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Astringency is one of the most complex oral sensations. This dry, puckering mouthfeel occurs when consuming
wine, tea, or other foods containing polyphenols. The exact mechanism behind this dry mouthfeel is not
completely understood. Here, we describe a systematic tribological approach to measure model and real saliva to
understand the specific role of the salivary proteins (mucins and proline-rich proteins (PRPs)) on lubricationbased astringency. Our approach reveals that there are two routes towards lubrication losses, partly involving
irreversible molecular mechanisms for which the order of reactivity matters. For human saliva, we find two
lubrication mechanisms: (I) Using phenolic compounds, we find aggregation-induced lubrication losses due to
hydrogen bond formation, which depend critically on phenol size: large polyphenols allow for aggregationinduced lubrication losses, but small phenols do not. (II) For metal salts combined with saliva, we observe ag
gregation without lubrication losses as a result of electrostatic interactions. We find that lubrication losses are
caused by the specific removal of the salivary PRP layer, whereas mucin aggregation in the presence of PRPs does
not lead to lubrication losses. Additionally, we show that the addition of solvents that are able to reduce proteinpolyphenol hydrogen bonding (e.g. ethanol) can prevent lubrication losses. Lubrication losses can also be
compensated by the addition of highly viscous fluids (glycerol) that can provide viscous lubrication.

1. Introduction
An astringent sensation is perceived as a dry and rough feeling in the
mouth, which can be experienced when drinking tea or red wine, eating
unripe fruit, or a variety of plant protein derived products. Ma et al.
(2014); Rossetti et al. (2008); Joslyn and Goldstein (1964) Mouthfeel
characteristics such as astringency, dryness, and grittiness have recently
gained a lot of attention, due to their relevance in plant-based foods and
the strong impact these mouthfeel characteristics have on the hedonic
response. Carter et al. (2020); Yeom et al. (2020); de Souza et al. (2020);
van Eck and Stieger (2020) Astringency is often experienced as a
negative sensation, and efforts to understand the underlying dynamics
influencing this sensation have received increased attention. Currently,
two models are commonly accepted to explain the perception of
astringency. The first one assumes astringency is a receptor-based
sensation where astringent compounds would potentially activate tri
geminal or taste nerves. Schöbel et al. (2014); Bajec and Pickering

(2008) However, astringent sensations are also perceived on oral sur
faces that do not accommodate receptors. Green (1993) This indicates
that astringency is not only receptor-based. The second model describes
astringency as a friction-based sensation. Bajec and Pickering (2008)
Astringent compounds are believed to interact with bulk salivary pro
teins, forming insoluble aggregates, also relating to the word astrin
gency itself, which is derived from the Latin term “adstringere” which
translates to “to bind”. These aggregates are then believed to interact
with the oral surfaces, thereby increasing the friction between oral
surfaces. Rossetti et al. (2008); Carter et al. (2020); De Wijk and Prinz
(2006); Upadhyay et al. (2016); Wang et al. (2020); McRae and Kennedy
(2011); Luck et al. (1994) Additionally, it has been suggested that the
aggregation of the astringent compounds with the salivary proteins
removes the lubricating salivary film from the tongue, and the proteins
are no longer able to lubricate the oral surfaces. This provokes a dry and
rough feeling. Gibbins and Carpenter (2013).
However, the exact mechanism behind salivary aggregation in the
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presence of astringent agents and how this contributes to the friction
coefficient is currently unknown. Therefore, the objective of this work is
to investigate the interactions between different salivary proteins and
astringent molecules and the impact these interactions have on salivary
lubrication.
Although the proteins in saliva make up only 0.3 % of saliva, they
play an essential role in the functionality of saliva. These amphiphilic
salivary proteins adhere to in-mouth surfaces and are able to form a
lubricating biopolymer layer that helps to protect the surfaces from wear
and facilitates masticating and swallowing foods. Bongaerts et al.
(2007); Aguirre et al. (1989); Carpenter et al. (2019) Two groups of
proteins are of specific interest in the context of lubrication in general
and astringency in particular: mucins and proline-rich proteins (PRPs),
which make up 30 % and 70 % of the total protein content of saliva,
respectively. Upadhyay et al. (2016); Sarkar et al. (2009) Mucins are
essential in providing (extensional) viscosity to saliva and in lubricating
the oral cavity, as they are of polymeric nature. Bongaerts et al. (2007);
Aguirre et al. (1989); Carpenter et al. (2019) PRPs appear to be relevant
for maintaining oral homeostasis and have a very different structure
than mucins. McRae and Kennedy (2011); McArthur et al. (1995) In
human saliva, there are three types of PRPs: basic (bPRPs), acidic
(aPRPs) and glycosylated PRPs (gPRPs) and they each have a different
function in the oral cavity. The bPRPs interact with tannins, and aPRPs
bind calcium while the gPRPs play an important role in providing oral
lubrication. Ployon et al. (2018) Although literature on macromolecular
interactions underlying astringency is abundant, Ma et al. (2016); Bajec
and Pickering (2008); Soares et al. (2020) limited knowledge currently
exists on how these macromolecular interactions influence the frictional
behavior. The latter will determine whether astringency is a
receptor-based or a friction-based oral sensation (texture-based). It has
previously been shown that large polyphenols can interact with (muco)
proteins using hydrogen bonding leading to an increase in the friction
coefficient. Upadhyay et al. (2016); Ma et al. (2016); Laguna and Sarkar
(2017) It was also shown that mucins can interact with metal salts which
also leads to binding interactions (aggregation) and subsequent lubri
cation losses. Biegler et al. (2016) Most lubrication studies have been
performed with only mucins, but limited (or even no) information is
currently available on the role of salivary PRPs and their interactions
with astringent agents on lubrication losses. The interactions between
astringents and both mucins and PRPs have been reported based on
electrophoresis-based protein separation Lee et al. (2012) and nuclear
magnetic resonance. Baxter et al. (1997) Unfortunately, in the afore
mentioned studies, no tribological measurements were included. The
exact role of the different salivary proteins and the effect of the
protein-astringent interactions on the lubrication behavior therfore re
mains unclear. Here, we investigate the effect of a broad spectrum of
different astringents on salivary (protein) lubrication. The three types of
astringent agents we use are small phenols, large polyphenols, and
aluminum salts. We measure the friction coefficient and aggregate sizes
of these combinations of astringent agents and saliva, and with mucin
PRP solutions separately. Additionally, we explore how lubrication
losses can be prevented by combining salivary-astringent mixtures with
different (non-astringent) solvents to investigate the competing effects
of polymer driven lubrication, aggregation, wettability, and viscous
lubrication. The findings presented here deliver new insights into
in-mouth lubrication in general and oral astringency specifically.

