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ARTICLE INFO ABSTRACT

Keywords: Ionic valency influences oral processing by changing salivary behavior and merits more attention since little is
Saliva known. In this study, the influence of three ionic valences (monovalent, divalent and trivalent), ionic strength
Astringency and epigallocatechin gallate (EGCG) on lubricating properties of saliva were investigated. Tribological mea-
f]:f;l::; surements were used to characterize the lubrication response of KCl, MgCly, FeCls, and AlCl3 in combination with
Lubrication EGCG to the ex vivo salivary pellicle. KCl at 150 mM ionic strength provided extra lubrication via hydration

Ionic strength

lubrication. Contrarily, trivalent salts aggregated together with the salivary mucins via ionic cross-link in-

teractions, which led to a decrease in salivary lubrication. FeCls and AlCl3 affected the salivary lubrication
differently, which was attributed to changes in the pH. Finally, in presence of EGCG, FeCls interacted with EGCG
via chelating interactions, preventing salivary protein aggregation. This resulted in less desorption of the salivary
film, retaining the lubrication ability of salivary proteins.

1. Introduction

The perceived mouthfeel of beverages and foods has an influence on
consumer acceptance and prospective consumption (Silletti et al.,
2007). Although rather underestimated, saliva plays an essential role in
mouthfeel sensations (Mosca & Chen, 2017). Saliva is a biolubricant that
covers all surfaces of the oral cavity. Changes in salivary lubrication can
result in different mouthfeel sensations. Astringency is such a mouthfeel
attribute, which is linked to changes in salivary behavior, due to in-
teractions with components present in food and beverages. In particular,
the interactions between polyphenols and salivary proteins have been
connected to astringency (Laguna et al., 2019).

Astringency is a drying and puckering sensation elicited by food
products with high polyphenol content, such as wine, tea, beer, choco-
late, olive oil, etc. (Hufnagel & Hofmann, 2008). In addition to poly-
phenols, multivalent cations can also cause an astringent mouthfeel
(Biegler et al., 2016; Breslin et al., 1993; Lim & Lawless, 2005). The
exact chemosensory mechanism of astringency still remains unknown.

The two current hypotheses suggest that astringent sensation results
either from the salivary lubrication loss by the aggregation of salivary
proteins caused by polyphenols or multivalent cations (Canon et al.,
2018; Gawel et al., 2018; Mosca & Chen, 2017) or by direct interaction
(receptor-based) of the polyphenols and salts with oral receptors (Bajec
& Pickering, 2008).

Several salivary proteins, such as proline-rich proteins (PRPs) or
calcium-binding statherin (Soares et al., 2011) have been suggested as
the main salivary proteins responsible for an astringent sensation.
However, the role of mucoproteins has been underestimated in this
respect. A study by Biegler et al. (2016) showed the importance of
mucoproteins in salivary lubrication. Mucins are proteins with high
molecular weight carrying highly dense oligosaccharide side chains.
Mucins play an important role in oral lubrication and can be divided into
2 groups, based on their molecular weight; the high molecular-weight
MUC5B (2000-4000 kDa), and the low molecular weight MUC7
(130-180 kDa) (Gibbins et al., 2014). Based on their amphiphilic
character, mucins can attach to various surfaces and due to steric
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repulsion, the surface anchored glycan side chains stretch away from the
protein core to form a “bottlebrush”-like superstructure (Bansil &
Turner, 2006).

Mucins are known to provide oral lubrication via two mechanisms.
The first is based on their high water-binding capacity. Due to the low
isoelectric point between 2 and 3, mucins have a negative net charge at
the physiological pH of saliva (around pH 7). Based on their negative
charge, mucins are surrounded by a hydration shell of water molecules,
which can provide oral lubrication (Ma et al., 2015; Yakubov et al.,
2009). The second mechanism is related to the continuous de- and re-
adsorption of mucins onto the oral mucosa (Crouzier et al., 2015). In
addition, the mucin coating can provide steric repulsion between two
surfaces, which gives lower friction (Yakubov et al., 2009). Based on
those mechanisms, mucoproteins can provide lubrication to the oral
surfaces and have a coating effect on mouthfeel.

A disruption of salivary lubrication can cause an astringent sensa-
tion. Examples of components that can cause an astringent sensation are
salt ions and polyphenols. Different interactions between these compo-
nents and salivary proteins cause protein aggregation. Whereas cations
aggregate together with salivary proteins via electrostatic interactions,
polyphenols interact via hydrophobic interactions and hydrogen bonds
(Canon et al., 2018). This aggregate formation leads to loss of lubrica-
tion of the mucosal pellicle and elicits the astringency sensation. Such
loss of lubrication by phenols and trivalent ions has been demonstrated
by Rudge et al. (2021) where they used frictional measurements to
determine the level of lubrication loss. Despite that trivalent salts are
known to cause astringency, limited information is known about the
effect of different metal valences on salivary lubrication, and how the
ionic strength influences lubrication. Macakova et al. (2011) demon-
strated the profound impact of ionic strength on the architecture of
salivary pellicle which dramatically affects lubrication behavior.
Nevertheless, this study focused on the ionic strength concentration that
can be found in physiological conditions in human saliva and below, not
on the effect of ionic strength values derived from food or beverage
consumption.

