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Abstract

Over the past few decades, the prevalence of tooth loss has gained more attention within
the realm of oral and dental tribology. Corrosion and tribocorrosion are areas for concern,
with the potential to cause increased tooth loss in vulnerable populations who cannot
naturally produce saliva to protect their tooth enamel. Improvements to therapies are
required to provide enhanced protection to tooth enamel. This thesis investigates the role
of mucin from the perspective of tooth enamel protection, by uncovering mechanisms of
dental lubrication with mucin, whilst understanding mucin’s contribution to of tooth

tribocorrosion and its overall viability for protection.

Mucin-environments and mucin-surface adsorption experimented were completed using
DLS, AFM, QCM-D, and in-situ QCM-D tribometer techniques, which provided further insight
into the mechanical and rheological properties of mucin layers. Static and dynamic
tribocorrosion experiments investigated the individual components of overall tooth wear,

and whether mucin provided protection under these conditions.

Experiments indicated that solution composition and surface chemistries were critical
factors of mucin layer adsorption, surface coverage, mucin structures and subsequent
lubrication. The load-bearing properties of mucin were quantified by using an AFM, which
was influenced by PBS. PBS significantly improved enamel wear resistance, which was linked
to load-bearing, with evidence of increased mucin within wear sites. In-situ investigations
were developed that examined the role of mechanical interactions, which provided insight
into the potential compaction of mucin layer within the tribological interface, and
subsequent tribofilm. Tribocorrosion experiments uncovered the components to quantify
the total tooth degradation, and mucin was observed to not provide any additional benefit

to lubrication, or surface protection within an acidic environment.

From the findings presented in this thesis, mucin has been shown to provide enhanced
protection and lubrication within a neutral pH PBS environment. However, for mucin to

protect enamel in an acidic environment, a complementary component is required.
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Mucin layer behaviour and its role on
dental tribology



Chapter 1. Introduction — Motivation of research, Aims and Objectives

1.1 Motivation

Dental erosion, a.k.a. corrosion, and tooth loss are areas of great concern in modern
dentistry [1]. Itis estimated that 3.5 billion people worldwide are affected by oral diseases,
with 2 billion suffering from caries of permanent teeth [2]. Approximately 45% of the global
cost of dental diseases (total cost = $357 billion) related to dental caries, with direct
treatment costs accounting for $161 billion, and indirect costs from productivity losses
accounting for $84 billion [3]. Innovations in dental hygiene and tooth care products have
ensured more durable teeth with improved aesthetic appearance over the long term [4].
However for low-income and developing populations, such treatments and interventions
are out of reach leading to higher global populations with poorer oral and dental health [5,
2]. Increased consumption of acidic soft drinks and beverages or acidic foods can also lead
to softening of tooth materials and eventually tooth material loss [6, 7]. It was revealed that
people in the UK between the ages of 16-34 presented increased signs of moderate wear
compared to the previous survey in 1998, demonstrated in Figure 1-1. Moderate wear is
defined by the ADHS as combined tooth dissolution and abrasion from dietary/other acids
and food particles/toothpaste or direct tooth grinding/sliding [8]. These combined

interactions serve to have an impact on the long-term durability of younger teeth.
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Figure 1-1 Percentage change in types of dental wear between 1998 and 2009 Adult Dental Health Surveys
[8].

Private dental intervention is expensive, from £1905 for an artificial crown and implant,
£2245 for a tooth extraction and up to £5100 for dental treatment under general anaesthetic

[9, 10]. Treatments under general anaesthetic are usually reserved for tooth extractions in



the case of children, adults with learning disabilities and a last resort if multiple extractions
are required. Comparatively extractions under the NHS comes under charge band 2, of
£65.20 per treatment, increasing to £282.80 for restorative dental treatments [11]. Hospital
extractions in 2019/2020 accounted for £54.6 million with the NHS, where £33 million was
attributed to tooth decay for people under the age of 19, increasing financial pressures on
the NHS [12, 13, 14]. This effectively accounts for 1% of the total annual spend of dental care
by the NHS, approximately £3.5 billion [15]. Furthermore, these figures do not account for
the additional costs of restorative dentistry required after extraction, nor the contribution
of the adult population over an age of 19 years. As approximately 1.9 million tooth
extractions and 627,000 crowns placement were recorded in the NHS dental statistics for
adults in England 2019/2020, the overall cost of tooth decay to the NHS is likely to be greater
[16].

Globally, it is estimated that 2.3 billion people suffer from tooth decay of permanent teeth
[5]. Factors that can contribute to overall tooth decay and wear can be broken down into
lifestyle, clinical and biological influences [6]. Gastro oesophageal reflux disease (GORD) is
one condition where stomach acids (pH 1.5 — 3.5) enter the mouth to cause excessive tooth
dissolution [17]. Another more prevalent condition is Xerostomia a.k.a dry mouth syndrome,
which affects 22% of the overall population, increasing within elderly groups [18].
Xerostomia prevents adequate saliva production, reducing tooth protection and increasing
the prevalence of tooth decay, and tooth loss in suffering patients [19, 20]. These conditions

diminish the natural, biological mechanisms that would protect dental and oral tissues.

From a tribological perspective, saliva primarily acts a lubricant: ensuring transport of
processed food to the back of the mouth for ingestion, reducing friction between food and
dental/ oral surfaces. This function serves to protect both soft and hard tissues within the
oral cavity. The various proteins and electrolytes of saliva also aid in acid neutralisation and
permit tooth remineralisation [21]. This provides additional protection from a chemical
interaction point of view. Proteins also adhere to the tooth surfaces to form a protective
layer to underlying enamel [22, 23]. This layer serves as a barrier to protect against both
mechanical and chemical interactions. Natural saliva is therefore a critical factor in
permitting tooth longevity. Commercial artificial saliva aims to replicate the rheological
properties and composition of natural saliva, primarily to relieve oral dryness. Some like AS
Saliva Orthana contain a protein additive, Porcine Gastric Mucin, although this serves to

enhance hydration of oral surfaces rather than protect of tooth enamel [24, 25].



One of the key interests is being able to preserve and protect tooth enamel under the acidic
conditions of corrosion (dental erosion). Corrosion combined with the cyclic loading, impact
and sliding of teeth during mastication is a potential mechanism for concern. For metals,
mechanical exchanges within corrosive environments form a synergistic behaviour, further
increasing surface wear, much more than each individual contribution [26]. This behaviour
may translate over to the world of dental tribology considering the intermittency of eating

and drinking within one sitting.

The conceptualisation of the research stemmed from the perspective of reducing the need
for dental intervention by identifying methods of mitigating the loss of natural tooth enamel.
To effectively develop dry mouth therapies that effectively protect tooth surfaces within the
harsh environment that is the oral cavity, it is crucial to break down and understand the
mechanisms of tooth tribocorrosion. Furthermore, it is important to understand how mucin,
as an additive, influences tribocorrosion and lubrication of surfaces from the perspective of
an adsorbed surface layer. Few studies have investigated this for mucin layers regarding
dental tribology and enamel protection, and it is not clear how tribocorrosion and mucin
layer formation contribute to overall tooth degradation. Conflicting theories exist to the
contributions of tooth enamel loss when assessed in-vitro, especially within an acidic
environment [27, 28, 29, 30]. At the time of conceptualisation of this thesis, purely
mechanical indentation analysis of enamel surfaces after acidic interactions were used to
assess the impact of an acid on enamel, ignoring the breakdown of calcium phosphate in the
test solution itself [30, 31, 32, 27, 28]. Furthermore, this would provide a means to
investigate the combined interactions of a mechanical and chemical nature, which was

hypothesised to yield greater material loss overall compared to each individually.

No rehabilitative artificial saliva solution has effectively been observed to self-engineer a
pellicle like layer on dental surfaces for the purposes of material protection. Therefore,
artificial saliva solutions need to be assessed for adequate tooth and oral tissue protection
in the absence of saliva. A mucin additive should be considered to effectively form a
protective layer on these surfaces that is comparable in terms of protection and durability
to that of the naturally occurring pellicle. Mucin is associated with oral lubrication and has
been documented to contribute to the protective salivary pellicle [33, 23, 34]. It is also
commercially available and may have potential as an additive. However, limited work exists
on the adsorption of mucin only layers for the lubrication and protection of dental materials.

Understanding the mechanisms of mucin interactions, its influence on tribology, and



exploring novel methods of investigating mucin behaviour may open new research areas in

the future to further develop protective layer mechanisms.
1.2 Aims and Objectives

1.2.1  Aims

The aim of this thesis was to better understand the role of mucin-based saliva simulants on
surface-layer formation, and its implications on tribological and tribocorrosion mechanisms
on dental materials. This included an in-depth investigation into 1) the role of the simulated
environment regarding surface layer adsorption, 2) the link between adsorbed mucin layers’
mechanical and rheological properties in relation to tribology, and 3) identifying the

tribocorrosion mechanisms on tooth enamel and how mucin provides protection.
1.2.2  Objectives
To reach the aims of this thesis, the following objectives were completed:

e Investigate mucin size and electrophoretic mobility within solution within deionised
water and physiological salts solutions, to provide an insight into the state of free
mucin within solution prior to surface adsorption.

e Characterise the surface structures on enamel and an alternative enamel material
(steatite), to identify key surface properties of mucin layer adsorption and
distribution of mucin, to determine implications of hydration and physiological salt
interactions on mucin layers nanomechanical properties, and provide insights into
how boundary lubrication occurs. Assess feasibility steatite for mucin adsorption
study.

e Determine overall contributions to tooth wear, from physical surface wear and
chemical dissolution of a representative tooth enamel material (bovine enamel)
under deionised water, physiological saline and acidic environments. Compare static
and dynamic contributions to wear, to provide an insight into the hypothesised
mechanism of tooth tribocorrosion, and whether mucin layer surface material
protection, chemical dissolution and lubrication.

e Investigate the adsorption kinetics of mucin layers onto specific dental surfaces, to
determine specific surface chemistry implication on layer growth rates, rheological
properties and indirect lubrication performance, in aqueous ionic environments.

e Develop a tribometer system and methodology to perform in-situ friction
measurements whilst simultaneously measuring the rheological properties of mucin

layer, to provide further understanding of mucin layer lubrication and changes



associated to mechanical interactions. mechanical interaction of surface layer

formation experimental.
1.3 Thesis Outline

Chapter 2 reviews the background and literature, identifying gaps within the data on mucin
adsorption, tooth tribocorrosion and investigation methodologies. Chapter 3 presents the
numerous materials and methodologies used throughout this thesis. A general
characterisation of functional surfaces and solutions, in addition to preliminary
investigations of mucin-surface interactions, are presented in Chapter 4. Static and dynamic
tribological tests on dental surfaces and post-test investigations into surface structures and
chemistries are presented in Chapter 5. An in-depth assessment of the adsorption kinetics
and layer properties of mucin, along with tribological evaluations, are presented in Chapter
6. Chapter 7 builds on the development of a prototype QCM-D tribometer for the purpose
of assessing soft, thin protein layers, which was trialled in Chapter 8. Chapter 8 follows on
from Chapter 6, by directly investigation of mucin layer lubrication while simultaneously
measuring the layer properties. Finally, overall discussions, future work and closing

statements are presented in Chapter 9. Figure 1-2 presents the outline of this thesis.
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Figure 1-2 Outline of thesis structure.



Chapter 2. Background information and literature review

2.1 Introduction

To understand how protein films form on and protect tooth materials, it is essential to
understand all aspects of the project background. This section will initially cover the
background of the anatomy, mechanical properties and chemical composition of teeth,
materials used in dental wear testing, saliva, the pellicle, diseases which are linked to
hyposalivation, the function of mucin, biomechanics of mastication and wear modes
associated with teeth. Following this, a review of the literature will examine tooth tribology,
tribocorrosion and the pellicle. This will cover studies on salivary film adsorption and
protection from dental erosion, pellicle modification and impact of modification, and,

tribological studies examining tribocorrosion test methods and theorised wear mechanisms.
2.2 Background information

2.2.1 Tooth materials and surfaces
2.2.1.1 Anatomy of a tooth and overall function

To start with, it is important to understand the composition and function of teeth. The tooth
comprises of two different sections; the crown and the root. The crown serves as the
functional surface aiding speech, mastication and tasting while the root anchors the tooth
into the bone. The tooth is composed of enamel, dentine, and pulp which contains nerves
and blood vessels. From a tribological perspective, the important sections of a tooth are the

materials of the crown; dentine and enamel.
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Figure 2-1 Diagram of molar tooth anatomy [35].

Enamel covers the exposed surfaces of healthy teeth and is the hardest tissue in the human

body. It is mostly made from inorganic hydroxyapatite, which are crystalline calcium



phosphate prisms of 26 nm diameter forming keyhole shaped rods of approximately 5 um
in diameter [36]. The enamel layer usually has a thickness of 2-3 mm before the enamel

dentine junction, a transitional boundary between the enamel layer and underlying dentine.
2.2.1.2  Basic mechanical properties and chemical composition

Tooth enamel and dentine are composed of mineral, water, proteins and lipids. Table 2-1
provides data on the mechanical properties of dentine and enamel. The difference between
the mechanical properties of enamel and dentine is related to its crystal structure and
composition of the mineral and overall volume. The composition by percentage volume is

displayed in Table 2-2.

Table 2-1 Mechanical properties of dentine and enamel [37].

Property Dentine Enamel

Young’s modulus (GPa) 10.2-15.6 20.0-84.2
Shear modulus (GPa) 6.4-9.7 29
Bulk modulus (GPa) 3.11-4.38 45.65
Poisson’s ratio -0.11-0.07 0.23,0.30
Compressive strength (GPa) 0.249-0.315 0.095-0.386
Tensile strength (GPa) 0.040-0.276 0.030-0.035
Shear strength (GPa) 0.012-0.138 0.06
Knoop hardness 57-71 250-500
Density (kg/m?3) 2900 2500

Table 2-2 % Composition of dentine and enamel [38, 39].

Composition Dentine Enamel
Inorganic minerals 47-65%  85-96%

Organic components and water 35-53% 4-15%

Tooth material structure

Both enamel and dentine have quite different structures when prepared in a similar manner,
shown in Figure 2-3. For example, microscope images of bovine teeth taken by the author
demonstrate that bovine enamel presents a more compact structure, shown in Figure 2-3a)
compared to bovine dentine’s structure, shown in Figure 2-3b). Instead, dentine has a matrix
of tubules which starts at the dentine enamel junction and end at the dental pulp. Tooth
enamel protects the underlying dentine and comes in direct contact with the oral

environment and foods which pass through the mouth. Once eroded or removed the enamel



cannot be regenerated. Dentine is harder than cortical bone but softer than enamel and

supports the crown but also protects the underlying pulp.

Figure 2-2 Bovine enamel a) and bovine dentine b) surfaces examined under an optical microscope.

Scanning electron microscopy (SEM) of these surfaces with a photo diode backscattered
electron detector (PDBSE) exposes the presence of enamel rods on the surface, shown in
Figure 2-3a). These rods are composed of smaller mineral crystals which give the enamel its
overall strength. These hydroxyapatite prisms follow a hexagonal closed packed structure,
are between 17-70 nm in width, and are orientated perpendicular to the occlusal surface
[40, 41, 42, 43]. Figure 2-3c) shows the dentine tubules under the same technique. The
differences in structure and composition inherently provide both enamel and dentine with

unique mechanical properties.
Bovine tooth structures compared with human tooth

Variation in both factors between types of teeth, individuals, and their dietary habits mean
that there is a large amount of variation in their mechanical properties. It is therefore
difficult to compare and determine tribological and erosive behaviour between samples
from a range of backgrounds. To reduce this variability, different tooth models can be used
given similarities in surface structure, bulk structure and chemical composition. For
comparison with bovine enamel and dentine, Figure 2-3c) and d) shows SEM images of
human enamel and dentine respectively. A similar key hole structures are shown in human
enamel, with enamel rod widths of about 4 um which are slightly larger than those shown
in Figure 2-3a) for bovine enamel. The size difference is attributed to a mature human tooth
being compared to an adolescent bovine tooth. However, when comparing dentine, a similar

diameter size is shown for both human and bovine sources, of approximately 3 um [44].
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Figure 2-3 Bovine enamel a) and bovine dentine b) surfaces examined by SEM PDBSE, and SEM images of c)
human enamel surface, and d) human dentine surface [44].

The chemical composition and nanostructure of human enamel have previously been
compared to other tooth enamel models. Bovine enamel has previously demonstrated
similarities to human enamel when compared to ovine and porcine models [41, 45].
Wavelength dispersive X-ray fluorescence spectrometry also demonstrated differences in
chemical composition, with human enamel presenting a higher composition of calcium and
phosphorus element, 34.91% and 16.8% respectively compared with 31.11% and 15.3% in
bovine enamel [45]. Furthermore, hydroxyapatite crystals within human enamel are shown
to be larger compared with those found in bovine enamel when examined by X-ray
diffraction and Fourier Transform InfraRed (FTIR) spectroscopic methods [41]. Bovine
enamel is generally accepted as an excellent tooth substitute from its similarities with
human enamel compared with other available models in addition to bovine enamel’s ease
of availability and uniformity, however studies which do opt for bovine enamel need to
consider it’s structural and compositional implications with when interpreting results [46,

47, 48].
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Tooth enamel chemical structure, variations and impact on dissolution

The minerals in dentine and enamel, and bone, are made up from a form of hydroxyapatite,
a naturally occurring calcium phosphate mineral. Generally, the chemical formula for this is
given as Caio(P0O4)s(OH),, however many substitutions can take place with other metals such
as sodium, magnesium and potassium in place of calcium; with sodium being the most
abundantly swapped. Furthermore, hydroxide ions can be substituted by fluoride ions and
carbonate (COs) groups can replace phosphate groups. Therefore, a more representative
formula for this can be shown as Caio.xNax (PO4)ey(CO3) ,(OH).-4F, [38]. These substitutions
can have an overall impact on the durability of tooth enamel, either to improve or reduce

enamel’s resilience.

Carbonate substitutions can have a considerable effect on the solubility of enamel and
dentine. A study carried out by Featherstone et al [40] showed that carbonated apatites (CA)
appear to show more reactivity to acids than non-carbonated apatites (NCA). The study
examined the crystallinity and dissolution rates of NCA and CAs of 3% and 6.5% w/w CO3
with the addition of strontium and fluorides. It showed that the crystallinity of the CA, as
measured by X-ray diffraction peak half widths, were comparatively different to NCA with
decreased crystallinity on the (2 1 1) crystal plane [40]. Furthermore, the decreased half
width value for (2 1 1) was linked to increased acid resistance with lower dissolution rates.
As tooth enamel contains approximately 3% w/w COs and dentine contains 5-6% w/w COs
this supports the increased dissolution rate associated with dentine compared to enamel
[40]. This is not the sole factor that increases acid reactivity in teeth, as this study also

indicated that strontium and fluoride substitution can decrease reactivity to acids.

It is important to note that the composition and chemical structure of teeth are heavily
influenced by their surroundings, most importantly from saliva. The next section aims to

expand on saliva’s role for dental lubrication, fortification and protection of enamel.
2.2.2  Lubrication and protection
2.2.2.1 Saliva, proteins and layer adsorption

The role of natural saliva

Saliva possesses numerous qualities which are crucial for protection and upkeep of the oral
environment and health. 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

saliva’s lubricating and natural buffering abilities, while refortification is related to the
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remineralisation of dental tissues after mastication and acidic challenges [21, 22, 49, 23, 50,
51, 52, 53]. 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 [21, 22, 49, 23, 50]. This layer effectively reduces friction between dental and
oral surfaces while also controlling the movement of calcium and phosphate ions from the
enamel surfaces [49, 53, 54]. Aside from the protection of dental tissues, its roles also range
from digestion, taste and smell all the way to intraoral lubrication of hard and soft tissues,

and aiding foodstuff transport/drug delivery.

Flow rate, composition and functionality

On average between 600 — 1500 mL of saliva can be produced in a day, flowing into the
mouth at 0.3-0.4 mL/min when unstimulated and up to 1.5 - 2.0 mL/min when stimulated
[19, 23]. It is mostly composed of water, about 98%, with several enzymes, proteins,
electrolytes, sugars and other organic substances. Some of these substances are listed in
Table 2-3, where parts per million, ppm, is the measure of a chemical substance in each

volume which is equal to mg/L.

Table 2-3 Composition of electrolytes and substances in saliva [23, 33, 55, 56, 57, 58].

Electrolytes Approximate amount Organic substances % Composition of total
(ppm) proteins in saliva
Sodium 450-1150 Glycoproteins 20-30
Potassium 580-590 Mucins 20-30
Calcium 40-80 Enzymes 15-20
Chlorides 1060-1775 Immune response 17-18
proteins

Bicarbonates  1220-1830
Phosphates 190-380
Magnesium 480-970
Urea 130-270

Ammonia 12-137

Saliva has a neutral pH, about 6.8-7.0, and this is maintained with calcium, phosphate and
bicarbonates which act as buffers against acids. The calcium and phosphate ions also aid in

the remineralisation of tooth materials after acid attack [23, 33].

One function of saliva is to provide lubrication within the oral cavity. Proteins within saliva

adhere to oral surfaces and form a thin film of proteins known as a pellicle. The pellicle can
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reduce the coefficient of friction of these surfaces and protect them during the initial stages
of mastication and acidic attack [59]. There are many different types of protein in saliva,
each with a specific function as shown in Figure 2-4. Mucins are one group of proteins which
aid in intra oral lubrication and protection. Mucins are highly glycosylated glycoproteins,
possessing several carbohydrates, which are secreted from submandibular and sublingual
glands in the oral cavity. The presence of carbohydrate chains enables the entrapment of
water molecules within mucin’s structure, subsequently providing it with viscoelastic
property when hydrated, which has been observed in QCM-D and viscometer studies [60,
61, 62]. This has implication of lubrication and protection of oral tissue in the transportation

of food, in addition to lubrication and protection of teeth [33].

Proline-rich proteins e Water Proteins
Calcium — —

Statarin
Remineralzation | Claarance

Profine-rich proteins
Inhibition of
demineralization

Mucins Peroxidzses

Lubrication and
visoelasticity

Figure 2-4 The multifunctional roles of salivary proteins and electrolytes [33].

Submandibular, sublingual and parotid glands can influence the lubricating properties of
saliva. This is done by regulating the flow rate of saliva from these glands to alter the
composition of saliva. When eating, a higher amount of friction is required to provide
traction between food and oral surface to aid movement. When grip is not required,
unstimulated mucin rich saliva is secreted [63]. Figure 2-5 shows where these glands are
located. Prior to and during mastication, stimulated saliva is produced, with a larger
proportion from the parotid gland. The parotid gland does not secrete mucins, which has
demonstrated an overall higher coefficient of friction in comparison to the mucin-rich
unstimulated saliva when tested within simulated oral surfaces (porcine tongue vs porcine
oesophagus) [63]. For unstimulated saliva, a larger proportion is secreted from

submandibular and sublingual glands. Unstimulated saliva has been seen to have a lower
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coefficient of friction between soft oral surfaces compared to stimulated saliva, which may
be down to with a larger mucin content [63]. This highlights the importance of proteins
within saliva which control which properties are required for a given function. This can be

attributed to the types and structures of proteins which will be looked at in the next section.

Parotid gland

Submandibular gland —___ T

Sublingual gland
Salivary Glands

Figure 2-5 Salivary gland locations in the oral cavity [64].

2.2.2.2  Proteins and protein layer structures in the oral cavity

Protein build up and structure

There are many different types of protein found in unstimulated and stimulated saliva. Each
has a specific function in the oral cavity. These proteins are made up of individual amino acid
sub units. There are 20 types of amino acid which can be split into 4 groups which are polar,
non-polar, positively charged and negatively charged. The structure of an amino acid can be
generalised to an amino group, a carboxyl group and a functional side chain which defines
the type of amino acid, illustrated in Figure 2-6. Proteins are formed from chains of amino

acids which bind to one another following a condensation reaction, also illustrated in Figure
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2-6.
Amino acid subunit
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Figure 2-6 Condensation reaction process between amino acids.

In the condensation reaction, two amino acids bind together and release a water molecule.
This water molecule comes from the oxygen — hydrogen (O-H) bond in the carboxyl group
and a hydrogen (H) atom from the amide group. Once the water molecule (H,0) is removed,
the carbon from one amino acid forms a bond with the nitrogen atom of the other amino
acid, known as a peptide bond. This results in the formation of a dipeptide, made from two
amino acids. If this process were to repeat itself, this would lead to a long chain of amino
acids, known as a polypeptide. Protein synthesis is facilitated and controlled by enzymes
which can influence the rate of reaction depending on concentration (amino acids and
enzymes), pH, temperature and the presence of ions. These chains can pleat, coil and fold
from primary structure proteins to tertiary structure proteins before binding to other
proteins to form larger quaternary structured proteins. These structures are illustrated in

Figure 2-7.
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Secondary structure- coiled/helical chain

Quaternary structure — multiple peptide chain interactions
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Figure 2-7 lllustration of the four levels of protein structure.

Factors which drive protein interactions

The structure of a protein has a big influence on how it can adhere to other surfaces. This
can be a result of the number of contact sites between a protein and surface which are
dependent on the amino acid sequence in the primary structure. The number of contact
sites can also vary on a protein depending on temperature, pH and ionic conditions which
may reshape or denature a protein. Furthermore, protein-protein interactions can also alter
the shape of a protein and increase surface adhesion by exposing more contact sites. When
considering pH, the isoelectric point of a protein should be known along with the net charge
of a protein when not at the isoelectric point pH [65]. When at the isoelectric point, the
protein has no net charge which means the protein has a larger surface activity. This is a
result of the protein exhibiting zero charge which reduces electrostatic repulsion between
other proteins and the surface. This enables more proteins to bind to a given surface [65].

Structural changes of the protein film also occur as different amino acids contact the surface.

Table 2-4 highlights the properties of proteins which influence surface interactions.
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Table 2-4 The properties of proteins that affect protein-surface interactions [65].

Property Effect

Size Larger molecules have more contact sites with a surface compared to smaller
molecules. E.g. Albumin weighs 67 kDa and has 77 contact sites on a silica
surface while fibrinogen weighs 340 kDa and has 703 contact sites.

Charge Protein surface charges can bind to corresponding area on a particular surface.
Molecules near their isoelectric point can also adsorb more readily due to
reduced protein — protein repulsion from no net charge. This can also change
the shape of the protein to expose more amino acids and thus more contact

sites.
Structural Proteins with lower intermolecular bonding may unfold more readily and thus
stability increase its number of contact sites with a surface.
Unfolding rate Rapidly unfolding molecules can form more contact sites with a surface more

quickly. When initially adsorbed, proteins may change conformation and
increase its number of contact sites, promoting stronger adhesion.

The properties of the surface also influence protein surface interactions and adhesion. These
are highlighted in Table 2-5. Topography, chemical composition, hydrophobicity, surface
characteristics and potential all influence the way a protein can bind to a surface. It is
therefore important to understand the materials and proteins in question when examining

the formation and properties of protein films.

Table 2-5 The properties of surfaces that influence protein-surface interactions [66].

Property Effect

Topography Greater texture exposes more surface area and site-specific locations to
enable protein interactions.

Composition Chemical makeup of a surface determines the types of intermolecular forces
governing protein interactions i.e. whether stronger covalent or ionic
bonding occurs.

Hydrophobicity Hydrophobic surfaces bind more proteins which possess hydrophobic non
polar regions in agueous environments.

Heterogeneity Non-uniformity of the above surface characteristics result in areas that
interact with proteins differently, forming connection points which promote
protein networking through different combinations of exposed functional
groups.

Potential Surface potential will influence the distribution of ions in solution and
interactions with proteins i.e., protein interactions to surface through
surface ion intermediary.
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Formation and function of the pellicle

As mentioned previously, the pellicle is a proteinaceous structure that forms on the surfaces
of teeth due to protein-surface electrostatic interactions which serves as a chemical
diffusion barrier and a boundary-lubricating film [21, 22]. This layer effectively separates the
surfaces of teeth from the surrounding environment, reducing the diffusion of calcium and
phosphate ions into the surrounding environment as well as delaying the diffusion of an acid
into the enamel [49]. This film initially forms when an oral or dental tissues encounter
salivary proteins suspended in saliva (over a few minutes). Tooth enamel surfaces tend to
be hydrophilicin nature and possess a net negative surface charge overall, although localised
charge locations can exist on the surface depending on the crystal structure orientation [67,

68].

Figure 2-8 illustrates the pellicle layer which forms on tooth enamel, forming a 2-layer
structure of condensed inner layer of low weight molecular weight proteins along with a
dispersed outer structure of larger weight proteins such as mucin. Lower weight proteins,
like statherins and histatins, have a high affinity to hydroxyapatite surfaces. These have been
termed as precursor proteins that initiate the binding to the exposed tooth surface [69]. The
secondary growth stage selectively adsorbs higher weight proteins. Mucins may interact
with statherins and proline rich proteins, binding to them and the surface, changing its
conformity in the process. The film’s thickness grows until a plateau is reached after 2 hours

of submersion [70].

