physiological mechanism behind the sensation of astringency. This oral
friction has been postulated to be resulting from the loss of oral mucosal lubrication of the

salivary film, on exposure to the polyphenol compoﬁn‘[ﬂerefore “tribology” i.e. the

3
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science of friction, wear and lubrication appearsa @somising approach that can be used
quantify coefficient of friction in oral environment, former has gathered recent research
attention in understanding astringency perception

Oral tribology is the study of friction and lubrication between two interacting surfaces, such
as teethteeth, tonguepalate, tongudeeth, tongueood, lips, lipsfood, boluspalate, food
particles-oral surfaces that are in relative motion in the oral ﬁﬂtf{:oefficient of friction
and its relation to sensory smoothness and slipperiness in food research domain was first
detailed by Kokini ando-workerg”|in 1977. Thaerm “lubrication” as a determinant of food

bolus formation and swallowing was used by Hutchings and L after nine years.

Lubrication in mouth was proposed to be dependent on saliva coating the oral surfaces before
eating. Post food consumption, the changing properties of food and its interaction with the in-
mouth environment was hypothesized to be the driver of oral lubrication. However, it is only
recently that there has been an upsurge in research effastal tribology, which can be
evidenced by a powdaw behaviour in the distribution of citatioreceived by scientific papers

over the last 10 years (Figure 1). Particlylathere has been some recent efforts to relate oral

friction to sensory characteristics O‘hstringencgﬁ latter is an important quality

characteristic in wine.

Hence, this review is aimed to provide a concise update on studies employing oral tribology
asa quantitative tool to predict wine astringency. Firstly, we have provided a brief introduction
on oral tribology with respect to definition and relevance of the tribo-pairs (i.e. pair of materials
used to create the contact surfaces), load (i.e. tongue pressure against the hard upperdpalate
chemistry of thé‘biolubricant” saliva. Then we have specifically focussed on wine and its
components (polyphenols), which interact with saliva. Finally, we have provided an update of
how tribology has been used as a tool to determine the loss of salivary lubricity on exposure to

wine polyphenols and highlighted the research gaps in this area.



95 Oral tribology
96 The key parameter of tribology measurement is the friction coefficient, calculated as the

97 ratio of the measured friction force against the normal load (Fig )| When two

98 surfaces are in the relative motion at a steady speed of V, the frictional fejosaiFbe
99 expressed abr = u x F, whereu is the friction coefficient (dimensionless) aRd is the
100 normal force. Lubrication is a surface property, and the magnituddhafs depends on the
101 surface roughness and geometry of the interacting surfaces as well as nature of ldébricant.
102 typical tribometer with ball on a rotating disc configuration during sliding is illustrated in Figure
103 2b.
104 The friction coefficient is dependent on the lubricant film thickii@sisetween the two
105 moving surfaces and is typically presented in a Stribeck curve (Figufg2® distinct friction
106 scenarios that can occur between the tongue and palate is represented by three diffeesnt regim

107 the boundary regime, the mixed regime and the hydrodynamic regime. Details of tirass reg

108 can be found in previous revieé"é7

109 Roleof tribo-pairs and loads

110 In order to understand the complex oral system (oral surfaces, saliva or saliva-wine msxtures a
111 the lubricants), researchers have used different metallic, crystalline, polymeric and animal
112 tissue-based tribo-pairs to mimic the topologies of real human tongue and oral palate. Pin-on-
113 disc, ball-on-dics tribometers with tribo-pairs made up of eeétrafluorethylene and

114 zirconiﬂ glaﬂsurfaces in a sliding or rotating configurations have been used. However, as

115 one might imagine, contrasting to these surfaces, oral surfaces may vary significantly from

116 highly keratinized bony palate to soft and rough tongue with papillae being in of order 20-100

117 pnf 12123

118 Innovative approaches, such as everted dried dead tongues of pigs/ piglets have beeah also use

119 in tribometers to represent human tongue su fﬁlfés Besides ethical constraints, lack of
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information about surface chemistry and biological heterogeneity of using animal tissues,
papillae of the dried pig tongue ex vivo was not firm and erect during tribology measurements,
which might be attributed to the biochemical changes (mostem) or dehydration process

Furthermore, the dead animal tissues were less hydrophobic and lubricating as compared to the

living surfacdsq<| It is also worth recognizing that the diameter of the hairs of the human

filiform papillae (27um) is larger thanthat of the pig tongue (1Bmﬁ| Hence, the surface
roughness of these dried animal tissue surface used in the tribology measurement was not
representative of the real human tongue surface. Hence, the friction measurement interpretation
for human tongue needs to be taken with precaution.