Phenolic components such as catechins are commonly present in
beverages such as wine, beer and tea. Epigallocatechin gallate (EGCG)
has been shown to significantly increase the astringency perception
compared to other catechins (Rossetti et al., 2009). However, studies
regarding the presence of multiple components, such as cations and
phenols, their interactions with salivary proteins and the impact on
salivary lubrication are limited. One of the few studies on ionic strength
was performed by Canon et al. (2013), who found that upon the addition
of EGCG to purified human PRPs, aggregate formation was more pro-
found at an ionic strength of 1 mM than at 2 mM. However, Canon et al.
(2013), focused only on low ionic strength values and they did not
perform any frictional measurements. Therefore, new insights are
needed to clarify the effect of the interplay between salt ions and EGCG
on salivary lubrication at different ionic strengths.

In this study, we hypothesize that different cationic valences and
ionic strengths will affect saliva’s lubrication behavior in different ways,
while EGCG will further enhance the effect. The aim of this study is thus
to understand the effect of varying cationic valences and ionic strengths
on the lubrication behavior of saliva with and without the presence of
EGCG. Changes in salivary lubrication were measured by a dynamic soft-
tribological protocol and protein aggregation was determined by SDS-
PAGE. The outcome of this research provides a better understanding
of the effect of different beverage components on salivary lubrication
and potential astringency sensation.

2. Materials and methods
2.1. Materials

The materials used to prepare the samples were potassium chloride
(>99.5%), magnesium chloride (>98 %), iron(Ill)chloride (97 %),
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aluminium chloride (99 %), potassium hydroxide (>85 %), and EGCG
(>97 %), which were all purchased from Sigma-Aldrich Corp. (St. Louis,
USA). Sodium chloride (99 %) was purchased from Honeywell (Char-
lotte, USA). Lastly, hydrochloric acid (37-38 %) was purchased from
Actu All chemicals (Randmeer, the Netherlands).

2.2. Saliva collection

Unstimulated fresh saliva was collected between 8 and 10 AM from
three healthy female subjects (age 20-25, Caucasian). The saliva was
collected in 50 mL plastic tubes and pooled. During the collection, the
tubes were maintained in ice to ensure low temperature upon collection.
This time frame was chosen to reduce differences in salivary composi-
tion during the day (Vijay et al., 2015). The volunteers did not eat, nor
drink except for water for at least 1 h prior to collection. The collected
saliva (around 25 mL) was centrifuged at 10,000 rpm (9520 g) for 10
min at 4 °C in a Hermle tabletop refrigerated centrifuge Z 383 K
(Wehingen, Germany). After centrifugation, the supernatant, containing
the PRPs and mucins was collected using a pipette. The supernatant was
preserved in ice for a maximum of 4 h until measurements were per-
formed. The saliva collection has been approved by the Ethical Review
Committee at Maastricht University [ethics reference
(ERCIC_335_23_03_2022)].

2.3. Preparation of salt, pH solutions, and EGCG

The salt solutions containing KCI, MgCl,, FeCls and AlCl3 were pre-
pared at 1, 10 and 25 mM using milli-Q water upon continuous stirring.
Additionally, salt solutions were prepared to represent ionic strength
values of 60 and 150 mM. EGCG solutions were prepared by dissolving
the EGCG into milli-Q water in a glass bottle to obtain a concentration of
2 mM EGCG, which was then covered in aluminum foil. The EGCG
samples were stored at 4 °C for a maximum of 24 h to prevent degra-
dation (Krupkova et al., 2016). Solutions with both salt and EGCG were
also prepared. A maximum of 1 h prior to measurements, the prepared
salt solutions (KCl, MgCl,, FeCl; and AlClg) at 1, 10 and 25 mM were
mixed in a 1:1 ratio with the 2 mM EGCG-solution and subsequently
stored at 4 °C in the dark. To analyze the effect of salts on the pH of the
mixtures, a Schott Instruments micro pH meter (Mainz, Germany) was
used. For the investigation of the pH effect on salivary lubrication, HCI
model solutions were prepared to represent pH values of 6.8, 4.7 and 2.2
after mixing with saliva in a ratio of 1:1. pH values of the mixtures were
measured at 20 °C.

2.4. Salivary protein composition

The composition of the initial saliva and after the addition of salt and
ECGC was determined by electrophoresis (SDS-PAGE), according to a
method in the NuPAGE® Technical Guide (Thermo Fisher) and
described by Biegler et al. (2016). Prior to electrophoresis, the treated
samples were prepared by the addition of 0.5 mL of the salt or EGCG
solutions to 0.5 mL centrifuged saliva (section 2.2) in a 2.0 mL Eppen-
dorf tube and subsequent mixing with an orbital shaker for 10 min at
20 °C. These samples were then centrifuged at 10,000 rpm (9520 g) for
10 min at 4 °C in a Hermle Table Top Refrigerated Centrifuge Z 383 K to
remove formed aggregates by collecting only the supernatant. The su-
pernatant was subsequently used for SDS-PAGE analysis.