Air

Enamel surface

Figure 2-8 Diagram of pellicle film formation on oral tissues and enamel in saliva (redrawn from reference)
[59]. A dense Inner layer of precursor proteins, usually proline rich proteins and statherins, covers the enamel
surface, followed by a more dispersed outer layer of larger proteins, such as mucin.

The pellicle’s film formation is different to self-assembled layers observed in substitute saliva

that only contain one type of protein or base material. Direct comparison of saliva to
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substitutes, that contain either mucin, carbomethylcellulose or linseed extract, show saliva
forms a layer with strong film retention properties on hydrophilic surfaces [24]. This is
important to consider for the effectiveness of artificial and natural saliva on it overall

protective capabilities.

While it is unclear how these films protect teeth from two body and three body abrasive
wear in-vivo, in-vitro studies have shown that there is some sort of protection provided by
the pellicle against toothbrush abrasion [71]. The study also used use transmission electron
microscopy (TEM) to determine the pellicles characteristics. Two regions were determined,
a highly dense base layer around 10-40 nm thick and a more loosely arranged globular region
between 50-500 nm [71]. An image of an enamel surface with an in-situ pellicle is presented

in Figure 2-9.

Enamel surface

Pellicle layer marked by
* and white line

- Loosely arranged
globular structure
approx. 50 nmin
thickness

Residual crystallites
from partial
demineralisation
process

Figure 2-9 TEM image of in situ formed pellicle on enamel surface, Asterisk indicates pellicle basal layer and
arrows toward layer indicate enamel surface [71].

The variation of the pellicle’s thickness was dependent on the location of film growth in-situ.
This film was seen to be reduced to thickness 1-30 nm or was fully removed by brushing.
However, after brushing it would be expected for a new pellicle to form quickly afterwards.
An atomic force microscope study (AFM) also examined the pellicle formation on silica
surfaces and showed there was a significant reduction in the lateral forces when comparing
surfaces submerged in an electrolyte solution only and whole human saliva. This was from a
coefficient of friction of 0.6 to 0.03 [22]. It was hypothesised that the pellicle film formed
possesses load bearing properties that protect direct contact of asperities on interacting

surfaces.
Pellicle composition

Proteins in a pellicle have been examined by collecting natural pellicles from volunteers and

conducting analysis on the ultra-structure. Siqueira et al [72] identified in vivo pellicle
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proteins including amylase, MUC5B, carbonic anhydrase VI, proline rich proteins, albumins,
statherins, histatin |, cystatins and lactoferrin to name a few. Some of these proteins,
including histatins, statherins and other phosphoproteins, have been shown to reduce the
effect of acid demineralisation with the hypothesis that these proteins adhere more strongly
to tooth enamel, preventing acid attack of the surface in these areas [49]. Cysteine rich
proteins like MUC5B have also been shown to reduce the effects of demineralisation of

tooth enamel [73].

The formation, structure, composition, strength and protective properties are ultimately
dependent on the ionic concentrations and components of the saliva. Without the saliva,
there would be no transport of proteins and other substances around the oral cavity over
the soft and hard tissues. Diseases and symptomatic conditions can influence saliva and
consequently influence dental tissue protection and lubrication. The next sub section

explores the impact of diseases and conditions on saliva and its implications.
2.2.2.3 Diseases and conditions relevant to oral lubrication and protection

One common condition to impact oral lubrication and protection is Xerostomia. 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 [74]. It has been
estimated that the overall prevalence of dry mouth is 22% of the population, which increases
in elderly groups [18]. It can be attributed to certain medications, irradiation of the head or
neck from cancer therapies, diseases including Sicca Syndrome (Sjégren’s syndrome) and
Type 1 Diabetes, psychological conditions, age and gender [75, 76, 77, 20, 78, 79, 80]. This
condition can be detrimental when it comes to dental hygiene, increasing the prevalence of
tooth decay (dental caries) and demineralisation, and tooth enamel loss in patients
presenting xerostomia symptoms [20]. This highlights the importance of saliva when it

comes to the protection of dental tissues.
Xerostomia and oral tribology

Xerostomia is a condition commonly mentioned in the literature regarding dental and oral
tribology. In most cases this subjective condition is usually diagnosed with questionnaires,
evidence of dry lips, reduced salivation, buccal mucosa dryness and index score of decayed,
missing or filled teeth [19, 23]. Hypofunction of the salivary glands can be measured by
examining unstimulated and stimulated salivary flow using a technique known as sialometry
[81]. Normally average stimulated and unstimulated flow rates have been observed as 1.5-
2.0 ml/min and 0.3-0.4 ml/min respectively. Xerostomia/hyposalivation can reduce this to

less than 0.5-0.7 ml/min for stimulated flow and less than 0.1 ml/min for unstimulated flow
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[19, 78]. These conditions make it increasing difficult to process food, swallow and even talk.
They are also associated with forms of dental caries and erosion as the protective capabilities
of saliva cannot fully prevent dental hard tissue loss in acidic conditions. This may also limit

the formation of the dental pellicle, leading to an increased tooth material loss.
Underlying causes of Xerostomia

The underlying cause of this dry mouth syndrome may be related to hypofunctional salivary
glands in the oral cavity. Prescription medicines are the main cause of hyposalivation and
have been suggested to be a potential factor in reduced salivary flow in older population.
Villa et al [19] described the following medications as causes of this: anticoagulants,
antidepressants, antihypertensives, antiretroviral, hypoglycaemics, multivitamins,
supplements, anti-inflammatories and steroid inhalers. These tend to either repress saliva
production in salivary glands or influence the way in which saliva flows and circulates within
the oral cavity. This correlates with the general decrease in unstimulated salivary flow for
increasing age groups of men and women [82]. Conditions like Sjogren’s syndrome can
impact the composition and quality of saliva, independent of salivary flow rate and quantity.
It has been proposed that salivary mucins, which are linked to oral dryness symptoms, are
impaired upon secretion from salivary glands [74]. The impairment relates to the structure
of mucin and its ability to retain moisture for oral lubrication. This comes down to the
negatively charged locations of mucin, the sialic acid and sulphate residues. It has been
observed that Sjogren patients produced similar concentrations of mucin within their saliva
compared to healthy individual, with reduced hydration and different rheological behaviour
[74, 83]. Any treatments therefore need to consider how to improve the quality of saliva in

addition to the quantity, which may differ from person to person.
2.2.2.4  Symptom treatment and current artificial saliva substitutes
Current types of treatments and therapies

Given the high number of medications, diseases and therapies that induce dry mouth
conditions, it would be complicated and costly to address each of them to prevent the
effects of xerostomia. Considering this, there are several preventative treatments
commercially available. Artificial saliva in the forms of gels, sprays and solutions are most
prominent in the market, generally containing mineral salts, menthol oils and sugars like
xylitol. These treatments aim to provide immediate relief, mimicking the viscosity of natural
saliva while aiming to stimulate additional saliva production. Lozenges, gum, artificial saliva
and other stimulates aim to relive the symptoms of dry mouth, but all these treatments

cannot provide proper relief compared to healthy saliva. Mucin based therapies also exist
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with treatment from AS Pharma containing additional mucins to provide more effective
protection as opposed to chemical only solutions. While providing short term relief, it is
unclear if this provides protection to dental tissues within a tribological or tribocorrosive

environment.
Commercial artificial saliva composition and influence on rheological properties

Limited saliva substitutes exist for people who may suffer from dry mouth related
conditions. As it would be expected, these cannot fully simulate the complex characteristics
that natural saliva possesses. Within commercially available saliva substitutes there is a lot
of variation on the type of saliva (what it’s based on), the chemical compositions and its
overall viscosity. Saliva bases include: mucins, carboxymethylcellulose (CMC),
hydroxyethylcellulose, xanthan gum, linseed and polyethylene oxide [84]. Generally, it
seems to be the case that mucin-based saliva substitutes are preferred to alternative
commercially available substitutes under lab testing and clinically [84]. The aim of saliva
substitute is to simulate aspects of natural saliva. Natural saliva is a non-Newtonian fluid,
shown to possess a viscosity which is inversely proportional to the rate of shear [62]. Mucin
containing solutions of porcine gastric mucin (PGM) and bovine submandibular mucin (BSM)
dissolved in deionised water and an electrolyte solution, a.k.a simulating saliva solution
(SSS), have also been assessed. These also exhibited non-Newtonian behaviour, with the
PGM — SSS combinations showing similar viscosities to unstimulated human saliva [62].
Interestingly, the commercially available mucin-based saliva substitute Saliva Orthana did
not show a dependency on the shear rate. In an earlier study of saliva substitutes and mucin
containing solutions, commercial saliva substitutes containing either CMC, BSM or PGM
showed no dependency with shear rate, and were generally more viscous [85]. This may be
a result of sugar alcohols present in commercial saliva substitutes as opposed to the ionic
concentrations as this was shown to not change the viscoelasticity of PGM [86]. Solutions
containing PGM, BSM and a combination of the two with bovine serum albumin (BSA) were
also examined [85]. While most of these protein solutions seemed to be independent on the
shear rate, the combined BSM/BSA solution was shown to have a similar shear rate

dependency to saliva.
Tribology of saliva substitutes

While the rheology of the saliva substitute can differ to natural saliva, one study has shown
that its viscosity may have little influence in terms of its lubricative ability [87]. A canine cusp
was used on a rotating glass plate, using a pin on disc configuration, to measure the friction

from different saliva solutions. A viscometer was also used to measure the solution’s
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viscosity. Mucin based, CMC based and whole human saliva all presented signs of boundary
lubrication, with a decrease in friction observed with increasing speeds. The mucin based
commercial saliva had a viscosity of 2.32 cP and coefficient of range of 0.04-0.15 compared
to human saliva with a viscosity of 0.78-1.23 cP and a coefficient of friction range of 0.06-

0.27 [87].
Polymers in saliva substitutes and influence on enamel protection

PGM, CMC and other polymers were also looked at as thickening agents for artificial saliva
solutions in terms of their protective capabilities under demineralisation and
remineralisation processes. Most polymers tested were shown to reduce demineralisation
due to their film forming abilities. It was also noted that some polymers, including PGM and
CMC reduces that re-hardening potential of the solutions [88]. When comparing both PGM
and CMC on their hardening ability, it was seen that there was no significant difference
between the two [89]. Mucins contain numerous carbohydrate branches, which contain
sialic acid groups that can form complexes with calcium ions, and thus reducing the passage
of calcium ions from the liquid to the enamel surface [90]. One potential improvement to
this may be to ensure the saliva substitute is supersaturated with calcium and phosphate
ions which may also reduce demineralisation in the first place. An addition of 1 ppm fluoride
as a control was also shown to increase the re-hardening potential of the solution, thus
incorporation of this into an artificial saliva solution would be beneficial in erosion

prevention and protection [88].
2.2.2.5 Mucin as a potential additive for lubrication and protection

To understand the role of mucin as a potential component of an artificial saliva, it is
necessary to know about its structure and functionality. Mucins are glycoproteins consisting
of a protein core/backbone decorated with numerous complex branches of “brush like”
carbohydrate chains. These can be classified as either membrane-bound mucins or secreted
mucins. These can vary considerably in size, structure, weight, viscoelastic and rheological
properties. Typically, mucins can weigh in the range of 0.2 and 20 MDa depending on the
length of the protein core, the level of glycosylation (carbohydrate chains) and the mucin
type [91, 92]. With respect to saliva, mucins are secreted from sublingual and submandibular
glands within the oral cavity and make up approximately 16% of the total protein present in

whole human saliva [23, 93].

Early investigation into salivary mucins characterized two types of mucin glycoprotein;
mucin glycoprotein 1 (MG1) and mucin glycoprotein 2 (MG2) [92, 94]. MG1 was

characterized as a higher molecular weight glycoprotein (1 MDa) consisting of 15% protein,
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78% carbohydrate and 7% sulphate, suggesting that MG1 exhibited gel forming
characteristics [94]. In contrast to this MG2 possessed a low molecular weight (200 KDa) and
comprised of 30% protein, 68% carbohydrate and 1.6% sulphate [92, 94]. MG1 and MG2 are
encoded by MUC5B and MUC7 genes respectively and are the main structural and functional

mucins for hydration and lubrication in whole human saliva [93, 92, 94, 95, 96].

Porcine Gastric Mucin (PGM) type Il (Sigma—Aldrich), a commercially available form of
mucin, is derived from animal sources with similarities to MUC5B [97]. It is commonly used
in academic research as an artificial saliva component for dental tribology,
remineralization/demineralisation and other adsorption studies [97]. This sub section aims
to cover the main characteristics and behaviours of mucin, touching on PGM as a specific

mucin of interest.

Mucin Structure

The protein backbone of mucin is mostly composed of amino acids; serine, threonine,
proline, alanine and glycine [95]. Hydroxyl groups found in serine and threonine form
covalent bonds with the sialic acid subunits present in oligosaccharide chains (carbohydrates
of < 20 monosaccharide subunits), which are known as O-glycosidic bonds [98]. The level of
glycosylation is determined by the regions which are rich in the amino acids proline,
threonine and serine (PTS domains) which serve as attachment points for the glycans [99].
Examples of a generic mucin subunit and porcine gastric mucin (PGM) subunit are displayed

in Figure 2-10 a) and b).

a)

o0

COOH

b)

Figure 2-10 Structure of a generic mucin monomer (a) displaying bottle brush / dumbbell type configuration
(glycosylated central region and globular non-glycosylated regions) [96]. Structure of porcine gastric mucin
(PGM) monomer (b) also displaying the same configuration with non-glycosylated regions in between
glycosylated regions, the sequence of this which varies depending on mucin type [91].
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Mucin functional groups and subsequent function

The glycan components of mucin make up at least 50-80% of its weight and links to the
mucin’s overall hydration [99, 100, 98]. This is due to monosaccharide subunits, such as sialic
acid, fucose, N-acetyl glucosamine, N-acetyl galactosamine and galactose, which render
mucin hydrophilic [100, 98]. Sialic acid and sulphate group residues are also negatively
charged which gives mucin a net negative charge [95]. The glycan chains can associate with
water molecules via hydrogen bonding which can trap large amounts of water [101, 102].
This is linked to mucin’s lubrication properties as it can create a surface bound water layer
under boundary lubrication conditions [100, 102]. The presence of these glycan chains
within mucin has been shown to maintain a low coefficient of friction under boundary
conditions compared to partially and fully de-glycosylated mucin by almost 2 orders of

magnitude [102].

Non-glycosylated globular regions also exist within the structure of mucin. These exist as
part of the amino (-NHz) or carboxyl (-COOH) terminals of the protein core and are also
interspersed within the core [99, 96]. These regions tend to contain all the cysteine residues
and are hydrophobic in nature [99]. Furthermore, the cysteine regions contain thiol (-SH)
functional groups which facilitate the formation disulphide bonds between other mucin
monomers and itself [ [91, 103]. Secreted mucins have been known to be arranged in a
flexible chain of mucin subunits which may play a role in lubrication via disulphide bonding

[103]. This is displayed for a generic mucin oligomer in Figure 2-11.

S-S

Figure 2-11 Structure of a generic mucin oligomer; a chain of monomers linked by disulphide bonds [96].

The overall structure of a mucin monomer is ultimately influenced by both hydrophobic and
hydrophilic domains. Heavily glycosylated regions govern the chemical and physical
properties of mucin with strong hydrophilicinteractions. This subsequently prevents protein
folding, as the hydrophobic non glycosylated regions are unable to overcome the superior
hydrophilic nature of these carbohydrate chains [104]. Therefore, a combination of this
phenomenon and the steric repulsion present between hydrated carbohydrate groups

means a stiff linear structure is adopted [104].
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Component functionality within an artificial saliva

Mucin has been previously examined as a potential additive to artificial saliva substitutes
[105, 106, 89]. It is a multifunctional component of saliva which possesses boundary
lubricative, viscoelastic, anti-bacterial and digestive properties [107, 34, 23]. 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 adsorbs to surfaces, reducing
surface wear by influencing the wear mechanisms [108, 105]. 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 [108].
It has been suggested that this relates to an aqueous boundary lubrication regime that
depend on the adsorbed protein layer’s “structural softness” (viscoelastic properties) and
the layer’s ability to retain water [109, 96]. These properties are essential for long term dry

mouth relief and tooth enamel protection.
2.2.2.6  Salivary protein and mucin adsorption pathways

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. Most notably, quartz crystal microbalance with
dissipation monitoring (QCM-D) studies have examined the growth of hydrated salivary films
on gold, hydroxyapatite, zirconia, titania, silica and PDMS [110, 61, 111, 112, 113].
Differences in adsorption rate, adsorption behaviour (monophasic or multiphasic), layer
thickness, layer viscoelasticity and the overall layer retention when subjected to different
rinse solutions have been observed [110]. Furthermore, the surface’s chemical composition,
heterogeneity, potential, polarity and topography are factors which govern interactions with
these proteins [111, 114, 70]. Therefore, protein and surface characteristics alike need to be

scrutinised to engineer a particular protein layer within a given environment.

Mechanisms of salivary protein and mucin adsorption

The mechanisms of protein adsorption come down to the inter- and intramolecular forces
between a protein molecule and a particular surface. This can be broken down into two
generalised types of adsorptions; chemisorption and physisorption. Chemisorption involves
a chemical reaction between a given surface and an adsorbate which involves the sharing or
transfer of an electron by either covalent or ionic bonding [115]. Physisorption on the other

hand relates to weaker bonds that form on the surface from electrostatic interactions,
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hydrophobic interactions, hydrogen bonding and London forces. The differences between
the two modes of adsorption relate to the bond strength between the adsorbate (the

salivary proteins) and the adsorbent surface (dental tissues/biomaterials).

Salivary proteins have been shown to adsorb via electrostatic and hydrophobic interactions
[110, 61, 115, 116, 91]. 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 [110, 61, 111, 112, 113, 117]. The next sub sections aim to break
down the protein surface interactions dependant on the surface properties, starting with

hydrophobic surfaces.

Protein behaviour on hydrophobic surfaces

Hydrophobic surfaces have been shown to adsorb larger amounts of salivary protein
compared to hydrophilic surfaces [110, 117, 118, 112]. This has been observed when
investigating bovine submaxillary mucin (BSM) and human MUC5B adsorption onto
hydrophobic silica and hydrophilic silica surfaces [117, 61]. Mucin layers formed on
hydrophobic silica showed a reduction in adsorbed mass with a more rigid layer while the
opposite was seen for hydrophilic silica and gold surfaces [61]. However, when ellipsometry
was performed on gold and hydrophobized silica surfaces the mass adsorbed was similar
[119, 120]. This suggested that the mucin layer on the hydrophobic surface was less
hydrated compared to layers formed on gold, and potentially a hydrophilic surface,
indicating the layer structural conformation differs between surfaces. The hydrophobic
interactions between the hydrophobic surfaces and the globular non-glycosylated regions
of mucin facilitate initial adsorption, reducing the entropy of the system. In other words, the
contact between both hydrophobic surfaces and non-polar regions of mucin with water are
removed [121]. It appears to be the case that mucin forms a strongly adsorbed layer on
hydrophobic surfaces which are more resistant to desorption [122]]. It may also be the case
that for a hydrophobic surface, only hydrophobicinteractions facilitate adsorption regarding
whole human saliva, with little electrostatic interaction taking place [123]. PGM interactions
with hydrophobic PDMS have also been shown to be driven by hydrophobic interactions,

with glycosylated groups interacting with the bulk fluid [124].

Protein behaviour on non-hydrophobic surfaces
On hydrophilic and gold surfaces it seems to be the case that electrostatic interactions are
more dominant for mucin adsorption compared to hydrophobic surfaces. The hydrophilic

silica and mucin both possess a net negative charge, reducing mucin surface interactions due
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to electrostatic of repulsion. This has been observed with atomic force microscopy of mucins
on hydrophilic and hydrophobic silica. Larger mucin agglomerates were adsorbed onto the
hydrophobic surfaces, while smaller globular structures were present on hydrophilic
surfaces [122]. Structures adsorbed onto the hydrophilic surfaces via electrostatic
interactions were limited in size due to electrostatic repulsion between other mucin
structures. Electrostatic interaction between these surfaces is thought to be a result of the
positively charges amino residues of mucin interacting with the negatively charged locations
on the surface [121]. The degree of repulsion can also be reduced with the addition of salts
within the system to reduce the overall net negative charge of mucin [121, 124]. Whole
human saliva also imparts smaller protein agglomerates on hydrophilic surfaces; however,
these were denser due to the additional cationic protein interactions with the mucin and

the surface [122].
Influence of surface material - gold surfaces

Gold surfaces seem to adsorb considerably more protein in comparison to other surfaces
[110, 61]. On gold surfaces, a combination of physisorption and chemisorption pathways are
observed as studied by QCM-D and ellipsometry alike [110, 61, 111, 112, 113, 117]. Gold
surfaces have the tendency to exhibit mirror charges, presenting active sites with an
opposing charge to one presented by an adsorbing molecule, following the electrostatic
model of image charges [110, 61]. As mentioned previously, cysteine is a functional amino
acid within the structure of a mucin monomer due to its thiol group (S-H). Proteins with this
thiol group can form strong covalent S-Au bonds which may promoted a stronger layer
adhesion [61, 125]. Mucins have been shown to adsorb to gold by this mechanism, rendering
a stronger bound layer which was more resistant to elution compared to other non-thiolated

proteins [126].
Influence of surface material — hydroxyapatite surfaces

Hydroxyapatite surfaces have been used to investigate salivary protein adsorption as these
represent a similar surface chemistry and heterogeneity to tooth enamel. Hydroxyapatite
surfaces are hydrophilic and possess a net negative charge [67]. Charges on the surface of
hydroxyapatite are determined by the exposed crystal structure on the surface; positive
charges from calcium ions on ‘ac’ and ‘bc’ faces, and negative charges from phosphate ions
on the ‘ab’ face [68]. These have been referred to as C site and P sites [68]. These sites
influence how proteins adsorb. Phosphate (P-OH) groups on the surface of hydroxyapatite
serve as anionic binding sites which favour protein adsorption [127]. Naturally, precursor

proteins like statherins and proline rich proteins (PRP1) form an initial layer; onto which
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mucins can then interact and build up the pellicle in the early stages of formation [117]. In
the absence of these proteins, mucin alone may adsorb by electrostatic interactions
between their positively charged amino residues and the negatively charged P-OH regions
on the surfaces of hydroxyapatite [127]. Furthermore, negatively charged regions of salivary
proteins have been suggested to chelate surface calcium ions, which may further assist in
additional localised protein-surface and protein-protein interactions [128]. In addition to the
P-OH regions, hydroxyapatite has its own calcium sites on its surface onto which the
negatively charged glycosylated regions (COOH groups) of mucin interact with [129]. It is
also thought that the carboxyl groups of mucins bound via the calcium sites expose their
amino group which promotes hydrogen bonding with nearby localised phosphate groups on
hydroxyapatite [129]. The presence of additional negatively charged regions of a protein in
proximity to a surface bound negative residue was also suggested to increase the possibility

of adsorption to hydroxyapatite, potentially by cooperative binding [130].

Influence of other surface characteristics

Surface porosity and pore volume also impact the amount of protein which can adsorb onto
hydroxyapatite, with bovine serum albumin showing a reduced surface adsorption with
increasing pore volume [131]. This mostly effects larger globular proteins, as smaller
proteins such as lysosome can adsorb inside pore [131]. Surface topography also can impact
protein adsorption behaviour. A study investigating the effect of surface texturization on
globular protein adsorption demonstrated significantly differences in layer thickness
between flat and texturized surfaces of the same material [132]. Increasing surface root
mean square roughness (Rq) has been shown to increase fibrinogen adsorption on surface,
which was attributed to the increase in surface area and conformational changes altering
the orientation of the glycoprotein at the surface [133]. A subsequent effect of the
conformational changes can influence the protein layer structure of surfaces of different
surface morphologies. A study of bovine serum albumin adsorption demonstrated this
behaviour with a QCM-D, showing different adsorption phases and layer structures on the

roughness QCM-D sensor compared to untreated flat surface [134].

Clarity with mechanism terminology — electrostatic interactions

Ambiguity exists around the term ‘electrostatic interactions’ which has been used to
describe the main driving force for salivary protein adsorption. ‘Electrostatic interactions’ is
an umbrella term which relates to the interaction of charge molecules or entities within a
molecule which covers ionic interactions, hydrogen bonding, dipole-dipole interactions and

other Van der Waals forces. The issue is that the mechanism is not specified in the saliva
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adsorption literature, to which no comment is made in relation to the binding energies
involved in adsorption. Itis therefore unclear whether the electrostatic interactions referred
to in the literature relate to strong ionic bonding associated with chemisorption, or weak
dipole-dipole/hydrogen bonding/London forces associated with physisorption [115]. This
adds another layer of complexity to the exact mechanisms of salivary pellicle adsorption. To
further understand the exact pathways of salivary proteins adsorption, additional
techniques would need to be applied to further differentiate the mechanisms associated

with electrostatic interactions.

Adsorption kinetics and modelling protein adsorption

Adsorption kinetics describes the interactions between an adsorbate on an adsorbent
surface with respect to time. This can provide an insight into the mechanisms of adsorption
from a mass transfer point of view, with molecules in an aqueous solution forming an
interface with a given surface which can be dependent on the solution’s flow rate, pH and
temperature [135]. Kinetic adsorption models are theoretical models which can be used to
assess the efficiency of adsorbent systems, by describing/predicting the adsorption
behaviour from a given model. These have been used previously to assess catalysis, the
adsorption of heavy metals, dye adsorption and contaminant removal [135, 136, 137, 138,
139]. The most used empirical models are the Pseudo First Order, Pseudo Second Order and

Elovich models. The next sections describe these in further detail.

The PFO model
The PFO model, aka Lagergren model [140], describes the adsorption capacity of adsorbate

to adsorbent as described in Eq. 1.

dt = k1(ge — qt)
Where q; 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

g:=0,q¢=q;, t=0and t =t for Eq. 1 to be re-written as Eq. 2.

Eq. 2
G = qo(1—eFat)

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
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adsorption as over time the number of active sites reduces, reducing the adsorption rate.

This is described in Eq. 3.

- k2(qe — qc)?

Using the same boundary conditions used for the PFO model, this was integrated and
rearranged into Eq. 4.
_ kaqit Eq. 4
U= Jqut + 1
This model was used to describe valance forces through the sharing of electrons between

adsorbent and adsorbate and ion exchange [140]. This model was hypothesised to represent

adsorption of adsorbate to adsorbent surfaces with an abundance of active sites [136].

The Elovich model

The Elovich model assumes the surface to be energetically heterogenous with no
interactions between adsorbed species [138]. The model provides a good fit to
heterogenous surfaces which favour chemisorption as the dominant mechanism of surface

adsorption and is described in Eq. 5.

Eq. 5
% = ae_ﬁqt
dt

Where « 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 [141, 135]. Like before
this equation is integrated with the same boundary conditions as for the PFO and PSO model

and is re-written in Eq. 6.

1 Eq. 6

lln(t) + —In(ap)

Qt:ﬂ B

Model application to mucin adsorption

The PFO and PSO model are commonly used in the literature for adsorption kinetics [142].
Multilayers are more associated with physisorption whereas monolayers are linked to
chemisorption [115]. These PFO and PSO models indicate whether adsorption is more
inclined towards physisorption and chemisorption respectively, while the Elovich model
relates to chemisorption onto heterogenous surfaces in aqueous environments. These
models do not appear to be widely used in the literature when it comes to protein or mucin

adsorption onto surfaces. This seems odd considering a protein or mucin is essentially an
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adsorbate within an aqueous solution which adorbs onto an oral or dental adsorbent
surface. Furthermore, mucin adsorption tends to be described qualitatively, as slow

adsorption or quick adsorption, with no application of an adsorption model [143].

For general protein adsorption, alternative models like the Langmuir kinetic model have
been used. This model is like PFO and PSO models, which examine the surface coverage with
respect to time. The model assumes a fixed number of contact sites exist and the surface
coverage relates to the proportion of free contact sites available during adsorption [144].
This is described by Eqg. 7, where C is the protein concentration in solution, 8 is the area
coverage, k, & kg are rate constants and B(6) is the blocking function. The blocking
function relates to the of surface coverage as B(6) = 6, — 6; where 6, is the surface
coverage at equilibrium and 6, is the surface coverage at time t.

do

i k,CB(0) — k46 Eq. 7
The Langmuir model is limited in terms of determining the adsorption pathways, providing
a simplistic understanding of the adsorption rate onto a fixed number of sites. This universal
model cannot therefore be used to determine the chemical/physical interaction during the
adsorption process, especially when multilayers are concerned. Therefore, for the purposes
of this work the PFO, PSO and Elovich models would be used to provide further insight into

the mucin adsorption pathways onto dental surfaces.
2.2.3  Dental tribology and the operational environment

In order to investigate saliva substitutes in vitro, a suitable operational environment is
required for testing. This sub section aims to address aspects suitable test materials,
associated biomechanics for dental tissue/material testing, types of wear expected and the

implications of a corrosive environment.
2.2.3.1 Considerations for wear testing tooth enamel and dental biomaterials

In restorative dentistry, biomaterials are engineered and applied to restore functionality and
enhance the quality of life of patients in need of therapeutic relief. The biomaterials used
for artificial crowns aim to restore tooth functionality by emulating the mechanical durability
of teeth within the oral environment. However, these materials need to be tested to
understand how the material itself wears and how the material influences the wear of
neighbouring or opposing teeth. The interface behaviour is important from a tribological
point of view to prevent excessive wear of either the biomaterial or the opposing enamel

surfaces, which may result in a further need for restorative dentistry [145]. Enamel and
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biomaterial interactions must therefore be properly tested under relevant simulated
conditions. ISO TS 14569 [146] provides guidance on several methods which can be used to
conduct wear testing of dental restoration materials. Alumina, steatite and human tooth
enamel are materials documented in the ISO as appropriate standard materials to new test
materials against, to understand the effect of new materials interfaced against natural teeth.
While this provides an indication of how to conduct standardised testing of materials, there

are a few limitations to the methods presented relating to the test materials used.