collection, the mouth was rinsed with water, and the first 1 mL of saliva
was discarded. Non-stimulated saliva (10 mL) was then collected in a
centrifugation tube and placed on ice before centrifugation at 10000g for
30 min at 4 ◦ C (Beckmann, Avanti TM J-25 I, JA-25.15) to remove
debris.
2.2. Preparation of mucin solution
A mucin solution was prepared by dispersing porcine gastric mucin
Type II in Ultrapure water (Milli-Q, Purelab Ultra System, Germany).
This type of mucin is often used as a representative for human saliva.
Sarkar et al. (2019); Mystkowska et al. (2018) The concentration of
mucin was 0.1 wt% and the pH of the protein solution was adjusted to
6.8 using 0.1 M NaOH, similar to the pH of human saliva.
2.3. Preparation of PRP solutions
The method used for the separation of proline-rich proteins (PRPs)
from human saliva was adapted from a method previously developed.
García-Estévez et al. (2018) In short, the collected saliva was treated
with trifluoracetic acid (TFA), before centrifugation. A 10 % (1.3 M)
solution of TFA was added to saliva and the final concentration of TFA in
saliva was 0.1 %. TFA was added to saliva to precipitate high molecular
weight proteins (e.g. mucins) and to inhibit protease activity in saliva.
The obtained solution was then centrifuged for 10 min at 12000 g at 5 ◦ C
to remove the precipitated larger proteins and any residual particles.
The supernatant containing the PRPs was collected and dialyzed using a
Spectra/Por 3 Cellulose Membrane (SpectrumLabs, Sigma-Aldrich) with
an exclusion size of 3.5 kDa. The dialysis process was carried out using
demineralized water at 5 ◦ C for 48 h. Water was renewed after 4, 8, 16,
24, 32, and 40 h. The dialyzed solution was frozen for at least 24 h and
freeze-dried overnight to obtain a dry PRP-rich protein concentrate. The
PRP concentrate was redispersed in water at 0.2 % to obtain a similar
concentration as present in saliva. Removal of mucins was confirmed by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE,
data not shown). Before measurements, the pH was adjusted to 6.8 using
0.5 M HCl. The salivary protein (PRP) solution was then sonicated using
a Branson 450 Digital Sonifier at 20 kHz and amplitude of 50 % (Branson
Ultrasonics Corporation, USA) to remove possible protein agglomera
tion. A cylindrical titanium probe with 2.7 mm was used, which was
immersed 5 mm into the sample vessel.
2.4. Tribological measurements
We measured friction coefficients using a commercial (glass) ball on
a three (PDMS) pin setup, in a rheometer (Anton Paar Rheometer,
MCR302). The glass ball had a diameter of 12.7 mm and the PDMS pins a
diameter of 6 mm and a height of 6 mm with a modulus of ~ 2 MPa. Both
the glass ball and the PDMS pins were obtained from the rheometer
manufacturer. The tribological measurements were performed in trip
licate (averages and standard deviations are presented) at a constant
normal force of 1 N. This combination of surface area and normal forces
results in stresses that are below the maximum stresses estimated to be
exerted during oral processing. Two procedures were used here. (I)
Friction coefficients were measured as a function of entrainment ve
locity, in repeated cycles of in- and decreasing velocities of 0.047 mm/s470 mm/s. For velocity-dependent runs, the first run was excluded to
allow the system to arrive at an equilibrium state. (II) Friction co
efficients were measured at a constant velocity (e.g. 1 mm/s) as a
function of time. Before measurements, the PDMS pins were coated with
a layer of saliva or individual salivary proteins (mucin or PRP concen
trate) by allowing the glass probe to slide against the PDMS pins while
lubricated by 0.5 mL of the protein solution for 300 s. The friction co
efficient of this system was monitored to assure that saliva components
were indeed present on the PDMS pins. After a constant friction coeffi
cient was obtained for saliva, the astringent component (0.5 mL

2. Experimental section
2.1. Collection of saliva
For our frictional measurements, we use human saliva. Human saliva
was collected from three healthy, non-smoking, female subjects (age
19–26), following a procedure described by Silletti and co-workers.
Silletti et al. (2007) The subjects were asked to refrain from eating
and drinking for at least 2 h before saliva was collected. Before saliva
2
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solution, 1:1 saliva:astringent ratio) was added to the tribocup while
measuring and the friction coefficient was measured for an additional
300 s to detect changes in the lubrication behavior (Δμ). As astringents,
we used epigallocatechin gallate, kindly donated by Taiyo GmbH, tannic
acid, gallic acid, caffeic acid (Sigma-Aldrich), and potassium alum (KAl
(SO4)2.12H2O, Nederlandse Drogisterij Service B.V.).

