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Abstract: This study investigated the influence of two polyphenols on the structure and lubrication of the salivary
pellicle, aiming to extend the understanding of astringency mechanisms. The salivary pellicle was prepared by the
adsorption of human whole saliva on the enamel substrate. Low-astringency catechin and high-astringency tannic
acid were used as astringents. The changes induced by the two polyphenols in the structure and lubrication of
the salivary pellicle were examined using quartz crystal microbalance with dissipation (QCM-D) and nanoindentation/scratch technique. The salivary pellicle suffers from changes in structure and physical properties
owing to protein dehydration and protein-polyphenol complexation when encountering polyphenolic molecules,
causing increases in the roughness and contact angle but a decrease in the load-bearing capacity. Therefore, the
lubrication performance of the salivary pellicle is impaired, leading to an increase and fluctuation of the friction
coefficient. The intensity of astringency has a strong positive correlation with the water contact angle, surface
roughness, and friction coefficient of the salivary pellicle. In summary, astringency is a tactile perception driven by
the roughness and wettability of the salivary pellicle rather than oral lubrication, and increased intraoral
friction is an inevitable consequence of astringency. The findings of this study will help promote and assist the
objective evaluation of astringency.
Keywords: astringency; salivary pellicle; structure; lubrication; polyphenol
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Introduction

As a tactile perception, astringency is commonly
defined as a drying, rough, and puckering mouthfeel
after the consumption of foods containing polyphenols
[1]. All solid substrata and mucosal membranes
exposed to the oral environment are covered by a layer
of absorbed salivary proteins, the so-called salivary
pellicle [2]. The pellicle plays an extremely significant
role in oral lubrication and tactile sensation [3]. Once
introduced into the mouth, polyphenols, mainly tannic
acid, interact with salivary proteins via hydrogen
bonding and hydrophobic effects to form polyphenolprotein complexes and then alter the structure of the
salivary pellicle and oral lubrication [4–6]. These changes

are considered to be responsible for the increased
activation of mechanoreceptors located within the
mucosa, which in turn elicits astringency [7, 8].
Astringency has received a great amount of scientific
interest, considering its potential application in both
food nutriology and pharmacology [9]. Many previous
studies have demonstrated that the occurrence of
astringency is generally accompanied by increased
intraoral friction. In vitro test results of Prinz and Lucas
[10] showed that tannic acid causes a significant
increase in intraoral friction because it precipitates
salivary proteins and reduces the lubricating qualities
of human saliva. Ma et al. [9] used mucoprotein as
model protein to investigate the influence of tannic
acid on saliva lubrication. They found that the
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introduction of tannic acid increased the friction
between a soft PDMS ball and the mucoproteinadsorbed glass surface and thus concluded that
astringency is a consequence of protein-mediated
lubrication failure. Brossard et al. [11] conducted human
sensory tests and human saliva lubrication tests, and
the results showed a strong positive correlation
between the perceived intensity of astringency and the
instrumental measured friction coefficient. Hence, many
researchers have suggested that the astringency of
polyphenol-rich products results at least initially from
decreased oral lubrication, and it can be quantified
using tribology techniques. However, different results
came from Rossetti et al. [12]. They found that
epicatechin, a polyphenol widely found in foods, did
not alter the lubricating properties of human saliva,
although it was perceived to be astringent. They pointed
out that astringency is not a simple lubrication-driven
tactile perception.
Oral lubrication mainly depends on the salivary
pellicle, which has a thickness of 20−100 nm [13].
The mechanism of astringency is still beyond our
understanding [7], but it has been widely accepted
that polyphenols have the potential to alter the
structure of the salivary pellicle through interactions
with salivary proteins. Therefore, it can be deduced
that the increased intraoral friction that occurs with
astringency when encountering polyphenolic molecules,
if present, may have resulted from the impaired
lubrication performance of the salivary pellicle as
a consequence of its structural change. Fully understanding the changes induced by polyphenolic
molecules in the structure and physical properties of
the salivary pellicle would help determine the role of
saliva lubrication in astringency sensation and provide
novel and useful insights into the origin of astringent
mouthfeel and its objective evaluation. However, few
studies have attempted to investigate how polyphenols
alter the structure and physical properties of the
salivary pellicle over time, although many efforts
have been made to investigate the change in saliva
lubrication during the development of astringency. The
influence of polyphenols on the structure and physical
properties of the salivary pellicle is still unclear.
In this study, the influence of two polyphenols
commonly found in foods, catechin, and tannic acid,
on the structure and lubrication performance of