Alumina is a ceramic which has been used as tooth crown material, however recent
developments in the used of ceramics has seen a rise in the used of stabilised zirconia
ceramics as a promising dental biomaterial [147, 148, 149]. Steatite is considered to be a
suitable alternative to tooth enamel for wear testing purpose as it overcomes issue with
shaping enamel counter surface. However, there is evidence steatite exaggerates wear rates
on composite materials compared with enamel [150]. Whereas, human tooth enamel is an
ideal material for wear testing, possessing the mechanical, chemical and structural
properties expected for teeth in vivo. Once again there are drawbacks to this material for
dental wear testing such as tooth variability of chemical composition and structure that
manifest from varying lifestyles, age, gender and species. Furthermore, the complexity of
manufacturing or preparing enamel test pieces can be particularly challenging if a hemi

spherical pin is required. The next subsections further expand on these materials.

Yttria stabilised Zirconia Tetrahedral Polycrystalline (Y-TZP) ceramic

Y-TZP ceramic is a yttria doped (3 mol %) zirconium dioxide ceramic material which is
commonly used for the fabrication of artificial tooth crowns and fixed partial dentures. The
addition of yttria permits structural stabilisation of the zirconia at room temperature in a
tetragonal conformation. The use of Y-TZP became popular in 2008, due to the improved
material properties from doping, which are important to prevent fractures that go on to
cause excessive enamel wear [148]. It possesses a higher flexural strength and toughness,
of 0.9-0.15 GPa and 2.2-4.5 MPa.m?, compared to glass ceramic and other metal-free
alternatives used for tooth replacement purposes, and an elastic modulus between 200-210
GPa [148]. Monolithic Y-TZP crowns possess good long-term durability, biocompatibility,
chemical inertness and aesthetics close to natural tooth enamel [148]. While alumina is
suggested as a suitable test material, it is considerably more brittle in comparison to the
toughened Y-TZP. As the use of Y-TZP is becoming more common, wear testing should adapt

to mirror the material changes in current dental biomaterials. Y-TZP is therefore a suitable
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standard material to perform tribological testing with, as it represents a modern cusp of an

artificial crown.

Limitations do exist with Y-TZP ceramics for as it has the tendency for its crystal structure to
change at relatively low temperatures and humid environments, a phenomenon known as
low temperature degradation. A phase change occurs from a tetragonal crystal structure to
one which is monoclinic, which has been associated with catastrophic failure of femoral
heads in the field of orthopaedics [151]. On the other hand, assessment of this ageing

behaviour for dental applications has concluded it is still clinically suitable [152].

Steatite

Steatite is a magnesium silicate ceramic which classed as an antagonist wear material for
the wear testing of dental materials [146]. It is a semi porous ceramic which has been
observed to possess similar abrasive and friction characteristics to tooth enamel, and was
suggested as a homogenous alternative to tooth enamel for frictional wear tests [150]. It has
an elastic modulus of 100-103 GPa and flexural strength of 0.12-0.48 GPa, closer to the
mechanical properties of tooth enamel [153, 154]. Contrary to this, another study concluded
that steatite was not a suitable tooth enamel alternative as it was shown to be twice as hard
as it’'s enamel counterpart and possessed a greater wear resistance [155]. Although it isn’t
an ideal alternative to tooth enamel, it is considered to a suitable antagonist material for in
vitro material testing. It is not fully clear whether this material would be suitable in terms of
wear testing in environments other than water, which would need to be investigated further

to determine the feasibility of this material for artificial saliva testing.

Tooth enamel

Tooth enamel has been commonly used in the literature in the area of dental tribology, oral
tribology and dental erosion [156, 29, 31, 27] Bovine enamel has also been used in the
literature for numerous wear and erosion studies due it's chemical composition and
structure being the closest alternative to human tooth enamel [41, 48, 157]. The reason
behind the use of alternative enamel models relates to the difficulties associated with the
acquisition of sound human tooth enamel samples. Animal enamel models provide a more
accessible alternative, with minimal variation to the raw samples compared to the age, diet
and lifestyle factors that can influence the composition and structure of human enamel over

time.
2.2.3.2  Biomechanics of mastication

Teeth are primarily used for the process of mastication, where food is sectioned, crushed

and ground into smaller pieces before ingestion. Types of teeth include incisors, canines,
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premolars and molars. Mastication occurs in two phases, open phase and closed phase as
illustrated in Figure 2-12 [158]. Open phase begins the cycle where the jaws startin an open
position and are brought together over the food bolus with no occlusal contact. The closed
phase involves the continuation of jaw but with occlusal loading being applied throughout
the food by opposing surfaces of the teeth. The food is dragged across the surfaces and
crushed. A translational motion then occurs causing grinding of the food or teeth by indirect

or direct loading.

Occlusion can occur outside masticatory conditions in the form of thegosis and bruxism,
which are voluntary and pathological respectively. Both involve the direct contact and
grinding of opposing teeth without food particles separating occlusal surfaces. Thegosis is
the process of sharpening one’s teeth by grinding, while bruxism is an involuntary clenching
or grinding in stressful situations or during sleep [159]. Bruxism can cause significant wear
and even damage, affecting approximately 8% of the adult population and being most

common between the ages of 25-44 [160].

Trapped
food

A B C

Figure 2-12 Tooth contact diagram. A) Open phase. B) Closed phase. C) Thegosis/Bruxism [158]. Arrows
indicate motion of teeth

The mastication cycle lasts approximately 0.7 s with an occlusal time of 0.1 s [158]. When in
contact, sliding distances between teeth range from 0.9-1.2 mm at speeds of 0.25-0.50
mm/s [161]. Loads during mastication vary throughout the cycle with initial contact loads of
10-20 N up to 50-150 N towards to the end of the chewing cycle [162]. The required load for
mastication is ultimately dependent on the physical properties of the food with harder food
requiring more force and softer food requiring less. Furthermore, this only amounts to a
fraction of the total bite force produced by an individual which can vary depending on age,
sex and muscle build. The maximum bite force can range from 600-1200 N with 80% of this

being distributed over posterior teeth and 20% over anterior [163].

Finally, when considering the contact pressure observed during mastication there appears
to be varying results observed. In the work of Anderson, maximum pressures of between 4-

18 MPa were observed for processing biscuit, meat and carrot samples [164]. While on the
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other hand a finite element model in another study predicted a maximum pressure for the
mastication of a bone like substance to be 40 MPa [165]. This suggests that normal
mastication pressures will change due to loading and the properties of the food being

processed.
2.2.3.3  Mechanical wear types, contact mechanics and wear locations

Wear of dental tissues and materials can be caused by four different factors; physiological,
pathological, use of a toothbrush and dentifrice interaction [162]. The physiological
processes of mastication result from ‘attrition” and ‘abrasion’ (in dental terms). ‘Attrition’ is
associated with tooth-on-tooth contact wear, during the impact and sliding of the closed
phase of mastication. Thegosis and bruxism are also forms of attrition outside of
mastication. ‘Attrition’ is more akin to two body abrasion in tribology, which relates to the
mechanical loading of a body’s surface asperities, cutting away the surface of a counter body
when in relative motion [166]. ‘Abrasion’ relates to three body abrasion in tribology, where
additional abrasive particles are present in the contact interface. These can include: abrasive

particles from toothbrushing, or food particles during mastication.

Two body abrasion is the main cause of wear of the occlusal surface of human tooth enamel
and leads to progressive material loss and flattening over the years [167, 166]. An in vivo
study estimated steady state wear on occlusal contact areas ranged from 15 — 29 um per
annum [168]. In addition to this, wear can occur on both the buccal surfaces (closest to lip)
and lingual surfaces (closest to tongue) of teeth from abrasive food particles during
mastication [167]. Normally during mastication, food can act as a lubricant over enamel —
enamel contacts reducing the coefficient of friction and with a reduced pressure (as forces
are distributed over a larger area) three body wear produces a smaller amount of wear
compared to two body wear. However, in some studies on early composite functional
surface materials it was noted that there was significant wear in locations where no occlusal
contact occurred leading to the concept of the occlusal contact area and contact free
occlusion area [169]. Figure 2-13 demonstrates the concept, where the cusps of the teeth
come into direct occlusal contact with the opposing surface where two body wear is
expected. Surrounding this area there is no direct contact between the teeth, however wear
can still occur from entrained food particles, making up the rest of the wear in these
locations [170]. Given the motion of teeth during mastication, it can be assumed that any
wear track presents evidence of two-body wear in direct occlusion areas while evidence of

3 body wear directly outside of this in indirect occlusion areas.
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Occlusal
\ Contact Area

Figure 2-13 Diagram of contact and contact free areas of occlusion [170].

The extent of wear from abrasion can depend on the hardness properties of the interacting
bodies, the mechanical loading/ contact pressures and the amount of relative motion
between bodies. These can contribute to different mechanisms of wear on the enamel
surfaces. Ploughing, micro-cutting, chipping, polishing and micro-cracking are mechanisms
associated with enamel abrasion which ultimately influence the material loss volume [171,
172]. The repetitive impact and sliding of mastication cycles also enhance the propagation
of subsurface microcracks, referred to as fatigue wear [172]. When these cracks propagate

to the surface, delamination can occur removing superficial fragments of tooth enamel.
2.2.3.4  Dental erosion (corrosion)

Defining corrosion in dentistry

In tribology, “erosion” is the damage of a surface caused by the impact of solid or liquid
particles. Consequently, the volume of erosive wear is dependent on the particle material,
size, impact velocity and impingent angle [173]. This definition of wear is considerably
different to what erosion refers to in dentistry. “Dental erosion” is a condition which is
influenced by chemical, biological and behavioural factors. Cate and Infeld [174] define it as
a pathological, chronic and localised loss of dental hard tissue resulting from chemical
etching by acids or chelation, ignoring acidic products of bacteria. Rather than the impact of
high velocity particles removing tooth material, extrinsic and intrinsic chemicals are
associated with erosion in dentistry. This definition is closer to what engineers refer to as
“corrosion”, where materials degrade due to chemical and/or electrochemical processes
[26]. The common factor between corrosion and dental erosion is that fundamentally they
are the result of a chemical reaction or influence leading to surface material degradation
and loss. It could therefore be said that dissolution, demineralisation and dental erosion all

come under the theme of corrosion.
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Teeth and corrosion

Corrosion of tooth enamel can occur in two stages. The initial stage of corrosion causes
enamel softening by demineralisation, which can be reversed [175]. Demineralisation occurs
under acidic conditions on the superficial surface of the tooth. This involves the removal of
calcium mineral ions (Ca%*) from the hydroxyapatite crystals in the enamel, dentine or
cementum which progressively lead to tooth degradation. This is usually caused by acidic
attack from the diet, certain pathologies or acids produced by oral bacteria. Hydrogen ions
within acidic solutions directly attack phosphate or carbonate groups of the hydroxyapatite
prisms which make up the structure of tooth enamel, as shown in Figure 2-14 [38]. If acids
that interact with teeth contain carboxylic acid groups, these can dissociate and become
chelating agents. These go for the cations in teeth, the calcium, and can form strong
complexes. Therefore, different types of acid lead to different rates of dissolution,
independent of pH, releasing calcium and phosphate ions into the oral environment [176].
Figure 2-14 shows the chemical equations for the cycle of demineralisation and

remineralisation.

<pH5.5

Demineralisation

/ + 8H+[aq]

Cayo(PO,)s(OH)ys 10Ca2* (q)+ 6HPO,2 (5 + 2H,0

Remineralisation

>pH 5.5

Figure 2-14 Demineralisation and remineralisation of hydroxyapatite in teeth.

If acid is removed and the pH rebalanced by saliva, remineralisation can take place which is
the reverse process of demineralisation. This occurs when conditions are no longer acidic,
preferably above pH 5.5 or even slightly alkaline, and there is sufficient saliva saturated with
calcium and phosphate ions to allow repair of partially demineralised hydroxyapatite
crystals. Fluoride ions may also influence remineralisation, replacing the hydroxyl groups to
form a fluorapatite crystal which is considerably less soluble than hydroxyapatite [177].

Statherins in saliva and the pellicle have also been seen to keep high concentrations of
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calcium and phosphate ions close to the tooth’s surface, leading to slower dissolution rates

in these regions [177].

Causes/Factors influencing dissolution

As mentioned above, corrosion in dentistry can be influenced by 3 types of factors; chemical,
biological and lifestyle factors. The saturation of calcium and phosphate in food stuff is of
great importance regarding demineralisation. While an oversaturated solution has no effect
on the dissolution of tooth enamel, under-saturated solutions can cause mineral ions to
leave the enamel surface while also causing a local increase in pH. This occurs until the liquid

layer surrounding the tooth enamel is saturated, softening the outer enamel.

Acids like citric acid can be quite problematic due to the way they attack teeth. When the
acid dissociates in water, hydrogen ions and citrate anions are released. The hydrogen ions
directly attack the crystal structure, usually going for carbonate or phosphate groups. The
citrate anion on the other hand directs its attention to calcium, forming an anion calcium
complex which can remove calcium ions from the crystal structure, an example of this is
shown in Figure 2-15. The strength of these complexes can depend on the structure of the

anion calcium complex and how easily it can attract calcium ions.

Figure 2-15 Calcium citrate complex example where two citrate anions have complexed a calcium cation.

In one study, 32% of calcium ions in saliva were observed to be complexed by the citric acid
present in common fruit juice [178]. This reduced the supersaturation of the saliva with
respect to the tooth enamel and resulted in the increase of demineralisation. While
increasing the calcium and phosphate content of foodstuff and beverages does not
completely stop corrosion in teeth, it can significantly reduce the amount of wear. This is

shown in a study conducted by Hughes et al where calcium salts were added to blackcurrant
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juice and compared to orange juice, reducing the erosive potential [178]. Fluorides may also
provide additional protection, especially in terms of tribo-corrosion. Sodium fluoride
solutions have shown a reduction in enamel corrosion and abrasion compared to non-

fluoride solutions and dentine under the same treatment [179].

Exercise can also have an impact on tooth dissolution. Heavy exercise can lead to
dehydration, resulting in reduced salivary flow, clearance and buffering capacity. Consuming
sport drinks afterwards would also enhance demineralisation as there are less biological
protective factors preventing this. Swimming also can influence this as, in some instances,
the pH of a pool will be low due to the use of sodium hypochlorite for cleaning [6]. Again,
drinking sports drinks straight after would enhance demineralisation. As well as the extrinsic
acid interactions, there is also the risk of intrinsic factors. Vomiting, regurgitation,
gastroesophageal reflux and rumination can introduce gastric acids to dental and oral
tissues. These tend to have a pH between 1-1.5 which is considerably lower than that critical
dissolution pH of enamel which is pH 5.5 [180]. Psychosomatic conditions like anorexia and
bulimia, endocrine disorders, reflux and poor oral hygiene habits can also lead to increased

tooth dissolution.

The erosive potential is a determining factor on the progression of tooth dissolution which
is determined by 4 things; the type of acid interacting with dental hard tissues, the pH, the
titratable acidity which is the total concentration of protons and undissociated acids in a
solution that can be neutralised with a strong base, and the chelating properties. There are
two ways of preventing erosion, either by decreasing the erosive potential or increasing

tooth resistance and protection.
2.2.3.5  Wear mechanism synergism - Tribocorrosion

In the oral environment, a combination of corrosion and abrasion can occur simultaneously
which can have a great effect on tooth material loss. Corrosion of enamel can result in a
softened, degraded surface from demineralisation and dissolution. The enamel softening
that occurs is dependent on the severity and frequency of acid exposure [181]. Should the
enamel remain in contact with an acid, this can lead to a layer-by-layer loss of surface
enamel, which cannot be reversed [175]. When combined with the mechanical sliding of an
opposing body, approximately 200% more wear can be observed compared to alternative
cycling of corrosion and abrasion [182]. This presents a potential area to further investigate

the role of tribocorrosion.
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2.3 Literature review of in-vitro experimental methods to investigate

tooth tribocorrosion and the effects of protein layers

Itis unclear what components of artificial saliva’s are necessary for the protection of enamel
against tribocorrosion. Most studies in the area utilise static corrosion models, where
enamel samples are immersed in either an acid or artificial saliva, followed by subsequent
surface hardness measurements and/or calcium ion release into solution [106, 183, 30].
While this does provide information on the effects of remineralisation and demineralisation
of artificial saliva and acid solutions respectively, it focuses on the corrosion aspect of overall
tooth material loss. However, a combination of mastication in a corrosive environment may
enhance tooth material loss from these interactions and potentially their synergetic effects

between mechanical and chemical wear.
2.3.1 Tribology and tribocorrosion studies on tooth wear

The tribology of teeth is an area which has gained interest in recent years. Due to the
complexity of teeth in the oral cavity many of these studies were in vitro lab simulations.
This allows more control to determine individual influences on friction and wear behaviour.
Zhou et al [162] are one group which have looked at the microstructure and mechanical
properties of teeth, the age of teeth and the predominant wear mechanisms of teeth under
reciprocating sliding conditions. The sliding phase of mastication is an important area of
study considering that peak loading occurs during this phase, in addition to the more severe
sliding conditions associated bruxism. As well as the mechanical side of things, they have
also integrated aspects of the oral environment in their testing to determine influential
factors from both biological and chemical origins on the friction and wear behaviour of

teeth.
2.3.1.1  Friction and two-body abrasive wear under wet and dry conditions

Li et Zhou [184] examined the dry and lubricated sliding conditions on tooth wear. The
artificial saliva used acted as a coolant and lubricant in the wear process compared to an
unlubricated, dry condition; much like the hypo-salivary like conditions of xerostomia. The
wear scar depth under lubrication was approx. 10 um compared to a depth of 21 um under
no lubrication. While this was an in vitro preliminary study, it does provide an insight into
how saliva might influence tooth wear in vivo. Reciprocating tests were conducted under a
ball on flat configuration, using a pure titanium and a 52100-grade steel ball, as presented
in Figure 2-16 [184]. Test conditions were conducted at 20 N, which would provide max

contact pressures (Pmax) between 100 — 130 MPa as calculated by Hertzian contact
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mechanics, assuming the elastic moduli of the dentin used was between 10 — 15 GPa as

shown in Table 2-1.

Load cell j -

Offset cell

Adjustable wheel

Pulley

Flat specimen

Ball-shaped

specimen
PO Weight

Actuator ram .
Bearing Spring

Piston

Figure 2-16 Schematic of friction and wear test rig [184]. Normal load is applied using the weight and pulley
system, holding the flat sample against the ball. The piston reciprocates up and down to permit small scale
displacement of the ball against the flat sample.

Pure titanium provided a more realistic contact pressure compared to steel, in addition to
the oxidation of the steel surface and surface heating. While these results did not compare
the impact of an artificial saliva on the friction and wear behaviour of a tooth enamel surface,
they did indicate the role saliva has on reducing friction and wear. The coefficient of friction

results are outlined in Figure 2-17.
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Figure 2-17 Friction of pure titanium against tooth dentin under dry and wet conditions over 5000 cycles
[184]. After 100 cycles both present an increase in particle build up in contact when coefficient of friction
increases.

Under dry conditions, the coefficient of friction (COF) increases to about 0.3, which become

more unstable leading to a further increase up to over 0.6 before settling to 0.5. Conversely,
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the friction remains low for the first 100 cycles before increasing and settling at 0.52 in
artificial saliva [184]. Particle detachment and delamination could be one explanation to the
destabilisation of the coefficient of friction under dry conditions. Interestingly the artificial
saliva solution used contained 1 g of Urea, which changed to 2.2 g of porcine gastric mucin
in later studies by the same authors. The composition of the artificial saliva use in the first
study is displayed in Table 2-6. What is interesting is that the mass of urea is lower than the

protein composition found within saliva.

Table 2-6 Composition of artificial saliva used in [184].

Substance Amount
NacCl 04g
KCl 04g
CaCl;.2H,0 0.795 g
NaH.P0,4.2H,0 0.78¢g
Na;S.9H,0 0.005 g
Urea 1g
Distilled water 1000 ml

Another study examined wet and dry sliding conditions on bovine enamel at the nanoscale
[185]. Sliding tests were performed under a conical diamond indenter tip (radius of 1200
nm) with normal loads of 400 pN, yielding a Pmax between 4.641 - 11.624 GPa. These
pressures are much larger than previously mentioned study, and their results should be
considered accordingly. The area of abrasion, from two body wear, was larger in the dry
condition compared to the wet hanks balanced salt solution (HBSS) condition. While it was
suggested that these differences may have been due to the method of cleaning the samples,
it does also indicate that there is a resistance to two body wear under the HBSS condition,

which highlights the importance of salt interaction with enamel [185].

A brittle fracture mechanism may have been observed in the later stages of wear testing
under dry conditions conducted by Li et Zhou [184]. However, it’s hard to compare the wear
mechanisms described in these studies due to limiting factor related to test methodologies.
The higher contact pressures from the diamond nano-scratch tip are physiologically
unrealistic, which is attributed to the normal loading, counter face material and counter face
geometry used for testing. Under these more physiological conditions, a different

mechanism might be observed. Scratch tests on bovine enamel suggested plastic asperity
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deformation and sub surface fatigue mechanisms occurred in both wet and dry conditions.
Enamel wear under high contact pressures may initially start by plastic deformation at the
surface which is followed by sub surface crack formation after repetitive loading/sliding
cycles. Propagation of these cracks may then lead to surface enamel removal by
delamination, exposing softer subsurface enamel into the interface. Particle detachment

also introduces potential a 3™ body element to tests.
2.3.1.2  Friction and three-body abrasive wear in lubricated conditions

The impact of 3" body particles on tooth wear was examined, using a rig which incorporated
afood slurry bath as shown in Figure 2-18. Ground mill seeds and rice were used to simulate
food particles under masticatory loads of 10 N, 20 N and 40 N [186]. This related to Pmax
between 120 — 385 MPa of the two-body system (titanium ball on enamel), excluding the 3™
body particles, which is much larger than the 40 MPa contact pressures observed during

mastication [165].
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Figure 2-18 Schematic of 3rd body wear testing rig [186].

Test performed at 20 N under artificial saliva conditions presented a different friction
behaviour to the previous study [184] as the coefficient of friction increased from 0.2 to 0.8
before reaching 100 cycles, which further increased to 1.0. Differences between the
coefficients of friction, 0.52 when stabilised compared to > 1.00, might be attributed to the
surface materials used, dentine in one study and enamel in the other. A similar friction
behaviour was observed under 10 N. Under higher loads, 40 N, changes to the coefficient of
friction occurred much earlier, however remained at 0.8 for the remainder of testing, lower
than the lower loads [186]. The addition of a 3™ body element reduced the coefficient of

friction towards the later stages of tests when compared to the two-body tests for all loads.

Aside from the friction, the surfaces were also examined with an optical microscope to
characterise the wear in terms of incremental loading and abrasion type, as shown in Figure

2-19. In both two and three body wear modes the wear volume was observed to increase
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with normal load, which steadily increased under the three-body condition and considerably
increased under the two-body condition [186]. Once again, evidence of ploughing leading to
brittle surface delamination was observed for the two-body wear conditions, displayed in

Figure 2-19a) b) and c).

b) 20N

Figure 2-19 Wear areas of enamel surfaces under optical microscope. Two body wear tests are displayed for
normal loads of 10 N a), 20 N b) and 40 N c). Three body wear tests are displayed for normal loads of 10 N d),
20 N e) and 40 N f) [186].

Under three-body conditions, evidence of ploughing was present along with pitting on the

surface. No evidence of surface layer delamination was observed.

This study showed that that considerably more wear was attributed to two-body abrasion
compared to three-body abrasion. These results also link to the habitual grinding of enamel
by bruxism or thegosis. Ploughing and delamination wear mechanisms have also been
observed in similar studies under more repetitive loading conditions [158]. When compared
to the earlier two-body studies, the test conditions influenced the observed wear
mechanisms, with surface ploughing appearing to be a more prominent factor leading to

enamel wear.
2.3.1.3 Influence of an acidic environment on friction and wear behaviour

Aside from two and three body contact under lubricated conditions, the role of acids within
the operating environment have been investigated in vitro. This provided further insight into

the chemical wear associated with tooth enamel.
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Tribo-tests have been performed in solutions which may commonly enter the oral
environment, including red wine and apple juice which contained tartaric acid and malic acid
respectively [29]. An enamel cusp on enamel plane pin-on-disc configuration was used for
tribometer set up. Loading was cyclical with a mean normal load of 35 N, relating to a
calculated Pmax between 0.713-1.860 GPa, and the test solution’s pH was varied [29].
Variation in the friction and wear were determined by splitting samples into two groups;
high wear and low wear. The coefficient of friction of high wear sample increased over the
test duration from 0.18-0.21 to 0.2-0.3 for pH 3.25 red wine and pH 3.46 apple juice
respectively [29]. The low wear sample at the same pH displayed the opposite friction
behaviour, with the coefficient of friction decreasing from 0.20-0.10 and 0.22-0.14 for red
wine and apple juice respectively [29]. This behaviour indicated that the pH and acid type

alone are not the only factors which influence the friction behaviour of the whole system.

Surface examination with scanning electron microscopy provided evidence of crater
formation the removal of large fragments from the surfaces of high wear apple juice sample
compared to smaller flake removal on low wear samples [29]. Red wine samples presented
a smoother surface to the apple juice samples, and evidence of surface cracking on the high
wear samples [29]. Differences to friction and wear behaviours were explained by the
presence of a “dissipative structure” in these acidic environments, a term which isn’t made
particularly clear and was assumed to be related to the formation of a thin surface film/layer

[29].

In other studies, isolated acids have been studied to mitigate the effects of additional
components on the friction and wear behaviour. Acid reflux conditions were examined using
hydrochloric acid for loads of 32 N, 36 N and 100 N (Pmax between 528 — 814 MPa) between
enamel and dentine tribo-couples [187]. Below pH 2.2, enamel was observed to produce
more wear than the dentine, an interesting behaviour considering the hardness of enamel
compared to dentine. Above this pH, the reverse was observed. Furthermore, more surface
wear was attributed to test performed in the control solution, deionised water, compare to
pH 3 conditions [187]. This further illustrates the complexity of the role of acid on the friction
and wear behaviour of tooth enamel. In this case, it was thought that the weaker acids
interact with the enamel surfaces, leading to enamel softening and therefore reducing the
contact pressure involved. This would change the wear mechanism form brittle fracture and

surface delamination to a ploughing mechanism, attributed by a smoother wear scar [187].

Enamel softening (decreasing surface hardness), observed by nanoindentation methods,

occurred rapidly within the first few minutes of exposure to citric acid, as the softening rate
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decreased with exposure time [30]. Nanoscratch tests on the acid exposed enamel also
increased the coefficient of friction with exposure time [30]. Despite different scales of
testing, these results expand on the behaviour observed in the high wear samples discussed

previously [29].

Further studies on the effect of erosion depth and its tribology after acid treatment showed
changes to the enamel moving from the outside surface inwards. Hardness was shown to
decrease from the outside of the tooth inwards while the substance loss and wear volume
increased [31]. This suggests two things about the hardness of enamel, acid interactions
reduced surface hardness and, hardness decreased with depth from the outer surface. Both
aspects are important when it come to the preparation of samples for testing and
subsequent test results. Furthermore, more dissolution occurred in the centre of the enamel

rods compared which resulted in a rougher surface profile [31].

Further studies investigated the wear behaviour of enamel under low and high load sliding
conditions in a citric acid environment to find corrosive wear to be more predominant under
low loading conditions [188]. This is particularly the case for citric acid at lower pH values.
Another study used a pin-on-disc tribometer with a hypodermic needle to simulate lubricant
flow, as shown in Figure 2-20. The study compared the pH of acetic and citric acid on friction
and wear behaviour [27]. Wear volumes were larger under low pH conditions compared to
high pH conditions, presenting a reduced elastic modulus and surface hardness [27]. The
coefficient of friction behaviour was similar to the low wear samples in the red wine and
apple juice study [29] with a reduction in friction over the test duration. Brittle delamination
was also observed, similar to [188], with visible surface flake removal from the surface.
Removal of the outer enamel layer combined with acid softening also resulted in a smooth

work area attributed to ploughing.
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Figure 2-20 Wear test configuration with lubricant flow [27].
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Interestingly, wear under acetic acid conditions was comparable to that of deionised water
and less surface wear was observed under citric acid conditions. This may ultimately relate
to how the solution interacts with surface which impact the wear mechanisms under these
different environments. Furthermore, it was hypothesised that the penetration of the acid
into the bulk material may also influence the surface and subsurface mechanical properties
[27]. This was further investigated with a similar set up for lactic, acetic and citric acid
between pH 3.2-3.5 [28]. Similar wear mechanisms were observed for deionised water and
acidic conditions to the previously mentioned study [27], however focused ion beam
examination provided a greater insight into the subsurface changes of enamel.
Perpendicular subsurface cracking was observed for lactic and citric acid environments while

U shaped cracks were observed for acetic acid, as shown in Figure 2-21.