variety of compounds that are known to evoke astringency. The com
pounds used here are epigallocatechin gallate (EGCG), tannic acid (TA),
caffeic acid (CA), gallic acid (GA), and alum. These astringent com
pounds can be divided into three categories: large phenolic compounds
(EGCG, TA), small polyphenolic compounds (GA and CA), and cationic
metal salts (alum). We measured the friction coefficient of 5 mM solu
tions of each compound without the presence of saliva and found large
similarities to the frictional behavior of water only. The frictional curves
with water as a reference are displayed in Fig. 1b–f. Only the cationic
astringent alum shows much lower friction coefficients than water
(Fig. 1f). It has been found that the lubricating properties of the anion of
a salt depend on its ranking in the Hofmeister series. Garrec and Norton
(2012) Anions higher in the Hofmeister series, such as the sulfate anion
of alum, have a better water holding capacity, which is related to a
higher repulsive force and a higher local viscosity, both increasing the
lubricity. Garrec and Norton (2012) Overall, it is seen that the astringent
agents do not contribute much to the lubrication properties of water.
In the following sections, we will investigate the effect of large
polyphenols, small phenols and metal salts on saliva lubrication. We
measure saliva combined with astringent compounds. The concentra
tions of astringent agents used here is 500 mg/L which is similar to the
concentration of tannins in wine and catechins in tea. Harbertson et al.
(2008); Jówko (2015).

2.5. Particle size measurements
To determine the particle size, we used dynamic light scattering
(DLS). For this purpose, a Zetasizer Nanoseries (Malvern Instruments)
was used. First, the particle size of saliva, solutions of salivary proteins,
and astringent solutions were determined. The separate mucin, PRP, and
astringent compounds solutions were diluted 100 times. After that, the
astringent compounds were added to the different saliva and protein
solutions in a ratio of 1:1, the same ratio as used for the tribological
measurements, and particle size was determined again to evaluate
changes in particle size.
3. Results
Saliva is a key component in keeping the oral surfaces lubricated.
The bio-lubricant provides remarkably low friction coefficients (μ =
0.2), despite only having about 0.3 % protein present in saliva (Fig. 1a).
Its friction coefficient in the boundary regime, i.e. low velocities, is
about four times lower than that of water, even though water makes up
over 99 % of saliva. Astringent compounds have been shown to change
these good lubricating properties of saliva. Carter et al. (2020); De Wijk
and Prinz (2006); Upadhyay et al. (2016); Ferrer-Gallego et al. (2014)
To investigate what molecular interactions drive the physical changes in
saliva responsible for the change in the lubrication behavior, we use a

3.1. Lubrication losses caused by large polyphenols
One of the existing models to explain oral astringency suggests that
astringent agents can interact with human saliva, thereby inducing
aggregate formation with the salivary proteins. Here, we examine
whether the aggregation is also accompanied by a change in the friction
coefficient. An increase in friction can occur when saliva is not able to

Fig. 1. Frictional curves of a) saliva, large polyphenols: b) EGCG, c) TA, small phenols: d) CA, e) GA, and metal salt: f) alum as function of velocity measured between
a rough glass ball and smooth PDMS pins. The astringent agents were dissolved in water (5 mM) prior to measurements. The structures of the astringent compounds
are added to each graph. Water is included as a reference in all curves.
3
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lubricate the surfaces, i.e. lubrication losses take place. To gain more
insights into the mechanisms behind oral astringency and lubrication
losses, we first measure the friction coefficient of saliva over time at a
fixed speed of 1 mm/s.
We observe a decrease in the friction coefficient during the first 600 s
of measuring saliva. This is likely due to the formation of a lubricating
protein layer during this period. Next, we add the large polyphenolic
astringent agents TA and EGCG. After adding the polyphenols, we
indeed observe the expected increase in friction coefficient as displayed
in Fig. 2a and b. This increase is likely a result of the proteins interacting
with the salivary layer formed on the tribosurfaces.
As a result of the addition of these large polyphenols, the friction
coefficient increases from 0.1 to 0.4 in the first 30 s. We refer to this
increase in the friction coefficient Δμ. A relatively large increase in
friction coefficient (Δμ = 0.3) is found, as the interaction between large
polyphenols and saliva leads to loss of salivary lubricity. This is similar
to findings using mucoproteins and tannic acid where an increase in the
friction coefficient, as well as the particle size, was observed as well. Ma
et al. (2016) For both EGCG and TA, we see an increase in the particle
size upon mixing with saliva, indicating that protein precipitation took
place. We thus confirm that the lubrication losses observed here are a
direct consequence of the aggregation between the lubricious salivary
proteins and EGCG or TA (Fig. 2c and d). For large polyphenols, the
astringency perception appears to come from the precipitation of sali
vary proteins and the polyphenols, in combination with an increase in
the friction coefficient, as a direct result of the removal of the lubricious
salivary protein layer. These aggregates can potentially provide rolling
friction while separating the surfaces which would result in third-body
Berthier (2005) or ball-bearing friction. Rudge et al. (2020) As the ag
gregates formed between saliva and polyphenols are not perfectly round
or smooth, they generate relatively high friction coefficients as they do
not easily roll. The presence of such large and rough particles would be
perceived as dry and gritty during oral processing. Santagiuliana et al.
(2020); van Eck and Stieger (2020) Fig. 3 provides a schematic overview