Thirty-nine pL of the prepared samples was mixed with 6 pL reducing
agent and 15 pL LDS sample buffer (SimplyBlue Safestain, Thermo
Fisher, USA), and heated at 70 °C for 10 min. Before the samples were
added to the SPS-page gel, the 1 mm thick 4-12 % BisTris NuPAGE® Gel
(Thermo Fisher, USA) was rinsed with 5 % MES running buffer (Thermo
Fisher, USA) and placed into the XCell SureLockTM Mini-Cell (Carlsbad,
USA). The wells were then filled with 15 pL of the prepared SDS-PAGE
samples and a marker (15 pL Markl2 Unstained Protein Standard
2.5-200 kDa, Thermo Fisher, USA) was added as a reference to identify
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the size of the different proteins. The inner and outer chamber of the cell
was filled with the 5 % MES running buffer. Then a constant voltage of
200 V was applied for 35 min. The gels were then rinsed and stained
with SimplyBlueTM SafeStain. After staining, the gels were again rinsed
with water and a 20 % (w/w) NaCl solution. The gels were stored in a
NaCl solution for 7 to 14 days at 4 °C to increase the detection limit of
the protein bands before they were scanned with a SDS-PAGE gel
scanner (Biorad - GS900 Calibration densitometer, Taiwan) and ana-
lysed using ImageLab (version 6.0.1). The interpretation of the results
and especially of the identification of the bands was according to pre-
vious studies of Biergler et al. (2016) and Ligtenberg et al. (2015).

2.5. Zeta potential and particle size distribution

Particle size distribution of the salivary proteins and aggregates was
measured using dynamic light scattering (Malvern Instruments Zeta-
sizer, UK), as previous reported by Rudge et al. (2021). The zeta po-
tential of these samples was measured using electrophoretic light
scattering. Before measurements, a 120 s equilibration time was used to
ensure a constant temperature of 25 °C for each sample. The measure-
ments were performed with a semi-micro cuvette (Brand®, Merck) in
triplicate with a 0.001 absorption and a refractive index of water and the
sample of 1.33 and 1.45, respectively. After the determination of the
particle size distribution, a maximum voltage of 40 mV was applied to
measure the zeta potential in folded capillary zeta cells (DTS1070,
Malvern, UK). The cuvettes were cleaned in between each measurement
with demi-water, ethanol, and again demi-water and subsequently dried
with pressurized air. The cuvettes were disposed when the metal strips
showed visible oxidation by turning black. Every measurement was
performed in duplicate.

2.6. Tribology measurement

The lubrication properties were examined by measuring the friction
coefficient using an Anton Paar rheometer with temperature control
(MCR302) at 20 °C. A tribological configuration was mounted in the
rheometer, which consisted of a glass ball as a probe, and a sample
holder with 3 PDMS pins (BC12.7/SS — 52837). PDMS is one of the
prevailing materials currently used in tribology as it mimics the tongue
relatively well (Rudge et al., 2019). The sliding speed of the probe was
set to 1 mm/s and the force exerted by the probe was 1 N. The normal
force of 1 N was based on the procedure by Laguna et al. (2017). The
sliding speed of 1 mm/s represents the boundary lubrication regime,
which is considered most relevant for astringency perception (Brossard
et al., 2016). Measuring at a constant velocity allowed close monitoring
of any changes in the lubricating properties as a result of different in-
teractions (Biegler et al., 2016; Laguna et al., 2017). Upon the start of
the measurements, 0.6 mL of supernatant from centrifuged saliva sam-
ples was added to the sample holder and the measurement was started.
The friction coefficient was measured at 20 °C for 5 min, in which a
constant value was obtained, indicating the formation of a salivary
protein film on the PDMS surface. After 5 min, 0.6 mL of the model salt
and ECGC/salt solutions were then added to the sample holder with the
probe still in place. This resulted in a 1:1 ratio of the model salt or
EGCG/salt solutions and saliva. The measurement was continued for
another 5 min to register changes in the friction coefficient, Au. The Ap
was calculated by subtracting the friction coefficient after (10 min) and
before (5 min) the injection of the model salt and ECGC/salt solutions.
Each measurement was performed in duplicate with the same set of
PDMS pins.

2.7. Viscosity measurement
The viscosity of the saliva samples after the addition of the model

solutions was measured with a double gap geometry (DG26.7/Ti —
21,833 and C-DG26.7/Ti — 10743) on a rheometer (Anton Paar
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Rheometer MCR301). Samples were prepared by mixing 3.8 mL of the
salt and EGCG/salt solutions with centrifuged saliva in a 1:1 ratio. After
combining the model solution with saliva, the mixture was transferred
to the rheometer and left for 5 min at 20 °C to allow interactions to occur
between the astringent agent and the salivary proteins. The viscosity
was measured in duplicates at a shear rate ranging from 0.1 to 100 s~}
over a period of 5 min at 20 °C.

2.8. Statistical analysis

The results were analyzed using a multivariate analysis of variance
(MANOVA) and a Pearson correlation. When the values from MANOVA
were significantly different (p < 0.05), an additional Tukey-Kramer HSD
(honestly significant difference) test was used to identify the differences
between the parameters. To verify the assumptions of normal distribu-
tion and homogeneity of variances, Shapiro-Wilk and Levene’s tests
were used. All the statistical analyses were performed with the software
R (R core team and foundation for statistical computing), R-studio
version 4.0.3.