Figure 2-21 Focused ion beam images of subsurface enamel cracks after exposure to a) citric acid, b) lactic
acid and c) acetic acid [28].

Both deionised water and acetic acid had a similar coefficient of friction, of 0.72 and 0.75
respectively, and produced rougher surfaces compared to the other acids [28]. Acetic acid
was hypothesised to cause more dissolution due to its relatively smaller size in term of molar
mass compared to lactic and citric acidic molecules. However, this fails to explain how citric
acid possess a greater dissolution ability to lactic acid, as the molar mass of the former is
greater. This is where the structure of citric acid may influence dissolution, as citrate anions
possess a high affinity to calcium ions which may increase the rate of dissolution

independent of size and surface penetration [28].

Aside from dissolution and corrosive wear, one study has studied the remineralisation
effects of gallic acid on tooth enamel [189]. After acetic acid exposure gallic acid was used
as a calcium ion carrier to remineralise the enamel, changing the wear behaviour from
plastic deformation on untreated surfaces to brittle fracture on treated surfaces [189]. It
was suggested a more brittle layer was formed in the absence of enamel matrix protein that

would enable more energy dissipation. The same effects were observed for surfaces
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exposed to acid and remineralised with an artificial saliva solution, where the hardness was
partially restored [32]. X-ray crystallographic examination indicated that the peak intensities
of the original and eroded samples were much higher compared to that of the remineralised
samples [32], shown in Figure 2-22, indicating a reduction in enamel crystallinity. While teeth
samples can be compared to some degree, these two studies indicated that remineralisation
will not fully allow the enamel to regain its original properties after exposure to an acidic
solution. Instead, a more amorphous hydroxyapatite structure is formed without organic
components, creating a more brittle and rougher surface which may be easily removed later

down the line.
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Figure 2-22 X-ray diffraction patterns for control (original enamel before corrosion), eroded and
remineralised enamel [32].

2.3.2  Protein films on corrosion

There a very few studies which examine both the tribology and protection of protein films
that form on enamel surfaces. Studies have mainly focused on the influence of a protein or
saliva film on enamel during corrosion alone. Pellicle formation studies which use whole
human saliva can be complicated due to the time constraints of: gathering healthy
volunteers, collecting saliva in a safe and responsible manner, pooling it together and storing
it for a limited period. Once removed from the donor, it must be used as soon as possible
before it begins to degrade and exhibit properties that are different to saliva in-vivo. A lot of
work has used artificial saliva due to this issue as it is inexpensive and easier to get a hold of
for in vitro testing for erosion studies. This provides an initial insight into the capabilities of

artificial saliva substitutes.

The composition of an artificial saliva plays an essential role for the remineralisation of

tooth enamel. A study conducted by lonta et al [89] tested the influence of 5 different
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artificial saliva compositions on the microhardness of enamel samples, before and after acid
treatment and subsequent 2 hr immersion. Artificial saliva solutions which contained mucin
did not present beneficial remineralisation compared to non mucin solutions, the later
present a fractionally greater change to surface hardness [89]. It was suggested that the role
of mucin may influence the mineral diffusion due to its viscosity. As mucin in whole human
saliva has been observed to provide protection against citric acid [190], the inhibition of

mineral diffusion is necessary for protection in an acidic environment.

An interesting follow up to this study [89] reversed the treatment process to examine the
impact artificial saliva solutions on demineralisation [191]. Enamel surfaces were initially
immersed in deionised water, a salt only artificial saliva and whole human saliva which
represented a salt and protein solution. Surfaces were then subjected to repeated cycling of
citric acid, followed by immersion in the test solution and surface height, roughness and
hardness measurements taken after each cycle. Saliva provided the lowest step height for
all solutions but did present the largest surface hardness change of 2.33 GPa and a rougher
surface area [191], as shown in Figure 2-23. It was suggested that the proteins within natural
saliva, which form a surface pellicle, also modify mineral diffusion on the enamel surface by
retaining a high concentration of calcium and phosphorus ions close to the surface during
demineralisation. After acidic attack, this concentration gradient ensures remineralisation
to quickly occur and prevent further surface damage. Furthermore, artificial saliva solutions
with mucin were observed to provide comparable enamel protection to whole human saliva

in erosive conditions [106].

Acid treated enamel surfaces also influence the adsorption and protective capabilities of
salivary proteins. Total protein content and the amount of statherins tended to be less on
these surfaces compared to healthy surfaces in vivo [192]. The statherins are important to
facilitate further adsorption of salivary proteins; a reduction in calcium and phosphate ions
inlocalised regions may reduce this [192]. It is unclear how mucin may behave in the absence

of similar pre-cursor proteins.
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Figure 2-23 a) Surface are and profile for baseline and eroded surfaces under the three test solutions, and b)
the average surface roughness of surfaces [191].

2.3.3  Protein film modification

To effectively reduce the effects of dental wear by corrosion, techniques have been applied
to modify salivary films to enhance protection. This can either be done by treating a pre-
formed layer or altering the saliva composition to self-assemble a layer with different
structural properties that benefit tooth protection. The addition of specific salt ions and

proteins have been previously investigated with salivary films.

Preformed salivary pellicles have been treated with combinations mucin and casein to

assess the impact on demineralisation, measured by micro hardness [73]. Alone, both
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proteins had little impact on the micro hardness change, but together a synergism was
observed with less demineralisation overserved as shown in Figure 2-24. It was hypothesised
that albumin was substituted with the casein on the enamel surface, enabling a strong
protein-protein interactions with mucin to form a micellar surface structure that increases

the layer’s thickness and density [73].
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Figure 2-24 Micro hardness loss after three erosion cycles [73].

Increased calcium ion concentrations also improve the protective abilities of a salivary
pellicle by promoting crosslinking of proteins within the layer, when adsorbed whole human
and parotid saliva was examined with a quartz crystal microbalance with dissipation
monitoring (QCM-D) [193]. Layers formed on gold sensors presented an increased layer
thickness and mass, while the layer’s dissipation decreased. This suggested that the
increasing the calcium ion concentration altered the structural properties of the layer, and
therefore the layer’s viscosity and shear properties. It wasn’t clear how this might have

influence enamel protection under mechanical or chemical interrogation.

Future work by the same group further examined the impact of salt concentrations and
alkaline pH solutions, with an additional focus on the layer’s physical properties and
lubrication [59]. Sodium bicarbonate treated saliva solutions demonstrated improved
lubrication compared to the phosphate buffered control saliva, when assessed by a mini
traction machine. However, when examined by QCM-D, repeated rinsing with sodium
bicarbonate solution resulted in a reduction in adsorbed pellicle mass, while no significant
changes were observed for sodium chloride, control and alkaline solutions [59]. It was
thought that the ionic activity from the sodium bicarbonate may influence the protein

structure by preventing protein crosslinking by effectively shielding the charges on the
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pellicle proteins [59]. It was also thought that the alkaline phosphate buffer solution may
have had an impact on the pellicle as a reduction in mass was observed. The structure may
have been altered due to disruption of disulphide bridges in cysteine like proteins which
contain thiol groups. This highlights the complexity of being able to modify the structure of
the pellicle to improve its strength and functional performance. While the addition of one
substance can improve a property, another may be altered as a result which may reduce its

overall protective capacity.

The influence of fluoride ions on the pellicle has also been studied, as the addition of fluoride
ions in various oral health related products have been shown to improve and reduce tooth
loss. The fluorides can form fluorapatite crystals during remineralisation which are less
soluble in acidic conditions. Hove et al [194] investigated titanium tetrafluoride treatment
on both bovine and human enamel with an adsorbed pellicle under acidic conditions. A
decrease in calcium ion loss from both bovine and human enamel was observed when
pellicles were treated with titanium tetrafluoride compared to treatments without a pellicle
or titanium tetrafluoride alone, as shown in Figure 2-25. Interesting the presence of a pellicle
had little impact on calcium loss compared to untreated enamel. Furthermore, total calcium
loss after treatment with a pellicle and titanium tetrafluoride was significantly less in bovine
enamel compared to human enamel. Aside from this, the combined treatment may exhibit
a similar behaviour to calcium ion interactions with a pellicle; promoting protein crosslinking
and strengthening the film’s structure [193]. This improved protection has also been

observed in other studies and linked to potential crosslinking [195, 196, 197].

Treatment Mean Ca loss, p.g/mm2
bovine human
1st acid 2nd acid 3rd acid total Ist acid 2nd acid 3rd acid total
exposure exposure exposure exposure exposure exposure
No pretreatment 13.4+1.4% 122+1.3* 133+1.6* 389+27° 12.0+3.1*  12.5+3.1* 153+42° 39.8+9.12
Pellicle 122428 120+1.2* 12.6+14* 387+43° 13.2+27° 13.0%+2.6° 13.7+23* 308+58
TiF, 32427 53+1.9" 59+19> 143+509P 67+12° 58+23" 7.1+33> 196+66°
TiF, + pellicle 0.1£0.2°  26+26° 3.6+1.7° 64%35° 58+1.8¢  61£21" 60%£1.7° 17.9+47°

Within columns (i.e. comparing the treatments), means sharing the same superscript letter are not significantly different (p > 0.05).

Figure 2-25 Mean Ca loss (ug/mm?) after exposure to hydrochloric acid on bovine and human enamel [194].

An artificial saliva would need to be able to protect enamel much like a natural saliva does
by creating a protein layer, the pellicle, on the surfaces of teeth. The pellicle serves to protect
enamel from both mechanical and chemical forms of wear, so being able to artificially build
a layer with similar properties would be a step forward to improving current therapies. It's
therefore important to consider the biological implications of tooth loss by studying how it

can reduce the impact of tribocorrosion.
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Being able to maximize protection against tooth tribocorrosion is an area of growing interest
for effective enamel protection [181]. Knowledge of this is essential for improved artificial
saliva substitutes for the future of tribocorrosion testing and the development of enhanced
commercial preventative therapies [6, 21, 181]. To engineer saliva substitutes, the

underlying mechanisms of degradation need to be understood.
2.4 Summary

2.4.1 Background summary

This chapter cover the relevant background material of teeth within the harsh and ever-
changing environment of the oral cavity. First, the composition, structure and properties of
tooth enamel which is the functional surface of importance within this tribological
environment with protection in mind. Alternative materials used in wear testing were also
discussed for the purposes of wear testing and conducting research on in this project. Using
Y-TZP as a standardised agonistic material for wear tests, steatite could be assessed against
bovine enamel surfaces in terms of its feasibility as a representative tooth surface.
Understanding the similarities and differences in surface characteristics, before and after
wear testing, and lubrication behaviour in a mucin environment would provide a suitable

assessment of steatite in future tooth tribology studies.

Secondly, the composition of electrolytes and proteins in natural saliva are important in
terms of lubrication and tooth dissolution prevention. Salivary proteins have film forming
abilities which adhere onto oral soft tissues and dental hard tissues. The adhesion of these
proteins is influenced by other proteins and ionic components in natural saliva as well as the
overall solution pH. In healthy individuals this can lead to the formation of a strong protein
pellicle that can act as a boundary lubricant under sliding conditions and as a diffusion
barrier to tooth dissolution. This can essentially reduce the overall tooth dissolution when
introduced to acidic challenge from diet, lifestyle factors and health disorders which

introduce intrinsic acids to the oral cavity.

Individuals who suffer from saliva inhibiting conditions like Xerostomia are more at risk of
tooth dissolution from these acidic challenges due to a reduction in salivary flow, ensuring
reduced protein film coverage and protection from the film and the neutralising ability of
the saliva. There have been therapies aimed for these individuals in the form of artificial
saliva. However, it seems to be the case that these commercially available substitutes fall
short from natural occurring saliva. Being able to retain water on oral and dental surfaces

being a key requirement for long term relief. Mucin-based saliva substitutes generally
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perform better in terms of lubrication and tooth dissolution prevention, both in lab studies
and clinically. To serve as an effective therapy for dry mouth relief, mucin substitutes would
need to be further developed, with a supersaturation calcium and phosphate to further
improve its protective ability against tooth dissolution. Furthermore, the addition other
proteins or substances which can promote protein-surface adhesion and protein-protein
bonding would be beneficial in encouraging a stronger protein film that is comparable to a

natural dental pellicle.

Before this can occur, further information on mucin behaviour needs to be uncovered in
terms of its adsorption mechanisms and kinetic pathways, rheological properties of surface
layers and how these layers ultimately define its overarching lubrication behaviour. The
composition of a mucin based artificial saliva needs to be broken down into a mucin only
component without the complexity of addition electrolyte and synergistic
proteins/polymers that may influence adsorption behaviour and layer properties.
Assessment of these layers on uniform surfaces may uncover the underlying kinetics of
adsorption in addition to the influence of surface composition on adsorption kinetics, layer

strength and the subsequent layer’s rheological properties.
2.4.2  Literature summary

Most tribology studies incorporated the use of reciprocating sliding tests under a ball on flat
configuration or conducted nano-scratch tests to understand tooth wear under specific
conditions. Under dry conditions, wear seems to be dominated by the brittle fracture of
asperities, exhibiting rougher worn areas compared lubricated conditions. This type of
behaviour was hypothesised to be comparable to what might be expected for individuals
with Xerostomia. Under lubrication with an electrolyte solution, plastic deformation and
subsurface fatigue mechanisms seem to be more common. It would seem over longer
testing conditions, both dry and lubricated tests would end up with three body debris

generation with these mechanismes.

The addition of an acidic component to reciprocating tests allowed investigation into the
mechanisms of enamel attrition-corrosion aka tribocorrosion. Instabilities in the friction and
wear behaviour became more apparent under these conditions with some studies
suggesting acidic environments reduce surface wear, while other studies increase this.
Discrepancies like this may be attributed to what has been used to measure wear.
Traditionally, comparing the material volume loss from a wear scar would serve as an
indicator to the wear of the system. However, the penetration of acids into the subsurface

of tooth enamel suggests corrosion may be occurring subsurface, softening the enamel.
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Softening of the enamel changes the wear mechanism from brittle fracture and

delamination to a ploughing mechanism which results in smooth worn surfaces.

When it comes assessing the demineralisation/remineralisation of enamel, the most
common method of study relies on static dissolution cycling. This is done by alternating
between acids or saliva type solutions and comparing the surface micro hardness after
treatment to a benchmark. While micro hardness testing can provide an indirect measure
to the level of demineralisation/remineralisation, this does not provide an answer to the
level of overall tooth degradation or protection from the corrosive system. One method of
interest compared the calcium loss after each dissolution cycle, providing a quantitative
means which related to the overall tooth degradation. This method has not been used in
tribology studies concerning tooth enamel and could serve to expand on what is known

about the contributions to overall tooth degradation.

Natural saliva is best when it comes to the protection of teeth in acidic environments,
however mucin containing artificial saliva solutions have been observed to provide
comparable protection. Unfortunately, studies which examine mucin in terms of tooth
protection under static and dynamic test conditions are lacking. Studies tend to focus on
salivary protein layers and how additional components, be it ionic or proteinaceous in
nature, can modify the layer for enhance enamel protection. Once again, it isn’t clear how
modification of a protein layer can influence the protection of teeth in a tribological
environment. Salts and proteins have been shown to permit thicker and more elastic layer
through protein crosslinking, but it is not clear how this mightinfluence boundary lubrication

or tooth enamel protection.

Itis important to fully understand each the implications of each system component to make
the necessary changes for improvement. For the tribocorrosion of tooth enamel, a suitable
measure of wear needs to be established by determination of the individual wear
contributions. Moreover, understanding the relevance of a protein layer’s physiological
properties and how it influences boundary lubrication would provide more meaningful
insight into layer modification studies. These steps are important for the progression of

artificial saliva substitute development in the future.
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Chapter 3. Experimental methodologies and surface analysis

techniques

3.1 Introduction

The purpose of this chapter is to outline the various experimental procedures and analytical
techniques used throughout this project. The information covered in this chapter include:
the acquisition and preparation of bovine enamel and other dental material samples,
protocols for formulating mucin based artificial saliva solutions, experimental equipment for
solution characterisation, assessment of mucin - surface interactions, tribological

measurements and surface analysis methods.
3.2 Materials and Methodology

3.2.1 Tribological substrates
3.2.1.1 Steatite

Steatite, a magnesium silicate ceramic, was used as an alternative material to human tooth
enamel. This has been specifically used for the “Newcastle” test method in the ISO Standard
ISO TS 14569 — 2:2001 [1]. It simulates the abrasive wear properties of human tooth enamel
and is used as the antagonistic material during dental material testing. Steatite is composed
of magnesia, silica, and alumina with trace amounts of iron (IIl) oxide and potassium oxide,
the proportions are shown in Table 3-1 from a manufacturer’s notes [198]. These balls are
manufactured through a hot isostatic pressing and sintering process. The rationale behind
choosing this material for initial investigations was to assess whether steatite was a viable
material for the study of oral tribology and lubrication. Outside of dental testing steatite is
used as a grinding medium for size reduction purposes. @ 6 mm steatite balls (Carl Stuart

Ltd, UK) were used.

Table 3-1 Composition of steatite [198].

Component Percentage
Magnesia (MgO) 31%
Silica (SiO,) 64%
Alumina (Al,03) 4%
Iron (lll) oxide (Fe,0s) <1%

Potassium oxide (K,0) <1%
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3.2.1.2 Bovine enamel

To gain a proper understanding of the role mucins play in dental tribology and
tribocorrosion, bovine enamel was used. This material has commonly been used in the
literature for studying the effects of dental corrosion [199, 48, 90]. This has served as
suitable alternative to human enamel, possessing both similar structural and chemical
compositions [48]. Bovine enamel was sourced from a local abattoir where cattle was
slaughtered between the ages of 12 — 16 months, reducing any influences a wider age range
might possess if collecting extracted teeth from a local dentist. Diet variation is also another
factor which was reduced, as the diet of cattle is much more controlled compared to humans
that have varied diets and eating habits. This ensured experiments were conducted on a

more repeatable and consistent material of biological origin.

One of the drawbacks of bovine enamel is related to the use of deciduous teeth compared
to fully mature permanent teeth. Deciduous teeth possess a thinner enamel layer, larger
enamel pore structure and lower elastic modulus compared to permanent teeth, which
makes deciduous teeth more susceptible to demineralisation [200]. Given this, deciduous
bovine teeth were still chosen as they provided a representative chemistry similar to human
tooth enamel, which was viable for the purposes of understanding protein layer adsorption,
growth and lubrication. All enamel-focused studies were conducted on bovine enamel to
concentrate on the differences from test solutions as opposed to changes from larger

material variation due to different enamel sources.

3.2.1.3  Y-TZP

Y-TZP was used as a generic antagonist material for tribometer testing against steatite,
bovine enamel and coated quartz crystal materials. @ 3 mm Y-TZP balls (Goodfellow
Cambridge Ltd, UK) effectively emulated the size and geometry of the cusp of a tooth. The
use of Y-TZP was similar to the documented use of alumina for the purposes of wear testing
dental materials [146]. Like steatite, Y-TZP ceramic balls were manufactured by a hot
isostatic pressing method followed by high temperature sintering. Final grinding and
cleaning ensure the spherical tolerance is 5% ball diameter, according to the

manufacturer’s notes.
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3.2.1.4 Quartz sensors - gold and hydroxyapatite

Gold quartz sensors (QuartzPro, Sweden) and hydroxyapatite sensors (Qsense, Biolin
Scientific, Sweden) were used. These consisted of a thin layer of AT cut quartz sandwiched
between two electrodes, with a material specific coating applied to the exposed surfaces.
The purpose of the sensors was to assess how mucin layers formed over time on both
surfaces. Most tests were performed on the gold sensors as these could be cleaned and re-
used easily. Basic adsorption kinetics could be observed on gold and film properties could
be compared using this universal surface. On the other hand, the hydroxyapatite coated
sensors were single use only and were more expensive than the gold sensors. However, it
was important to use hydroxyapatite sensors for growth tests as hydroxyapatite makes up
a large proportion of tooth enamel. This allowed observation of mucin adsorption onto a

more specific surface which could parallel adsorption behaviour on tooth enamel.

3.2.2  Lubricants and additives
3.2.2.1 PGM type 2 —mucins

Commercially available porcine gastric mucin, PGM, (type I, Sigma Aldrich, USA) was
acquired in powdered form. This was a crude form of mucin, as it possessed significantly less
bound sialic acid functional groups, and contained a mixture of additional glycoproteins
compared to mucin directly extracted from a pig’s stomach [97]. PGM was chosen over the
direction extraction method as a standardised additive to mitigate potential variations from
stomach extraction and mucin purification methods. Variations within mucin solutions were
assumed to have a negative influence on experiments that aimed to determine adsorption
pathways, lubrication and protection mechanisms. Furthermore, if mucin was to be used in
as an additive in an artificial saliva it would be important to be able to make large volumes
of the solution with little expense. Ideally, bovine submaxillary mucin (BSM) would be the
optimal mucin type due to a higher percentage of sialic acid groups and originating from
salivary glands [97]. However, this type was only available in smaller quantities commercially
with a larger material expense compared to the more cost effective porcine gastric mucin
when considering the scale of testing. A crude and impurified form was therefore used as a

benchmark additive.
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3.2.2.2  Solution components: Salts

Other solution components were chosen to assess mucin interactions within a given
environment. It was important to consider the components of natural saliva which included
sodium, potassium, calcium, phosphate and chloride ions. A physiologically representative
solution to this was a Phosphate Buffered Saline (PBS) solution which was used to emulate
the neutral buffered saline properties of natural saliva. Table 3-2 shows the salt composition
of a PBS solution. Other salts were considered individually to examine the impact of specific
ions on aspects of mucin layer growth. These included sodium chloride (NaCl), potassium

chloride (KClI), calcium chloride (CaCl,) and sodium dihydrogen phosphate (NaH,PO,).

Table 3-2 Salt composition of PBS [201].

Salt component Concentration (mmol/L)
Sodium Chloride (Nacl) 137
Potassium Chloride (KCI) 2.7
Sodium Phosphate (Na;HPO,) 10
Potassium Phosphate (KH,PO,) 1.8

3.2.2.3  Solution components: pH modifiers

Citric acid (C¢HgO;) was chosen to emulate an acidic environment throughout most tests.
This aimed to simulate the acidity of several soft drinks and fruit juices which would
commonly enter the oral cavity during oral processing. Tri-sodium citrate (NasCsHs0;) was
used alongside citric acid to ensure a buffered pH solution was attained. Sodium hydroxide
(NaOH) was also used to examine changes to mucin’s size and mobility characteristics in

alkali environments.
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3.2.2.4 All standard and salt solution compositions
Table 3-3 shows the standard test solutions used throughout this study and their
composition per 100 ml of solution.

Table 3-3 Standard test solutions used in this study.

Solution Composition per 100 mL Rationale

Deionised water

e 100 mL deionised water Control solution with no salts or mucin
(DiW) — pH 6.5
0.2% mucin (Muc + Mucin only solution based on mucin composition
e 100 mL deionised water
DiW) — pH 4.5-6.5 with whole human saliva to assess mucin
e 0.2gPGM
behaviour without additional perturbation
PBS-pH 7.4 e 100 mL deionised water Salt control solution with no mucin to assess salt
e 0.98 g PBSsalts implications on tribology
0.2% mucin + PBS e 100 mL deionised water

Mucin and salt solution to assess interactions
(Muc + PBS) — pH e 0.98 g PBS salts
between the two components

7.4 e 0.2gPGM
Citric acid (Acid) - e 100 mL deionised water
pH 3.1 e 1.72g0.1 M citric acid Control acid solution to assess corrosion without
monohydrate mucin. pH similar to soft drink acidity, with salts to
e 0.53g0.1M trisodium maintain pH
citrate

0.2% mucin +citric e 100 ml deionised water

acid (Muc+Acid)- e 1,72 g0.1 M citric acid
Mucin and acid solution to assess mucin behaviour

pH 3.1 monohydrate
within an acid environment. pH similar to soft

e 0.53g0.1M trisodium
drink acidity, with salts to maintain pH
citrate

e 0.2gPGM

To examine the role of different salivary salts and salt concentrations on mucin size, mobility,
layer growth kinetics, layer structural properties and lubrication, 100 mmol salt solutions
were made up.

Table 3-4 shows the composition of the 100 mmol salt solutions examined in this study. 100
mmol was the maximum salt concentration used, and these solutions were further diluted
with deionised water (excluding 100 mmol CaCl, + PBS) using a 1:9 ratio to make 10 mmol
solutions, and once more fore 1 mmol solutions. The same process was used for the 100

mmol CaCl, + PBS, using a PBS solution as the dilutant.



Table 3-4 Compositions of 100 mmol salt solutions.

Salt solutions

100 mmol NaCl

100 mmol KCI

100 mmol CaCl,

100 mmol
NaH2P04

100 mmol CacCl,
+ PBS

Composition per 100 mL

e 100 ml deionised water

e  0.58 g sodium chloride

e 100 ml deionised water

e  0.74 g potassium chloride

e 100 ml deionised water
e 147 g calcium chloride

dihydrate

e 100 ml deionised water
e 1.19 g sodium dihydrogen
phosphate

e 100 ml deionised water
e 0.98 gPBS
e 147 g calcium chloride

dihydrate
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Rationale

Sodium and chloride ion interactions with mucin

(single valency)

Potassium and chloride ion interactions with mucin

(single valency)

Calcium and chloride ion interactions with mucin

(double valency)

Sodium and phosphate ion interactions with mucin

(single valency)

Calcium, potassium, sodium, chloride and phosphate

ion interactions with mucin

(multiple valency)
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3.2.3 Sample prep

3.2.3.1 Bovine enamel samples

Tooth extraction and sterilization

Enamel samples were acquired from a local abattoir in the form of a sectioned lower
mandible. Dental excavators and pliers were used to separate whole incisors from the
mandible without damaging the structure. Excess tissue was scraped off prior to
sterilisation. Extracted teeth were treated in a 10 % formalin neutral buffer solution for a
minimum of 7 days to disinfect and sterilise them [202]. The composition of this solution is
shown in Table 3-5. After sterilisation the teeth were thoroughly rinsed and then

refrigerated in deionised water until the next stage of processing.

Table 3-5 Formalin solution composition.

Solution Composition per 100 mL Rationale
10 % neutral buffered e 10 ml 37% formaldehyde Sterilisation of bovine
formalin solution e 90 ml deionised water enamel

e 0.4 g sodium phosphate (monobasic)

e 0.65 g sodium phosphate (dibasic/anhydrous)

Sectioning, embedding and grinding

Teeth were processed by sectioning the surfaces into roughly 2 mm x 3 mm slabs for general
testing, shown in Figure 3-1a). A root of an incisor was initially set in resin to aid in handling
during the sectioning process. A rotary tool (Dremel 3000, USA) with a diamond cutting
attachment was used for sectioning and deionised water was used as a coolant during
cutting to prevent heat damage to the edges of the enamel. All sectioning was conducted in
a fume cabinet to ensure debris was contained. The prepared slabs, shown in Figure 3-1b),
were set in an acrylic resin (VariDur 200, Buehler, Germany) to form a @30 mm puck for
further processing. Once set, samples were progressively and carefully ground with silicon

carbide paper (Buehler, Germany) of grit sizes from 120 — 1200.
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Figure 3-1 Bovine tooth processing from tooth to sample a) Bovine tooth, b) sectioned slabs and c) embedded
and polished samples, and d) surface area roughness of bovine enamel samples taken from vertical scanning
interferometry.

For measurements which required a small sample size, the acrylic of the samples was further
ground to ensure a fit within the equipment max sample dimensions. Finally, samples were
polished with a polishing pad and diamond suspensions (Buehler, Germany) of 3 um and 1/2
um particle size, shown in Figure 3-1c). This would provide an approximate surface area

roughness of < 0.1 um, as used in similar studies [31, 188], shown in Figure 3-1d).
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Quality assessment

Checks were done throughout the grinding process using an optical light microscope. This
ensured the most superficial enamel layer was removed, flattened and, not over ground, as
shown in Figure 3-2a) and b). The thickness of the bovine enamel was between 1-3 mm and
overgrinding could remove all the enamel, leaving the softer dentine surface exposed.

Enamel and dentine were easily seen under an optical microscope.

Dentine Enamel

Figure 3-2 Images of a) over-ground enamel surface exposing subsurface dentine and b) ground enamel
surface.