of the tribological mechanisms, where the proteins initially provide a
layer of hydrated polymer brushes, which are removed through protein
precipitation by the astringent agent.
3.2. Small phenolic compounds are unable to aggregate proteins
To better understand how different types of astringent compounds
affect both the protein precipitation and the lubrication losses, we
measured the change in friction coefficient also for small phenolic
compounds. The results of the increases in friction, represented by Δμ,
found for all astringent agents used here are summarized in Fig. 4. As a
reference, the addition of water only was taken into account to be able to
dismiss any dilution effects.
As mentioned previously, large polyphenols induce a strong increase
in the measured friction coefficient upon addition to saliva. Smaller
polyphenolic moieties, however, are less likely to interact with proteins
due to their limited size and insufficient protein binding sites. This was
confirmed by particle size measurements, as no increase in particle size
was observed when GA and CA were added to saliva (data not shown).
This is also obvious from the friction measurements, as the addition of
CA and GA to saliva gave only a small increase in the friction coefficient
of 0.05 and 0.02, respectively (Fig. 4). These values are similar to those
found for the addition of pure water (Fig. 4). This strongly suggests that
the changes in friction coefficient are simply caused by dilution effects
rather than an effect of interactions taking place between the proteins
and the compounds CA and GA.
Although no protein precipitation or lubrication losses were
observed, CA and GA have been described as astringent during sensory
evaluation Ferrer-Gallego et al. (2014) with astringency thresholds of 72
and 292 μM respectively, Hufnagel and Hofmann (2008) which is well
below the concentration used in this study (5 mM). For these small
polyphenols, oral astringency, therefore, appears not to be caused by
physical changes in salivary lubrication. The astringent sensation
perceived with GA and CA is more likely to be a result of the small

Fig. 2. Friction coefficients of saliva (open symbols) with a) EGCG and b) TA added after 600 s (closed symbols). The particle size of saliva (black, dashed line) and
saliva mixed with astringent (grey, solid line) are shown in c) for EGCG and d) for TA.
4
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Fig. 3. A schematic representation of salivary film formed on the tribometer surfaces before and after the addition of astringent agents that cause the salivary
proteins to aggregate.

interactions. This may also change salivary lubrication. Results in Fig. 4
show that alum addition results in a small increase in the friction coef
ficient that is not very different from results obtained when merely
diluting saliva, and is similar to the changes observed for the small
polyphenols. However, when we measure the particle size of a mixture
of saliva and alum, we find a shift from around 50 nm for saliva to 500
nm with the addition of alum. An unexpected increase in the particle size
in combination with a limited change in friction coefficient is thus
found. From the increase in particle size, it is evident that protein pre
cipitation takes place. This observation, however, seems to be in
contradiction with the results for small polyphenols that did not show
any protein precipitation nor changes in lubrication behavior. Aggre
gation of salivary proteins can thus also take place without influencing
the friction coefficient. It appears that salivary proteins can interact with
the astringent agent while maintaining good lubricating properties. We
present an overview of our findings for the different astringent agents
when combined with saliva in Fig. 5.
Fig. 4. Friction coefficient increase (Δμ) after 30 s of adding 0.05 % astringent
agents in water (EGCG: epigallocatechin gallate, TA: tannic acid, CA: caffeic
acid, GA: gallic acid, and alum) to saliva with water as a reference.

3.4. Lubrication losses of PRP and mucin solutions
Based on our current findings, the interactions between salivary
proteins and astringent compounds depend on the characteristics (size,
charge, conformation, etc.) of the astringent compound. For metal salts
such as alum, these interactions appear to be charge driven and do not
lead to lubrication losses with saliva. For large polyphenols, the mole
cules and salivary proteins can undergo both hydrophobic interactions
and hydrogen bonding with compatible protein regions Laguna and
Sarkar (2017); Le Bourvellec and Renard (2012); Rossetti et al. (2008)
Specifically, the proline-rich regions of salivary proteins are expected to
provide good binding sites for polyphenolic rings. Baxter et al. (1997);
Charlton et al. (2002); Murray et al. (1994) In the case of large poly
phenols, we do measure an increase in friction when added to saliva.
This indicates that different salivary proteins interact with different
astringent compounds.
Although much is known about salivary aggregation, McRae and
Kennedy (2011); Baxter et al. (1997); Siebert et al. (1996); Canon et al.
(2013); Ye et al. (2021) limited knowledge is still available on which
salivary proteins are responsible for the lubrication losses. We investi
gate the differences in lubrication losses when different salivary proteins
are used separately in the following sections and our results are dis
played in Fig. 6. It should be noted that the salivary solutions used here
are different in composition than the human saliva used previously. In
this section we used commercially available mucins and we used PRPs
that have been isolated from human saliva via acidic precipitation. This
means that our PRP solution likely does not contain all three types of
PRPs (aPRPs, bPRPs and gPRPs) in the same quantities as human saliva.
The mucin and PRP solutions used in this case therefore have different

molecule binding to a receptor, as was previously suggested. Schöbel
et al. (2014); Bajec and Pickering (2008) These results show that indeed
different mechanisms are responsible for the perception of different
astringent compounds. It has been reported that GA is perceived as less
astringent than large polyphenols such as TA. Robichaud and Noble
(1990) The difference in astringency perception between large and small
polyphenols indicates that different astringent mechanisms are at play.
Low astringency could be obtained by receptor-based sensations only,
whereas enhanced astringency is related to the additional changes in
friction coefficient and protein precipitation. The specific structure of
the polyphenol, therefore, determines the mechanisms of action and the
level of astringency. When the intramolecular interactions induce pre
cipitation and lubrication losses, increased astringency perception oc
curs. This is mostly related to hydrogen bond formation between
polyphenols and proline groups of the proteins. Baxter et al. (1997);
Siebert et al. (1996) GA and CA are thus too small and lack sufficient
degree of interactions with relevant protein binding sites to induce
protein precipitation and subsequent lubrication losses.
3.3. Cationic astringents cause aggregation without lubrication losses
Potassium aluminum sulfate, better known as alum, is also known as
an astringent compound. Biegler et al. (2016) As alum is a small mole
cule, we would not expect much protein precipitation. However, alum is
a charged molecule and can interact with proteins through different
5

R.E.D. Rudge et al.

