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ABSTRACT

The formation of mucin layers on dental materials are intrinsic to maintaining a healthy oral cavity. Of interest to
this study is the absorption-property-lubrication ability of surface bound mucin layers on to hard dental surface
akin to those observed in oral salivary pellicles. QCM-D experiments examined the growth of these mucin layer
overtime. Pseudo First Order, Pseudo Second Order and Elovich kinetic adsorption models were applied to gain a
greater insight into the adsorption process. As lubrication on teeth is an important property of oral lubrication, a
micro-tribometer was used to assess the lubricity of surfaces over a range of normal loads. Mucin layers grew
with an initial rapid phase followed by a second slower adsorption phase which followed Pseudo First Order or
Elovich adsorption kinetics on hydroxyapatite and gold surfaces respectively. Enhanced lubrication was seen
when hydroxyapatite and mucin were used demonstrating the chemical nature of the underlying surfaces is
important in establishing effective mucin films. The formation of mucin layers was attributed to the surface
composition driving the adsorption process and subsequent viscoelastic properties of these layers. Hydroxyap-
atite was important in promoting enhanced mucin lubricity and that mucin boundary lubrication was related to

the viscosity and shear modulus of mucin layers.

1. Introduction

Xerostomia, also known as dry mouth, is a chronic condition related
to the hypofunction of salivary glands, reducing salivary flow and/or
compromising salivary composition [1]. It has been estimated that the
overall prevalence of dry mouth is 22% of the population, which
increased in elderly groups [2]. It can be attributed to certain medica-
tions, irradiation of the head or neck from cancer therapies, diseases
including Sicca Syndrome (Sjogren’s syndrome) and Type 1 Diabetes,
psychological conditions, age and gender [3-6]. This condition can be a
particular nuisance when it comes to dental hygiene, increasing the
prevalence of tooth decay, dental caries, demineralisation, and tooth
enamel loss in patients presenting xerostomia symptoms [6]. This
highlights the importance of saliva when it comes to the protection of
dental tissues.

Saliva possesses numerous qualities which are crucial for protection
and upkeep of the oral environment. Regarding dental tissues, saliva’s
role can be subdivided into three main areas of protection: preventative
defences, active defences and refortification. The preventative defences
relate the film forming abilities of saliva, active defences relate to
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saliva’s lubricating and natural buffering abilities, while refortification
is related to the remineralisation of dental tissues after mastication and
acidic challenges [7-14]. It has been documented that this layer forms
via protein-surface electrostatic interactions, creating a layer which acts
as a chemical diffusion layer and boundary lubricating film [7-11]. This
layer effectively reduced friction between dental and oral surfaces while
also controlling the movement of calcium and phosphate ions from the
enamel surfaces [9,14,15].

The properties of salivary proteins, the oral environment and the
surfaces have an impact on the film formation process and subsequent
viscoelastic behaviour of adsorbed protein layers. Saliva adsorption
studies have previously examined the pathways to the formation of a
pellicle on a range of surface materials. Quartz crystal microbalance
with dissipation monitoring (QCM-D) studies have examined the growth
of salivary films on a range of surfaces including: gold, hydroxyapatite,
zirconia, titania, silica and PDMS [16-20]. Notable changes in adsorp-
tion rate, adsorption behaviour (monophasic or multiphasic), layer
thickness, layer viscoelasticity and the overall layer retention when
subjected to different rinse solutions have been observed [16].
Furthermore, the surface’s chemical composition, heterogeneity,
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potential, polarity and topography are factors which govern interactions
with these proteins [18,21,22]. Therefore, protein and surface charac-
teristics alike need to be scrutinised to engineer a particular protein
layer within a given environment.

Electrostatic forces, hydrophobic and secondary adsorption in-
teractions (i.e Van der Waals forces and hydrogen bonding) have been
suggested to be the main driving forces for salivary protein adsorption
[16,17,23-25]. Studies that have considered human saliva or isolated
salivary protein alone (i.e., mucin, lysosome, lactoferrin, statherin and
other proline rich proteins) demonstrate progressive adsorption via
these pathways on various surfaces as seen by QCM-D and ellipsometry
[16-20,26]. Gold, silica and titanium surfaces are more commonly used
to examine saliva adsorption, compared to hydroxyapatite surfaces
which are more akin to the surface composition of tooth enamel. A
combination of physisorption and chemisorption pathways are also
observed for gold surfaces [16-18]. However, it is unclear to the order in
which adsorption might occur. There are few studies which further
explore the adsorption of saliva or saliva substitutes by applying known
kinetic adsorption models, specific to physisorption and chemisorption
pathways. These models may provide further insight into the adsorption
process over time and aid in the identification of surface dependant
adsorption pathways.

Mucin, a glycoprotein component of saliva, has been previously
examined as a potential additive to artificial saliva substitutes [27-29].
It is a multifunctional component of saliva which possesses boundary
lubricative, viscoelastic, anti-bacterial and digestive properties
[10,30,31]. These characteristics make it a viable component for an
artificial saliva substitute; however, it is important to assess how this
component forms protective layer alone. Studies have shown that mucin
within an artificial lubricant adsorb to surfaces, reducing surface wear
by influencing the wear mechanisms [27,32]. Reductions in abrasive
wear and the prevention of adhesive wear mechanisms indicate the
structural and lubrication properties of mucin-surface layers are
important when it comes to surface protection [32]. It has been sug-
gested that this relates to an aqueous boundary lubrication regime that
depend on the adsorbed protein layer’s “structural softness” (visco-
elastic properties) and the layer’s ability to retain water [33,34]. It is
important for an artificial saliva to engineer a protective layer upon
application to dental surfaces, similar to what is observed in vivo with
saliva. The mechanisms of mucin only adsorption is not yet fully un-
derstood and it is not fully clear how the degree of mucin layer visco-
elasticity directly influences lubrication at this scale. This study
therefore aimed to:

e Further examine mucin adsorption pathways by combining data
acquired from a QCM-D with a few known kinetic adsorption models;
and

e Provide a direct link between QCM-D observations and tribological
outcomes.

e Understand implications of commercial mucin purification and
perturbing salt molecules on the above.

2. Materials and Methodology
2.1. Mucin Layer Growth Solution

Porcine Gastric Mucin (PGM, Sigma Aldrich) was used to simulate
salivary mucins to assess its ability to self-engineer a surface film when
used as received, with additional purification, and with perturbing salts.
PGM was chosen as a benchmark molecule to assess the link between
observed mucin layer properties and its tribology. PGM has been used in
several studies in the field of dental wear and corrosion, in addition to
being a component in commercial saliva substitutes [28,29,35-39] and
served as a suitable benchmark to assess adsorption kinetics in relation
to layer properties and lubrication behaviour. 0.2% w/v mucin solutions
were made up from 100 mL deionised water or phosphate buffer saline
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(PBS) solution and 0.2 g of as received or purified PGM. This ensured
that the protein layers could be analysed as received and compared to
further purified PGM derivatives, both with and without PBS salts.
MilliQ water (>18 MQ purity) and PBS solutions were used as a rinse
solution for QCM experiment i.e. MilliQ rinse for PGM in deionised
water and PBS rinse for PGM in PBS. Purification of PGM was achieved
by dissolving 300 mg PGM in 10 mL deionised water followed by dialysis
in 100 kDa molecular weight cut-off membrane (Spectrum Laboratories,
USA) against deionised water for a week, followed by lyophilisation. The
acronyms PGM and PGM + PBS refer to “as-received” PGM and PGM
with added PBS salts, while pPGM and pPGM + PBS refer to the same
solutions using purified PGM. Purified PGM was produced according the
method published by Xu et al. [40].