3.2.3.2 Steatite samples

Like the bovine enamel samples, steatite samples embedded in acrylic resin were
progressively ground and polished in the same way as described in Section 3.2.1.2. The
grinding process ensured an adequate area of steatite was exposed for all testing purposes.
Figure 3-3 shows steatite before and after processing. It was intended that the surface area
roughness value was < 0.1 um, however determining this was difficult due to the nature of
steatite’s surface, shown in Figure 3-3c). The prepared steatite was covered in closed pores

of varying size and geometry, which will be explained greater detail in Chapter 4.
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Figure 3-3 Steatite sample processing from a) ball to b) polished sample, and c) Surface area roughness of
steatite samples taken from vertical scanning interferometry.
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3.2.4  Solution characterisation
3.2.4.1 Zetasizer

A Zetasizer nano (Malvern, UK) that combined dynamic light scattering (DLS) and laser
doppler electrophoresis techniques was used to determine particle size and zeta potential
of proteins (particles) within a solution, shown in Figure 3-4a). Particle size was measured in
disposable polystyrene cuvettes, as shown Figure 3-4b), and the zeta potential
measurements were performed in a capillary cell, as shown in Figure 3-4c). These differed
from the cuvette in shape, with the addition of two electrodes which would apply a current

to the solution.

a) b) c)

Figure 3-4 Malvern Zetasizer nano a) system, b) DLS cuvette and c) zetapotential capillary cell

Zetasizer theory

DLS investigated how mucin particle sizes varied in a particular solution environment which
provided a further insight into film growth and tribological investigations. In a solution
mucins or particles are in constant motion due to random collisions with surrounding
molecules, a phenomenon known as Brownian motion. This is important to particle size
measurements as smaller particles are more likely to move faster in a solution while larger

ones move more slowly. A schematic of the measurement set up is shown in Figure 3-5.
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Figure 3-5 Schematic of DLS measurement and light scattering intensity over time

The motion of the particles influences the fluctuations in light scattering intensity and this
datais collected over time. A correlator is used to compare the similarity between scattering
intensity signals at certain points in time and determine a correlation function which starts
at one and decays to zero. The rate of decay is associated with the size of a particle, with
larger particles exhibiting a large rate of decay and a slower fluctuation in scattering
intensity. The reverse is observed for smaller particles. The Zetasizer software (Malvern, UK)
calculated the size of particles in terms of a hypothetical hard sphere that diffuses at the
same speed as the measured particles measured by the DLS methodology. A hydrodynamic

diameter a.k.a Z-av in nm was estimated by the algorithm.

Zeta potential measurements provided an insight into the stability of the colloidal system of
mucin dispersed in solution. This determined whether the mucins would repel, move apart
from each other, or flocculate/aggregate, come together to form a larger structure with
other mucins. This behaviour is dependent on the pH, composition and concentration of a
solution. A zeta potential of 0 mV is known as the isoelectric point where a molecule in
solution can exhibit a net zero charge as both positive and negatively charged functional
groups exist on its structure. This can make a molecule less stable in solution, as the number
of active sites is larger meaning high flocculation/aggregation may occur from molecule
interactions. This point also indicates that there no net charge to the particle. Figure 3-6
presents a schematic of the zeta potential of a particle. The net charge of a particle’s surface

influences the distribution of counter ions, ions of an opposite charge, around that particle.
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Figure 3-6 Schematic representation of the zeta potential and electrical double layer.

A larger concentration of counter ions may exist near the particle but as the distance from
the particle’s surface increases the counter ion concentration decreases. The area of high
counter ion concentration, encompassing the particle’s surface, is known as the stern layer,
whereas the area of low ion concentration is referred to as the diffuse layer. This introduces
an electrical double layer (EDL) around a particle which is the combination of the diffuse and
stern layers. When the particle moves in a solution, ions within a boundary known as the
slipping plane move with it, while ions outside the slipping plane remain static. The potential
at this slipping plane is known as the zeta potential. The velocity of a particle, or
electrophoretic mobility, is measured using laser doppler velocimetry and is converted into
a zeta potential with the Henry equation in Eq. 8.

_ 2&0f (ka) Eq.8

U
E 31

Where T is the zeta potential, € is the dielectric constant, n is the viscosity, f(ka) is Henry’s

function a.k.a Smoluchoqski approximation (1.5) and Ug is the electrophoretic mobility.

Particle size measurement protocol

Prior to measurement cuvettes were rinsed with ultra-pure water (MilliQ, >18 MQ) to
remove any small dust particles and other contaminants from the vessel. 1 mL of test
solution was decanted into the rinsed cuvette and this was directly placed in the Zetasizer

for testing. A standard protocol was set up for all experiments to run under. The protocol
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took 5 measurements with 17 runs per measurement, an example is shown in Figure 3-7a).
The mean peak size intensity was calculated for each measurement from the 17 runs, using

a built-in peak fitting function. Peak sizes were exported to excel for distribution analysis.

Zeta potential measurement protocol

Capillary cells were initially flushed with MilliQ water and then fill to the max level mark with
the test solution. Approximately 1 mL test solution was required. Like the DLS
measurements, a set protocol performed 5 measurements with 12 - 100 runs per
measurement which depended on the data fit, an example is shown in Figure 3-7b). The
software exampled the peak fit of the data and determine whether more than 12 runs were
needed for each experiment. Mean zetapotential determined from the central peak

intensity and standard deviations were calculated from the full width at half maxima.
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Figure 3-7 Zetasizer output data for a) DLS particle size distribution and b) zetapotential.
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3.2.5 Surface interaction methodologies and analysis
3.2.5.1 Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)

To measure sensitive surface interactions on a particular surface material the quartz crystal
microbalance (QCM) technique was utilised. Figure 3-8a) shows the QSense Analyzer
instrument (Biolin Scientific, Sweden) used to perform these measurements. The instrument
itself essentially tracked resonant frequency changes of an oscillating quartz crystal sensor
and monitored the energy dissipation when solutions/molecules interacted with it. The
sensors were made from thin AT-cut quartz in a disc shape with electrodes placed on either
side of the sensor, as shown in Figure 3-8b) and c). Sensor materials from Qsense (Biolin
Scientific) include, and are not limited to, gold, hydroxyapatite, stainless steel, titanium,
polystyrene and zirconium oxide. For the purposes of this project, only gold and

hydroxyapatite sensors were used.

a)

Figure 3-8 a) Q-sense Analyzer QCM-D set up with flow cell modules and a gold QCM sensor showing the
functional growth surface, b), and the reverse side c). Black arrows on the sensor images show the electrode
placement on the sensor.

The information provided by this technique allowed the properties of the adsorbed layer to
be modelled and provided quantitative data for comparison. The modelled properties
included the layer’s mass, thickness, viscosity, shear modulus in addition to the rate of
growth and probable adsorption kinetics in real time. These properties also served as an
initial benchmark for comparing how the adsorbed layer reacted to environmental

modifications, providing an insight into the behaviour of established layers. The next section
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outlines the theory behind the QCM technique and the models associated with acquiring

meaningful data.

Theory

The theory of how a QCM works is relatively simple. A voltage is applied to a quartz crystal
sensor which causes it to oscillate at a frequency specific to the sensor. In this case, 5 MHz
sensors were used. The 5 MHz frequency relates to the relative resonant frequency of the
sensor and first harmonic frequency a.k.a overtone. The QCM-D then directly measures two
variables, the frequency response and the dissipation, a measure of the energy lost during
one oscillation and the energy stored. Figure 3-9 highlights the changes in the raw data as a

sensor is treated with a solution.
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Figure 3-9 Example of frequency and dissipation shift when a sensor is treated with a given growth solution.

Frequency changes relate to nanogram scale changes in adsorbed mass on the sensor’s
surface over time i.e., an increased mass on the sensor reduces the resonant frequency over
all measured harmonics. Simultaneously, the changes in dissipation are related to the rigidity
of the formed surface layer over time. The Sauerbrey equation governs the relationship

between the change in frequency and the change in mass as shown in Eq. 9.

am= —Sag, w9
n
Where the mass adsorbed per unit area, Am, is related to the change in frequency, Af,, for
a given harmonic, n, and C is the mass sensitivity constant of the instrument [203]. This
equation is only valid for thin and rigid layers, with negligible energy losses. 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 Sauerbrey equation would

adequately model the layer’s mass and thickness properties.
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However, if AD > 0 and the overtones were more spread out then the layer would indicate
a thicker and softer layer with viscoelastic behaviour. In this case the viscoelastic model must
be used to accurately predict thickness and viscoelastic properties of the layer following a
Voight viscoelastic model as set out by Voinova et al [204]. The Voight model can be
demonstrated as a spring and dashpot as shown by a simple schematic of a viscoelastic
element in Figure 3-10a). The observed response from the sensor’s oscillations presents
both a shear elastic response, y, relating to the layer’s shear modulus and a shear viscous
response, n, which is related to the layer’s viscosity. The geometric sandwich model used to
model viscoelastic properties on the quartz slabs is displayed in Figure 3-10b), where p
related to the density of a given layer, Y related to the height of layers, and Z related to the

direction of shear.

a) b)
u Y A
_\/\/\/\/\/\/_ Bulk liquid (ps, n3)
h,
Film (py, Ha N2)
h,
i Film (py, Wy, N1)
h > L
n
Quartz sensor (py, Ko)

Figure 3-10 Viscoelastic model a) a simple schematic of spring and dashpot viscoelastic Voight model where
for a given interaction there is both a shear elastic and shear viscous response, and b) the geometry of the
quartz crystal with a viscoelastic double layer in a bulk liquid environment [204].

The stress-strain relationship of the Voight model can be described by Eq. 10 where the
shear stress, o, is proportional to the elasticity, y, and the viscosity, n, of the overlayer. Uy
related to the displacement in x and V related to its corresponding velocity.

dU,(y, t) dVe(y,t) Eq. 10
=pu—g,—tnm
y dy

Oxy

The Broadfit model (following the Voight viscoelastic model) in the Dfind software (Biolin
Scientific, Sweden) was chosen to effectively model the layer’s structural properties. This
model assumed that the layer’s formed on the surface were polymericin nature, where layer
structure was maintained with no observable flow, covering the entirety of the sensor’s

surface with a uniform density and thickness. The viscoelasticity in the Broadfit model was
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described by a complex shear modulus where the real part is the energy storage modulus
which is independent of frequency change, while the imaginary part relates to the loss
modulus which linearly increases with the frequency [205]. The equation for bulk shear
waves in a viscoelastic medium can be written as shown in Eq. 11. This includes p* which is
the complex shear modulus, made up of the real storage modulus and imaginary loss

modulus.

2
& lizx—z(yy e I
The model correlates density, elasticity, viscosity and thickness to the frequency and
dissipation change according to the relationship between the shear wave response of the
QCM-D and the layer’s viscoelastic properties as researched by Voinova et al. [204]. In the
context of a single viscoelastic layer, such as mucin on a sensor’s surface, this can be
described by Eqg. 12 and Eq. 13. This is where w is the angular velocity of the shear wave, 6
is the viscous penetration depth of the shear wave into the bulk liquid and ni, p1, h1, and p:

are the layer’s viscosity, elasticity, thickness and density properties respectively.

1 UE M3\ Mo’ Eq. 12
Af ~ — 2t hupro =20 (£)
f 2mpohy {53 TP "\63/) 1} + wn?
1 2 w Eq. 13
D=~ {77_3+2h1(77_3) -3 T > 2}
Tf poho (63 83/ pi + w?ng

The model’s algorithm initially determined a theoretical value for the frequency and
dissipation response. This is based on the fixed parameters of the sensor’s fundamental
frequency and overtone number, and the fitting parameters which relate to the viscosity,
shear modulus, density and thickness of the layer. The modelled frequency and dissipation
output is compared to the measured response and the fit of the model is determine by a x?
value. The algorithm then adjusted the fitting parameters to improve the fit, following an
iterative process. Once there was no significant change in the x? value, it’s best fit was
achieved. A representation of the output results with respect to time are displayed in Figure

3-11.
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Figure 3-11 Example of processed data for mucin adsorption onto gold QCM sensors.

Quartz sensor prep

New sensors were used for all layer growth and tribological experiments with the NTR?
tribometer. Sensors were prepared differently depending on their surface coating. Gold
sensors were initially sonicated in 99% ethanol for 10 minutes at 30 °C. They were then
rinsed with MilliQ water (>18 MQ purity) followed by drying under a nitrogen gas flow.
Hydroxyapatite sensors were submerged in 99% ethanol for 30 minutes, followed by

thorough rinsing in MilliQ water and drying under a nitrogen gas flow.

Gold sensors which were previously used for layer growth experiments were also used for
tribo-QCM-D tests. After initial growth testing these sensors were sonicated for 20 minutes
in a Hellmanex Il solution at 40 °C, followed by a thorough rinsing in MilliQ water. This
solution would effectively remove anything which remained on the surface after layer
growth experiments. Sensors were then prepared as previously mentioned prior to

additional experiments.

Cell configurations and protocol

Two QCM-D configurations were used: a flow module and open module configuration. Flow
experiments were performed with the flow module, shown in Figure 3-12a), which was
connected to a peristaltic pump with the liquid handling kit (Qsense, Biolin Scientific,
Sweden), shown in Figure 3-12b). The pump transferred solution from a reservoir into and

out of the flow module at a constant flow rate of 0.4 ml/minute for all layer growth
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experiments. Initially a baseline frequency and dissipation response were taken for no mucin
solutions. This focused the study to assess mucin layer growth in each environment. Mucin
solutions were introduced for 60 minutes after a stable baseline was established (less than
0.5 Hz drift per minute). After 60 minutes growth in mucin solutions, a rinse solution was
reintroduced to determine if the layers were retained on the surface. The rinse solution was

the same as the one used to take an initial baseline.

a)

Figure 3-12 Flow cell configuration with liquid handling kit connected to A) the flow cells and B) the
peristaltic pump set at a flow rate 0.4 mi/min.

Figure 3-13a) and b) show the inside layout of the flow module. All liquids entered the
module and passed through several channels prior to contact with the sensor’s surfaces. The
QCM instrument and the flow cell design allowed fluid within the cell and the sensor to
remain at a constant temperature of 25 °C. After sensor contact, fluids passed through the
flow cell’s outlet. The flow cell was enclosed which meant no exterior contamination would
influence the measurements. Fluid reservoirs were stored with a layer of parafilm on top to
prevent contamination of the fluid during testing. Small holes were made in the film to

permit entry of the tubing.
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Figure 3-13 Single flow module a) sensor interface and flow inlet/outlet locations marked by arrows and b)
the inside of the flow cell. Black arrows indicate the direction of flow starting from the inlet on the out of the
flow cell, through the heating channel.

The open module, shown in Figure 3-14, enabled direct sensor interaction with the lab
environment. This also allowed direct access to perform in-situ friction experiments as part
of a bespoke rig combining the QCM with the Triborig. For all open cell experiments, 500 uL
of solution was maintained. Like flow cell experiments, a baseline was established prior to
introducing mucin growth solutions. A micropipette was the used to remove 250 uL of the
baseline solution and replace it with a 0.4% mucin solution. The rationale behind this was to
ensure the resultant growth solution on the sensor equated to the standard 0.2% mucin
solution used in other tests. Further alterations to the open module test protocol are

described in 0

Figure 3-14 QCM open cell configuration.
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3.2.5.2  Atomic Force Microscopy (AFM)

Atomic force microscopy was used to quantify the topography of steatite and enamel
surfaces at the nanoscale. Furthermore, this provided a visual image along with quantitative
data on distribution and size of mucin structures which adsorbed onto the enamel surfaces
in greater detail. The results presented later in the thesis were collected with a Multimode
8 (Bruker, USA), shown in Figure 3-15. This had an X and Y resolution of approx. 5 nm, and a
Z resolution of 100 pm. The multimode AFM system utilised a unique mounting
configuration, using a bungie system to suspend the equipment during imaging. This

minimised the impact from background noise.

Figure 3-15 Multimode 8 AFM (Bruker).

Quantitative Nanomechanical property Mapping (QNM) imaging was utilised to gain
additional insight into the properties of the mucin layers on bovine enamel and steatite
surfaces. The technique was chosen to provide a more quantitative in-situ approach to
examining the mucin layers in relation to an enamel surface and subsequent AFM probe
interactions. Furthermore, other techniques like Scanning Electron Microscopy (SEM) or
Cryo-SEM require a sample to be placed within a vacuum which would lead to dehydration
of the enamel surface during testing. Data was exported from the NanoScope operating
software (Bruker, USA) and imported into NanoScope Analysis (Bruker, USA) for post

measurement processing.
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General imaging theory

The AFM is a scanning microscope with a very high resolution up to a fraction of a
nanometre. It works by moving a sharp probe on the end of a cantilever over a desire surface
to effectively “feel” the surface topography. This can be done by monitoring the deflections
of the cantilever by directing a laser onto the cantilever, which reflects the light from the
laser into a photodetector. The cantilever theoretically obeys Hookes’ law as the deflection
is dependent on the force that influenced it. In this case the forces that dominate are van
der Waals, electrostatic and capillary forces. The movement of the laser’s reflection on the
photodetector relates to the vertical displacement of the tip relative to the surface. This can
produce images of the surface’s topography. There are many types of imaging modes
available but generally most AFMs follow this principle. Figure 3-16 gives a simple

representation of this.

hotodetector
Laser source

Cantilever "

\/ I Z direction

Surface/Stage "| Y direction

X direction

Figure 3-16 Schematic representation of an AFM.

The AFM can take measurements using several different imaging modes. Contact mode is
the simplest mode whereby the probe is essentially dragged across the surface, taking
topographical measurements of a surface. However, as probes are generally quite hard and
sharp, this could lead to sample surface damage and a reduction to the lifespan of the probe.
An alternative mode to contact is tapping. This mode makes the cantilever oscillate near to
or at its resonant frequency relative to the surface. What this does is reduce to contact
between sample and probe tip by systematically tapping across the samples’ surface,
negating tip drag and lateral force influences that are seen in contact mode. An improved
version of this mode is PeakForce tapping, which allow better force control of the probe on

the surface such that more meaningful force data can be acquired [206].
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Quantitative nanomechanical property mapping (QNM) theory

PeakForce QNM uses the PeakForce tapping mode where the probe oscillates at ~ 2 kHz and
an amplitude of 150 nm, well below the cantilever’s resonant frequency which can range
between 22 — 525 kHz depending on the cantilever. The better force control allows higher
quality images for softer samples, including biological ones. Each tap was an indentation on
the surface which can be quantified from the acquired force curve of the surface tap. Force
separation curves can be examined to extract properties of adhesion, dissipation,
deformation and peak force of the tap. The DMT (Derjaguin, Muller, Toropov) model was
used to estimate the reduced elastic modulus of the surface by rearranging Eq. 14 [207]. This
model was relevant as it considered tip-surface adhesion, in addition to the contact forces
during an indentation cycle, something which was useful for investigation of an elastic
surface with a viscoelastic surface layer. The force on the AFM tip, Fp, was proportional to
the reduced DMT modulus, E*, the root of the tip radius, R, and the cubed tip sample
separation, d, plus the adhesion force, Fadnesion. Adhesion, the attraction between the tip and
the surface, and the DMT and logDMT modulus were extracted from this equation. Figure
3-17 demonstrates how these values relate in terms of the force separation curve for a given

indentation.
4 3 Eq. 14
Ftip = §E Rd? + Fagnesion

The deformation property related to the AFM tip’s penetration into the sample’s surface,

which was directly quantified by the reflected laser onto the quad sectioned photodetector.

DMT modulus fit
+«—— Approach
PeakForce
Deformation Retract
Dissipation
Adhesion ¥

Tip-sample displacement

Figure 3-17 Force separation curve and extracted properties of interest [208].

Finally, the dissipation related to the hysteresis of the force displacement curve and thus

related to the mechanical energy lost per indentation cycle in electron volts. For a purely
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elastic indentation, this value was 0 and was calculated by integrating the area between the
approach and retractions of a cycle. The dissipation, D, was extracted by Eq. 15, where F is

the interaction force vector and Z is the displacement vector.

T_ __ Eq. 15
D= f F-dZ
0

AFM protocol and surface preparation

Growth experiments were performed by immersing the enamel surface in a mucin solution
for up to 30 minutes, taking 5 um by 5 um images after 1, 5, 10 and 30 minutes. Quantitative
nanomechanical property mapping mode (QNM) was enabled and used to provide a
qualitative assessment of surface/tip interactions and what this meant in terms the surface
properties. Figure 3-18 shows the experimental protocol in diagram form. A baseline image
was taken to check the surface was clear of contaminants, which was followed by immersion
in @ mucin solution. After each immersion step, the mucin solution was removed and then
pre-treated before imaging. Samples were dried under a nitrogen gas flow and then
remounted for imaging in the air environment. In the liquid environment a non mucin
solution replaced the mucin immersion solution, to permit further liquid imaging. This was

done to ensure unbound mucin would not interfere with the AFM cantilever during scans.

\Drying in N, gas

Air imaging
experiments

% Immersion

for x —
minutes

Sample
Scanning

- Liquid imaging
experiments

T

[5] Mucin solution
Rinse in buffer (] Buffersolution

Figure 3-18 Diagram of AFM experimental protocol for air and liquid imaging.
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ScanAsyst-FLUID AFM silicon nitride cantilevers (Bruker, USA) were used for all AFM
experiments, shown in Figure 3-19, possessing a tip radius between 20 - 60 nm and a spring
constant between 0.7 - 1.4 N/m. The cantilever’s deflection sensitivity and spring constant
was checked prior to any imaging. The deflection sensitivity was checked by performing 3
consecutive load ramps on a sapphire reference sample, enabling the AFM to convert the
deflection from V to nm/V. The spring constant was calibrated by retracting the cantilever
away from the reference sample and performing a harmonic thermal tune. Scans were
performed on the sapphire reference sample to calibrate the sync distance and the Drive3

amplitude of the deflection separation curves.

Figure 3-19 ScanAsyst-Fluid AFM tip.

Experiments were performed on the standard mucin solutions, described in Table 3-3. Mucin
surface interactions were initially examined in the absence of salts to characterise the size
and spread of adsorbed mucin on the surface. This provided an idea to the level of surface
coverage which was though to provide surface protection. Experiments in PBS and citric acid
aimed to assess mucin’s interactions within these solutions and changes to size, spread and

coverage within these different environments.

Due to the nature of testing a glycoprotein, mucin was susceptible to dehydration in the
absence of a surrounding aqueous fluid. AFM scans performed in the air environment were
therefore imaging a partially hydrated mucin layer compared to a fully hydrated mucin layer
in the liquid environment. The two methods permitted a comparison between a simulated
‘dry mouth’ environment and a healthy hydrated environment. This aimed to examine

possible mechanisms of dry mouth syndrome potentially further with a mucin layer.

AFM processing

Aside from providing a visual assessment of mucin structures on surfaces, mucin size, area
coverage, image roughness and properties were further analysed, shown by the workflow
in Figure 3-20. Analysis was completed using NanoScope Analysis (Bruker, USA). Plane fit

functions, a.k.a. image flattening functions, were applied to all height images to remove
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image gradients before bearing, particle and image roughness analyses, while QNM imaged

were directly assessed with an image depth analysis of regions of interest (ROI).

QNM images

Raw data

Input

Height images

Process -|:

Particle analysis
(height and
diameter)

Histogram depth analysis
(QNM properties)

Image surface Bearing analysis
roughness (area)

Analysis

Figure 3-20 AFM workflow and analyses.

A depth threshold of 3 nm was applied for both particle and bearing analysis of mucin-
surface structures, with the X-axis set to absolute. The meant all features above a reference
plane 3 nm from the surface were assessed, demonstrated by Figure 3-21a) and b). Image

surface roughness was determined using the roughness function in NanoScope Analysis.

a) b)
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Figure 3-21 Bearing analysis a) mucin covered enamel surface highlighting surface features of interest and b)
bearing area vs bearing depth showing 3 nm depth threshold and direction of surface features.

The particle analysis function used the same depth threshold as the bearing analysis, and
parameters were chosen to include boundary particles (incomplete particles on the edge of
images). The function identified the features above the depth threshold for additional
processing. The erode function was used to remove speckled datapoint. Erode is an image
processing technique which removes pixels from the edges of identified particles, using a

neighbourhood size of 3-pixel kernels. An example of an image before and after the erode
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function is shown in Figure 3-22a) and b) respectively. The mean and standard deviation for
particle heights and diameters of the remaining features were assessed by the algorithm

afterwards.

Figure 3-22 Erode example showing a) image before and b) image after a single erode function.

Finally, the image depth analysis function was used to assess the QNM properties of ROls on
the QNM images. Both mucin features and surface only features were assessed individually,
and were compared to the composite properties of the whole image. Boxed areas were
drawn around ROls, producing a histogram of the image Z data, corresponding to adhesion,
dissipation, logDMT modulus or deformation properties depending on the image channel. A
mean and standard deviation from these histograms were taken from the ROIs for

comparison.
3.2.6  Static and dynamic experimental methodologies
3.2.6.1 Static immersion

Static immersion experiments assessed the pure corrosion properties of bovine enamel
samples. Freshly prepared enamel samples were immersed in 300 pL in an artificial saliva
solution over a 35-minute period. The artificial saliva solutions are listed in Table 3-3. The
time was chosen to equal the test duration of the dynamic tribocorrosion tests discussed
later. Figure 3-23 shows the workflow of the static immersion protocol for mucin and non
mucin pathways. For the former, samples were pre-treated in a neutral pH mucin solution
i.e., Muc + DiW or Muc + PBS. This enabled mucin layer formation/adsorption before static
tests. The pre-treatment solution was removed after 30 minutes and replaced with the

corresponding staticimmersion solution to ensure all post-test analysis corresponded to the
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same static immersion duration. Before experiments in Muc + acid, samples were treated
with Muc + DiW to prevent excessive morphological changes in the pre-treatment phase.
For non-mucin tests, samples were subjected to the staticimmersion solution as a corrosion
control without mucin-surface interactions. All post-test solutions were refrigerated at 4 °C

prior to chemical analysis.

Pre- Static Solution for
treatment immersion analysis
30 minutes 35 minutes

Mucin
experiments

Non mucin
O .
experiments

N

Mucin solution - disposed after pre-treatment
- Staticimmersion solution - mucin
[ ] Staticimmersion solution - non mucin

Figure 3-23 Static immersion experiment protocol.

3.2.6.2 Dynamic tribological and tribocorrosion

A tribometer simulated the cyclical sliding conditions a tooth may experience in a controlled
lab environment. The tribometer measured tangential and normal force data during
simulation which was used to assess the friction and lubrication behaviour of a sample within
a given environment. This was important to assess the protection mucin provided and how
mucin layer viscoelastic properties linked to its dynamic friction in-situ. Experiments were
performed on a NTR? nanotribometer (Anton Paar, Switzerland), shown in Figure 3-24, and
another bespoke tribometer which will be discussed in greater detail in Chapter 7. Both
tribometers investigated the sliding friction using a ball on flat configuration, i.e., a Y-TZP

ball vs a flat/flattened sample.



Figure 3-24 NTR3 nanotribometer.

Tribometer theory

The system composed of a linear reciprocating stage which moved a mounted sample
relative to a static probe within a range of 5 mm % 1.25 nm, shown in Figure 3-25. The probe
consisted of a pin with the @3 mm Y-TZP ball secured to the tip which served as the
antagonist material for tribometer experiments. The probe was secured to pre-calibrated

guad beam cantilever (Anton Paar, Switzerland) of a given stiffness in the normal force, F,,

and tangential force, F:, directions which are quantified in Table 3-6.
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Figure 3-25 Front and side schematic of tribometer experiments.

Stage movement
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The F, applied to the sample was dependent on the cantilever stiffness and the displacement
of a piezoelectric controlled stage, to a resolution of 0.05 - 0.1 nm. Capacitance displacement
sensors measured the distance between the sensor and the cantilever, correlating to an

output force measurement depending on the cantilever.

Table 3-6 Tribometer quad beam cantilevers.

Cantilever ID  F, stiffness (MN/um) F; stiffness (mN/um) Load range Load resolution (1N)
ST-S 223 0.4704 1.1944 50 uN—-100 mN 0.03-0.06
HR-S 220 0.0517 0.1712 5uN-10mN 0.003- 0.006

As the stage and sample moved relative to the loaded probe, a resistive force opposed the
movement (friction). This manifested as a deflection of the cantilever beam in the F
direction, x, measured by the capacitance displacement sensors. The output force, F, was
then calculated following Hooke's law, where k was the cantilever’s stiffness in the relevant

direction.

NTR? Tribological protocol

Two protocols were used to reflect different areas of study: to investigate the impact of
tribocorrosive wear and to determine the friction and lubricating behaviour of mucin layers.
As such different loading parameters were chosen. Tribocorrosion tests were performed on
steatite and bovine enamel samples against Y-TZP balls. New balls were used for each
dynamic test, which were cleaned in 70% ethanol and rinsed in deionised water prior to
testing. Experimental conditions were chosen as a selection of the conditions used in in-vitro
testing and in the ISO TS 14569-2:2001 for the wear testing of dental materials [146, 162,
161], which are displayed in Table 3-7. The experimental parameters were chosen to reflect
the loading conditions and contact pressures associated with teeth mastication, < 140 MPa,
compared to the contact pressures used by other researchers, > 200 MPa [164, 165, 187,
209, 184].

Table 3-7 Tribocorrosion test parameters for NTR3.