the salivary pellicle was investigated in vitro. The
morphology, mechanical properties, and lubrication
behavior of the salivary pellicle were characterized by
atomic force microscopy (AFM) and nano-indentation/
scratch technique. The wettability of the salivary
pellicle was evaluated using the contact angle. The
change in the salivary pellicle structure over time
was monitored using QCM-D. This study aimed
to understand the manner in which polyphenolic
molecules alter the structure and lubrication properties
of the salivary pellicle and extend the understanding
of astringency mechanisms.

2 Materials and methods
2.1

Sample preparation

Human whole saliva, collected from a single healthy,
25-year-old male donor using an unstimulated drool
method in the morning [14–16], was used to prepare
saliva samples. In order to avoid the degradation of
salivary proteins caused by bacteria, the donor was
asked to refrain from either eating or smoking before
sampling [17, 18]. The collected saliva was centrifuged
at 2,000 g at 4 °C for 30 min, and then the supernatant
was extracted and used as saliva samples to perform
tests within 2 h.
Catechin and tannic acid aqueous solutions at a
concentration of 1 g/L were used as low-astringency
and high-astringency polyphenol media, respectively.
Salivary pellicle samples were obtained by the
adsorption treatment of the prepared saliva sample
on a flat enamel substrate. Enamel substrates were
prepared from freshly extracted human molars aged
between 20 and 30 years. Each tooth was embedded
into a denture base resin, and then ground and
polished under constant water irrigation to obtain a
flat enamel surface with average surface roughness
Ra of not more than 0.02 μm over a 1.0 mm × 1.0 mm
area [19]. During pellicle preparation, a drop of saliva
sample was placed on the enamel substrate and left
for 5 min at 25 °C, and then the residual saliva was
drained carefully from the enamel surface using a
dropper. The salivary pellicles obtained on the enamel
substrates were divided into three groups. The first
group, referred to as the original salivary pellicle,
was used to perform tests without any treatment. The
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other two groups were treated with catechin or tannic
acid before testing. During the polyphenol treatment,
a drop of the previously prepared catechin or tannic
acid aqueous solution was placed on the pellicle and
removed after an 8-s interval. Thus, three salivary
pellicle samples, original, catechin-treated, and tannic
acid-treated, were prepared on enamel substrates. All
pellicle samples were freshly prepared before testing.
2.2

AFM characterizations

The surface morphology and roughness of the freshly
prepared salivary pellicle on the enamel substrate
were characterized using AFM (Cypher, Oxford
Instruments Asylum Research, UK) fitted with a silicon
tip with a radius of 10 nm and in the tapping mode.
The scan frequency was 1 Hz, and the scan area was
10 μm × 10 μm. The pellicle was partly dehydrated
during the testing process, but efforts were made both
to shorten the drying time and to keep the testing time
approximately the same for each sample.
2.3