Instead of “hard” metallic surfaces and animal tissues, soft elastanseibstrates, such

as polydimethysiloxane (PDMS) that can be deformed by contact pressure are currently

preferred as tribo-piﬂ:i27 <8 Although tongue surface is significantly rougher than smooth

PDMS surfaces, PDMS surfaces can be modified in deformability, roughness and
hydrophobicity to represent tailored oral surfaces. For example, the hydrophobicity of PDMS
surfaces can be tuned using plasma oxidation, surface coating with functional groups or layer-

T

“Loads’ in oral tribology context can be defined as the normal force that the tongue

exerts on the hard upper palate. As compared to typical mechanical engineering context, a lower

range of loads (1-10 N) has been used in oral tribology gttdiesleasurements of the loads

of the tongue against the upper hard palate generally ranges from 0)04-8®@Nvorth noting

that the tongue pressure distribution is not uniform across different parts of the tongue-oral
palate contacts and the load distribution might also vary witlr#imiengue pressure might

also differ depending upon the population used for study, for instance, elderly population show

significantly lower tongue pressures than younger adults ﬁlﬂﬂence, oral tribology study
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for a particular wine consumer group needs to be carried out at a range of relevant loads rather
than a single-point load to represent different oral conditions.

Saliva: The potent “bio-lubricant”

Saliva is composed of water (99.5%), proteins (highly glycosylated mucins, proline-rich

proteins and enzymes, sucheaamylase) (0.3%), and inorganic substances (0.2%) with pH

around 68

Formation of salivary mucosal pellicle
Salivary mucosal pellicle is a viscoelastic gel that protects the oral mucosa from mechanical
and chemical damages, such as exposure to microorganism, toxic materials, environmental

insult, dehydration of oral mucosal epithelium and lubrication. The most prominent constituent

of oral pellicles are mucins, a high molecular weight glycop ﬂf‘éﬁ1 As Figure 3 shows,

salivary mucosal pellicle comprises of two phases, an immobile pellicle retained on epithelial
cells (membrane associated mucins: MUC1, MUC3, MUC4, MUC12) and a mobile salivary

film (secreted soluble mucins: MUC2, MUC5A, MUC5B, MUC6, MU

The MUCS5B (high molecular weight) and MUC7 (low molecular weight) are the most
important glycoproteins with regards to lubrication. Saliva is secreted to maintain saliva pellicle
thickness of~70-100 urrlj but vary depending upon the oral location. The oral mucosa where
saliva pellicle is created is generally hydrophobic until the salivary proteins bind. Upon
adsorption to the tongue (hydrophobic), glycoproteins tend to bind with their hydrophobic sites
towards the tongue, whilstydrophilic sites point outwards for water retenti®@alivary film
reduces thé'u” in oral surfaces. Using AFM, human salivary pellicles have been shown to
reduce theu by a factor of 20 between hard contact surﬁ:hming u~0.02 i.e. two orders

of magnitude lower than that of Wﬁr



169 Use of saliva in oral tribology studies
170 Use of saliva is becoming popular in oral tribological measurements in food research as saliva
171 is a key “biolubricant” that can reduce “p” significantly within the human oral surfaces.

172 However, such lubricating properties of saliva (ex vzan vary significantly depending upon

173 stimulation (unstimulated, mechanical, acid), collection (protein-binding properties and air

174 exposure) and usage (immediate use, freeze-thaw-induced precipit fﬁrn\]so, withinan

175 individual, salivay protein amount varies and acidic and glycosylated proline-rich-proteins
176 PRPs (gPRPs and aPRPs) mayagnificantly throughout the day and is highly dependent
177 on the type of food ingesﬁj Other factors influencing interactions with wine are pH,
178 buffering capacity and concentrations of calcium and phosphate in, datleashows huge

179 variation over a day in unstimulated whole sﬁaﬂd even depends on how saliva has been
180 handled after coIIecti

181 The friction coefficient of stimulated and unstimulated saliva measured between two
182 mucosal surfaces using loads (0.34-2.20 N) showed decreaseithf increase in load and

183 speed for both types of Wi The differencesn p were due to the protein content and
184 rheological properties of saliva, particularly, stimulated saliva produced by sublingual and
185 submandibular gland had a higher protein content and lower viscasigpmpared to