Parameter Setting
Loading type Constant
Load (mN) 10
Temperature (°C) 20-25

Sliding amplitude (um) 1000
Test duration 2000 cycles

Sliding frequency (Hz) 1
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Friction and lubrication testing of mucin layers had different experimental parameters.
Experiments were performed on QCM-D sensors after mucin layer deposition for 60
minutes. As the sensors and surface mucin layers were delicate, loading conditions were
reduced. Incremental loads between 0.05 — 0.50 mN were used to assess the layer’s load
dependency behaviour on lubrication, which provided contact pressures between 15 — 60
MPa over the full test duration. Every 200 cycles, the load was increased by 0.05 mN. Table

3-8 shows the testing parameters used.

Table 3-8 QCM-D sensor test parameters for NTR3.

Parameter Setting
Loading type Incremental
Load increase (mN) 0.05

Load (mN) 0.05-0.50
Temperature (°C) 20-25

Sliding amplitude (um) 1000
Test duration 200 cycles per load increment

Sliding frequency (Hz) 1

Triborig protocol
The loading parameters of the Triborig were similar to the NTR3 tests on the QCM-D sensors.

These will be explained in further detail in Chapter 7.

Output results and processing

Amonton’s law of friction describes the frictional force being proportional to the normal
force applied to the system and the constant of proportionality is referred to as the
coefficient of friction. Essentially, the magnitude of the frictional force, F;, is the product of
the applied normal force, F,, and the coefficient of friction, p, plus an unknown interfacial
adhesion force, C, as shown in Eq. 16. Its frictional force is assumed to be independent of

surface contact area, sliding velocity and surface roughness.

Fo = uF, +C Eq. 16

In the context of tribology experiments, the mean F, and F; forces for steady state sliding
were calculated by taking an average of the central 20% of the forward and reverse direction

of a force displacement loop, over the last 25% of the total number of cycles. An example of
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a Fi displacement loop and calculation region is shown in Figure 3-26. This was facilitated by
the NTR3® software (Tribometer, Anton Paar, Switzerland) which calculated the mean values
for the coefficient of friction, F,and F: forces for each cycle. For incremental loading, the
‘system average’ was determined by the gradient of the average steady state F; vs F, curve
according to Eqg. 16. This provided an average coefficient of friction over a range of normal
loading conditions. Testing under static loading conditions were calculated as an
instantaneous coefficient of friction where p was calculated as Fi/F, and averaged for the
final 25% of the total number of cycles. One important point to note is the absence of the
adhesion force, C, in this calculation. Given the scale of testing and the applied normal
loading during tests, the adhesion force was considered negligible in this application.
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Figure 3-26 Hysteresis loop example showing frictional force, Ft, 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 Ft.

3.2.7 Surface and chemical analysis techniques
3.2.7.1 White light interferometry

Surface profile measurements were performed using a NPFlex (Bruker, USA) white light
vertical scanning interferometer (VSI). This profilometer enabled 3-D non-contact
meteorological measurements to provide both quantitative and qualitative surface
characterisation after tribological testing. Non-contact profilometry was preferred to
prevent sample damage that might occur from conventional contact profilometry. Scar
profiles were investigated to characterise the scar’s depth and width. Volumetric analyses

of tribo-contact areas were performed to determine surface material loss.
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Sample preparation before VSI

All samples were thoroughly rinsed in deionised water whilst being gently brushed with a
nylon bristled toothbrush after testing. These were then dried under compressed air and
wiped with a lint-free tissue prior to VIS surface examination. Y-TZP balls prepared in the

same way to inspect their surfaces.

Processing

Data was processed using Vision 64 (Bruker, USA). Raw data was processed by the ‘Terms
removal (F-operator)’ function to remove sample curvature and tilt whilst a mask was
applied on the wear location. Linear profiles of the scar were taken, measuring the width,
length and depth from the X and Y trace data, shown in Figure 3-27. The scar depth was
determined as the distance between the flattened surface and the lowest point of the wear
scar at the central scar width cross section. Scar width was measured from this cross section
too as the distance between the opposing scar edges at the flat reference surface. The length

was also measured in a similar way, but from a scar length cross section.
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Figure 3-27 Example of bovine enamel scar taken with VSI, showing X and Y cross-section profiles.

Surface roughness was calculated using the stylus analysis function in Vision64, where a
sample evaluation length of 1.25 mm was used, with a 0.25 mm cut-off, performing 5
samples per length. Average asperity roughness, R, root mean square roughness, Rq, and
core roughness, Ry, were assessed for steatite and bovine enamel surfaces. R, is the
arithmetic average of the absolute values of the profile height above the centre line for a
given length, while Ry is the root mean square average profile height over the centre line,

demonstrated by the profile in Figure 3-28a). Rk is calculated differently, applying a bearing



91

analysis curve on the normalised Z profile. Using the curve in bearing area plot, the Z profile
values are taken from the minimum slope region to represent the core surface profile,
shown in Figure 3-28b). The core roughness is an alternative roughness measure which

ignore the impact of larger peaks and valleys within the profile.
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Figure 3-28 Exampled of surface roughness parameters calculated from profile height for a) R, and R,, and b)
Rk.

The wear scar volume was determined with further processing of the raw data. Images were
adjusted such that the flattened reference surface possessed a depth value of Z=0 um. The
depth value related to the surfaces at the edges of the wear scar, to enable the calculation
of the volume below this depth. Sections were masked off to only focus on the scar area and
the surrounding edges, shown in Figure 3-29a). The volume was then calculated as the
negative volume from the reference plane as shown in Figure 3-29b), which determined the

wear scar volume, shown in Figure 3-29c).
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Figure 3-29 Example of volume calculations showing a) masked scar area, b) scar area below Z = 0 um and c)
the output negative volume result.

3.2.7.2 Optical light microscope

Optical light microscopy (Leica, Germany) was used to perform quick examinations of bovine
enamel and steatite samples throughout the grinding process, as part of managing the
quality of samples as alluded to in Section 3.2.1.2. Bovine enamel surfaces were studied the
surfaces of the two materials after tribological experiments to characterise the potential

wear mechanisms. Examples of the output data can be found in Chapter 2 Section 2.2.1.2.
3.2.7.3  Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM) was performed using a SU820 (Hitachi, Japan) high
resolution SEM as shown in Figure 3-30. This enabled high resolution surface imaging in the
scale of nanometres (nm) which permitted characterisation of surface features and wear
areas. Compared to the wavelengths of visible light, an electron possesses a much shorter
wavelength which permits higher resolution imaging of finer surface features compared to
an optical light microscope. Images were captured using an accelerating voltage of 15 keV
under vacuum conditions (<0.1 mPa) which also enabled EDX elemental characterisation, as

described in section 3.2.7.4.
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Figure 3-30 SEM a) Hitachi SU8230 high resolution and b) schematic.

SEM theory

The image on the right of Figure 3-30 shows a schematic of how an SEM works. The SEM
scans a surface with an electron beam which is focused on the surface with electromagnetic
condenser and objective lenses. Depending on the penetration depth of the incident
electron beam, signals are emitted from the surface in the form of secondary electrons,
backscattered electrons and x-rays which are characteristic for a given element. Because
secondary electrons possess a relatively low energy, they are more surface sensitive and are
useful for examining the top few nanometres of a given surface. Backscatter electrons have
a higher energy and are a result of the reflection of the incident electron beam from within
the sample. An example of this is shown in Figure 3-31. The intensity of the background
scatter changes when interacting with a surface with varying crystal orientation, which helps
identify elemental regions when combined with the x-ray emission data. X-ray emissions can
be used to identify the sample composition close to the surface, which is described in section
3.2.7.4. Each emission is detected by their respective detector and analysed on a computer.
A representation of the data output has been presented previously in Chapter 2 Section

2.2.1.2.
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Figure 3-31 Schematic of how the focused electron beam interacts with an atom showing the emission of a
secondary electron (left) and the reflection of a back scattered electron (right).

Sample preparation

As samples were non-metallic and did not possess any charge conducting properties,
samples had to be pre-treated to prevent surface charges building up. Dry samples were
mounted to metallic stubs with carbon double-sided adhesive discs. The resin sections of
the sample were painted with a carbon paint, while the surface under examination was left
exposed. Once dried, the exposed surface was sputter coated with a thin layer of graphite
under vacuum conditions. These were then transported to a different room to perform SEM

investigations.
3.2.7.4  Energy Dispersive X-ray Spectroscopy (EDX or EDS)

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique which allowed the
identification of the elemental composition of a sample’s surface and is integrated with the
SEM. This was performed alongside SEM as vacuum conditions are required to perform this
function. This enabled a semi-quantitative examination of the surface chemistry of steatite

and bovine enamel.

Theory

The SEM electron beam is fired at the surface, which excites electrons within an atom’s inner
shell. These electrons are ejected and electrons which inhabit the outer shells jump energy
levels to replace the escaped electron. The movement from a higher energy shell to a lower
energy shell releases the energy difference in the form of an X-ray which is detected by the
SEM-EDX. A diagram of this is shown in Figure 3-32. The energy of the X-ray is characteristic
of a given element and thus the elemental composition of a sample can be measured in
counts per second per electron volt. An example of the data output is presented in Figure

3-33.
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Figure 3-32 Diagram of electron excitation and X-ray emission
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Figure 3-33 Example out data output from EDX for a bovine enamel sample.
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3.2.7.5  X-ray Diffraction (XRD)

X-ray diffraction (XRD) was used to analyse the crystal arrangement of bovine enamel before
and after tribological and tribocorrosion experiments. A D8 (Bruker, USA) X-ray
diffractometer was used, as shown in Figure 3-34. Phase identification and structural

deviations because of mechanical stress and corrosive environments were assessed.

Figure 3-34 Bruker D8 X-ray Diffraction.

Theory

The crystals within a substance are arranged in a regular array of atoms which are
characteristically spaced in between planes. X-rays, with a wavelength in the same order of
magnitude of the plane’s spacing, can interact with the electrons of the atoms which scatter
the X-rays. These scatterings interfere with each other, either destructively or
constructively. For a specific angle of incidence, strong amplification can occur from
constructive interreferences which is referred to as diffraction and this interaction is defined

by Bragg’s diffraction law as shown in Eq. 17 and illustrated in Figure 3-35.
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Figure 3-35 Schematic of X-ray diffraction and associated parameters to Bragg's Law.

2dsinf = ni Eq. 17

Sample preparation

All samples were thoroughly rinsed in deionised water whilst being gently brushed with a
nylon bristled toothbrush after testing. These were then dried under compressed air and
wiped with a lint-free tissue prior to XRD examination. Samples were placed in specialised
mounts to ensure surfaces were aligned for analysis.

XRD protocol and analysis

20 scans between 20-70° with a step size of 0.04° and a scan time per step of 1.5 seconds
were performed for all samples under a copper Ka x-ray source. An example of the output
data is presented with the background subtracted in Figure 3-36.
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Figure 3-36 Example data of XRD analysis of bovine enamel after surface preparation.
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Eq. 18 presents the Scherrer equation which was used to calculate the crystallite size, D,
from the product of the incident emission wavelength, A, and a Scherrer constant (0.9) over
the product of the FWHM, B, and the cosine of the Bragg angle, 0 [41].

_ kA Eq. 18
~ Bcos6

Eq. 19 shows the Bragg equation which was rearranged to determine the d-spacing
parameter, d, which also enabled the calculation of interplanar unit cell spacings a and c.
Miller indices, h, k and | were determined as (002) and (230) from the sodium carbonate
hydroxyapatite reference [210] for the corresponding 26 angles to calculate a and ¢ [211].

_onA 4 B4k 4 b 12 1 Eq. 19
= 5o = (37) 0% + 12 + ) + ()

3.2.7.6  Raman Spectroscopy

A Raman spectrometer (inVia, Renishaw plc, England) was used to determine whether any
surfaces species existed within the wear tracks of enamel samples after tribological testing
in different environments. This provided an assessment to the existence of a potential

tribofilm (mechanically induced surface layer).

Sample preparation
Similar to before, all samples were thoroughly rinsed in deionised water whilst being gently
brushed with a nylon bristled toothbrush after testing. These were then dried under
compressed air and wiped with a lint-free tissue prior to Raman examination.

Raman protocol and analysis

The spectrometer used a near infrared laser with a wavelength of 785 nm and a 0.05% power
filter. A spectral range from 400 — 1400 cm™ was investigated, as no peaks were observed
outside of this range. Figure 3-37 presents an example of the data output.
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Figure 3-37 Example of data output from Raman spectroscopy for a bovine enamel sample.
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The degree of demineralisation was calculated from the intensities of the v1 PO4* peak. Eq.
20 shows the formula for calculating the degree of demineralisation. I, was the vl peak
intensity for the deionised water samples outside of the wear location lgemin Was the v1 peak
intensity for other samples. The deionised water only spectra outside the wear location was
chosen as a reference for this calculation in the absence of pre-test Raman spectra as it
represented a baseline sample fresh from the storage. Intensities were taken from both raw
and normalised spectra for analyses as it was not clear in previous studies whether this was

taken from the former or the latter [212, 213].

I i Eq. 20
DD =100 x (1 — -2eminy 9
Iref

3.2.7.7 X-ray Photoelectron Spectroscopy - ENVIRO (XPS)

An Enviro ESCA (Electron Spectroscopy for Chemical Analysis) a.k.a X-ray Photoelectron
Spectroscopy (XPS, Spec group, Germany) with an Al kq micro-focused monochromatic x-ray
source (1486.7eV) was used to provide a quantitative evaluation of the chemical
composition of bovine enamel surfaces before and after dynamic tribo-tests. Unlike a
conventional XPS system which requires an ultra-high vacuum to operate, the EnviroESCA
could work at near ambient conditions. This enabled the analysis of bovine enamel samples
without fully dehydrating samples, which prevented the outgassing issues associated with
ultra-high vacuum XPS. This investigated the surface chemistry of bovine enamel after
testing in various artificial saliva solutions, to determine whether salts, acids or mucin had

cause changes in the superficial enamel chemistry.

Theory

Figure 3-38 shows the XPS system used. Like the x-ray emissions explained in Section 3.2.7.4,
the XPS generates an x-ray beam by firing an electron gun on an aluminium anode.
Monochromatic x-rays are then focused onto the sample, which excite electrons within the
top atomic layers of the sample, causing photoelectric emissions. The photoelectron
emissions possess a specific kinetic energy which can be used to determine the electron’s
binding energy through knowledge of known incident x-ray photon energies. Photoelectrons
move up towards an electron analyser, following a circular path with a radius dependent on
its kinetic energy, before hitting the electron detector. The detector measures the intensity
of electrons hitting it in counts per second. A photoelectric spectrum is produced by varying

the voltage of the hemispherical capacitor to determine the sample’s chemical composition.
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Figure 3-38 Schematic of Enviro XPS system.

Sample preparation

All samples were thoroughly rinsed in deionised water whilst being gently brushed with a
nylon bristled toothbrush before XPS examination. These were then dried under
compressed air and wiped with a lint-free tissue, before being carefully transported to a
different lab for XPS analysis.

XPS protocol

Analysis was performed before and after tribological tests to determine any changes to the
chemical composition within areas of interest. Full surveys were taken to determine atomic
composition at the specific sample locations and short scans were performed for specific
binding energies related to the sample’s composition. These included binding energies
associated with calcium, phosphorus, carbon, nitrogen, and oxygen. To prevent sample
charging, a problem alluded to in Section 3.2.7.3, a neutral argon gas was pumped into the
1 mBar atmosphere to deliver free charge to the surface. Each sample was scanned for

approximately 45 minutes per location.

Processing

The XPS curves were processed using the CasaXPS software to analyse survey data, including
full sweep surveys and more specific elemental surveys. The binding energy scale was
calibrated for the Ar-2p electrons at 243 eV, rather than the C-1s electrons at 284.5 eV. This
decision was made due to the abundance of argon used to compensate the charge build up
under ambient conditions. The Shirley background removal type was applied to all peaks to
determine the atomic percentage of the full survey data, an example of which is shown in
Figure 3-39a). This background type was also applied to individual elemental surveys to fit
component peaks, an example of this is shown in Figure 3-39b). Fitting constraints were
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applied to the full width half maxima (FWHM) of multiple peaks so that these were equal
during the peak fitting process. Values for binding energies were taken from: the NIST XPS
reference database, Thermo Scientific XPS data base, XPS reference handbook and the

literature [214, 215, 216, 217].

Table 3-9 presents the XPS component data in relation to binding energies observed in the
literature and XPS databases. This was used to identify components within deconvoluted
peak data. For clarity in data analyses, components which presented more than one bond

species for a single binding energy were used purely for providing a hypothesis of the surface

features, rather than assigning both bond candidates to the observed binding energy.
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Figure 3-39 Example of output XPS data on CasaXPS for a bovine enamel sample showing a) a full survey of

the binding energies, and b) a narrow-band survey over the O1s peak with curve fittings.
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Table 3-9 XPS peak components and binding energies from the literature and databases with references.

XPS Peak Component Binding energy (eV) Reference(s)
O1s 0-H/0-C 533.1 [214, 109, 218, 219, 220, 221]
0=C/0-P 531.5 [218, 215, 214, 109, 219, 221]
Cls C-C/C-H 285 [218, 222, 220, 216]
C-O/C-N 286.5 [218, 222, 220, 216]
C=0 288 [218, 222, 220, 216]
CO3 289 [218, 222, 220, 216]
N 1s N-H 400 [218, 215, 216]
Satellite feature  401.8 - >405 [218, 215, 216]
Ca2p Cal/2p 351 [215]
Ca3/2p 347.3 [218, 215]
Ca 344.9 [214]
P2s PO4 190.4 [223]
P 188 [223]
cl2p cl1/2p 198 [215]

cl/3/2p 200 [215]
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3.2.7.8 Atomic Absorption Spectrophotometry (AAS)

Atomic absorption spectrophotometry (AAS, Agilent 200 series AA, USA) was utilised for
identifying and quantifying specific elements in each sample, shown in Figure 3-40. The
technigue measured and analysed the absorption of radiant energy of atomized elements,

which quantified the concentration of calcium within static and dynamic post-test solutions.

T E—

-
—
—— -

Figure 3-40 Flame AAS (Agilent 200 series AA)

Theory

A sample solution was passed through a nebuliser which would disperse the solution into
fine mist over a source of thermal energy. This dissociated compounds into a cloud of ground
state atoms. In this case, an air-acetylene fuelled flame was used to achieve temperatures
of around 2300 °C for dissociation. For examination of elements, such as calcium, higher
temperatures were required for dissociation. An acetylene-nitrous oxide fuel was utilised to
achieve flame temperatures of around 2700 °C. The atomised cloud was then irradiated by
a chosen hollow cathode (HC) lamp which would excite electrons within a specific atom. This
light was aligned to pass through the flame burner and atomized cloud towards a
monochromator which isolated the light's wavelength. Light then passed to a
detector/amplifier and absorption was measured on an electronic readout. A schematic of

this is shown in Figure 3-41.
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Figure 3-41 Schematic of Flame AAS. 1) The nebulizer, 2) HC lamp, 3) Flame burner, 4) Monochromator, 5)
Detector, 6) Amplifier, 7) Signal processing and electronic readout.

The HC lamp emitted a characteristic wavelength of light which corresponded to a specific
element. The atoms of this element would absorb the light energy causing electrons to move
up an energy level. The more abundant an element was in a sample; the more energy was
absorbed by the atoms. When the electrons relaxed, whereby electrons moved from the
energy level above back to their original level, energy was released as photons. The intensity
and wavelength of this emission was subsequently analysed to determine the presence of
the element of interest and the concentration of it within a solution measured in ppm (parts

per million) or mg/L.
3.2.7.9 Solution preparation and protocol

Prior to any sample testing, a standard solution of a specific element was made up for the
purposes of equipment calibration. Calcium standard solutions of 800 ppm and magnesium
solution of 20 ppm were made up for this purpose. A SIPS, sample introduction pump
system, was integrated into the AAS system to effectively dilute the standard solution prior
the nebulizer. 7 calibration points were determined within the optimal working range for
each element and the SIPS diluted the standard solution accordingly. A calibration curve was

then established to analyse the test sample solutions.

A minimum volume of 1.5 ml was required for AAS analysis. Sample solutions were collected
from tribometer tests and the initial volume was measured to the nearest 10 pul by collection
with a pipette. Samples were then diluted with 5 ml of MilliQ water (>18 MQ purity) for AAS
analysis. Once analysis was complete, the initial concentration (C;) of the solution was
calculated from knowing the diluted concentration (C;), and the pre and post dilution
volumes (V;, V,) as shown in Eq. 21.

V5 C, Eq. 21
=C
Vi !
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3.2.8 Statistical analysis

A students t-test was used to assess the significance of observed differences between
samples for including friction, calcium release and scar volume results to name a few. Paired
tests were performed on Microsoft Excel using a two-tail distribution and differences were

statistically significant if p < 0.05.
3.3 Summary

The materials and methods presented in this chapter provide a means of analysing the role
of a mucin additive as a component of an artificial saliva. This initially investigated the
viability of using steatite as an alternative tooth material for tribological and adsorption-
based studies with mucin, to which surface analysis methods were particularly helpful in
characterising differences between materials. Growth experiments aimed to identify the
mechanistic behaviour of mucin adsorption and its structural properties on dental materials,
including tooth enamel. This provided insights into potential lubrication mechanisms under
tribological contacts. Tribology and tribocorrosion based experiments examined the role of
mucin for protection, measuring different aspects of surface and corrosive wear. Changes to
surface chemistry and crystal phase were examined before and after tribological tests.
Finally, a conceptual methodology to investigate the lubrication of mucin layers and their

structural properties in-situ was trialled.



106

Chapter 4. General characterisation of mucin solutions, surfaces and

interactions

4.1 Introduction

This chapter aims to investigate the characteristics of mucin structures within different bulk
lubricant environments, and understand how this influences the formation of mucin surface
layers through the lubricant-surface interactions in the absence of tribology. Figure 4-1
shows a flow chart of the experimental methods and analyses used in this chapter. Mucin
was characterised alone in different solution environments with DLS and zetapotential
methods. Bovine enamel and steatite surfaces were characterised by optical microscopy,
SEM, EDX and quasi-in situ AFM methods. Following the static immersion protocol with the
AFM, mucin interactions with steatite and bovine enamel surfaces were investigated. This
chapter also aimed to comment on the feasibility of steatite as an alternative test material
to bovine enamel, investigate how solution composition influenced mucin and mucin layers,

and, to further investigate the surface properties of partially hydrated and fully hydrated
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mucin layers.
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Influence of solution
composition on mucin
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Figure 4-1 Flow chart of experimental methods and analyses in Chapter 4.
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4.2 Results

4.2.1 The influence of solution composition on mucin
4.2.1.1 Influence of pH on mucin isoelectric point and size variation

Solutions of different pH were made with citric acid to determine the isoelectric point of
mucin. This provided an insight into the charge behaviour of mucin and how it might interact
with solution components and surfaces. The pH was confirmed with 3 readings from a pH

meter prior to experimental analysis to ensure all readings were within a pH of 0.01.

Figure 4-2 shows the zeta potential as a function of pH for a 0.2% mucin solution (Muc +
DiW). The isoelectric point (IEP) was estimated to be between pH 2.4 — 3.25. Mucin was
shown to have a negative zeta potential of -6.01 + 0.51 mV in a neutral pH (6.78), suggesting
mucin was negatively charged in this environment. The zeta potential was observed to

increase as the pH decreased.
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Figure 4-2 Zeta potential vs pH of 0.2% mucin solution.

Figure 4-3 shows the peak sizes distribution and area intensity of mucin. A range of mucin
sized between 5 to 5000 nm was observed, presenting a large degree of size variation. The
peak area intensity was the greatest between 100 — 300 nm, indicating this was the most
common mucin size agglomeration. The pH variation did not appear to impact the size of

mucin within the test solutions.
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Figure 4-3 0.2% mucin peak size vs peak area intensity for over the zeta potential pH range.

4.2.1.2 Influence of solution environment and mucin concentration on mucin size, zeta

potential and polydispersity index

Mucin size, zeta potential and polydispersity index were investigated in three solution
environments: deionised water (DiW), PBS solution (PBS) and citric acid (Acid). These
solutions aimed to characterise mucins behaviour alone, interacting with salts and within an
acidic environment over a range of mucin concentrations. A 2% mucin solution (20 g/L) was
made up with the three base solutions and diluted such that 5 different concentrations could
be investigated. The pH of each solution was confirmed in the same manner as before.
Regression analyses were performed to determine relationships between dependent and
independent measurements. Reported R? values from this point onwards are considered
significant, based on a 95% confidence interval (p < 0.05) of the calculated regression

coefficient.

Figure 4-4 shows how the concentration of mucin influenced the measured pH of each
solution. The solution’s pH decreased linearly (R? = 0.98) in DiW from pH 6 — pH 4 with each
logarithmic incrementin mucin (Muc) concentration. The pH of PBS was consistentat pH 7.5
for Muc concentrations between 0.0002% - 0.02%. Muc concentrations after this see the pH
drop to pH 7 in the 0.2% Muc concentration, followed by pH 5.4 for the 2% Muc solution.
This indicated the buffer capacity of the PBS solution was exceeded by the pH change from
an increased Muc concentration. No pH change was observed in the Acid solution, due to it

being buffered to pH 3.1.
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Figure 4-4 Mucin concentration vs solution pH in different environments. pH was taken as 3 readings within
0.01 of one another for each solution.

Figure 4-5 shows the corresponding zeta potentials for the three solution environments
when examined over the Muc concentration range. Negative zeta potentials were observed
in all solutions and the lowest zeta potential was observed in Muc + DiW, -23.2 £ 2.8 mV for
the 0.002% Muc concentration, indicating a more stable mucin structure. A positive linear
relationship was observed between the zeta potential and Log Muc concentration in Muc +
DiW (R*=0.89), which brought the zeta potential closer to the IEP, reaching -4.24 + 0.49 mV

by the largest Muc concentration.
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Figure 4-5 Mucin concentration vs zeta potential of mucin particles in different environments.

There were no large changes to zeta potential with increasing Muc concentration in the Muc

+ Acid solutions, with the zeta potential slightly increasing from -4.01 + 0.90 mV to -2.76 +
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0.10 mV. A positive linear relationship was observed in the Muc + Acid solutions (R? = 0.85).
In PBS, the zeta potential was shown to decrease as the Muc concentration increased, from
- 450 + 0.42 mV in 0.0002% Muc concentration to -7.53 + 0.61 mV in 0.2% Muc
concentration. At 2% Muc + PBS, the zeta potential increased to 5.06 + 0.43 mV. No

relationship was determined for Muc + PBS.

Figure 4-6 shows the influence of Muc concentration on the mean hydrodynamic particle
diameter (Z-av) of mucin within the solution environments. This was measured as d.nm
which refers to the hydrodynamic diameter size in nm. Large variations in size existed at
lower Muc concentrations, becoming less varied as the Muc concentration increased. A
slight positive trend was observed between the Z-av and Muc concentration for both DiW
and Acid environments (R? = 0.94 and R? = 0.90 respectively). This indicated that the Muc
concentration within DiW and Acid environments had an impact on mucin’s average size in
solution. In the Salt environments, a slight positive relationship was observed between the

Z-av and Muc concentration but not significantly (p > 0.05).
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Figure 4-6 Mucin concentration vs average hydrodynamic diameter of mucin particles in different
environments.

Figure 4-7 shows the polydispersity index (Pdl) changes over the Muc concentration,
providing an insight into the size homogeneity of mucin with the solution environments. A
PdI of 0 indicated the dispersed particles were the same size (homogenous) whereas a Pdl
of 1 indicated the opposite (heterogenous). Large variations in Pdl were observed for all
environments, and mucin size was observed to be polydisperse in all cases. This was
attributed to use of mucin in its crude form, without additional purification steps. DiW and
PBS presented different relationships between the Pdl and Muc concentration. Increasing

the Muc concentration decreased the Pdl in DiW significantly (R? = 0.98) while the Pdl



111

increased in PBS (R?> = 0.80). No significant relationship was observed in the Acid

environment.
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Figure 4-7 Mucin concentration vs polydispersity index of mucin in solutions.

The 0.2% Muc concentration was chosen for future test solutions as this concentration
reflected the quantity of mucin in whole human saliva [97]. Mean zeta potential, Z-av and
Pdl were compared at this Muc concentration between each solution environment. The
mean values are presented in Table 4-1. The zeta potentials for DiW (-6.41 £ 0.36 mV) and
PBS of (-7.41 £ 0.33 mV) were significantly different to Acid environments (-3.37 £ 0.45 mV),
where p <0.005 and p <0.001 respectively. No significant differences were observed

between environments when comparing mucin size and poly dispersity.

Table 4-1 Mean zeta potential, Z-av and polydispersity index at 0.2% mucin concentration for each solution
environment. Superscript lower-case letters imply significance between compared environments.