Nano-indentation/scratch tests

The normal load-bearing capability of bio-films is
generally evaluated by the penetration force. The
thickness and penetration force of the salivary pellicle
on the enamel substrate were measured through
nano-indentation tests in the continuous stiffness
measurement (CSM) mode. The tests were performed
using a Berkovich diamond tip with a radius of 20 nm
at a constant strain rate of 0.05/s and a limited thermal
of < 0.05 nm/s with a frequency of 45 Hz in a nanoindenter (G200, KLA-Tencor, USA). The maximum
indentation depth was 500 nm.
The lubrication behavior of the salivary pellicle on
the enamel substrate was evaluated by unidirectional
nano-scratch tests. Scratch tests were performed using
a conical diamond tip with a radius of 10 μm at a
constant scratching speed of 10 μm/s under a normal
load of 5 mN in a nano-scratch tester (G200, KLATencor, USA). The scratch length was 100 μm.
Both indentation and scratch tests were conducted
on freshly prepared salivary pellicle samples at 25 °C.
Efforts were also made to keep the testing time
approximately the same for each sample. For each
pellicle, at least twelve independent measurements
were conducted under each condition.
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2.4 Contact angle characterizations
The wettability of the salivary pellicle on the enamel
substrate was evaluated via the water contact angle.
All contact angles were measured at 25 °C using a
probe liquid of deionized water in a drop shape
analyser system (DSA100, Krüss Corp., Germany).
To obtain stable contact angles, the salivary pellicle
samples were allowed to air dry at 25 °C for 1 min
before testing, and the droplet was photographed after
it rested on the sample surface for 20 s [18]. For each
pellicle, the contact angle was determined through
nine independent measurements.
2.5

QCM-D measurements

The change induced by either catechin or tannic acid
in the structure of the salivary pellicle over time
was measured by changes in the frequency (Δf ) and
dissipation (ΔD) of a gold-coated quartz chip (Q-sense,
QSX 301-standard gold, Sweden) using a QCM-D
(Q-sense, Explorer, Sweden). A detailed description
of the experimental setup and basic principles can be
found elsewhere [20, 21].
QCM-D measurements were conducted at a flow
rate of 80 μL/min at 25 °C. The baseline was recorded
in deionized water. Each measurement included four
stages (I, II, III, and IV). The measurement started with
the injection of saliva into the measuring chamber
(stage I). The flow was stopped after 15 min and was
resumed during rinsing with deionized water (stage
II). After rinsing for 5 min, the previously prepared
catechin or tannic acid aqueous solution was injected
into the measuring chamber (stage III) for a period of
10 min. Finally, deionized water was injected into the
measuring chamber to rinse the chip (stage IV). The
ending time of the four stages were referred to as TI,
TII, TIII and TIV, respectively.
Some of the chips were taken off from the measuring
chamber at either TII, TIII, or TIV, and the morphology
of the salivary pellicle on the chip was characterized
using scanning probe microscopy (SPM) with a scan
frequency of 1 Hz in a nano-mechanical test system
(TI 900, Hysitron Corp., USA). The pellicle was directly
tested with SPM without any drying treatment. A
globular tip with a radius of 1 μm was used, and the
scan area was 20 μm × 20 μm.
www.Springer.com/journal/40544 | Friction
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2.6

Statistical analysis

The data are expressed as the mean ± standard
deviation in Section 3. They were analyzed by one-way
analysis of variance with Tukey’s test for multiple
comparisons. The level of significance was set at a
P-value < 0.01.

3

Results

The results of AFM morphology characterizations
using a 10 nm radius silicon tip demonstrated that
polishing scratches are randomly scattered on the
surface of the bare enamel. With the adsorption of the
salivary pellicle consisting of a compact inner layer
and evenly scattered small protuberances (generally
called the outer layer), no scratches were observed
on the enamel surface, while the surface roughness
increased slightly (Fig. 1(a)). Obvious surface
roughening occurred in the salivary pellicle after 8 s

of catechin or tannic acid solution treatment. Imaging
by AFM evinced a roughness increase of approximately
172% for the catechin and 471% for the tannic acid
(Fig. 1(b)).
The interaction between salivary proteins and
polyphenolic molecules such as catechin and tannic
acid led to an increase in the thickness, but a decrease
in the penetration force of the salivary pellicle;
the results are illustrated in Fig. 2. Nano-indentation
in the CSM mode indicated a thickness increase
of approximately 19% for the catechin-treated pellicle
and 52% for the tannic acid-treated pellicle. The
penetration forces decreased by approximately 21%
and 38%, respectively.
As shown in Fig. 3, the bare enamel surface is
hydrophilic, and its water contact angle was measured
to be 63.9°. As a highly hydrated proteinaceous layer,
the salivary pellicle on the enamel substrate makes
the surface more hydrophilic, and the contact angle
decreased to 16.2°. Polyphenol treatment leads to

Fig. 2 Thickness and penetration force of salivary pellicles on
enamel substrate subjected to different treatments.