3. Results and discussion
3.1. Effect of cationic valency on salivary lubrication

The effect of monovalent, divalent, and trivalent cations on lubri-
cation behavior was investigated in this study using KCl, MgCls,, FeCls,
and AlCl3. The concentration range of the salts was selected based on
previous studies investigating the effect of cations on taste of food and
beverages (Lawless et al., 2003). Additionally, to take into account even
extreme concentrations of trivalent salts that can be present in fortifi-
cation food and beverage products, 25 mM was chosen as the highest
concentration (Habeych et al., 2016). The reasoning was that iron
fortification products may lead to different oral lubrication. It is
acknowledged that 25 mM of iron is an extreme value that can only be
used in experimental fortification studies since this value is higher than
allowed limits in food or beverages. Additionally, such high values can
impact the stability of food due to color, oxidation, etc.

The effect of the salts on salivary lubrication behavior was deter-
mined by measuring the changes in friction coefficient, Au (Fig. 1a).
First, water was added to saliva to adjust the protein concentration as a
reference sample. The value for Ap was 0.004 after the addition of demi-
water, indicating that the change in protein concentration had a limited
effect on the lubrication behavior of saliva itself. Changes in friction
upon the addition of salt or ECGC solutions should thus be a result of
interactions between the components, and not because of a dilution
effect.

The addition of monovalent or divalent salt did not significantly
change the lubrication of saliva (Fig. 1a). Even though divalent salts are
known to form salt bridges with compounds such as proteins, no effect
was observed on the lubrication behavior. The trivalent salts were found
to change the lubrication behavior of saliva significantly (p < 0.001). At
a lower concentration of 1 mM, FeCl; and AICl; did not significantly (p
> 0.05) change the lubrication of saliva. However, especially at higher
concentrations of 10 and 25 mM, both FeCl3 and AlCl; significantly
decreased the lubrication behavior of saliva as an increase in Ay was
found. A different effect was observed between FeCls and AlCls. Overall,
FeCls showed higher friction, thus a larger Ay, compared to AlCl3 for
both 10 and 25 mM. Additionally, the friction decreased for the FeCl;s
samples when the concentration increased from 10 to 25 mM, although
the difference was not significant. For AlCl3, we observed an increase in
friction when the concentration increased from 10 to 25 mM, although
also not significant. The given outcomes show that FeCls leads to a larger
effect on salivary lubrication than AlCls. This effect indicates that the
two trivalent salts may affect the salivary proteins at a different level. To
understand the origin of this difference, we investigated how the salts
influenced the properties of saliva.
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First, the influence of the individual trivalent salts on the change in
friction coefficient was measured without the presence of saliva (data
not shown). It was observed that the salt itself did not change the friction
coefficient. Changes in friction must therefore be related to the in-
teractions between the salivary proteins and the salts. As both FeCl3 and
AlCl3 are known to lower the pH and therefore alter the charge of the
salivary proteins, different effects on the salt-protein interactions can be
speculated. Therefore, to gain more insight into the differences between
the trivalent salts, zeta potential and pH values were measured.

Saliva itself (diluted with demi water in a 1:1 ratio) had a zeta po-
tential of around —15.1 mV at pH 7. This value is common in human
saliva (Rykke et al., 1995) and is mainly due to the negatively charged
mucins (pI around 2.5) (Veerman et al., 1992). Mucins are considered
the most important protein group in saliva to determine the charge since
they make up a large portion of the protein content in saliva (Celebioglu
et al., 2020). Upon addition of both FeCls and AlCls, the pH of saliva
decreased to values of 2.2 and 3.1, respectively (Fig. S1, supplementary
material). This drop in the pH affected the charge of the salivary pro-
teins. In the case of FeCls, saliva had a positive charge with a zeta-
potential of 16.8 mV. This can be explained by the fact that the pH of
2.2 was below the isoelectric point of the mucins, which is around 2.5
(Veerman et al., 1992). For AlCls, the pH of 3.1 was slightly above the pI
of the protein, where the charge was slightly net positive with a low
zeta-potential value of 3.1 mV. In this case, the effect of pH leads to
aggregate formation since the pH is close to the isoelectric point of
salivary mucins. The low values of zeta potential (charge decrease) at
low pH indicate that the salivary proteins’ charge leads to aggregate
formation due to a change in the electrostatic interactions (less repulsion
among mucins). The reduced electrostatic repulsion between the mucins
leads to aggregation via hydrogen bonds (Frenkel & Ribbeck, 2015;
Mehrotra et al.,, 1998). Due to the aggregation of the mucin, the
“bottlebrush” like superstructure (Bansil & Turner, 2006) is not able to
provide the salivary lubrication properties anymore. As a result, changes
in pH can lead to aggregation of the proteins, which reduces the amount
of saliva proteins available for lubrication. To gain insight into the effect

ey’s HSD test: p < 0.05. (b) Friction coefficient (Ap) for saliva at different pH values.
alivary proteins in the supernatant after addition of salt solutions and centrifugation.

of pH alone, we also measured the change in friction coefficient when
the pH was altered by HCl, and the results are reported in Fig. 1b.
However, the effect of pH alone (Fig. 1b) was different than the com-
bined effect of pH and trivalent salts (Fig. 1a), indicating that the salt
itself also has an influence.