2.2. Quartz Crystal Microbalance

Quartz crystal microbalance with dissipation monitoring (QCM-D)
on a Qsense Analyzer (Biolin Scientific/Qsense, Sweden) was utilised to
assess the adsorption of mucin layers onto surfaces. 5 MHz fundamental
frequency 14 mm Cr/Au gold (Au) (Quartzpro, Sweden) and hydroxy-
apatite (Hap) QSX 327 HA (Biolin Scientific/Qsense, Sweden) sensors
were used to compare surface specific differences in mucin layers. All
sensors were new and unused prior to testing. Prior to sensor mounting
gold sensors were sonicated in MilliQ water for 10 min at 30 °C followed
by drying under a nitrogen gas flow. Hap sensors were submerged in
99% ethanol for 30 min, followed by thorough rinsing in MilliQ water
and drying under a nitrogen gas flow.

The QCM-D directly measured two variables, the changes in resonant
frequency and the changes in dissipation, a measure of the energy lost
during one oscillation and the energy stored. The changes in frequency
relate to the changes in adsorbed mass on the sensor’s surface over time
i.e. an increase in mass on the sensor’s surface would be sensed as a drop
in the resonant frequency harmonics by the QCM-D. Simultaneously, the
changes in dissipation relate to the rigidity of the formed surface layer
over time. If the change in dissipation (AD) was ~ 0 for all resonant
harmonic frequencies (a.k.a. overtones), then it could be assumed that
the layer was thin and rigid, thus the Sauerbery equation would
adequately model the layer’s thickness properties. However, if AD >
0 and the overtones were more spread out then layer would show
viscoelastic behaviour and a viscoelastic model must be used to accu-
rately predict thickness and viscoelastic properties [41].

In this study, it was determined that the layers were in fact visco-
elastic, as AD > 0 was observed, in behaviour and were therefore
modelled using the Broadfit model of the Dfind software (Biolin Scien-
tific, Sweden). The Broadfit model followed a Voight viscoelastic model
which describes viscoelasticity as a complex shear modulus accounting
for the storage and loss moduli [42]. The storage modulus is indepen-
dent of the applied frequency whereas the loss modulus is linearly
dependent on frequency [43]. It was assumed layers that formed
behaved like a polymer where structure was maintained with no
observed flow. It was also assumed that any formed layers covered the
entire area of the sensor and were uniform in density and thickness.
Further assumptions are detailed in Voinova et al. [42]. The frequency
dependent viscoelastic properties parameter was included during the
modelling process to provide more realistic results.

A peristaltic pump was used to simulate the flow of saliva throughout
tests at a rate of 0.4 mL per minute and the unit cell temperature was set
to a constant 25 °C for all tests. Two aspects of the mucin layer were
examined. A growth phase using a 0.2% mucin solution for 30 min
followed by a rinse phase with MilliQ water. The rinse phase assessed
the robustness of the layer once the growth solution was removed.

2.3. Adsorption and Desorption Kinetics Modelling

The adsorption of mucin onto these surfaces was examined further
with the application of kinetic adsorption models by comparing the fit of
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3 models; Pseudo First Order (PFO), Pseudo Second Order (PSO) and
Elovich. This allowed the rates of mucin adsorption to be investigated
with a possible insight into the adsorption interactions. Solute concen-
trations and flow rate remained the same throughout QCM-D experi-
ments and this allowed for more focus on the interactions between
mucin and surfaces. The PFO and PSO model are commonly used in the
literature for adsorption kinetics [44]. Adsorption may be dominated by
either physisorption, i.e. weak bonding via electrostatic interactions,
hydrogen bonding, hydrophobic interactions and Van der Waals forces,
or, chemisorption, i.e. stronger chemical bonding involving electron
sharing or transfer via covalent or ionic bonding. Furthermore, multi-
layers are more associated with physisorption whereas monolayers are
linked to chemisorption [45]. These PFO and PSO models indicate
whether adsorption is more inclined towards physisorption and chemi-
sorption respectively and are modelled as follows:

2.3.1. The PFO Model
The PFO model, aka Lagergren model [46], describes the adsorption
capacity of adsorbate to adsorbent as described in Eq. (1).

dg,

a (9. —4,) @

Where g, is the mass adsorbed onto the surface at time t, g, is the mass
adsorbed at equilibrium and k; is the rate constant. This was integrated
using the boundary conditions q; = 0, g; = q;, t = 0 and t = t for Eq. (1) to
be re-written as Eq. (2).

9, =q.(1—¢™) @

The PFO desorption model describes the desorption as a function of
the adsorbed species as described by Eq. (3), where kp; is the desorption
rate constant [47].

q: = qee(ikmt) &)

2.3.2. The PSO Model

The PSO model describes the rate of adsorption as proportional
available active sites on the surface. The amount of adsorbate adsorbed
on the surface acts as the driving force for adsorption as over time the
number of active sites reduces, reducing the adsorption rate. This is
described in Eq. (4).

dg,

a = ela—a) )

Using the same boundary conditions used for the PFO model, this
was integrated and rearranged into Eq. (5).

kzqit

= 5
4 kzqet +1 ®)

This model was used to describe valance forces through the sharing
of electrons between adsorbent and adsorbate and ion exchange [46].

The PSO desorption model describes the desorption as a function of
the adsorbed species on the surface as described by Eq. (6), where B is a
constant and kp; is the desorption rate constant [47].

1
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q

2.3.3. The Elovich Model

The Elovich model assumes the surface to be energetically heterog-
enous with no interactions between adsorbed species. The model pro-
vides a good fit to heterogenous surfaces which favour chemisorption as
the dominant mechanism of surface adsorption and is described in Eq.
.
dgq,

e @
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Where a is the initial adsorption rate and f is the desorption constant
and is related to the extent of surface coverage and activation energy for
chemisorption [48,49]. Like before this equation is integrated with the
same boundary conditions as for the PFO and PSO model and is re-
written in Eq. (8).

4, = 5in(0) + Zin(ap) ®
=—in —In
P B

The coefficient of determination, R?, adjusted R?, adj R?, and Chi
squared, Xz’ error functions were examined to determine which kinetic
model best fitted the experimental data.

2.4. Friction Analysis on QCM Sensors

A microtribometer (Anton Paar, NTR3) was used to assess the sliding
friction on both Au and Hap QCM sensors post mucin deposition. A
reciprocating ball on flat configuration was used and tests were per-
formed in solution against a @3 mm Yttria stabilized Tetrahedral Zir-
conia Polycrystalline (Y-TZP) ball. The frictional force (Fy) was
measured over varying loads and was controlled with a piezo actuator.
Normal loads (F,) between 50 and 500 pN were applied, starting at 50
pN and increasing by 50 pN every 200 cycles (10 increments in total).
Hertzian contact pressures were calculated to be within 15-60 MPa over
the duration of a single test run. The cycle frequency was constant
throughout testing at 1 Hz and the sliding distance per cycle was 1000
pm resulting in a sliding speed of 1 mm/s. A sinusoidal wave displace-
ment profile was used and an acquisition frequency of 400 Hz was
applied for all load increments. To determine the mean F; for each
sliding cycle, a frictional force vs linear position loop was used, taking an
average of the frictional force during steady state sliding for the forward
and reverse directions as presented in Fig. 1. The middle 20% of the
friction loop was used to determine the friction force, highlighted by the
blue shaded region.

The coefficient of friction (p) was determined by the gradient of the
mean F; vs F;, curve which follows Amonton’s first law according to Eq.
(9), where C is an unknown constant of related to interfacial adhesion
forces. Three repeats were performed for deionised water and the 0.2%
mucin solution on each sensor material. Tests were conducted after 30
min of exposure to all growth and rinse solutions used for the QCM
experiments. Sensors were then removed and tests were performed in
0.1 mL of the related test solution.
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0.20-
0.15-
0.10
0.05 -
0.00 -

-0.05-

-0.10-

-0.15

-0.20 -

-0.25

Friction force (mN)

Reverse

500 -400-300-200-100 0 100 200 300 400 500
Linear position (um)

Fig. 1. Hysteresis loop showing frictional force, F,, vs linear position. The blue
and red arrows represent the forward and reverse trace respectively and the
shaded region shows the area of steady state sliding used to determine a cycle’s
mean F, (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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2.5. Data Analysis and Statistics

Data was collected in triplicate for each surface material and test
solution (n = 3). All QCM-D data was processed by and exported from
the Dfind software (Biolin Scientific, Sweden). Mean and standard de-
viation (SD) calculations for modelled layer properties were performed
using Excel (Microsoft, USA). Student t-tests were also performed
assuming unequal variances and a two-tail distribution to determine
whether differences between results were significant (p < 0.05).