Fig. 1 (a) AFM morphologies and (b) roughnesses of salivary
pellicles on enamel substrate subjected to different treatments.

Fig. 3 Water contact angles of salivary pellicle on enamel
substrates.
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an increase in the contact angle. The angle increased
to 20.2° and 28.4° after the catechin and tannic acid
treatments, respectively (P-value < 0.01).
The friction coefficients on enamel surfaces adsorbed
with different salivary pellicles are shown in Fig. 4.
The bare enamel surface was used as a control. The
friction coefficient of the bare enamel surface exhibits
slight fluctuation with a mean value of approximately
0.14. The mean value and fluctuation of the friction
coefficient decreased under the lubrication of the
original salivary pellicle, but the coefficient increased
and fluctuated significantly under the lubrication of
the two polyphenol-treated pellicles, especially the
tannic acid-treated pellicle. The mean friction coefficient
under the lubrication of the tannic acid-treated pellicle,
approximately 0.13, was not significantly different to
the bare enamel surface (P-value < 0.01), suggesting
salivary pellicle lubrication failure.
The interaction between the salivary pellicle and
the two polyphenol solutions was monitored by the

Fig. 4 Friction coefficients on enamel surfaces adsorbed with
different salivary pellicles: (a) variation of friction coefficient with
displacement and (b) mean friction coefficient.
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changes in frequency and dissipation of a gold-coated
quartz chip using a QCM-D. As shown in Figs. 5(a)
and 5(b), during stage I, the injection of saliva into
the QCM-D chamber led to a rapid decrease in
frequency and a rapid increase in dissipation, which
means that a highly viscoelastic salivary pellicle was
formed on the chip. An increase in frequency and a
decrease in dissipation were detected during stage II
of water rinsing, indicating the removal of some
weakly adsorbed proteins from the outer layer of the
pellicle. After sequentially injecting 1 g/L catechin or
tannic acid solution (stage III), the frequency slightly
increased instantly and then decreased to a stable
value, with the decrease using the tannic acid solution
being more significant, which is attributed to the
association of the salivary pellicle with polyphenolic
molecules. Meanwhile, the dissipation increased rapidly
to a stable value with the injection of catechin solution
but decreased gradually to a stable value with the
injection of tannic acid solution. After flushing with
water to remove the free polyphenolic molecules
(stage IV), an apparent increase in frequency along
with a decrease in dissipation occurred in the catechintreated samples, while both the frequency and
dissipation increased for the tannic acid-treated
samples. Table 1 lists the thickness and K values of
the salivary pellicle on the chip at different stages
calculated by the Q-Tools software with a Voigt model.
The K value represents the ΔD/Δf ratio, and it is
positively correlated with film viscoelasticity [22].
SPM morphology examinations on the chip surface
further confirmed the interaction between the salivary
pellicle and polyphenol solutions. As shown in Fig. 5(c),
a uniform and dense salivary pellicle appeared on the
chip at TII. The injection of both catechin and tannic
acid solutions led to protein aggregation and even
precipitation, and thus the protuberances in the outer
layer of the pellicle look enlarged at TIII. The enlarged
protuberances induced by catechin solution were
mostly removed after sequentially rinsing with water
to expose a dense pellicle on the chip at TIV. The
pellicle is obviously thinned, as shown in Table 1. The
protuberances induced by tannic acid solution are
much larger and sparser, and they became short and
obtuse after water rinsing. The thickness of the pellicle
at TIV is only slightly smaller than that at TIII (Table 1).

www.Springer.com/journal/40544 | Friction
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(b)

(a)

(c)

Fig. 5 Effects of (a) catechin and (b) tannic acid on the frequency and dissipation changes of adsorbed salivary pellicles determined by
QCM-D, and (c) SPM morphologies captured on chip surface corresponding to the three time points of TII, TIII, and TIV.
Table 1

Thickness and K value of salivary pellicle on Au chip.