Food Hydrocolloids 121 (2021) 106951

Fig. 5. Schematic display of the lubrication mechanism we propose. This mechanism involves potential aggregation and changes and in friction coefficient upon
addition of different astringent agents to saliva during tribological measurements.

friction coefficients (around 0.7 in the boundary regime) than human
saliva (around 0.2 in the boundary regime).

discuss the change in friction coefficient for the combination with PRPs
and mucins separately. Adding alum to PRPs gives a small change in
friction coefficient, and even shows a negative change, indicating
improved lubrication properties. This is likely a result of the good
lubricating properties of alum itself, as alum was able to lower the
friction coefficient of water (Fig. 1). When adding alum to a layer of
mucins on the surface, however, an increase in friction coefficient of Δμ
= 0.1 is found (Fig. 6a), which is an indication that alum interacts with
mucins present in saliva, but not with the PRPs. This is also consistent
with the changes in the particle size; limited aggregates are formed
when alum is combined with PRPs (Fig. 6g), but aggregation does take
place with mucin addition (Fig. 6h). These results suggest that the
observed aggregation is more related to mucin precipitation, and
lubrication losses to interactions with PRP. The difference in in
teractions between the two astringent agents can be explained by the
chemical structures of these two compounds. As mucins are negatively
charged, and alum carries a positive charge, aggregate formation and
the subsequent friction increase (Fig. 6b and h) can be explained by
electrostatic attraction. The multivalent ions are able to provide strong
salt bridges. PRPs on the other hand interact with EGCG mainly through
hydrogen bond interactions. Siebert et al. (1996); Canon et al. (2013)
Different interactions are thus responsible for the aggregate formation of
the different salivary proteins.

3.4.1. Large polyphenols
From our results, it seems that protein precipitation does not always
lead to lubrication losses. Different salivary proteins and astringent
agents appear to cause aggregation and lubrication losses by different
mechanisms. To obtain information on which salivary proteins are
responsible for those differences, we use solutions containing only one
group of the salivary proteins. Solutions of proline-rich proteins (PRPs)
or mucins were prepared, both at salivary pH (6.8). As a comparison, we
use the large polyphenol EGCG and alum, which both showed aggre
gation with saliva, but only EGCG led to lubrication losses. We also use
the small polyphenol CA, which showed minor changes in friction and
did not show an increase in particle size when combined with saliva. We
combined 0.05 % of our astringent solutions with solutions of 0.2 % of
PRPs and 0.1 % of mucins in a 1:1 ratio. The salivary protein concen
trations used here are similar to the concentration of those proteins
present in human saliva. Sarkar et al. (2019); Schenkels et al. (1995) A
solution of 0.05 % of EGCG, CA, and alum corresponds with 1.09, 2.78,
and 1.05 mM respectively. Fig. 6 shows the changes in friction coeffi
cient in the presence of PRP solutions and for mucin solutions when
combined with different astringent components. In the case of EGCG, we
measure an increase in friction coefficient in the presence of both PRPs
(Fig. 6a) and mucins (Fig. 6b). In both cases, also an increase in particle
size is observed (Fig. 6c and d). This is similar to our findings with
human saliva in the previous section (Fig. 2). The increase in friction
coefficient found for EGCG and PRPs shows roughly the same increase as
the increase in friction with saliva (Δμ ≈ 0.3). For EGCG with mucins, a
Δμ of 0.2 is observed. The contribution of mucin precipitation is thus
lower than the PRP precipitation. In terms of average particle sizes,
EGCG paired with PRPs also shows larger particle sizes than mucins and
PRPs, and an additional peak above 1 μm is observed (Fig. 6c and d).
Larger particle sizes thus appear to correlate with larger increases in
friction coefficient, which can be explained by a lower number of
unaggregated proteins to act as good bio-lubricants to provide a lubri
cious protein film. A combination of protein precipitation and protein
removal from the surface, therefore, seems to be the cause for the large
increase in friction coefficient seen when EGCG is added to saliva.

3.4.3. PRP and mucin layers
In the case of alum, no aggregation with PRPs is observed. So even
though mucin is removed from the salivary layer, the PRP layer remains
attached to the hydrophobic surface. In this case, the remaining PRP
layer still provides enough lubrication to prevent lubrication losses;
aggregation of mucins alone is not enough to cause an increase in fric
tion coefficient when PRPs and mucins are both present. Aggregation
with PRPs is thus responsible for the lubrication losses measured in
saliva. The proteins in the salivary layer can thus be removed separately.
This is most likely due to the organization of the salivary proteins at oral
surfaces. As part of the salivary pellicle, PRPs have been proposed to
better adsorb onto hydrophobic surfaces than mucins, and PRPs,
therefore, form a first layer of salivary proteins. Mucins in saliva are
thought to interact with the PRPs with their hydrophobic patches and
form a secondary layer of salivary proteins. Sarkar et al. (2019); Lindh
et al. (2001); Macakova et al. (2010); Glumac et al. (2019) Mucins can
thus be removed without affecting the lubrication layer provided by
PRPs. The proposed location of these proteins on the oral surfaces is in
line with our results as PRP precipitation causes lubrication losses while
mucin precipitation does not (Fig. 7). The PRPs mainly provide the
necessary lubrication and only the removal of this layer leads to

3.4.2. Metal salts
As discussed, the addition of 5 mM alum to human saliva led to a
minor increase in the friction coefficient (Δμ = 0.05), while a consid
erable change in particle size was seen. Alum thus causes aggregation
while the aggregates do not influence the friction coefficient. We first
6
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Fig. 6. Friction coefficient increase (Δμ) upon addition of EGCG, CA and alum to a) a 0.2 % PRP solution and b) a 0.1 % mucin solution. The PRP and mucin
percentages used are based on their presence in saliva. The changes in particle size upon the addition of the astringent agents are shown in c-h: c) PRP + EGCG, d)
mucin + EGCG, e) PRP + CA, f) Mucin + CA, g) PRP + alum h) Mucin + alum.
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Fig. 7. A schematic representation of our proposed mechanism of the aggregation of negatively charged mucins (large, blue) layer after addition of positively
charged alum while the PRPs (small, grey) layer remain adsorbed on the surface.

sufficient lubrication losses to cause an astringent sensation.

the role of both proteins into account. The importance of using both
mucins and PRPs is also supported by other studies, which suggest that
mucins alone are poorly able to reproduce tribological effects observed
using saliva. Sarkar et al. (2019); Biegler et al. (2016).