Environment Zeta potential (mV) Z-av (d.nm) Pdi

Muc + DiW -6.41 + 0.36° 1741 + 127 0.62 +0.25
Muc + PBS -7.41 £0.33° 1249 + 46.7 0.85+0.20
Muc + Acid -3.37 £ 0.45® 1475 + 112 0.56 + 0.06

4.2.1.3 Influence of salt type and concentrations on mucin size and zeta potential.

The influence of individual salt types and concentrations on mucin’s solution characteristics
were examined. Salt solutions were made up to 1, 10 and 100 mmol/L concentrations as
described in Chapter 3. Section 3.2.2.2. The salt types were attributed to the salts found
naturally in saliva and included CaCl,, KCI, NaCl and NaH,PO,4. Mucin was added to solutions

to make up a concentration of 0.2% (w/v).
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The peak size variation of mucin within these salt solutions is displayed in Figure 4-8. No

trends between the salt concentration and peak size were observed, with the most intense

peak sizes being between 900 — 3000 nm.
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Figure 4-8 Salt concentration comparison of mucin peak size vs size intensity area for different salts: a) NaCl,
b) KCl, c) CaCl, and d) NaH2PO,.

Figure 4-9 shows the Z-av compared to the salt concentration and salt type. Sodium

containing salts, NaCl and NaH,PO,, presented a similar drop in the Z-av at 10 mmol salt

concentrations. Further comparison of the salt types uncovered a mean Z-av difference

between NaCl and NaH;,PO, salts of 393 + 128 d.nm, which was statistically significant (p <

0.05).
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Figure 4-9 Salt concentration vs average hydrodynamic diameter of mucin particles for different salts: a)
NaCl, b) KCl, c) CaCl, and d) NaH,PO,.

Although trends were observed for increasing CaCl; and KCl salt concentrations with the Z-
av, no significant relationships were determined between the two variables. Further
exploration of the results aimed to determine how the salt type influenced the Z-av at each
salt concentration level. Significant differences (p < 0.05 were observed for 100 mmol CaCl;
(2412 + 195 d.nm) compared to 100 mmol KCI (1534 + 119 d.nm) and 100 mmol NaH,PO,
(1520 £ 183 d.nm) only.

Figure 4-10 explored the polydispersity of mucin sizes compared to salt type and salt
concentrations. No significant relationships between the salt concentration and Pdl were
observed. CaCl, presented a different trend to other the salts, where the size variation of

mucin particles increased with salt concentration. Further investigation into each salt



114

concentration level showed that the Pdl of 100 mmol CaCl; (0.83 + 0.05) was significantly
different to 100 mmol KCI (0.53 + 0.01) (p < 0.05).
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Figure 4-10 Salt concentration vs polydispersity index of mucin particles in solution for different salts: a)
NaCl, b) KCl, c) CaCl, and d) NaH»PO,.

Figure 4-11 show the zeta potential of each of the salts compared to the salt concentration
range. The zeta potential did not appear to change with increased NaCl and KCl salt
concentrations, increasing slightly from 6.27 £ 0.24 mV and 6.99 + 0.30 mV to 4.65 + 0.22
mV and 5.22 + 0.36 mV respectively. In CaCl, and NaH,PO;, salt solutions, the zeta potential
did increase with salt concentration, from -10.21 + 1.37 mV to -2.11 + 0.26 mV for CaCl, and
-13.14 £ 1.37 mV to -3.19 £ 0.36 mV for NaH,PQO,. This was significant for the CaCl; solutions
(R?=0.99). Despite the NaH,PO;, salt solutions’ zeta potential possessing a good fit with the

salt concentration, this was not significant.
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Figure 4-11 Salt concentration vs zeta potential of mucin particles in solution for different salts: a) NaCl, b)
KCl, c) CaCl, and d) NaH»PO,.

The zeta potential was further compared between salt types at each salt concentration.
Significant differences were observed for a 1 mmol salt concentration (p < 0.05), except for
NaCl compared to KCl. At 10 mmol salt concentrations, KCI, CaCl, and NaCl zeta potentials
were significantly different to NaH,PO4 (p < 0.05). At 100 mmol salt concentrations, the zeta
potential of CaCl; was significantly different to NaCl and KCl zeta potentials (p < 0.05).

Furthermore, the zeta potential of KCl was significantly different to NaH,PO,,

Given that calcium and phosphate salts are essential components for tooth enamel
remineralisation, it was important to consider how these components influenced mucin
behaviour. As saliva contains a combination of salts, another solution composition was
formulated to assess different concentrations of CaCl, in a PBS solution (CaCl, + PBS). This

solution represented an artificial saliva in terms of its salt composition.

Upon formulation of the CaCl, + PBS solutions, it was observed that the solution’s
appearance became opaque with increasing CaCl, concentration, indicating precipitation.
Figure 4-12 shows the summarised DLS and zeta results for CaCl, + PBS. Figure 4-12 a) and c)

shows how the addition of calcium influenced the size variation of mucin in the solutions.
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The Pdl decreased as the CaCl, concentration increased, resulting in a single peak size cluster
at 10 and 100 mmol concentrations. No significant trends in Pdl, average mucin size and zeta
potential were observed with increasing CaCl, concentration in PBS. Figure 4-12b) indicated
that the Z-av was much larger compared to observations in Figure 4-9, significantly for 10
and 100 mmol CaCl, concentrations in PBS compared to all other salts at each respective

concentration (p < 0.001).
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Figure 4-12 CaCl, concentration in PBS solution comparison of a) mucin peak size vs size intensity area, b)
average hydrodynamic diameter of particles, c) polydispersity index of particles in solution and d) zeta
potential.

The Pdl of 1 mmol CaCl; + PBS was significantly different to other of salts of the same
concentration (p < 0.05). Pdl differences between 100 mmol CaCl, + PBS and all other salts,
excluding KCI, were significant (p < 0.05). Finally, zeta potential differences between CaCl, +
PBS solutions at each concentration and all other salt types at corresponding concentrations

were significant (p < 0.05), excluding 1 mmol KClI.
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4.2.2 Surface characterisation of bovine enamel and steatite
4.2.2.1 Initial observations with optical microscopy

Steatite and enamel samples were examined with optical microscopy after sample
fabrication. Figure 4-13 shows the steatite and enamel surfaces to the same scale. Surface
features were observed on the steatite, as illustrated in Figure 4-13a) by the irregular-
shaped dark spots that were randomly distributed on the surface. Conversely, these features

were not present on the bovine enamel surfaces as demonstrated in Figure 4-13b).

Figure 4-13 Optical microscope images of a) steatite and b) bovine enamel surfaces after grinding and
polishing.

4.2.2.2  Surface characterisation of steatite and bovine enamel with SEM/EDX

Further examination on steatite and bovine enamel surfaces was performed using SEM with
EDX. This aimed to characterise the surface features and the chemical composition of each
surface. Both secondary electron (SE) and backscatter electron (PDBSE) image modes were
used to compare surface and subsurface features respectively. Figure 4-14 shows SEM image

of steatite with corresponding SE and PDBSE images.

The features alluded to in Figure 4-13a) as dark spots were thought to be craters on the
steatite surface when inspected with SEM, which is presented in Figure 4-14a). A faint grain
structure was observed on the non-cratered surface regions, shown with the aid of PDBSE
in Figure 4-14b). The grain structure was further defined within the crater, shown in Figure
4-14 c) and d), and faintly around the outside of the crater in Figure 4-14d). Grains within
the crater were considered native compared to the grains on the exposed surface which
were flattened by sample grinding. Grain size, geometry and distribution were not observed

to be uniform.



118

LEMAS 5.0kV 7.4mm x600 SE(U) 50.0pm LEMAS 5.0kV 7. 4mm x600 PDBSE(3D) 50.0pm

LEMAS 5.0kV 7.4mm x4.00k SE(U) "10.0um [l LEMAS 5.0V 7.4mm x4.00k PDBSE(3D) " 10.0um

Figure 4-14 SEM characterisation of steatite showing a) SE and b) PDBSE images of steatite surface, and c) SE
and d) PDBSE images of steatite crater.

Figure 4-15 shows the bovine enamel surface imaged by SE and PDBSE imaging modes. In
comparison to the steatite surface, the bovine enamel surface was considerably different.
Figure 4-15a) presents a uniform flattened surface (ignoring the dust particles) with a few
surface cracks. These cracks occurred on the edges of the observed enamel rods which are
oriented in one direction, as shown in Figure 4-15b). The size, geometry and distribution of
the enamel rods were uniform on the surface in contrast to steatite’s grains, made up from

approximately 2 x 7 um rods.

Figure 4-15 SEM characterisation of bovine enamel showing a) SE and b) PDBSE images of enamel surface.
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Figure 4-16 compares the chemical composition of steatite and bovine enamel surfaces
examined by EDX, showing EDX maps and their corresponding elemental composition by
weight percentage up to 1 um in depth from the surface. The grain structure and grain
composition of steatite was identified as Figure 4-16a) shows high density areas of
magnesium rich granules that are both fine and coarse. In between the magnesium grains,
there were localised areas with a higher percentage of aluminium, and one larger structure
which was rich in silicon. The elemental composition of steatite was shown to be mostly
made up of oxygen, silicon and magnesium, shown in Figure 4-16b). This was comparable to
the expected composition of steatite. The carbon content was attributed to the carbon

surface coating which was applied prior to SEM/EDX examination.

Compared to steatite, bovine enamel presented a uniform chemical composition across the
entire surface with no localised element dense regions, as shown in Figure 4-16c). Bovine
enamel was shown to be made primarily made up of oxygen, calcium, carbon and
phosphorus, as shown in Figure 4-16d). The carbon weight percentage of bovine enamel was
only part attributed to the pre-applied carbon coating, as tooth enamel has been described

as a carbonated hydroxyapatite.
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Figure 4-16 EDS maps of a) steatite and c) bovine enamel surfaces. Bar charts of element weight % of b)
steatite and d) bovine enamel. Bar colours correspond to elemental colours on their respective EDS map.
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4.2.2.3 Surface profile characterisation of steatite and bovine enamel with VS| prepared by

the same methods

Steatite and bovine enamel surface areas and profiles were further characterised with VSI
to compare surface profile differences after following the surface preparation methods in
Chapter 3. Section 3.2.3. Figure 4-17 shows steatite and enamel surfaces their respective
profile traces in the X and Y directions. Clear differences in the Z direction variation were
observed between the two surfaces over the 2 mm profile trace, as shown in Figure 4-17b)
and d). Variation in the Z direction was independent of the trace direction. The presence of
craters on steatite were also confirmed by the valleys in X and Y steatite profiles, shown in

Figure 4-17b).
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Figure 4-17 VSI characterisation of surface profile show surface images of a) steatite and c) bovine enamel
with profile traces in x and y directions of b) steatite and d) bovine enamel.

Figure 4-18a) shows the profiles of each material corrected about a centre line, and the
average roughness parameters Ra, Rq, and Ry are displayed in Figure 4-18b). Variations in Rq
were attributed to the mechanical interface of surface grinding and polishing with the

variable chemical and structural composition on steatites surface. Differences were



121

observed between the surface profiles and roughness parameters despite both surfaces
being prepared with the same methodology. These were significant when comparing the
average asperity roughness (R.) and the core roughness (Rk) of the steatite compared to

bovine enamel (p < 0.05).
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Figure 4-18 VSl surface profile comparison showing a) average profile traces of steatite compared to bovine
enamel and b) calculated nominal roughness parameters R., R and R, of steatite (St) and bovine enamel (SE)
surfaces.

4.2.2.4  Bare surface observations of steatite and bovine enamel with AFM (air)

Steatite and bovine enamel surfaces were examined at the nanoscale with an AFM in an air
environment, illustrated in Figure 4-19. Prominent surface features were observed on the
steatite surface while bovine enamel surfaces were uniform with no discernible features.
Figure 4-19 serves as a baseline surface image to compare AFM images depicting mucin-

surface interactions in the next section.

a) b)

Height 1.0 um Height 1.0 um

Figure 4-19 5 x 5 um AFM height images of a) steatite and b) enamel in air.
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4.2.3  Mucin interactions with surfaces at the nanoscale
4.2.3.1 Influence of surface material on mucin surface interactions

AFM in an air environment after immersion in a Muc + DiW environment was employed to
image mucin interactions with steatite and bovine enamel surfaces. Figure 4-20 shows
mucin solution interactions with both surfaces after 5, 10 and 30 minutes of static
immersion. The adsorbed mucins are partially hydrated given the air imaging environment,
providing an experimental representation of what the oral state without continuous flow,

simulating conditions akin to xerostomia.

Steatite Bovine enamel
5
minutes 50.0 nm 50.0 nm
10
minutes 50.0 nm 50.0 nm
30
minutes 50.0 nm 50.0 nm

Height Tom Height 7.0 pm

Figure 4-20 5 x 5 um AFM height images of steatite and bovine enamel surfaces treated with Muc + DiW
solution under static immersion conditions. Images were taken in an air environment, therefore mucins on
the surface are partially dehydrated. Surface roughness parameter, R,, is displayed for each image. Red
shapes indicate features of interest.

Partially hydrated mucin structures on bovine enamel were different to structures formed

on steatite. Dome like nodules appear to be distributed randomly on enamel, an example is

annotated by the red circle in Figure 4-20, increasing in population density over time.
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However, mucin structures on steatite formed larger clusters of smaller mucins above the

surface with a surrounding film, annotated by the red square in Figure 4-20.

A particle analysis of the structures was performed on the NanoScope Analysis software
(Bruker, USA), where particles above a given depth were isolated and assessed, using the
surface depth as a refence plane. Height and diameter of structures were determined after
30 minutes static immersion, shown in Table 4-2. Mean heights and diameters of mucin
structures on steatite were observed to be smaller than mucin structure on bovine enamel,
however large variations existed with these which may have been an effect of the surface

energy differences.

Table 4-2 Particle analysis data of mucin structures on steatite and bovine enamel after 30 minutes static
immersion in 0.2% mucin solution.

Surface Mean Minimum Maximum SD
Height (nm) Steatite 4.77 0.01 48.32 6.50

Bovine enamel 9.89 0.02 30.89 7.37
Diameter (hm) Steatite 119.43 27.71 2033.27 231.43

Bovine enamel 122.84 22.04 423.92 91.77

Figure 4-21 shows the estimated mucin area coverage on each surface over the growth
period. Area coverage was determined using the bearing analysis tool on the NanoScope
Analysis software (Bruker, USA). The bearing depth for the analysis was chosen to be above
the material surface to estimate the area coverage of mucin above this reference plane.
Steatite presented more surface coverage than bovine enamel for all adsorption periods,
covering 41.34% of the 5 x 5 um scan area after 30 minutes static immersion. In contrast,
only 14.87% of the surface was covered on bovine enamel after the same immersion time.
These differences were attributed to larger structures formed on steatite that took up a

larger portion of the surface area.
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Figure 4-21 Mucin % area coverage on steatite and bovine enamel surfaces over time. Area coverage was
determined by performing a bearing analysis on flattened height images with the bearing depth set such
that the uncovered surface was excluded, focusing on the mucin coverages above this reference plane.

Quantitative nanomechanical property (QNM) maps of steatite and enamel were examined
after 30 minutes staticimmersion to identify differences in the surface properties of partially
hydrated mucin-surface structures. Figure 4-22 shows the QNM maps for steatite, displaying
height, error, adhesion, deformation, dissipation and logDMT modulus. The maps highlight
further differences in the surface properties where the mucin structures were located
compared to the uncovered surface, as shown by image contrast differences throughout
Figure 4-22. It should be noted that Peak Force error maps do not provide any quantitative
assessment of the surfaces, merely providing more of a 3D visual representation to

complement the rest of the acquired data.

For adhesion, deformation, dissipation and logDMT QNM maps of steatite, image depth
surveys were taken for the whole scan, bare surface, and mucin-surface areas, shown by the
red, dashed boxes in Figure 4-22a). Image depth was measured from an absolute X axis
which plotted the real, measured quantities for each QNM property map. The mean

calculated results of these image depth surveys on steatite are displayed in Table 4-3.
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Figure 4-22 5 x 5 um Quantitative nanomechanical property maps of partially hydrated mucin on steatite
after 30 minutes static immersion in 0.2% mucin showing maps of a) height, b) PeakForce error, c) adhesion,
d) deformation, e) dissipation and f) logDMT modulus. Absolute scale used in images a) to e), where the
lowest value is considered 0.

Figure 4-23 shows the QNM maps for mucin on bovine enamel surfaces. Clear differences in
the surface properties were observed between the bare surface and mucin-surface
locations. Depth surveys were performed on bovine enamel in the same way as on steatite,
focussing on the red, dashed boxes shown in Figure 4-23a). The mean calculated results of

these depth surveys on bovine enamel are displayed in Table 4-3.
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Figure 4-23 5 x 5 um Quantitative nanomechanical property maps of partially hydrated mucin on bovine
enamel after 30 minutes static immersion in Muc + DiW showing maps of a) height, b) PeakForce error, c)
adhesion, d) deformation, e) dissipation and f) logDMT modulus. Absolute scale used in images a) to e),
where the lowest value is considered 0.

Mucin structures in Figure 4-22 and Figure 4-23 both present a drop in dissipation, adhesion
and logDMT modulus compared to the surrounding surface material, with an increase in
deformation at the surface. This is quantified in Table 4-3, which presents the mean QNM
properties of mucin-surface interactions on steatite and bovine enamel surfaces. Mucin
structures on bovine enamel were observed to be softer relative to the bare bovine enamel

surface compared to mucin structures on steatite compared to bare steatite. This was shown
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by differences in deformation and logDMT properties between the surface and mucin
features. This was shown to have a minor effect on reducing the overall mean logDMT
moduli on both surfaces. However, this has a greater effect on increasing the overall
deformation. On the other hand, mucin structures on steatite appear to show less adhesion
and dissipation properties relative to their base surface compared to mucin structures on
bovine enamel. This effectively reduces the overall adhesion and dissipation properties on

steatite, more than on bovine enamel.

Table 4-3 Mean quantitative nanomechanical properties and standard deviations of surface features on
steatite and bovine enamel surfaces after 30 minutes static immersion in 0.2% mucin solution. Features
relate to areas of no mucin (Surface), areas of partially hydrated mucin (Mucin) and the mean properties of
the whole scan area (All).

Feature Steatite Bovine enamel

Adhesion (nN) Surface 10.67 +0.53 10.57 +1.38
Mucin  7.60+2.42 9.80+2.66

All 8.68+240 9.24+2.16

Deformation (hnm) Surface 0.27+0.08 0.38+0.11
Mucin  0.53+0.29 2.17+2.72

All 1.49+0.26 3.58+2.86

Dissipation (keV)  Surface 1.51+0.11 0.74+0.12
Mucin 1.17+£0.43 0.63 £0.28

All 1.33+0.42 0.75%0.20

LogDMT (logPa)  Surface 8.48+0.14 9.50 £0.17
Mucin  8.36+0.41 8.88+0.48

All 8.44+0.36 9.37+0.30
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4.2.3.2 Differences between partially hydrated mucin and fully hydrated mucin interactions

with bovine enamel and the influence of salts

Partially hydrated mucin seen as the ROl in Figure 4-23c) and e) are shown in Figure 4-24 at
an increased scale; contrast differences between the edge and centre of nodules are
presented. The centre of these nodules shows QNM properties similar to surrounding bovine
enamel, while the edges present a lower value. Adhesion and dissipation maps both show a
drop at the nodule’s edge, shown in Figure 4-24b) and d), which correspond to the dashed

lines in Figure 4-24a) and c).

a) b)

Adhesion (nN)
» 8 K % &

o
1

0 Sb 160 léO 260 ZéO 360 3é0 4(50
Adhesion 800nm Distance (nm)

c) d)

r

0 50 100 150 200 250 300 350 400
Dissipation 800 nm Distance (nm)

Figure 4-24 Magnified QNM map and section profile of partially hydrated mucin for a) and b) adhesion, and
¢) and d) dissipation on bovine enamel. Absolute scale used in images a) and c), where the lowest value is
considered 0.

Partially hydrated mucin structures on bovine enamel were further examined and compared
with fully hydrated mucin structures at a greater magnification (1 x 1 um AFM scans). The
term fully hydrated mucin structures refer the AFM method used to measure mucin
structures in an aqueous environment, simulating a hydrated oral state. Furthermore, the
influence of salts was assessed for both hydration states. Figure 4-25 show height images of

mucin structure on bovine enamel after 30 minutes staticimmersion in 0.2% mucin and PBS
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+0.2% mucin solutions, referred to as Muc + DiW and Muc + PBS from hereafter respectively.
Smaller mucin nodules were observed on bovine enamel when fully hydrated, shown in
Figure 4-25b) compared to partially hydrated mucin Figure 4-25a) after immersion in Muc +
Muc. The nodule coverage also appeared to be greater under fully hydrated conditions.
Immersion in Muc + PBS presented a greater coverage of finer nodules under both hydration

conditions, shown in Figure 4-25c) and d).

a)

40.0 nm 20.0 nm

Height 200.0 nm
c) d)

20.0 nm

Height 200.0 nm Height 200.0 nm

Figure 4-25 1 x 1 um AFM height images of mucin on bovine enamel after static immersion in a) and b) Muc +
DiW, and c) and d) Muc + PBS. Partially hydrated mucin features are displayed in a) and c), while fully
hydrated mucin features are displayed in b) and d). Absolute scale used in images a) to d), where the lowest
value is considered 0.

Particle analyses of the heightimages in Figure 4-25 were performed and particle height and
diameters were quantified, as shown in Table 4-4. After Muc + DiW immersion, the mean
height and diameter of fully hydrated mucin structures were less than the partially hydrated
structures, with a reduced particle range. Under partially hydrated and fully hydrated
conditions, the presence of salts reduced the mean height and diameter of particles as well
as the ranges of these properties. Large variations in height and diameter existed in all

immersion and hydration conditions.
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Table 4-4 Particle analysis from 1x1 um AFM scans for partially and fully hydrated mucin after 30 minutes
static immersion in either Muc + DiW or Muc + PBS solutions.

Hydration Solution Mean *+ SD Minimum Maximum
Height (nm) Partially Muc + DIW 7.29£6.6 0.49 23.23
Muc+PBS 1.93+1.94 0.06 8.89
Fully Muc + DIW 2.31+2.41 0.01 10.34
Muc+PBS 1.74+1.01 0.54 3.90
Diameter (nm) Partially Muc + DIW 74.04 £ 77.67 13.94 241.78
Muc+PBS 28.96+14.13 4.41 77.86
Fully Muc + DiW 55.96 +35.86 13.22 186.95
Muc+PBS 35.29+1850 18.7 66.56

The surface properties of partially hydrated and fully hydrated mucin structures, after
immersion in both Muc + DiW and Muc + PBS, were mapped out with QNM. Figure 4-26
shows 1 x 1 um QNM maps of partially hydrated mucin structure on bovine enamel after 30
minutes immersion in Muc + DiW. Figure 4-26 presents partially hydrated mucin structures
and properties, similar to what was observed in Figure 4-23 but with increased scale. Surface
abrasion marks were more clearly observed on bovine enamel from the surface preparation
methods. In addition to the larger globular features observed on bovine enamel, smaller
surface bound features were identified, from adhesion and deformation maps which was
attributed size variation components within the Muc + DiW growth solution. It should be
noted that the white lines associated with the edges of mucin features are a result of
hysteresis of the piezo-controlled cantilever, caused by load control overshoots on the

leading and trailing edge of features.
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Figure 4-26 1 x 1 um Quantitative nanomechanical property maps of partially hydrated mucin on bovine
enamel after 30 minutes static immersion in Muc + DiW showing maps of a) height, b) PeakForce error, c)
adhesion, d) deformation, e) dissipation and f) logDMT modulus. Absolute scale used in images a) to e),
where the lowest value is considered 0.

Figure 4-27 shows 1 x 1 um QNM maps of fully hydrated mucin on bovine enamel after 30
minutes static immersion in Muc + DiW. Unlike partially hydrated mucin, fully hydrated
mucin presented more uniform properties throughout its whole structure, shown in Figure
4-27c), d), e) and f). Furthermore, the base surface is difficult to define in Figure 4-27b), as

the ground enamel surface is not visible, indicating that a surface film might have formed.
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This was further evidenced by the maximum dissipation range of Figure 4-27e) of 120 eV

compared to 2.5 KeV in Figure 4-26e).

20.0 nm
d)
2.0nN 15.0 nm
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Figure 4-27 1 x 1 um Quantitative nanomechanical property maps of fully hydrated mucin on bovine enamel
after 30 minutes static immersion in Muc + DiW showing maps of a) height, b) PeakForce error, c) adhesion,
d) deformation, e) dissipation and f) logDMT modulus. Absolute scale used in images a) to e), where the
lowest value is considered 0.

Figure 4-28 shows 1 x 1 um QNM maps of partially hydrated mucin on bovine enamel after
30 minutes static immersion in Muc + PBS. Uniform QNM properties were observed over
these mucin structures, much like fully hydrated structures formed from Muc + DiW.

Partially hydrated Muc + PBS structures were observed to be more evenly distributed over
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the scan area compared to mucin structures without salt in Figure 4-26. The base surface

was still defined, shown by the visible scratches from grinding in Figure 4-28b).
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Figure 4-28 1 x 1 um Quantitative nanomechanical property maps of partially hydrated mucin on bovine
enamel after 30 minutes static immersion in Muc + PBS showing maps of a) height, b) PeakForce error, c)

adhesion, d) deformation, e) dissipation and f) logDMT modulus. Absolute scale used in images a) to e),
where the lowest value is considered 0.

Figure 4-29 shows 1 x 1 um QNM maps of fully hydrated mucin on bovine enamel after 30
minutes static immersion in Muc + PBS. Fully hydrated Muc + PBS structures are evenly

distributed over the enamel surface, similar to partially hydrated Muc + PBS structures.
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Figure 4-29 1 x 1 um Quantitative nanomechanical property maps of fully hydrated mucin on bovine enamel
after 30 minutes static immersion in Muc + PBS showing maps of a) height, b) PeakForce error, c) adhesion,
d) deformation, e) dissipation and f) logDMT modulus. Absolute scale used in images a) to e), where the
lowest value is considered 0.

Red dashed boxes in Figure 4-26a), Figure 4-27a), Figure 4-28a), Figure 4-29a) represent
image depth survey locations for the adhesion, deformation, dissipation and log DMT
modulus properties, displayed in Table 4-5. The boxed areas relate to mucin areas, potential
surface areas with no mucin and the whole scanned area. Surface areas were estimated base

on the PeakForce error maps for hydrated samples due to surface coverage.



Table 4-5 Mean quantitative nanomechanical properties and standard deviations of surface features on
bovine enamel surfaces after 30 minutes static adsorption in Muc + DiW and Muc + PBS. Features relate to
areas of no mucin (Surface), areas of mucin (Mucin) and the mean properties of the whole scan area (All)
under partially and fully hydrated conditions.

Feature | Partial hydration Full hydration
Mean * SD Muc + DiIW Muc + PBS Muc + DiW Muc + PBS
Adhesion (nN) Surface | 10.23+1.76 9.49 +3.22 0.02+0.04 0.06 £0.07
Mucin | 9.53 £2.83 6.57+2.31 | 0.11+0.11 0.71+0.146
All 10.05 £ 3.00 13.62 £ 6.66 | 0.04 +0.08 0.71+0.146
Deformation (hm) Surface | 0.41+0.14 0.34+0.16 | 0.66%0.19 1.84 £ 0.40
Mucin | 0.60 +£0.19 0.92+0.47 |[5.50+1.18 9.27 £2.13
All 1.28 £0.24 1.26+0.33 | 1.88+1.88 5.30+7.70
Dissipation (KeV)  Surface | 0.79 £0.17 1.25+0.93 | 0.05+0.01 0.04 £ 0.02
Mucin | 0.68 £ 0.22 0.39+0.22 | 0.06 +0.02 0.15+0.04
All 0.76 £0.33 1.27+£0.89 | 1.25+0.02 0.12 £ 0.08
logDMT (logPa) Surface | 9.79 £ 0.30 9.53+0.39 | 8.82+0.19 7.92 £0.32
Mucin 9.94 +0.30 8.86 +0.29 7.38+0.32 7.81+0.21
All 9.63 +£0.36 9.53+0.48 | 8.24+0.62 7.68 £ 0.56

Adhesion and dissipation properties were reduced in a fully hydrated environment
compared to the partially hydrated environment for both solutions. Salt interactions
reduced mucin’s adhesion and dissipation properties compared to the surface’s when
partially hydrated. However, the overall adhesion and dissipation of the whole area was
shown to increase with the addition of PBS. The adhesion and dissipation properties of fully
hydrated mucin were observed to increase with the addition salt. Differences between
mucin and surface features were greater with the addition of salt in the partially hydrated
environment. Furthermore, adhesion and dissipation properties of fully hydrated mucin
with salt were similar to the whole area, suggesting the surface properties were dominated

by mucin.
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Comparison of deformation in partially hydrated and hydrated conditions indicated that
area and mucin deformation were greater under hydrated conditions, while surfaces were
similar. The addition of salts increased deformation of mucin in hydration conditions
compared to the surface deformation. Both hydration and salts increased mucin
deformation relative to the surface. Deformation links to the DMT modulus and there the
logDMT modulus, which shows similar trends to deformation. This suggested mucin
structures were softer with the addition of salt, within a hydrated environment and with the

two combined.