Medium

K (×10–7)

Thickness (nm)
TII

TIII

TIV

TII

TIII

TIV

Catechin

22.52 ± 1.48

23.23 ± 1.22

13.29 ± 1.17

1.13 ± 0.07

1.29 ± 0.03

1.03 ± 0.02

Tannic acid

24.03 ± 2.13

31.98 ± 3.17

27.50 ± 1.50

1.10 ± 0.11

0.36 ± 0.06

1.03 ± 0.11

4 Discussion
Saliva lubrication mainly depends on the salivary
pellicle [23]. In this study, therefore, the influence of
polyphenols on the structure and lubrication of the
salivary pellicle was investigated, thereby revealing
the relationship of intraoral friction to astringency
and extending the understanding of the mechanisms
of astringency sensation. How polyphenols alter the
structure and physical properties of the salivary pellicle
over time was investigated using QCM-D. Because of
its high sensitivity, QCM-D is widely used in the
structural analysis of biomembranes [24, 25]. Given
that the salivary pellicle is about 20−100 nm thick
[13], its mechanical and lubrication properties were

characterized using the nano-indentation/scratch
technique. Two polyphenols, low-molecular-weight
catechin, and high-molecular-weight tannic acid, were
used to fully understand the influence of polyphenols
on the salivary pellicle.
In order to keep the surface energy as low as possible,
the proteins in human saliva tend to be micelle-like.
Hydrophobic amino acid side chains are packed in
the interior, and outward hydrophilic amino acid side
chains combine with water molecules. The hydrated
protein micelles are adsorbed onto the surfaces of
both teeth and oral soft tissues through selective
physisorption to form a salivary pellicle with a multilayered structure in which the inner layer is much
denser regardless of the substrata [26]. As shown in
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Figs. 1 and 2, after 8-s contact with 1 g/L catechin or
tannic acid solution, the small protuberances evenly
scattered in the outer layer of the salivary pellicle
become large and tend to be unevenly distributed, and
the thickness and roughness of the pellicle increase,
while the pellicle load-bearing capability decreases.
In addition, the wettability of the pellicle decreases,
which is manifested by an increase in the contact
angle (Fig. 3). The changes caused by the tannic acid
solution are much more significant. These observations
suggest that the structure of the salivary pellicle
changes due to the interaction of proteins with
polyphenolic molecules. Real-time QCM-D measurements revealed the dynamic process of the change.
As shown in Fig. 5, with the introduction of catechin
or tannic acid solution (stage III), the frequency
instantly increases slightly and then decreases to a
stable value, and the decrease is greater than the
increase. This means that the interaction of the salivary
pellicle with polyphenol solutions experiences
two stages: protein dehydration and then proteinpolyphenol complexation, causing a change in the
pellicle structure. The changes in the frequency and
dissipation caused by the injections of catechin and
tannic acid solutions (stage III) and sequential water
rinsing (stage IV) are different, which suggests that the
interactions of catechin and tannic acid with salivary
pellicle are different.
The interaction between polyphenolic molecules and
proteins is mainly via hydrogen bonding between the
hydroxyl groups of polyphenols and the carbonyl and
amide groups of proteins, as well as the hydrophobic
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effect between the benzene rings of polyphenols
and the non-polar amino acid side chains of proteins
[27–29]. The hydrophobic effect contributes more
to the interaction than hydrogen bonding. Figure 6
illustrates the schematic diagrams of the interactions
of catechin and tannic acid with the salivary pellicle.
Polyphenol molecules interact with proteins in the
outer layer of the salivary pellicle. The affinity of
polyphenols for proteins increases with polyphenol
molecular weight because of the increased number of
reaction sites. Low-molecular-weight polyphenols such
as catechin have too few sites to form effective crosslinking with proteins, and they tend to form weak
bonds with proteins [27, 30, 31]. Thus, catechin
molecules mainly replace water molecules and combine
with protein micelles via hydrogen bonding rather
than unfolding the protein chains. The wettability of
the salivary pellicle decreases as a result of protein
dehydration, and the protein micelles in the outer
layer of the pellicle are enlarged because catechin
molecules are larger than water molecules. Pellicle
thickness and roughness increase. However, the contact
area among the proteins is decreased to weaken the
bonding between them, since the proteins are bonded
with each other via hydrogen bonding and van der
Waals’ forces [32]. This is supported by the increase
in pellicle viscoelasticity (Table 1). Therefore, the
outer proteins combined with catechin molecules were
easily removed by water rinsing (Fig. 5(a)). Highmolecular-weight polyphenols such as tannic acid
have enough sites to react with salivary proteins via
hydrogen bonding and hydrophobic effects, resulting