186 unstimulated sali

187 Saliva also changes its composition along the salivary film (Figure 3), and until now,
188 the “mobile salivary phase” has only been studied. However, the most important lubricating
189 proteins (MUC5B and MUC?7) still remain attached to the mucosal epithelia even if the salivary
190 film is ruptured. As these mucins may ieportant to understand “astringency”, it might be

191 worth to consider collecting saliva from parotid glands or gently scraping the immobile salivary
192 pellicle from the oral surfaces of the participants after ethics approval for tribological

193 measurements.
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Finally, the use ofartificial saliva’ i.e. fluid mimicking the ionic composition, mucin
and rheological properties of unstimulated human saliva has been quite common due to its ease
of preparation and reproducibi However, the term “artificial saliva” has been argued by
several authors as there has been no bio-mimetic that accurately simulates all of the properties
of salive™| In a recent stdy by Laguna and coworkgrsu of artificial saliva was measured in
a PDMS-PDMS ball-dics set-up and the Stribeck pattern was found to be similar to real human
saliva (unstimulatﬂ Hence, use of at least mucin in a mimicked ionic composition can be a
good starting point to understand wine-saliva interaction as compared to that without

consideration of any aspects of salivary lubrication.

Wine and astringency
Wines, derived from fermented grapeg\itis Vinifera) are essentially composed of 80-85%
water, 9-20% ethanol and other minor compounds, such as phenolic compounds, esters, acids,
nitrogenous compounds, volatiles, lipids, mineral salts etc. A well balanced-wine should
contain optimum primary taste components (i.e. balance between sweetness and acidity), tactile
elements (i.e. astringency) and flaﬁm\mong the different textat attributes, astringency
has been considered to be one of the most important sensory characteristic in red wines.

Since astringency can be perceived in the mouth where no taste receptors are present
it is considered to be tactile rather thataste stimulation, contrary to the initial speculappns

Different phenolic compounds show different affinities towards human salivary eins

Polyphenols with extended structure have been reported to have higher affinity[te §9|Rﬁ>s

other words, smaller polyphenols can bind with one phenolic ring, whilst larger polyphenols
interact in a multi-dentate fashion, occupying two or three consecutive prolines increasing the
degree of salivary protein precipitation. Despite the chemical differences in phenolic

components, the astringency of polyphenols mixtures with different structures, such as,
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phenolic acids and catechins were perceived to be of same astringency by a traingd sensor
pangt”| The total phenolic content of wines depends on many factors and it can vary from 900-
1400 mg/L in young red wines and 1600-2500 mg/L in aged redirmﬂringency feeling
evolves during aging, and it is generally higher in young wines and decreases over time,
“softening” the wine. This is caused presumably by the soluble pectin fragments, associated

with the grapes that might inhibit protein-tannin interactions and pectin might aggregate or

encapsulate the tannins making the latter unavailable to the salivary rgtéins

Three different mechanisms of wine astringency has been hypothesized that
complement each other: protein precipitation, rupture of the lubricating ryafima and
formation of mouth debﬁ(Figure 3). Firstly, wine polyphenolic compounds form complexes
with salivary proteins, specially PRPdue to hydrophobic interactions and hydrogen bonding,
precipitating the salivg proteins and decreasing its visccﬁ\jatter affecting the integrity of
the salivary film. Hydrogen bonding occurs between hydroxyl groups of phenolic compounds
and carbonyl and amide group of the salivary protein, whereas hydrophobic interactions occur
between the benzoic ring of phenolic compounds and the apolar side chains of amino acids such
leucine, lysine or proline in the salivary protﬂvéﬁgure 3). The rupture of the lubricating
saliva film activates the mechanoreceptors, located within the mucosa connected with the
trigeminal nerve that then transmits to brain the perception of astriftgeraythermore, the
increase in precipitated salivary proteins and other debris in saliva iestbassense of
“discrete particle$ in the mouth, which essentially relates to roughness and oral ffittizune
to the strong correlation between astringency perception and formation of insoluble salivary
protein-wine polyphenol complexes, research has focused in finding analytical methods for
quantification/qualification othese complexes. In the next section, we only focus on recent

studies that used Stribeck curves to quantify astringency.