3. Results & Discussion

3.1. Mucin Layer Growth Behaviour and Properties on Gold and
Hydroxyapatite Surfaces

Frequency and dissipation data was processed to determine the
average layer properties during the end of both growth and rinse phases.
Fig. 2 shows the average properties and standard deviation bars for all
PGM solution growth phases and rinse phases for gold and Hap sensors
(n = 3 per sensor material).

3.1.1. Layer Thickness Comparison

At the end of the growth phase the average PGM layer thickness on
gold and Hap was 29.73 + 2.10 nm and 23.2 + 4.69 nm, respectively,
increasing to 33.62 + 2.51 nm and 32.10 + 1.52 nm in the rinse solution
(p > 0.05 for both). This is indicative of layer swelling as the solution
environment no longer contained PGM which created an osmotic pres-
sure difference for the movement of water into the layer [50]. This
behaviour was not observed during the rinse phase of the other PGM
solution variants. PGM + PBS and pPGM +PGM solutions presented
layers with a similar thickness, with 25.62 £+ 10.37 nm and 22.21 + 4.88
on gold and 20.64 + 2.89 nm and 22.92 + 3.03 nm on Hap. On the other
hand, pPGM presented the smallest layer thickness on both gold and
Hap, with 13.32 + 0.38 nm and 15.42 + 9.85 nm respectively. This
suggested that both additional salts and purification steps influenced
build up protein layers on both surfaces. Significant differences were
observed during the growth phase layer thicknesses between PGM and
PPGM on gold (13.32 + 0.37 nm with p = 0.031), and PGM layers on
Hap compared to gold (p = 0.049). During the rinse phase, significant
differences were observed only between PGM and pPGM layers on gold
(10.79 + 0.36 nm with p = 0.022).

3.1.2. Layer Shear Modulus Comparison

Significant differences between the shear modulus properties of layer
were observed on both gold and Hap surfaces during the growth phase.
On gold, the pPGM layer presented a shear modulus of 100.18 + 12.85
kPa, which was significantly larger than other layers on gold with shear
moduli of 41.98 + 3.34 kPa for PGM (p < 0.001), 36.08 + 14.80 kPa for
PGM + PBS (p < 0.001) and 48.80 + 5.05 kPa for pPGM + PBS (p =
0.002). On Hap, the PGM layer presented a similarly larger shear
modulus of 116.16 + 21.12 kPa, which was also significantly larger than
other layers grown on Hap, with shear moduli of 38.51 + 5.34 kPa for
PGM + PBS (p < 0.001), 21.25 4+ 10.53 kPa for pPGM (p < 0.001) and
21.89 + 5.89 kPa for pPGM + PBS (p < 0.001). During the rinse phase,
the shear moduli were generally shown to increase on gold surfaces, and
decrease on Hap.

3.1.3. Layer Viscosity Comparison

As for the layers’ viscosity properties, significant differences were
observed between pPGM layers on gold, with a viscosity of 2495.19 +
131.70 pPa.s compared to PGM with 1256.95 + 38.75 pPa.s, PGM + PBS
with 1320.41 + 235.84 pPa.s and pPGM + PBS with 1531.53 + 26.68
pPa.s (p < 0.001 for all). During the rinse phase, the pPGM layer
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viscosity increased significantly to 2924.72 + 153.96 pPa.s (p = 0.037),
while the viscosities on other gold layers were similar to their growth
phase viscosities. On Hap, the pPGM layer presented significant differ-
ences to other Hap layers’ viscosities, with a lower viscosity of 895.90 +
510.75 pPa.s compared to PGM with 2005.59 + 89.81 pPa.s (p < 0.001),
PGM + PBS with 1582.57 + 91.64 pPa.s (p = 0.033) and pPGM + PBS
with 1359 + 54.03 pPa.s (p = 0.033). When layer viscosities were
compared between materials, differences between both PGM and pPGM
layers were significant, with p = 0.011 and p < 0.001 respectively.

3.1.4. Layer Properties in Relation to the Literature

The calculated viscosity shown in Fig. 2 c) is similar to what has been
shown in a previous study which examined the formation of salivary
films on different dental materials, using untreated and filtered whole
human saliva [16]. Whole saliva layers on gold displayed a shear
modulus of 14.2 kPa, a viscosity of 1500 pPa.s and a thickness of 23.7
nm whereas whole saliva layers on hydroxyapatite displayed a shear
modulus of 170 kPa, a viscosity of 2700 pPa.s and a thickness of 9.8 nm
[16]. These differences were attributed to the stronger attachment of
salivary proteins to the hydroxyapatite surface, forming a stiffer layer
that potentially forms with additional crosslinking between mucin and
calcium ions in saliva [51]. It is not suggested how this relates to the
surface composition. Mucin is a high molecular weight molecule and is
the third most abundant protein within whole human saliva accounting
to between 4.5 and 17.5% of the total protein content [52]. The simi-
larities in the viscoelasticity of protein layers formed by saliva and the
mucin layers may pertain to the presence of mucin [53]. What this
suggests it that mucin plays a large role on the viscoelasticity on the
formation of a salivary layer. In the current study, the viscoelastic
properties of PGM + PBS and pPGM + PBS layers on gold, and PGM
layers on hydroxyapatite were closest to the properties observed on
whole human saliva layers on the corresponding surfaces [16]. Differ-
ences can be attributed to the fact that in the current study, PGM was
examined in the absence of potential precursor salivary proteins, with
existing inorganic salts and protein impurities [54]. For non-purified
PGM solutions, this could be thought to mimic the adsorption path-
ways of saliva where smaller sized protein impurities or mucin frag-
ments initiate the adsorption process onto both surfaces, followed by
larger mucin polymers or aggregates that replace or co-mingle with the
surface bound proteins [55].

Another study focusing on mucin only films examined the growth of
purified bovine submaxillary mucin (BSM) onto gold surfaces compared
to purified type III PGM [56], where a more viscous PGM layer formed
on gold compared to a more elastic BSM layer. The differences may
relate to larger proportion of sialic acid groups within a BSM monomer
compared to PGM, 9-24% carbohydrate mass vs 0.5-1.5% respectively
[56,57]. This essentially means that the central region of BSM is more
hydrophilic relative to PGM, which may promote additional H bonding
and crosslinking within the layer’s structure [56]. This is shown to in-
fluence thin film structural properties onto PDMS surfaces where a more
elastic film/less viscous BSM film is observed and a more viscous/less
elastic film was observed for PGM [56]. No comparisons were made
between the as-received BSM and PGM compared to their purified
counterparts regarding layer growth [56], however in a different anal-
ysis it was confirmed that the purification process had removed smaller
species, minimising the impact of non-mucinous protein impurities.
Impurity removal in the current study was shown to largely influence
the viscoelastic properties of the layers, with surface composition
affecting the purified PGM layers differently. Both surfaces presented
thinner pPGM layers compared to crude PGM, however shear modulus
properties of the pPGM layers increased on gold, but reduced in hy-
droxyapatite layers as shown in Fig. 2 a) ¢) and d).