The selected pH values of 6.8, 4.7, and 2.2 represent the changes in
the pH observed upon the addition of the monovalent, divalent and
trivalent salts. The effect of pH on changes in friction, Ay, can be seen in
Fig. 1b. At lower pH values of 2.2, the change in friction was higher than
for higher pH values of 4.7 and 6.8. Even though there is not a significant
difference between the friction values (Fig. 1b), we do observe an
apparent trend. This confirms that changes in pH indeed lead to changes
in saliva properties, and the changes in friction are most likely due to a
higher degree of aggregation of the proteins. Since the pH values are
close to the pI (low net charge) of salivary mucins the electrostatic
repulsion is limited and mucins self-aggregate. The aggregation may
also be enhanced by the additional salt bridges that the trivalent salts
can make with negatively charged proteins (Rudge et al., 2021).
Comparing the friction measurements from Fig. 1a and Fig. 1b we
observed that the samples with the trivalent cations, at concentrations of
10 and 25 mM, had higher friction values than the samples without.
Therefore, we concluded that trivalent salts can create salt bridges with
the salivary proteins before the pH has completely dropped and while
the proteins are still negatively charged.

To further understand which proteins are involved in the aggregation
process when salts are added, SDS-PAGE was used to identify the
remaining proteins which are available for lubrication after aggregation
and centrifugation by the astringent agents. Fig. 1c shows the remaining
salivary proteins in the supernatant after centrifugation. The samples to
which KCl and MgCl, were added present the same composition as saliva
(S, right column) itself, confirming that all salivary proteins were still
present in saliva, and therefore did not aggregate together with these
salts. However, the trivalent salts influenced the composition of the
saliva, as less salivary proteins were present in the supernatant, thereby
indicating that aggregate formation of proteins indeed occurred
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(Fig. 1c). For both salts, mucins were not present in the SDS-PAGE gel,
which shows that salivary mucins were involved in the aggregate for-
mation. As mucins are negatively charged over a large pH range, they
were able to form cross-links with the positive salts via ionic bonds (salt
bridges). However, depending on the salt type and concentration, also
other proteins were involved. At 25 mM concentration, for both trivalent
salts, the PRPs were also not present anymore, indicating that the gPRPs
were also present in the protein aggregates. However, these results do
not explain the difference in the change in friction coefficients, as no
visible difference in the amount of aggregated proteins could be
observed for FeCls and AlCls, indicating that the same proteins were
involved in the aggregate formation (Fig. 1¢). To identify which proteins
are involved in the aggregation due to the presence of salts, and which
proteins aggregate due to a change in pH, we also determined the saliva
composition of the supernatant at different pH values. The samples were
adjusted to pH values of 6.8, 4.7 and 2.2, which represent the pH after
the addition of iron and aluminium and subsequently centrifuged. The
supernatant was then analyzed with SDS-PAGE. Fig. 1d shows the pro-
tein composition of the supernatant for the different pH values. It can be
observed that the mucin, especially MUC7, proteins were present in a
limited amount at pH 2.2, whereas they were still present at higher pH.
These results show that at low pH, the mucin MUC7 aggregate without
the presence of salt. The aggregation of mucin proteins due to lower pH
can be explained by the self-aggregation of mucins due to their pI of 2.5
(Frenkel & Ribbeck, 2015; Mehrotra et al., 1998). Since the pH drops
close to their isoelectric point the net charge is not sufficient enough to
maintain their repulsion which eventually leads to self-aggregation.
Those results indicate that the aggregation of mucins, as shown in
Fig. 1c, is due to both the effect of salt bridge formation and pH. In
addition, mucins were the only proteins that were aggregated at salts
concentrations of 10 mM (of trivalent salts), which makes them the most
responsible for lubrication losses.

The aggregate formation due to trivalent salts increased the friction
coefficient (Fig. 1a). As high molecular weight mucins are known to
provide lubrication in the mucosal pellicle (Crouzier et al., 2015), it is
logical that mucin aggregation leads to most lubrication losses. The
degree of protein aggregation was also seen to depend on the type of salt
and the pH of the solution. Based on those findings, we conclude that
two effects are responsible for the changes in lubrication properties of
saliva upon the addition of salts. Trivalent salts, at high concentrations,
firstly aggregate mucins by cross-linking and secondly by lowering the
pH values leading to the self-aggregation of mucins (mainly MUC7). The
aggregate formation results in a decrease in lubrication behavior. These
results are consistent with the result in the literature, in which they
investigated the lubrication changes upon the addition of trivalent salts
as well (Biegler et al., 2016). However, our research provides additional
new information on the effect of salt bridging and pH and their influence
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on salivary lubrication.

3.2. Effect of ionic strength on the lubrication properties

In the first section, the effect of cationic valence on salivary lubri-
cation was investigated for salts with a similar concentration range. The
results show that the monovalent and divalent salt did not lead to
changes in protein aggregation and subsequent lubrication losses.
However, the ionic strength of those samples was much lower than in the
case of the trivalent salts. Therefore an additional research was con-
ducted to study the effect of monovalent, divalent and trivalent salts at
the same ionic strength on salivary lubrication. The ionic strength values
were 60 and 150 mM for all salts. These values are representative of the
10 and 25 mM concentrations of the trivalent salts used initially, and
therefore higher concentrations for the monovalent and divalent salt
were used. The concentrations of monovalent and divalent salt were
calculated using the equation of ionic strength.