Fig. 6 Schematic diagram of the interactions of catechin and tannic acid with salivary pellicle.
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in unfolding of protein chains and protein aggregation.
In other words, tannic acid molecules not only lead
to protein dehydration but also form effective crosslinking with salivary proteins. The pellicle viscoelasticity
decreased significantly (Table 1) because the molecular
chain of tannic acid is rigid due to its high molecular
weight. Compared with catechin, tannic acid has a
more significant influence on the structure of the
salivary pellicle, resulting in a more obvious decrease
in the pellicle wettability and more significant increases
in the pellicle thickness and roughness (Figs. 1–3).
Subsequent water rinsing removes free tannic acid
molecules rather than the protein agglomerates in
the outer layer.
The roughness of the saliva pellicle with a multilayered structure is only about 2.5 nm (Fig. 1), and it
has a certain load-bearing capacity, although it is
only approximately 32.7 nm thick (Fig. 2). The pellicle
effectively reduced the friction coefficient and its
fluctuation on the enamel surface (Fig. 4), thereby
showing good lubrication performance. The lubrication
function of the salivary pellicle strongly depends
on its structure [33, 34]. Once the pellicle structure
is destroyed, its mechanical properties deteriorate,
causing salivary pellicle lubrication impairment
and even failure. As shown in Figs. 1 and 2, when
encountering catechin or tannic acid solutions, especially
tannic acid solution, the pellicle thickness increases, but
the load-bearing capacity of the pellicle decreases, and
the roughness increases significantly. Hence, the value
and fluctuation of the friction coefficient increased
significantly under lubrication by the two polyphenoltreated pellicles (Fig. 4). There was no significant
difference between the bare enamel surface and the
lubrication of tannic acid-treated pellicle in the mean
value of friction coefficient (P-value > 0.01), and the
latter fluctuates more obviously. This is the consequence
of salivary pellicle lubrication failure caused by the
significant effect of tannic acid molecules on the
structure of the salivary pellicle. Therefore, it is
inevitable that intraoral friction increases due to the
impaired lubrication performance of the salivary pellicle
because of its structural change when polyphenolic
molecules are introduced into the mouth.
In general, oral surfaces innervated by tactile
sensors are covered by the salivary pellicle [2, 35], and
oral-tactile sensations arise mainly from the changes