3.1.5. Qualitative Assessment of Layer Property Change
Fig. 3 shows the change in dissipation (AD) plotted against the
change in frequency (Af), which provides a qualitative evaluation of the
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Fig. 2. Mean layer properties with SD bars calculated from ‘Broadfit’ model comparing gold and Hap sensors under PGM, PGM + PBS, pPGM, and pPGM + PBS
conditions; a) Thickness — growth phase, b) Thickness — rinse phase, ¢) Shear modulus — growth phase, d) Shear modulus - rinse phase, and e) Viscosity — growth
phase, f) Viscosity -rinse phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Qualitative assessment of PGM layer viscoelasticity by comparing AD vs Af. Layers: a) gold — growth phase, b) gold rinse phase, ¢) Hap growth phase and d)
Hap rinse phase. Arrows indicate the how layer response changes with increasing time, while roman numerals indicate regions of interest relating to adsorption,
desorption, swelling or shrinking. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

viscoelastic and structural properties of the PGM layer in terms of sensor
dissipation per unit mass adsorbed. A steeper AD/Af gradient indicates
increasing dissipation with additional mass which is characteristic of a
more dissipative, softer and viscous layer [16,58]. On the other hand, a
flatter gradient indicates a more rigid and elastic layer [16,58]. Roman
numerals in Fig. 3 relate to stages in the layer’s development while ar-
rows indicated the direction of change with respect to time.

On gold, multiple adsorption process were observed with PGM, PGM
+ PBS, pPGM and pPGM + PBS, show in Fig. 3 a). PGM’s initial stage on
gold, arrow I, indicated a more elastic and rigid layer formed before
following a steeper gradient with arrow II, which suggested a softening
of the layer prior to conformational changes at the end of the growth
phase, arrow III. This is indicative of the subsequent desorption of
loosely bound mucin to the established adsorbed layer and restructuring
of the remaining mucin which has been previously observed [34,59].
The reverse was observed for PGM + PBS and pPGM, with a steeper
gradient initially, arrow I, followed by a flatter line with arrow II. This
suggested that the layers started out soft initially and begin to exhibit
more elastic behaviour as more mass adsorbs to the surface. pPGM +
PBS followed a similar behaviour to PGM, but without the conforma-
tional change. On Hap, PGM and PGM + PGM layers followed a similar
growth pattern to arrow I and II for PGM layer growth on gold, shown in
Fig. 3 c¢). Furthermore, PGM layer on Hap presented a larger overall

dissipation and frequency change compared to all layer growth, how-
ever the rate of change was comparable. Interestingly, the reverse was
observed with pPGM and pPGM + PGM adsorption to Hap, with a
steeper initial phase, arrow I, compared to a flatter second phase, arrow
II. These differences were attributed to the removal of impurities in the
PGM solutions which may have altered the adsorption pathways.

When the rinse is presented, Fig. 3 b), there is an increase in fre-
quency and reduction in the dissipation as loosely bound molecules are
removed from the PGM layer on gold, shown by arrow IV. This was
followed by an increase in the dissipation and slight decrease in the
frequency, arrow V, indicating the uptake of the bulk fluid and subse-
quent layer swelling. Both PGM + PBS and pPGM layers on gold fol-
lowed a similar trend, with layer structural changes increasing it’s
elasticity, arrow III, follow by conformation changes and layer desorp-
tion in shown by arrow IV. The pPGM + PBS layer on gold initially
became more dissipative which indicated layer swelling, arrow II, fol-
lowed by the conformation changes and the removal of the layer, arrow
IV. On hap, all solution excluding PGM + PBS followed the same trend,
with arrow III indicating a stiffening of the layer followed by layer
removal, arrow IV. Only layer stiffening was observed with PGM + PBS
on Hap, arrow III.

The mucin layers formed on both surfaces are comparable to the two
layered structures which have been observed to form from whole human
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saliva [9,16,20,60]. “As received” commercial PGM contains mucins
with a size range between 400 nm to 2 pm, is subject to the presence of
impurities and has the tendency to form aggregates [61,62]. By not
controlling the size of mucin in the growth solution, the adsorption
behaviour was hypothesised to mimic the adsorption pathways of saliva
where smaller sized mucin monomers initiate adsorption onto both Hap
and gold surfaces followed by larger mucin polymers/aggregates that
replacing bound mucin on the surface. The removal of some of these
impurities was shown to influence the layer properties during adsorp-
tion to both surfaces, with and without the addition of PBS salts, which
suggested these impurities influenced adsorption pathways and adsor-
bed layer structure. Saliva adsorption has been shown to follow a 2-
phase adsorption process: an initial phase of rapid adsorption of low
molecular weight proteins, followed by a slower second adsorption
phase where higher molecular weight proteins (i.e. mucin) replace or
anchor onto the initial layer [9,16,20,60]. This behaviour can be
described by the Vroman effect where the highest mobility proteins
arrive to the surface first. These are then replaced by the less mobile
proteins with a higher affinity to the surface [55]. This creates a 2
layered structure: a rigid and compacted layer at the surface and a more
diffuse layer further out. Fig. 3 a) and c) confirm there are two
adsorption phases, but the rate of change is different and dependent on
the growth solution used and the surface material.
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3.2. Kinetic Adsorption Modelling of Mucin Layer Growth onto Gold and
Hydroxyapatite Surfaces

Fig. 4 and Fig. 5 show the change in mass over the growth phase for
mucin and purified mucin onto both surfaces respectively. Fig. 4 a) and
c) show the first 450 s of mucin adsorption onto gold and hydroxyapatite
surfaces with PGM and PGM + PBS solutions respectively, while Fig. 5 a)
and c) show the same for purified PGM solutions. The closest fitting
kinetic adsorption model, from the three mentioned in the methodology
section, is also plotted in the two figures. Output fitting parameters R
squared (R%) and Chi squared (y?) are also displayed in each figure.
Model fit was determined from how close R? was to 1 and which model
possessed the lowest y2 result.

The two models of interest which emerged to best describe mucin
adsorption in this study were the PFO and Elovich kinetic models, of
which the calculated model parameters for the crude and purified mucin
are presented in Table 1.

3.2.1. Adsorption onto Gold Surfaces

The Elovich model best described the adsorption of as received
mucin (PGM) onto the gold surfaces for the entire growth phase, with R?
< 0.99 and y? = 2903, shown in Fig. 4 a). This fit suggested a chemi-
sorption driven adsorption process for mucin monomers onto gold.
While the Elovich model is unable to predict definite adsorption
mechanisms alone [63,64], the model is indicative of adsorption onto
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Fig. 4. Best fits of kinetic models for adsorption onto gold and hydroxyapatite for the first stage of layer growth of a) PGM and c¢) PGM + PBS, and second stage
behaviour of b) PGM layers and d) PGM + PBS layers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Table 1

Calculated fitting parameters of model growth of mucin layers on gold and hydroxyapatite surfaces. For PFO model, refer to k; and qe, for PSO model k and g, and for

Elovich model, refer to o and p.

As received Purified
Solution Material Model ki/ky/ Qe /B Model ki/ky/ Qe / B
Initial 450 s PGM Au Elovich 1.41E+03 2.41E-03 PFO 0.021 1332
Hap PFO 0.013 2347 PFO 0.019 2500
Hap P1 Elovich 1.19E+02 7.39E-03 - = -
Hap P2 PFO 0.017 2256 - - -
PGM + PBS Au PSO 1.31E-04 1631 PFO 0.087 1984
Hap Elovich 1.51E+05 7.12E-03 PFO 0.018 2516
Post 450 s Solution Material Model ki /ka/ Qe /B Model ki/ky/« Qe / B
PGM Au Desorption 4.82E-05 3204 - - -
Hap Elovich 8.12E+02 3.00E-03 - - -
PGM + PBS Au - - - - - -
Hap Elovich 8.23E+03 5.36E-03 - - -

heterogeneous surfaces in addition to a chemisorption dominant
adsorption pathway [63]. The PSO model for mucin adsorption onto
gold also had a good fit, R? < 0.89, which was better than the PFO
model, R? < 0.71. Furthermore, the calculated mass at equilibrium from

the PSO model, qe — 3077 ng/cm?, was closer to the experimental mass
value, 2973 ng/(:m2 compared to the PFO estimate, q. = 2850 ng/! cm?.
While adsorption pathways can occur concurrently, the Elovich and PSO
suggest that the dominant mechanism for adsorption may be via
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chemisorption onto gold surfaces, potentially through strong electro-
static interactions or electron sharing. After a mass plateau was reached
from PGM adsorption, a desorption stage occurred on the surface
whereby mass was gradually lost from the surface as shown in Fig. 4 b).
This suggested structural transformation within the mucin layer,
attributed to the as received PGM solution alone.