The Ap values of the salt solutions based on ionic strength of 60 and
150 mM can be seen in Fig. 2a. In the case of KCl, the increase in ionic
strength from 60 mM to 150 mM significantly (p < 0.001) decreased the
Ap from —0.03 to —0.1, respectively. Also in the case of MgCly, Ap
decreased significantly (p < 0.001), although the effect was less pro-
nounced than for KCl. Those outcomes showed that monovalent and
divalent salts at higher ionic strengths provide extra salivary lubrication.
The differences in the results at the same ionic strength concentration
reveal that different salt ions affect lubrication due to different mecha-
nisms. More specifically, monovalent and divalent salts affect differently
the salivary lubrication compared to trivalent salts at the same ionic
strength which is in contrast with the equal molar solutions. At an ionic
strength of 150 mM, trivalent salts disrupt the lubrication properties of
saliva film, while monovalent and divalent salts can provide extra
lubrication. These differences are most likely due to changes in in-
teractions as a result of the different salts. An important observation is
that salivary lubrication increases with the larger cationic size. More
specifically, potassium has a larger radius compared to magnesium and
iron which may explain the increased lubrication properties upon the
addition of KCl. Similar trends were noticed by Yu et al. (2019), where
they showed improved lubrication properties in zwitterionic
phosphorylcholine-based brushes with larger sizes of anions. Even
though the studied system by Yo et al. (2019) is not similar to the
polymeric mucins a similar mechanism can be expected. More infor-
mation regarding the effect of potassium on improved salivary lubrica-
tional properties will be discussed further below.

To get more insights into the interactions involved in the aggregation
of salivary proteins with salt with a different valency, the viscosity was
measured at an ionic strength of 150 mM. Saliva was also diluted with
water as a reference. KCl resulted in a lower salivary viscosity, and even
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Fig. 2. (a) Ap values of saliva upon addition of KCl, MgCl,, Fe(III)Cl; and AICl; solutions at ionic strengths of 60 and 150 mM. The values are presented in mean +
standard error. The letters in each bar identify that the samples are significantly different according to Tukey’s HSD test: p < 0.05. (b) The viscosity as a function of
shear rate when saliva was mixed with water (triangles), KCI (dashes), MgCl, (circles), FeCls (squares), and AlCl; (diamond). The ionic strength of 150 mM was used

for all salt solutions.
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though there is not a statistically significant difference an apparent trend
can be observed (Fig. 2b). The lower viscosity with the addition of KCl
suggests that the interactions between mucins change since those pro-
teins are responsible for the variations in viscosity (Coles et al., 2010;
Gibbins & Carpenter, 2013). This change in interactions can be
explained by a reduction in the electrostatic repulsion between the
mucins, and a change in confirmation. Such change in confirmation has
also been shown by others, where they demonstrated that the decrease
in negative net charge caused the changes in salivary proteins confor-
mation (Chaudhury et al., 2015). This is a result of the screening of the
charges on salivary mucins by the monovalent cations, which leads to
less internal repulsion between charged groups within mucin. MgCl, can
also lead to screening effects, but no visible change in the viscosity of
saliva was observed. This may be due to divalent ions being known to
provide salt bridges, which may have contributed to a slight increase in
viscosity, thereby cancelling out the decrease in viscosity by screening
effects.

FeCl3 and AlCl3 both increased the viscosity of saliva, although FeCls
increased the viscosity to a larger extent (Fig. 2b). The increased salivary
viscosity results from the formation of aggregates, as already discussed
earlier for trivalent salts and mucins. Such an increase in viscosity in the
presence of trivalent salts has also been reported by others which is
consistent with the larger effect which has been observed for the FeClg
(Biegler et al., 2016).

These results show that no protein aggregation occurs with mono-
valent and divalent salts, whereas trivalent salts are expected to lead to
aggregation. To verify this, the particle size distribution of saliva in the
presence of the different salts was examined. In addition, SDS-PAGE was
applied to evaluate which proteins were involved in the aggregation.
Fig. 3a presents the particle size distribution of salivary proteins upon
the addition of the different salts. Iron chloride was used as represen-
tative of the trivalent salt since it showed the largest impact compared to
aluminum chloride. Both KCl and MgCl; decreased the size of the sali-
vary proteins, indicating that indeed no aggregation took place. This was
also confirmed by the SDS-PAGE results, as all proteins were still present
in the supernatant after centrifugation of the saliva mixtures, indicating
that no aggregate formation took place (Fig. 3b). The decrease in hy-
drodynamic radius also confirms that a decrease in electrostatic repul-
sion and a change in confirmation were obtained (Fig. 3a). This decrease
in size and reduction of the electrostatic repulsion between the mucins
can explain the better lubrication properties of these systems via a
mechanism called hydration lubrication (Ma et al., 2015; Yakubov et al.,
2009). Hydration lubrication originates from hydrated ions trapped
between charged surfaces that repulse each other. This would lead to a
more hydrated polymer that provides aqueous lubrication properties
(Garrec and Norton, 2012). The lubrication ability has already been
shown to depend on the type of salt, as the hydration ability is related to
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the hydration enthalpy (Garrec and Norton, 2012) according to the
Hofmeister series. Therefore, in a system containing salivary proteins,
only monovalent salt improves the salivary lubrication via hydration.
Where hydrated potassium cations were placed among the negatively
charged polymeric mucins providing better lubrication.