induced by the consumed food and/or beverage in
the integrity of the pellicle [3]. As mentioned above,
astringency is commonly defined as a drying, rough,
and puckering mouthfeel. Based on the results obtained
in this study, it can be concluded that astringency is a
tactile perception driven by salivary pellicle roughness
and wettability rather than oral lubrication, and
increased intraoral friction is an inevitable consequence of astringency. It is noteworthy that the
salivary pellicle was regarded as a boundary lubricating
layer in previous studies, and thus many researchers
used macro-tribological tests to investigate the loss of
saliva lubrication caused by polyphenolic compounds
under the boundary lubrication regime [9]. As
mentioned above, the salivary pellicle on the surfaces
of both teeth and oral soft tissues, approximately
20–100 nm thick, has a stable multi-layer structure
consisting of a uniform compact initial inner layer and
outer layer with evenly scattered globular agglomerates
[26, 36]. Therefore, one possible mechanical function
of the salivary pellicle in the mouth might be related
to the form of thin film lubrication. The results of the
present study demonstrate that different polyphenols
have different effects on the lubricating properties of
the saliva pellicle, and the effect of low-molecularweight polyphenols is weaker than that of highmolecular-weight polyphenols. The increase in intraoral
friction induced by the polyphenols causing a slight
impairment of salivary pellicle lubrication may be
difficult to detect through macro-tribological tests. This
might be the reason why Rossetti et al. [12] found
that epicatechin, a polyphenol widely found in foods,
did not alter the lubricating properties of human saliva.
Astringency is one of the most important qualities
of many foods/beverages, such as red wines. At present,
the astringency of red wines is evaluated through
tasting by expert tasters, which inevitably involves a
certain subjectivity [37]. An objective, reproducible,
and easy-to-perform evaluation is of particular
importance in the winemaking industry [38]. Many
studies have focused on the correlation between
astringency intensity and intraoral friction, aiming to
quantify the astringency of polyphenol-rich products
using tribology techniques. The results of the present
study suggest that astringency is related to increases
in the surface roughness and water contact angle of
the salivary pellicle. Although both are astringent
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agents, the astringency intensity of tannic acid is greater
than that of catechin [11]. Based on the humanperceived astringency intensities of catechin and
tannic acid in a previous study and the results of this
study (Table 2), the relationship between the astringency
intensity and the water contact angle, roughness, and
mean friction coefficient of the salivary pellicle was
assessed using Pearson’s correlation test, and the results
are shown in Table 3. Pearson’s correlation coefficient
(r = 0.9969; P-value < 0.05) showed a strong positive
correlation between the astringency intensity and the
water contact angle, roughness, and friction coefficient
of the salivary pellicle. It seems that, as well as the
friction coefficient, the water contact angle and surface
roughness of the salivary pellicle can also be used for
the objective evaluation of astringency. This would
promote and assist the evaluation of astringency,
considering that there are many factors that affect the
measurement of intraoral friction [34, 39].
In this study, saliva was collected from one healthy
donor. In order to avoid the influence of individual
differences, a single donor was used to collect human
whole saliva in many previous studies [14, 16, 40, 41].
The morphology, penetration force, and friction
coefficient of the original salivary pellicle in Figs. 1, 2,
and 4 are consistent with the results of previous
studies [23, 42, 43], suggesting that the saliva samples
used in this study are representative. Given the fact
that the drying process can induce changes in the
pellicle, the salivary pellicle samples were freshly
prepared and directly used for AFM, SPM, and
nano-indentation/scratch tests without any drying
treatment. Contact angle measurement was generally
conducted on a dried salivary pellicle in previous

studies [44, 45]. In this study, to minimize the effect
of the drying process, the freshly prepared pellicle
samples were only subjected to 1 min of air drying at
25 °C before contact angle measurement. In addition,
in the present study, pellicle compositional analysis
was not conducted, and the interaction between
polyphenols and the salivary pellicle was monitored
by the changes in frequency and dissipation of a
gold-coated quartz chip using a QCM-D. Owing to
its high sensitivity and real-time monitoring, QCM-D
is a useful tool for the characterization of adsorption
kinetics of thin films from proteins on surfaces and
label-free analysis of biological molecules [9, 25, 46–48].
It should also be noted that the nano-indentation/
scratch test was conducted using an enamel substrate,
while the QCM-D measurement was performed on
gold-coated quartz chips. There are many types of
standard chips used for QCM-D measurement, such
as gold, silica, silver, and titanium chips. Gold-coated
quartz chips are the most common among commercial
QCM-D chips and have been used in previous studies
concerning astringency [9, 48]. Proteins may bind to
the metallic surface and enamel surface via different
bonds; thus, there may be some differences in the
salivary pellicles obtained on gold-coated quartz chip
surfaces and enamel surfaces. QCM-D was used to
monitor the structural changes of the salivary pellicle
induced by polyphenolic molecules in this study. As
shown in Figs. 1(a) and 5(c), the salivary pellicle
formed on gold-coated quartz chip surface also has a
multi-layered structure, similar to that on the enamel
surface, and the salivary pellicles on the two substrates
experience similar structural changes when encountering polyphenolic molecules. The results