3.4.4. Caffeic acid
In previous sections, we showed that CA mixed with saliva does not
lead to an increase in particle size, nor a change in friction coefficient.
When we add CA to PRPs, we find a decrease in friction coefficient of 0.1
with a relatively large error bar, suggesting that the effect on the
lubrication behavior is negligible. For CA paired with mucin an even
stronger decrease in friction coefficient is found. Interestingly, an in
crease in particle size is observed for both PRPs and mucins combined
with CA (Fig. 6e and f), which is unexpected based on our previous
findings with human saliva for which no protein aggregation was
observed. Even though some large aggregates are formed, they do not
cause an increase in the friction coefficient. The interaction between CA
and mucins can be explained by the negative charge on mucins (− 32.5
± 2.9 mV). Based on a pKa of around 4 for caffeic acid, the charge at pH
6.8 will also be negative. The electrostatic repulsion between mucins
and CA is a potential cause for the decrease in friction coefficient.
Electrostatic repulsion could lead to a thicker protein layer and, as a
result, larger separations between the sliding surfaces. Such a form of
hydrated lubrication due to the presence of a water layer has been dis
cussed in literature for other charged polymer surfaces with repulsive
interactions. Ahmed et al. (2014); Gong (2006); Zhang et al. (2017) We
confirmed this effect of electrostatic repulsion by the simple addition of
HCl (1 %, 1:1 ratio) to mucins, reaching the same final pH as when
combining CA and mucin. As a result of the decrease in pH, a similar
decrease in friction coefficient was found (Δμ ≈ − 0.4) when adding CA
to mucins. This strongly indicates that the observed changes in lubri
cation of CA in mucins are purely charge based. Similar findings were
also reported by Sotres and co-workers. Sotres et al. (2011) They showed
that at a lower pH, the friction coefficient of mucins decreased by more
than an order of magnitude. This was related to an increased amount of
adsorbed mucins molecules at the PDMS surface. Using circular di
chroism spectroscopy (CD) the authors showed that at low pH, mucin
changes its conformation in a way that exposes hydrophobic patches due
to the protonation of polar regions. Having more hydrophobic regions
available causes enhanced anchoring to PDMS surfaces paired with low
friction coefficients.
We expect that the decrease in the friction coefficients we observed is
thus related to the exposure of hydrophobic sections of the proteins.
These results confirm that astringency perception and lubrication losses
are related to different mechanisms. Lubrication losses occur only when
PRPs are removed from the surfaces and accompanied by PRP precipi
tation. Mucin precipitation does not lead to lubrication losses, as long as
PRPs are able to lubricate the surfaces due to a lack of PRP precipitation.
When investigating the role of saliva, it is, therefore, necessary to take

3.5. Protein - polyphenol hydrogen bonding
We found clear increases in friction coefficient for EGCG combined
with human saliva and with PRPs and mucins separately in the previous
sections. The astringent sensation experienced with EGCG or TA con
taining foods such as tea or wine is thus related to the macromolecular
interactions that cause changes in physical lubrication. Both hydro
phobic interactions and hydrogen bonding have been proposed to cause
salivary aggregation. Siebert et al. (1996); Authimoolam and Dziubla
(2016) Due to the large difference in the structure of PRPs and mucins, it
is not clear to what extent such interactions affect the protein precipi
tation. To investigate the role of hydrogen bond formation in lubrication
losses, we have measured the changes in friction coefficient when
hydrogen bond formation was inhibited. To this end, we add the
hydrogen bond disruptor or chaotropic agent 1,1,1,3,3,3-hexafluoroiso
propanol ((CF3)2CHOH), also known as HFIP. Saez Talens et al. (2015);
Purcell et al. (1969) We again first allow PRPs and mucins to form a
layer on the sliding surfaces. We then add EGCG and allow the aggre
gates to form for 300 s, which is accompanied by an increase in the
friction coefficient, as discussed before. When the friction coefficient
became constant, we added the hydrogen bond disruptor as a 10 % so
lution in a 1:1 ratio and immediately a decrease in friction coefficient is
observed (Fig. 8).
A closer look at the friction coefficients in Fig. 8 reveals that the
friction coefficient returns to that of the PRPs and mucins before the
addition of the astringent, and the salivary proteins, therefore, regain
their good lubrication properties. The decrease in friction coefficient is
also accompanied by the disruption of the formed protein aggregates, as
the particle size again decreases. This is a strong indication that
hydrogen bond formation occurs for both types of salivary proteins, and
that this interaction is mainly responsible for both the protein precipi
tation and the lubrication losses. The lubrication losses of salivary pro
teins combined with large polyphenols such as EGCG and TA are thus
caused by aggregate formation induced by hydrogen bonding, while
aluminum salts cause aggregation by means of electrostatic interactions.
Both PRPs and mucins appear to have a unique contribution to oral
lubrication losses and the exact mechanism depends on the astringent
agent involved. In Fig. 9 we present a schematic overview of the manner
in which salivary lubrication losses occur. This overview highlights the
importance of PRP aggregation, while mucin aggregation alone is not
enough to generate lubrication losses for saliva.
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Fig. 8. Effect of HFIP on the interaction between PRPs and mucins with EGCG added at 300s. a) Friction coefficients of PRPs with HFIP added at 600 s. b) Friction
coefficients of mucins with HFIP added at 600 s. The particle size of PRPs and mucins (dotted line), after the addition of EGCG (dashed line), and the addition of HFIP
(solid line) are shown in c & d, respectively.