As expected, FeCls and AlCl3 did lead to aggregation of the salivary
proteins (Fig. 3a). This is mainly due to the aggregate formation of
MUCSB and MUC?7, as the PRPs and other proteins are still present in the
supernatant (Fig. 3b). Especially, for 60 mM AlCl; the majority of all the
proteins seem to be aggregated. However, the different ionic strength
values did significantly change the lubrication behavior for FeCls but not
for AlCls. The changes in mucins state seem to be the main reason for the
loss of lubrication by the trivalent salts.

Concluding, two main effects are likely to influence the lubrication
properties of saliva in the presence of salts with different cationic va-
lences. First, monovalent and divalent salts at high ionic strength values
provide extra lubrication via hydration lubrication. Second, trivalent
salts lead to loss of lubrication due to aggregation of the salivary mucins.
An illustration of the two new different mechanisms of the monovalent
and trivalent salts in salivary is given in Fig. 4.

3.3. Effect of cations and phenols on salivary lubrication

Astringency in alcoholic or non-alcoholic beverages is mostly asso-
ciated with plant polyphenols. However, how different salts influence
the interactions between polyphenols and salivary proteins is still not
known, nor how this affects the lubrication properties. To provide new
insights into the role of cations in phenol interactions, a polyphenol was
added to the different salt solutions. EGCG was selected as it is known for
its astringent sensation (Biegler et al., 2016). A concentration of 2 mM
was selected, which is similar to the concentration in green tea (Alma-
jano et al., 2008).

The addition of EGCG alone increased the friction of saliva by
approximately 0.15 A (Fig. 5a). This increase in friction is an effect of
the aggregate formation of salivary proteins and EGCG due to hydrogen-
bond and hydrophobic interactions (Biegler et al., 2016). The addition
of monovalent and divalent salts did not affect the lubrication properties
of saliva in combination with EGCG (data not shown). Only the presence
of trivalent salts in the EGCG solution influenced salivary lubrication.
FeCl3 was selected as a representative of a trivalent salt, since this salt
showed a larger effect on salivary lubrication than AlCls. The effect of
EGCG on Ay values of the FeClj series can be seen in Fig. 5a. Au values
for the salt solutions were added as references. As expected, the addition
of a mixture of EGCG and FeCls to saliva significantly increased the
friction of the system for all FeCl3 concentrations. However, the absolute
increase depended on the specific combination of the salt and EGCG. At
a concentration of 1 mM FeCls, the presence of EGCG increased Ap.
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Fig. 3. (a) Particle size of salivary proteins in mixtures with water (squares), KCI (triangles), MgCl, (circles). and FeCl; (crosses) at an ionic strength of 150 mM. (b)
SDS-page of remaining salivary proteins in the supernatant after addition of salts at an ionic strength of 60 and 150 mM and centrifugation.
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Fig. 4. Schematic overview of the lubrication mechanisms based on different ion valences (monovalent and trivalent). The red lines represent the hydrophobic part
of the mucins. The blue lines represent the amphiphilic part of the mucins. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 5. (a) Change in friction coefficient (Ap) for mixtures of saliva with EGCG solution (2 mM) and FeCl3 solutions at different concentrations with and without the
addition of 2 mM EGCG. The values are presented in mean + standard error. The letters in each bar identify that the samples are significantly different Tukey’s HSD
test: p < 0.05. (b) Viscosity of saliva- water (crosses), saliva-FeCls (circles), saliva-FeCl3-EGCG (diamonds) and saliva — EGCG (triangles).

However, the change in Ap was lower than when only EGCG was added.
However, in the case of 10 and 25 mM, Ap values for solutions with
EGCG were lower than the samples with only salt. Similarly, to the other
concentrations (10 and 25 mM) of FeClg, the addition of EGCG prevents
the lubrication loss. These results show that the presence of EGCG in iron
chloride solution prevents iron to decrease salivary lubrication due to
the interaction of EGCG-iron. This can be explained by the fact that
EGCG and iron cations interact with each other, which leaves less EGCG
or salt available to interact with the salivary proteins. For instance, at
lower concentrations of iron, EGCG is the most responsible astringency
agent for the aggregate formation of salivary proteins, since the iron is
trapped by the EGCG. While at high concentrations of iron, EGCG in-
teracts with the iron and the remaining “free” iron is responsible for
salivary protein aggregation and therefore lubrication loss. Those
changes in Ap between EGCG and FeCl3 concentrations indicate the
interaction of EGCG-FeCls and that there is a critical concentration
where ECGC prevent lubrication loss by iron or vice versa.

The different interactions occurring in the mixtures could also be
seen in the color changes of the mixtures. Dissolving FeCls into demi
water resulted in a transparent orange solution due to the presence of

Fe3* ions. Upon the addition of EGCG, the color changed to a more blue/

black color. This color change is due to the interaction between Fe>* and
EGCG, which has also been reported by others. The cation can chelate to
hydroxyl groups on the EGCG to form dipolar interactions (Inoue et al.,
2002). The color depended on the concentration of FeCls. In the case of
1 mM FeCls, the color was light blue, while a darker blue/black color
was seen for concentrations of 10 mM FeCls, and an orange/black color
for 25 mM FeCls (Fig. 2S, supplementary material). These differences
can be explained by the number of Fe>* ions that can bind to one EGCG
molecule or partly due to the oxidation of phenol by the presence of iron.
It is known from the literature that two Fe>" ions can bind to one EGCG
molecule (Ryan & Hynes, 2007). For low FeCls concentration, all Fe3+
ions (1 mM) could theoretically bind to EGCG (2 mM), and therefore
limited Fe>" ions were present to provide an orange color, and the
EGCG/FE complexes provided a blue color, as EGCG itself does not
provide any color. In the case of a higher concentration of 10 mM, all
EGCG was bound to the Fe3* ions, while Fe3t was present in excess,
which increased the darkness of the blue color. For an even higher
concentration of 25 mM FeCls, more free Fe3* jons were in excess, which
provided again a more orange color. These EGCG binding properties
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have also been reported for APt (Inoue et al., 2002), and therefore we
expect similar results for AlCls.