The addition of perturbing PBS salts to the as-received mucin
changed the adsorption model to follow the PSO model, with R < 0.90
and y? = 3404. Furthermore, PGM + PBS enhanced the rate of mucin
adsorption with less adsorbed mass at equilibrium, of 1631 ng/cm?.
Once equilibrium was reached, no additional adsorption or desorption
occurred as shown in Fig. 4 ¢) and d). This suggested that the presence of
salts increased the protein layer formation rate, limited mucin layer
adsorption, and promoted layer retention onto gold as no desorption
was observed.

Purification of PGM also influenced adsorption behaviour to gold, as
both purified PGM (pPGM) and purified PGM with additional PBS
(pPGM + PBS) closely follow the PFO adsorption model, with R? > 0.96
shown in Fig. 5 a) and R% = 0.90 shown in Fig. 5 c) respectively. Rather
than chemisorption dominating adsorption, physisorption was favoured
under these conditions, which suggested the removal of key adsorption
components from the as-received PGM solution during the purification
process. On the one hand this is supported by the reduction in mass
adsorbed onto gold (1332 ng/cm?) under pPGM conditions. On the other
hand, more mass was absorbed onto gold (1984 ng/cm?) under pPGM +
PBS conditions compared to growth under pPGM and PGM + PBS con-
ditions. Furthermore, the purified PGM solutions presented no addi-
tional adsorption or desorption once equilibrium was reached, shown in
Fig. 5 b) and Fig. 5 d). This suggested 2 things, firstly a cooperation
between PBS salts and molecules within the purified PGM solution
promoted mucin layer formation, and secondly, layer retention onto
gold because of PGM purification and/or additional PBS salts.

Data from kinetic adsorption models suggested that chemisorption
dominant pathways were mostly attributed to layer adsorptions onto
gold with PSO and Elovich model fits without purification. In the liter-
ature there are numerous adsorption pathways for salivary protein to
gold as studied by QCM-D and ellipsometry alike, both via physisorption
and chemisorption [16-20,26]. Salivary proteins have been shown to
adsorb via electrostatic and hydrophobic interactions [16,17,45,61,65].
However, the term ‘electrostatic interactions’ is used broadly and does
not specifically state the bonding strength associated with this type of
adsorption. It may be assumed that the references to electrostatic in-
teractions relates to the strong ionic interactions associated with
chemisorption. It can therefore be inferred that the PSO and Elovich fits
for mucin adsorption to gold supports the current understanding of
adsorption.

Gold has been previously suggested to demonstrate mirror charge
properties, presenting potential sites with opposing charges to charged
molecules presented to the surface when following the electrostatic
model of image charges [16,17]. This enables strong electrostatic
adsorption during the initial growth phase of mucin onto gold, given
presence of positive and negative sites on mucin from amine groups and
sialic acid groups within carbohydrate chains respectively [34,57,61].
Furthermore, native mucin tends to possess cysteine regions and asso-
ciated thiol groups which are known to facilitate strong covalent
bonding onto gold surfaces via S—Au bonds [16-18,66,67]. This
adsorption process has been shown to have an impact on increasing the
mass adsorbed onto the surfaces of gold and increase a protein layer’s
resistance to elution [16-18]. However, in commercial PGM (type II) the
presence of cysteine groups has been observed to be absent, due to
damage in the terminal regions from industrial purification processing
[54]. While cysteines are lacking within type Il PGM, remnants may still
exist within the peptide terminals and glycol regions to facilitate thio-
l-gold bonding, but to a lesser degree compared to other pathways.
While demonstrating a loss in commercial PGM functionality [54], it is
unclear how the additional purification step used altered the protein
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composition of type II PGM outside of removing protein contaminants.
However, the current work suggests mucin-impurity interactions influ-
ence the adsorption pathway and layer’s structural conformation during
adsorption onto gold. The removal of impurities in type II PGM, and the
absence of functional mucin terminals mean that subsequent adsorption
of purified PGM can only adsorb through physisorptoin pathways.

Surface interactions subsequently influence the structural behaviour
and viscoelastic properties of the mucin layer on gold. A combination of
strong/weak electrostatic interactions, hydrophobic/hydrophilic in-
teractions and hydrogen bonding between mucins can promoted a
mucin network which determines the layer’s viscoelasticity [68]. When
considering the second growth phase of as received PGM layer on gold
after 450 s (Fig. 4 b)) desorption occurred, suggesting a structural
transformation. Layers adsorbed onto gold by covalent bonding remain
in a fixed orientation at the surface and are more resistant to elution by
the continuously flowing mucin solution compared to non-thiolated
proteins [67]. Proteins adsorbed by strong electrostatic interactions
possess more freedom, switching between positive and negative mirror
charges on the gold surface, desorbing and reabsorbing, permitting
rotational and lateral movements [26]. The movement and subsequent
desorption of free mucin from the surface may free up surface sites to
which three things may occur. Firstly, this could be replaced by another
mucin via strong electrostatic interactions. Secondly, this active site may
drive chemisorption of mucin-impurities as a stronger S—Au bond can
appropriate this location. Thirdly and finally, this site could remain
unused because of the negative electrostatic repulsion of surrounding
adsorbed mucin. In this system, over time the mass observed would
reduce as cumulatively less mucin-impurities would be strongly bound
to the gold surface.

In the present study the desorption from gold during the growth
phase may be attributed to conformational changes of mucin at the
surface in such a way that prevents subsequent adsorption to the surface,
which has been observed with salivary pellicle growth [60]. On the
other hand, Barrantes et al. [16] carried out similar experiments for
saliva adsorption onto different surfaces using a QCM for a similar
growth duration and no desorption was observed. The differences
observed may be attributed to the more complex solutions (saliva) used
for these experiments compared to the relatively simple industrially
processed crude mucin (PGM) solution used in the current study. Other
work has used more complex solutions such as pooled human saliva or
an isolated protein which is subsequently mixed with a (PBS) solution
[16,18,19,60,68]. It was suggested that the presence of an ionic
component in the bulk solution or additional protein/polymer may be
required to prevent mucin desorption from the surface and maintain
ongoing adsorption [40]. The addition of PBS and separate purification
of PGM prevented desorption in other tests, through either a reduction
in interruption impurities within the solution or PBS salt interactions
improving the stability of adsorbed layers.

3.2.2. Adsorption onto Hydroxyapatite Surfaces

Different adsorption kinetics were observed onto hydroxyapatite
(Hap). Initial as received PGM adsorption, shown in Fig. 4 a), was best
described by the PFO model, R? < 0.92 and y* = 2858. However, after
450 s the Elovich model provided a closer fit, R? < 0.92 and 2 = 2834,
shown in Fig. 4 b). Furthermore, the first stages of initial growth are split
into two distinct adsorption curves, which follow an Elovich fit for the
first 60 s, R% < 0.97 and ¥ = 625, followed by a PFO fit up to 450 s, R? <
0.78 and y? = 1455. This indicated that during the growth phase,
adsorption onto the hydroxyapatite surface was mostly dominated by
the physical adsorption of mucin onto the surface.