Fig. 9. A schematic representation of the route to astringency. Lubrication losses occur when PRPs alone or both PRPs and mucins are aggregated by astringent
agents. When mucin alone is aggregated, no salivary lubrication losses occur in the presence of PRPs.

4. Methods to prevent lubrication losses

different ingredients, we add the components in a different order, either
separately, or in mixtures. The first letter indicates the first added
component (usually S of saliva) followed by the additional components
using their abbreviations; tannic acid (TA), glycerol (G) ethanol (E). All
solutions were added in a 1:1:1 vol ratio. Combinations between
brackets, for example (TA + G), refers to components that were
pre-mixed before they were added. For example, the addition of a pre
mixed TA and G mixture to saliva would be presented as S+(TA + G).

We have highlighted that astringent lubrication losses are caused by
extensive aggregation of the salivary PRPs via hydrogen bond formation.
In this section, we will proceed to investigate whether hydrogen bond
formation and subsequent aggregation can be prevented by the addition
of different (food) components to prevent in-mouth lubrication losses.
We use ingredients that are able to form hydrogen bonds and are used as
food additives; ethanol (1 mPa⋅s) and glycerol (1400 mPa⋅s). Such
complex mixtures are representative of red wines. Gawel et al. (2007);
Shehadeh et al. (2020) To investigate the effect of interactions between
9
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4.1. Glycerol

does not seem to influence the lubricating protein layer. Interestingly,
upon the addition of TA, the friction coefficient of S + E + TA remains
constant as well. S and TA are thus unable to form aggregates in the
presence of ethanol, and saliva maintains its lubrication properties. The
same is found for S+(E + TA) as shown in Fig. 11c. When ethanol and TA
are premixed, S and TA are also unable to form aggregates and no
lubrication losses are measured. So when ethanol is present, aggregation
is prevented, and the salivary polymer brushes provide lubrication. The
lack of aggregation is thus due to the interactions with ethanol. As
ethanol can form hydrogen bonds, Rinaldi et al. (2012) ethanol addition
may prevent hydrogen bond formation between S and TA.
In the presence of aggregates, the addition of ethanol does not
decrease the friction coefficient, and the lubrication behavior is driven
by the aggregates. However, when ethanol is already present in the
mixture, TA and S are unable to aggregate to cause lubrication losses.
This suggest that ethanol does not necessarily act as a lubricating agent,
but simply prevents the aggregation by interacting with tannic acid. To
investigate whether ethanol can also influence the lubrication layer it
self, we also start by adding ethanol first (Fig. 12). As expected, this
gives a low friction coefficient of approximately 0.2. When we then add
S (Fig. 12a), we find that the friction coefficient increases to around
0.25. This value is within the range of values we have measured for S
alone. That would indicate that salivary proteins are able to migrate
through the ethanol and adhere to the PDMS surface. This confirms that
ethanol does not contribute to the lubrication behavior even though
ethanol does have good lubrication properties thanks to its good
wettability of PDMS surfaces. In this case, we find that protein brush
lubrication dominates the friction coefficient in the presence of ethanol.
When TA is added to ethanol first (Fig. 12b, here labeled E + TA), we
find that the friction coefficient increases by 0.15, and then decreases
again by 0.05 when saliva is added (in the case of E + TA + S). As we
already discussed before, S and TA are unable to form large aggregates
in the presence of E. The lack of large aggregates explains the minor
increase in the friction coefficient. The minor increase in the friction
coefficient is most likely an effect of dilutions. The lack of aggregation is
also obvious from the measurement where premixed S and TA (Fig. 12c)
referred to as (S + TA)) were added to E. In this case, the friction co
efficient increases to 0.43, much more than in the other cases where
ethanol was always present when S and TA were added together. When
TA and S were pre-mixed, they aggregate more than in the case ethanol
is present, which confirms that hydrogen bond formation with ethanol
may indeed prevent interactions between TA and S. In this case, again,
the aggregates dominate the frictional behavior as the salivary lubri
cation layer is disrupted by the polyphenols.

We explore the possibility to prevent lubrication losses by adding
glycerol to saliva and tannic acid mixtures. Glycerol has a high viscosity
and, as such, has a low friction coefficient of 0.01 at 1 mm/s. Glycerol is
known to provide lubrication by film formation of a thick glycerol layer
in the hydrodynamic regime. Bongaerts et al. (2007); Yakubov et al.
(2015); Kim et al. (2015) We first measure saliva and find a friction
coefficient of 0.20. When TA is added, the friction increases to 0.30
(Fig. 10a), as expected. We then add the highly viscous glycerol and find
a strong decrease in the friction coefficient from 0.30 for S + TA to 0.04
for S + TA + GA (Δμ = 0.26). The addition of glycerol is thus able to
restore the good lubrication. The formation of a thick lubricating film
between the surfaces contributes more to the friction than the presence
of the aggregates. This film has been estimated to be around 1 μm.
Yakubov et al. (2015) That is larger than the size of our aggregates (in
the range of 100 nm), which explains the lubrication effects seen here.
When we pre-mix the astringent TA and G and add that mixture to
saliva, (S+(TA + G)) we also find a decrease in the friction coefficient
compared to that of saliva alone (Fig. 10b). In this case, a Δμ value of
0.14 is found compared to saliva alone, which is similar to the Δμ value
of 0.16 found in Fig. 10a for S + TA + G. Regardless of whether ag
gregates were already present or not when glycerol was added, the
glycerol always dominated the lubrication behavior. It is also striking
that glycerol is able to decrease the friction coefficient of salivary ag
gregates by almost a factor of 10 (Fig. 10a). The addition of high vis
cosity glycerol to an astringent agent is thus an effective way to avoid
lubrication losses. Viscosity then dominates the lubrication behavior in
the presence of aggregates.
4.2. Ethanol
We also examined the ability of ethanol to interact with saliva and
polyphenols. Ethanol owes its good lubrication properties to its good
wetting properties (contact angle of 31◦ ). Ethanol alone gives low fric
tion coefficients of 0.15 at 1 mm/s. As previously seen, S + TA gives an
increase in the friction coefficient (Fig. 11a). When we add ethanol to
the S + TA aggregates, we find that the friction coefficient slightly in
creases from 0.32 to 0.37. Ethanol is unable to decrease the friction
coefficient once aggregates have been formed. The friction coefficient
here is thus determined by the aggregates formed between S and TA. The
good wetting properties of ethanol are overruled by the presence of
aggregates. The size of the aggregates is likely larger than the thickness
of the fluid film formed by ethanol. In this case, the large particles
separating the surfaces drive the lubrication behavior. In the case of S +
E, so when the ethanol is added before the aggregates are formed, the
friction coefficient of S remains unchanged (Fig. 11b). So the ethanol