The interaction between EGCG and iron cations prevents the loss of
salivary lubrication compared to iron cations alone. The ratio between
FeCl3 and EGCG determines how much FeCls is used for chelating, which
then determines how much remaining FeCls can aggregate with saliva
proteins together. For instance, at 1 mM of FeCls there is more EGCG for
aggregation, while between 1 and 10 mM the presence of more salt ions
leads to salivary aggregation. To prove our hypothesis about the changes
in salivary protein aggregate formation, we measured the viscosity of
solutions containing FeCls and salivary proteins and solutions with
FeCl3 with EGCG and salivary proteins as well.

Fig. 5b shows the viscosity of the saliva with demi water and saliva
with EGCG over a shear rate range of 1 to 100 s 1. The graph shows that
EGCG increased the viscosity of saliva, which indicates the formation of
salivary protein aggregate together with EGCG, as also discussed by
others (Biegler et al., 2016). Similarly, FeCls increased the viscosity to
the largest extent, where a larger aggregate formation can be observed
compared to EGCG. Even though there is no statistically significant
difference between the sample with FeCl; and FeCl3-EGCG, an apparent
trend is noticed among the shear rate values. The observed lower vis-
cosity of the sample containing both EGCG (2 mM) and FeCl3 (25 mM)
suggests the formation of fewer aggregates with the salivary proteins
compared to FeCls (25 mM) alone. Therefore, the lower friction coeffi-
cient values for the mixture of EGCG (2 mM) and FeCl3 (25 mM) than for
25 mM FeCl3 alone can be explained by less bridging of “free” FeCls to
salivary proteins due to EGCG-FeCl; interaction.

These results provide new insights related to the interactions be-
tween phenols and trivalent cations and accompanying changes in
salivary lubrication. To our knowledge, there are no studies in the
literature which compare the combined interaction of phenols and
minerals. Trivalent cations can interact with salivary mucins due to salt
bridging, but also affect the pH which further leads to the aggregation of
mucins. This aggregate formation leads to a loss of salivary lubrication.
Similarly, EGCG is known to result in salivary lubrication loss due to the
hydrogen bonds and hydrophobic interactions with salivary proteins.
Interestingly, this study shows that in the presence of EGCG, the Fe>*
can interact with EGCG via a chelating interaction. This results in less
binding ability of salivary proteins with the two astringent agents (ECGC
and iron). The current outcomes reveal a prevention mechanism for
salivary lubrication loss coming by the interaction of EGCG-Iron. As
changes in salivary lubrication have been shown to associate with
astringency perception, the current results are expected to match dif-
ferences in astringency perception. A sensory study would be required to
further confirm the relations between the concentrations of iron and
EGCG. However, future attention should be given to the interaction of
minerals with larger phenolic compounds like tannins (polyphenols),
and it should be investigated whether metallic ions at concentration
levels present in food will still have an effect on different types of
astringent compounds. The current findings show that changes in
composition concerning minerals and phenol content, and based on
their interaction, lead to different oral sensations. These results are
interesting for the beverage industry since the loss of lubrication or
astringency can be avoided to some extent by the addition of salts.

4. Conclusions

In summary, we demonstrated that different cationic valences and
ionic strengths affected differently the salivary lubrication in presence of
EGCG and without. Different new mechanisms were detected for the
three different valences (monovalent, divalent and trivalent salt) and
their association with frictional measurements. Monovalent (KCl) and
divalent salts (MgCly) did not influence salivary lubrication at low molar
concentrations. However, a new mechanism for the monovalent salts
was profound at high ionic strength values. KCl was found to provide
extra lubrication via hydration lubrication. The hydrated mucins,
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provide aqueous lubrication which results in lower friction. The triva-
lent salts (FeCls and AlCl5) resulted in lubrication loss. This was mainly
due to the interactions of mucins with the salt ions. Compared to AlCl3,
FeCl3 led to greater salivary lubrication loss due to the effect of pH on
salivary mucins (especially MUC7). Additionally, this study provides
new insights into salt-phenol interactions which are related to salivary
lubrication. Although not confirmed yet, our results suggest that triva-
lent cations may have the potential to limit the induced increase in
friction by EGCG. EGCG-FeCls interactions resulted in lower binding and
aggregation of salivary mucins with either an excess ECGC or salt, which
lead to less lubrication loss. Therefore, the addition of salts can reduce
the aggregation of salivary proteins in presence of EGCG and vice versa.
This study provides insights into the effect of mineral salts present in
beverages and foods. The new outcomes suggest that interactions be-
tween salt ions and phenol need to take into account since affecting oral
lubrication. Viewing the omnipresence of salts in foods, these insights
are important for understanding the changes in salivary properties and
consequently the taste preferences of individuals.
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