Like PGM adsorption onto gold, the addition of PBS salts increased
the rate of adsorption onto hydroxyapatite whilst reducing the overall
adsorbed mass compared to PGM only adsorption to hydroxyapatite,
1891 ng/cm? compared to 2347 ng/cm?. Unlike PGM + PBS adsorption
to gold, the PFO kinetic model was preferred for adsorption onto hy-
droxyapatite, R? < 0.92 and ¥? = 9068, shown in Fig. 4 c). Similar to
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PGM adsorption to hydroxyapatite after 450 s, adsorption continued
following the Elovich model, R? < 0.82 and X2 = 1261, shown in Fig. 4
d.

Purification of PGM presented no changes to the kinetic adsorption
model for both pPGM and pPGM + PBS layer formation on hydroxy-
apatite. Both followed the PFO model, with R? < 0.92 and R? < 0.73
shown in Fig. 5 a) and c) respectively. The addition of PBS salts were
shown to not influence purified PGM adsorption, which presented a
similar adsorption rate and adsorbed mass to pPGM layers on hy-
droxyapatite, of 2516 ng/cm? compared to 2500 ng/cm?. This indicated
that purified PGM interactions with PBS salts were negligible regarding
hydroxyapatite adsorption. Therefore, differences between purified and
as received PGM adsorption onto hydroxyapatite were attributed to
layer conformation differences caused by the removal of solution im-
purities through purification. Furthermore, after 450 s, no additional
adsorption or desorption occurred after mass adsorption equilibrium
onto hydroxyapatite, shown in Fig. 5 b) and d). This behaviour further
suggested the purification process had removed impurities from the as
received PGM which influence later stage layer adsorption.

Mucin possesses a net negative charge from sialic acid groups and
sulphates which are present in the central brush like region of their own
carbohydrate chains, which is turn renders this structural region of
mucin hydrophilic [34,57,61]. Hydrophobic regions exist on either side
of the brush like region, to which there are many cysteine residues
allowing disulphide bridging between other mucin monomers
[34,57,61]. Finally, as with all amino acids, an amine group and car-
boxylic acid group exist in the structure of the mucin monomer. All these
groups contribute to the complexity of mucin in terms of how it interacts
with a surface or one another in each environment. Hydroxyapatite
surfaces possess a net negative charge, like mucin, and localised surface
charges determined by the exposure of the hydroxyapatite crystal
structure [69]. Calcium regions are present on ‘ac’ and bc’ crystal faces
which impart a positive charge in solution, while phosphate regions on
‘ab’ faces impart a negative charge [69]. Depending on the oral envi-
ronmental conditions, mucin therefore has multiple pathways to adsorb
onto the uniform, crystalline hydroxyapatite surface of the Hap QCM-D
sensors. Furthermore, should mucin adsorb onto calcium regions via
sialic acid or carboxylic acid groups (negatively charged groups to
positively charged sites), there is also the chance of cooperative binding
taking place with additional hydrogen bonding between the amine
groups and the phosphate regions [70,71].

Initial adsorption of the as received PGM was thought to be a result of
negatively charged sialic acid groups on proteins initially binding to
positively charged surface calcium regions, after which H bonding may
then permit coordinate bonding with other locations [71]. This is sup-
ported in the current study by the rapid adsorption in Hap P1 which
showed a stronger fit with Elovich model. The adsorption at this stage is
more likely to be chemisorption driven whereby calcium sites are taken
up by strong electrostatic interactions. This is followed by a stronger
PFO fit during the Hap P2 stage which may be attributed to a combi-
nation of coordinate bonds forming with additional H bonding and hy-
drophobic interactions occurring concurrently. However, given the level
of model fit for Hap 2, this may not be an adequate fit. Furthermore, with
the absence of functional mucin terminals, mucin is less likely to adsorb
via hydrophobic interactions [54], suggesting a larger dependence on
surface ion interactions and H bonding. The addition of PBS salts was
shown to disrupt any physisorption, with cation interactions potentially
shielding phosphate regions thus reducing H bonding, as well as altering
the mucin conformation, demonstrated by the Elovich adsorption fit.
The applications of kinetic adsorption models alone cannot be used to
determine the exact pathways for adsorption. While they are useful to
describe how adsorption may be occurring, additional data that mea-
sures the energy changes during adsorption would be helpful in high-
lighting the type of adsorption occurring. This may help in future
investigations to further differentiate the mechanistic pathways for
mucin adsorption.
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3.3. Friction Analysis of Mucin Layers on QCM Sensors

Tribo-tests were performed on QCM-D sensors to assess mucin so-
lution lubrication on gold and hydroxyapatite surfaces to provide an
indirect link to the modelled QCM-D properties. Fig. 6 shows the
resultant frictional force response to incremental normal loading for all
test solutions on gold and hydroxyapatite. A linear F, response was
observed over the varying load conditions, as has been observed for
mucin previously [59]. Error bars represent the standard deviation
about the mean tangential force for all samples (n = 3) at each normal
load, while the mean dynamic coefficient of friction (p) and standard
deviation about p was calculated from the linear Ft vs Fn curve fits of
each sample in OriginLab (OriginLab Corp, USA). t-tests assessed sig-
nificance for each interaction.

PGM absorption improved lubricity of the Hap surface with a
reduction in the coefficient of friction () from p = 0.79 £ 0.03 in DiW to
0.24 £+ 0.04 (p < 0.001). Interestingly, the gold surface’s coefficient of
friction increased with the adsorbed mucin layer from p = 0.42 + 0.03 in
DiW to 0.51 + 0.02 in PGM, but this was not observed to be significant
(p = 0.990). In PGM + PBS, the coefficient of friction reduced on both
surfaces, from 0.51 + 0.04 to 0.40 + 0.03 on gold (p = 0.980), and from
0.75 £ 0.02 to 0.25 + 0.02 on Hap (p = 0.010). The additional purifi-
cation step was shown to influence the friction behaviour on both ma-
terials. The coefficient of friction with pPGM on gold and hydroxyapatite
was greater compared to tribology tests with the crude PGM solutions,
with p = 0.57 + 0.02 (p = 0.823) and p = 0.38 + 0.01 (p = 0.980),
respectively, but not significantly. When compared with DiW alone,
pPGM still improved lubrication on Hap significantly (p < 0.001). In-
teractions between pPGM and PBS salts had a limited effect on reducing
the coefficient of friction on gold compared to PBS alone (p = 0.999), of
p = 0.40 £ 0.02, which was also comparable to PGM + PBS (p = 0.999).
An interesting behaviour was observed with pPGM + PBS on Hap, where
the F; and F, relationship was not linear over the loading range. When
split, a higher coefficient of friction was observed between F,
0.05-0.30 mN of p; = 0.79 + 0.04, which reduced to py = 0.21 + 0.06
between F, = 0.30-0.50 mN (p = 0.026). The initial stage, p; was
comparable to PBS on Hap (p = 0.948), while uy was comparable with
PGM + PBS on Hap (p = 0.725).

All Hap surfaces presented differences when compared to gold sur-
faces under each condition. Coefficient of friction was greater on Hap
surfaces without PGM and lower on Hap surfaces with PGM or pPGM.
The differences in coefficient of friction between Hap and gold were
observed to be significant under DiW (p < 0.001), and PBS conditions (p
= 0.050). Significance was not observed between Hap and gold surfaces
for PGM + DiW (p = 0.305), or PGM + PBS (p = 0.690) conditions. The
presence of perturbing salts (PBS) was shown to have no influence on the
coefficient of friction, for both a PBS only solution compared to DiW on
gold and Hap (p = 0.882 and p = 0.999 respectively), for PGM + PBS
compared to PGM + DiW on gold and Hap (p = 0.999 and p = 0.999
respectively), and for pPGM + PBS compared to pPGM + DiW on gold (p
= 0.931). However, both p; and py of pPGM + PBS indicated PBS salts
had an influence on the purified PGM interactions with Hap compared
with pPGM + DiW (p; - p = 0.014 and py - p = 0.074).