10



244  Reevance of oral tribology to unravel wine astringency

245 Salivary proteins are widely separated from each other due to mutually repulsive forces of
246 negatively charged mu t neutral pH in saliva, latter is a highly diluted sygtéfowever,

247 when tannic acid was added, large flocs appeared in saliva (approxm3QBigure 4[| In

248 red wines-saliva mixtures, similar aggregates have been recently observed using light and
249 transmission electron microscopy (Figureb):urthermore, the microstructure of such

250 aggregates varied depending upon the wine type and their polyphenol composition, specifically
251 proanthocyanidin (grape skin) and tannin (seeds). Cabernet Sauvignon wineseg@resent
252 densely-packed aggregates whereas Carménere, Merlot wines showed smaller aggregates with
253 much more open structure (Figureﬁ)—lowever, irrespective of the type of Wﬁswine-

254  saliva mixtures showed a significantly higher p as compared with human saliva in the boundary

255 regime using a PDMS-steel contact surfaces (Figure 4c). Authors repdrigil correlation

256 (R?>=0.93) between p and sensory “astringency” at a sliding speed of 0.075 mm/s linking

257 astringency to salivary protein depletion by wine polyphenols.

258 In a separate study, tribological analysis in a soft PDMS ball/model mucin-adsorbed
259 glass surfaﬁindicated that astringepenay arise from the temporary failure of the boundary
260 lubrication of the adsorbed mucins by tannic acid. This loss of boundary lubrication showed
261 concentration dependency on tannic acid. Authors suggested that interaction with tannic acid
262 molecules might result in the change in conformation and hydration of adsorbed mucin, both
263 leading to the marked rise in friction force. This is in agreement with a previous report, where
264  “chemically pure” polyphenol (epigallocatchin gallate) appeared to partially deplete the thin
265 lubricating human salivary film (mechanically stimulated whole saliva) from the smooth
266 PDMS-PDMS contact surfaces in a tribological experiment performed aﬁ?ﬁ*ﬁs induced

267 anincrese in p and was correlated to acertain extent with the astringency perception.

11



268 Besides phenolic compounds, there are other components in wine, which can also
269 contribute to astringency perception. For example, tartaric acid present in wines areéd&nown
270 lower the pH of wine significantly, which precipitates the salivary protgiasvell as increase

271 the binding affinities of the salivary proteins with polyphenols. In contrast, the presence of
272 ethanol in wine has been reported to modify the degree of hydrogen bonding between
273 polyphenols and salivary proteins. This tend to modify the degree of protein folding and
274  solubility of tanni Another key component in wines i.e. glycerol has been associated with
275 oiliness, persistence and mellowEsdnterestingly, tribological measurements of aqueous
276 solutions of glycerol in steel tribo-pairs (ball/ disc) have suggested glycerol to be a potential
277  “green lubricant” with its lubricating properties being better than those of rapeseed oil. Hence,

278 contribution of wine components other than polyphenols in astringency should not be
279 underestimated and the complex interplay of polyphenol, pH, ethanol, glycerol in wine
280 astringency needs further investigation from tribological viewﬁint

281

282 Conclusions

283 Insummary, astringency studies in wine essentially rely on sensorial methods so far. Interaction
284 between polyphenols in wine and sativaroteins is generally considered to be the main
285 mechanism inducing astringency sensation. Oral tribology is a relatively recent approach that
286 has been used to quantitatively study the loss of lubricity of saliva on exposure to polyphenols.
287 Measurement of coefficient of friction of wine and specific polyphenols at certain sliding
288 speeds have shown some correlation with sensory perception of astringency. This shows
289 potential of oral tribology measurement as a promising quantitative tool for analysing
290 astringency perception. However, lubrication is a surface property. Hence, the friction
291 coefficient not only depends on the mechanical properties of the lubricant (e.g. saliva) but also

292 on the surfaces used in tribology measurement to represent the tongue and the upper palate

12
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Currently, the contact surfaces used in oral tribology range from steel to glass to PDMS. The
key requirement is the accurate development of bio-relevant tribo-contact surfaces that
effectively represent the soft, micro-patterned tongue and bony upper palate surfaces. Use of
accurate loads representative of real human tongue pressure values when consuming
polyphenol-rich food need to be used in such measurements. Use of relevant tribo-pairs and
loads need to be standardized across different laboratories to have comparable results. Most
importantly, these quantitative friction measurements need appropriate correlation with sensory
perception using trained sensory panel, before such quantification can be of use to characterize

astringency in wine and other polyphenol rich foods at a commercial level.
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