Table 2 Human-perceived astringency intensities of catechin and tannic acid [11] and corresponding water contact angle, mean
friction coefficient, and roughness of salivary pellicle.
Medium

Astringency intensity

Pellicle contact angle (°)

Pellicle friction coefficient

Pellicle surface
roughness (nm)

Original pellicle
Catechin
Tannic acid

—
4.36 ± 2.70
10.96 ± 2.70

16.16 ± 2.34
20.18 ± 2.85
28.36 ± 2.98

0.073 ± 0.003
0.095 ± 0.010
0.129 ± 0.018

2.46 ± 0.14
6.69 ± 1.23
14.03 ± 2.35

Table 3 Pearson’s correlation coefficients for astringency intensity with water contact angle, friction coefficient, and surface roughness
of salivary pellicle.
Contact angle
Pearson’s correlation coefficient
a

0.99704

a

Friction coefficient
0.99998

a

Surface roughness
0.99930a

Correlation is significant at the 0.05 level (2-tailed).
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suggest that gold-coated quartz chips are suitable
for comparison of enamel surfaces.
Astringency has huge potential applications in
both food nutriology and pharmacology [9]. Previous
studies proposed various hypotheses to explain the
mechanisms of the astringency sensation, but the exact
mechanism is still unknown [11]. Here, we investigated
the influence of two polyphenols on the structure
and lubrication of the salivary pellicle. The results of
this study suggest that the salivary pellicle on the oral
surface suffers from changes in structure and physical
properties as a consequence of protein dehydration
and protein-polyphenol complexation when encountering polyphenolic molecules, causing increases
in the pellicle roughness and contact angle but a
decrease in the pellicle load-bearing capacity. As
a result, the lubrication performance of the salivary
pellicle is impaired, leading to increased intraoral
friction. Astringency is a tactile perception driven by
salivary pellicle roughness and wettability rather than oral
lubrication, and the astringency intensity of polyphenolic
compounds has a strong positive correlation with the
water contact angle, surface roughness, and friction
coefficient of the salivary pellicle. These findings
extend the understanding of astringency mechanisms
and help advance the objective evaluation of astringency.
It should be noted that in the present study, only
two polyphenols were used for research, and the
adsorption treatment of saliva was implemented on
the enamel substrate instead of on oral soft tissues.
Previous studies reported that in the mouth, the
proteins in saliva are adsorbed by physisorption onto
teeth and oral soft tissues and form a salivary pellicle,
and the pellicle is considered to have a multi-layered
structure regardless of the substrata [26]. Our future
studies will explore the influence of substrates on
the salivary pellicle and the interaction of more
polyphenolic compounds with the salivary pellicle.

5

Conclusions

The influence of two polyphenols, catechin, and tannic
acid, on the structure and lubrication of the salivary
pellicle have been studied using QCM-D and the
nano-indentation/scratch technique in this study. The
conclusions based on the given test conditions and
results are summarized below:

1) The salivary pellicle suffers from changes in
structure and physical properties as a consequence of
protein dehydration and protein-polyphenol complexation when encountering polyphenolic molecules,
causing increases in pellicle roughness and contact
angle but a decrease in pellicle load-bearing capacity.
As a result, the lubrication performance of the salivary
pellicle is impaired, leading to an increase and
fluctuation of the friction coefficient.
2) Astringency is a tactile perception driven by
salivary pellicle roughness and wettability rather
than oral lubrication, and increased intraoral friction
is an inevitable consequence of astringency.
3) The astringency intensity of polyphenolic compounds has a strong positive correlation with the
water contact angle, surface roughness, and friction
coefficient of the salivary pellicle. The astringency of
polyphenol-rich products can be quantified by means
of the water contact angle and surface roughness of
the salivary pellicle.
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