Overall, these results suggest that the surface material interactions
with crude PGM have a greater influence on resultant lubrication. This is
independent of additional PBS salts which presented little change to the
coefficient of friction compared non-PBS solutions. PGM interactions
with Hap surfaces demonstrated the importance of protein solution-
surface interactions in promoting enhanced lubrication, and that
changing the composition of PGM through purification also changes the
sensitivity to these surface specific interactions.

3.4. Linking Tribology with Structure

The term “structural softness” has been used previously in the liter-
ature to provide a qualitative assessment of soft bio-polymer layers and
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their structure, defined as the ratio of the layer’s dissipation, AD, over
change in frequency, Af, for a given overtone [33]. Physically this ratio
is a measure of the energy lost due to the dampening effect of the layer
per unit mass change, combining both shear elasticity and viscosity
terms [42,73]. The mean structural softness of the PGM layer on gold
was calculated 0.43 + 0.08 at equilibrium, which has been shown in
Fig. 3 to be a softer and dissipative layer. For hydroxyapatite, the
structural softness for PGM layers were comparable to those observed
for whole saliva on the same surface in another study, Veeregowda et al.
[33], between 0.16 and 0.26. Building on this qualitative measure, it
was hypothesised that the calculated layer thickness, viscosity and shear
modulus values may also provide additional insight to the overall
lubrication. To investigate any potential links between the structural
properties of different PGM layers and the observed coefficient of fric-
tion, linear and non-linear regression analyses were performed on each
separate material, shown in Fig. 7 and Fig. 8 for gold and hydroxyapatite
surfaces respectively. Most trends were fitted using a linear fit, which
presented an optimal R? value, except for the shear modulus property on
hydroxyapatite which was fitted with a non-linear fit.

On gold no strong trends were observed between the coefficient of
friction and structural softness, thickness and viscosity properties of the
layer. However, an interesting trend was observed with an increased
coefficient of friction and with the layer’s shear modulus property on
gold R% > 0.68, shown in Fig. 7d). On hydroxyapatite, trends were
observed with a reduced coefficient of friction with increasing layer
properties, with stronger trends between the coefficient of friction and
viscosity, thickness and shear modulus properties with fits of RZ = 0.66,
R? > 0.77 and R? > 0.96 respectively. These results suggest that for
hydroxyapatite surfaces the viscosity and shear modulus of the PGM
layers, shown in Fig. 8c) and d), play a role in reducing the coefficient of
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friction. This could be dependent on the viscoelasticity of the interfacial
lubricating layer in addition to plastic deformation on the surface [74].

3.4.1. Importance of Structural Property Measurements

In the absence of structural proteins, both water and ionic (PBS)
solutions alone are unable to bear the load of high-pressure contacts
sliding over each other at low sliding speeds, as used in the current
experimental work. This can result in direct boundary contact between
interacting surfaces which will generate larger coefficients of friction, as
observed for the Hap surface in Fig. 6a) and b). When considering
salivary films, the bio-lubrication has been hypothesised to link to two
characteristics, the structure of the adsorbed layer and the degree of
glycosylation of the proteins within the structure [33]. Given that the
same type and batch of PGM was used in all growth solutions, the degree
of glycosylation can be assumed to be similar for the sake of comparison
between crude solutions in water and PBS environments, and between
purified solutions in the same environment separately. The additional
purification step would have reduced the overall degree of glycosyla-
tion, resulting in a less functional PGM solution that impacted lubrica-
tion [54], which was observed on hydroxyapatite surfaces in Fig. 6,
however this had little effect on gold surfaces. Nevertheless, a structural
network is required to trap water molecules within its structure at the
liquid surface interface and effectively provide viscous lubrication
during sliding conditions [40].

PGM has been previously shown to reduce the coefficient of friction
compared to that of deionised water on bovine enamel surfaces [27]. As
Hap is the main component of tooth enamel, it is no surprise that this
reduction in tangential force and coefficient of friction occurs in the
current study. Additionally, PGM has been shown to reduce the coeffi-
cient of friction the gold surfaces under similar operating conditions
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Fig. 7. Regression analysis comparing the measured coefficient of friction with a) structural softness, b) thickness, c) viscosity and d) shear modulus on gold. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydroxyapatite.

[72]. The entrapment of water within a mucin network at the surface
may therefore shift the shear plane away from the surface, adopting a
hydration lubrication regime similar to hydrogels. Friction behaviour of
polymer hydrogels has also been observed to be influenced by elastic
deformation and viscous damping components [82]. Lubrication in
water was shown to increase the viscous component of friction
compared with air, and reduced the elastic deformation component of
friction which reduced the overall friction force [82]. The elastic
deformation of the layer was important in terms of overall friction.

The viscoelasticity of salivary layers depends upon the mucin
component to trap water molecules within the structure of the pellicle,
as has been shown when comparing parotid and whole human saliva
[33,52,60]. The structural softness on hydroxyapatite in the current
study is outside of the range previously observed for saliva [33] and will
be attributed to the additional mucin interactions with other salivary
proteins that may modify the layer’s structure to be more rigid [78].
Similar values were observed for bovine submaxillary mucin to PDMS in
different salt concentrations, between 0.20 and 0.25 [40]. The reduced
competition between proteins and ions enables a more spread-out mucin
structure which will impact load bearing capacity, viscous lubrication,
charge density and osmotic pressure between a sliding contact
[59,74,79]. Veeregowda et al. [33] suggested that a higher structural
softness and increased hydrophilicity of a protein layer might improve
bio-lubrication, when examined with atomic force microscopy, which
supports the trends observed for structural softness on hydroxyapatite
shown in Fig. 8a), with R% > 0.58.

Furthermore, changes to structural softness were observed in studies

which modified preformed salivary films to assess the relief of dry mouth
for Xerostomia patients [80,81]. Increased structural softness was
shown to improve lubrication under colloidal probe atomic force mi-
croscopy, however under a tongue-enamel friction system no changes to
the coefficient of friction were observed [81]. Under the tongue-enamel
system, increased structural softness was linked to a longer dry mouth
relief period rather than an overall reduction in the coefficient of friction
[80]. This highlights the complexity of linking friction behaviour be-
tween the nanoscale and macroscale, and through a single measure of
the layer’s structural composition.

3.4.2. The Effect of PGM Purification

The additional purification process used in this work is known to
remove molecules smaller than the dialysis cut-off (100 kDa), which
relates to impurities from DNA, mucin fragments, cellular debris, salts
and smaller proteoglycans [57,76]. The resultant solution was one
which contained a more dysfunctional PGM molecules which have been
described to lack functional terminal groups and sialic acid groups
compared to natively acquired PGM and other commercial PGM (type
III) after purification [54]. This significantly impacted the structure of
layers grown on gold and hydroxyapatite, producing a thinner layer
with different viscoelastic properties. On gold, a higher shear modulus
and viscosity was observed which were structurally similar to crude
PGM layers on hydroxyapatite whilst presenting a higher coefficient of
friction. Similarly, purified PGM layers on hydroxyapatite presented a
higher coefficient of friction compared to crude PGM layers but with a
much lower layer viscosity and shear modulus. Changes to the friction
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behaviour of mucin because of purification has been observed before
with a different type of commercially available mucin. BSM lubrication
was examined between PDMS tribopairs, for crude, dialysis purified and
anion exchange chromatography filtered BSM, to find that both purified
variants outperformed the as received mucin by reducing the coefficient
of friction [62]. Lubrication from the crude mucin was said to be
dominated by non-slippery, lighter and larger molecules in the contact
area, where the presence of bovine serum albumin in BSM layers pre-
sented stiffer and more viscous films responsible for higher friction [62].
From a layer property perspective, this supports what is observed for
purified PGM layers on gold, but not the more hydrophilic hydroxyap-
atite surface. Lubrication was proposed to be improved between hy-
drophobic tribo-contact through BSM suppressing adhesion action,
especially under low contact pressures and high surface compliance
[62]. In contrast the current work examines high contact pressures and
low compliance tribo-pairs, between hydrophilic Y-TZP and gold/hy-
droxyapatite surfaces where different layer structures and lubrication
were expected. The reduced lubrication from PGM and pPGM layers on
gold might be therefore be attributed the layer’s structural conformation
increasing adhesion forces between itself and opposing structures on the
opposing surface, although this cannot be confirmed as the Y-TZP sur-
face was not investigated. The opposite was observed on hydroxyapatite
surfaces.