Fig. 10. The friction coefficients of saliva (S), tannic acid (TA), and glycerol (G) when combined in different orders. a) S + TA + G and b) S+(TA + G).
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Fig. 11. Friction coefficients obtained when mixing saliva (S), ethanol (E), and tannic acid (TA) in different orders. The combinations are a) S + TA + E, b) S + E +
TA, c) S+(E + TA). Note that differences in salivary lubrication exist due to the usage of different batches and different (PDMS) surfaces.

Fig. 12. The friction coefficient of combinations of ethanol (E), saliva (S), and tannic acid (TA). The components are added to the tribometer in various orders. a) E
+ S + TA, b) E + TA + S and c) E+(S + TA).

4.3. Dominating mechanisms in salivary lubrication

viscous fluid, lubrication losses can be prevented by limiting particle
aggregation. We demonstrated this using ethanol which is able to pre
vent aggregation when either saliva or tannic acid is already mixed with
ethanol before saliva and tannic acid are able to interact with each other.
This indicates that the viscous lubrication provided by glycerol
provides a more dominating lubrication type, and is the only mechanism
that dominated particle friction. These findings can be explained by the
gap size the lubricant is able to provide. A low viscosity fluid such as
ethanol forms a relatively thin lubricating film due to its inability to

By mixing saliva, tannic acid, glycerol, and ethanol in different or
ders, we have shown the importance of the order of addition of the
different components. When we begin by adding saliva, the salivary
proteins provide good lubrication. This good lubrication is lost upon the
addition of tannic acid due to aggregation. The obtained high friction
coefficient caused by the aggregation is reduced when glycerol is added
to the aggregates as caused by viscous lubrication. Without the use of a

Fig. 13. Schematic representation of the proposed mechanism leading to astringency prevention. We suggest a hierarchy (from left to right) between mechanisms
occurring when combining ethanol (E), glycerol (G), saliva (S), and tannic acid (TA) in different orders. The mechanisms can be divided into low viscosity fluid
lubrication, salivary lubrication, aggregation lubrication, and viscous lubrication.
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sustain large hydrodynamic pressures. Salivary protein brushes are able
to form a hydrated layer that keeps the surfaces apart, but the thickness
of the layer is still limited. The aggregates disrupt this salivary layer and
larger aggregates are formed that are larger than both the saliva and
solvent layer. Particle friction then takes over from solvent or salivary
lubrication. The addition of the highly viscous glycerol, however, leads
to a thick lubricating layer that lubricates the surfaces and the aggre
gates. We show our mechanisms in Fig. 13, showing the lubrication
hierarchy ranging from the least dominant to the most dominant
mechanism.
To form a more quantitative image of the saliva-surface interactions,
approaches such as Quartz crystal microbalance with dissipation
monitoring (QCM-D) or atomic force microscopy (AFM) could be used.
This, however, is beyond the scope of our present work. By measuring
saliva and salivary proteins combined with different compounds, we
have provided a framework for the mechanisms behind salivary lubri
cation in the presence of astringent agents, high viscosity, and good
wetting fluids. The mechanisms and hierarchy of these mechanisms can
be used to decrease unwanted astringency perception in foods. This can,
for example, be done by adding a viscous fluid or by adding an ingre
dient that limits hydrogen bonding between salivary proteins and
polyphenols present in food.
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5. Conclusions
In this work, we unveiled the role of different salivary components in
lubrication losses related to astringent perception. Using a tribometer
configured for in-mouth conditions, we measured the lubrication
behavior of saliva and different salivary proteins when combined with
astringent agents and other components commonly found in astringent
systems such as wine. Upon the addition of different types of astringent
agents to saliva, we found that two possible events took place: (I) For
phenolic compounds that have sufficient binding sites, both PRP and
mucin aggregation occurred and lubrication losses were observed, and
(II) for metal salts, mucin aggregation was observed without lubrication
losses. To the best of our knowledge, we have here shown for the first
time that PRPs are the most important proteins when it comes to salivary
lubrication losses. Salivary lubrication losses only occur when PRP ag
gregation takes place. The removal or aggregation of the mucin layer
alone does not lead to lubrication losses, as long as PRPs are still present
to provide polymer salivary lubrication. The strong increase in friction
coefficient measured when adding large polyphenols to saliva points
towards astringency as a lubrication-based sensation. For smaller phe
nols and metal salts, however, different mechanisms (e.g. receptor-based
responses) must be responsible for astringent perception. Understanding
these mechanisms behind astringency perception and astringency pre
vention for different astringent agents and salivary proteins could help
to reduce astringent perception of new, plant-derived foods. For these
food materials, lubrication losses are often considered a negative sen
sory attribute and should be prevented. We show that this can be ach
ieved by the addition of simple (food) components such as ethanol and
glycerol.
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