3.4.3. The Role of Added Salt Interactions

On gold surfaces, PBS salts had little effect on the layer structure. The
PGM + PBS layer’s shear modulus and viscosity properties were close to
PGM + DiW layer properties, whilst decreasing layer thickness. This
behaviour suggested that the combined salt solution did not have much
of an impact on improving lubrication on gold. The addition of PBS to
PGM had no beneficial effect of hydroxyapatite lubrication, presenting a
similar coefficient of friction value compared to PGM + DiW. A reduced
shear modulus, viscosity and layer thickness suggested salt disruption
within the layer itself, potentially by competing with contact sites on the
surface or by preventing intermolecular crosslinking [77]. This friction
behaviour was also observed for a Y-TZP and bovine enamel tribopair in
previous work by the current author, with little improvement to lubri-
cation with PGM + PBS compared to the base PGM solution [27]. It was
thought the addition of PBS provided a surface fortification benefit and
additional wear resistance under sliding conditions. The purification of
PGM with PBS presented no change to lubrication on gold, with similar
layer properties to unpurified PGM with PBS. Interestingly, a high co-
efficient of friction on hydroxyapatite under pPGM -+ PBS was observed
under low loading conditions which was comparable to PBS without
additional protein component, which was subsequently followed by a
relatively low coefficient of friction under higher loading [74].

3.4.4. The Role of the Adsorption Pathway on Layer Structure and
Lubrication

The chemisorption and subsequent desorption of the mucin layer
suggested layer conformation changes occurred during the formation of
the PGM layer on gold, as shown in Fig. 3 and Fig. 4, suggesting a layer
that favoured thiol bonded mucin/ mucin fragments or strongly bound
impurities. This is shown by the reduced shear moduli in Fig. 2, indi-
cating less interaction within the mucin layer. Under these conditions it
might be thought that an untangled layer structure might be considered
for the gold surface, with a combination of upright and horizontal PGM
molecules and PGM/impurity aggregates on the surface, as indicated in
the schematic presented in Fig. 9a). While the carbohydrate chains
within PGM can trap water to the structure, flow may still be permitted
throughout the layer. When compressed under sliding, water is not fully
trapped in the contact and may by squeezed out and the resultant shear
plane being closer to boundary-boundary interactions [74]. Following
these interactions, layer removal may occur over the tribological con-
tact, to which components within the PGM solution may rapidly re-
adsorb to the exposed areas [72,75]. The addition of salts builds into
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the proposed structure when considering cations as hydration shells,
integrating into the adsorbed mucin layer [74].

Conversely, the mucin layer on the Hap surface is thinner, but ex-
hibits a larger shear viscosity and shear modulus properties. As
mentioned earlier the adsorption is initially dominated by physisorption
pathways with some degree of chemisorption. The more diverse bonding
between PGM components and hydroxyapatite may permit a stronger
layer network within the layer, forming a comparatively more rigid
layer compared to what is formed on gold [40]. This is supported by a
mean structural softness value of 0.24 + 0.01 which was calculated at
equilibrium towards the end of the growth stage. Furthermore, the
significantly larger shear viscosity of the Hap mucin layer suggests that
more water molecules are trapped in the layer’s structure and are less
free to flow. A “bridge” like mucin layer structure can be considered,
trapping water between the mucin monomer and the surface, which is
presented in Fig. 9b). This structure may also expose hydrophilic regions
of mucin to the bulk fluid, permitting an extension to the hydration
layer. Under sliding conditions, water flow is prevented from the layer
which may move the shear plane further away from the surface [60].
Furthermore, hydration shells of unbound protein within the sliding
contact may provide additional hydration repulsion between the mucin/
Hap interface and the contacting body which in turn reduces the friction
[74]. This effect may be less pronounced on the PGM/gold layer, which
may explain the lack of lubrication observed for gold in the current
study.

Purified PGM layers in Fig. 9¢) and d) present different layer con-
figurations accounting for the removal of impurities and the increased
dysfunctionality of PGM to trap water molecules. These layers are
thinner, lacking the bulk mass provided by impurities and PGM frag-
ments, and present reduced lubrication under deionised water condi-
tions. The addition of PBS ions partially serves to improve lubrication on
gold, however their presences also disrupts PGM-surface interactions.
This has a greater impact under purified conditions when considering
the physisorption dominated adsorption of purified PGM onto both gold
and hydroxyapatite.

Future work should aim to examine how these parameters change
along with structural softness and how alternative polymers, proteins or
ionic components alter this. Furthermore, the structural softness should
be considered with additional parameters, such as layer hydrophilicity,
to further understand the link with friction in future studies on specific
material surfaces. Finally, follow up studies should investigate how
mucin functionality and type influence adsorption and lubrication to
gain further insight into the mechanism and impact of the initial stages
of adsorption.

4. Limitations of Study

One of the limitations of this study relates to the use of Y-TZP as
counter surface for tribological testing as this only focused on one type
of material interrogation with PGM layers on gold and hydroxyapatite.
The observed friction behaviour would be expected to be different using
metallic or polymeric probes that might present different interaction
between free and bound mucin in the tribological contact.

One other limitation was the sole use of commercial PGM type II,
while other mucin sources exist for use within the field of oral and dental
tribology. While this study demonstrated improved lubrication under
certain conditions and an approach to assess potential links between
lubrication and layer properties, it is limited by the use of a controversial
mucin source. Additional work investigating native purified PGM and/
or commercial BSM may build on this approach in the future.

5. Conclusion
The current study has shown differences in viscoelastic properties

exist between mucin layers formed on gold and hydroxyapatite surfaces.
Furthermore, these layers then go on to show differences in the observed
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friction behaviour, suggesting a potential link between layer formation
and subsequent tribology. While it demonstrated that a higher structural
softness ratio, AD/Af, would provide enhanced bio-lubrication on hy-
droxyapatite, data should also look closer at the viscosity and shear
modulus properties of a layer in relation to tribological experiments. To
alleviate the symptoms of xerostomia (dry mouth syndrome) and pro-
vide optimal oral protection and lubrication, further insights into po-
tential therapies are needed. Following on from previous research to
identify mucin’s role on the tribocorrosion of dental tissues, this work
assessed the adsorption behaviour of PGM on different dental surfaces.
This included the growth and related properties of mucin layers, to gain
insights into mucin’s layer forming properties, and how it may link to
oral lubrication. This work concludes that:

e PGM adsorption onto gold and hydroxyapatite is driven by surface
interactions which are specific to the surface composition and may
ultimately affect the resultant viscoelasticity of a fully formed PGM
layer.

The application of kinetic adsorption models in addition to AD/ Af
plots provided additional insight into the potential adsorption
sequence of mucins layers onto gold and hydroxyapatite surfaces.
Stronger surface bonding is associated with mucin onto gold sur-
faces, while adsorption onto hydroxyapatite may be dominated by
weaker physisorption mechanisms.

Mucin layers formed on hydroxyapatite were shown to improve
lubrication which may be linked to the layer’s viscosity and shear
modulus properties.

Purification of commercial PGM had little impact on improving
lubrication on hydroxyapatite and gold surfaces when compared to
crude PGM.
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