4.2.3.3 Influence of citric acid on mucin interaction with bovine enamel

Static immersion tests in the pH 3.1 citric acid + 0.2% mucin solution (Muc + Acid) were
performed on bovine enamel. Figure 4-30 shows the progressive degradation of bovine
enamel with increase immersion time, evidenced by increasing surface roughness and
changes to the surface profile at the red dashed section lines. No mucin was observed on
theses surfaces; no particle analysis was performed. Two surface features were noted:
hydroxyapatite crystals and enamel rods. Hydroxyapatite crystals were characterised on
bovine enamel surfaces after 1- and 5-minutes static immersion in the Muc + Acid by
formation of fine sharp peaks over the surface. These peaks are magnified and displayed in
Figure 4-31. Particle analyses were performed on 5 x 5 um and 1 x 1 um height images after
1 minute static immersion in Muc + Acid. The mean diameter of these peaks was estimated
to be 44.68 + 21.00 nm and 54.08 * 36.65 nm for respectively. The peaks appeared to be

homogenous and orientated along a particular direction.
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Figure 4-30 5 x 5 um AFM height images of bovine enamel after static immersion in Muc + Acid. Red dashed
line refers to the location of section profiles, displayed next to the AFM images. White dashed line outline
enamel rods. Surface roughness parameter, R,, is displayed for each image. Absolute scale used in AFM
images where the lowest value is considered 0.
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Height 200.0 nm

Figure 4-31 1 x 1 um AFM height image of bovine enamel after 1 minute static immersion in Muc + Acid.
Absolute scale used in image where the lowest value is considered 0.

Enamel rods became more visible with increased static immersion in Muc + Acid, as shown
by the white outline in Figure 4-30. The central regions of the enamel rods appeared to
degrade more than the enamel rod edges, which increased the step height between the two.
The step height impacted addition investigations with QNM after more than 5 minutes static
immersion in Muc + Acid. However, some QNM images were taken of the enamel rod
location, displayed in Figure 4-32. Depth surveys were taken for adhesion, deformation and
dissipation property maps at the centre and edges of enamel rod features. The mean and

standard deviation of these properties are shown in Table 4-6.
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Figure 4-32 5 x 5 um Quantitative nanomechanical property maps of bovine enamel after 5 minutes static
immersion in Muc + Acid showing maps of a) height, b) PeakForce error, c) adhesion, d) deformation, e)
dissipation and f) logDMT modulus. Red dashed boxes indicate locations of depth surveys. Absolute scale
used in images a) to e), where the lowest value is considered 0.

Depth surveys taken from the red boxed locations, shown in Figure 4-32a), suggested the
edges of the enamel rods were softer compared to the rod’s centre, shown by the difference
in deformation properties in Table 4-6. This could not be determined with the logDMT map
due to the image distortion from the variation in step height over the scan image. Adhesion
and dissipation properties were observed to be lower towards the edge of enamel rods

compared to the centre.
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Table 4-6 Mean quantitative nanomechanical properties and standard deviations of enamel rods on bovine
enamel surfaces after 5 minutes static adsorption in Muc + Acid. Features relate to areas in the centre of the
enamel rods (Centre) and the edges of the enamel rods (Edge).

Centre Edge
Adhesion (nN) 6.81 +3.37 5.37 £2.35
Deformation (hm) 30.23+28.70 17.30 16.60

Dissipation (keV) 3.51+2.22 2.94 +£1.35

4.3 Discussion

4.3.1 Mucin interactions with the lubricant environment

The properties of a protein in solution are important to consider regarding protein
adsorption and subsequent layers. Size, charge and structural stability may influence the
number of contact sites a protein exhibits in solution prior to adsorption to a surface
interface [66]. These were characterised with DLS and zeta potential experiments. The IEP
of mucin in this work was close to the IEP of both bovine submaxillary mucin and porcine
gastric mucin observed in the literature, between pH 2 - 3 [224, 91]. The measured zeta
potential at a neutral pH in this work also supports observations from other studies on
bovine submaxillary mucin and porcine gastric mucin, with zeta potentials between -5.99 +
0.46 mV and -5.47 = 1.07 mV respectively in a pH 7.4 solution [225]. Standard practice
suggests a zeta potential greater than 30 mV is stable as the particle’s electrostatic
repulsion is strong enough to prevent aggregation [226]. Moving closer to the IEP, particles
are unstable and more susceptible to aggregation due to the reduced net electrostatic
repulsion [227]. This aggregation behaviour describes the larger mucin sizes observed over
the tested pH range. Factors which decrease mucin’s zeta potential are therefore important
to promote initial adsorption on a given surface as larger proteins, unstable aggregating

proteins and unfolding proteins all increase the number of potential contact sites [66].
Impact of mucin concentration

Mucin concentration was shown to influence the zeta potential the most in deionised water
compared to salt and acid solutions buffered pH 7.4 and pH 3.1 respectively. In the latter
solutions, only slight changes in the zeta potential towards 0 mV were observed. However
changes to the pH were observed with increasing mucin concentration, in both DiW and PBS

buffered solution, which were attributed to the impurities from commercial porcine gastric
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mucin [228]. This influenced the average hydrodynamic diameter of mucin, as increasing its

concentration will increase the chances of interaction and agglomeration.
Influence of salt type and salt concentrations

At the standard mucin concentration of 0.2% mucin, the addition of PBS reduced mucin’s
size and increased the zeta potential. This suggests that salts within PBS interact with the
structure of mucin, potentially causing it to fold by shielding the negative regions of mucin
[229]. Folding effects reduce mucin’s size in solution, and the number contact sites for initial

adsorption to a surface, shown by the schematic in Figure 4-33.

— Cation shields negative

Negative regions — less
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Figure 4-33 Schematic of charge induced folding of mucin monomer.

lon strength and concentration were also investigated as factors which impact mucin’s
properties in solution. Salts containing calcium and phosphate groups presented a larger
change in the zeta potential, with an overall increase. The movement closer to the isoelectric
point of mucin supported the higher average hydrodynamic diameter size for mucin particle
in the CaCl; solutions, although this was not the case for the NaH,PO,solutions. Individually,
it appeared that single valency salts paired with chloride ions had a minimal impact on
altering particle charge and size dispersity over the concentration range. Large size
variations in the mucin solutions meant that no meaningful size comparisons were made.
However, the presence of either calcium or phosphate ions indicated more visible changes

to particle charge over the concentration range.

The higher concentration of calcium ions presented an increase in the average mucin size
compared to other salts at the same concentration. Usually, higher valency ions like calcium
are thought to make a molecule more compact as the electric double layer is reduced [121,
229]. Previous work examined mucin interactions on a surface via QCM-D and AFM studies,
observing mucin layer compaction with increased calcium concentration [121, 229].
However, this work solely relates to changes to surface-bound mucin layers, and cannot

infer what mucin behaviour in the bulk fluid. In this work, calcium-mucin interactions at
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similar calcium concentrations increased the aggregation of mucin within the bulk solutions,
yielding a larger average particle size. This aggregation behaviour can be thought as salting-
out, where higher salt concentrations drive proteins to form larger aggregates [230]; this is
illustrated on the right-hand side of Figure 4-34. From an understanding of general protein
adsorption and the Vroman effect, larger structures will adsorb more slowly to a given
surface and form stronger bonds with the surface given due to the increase number of
contact sites [231, 66]. Once adsorbed, further structural conformation changes may occur
within the mucin structure, causing the adsorbed structure to spread over the surface [66].
This highlights key differences between the structures of free mucin and surface bound

mucin regarding environmental composition, illustrated in Figure 4-34.
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Figure 4-34 Mucin interactions with Ca 2* ions within the bulk solution.

Precipitation formation in the bulk solution and implications

Finally, the cloudiness of CaCl, + PBS was attributed to the formation of calcium phosphate
precipitates in the solution. The reduced Pdl and the more condensed peak size clusters for
CaCl; concentrations over 10 mmol and the much larger mean hydrodynamic diameter could
be explained a few possible reasons. Either the dominant molecule measured by DLS was
from: the calcium phosphate precipitates, the mucins influenced by calcium and phosphate
ions, or, the mucins influenced by both calcium phosphate precipitate and individual ions. It
has been seen than human biliary mucin promotes the formation of amorphous magnesium-
calcium phosphate particles and directly interacts with them [232]. The presence of calcium-
binding regions of mucin, namely the sialic acid and sulphate groups, may provide

crosslinking between molecules and cause larger structures/agglomerates to form [233,
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234]. Furthermore, a relatively low concentration of sodium ions has previously been
observed to enhance the binding of calcium ions to biliary mucin, which may in turn enhance

the networking between mucins [234].

The calcification behaviour and the formation of calcium phosphate precipitates is what
makes mucin an ideal component for an artificial saliva. In the absence of mucin, calcium
and phosphate ions can facilitate remineralisation of tooth enamel at a neutral pH. One
study which examined the use of a supersaturated calcium-phosphate rinse in patients with
salivary hypofunction and observed an improvement in long term protection against dental
caries [235]. It is unknown whether the addition of mucin to a supersaturated calcium

phosphate solution Vroman would enhance tooth enamel remineralisation.

Salivary glycoproteins which complex calcium phosphate, termed as ‘Salivary Precipitin’,
have been observed in the literature to become incorporated with dental plaque [236]. Itis
not clear which glycoprotein forms these complexes. However, it was shown to provide a
reservoir of calcium and phosphate ions to promote remineralisation of decalcified tooth
enamel and act as a sacrificial layer due to it being 8-10 times more soluble than tooth
enamel [236]. Casein Phosphopeptide-Amorphous Calcium Phosphate (CPP-ACP), a
remineralisation agent, behaves similarly. Casein proteins complex ACP, and bind well to
plague locations providing a calcium reservoir to reduce demineralisation and assist
remineralisation in subsurface enamel [237, 238]. Similarly, mucin within an artificial saliva
was seen to promote enamel remineralisation in vitro when combined with fluoridated
toothpastes [239]. The literature suggests that a protein component which can promote
localised calcium phosphate reservoirs is essential for demineralisation prevention and
assisted remineralisation. Figure 4-35 illustrates remineralisation of enamel with free
calcium and phosphate ions, compared to the potential adsorption of mucin-calcium
phosphate complexes that initially bind to the surface and then facilitate enamel
remineralisation acting as a localised reservoir for calcium and phosphate ions. Future work
should aim to investigate the remineralisation effects of mucin + salt solutions by precipitate

remineralisation of both the surface and subsurface enamel.
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Figure 4-35 lllustration of remineralisation with free ions compared to hypothesised mucin assisted
remineralisation.

4.3.2 Steatite vs bovine enamel — from surface to mucin-surface interactions

The use of steatite as an alternative tooth material is a controversial one. While
recommended as a standard material for friction and wear testing [150, 146], it has also
been deemed unsuitable due hardness and wear resistance properties [155]. The work in
this chapter partially highlights the latter regarding sample surface preparation. Both
steatite and bovine enamel were progressively ground and polished for the same duration,
in the same media. Steatite was shown to possess a greater core roughness compared to
bovine enamel, which inferred that steatite possessed greater wear resistant properties

compared to bovine material during the grinding and polishing processes prior to analysis.

Qualitative surface characterisation of the two materials highlighted key differences in
surface characteristics. Steatite was observed to be a granular ceramic with a randomly
distributed closed pore structure, an artefact of the dry pressing and sintering temperatures
of manufacture [240]. Subsequent grinding of steatite into a usable sample therefore
produced surface pockets of various shapes and sizes, which has been previously seen in the
literature [241]). Among these features, grains of different shape, size and arrangement were
randomly distributed over the surface, yielding element dense locations. In contrast, bovine
enamel is composed of a uniform organised structure of hydroxyapatite rods, with no

element dense locations.
Mucin adsorption to steatite and bovine enamel

Topography, composition, heterogeneity, surface energy and potential are all surface
characteristic which influence protein adsorption [66]. Rougher surfaces, porosity, pore size
and pore distribution all have an impact on increasing the real surface area. While surface

roughness has been observed to not influence protein adsorption at the nano scale, porosity
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and pore sizes larger than the adsorbing protein have been shown to increase surface
adsorption [242, 243]. Mucin interactions with both surfaces indicated a greater coverage
on steatite compared to bovine enamel, producing different partially hydrated mucin
structures overall. The greater coverage on steatite may be partly attributed to the greater
real surface area attributed to its porosity. The chemical composition, surface potential of
exposed grains and heterogeneity on steatites surface might also contribute to this. Protein
adsorption onto magnesium silicates has not been documented in the literature while
adsorption on its constituent ceramic components have. It has been documented that
increasing silica content in yttria stabilised zirconia decreased the amount of adsorbed
protein [244]. Furthermore, bovine serum albumin (a negatively charged protein) adsorbed
onto silica and alumina surfaces showed stronger interaction and a faster rate of adsorption
on the positively charged alumina, compared to the negatively charged silica at a neutral pH
[245]. At a neutral pH, mucin is negatively charged and may therefore interact with alumina
dense locations on steatite due to a stronger electrostatic attraction. It could be inferred

that preferential adsorption of mucin occurred onto the exposed alumina grains on steatite.
Mucin layer properties on steatite compared to bovine enamel

Mucin location reduced adhesion and dissipation on both surfaces, with a greater difference
observed on steatite. Adhesion means the tensile force required to separate the AFM
cantilever from the surface, and the dissipation is the mechanical energy lost from this
interaction. Furthermore, surface energies were also observed to be different with bare
steatite surface expressing a higher dissipation property compared to bare bovine enamel.
The average reduction in adhesion has been previously observed to relate a lower average
frictional force under nanoscale loading [246]. It is unclear how these properties may
influence friction at the microscale, however it is clear that surface substrate has an
influence on adhesion, dissipation and deformation properties measure by AFM QNM.
Assessment of the deformation properties indicated that mucin was stiffer on steatite
compared to enamel. The deformation property, defined as the distance between the
contact setpoint and the max peak force, is influenced by the localised stiffness and
dissipation properties of the area. An increased deformation therefore indicates a
combination a lower local stiffness and/or greater dissipation [246]. Indentations on
mucin/steatite presented minimal deformation change compared to the bulk surface,
suggesting mucin did not alter the previously mentioned surface properties. However, the

opposite was observed on bovine enamel surfaces.
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As a substitute tooth material for wear testing of dental materials, the similarities between
steatite and an enamel material are limited. To effectively use steatite as a tooth material,
it should behave similarly to enamel in terms of its surface properties and interactions with
an artificial saliva solution. However, this was not the case. Study limitations existed with
the imaging of mucin in air which rendered a partially hydrated mucin on the examined
surfaces, where the relative hydration of mucin was not quantified, which should be

considered in future investigations.
4.3.3 Role of hydration state and salt composition on mucin layers

AFM imaging in MilliQ water uncovered key differences between partially hydrated and fully
hydrated mucin structures on bovine enamel. AFM height images of partially hydrated
mucin show dome like structures, however upon investigation of the adhesion and
dissipation properties of these structures presented notable property differences. Partially
hydrated structures had collapsed central regions, with adhesion and dissipation properties
similar to neighbouring, uncovered bovine enamel, whereas hydrated mucin structures
presented uniform adhesion and dissipation properties throughout. This suggested a
potential link between mucin layer hydration with the layer’s structure, and subsequent

adhesion properties that may impact on their lubrication properties.
Role of hydration on surface mucin size and distribution

Size differences between partially hydrated and fully hydrated mucin were attributed to the
drying method of samples before imaging. Larger partially hydrated mucin structures may
have been retained on the surface compared to smaller structures because of the former
possessing a greater number of contact sites for surface interactions [66]. No drying process
was associated with fully hydrated mucin and thus mucin was not removed in this way. Fully
hydrated mucin layers therefore formed with greater coverage, covering the bare enamel
surface which made surface measurements difficult. For a better comparison of surface and
mucin layer properties under these conditions, future work should have a clear separation

between the two, either by scratching off mucin or taping of a control area.
Role of hydration on mucin layer load bearing properties

It has previously been observed that changing the hydration state of globular proteins has
little impact changing aspects of secondary/tertiary structures, while for intrinsically
disordered proteins this impacts unfolding/folding of the structure during film formation
[247]. It was speculated that the intermolecular H-bonding between water molecules and

the protein structure are removed in favour of intramolecular H bonding within the protein
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when it’'s dehydrated [247]. Mucin contains between 20-40% (over 40% for some mucin
types) intrinsically disordered regions which may therefore be influenced by changes to the
hydration state [248]. Furthermore, from a liquid crystal perspective, decreasing hydration
of porcine gastric mucin has been observed to decrease the structural order of the protein,
examined by increasing the mucin concentration (well above what was used in the current
work) [249]. Together, this suggests a potential mechanism for the structural changes that
was observed in this work. Partially hydrated mucin is thought to be unsupported without
sufficient water molecules, while fully hydrated mucin is supported, illustrated in Figure

4-36. This subsequently influences the adhesion and load bearing properties of mucin.
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Figure 4-36 Cantilever tip interactions with partially hydrated mucin and fully hydrated mucin, illustrating
load bearing and adhesive behaviour of mucin.

Fully hydrated mucins, supported by water molecules, are shown to reduce adhesion to the
AFM cantilever compared to partially hydrated mucin and the bare enamel surface. Greater
adhesion on the bare surfaces may be a result of the capillary effect, as the enamel is also
partially hydrated from interactions with the growth solution. During indentation, the AFM
cantilever experiences greater attraction to the surface and requires a larger tensile force to
break free from the surface [250]. Partially hydrated mucin was shown to partly reduce this,
but fully hydrated mucin reduced this considerably, reducing the overall surface area
adhesion property. This may partly be due to the cantilever being fullyimmersed in the liquid
and is permitted to approach and retract from the surface unencumbered. This is also
illustrated in Figure 4-36. Future work should aim to include compliance testing on specific
regions on partially hydrated and fully hydrated mucin layers to compare time dependent

viscoelastic properties and how this relates to QNM properties [251].
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QCM-D investigations of fully dehydrated porcine gastric mucin have previously shown that
at 0% relative humidity the mucin layer behaves like a rigid solid layer, with no observable
dissipation [252]. The measured dissipation property of the layer remained at 0, therefore
rigid, until humidity reached 75% at which point the dissipation increased until a plateau
was reached at 97% humidity [252]. This suggests that the rheological properties of mucin
layers are dependent on their hydration level. Itisimportant to note that dissipation in QCM-
D studies relates to the energy lost from the shear wave during one oscillation. This infers
the rheological properties of the layer without any physical interactions with a third body.
This is different to dissipation properties of QNM, where dissipation is the mechanical
energy lost during an indentation cycle and is linked to the adhesion property. The rigid layer
behaviour may be partially observed when considering the deformation properties of
partially hydrated mucin and fully hydrated mucin. The larger mean deformation of fully
hydrated mucin indicated that it was a softer material relative to partially hydrated mucin
and the bare enamel surface. Furthermore, the deformation of partially hydrated mucin was
similar bovine enamel, which suggested either this layer exhibited rigid properties or its
structure could not support the PeakForce loading, thus presenting the deformation
property of the underlying bovine enamel. Considering that hydrated polymers at the
nanoscale can bear load due to the trapping of water within its structure [253], fully

hydrated mucin may also show this behaviour under indentation.
Salt contribution to mucin surface layer structure and load bearing

Salt contributions from the PBS solution present similarities to what was observed with DLS
experiments; smaller mucin structures were shown on enamel under both hydration
conditions due to structural folding. The load bearing capacity of polymers have been
suggested to be augmented by trapped counterions with the polymer structure, which
influences the osmotic pressure to support compressive loads [253]. In this case, sodium and
potassium cations within PBS may promote additional load bearing support to mucin
structures owing to protein folding around the hydrated cations, indicated by the increase
in deformation in Table 4-5 and illustrated in Figure 4-37. The effect is greater under fully

hydrated conditions.
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Figure 4-37 Load bearing of mucin without salts in deionised water and with salts in PBS solution.

It was also stated that the counterion effects do not influence the lubrication under a
hydration lubrication mechanism, contributing only to the load bearing behaviour for
neutral polymer segments at the nanoscale [253]. The larger adhesion properties of fully
hydrated mucin with PBS compared to fully hydrated mucin without PBS further suggests
hydration lubrication is not salt dependent, however to confirm this further tribological work

was required. the opposite is observed under partially hydrated conditions.

4.3.4 Influence of citric acid and mucin on solutions-surface interactions with bovine

enamel

The pH 3.1 citric acid + mucin solution was shown to influence the structure of bovine
enamel at the nanoscale. No mucin adsorption was observed, mainly as the bulk acid
solution dominated any surface interactions. As the solution was below the critical pH for
enamel dissolution, this behaviour was expected. The lack of mucin suggests either the acid
interaction with the surface prevents or removes any adsorbed mucin. As such, an acidic

environment would not be suitable to grow a protective mucin layer.

The degradation behaviour observed followed what has been observed in the literature
where the centre of the enamel rods degrades initially followed by the outer inter-rod
locations, revealing a honeycomb like structure [30, 188, 31]. This in turn causes the surface
roughness to increase, supporting similar work [254, 31, 255]. This behaviour is linked to the
mineralisation of enamel rods and inter-rod locations, where rods tend to be highly
mineralised, while inter-rod contain relatively more water and organic matrix protein [30].
Under acidic conditions, the rods are weakened considerably more than the inter-rod
regions, something which is observed in the current work from the deformation property

data in Table 4-6 [30]. Here the rod locations are softer compared to the inter-rod locations.
4.4 Summary

The work in this chapter aimed to characterise mucin solutions, surfaces and the interactions

between the two at the nanoscale. DLS and zeta potential measurements have been used
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to identify changes to the size and stability of mucin in various solution environments.

Changes to mucin stability and size were observed which were used to predict how initial

adsorption of mucin might be influenced. Atomic force microscopy with quantitative

nanomechanical property mapping aimed to characterise interactions between a few of

these mucin solutions and bovine enamel surfaces. It was seen that:

Hydration influenced the measured adhesion properties of mucin layers on bovine
enamel, and was also observed to enhance the layer’s load bearing properties.
Partially hydrated mucin layers were linked to increased surface adhesion, which
was supported by similar behaviours observed with saliva in the literature.

PBS salts reduced mucin’s size in the bulk solution by structural folding caused by
charge shielding, ultimately enabling enhanced surface coverage onto bovine
enamel surfaces. Increased AFM tip deformation demonstrated enhanced load
bearing capabilities under hydrated conditions compared to Muc only conditions.
Muc + Acid presented no adsorption onto bovine enamel surfaces, with bulk
lubricant interactions presenting clear demineralisation of the surface after 1
minute. It was inferred that mucin layers could not grow on bovine enamel within
this environment which was a novel observation.

Individual salt type and concentration were observed to have a various effect on
mucin’s size and stability within solution, however a greater influence on mucin size
was observed with high Ca?* concentrations because of mucin agglomeration. The
addition of CaCl, to PBS was observed to form even larger structures which were
thought to be a combination of calcium phosphate precipitate and mucin.

Finally, steatite and enamel surfaces were characterised by optical microscopy, SEM,
VS| and atomic force microscopy. Both surfaces were shown to be different in terms
core roughness after the same surface preparation procedures and were shown to
present different interaction regarding mucin adsorption. This demonstrated that it
was not feasible to use steatite as a tooth substitute material, however to confirm

this additional tribology tests should be completed.
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Chapter 5. Tribocorrosion of dental tissues and mucin’s role

5.1 Introduction

This chapter delves into the contributions of tooth material loss from wear and corrosion in
different artificial saliva environments. First, the friction behaviour was assessed on steatite
and bovine enamel surfaces, as a baseline feasibility study using steatite for tribological
studies. The wear and corrosion behaviour of bovine enamel samples were evaluated, to
provide a measure of surface dissolution in static corrosion and tribocorrosive (dynamic
corrosion) settings. Alongside these experiments, mucin was evaluated for its protective
capabilities regarding surface volume loss, total surface dissolution, surface crystallinity and
surface interactions with bovine enamel. The outline of the work in this chapter is presented

in Figure 5-1, following methods outlined in Chapter 3.

Sample fabrication &

cleaning
Sample prep
Solution formulation
Experimental . . .
Staticimmersion NTR3dynamic tribology
setup
Post Corrosion Surface wear : :
. . . Surface structure and chemistry analysis:

experimental analysis: analysis: XPS. XRD. Raman spectrosco
analysis AAS VS| — P Py

Corrosion and Mucin as a protective
Discussion tribocorrosion component to artificial

mechanisms saliva substitutes

Figure 5-1 Flow chart of experimental methods and analyses Chapter 5.
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5.2 Results

5.2.1  Friction behaviour comparison of steatite and bovine enamel under different artificial

saliva environments

Figure 5-2, Figure 5-3 and Figure 5-4 show the effective coefficient of friction for each
artificial saliva solution. Steatite and bovine enamel friction were compared, in mucin and
non-mucin solutions. The coefficient of friction, 1, is displayed as a line with an error shadow
representing the standard deviation across samples. Figure 5-2a) shows reduction in the
steatite’s coefficient of friction, from 0.54 £ 0.08 in DiW to 0.39 £ 0.03 in Muc + DiW. Similarly
bovine enamel’s coefficient of friction, in Figure 5-2b), reduced from 0.72 + 0.03 in DiW to
0.36 £ 0.09 in Muc + DiW. This indicated that mucin improved lubrication in DiW, under the
chosen loading conditions for both steatite and bovine enamel samples. More variation was
observed in bovine enamel samples with Muc + DiW compared to DiW, and steatite samples
under both DiW and Muc + DiW conditions, suggesting instabilities with mucin lubrication

on bovine enamel.
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Figure 5-2 Coefficient of friction of a) steatite and b) bovine enamel with standard deviation shadow in
deionised water (DIW) and 0.2% mucin only (Muc + DiW) solutions.

Steatite presented more varied friction behaviour in PBS and Muc + PBS solutions, shown in
Figure 5-3a). Conversely, bovine enamel’s friction behaviour in PBS and Muc + PBS appeared
to be more stable, as shown in Figure 5-3b). Steatite’s coefficient of friction increased from
0.43 £ 0.07 in PBS to 0.55 + 0.08 in Muc + PBS. This differed to bovine enamel’s coefficient
of friction which decreased from 0.68 £ 0.02 in PBS to 0.22 + 0.02 in Muc + PBS. The addition
of PBS salts to the test environment did not influence the friction behaviour on bovine
enamel in the absence of mucin when compared to DiW. On the other hand, steatite
presented a lower coefficient of friction in PBS, 0.43 + 0.07, compared to DiW conditions,

0.54 + 0.08. Steatite’s coefficient of friction in PBS was also closer to that of bovine enamel
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in Muc + DiW, 0.36 = 0.09. Muc + PBS appeared to enhance mucin’s lubricating behaviour

on bovine enamel, but not on steatite.
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Figure 5-3 Coefficient of friction of a) steatite and b) bovine enamel with standard deviation shadow in PBS
and 0.2% mucin and PBS (Muc + PBS) solutions.

In the Acid and Muc + Acid environments on both steatite and bovine enamel, small
differences in the friction behaviours were observed with the addition of mucin, as shown
in Figure 5-4a) and b). This suggested that the acidic environment either inhibited the
lubrication of mucin within the solution, or caused changes to these surfaces which
dominated the friction behaviour. The possibility of the latter was suggested by the drop in
the coefficient of friction in Acid compared to PBS and DiW tests for both steatite and bovine
enamel samples. Furthermore, steatite’s coefficient of friction under both Acid and Muc +
Acid solutions was less than what was observed in bovine enamel, between 0.29 + 0.01 —
0.34 + 0.01 compared to 0.54 + 0.02 — 0.52 + 0.03 respectively. These differences were
attributed to the way citric acid interacts with these surfaces, as a material dependent

interaction.
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Figure 5-4 Coefficient of friction of a) steatite and b) bovine enamel with standard deviation shadow under
pH 3.1 citric acid (Acid) and 0.2% mucin and pH 3.1 citric acid (Muc + Acid) solutions.

A comparison of the average effective coefficient of friction during the last 500 cycles is

shown for steatite and bovine enamel in Figure 5-5a) and b) respectively. The comparison,

in Figure 5-5a), indicated that mucin had little effect on reducing steatite’s coefficient of

friction in the neutral pH solutions (P > 0.05), while a significant increase was observed with

mucin in an acidic pH environment (P < 0.05) when compared with DiW. The addition of salts

did not have much of an impact on the friction behaviour of steatite compared to DiW (P >

0.05). In Figure 5-5b), the comparison highlighted the effect of mucins reducing the

coefficient of friction in the neutral pH solutions on the bovine enamel surfaces (P < 0.05)

compared to DiW. The addition of salts to the mucin solution reduced the coefficient of

friction more than mucin alone, but above the chosen significance threshold when

compared statistically (P = 0.053).
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Figure 5-5 Mean coefficient of friction of last 500 cycles with SD bars for a) steatite and b) bovine enamel in
all test solutions.
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Table 5-1 and Table 5-2 present the P values for all tests on steatite and bovine enamel

respectively.

Table 5-1 Comparison table of p values from t tests for the coefficient of friction on steatite between
solutions. Significant values are labelled by asterisks, with a significance threshold chosen as p = 0.05.

DiW  Muc+DiW PBS Muc +PBS  Acid Muc + Acid
DiwW =
Muc +DiW  0.126 -
PBS 0.284 0.476 =
Muc +PBS  0.938 0.108 0.249 -
Acid 0.060 0.043" 0.122 0.053 -

Muc + Acid  0.082 0.131 0.211 0.072 0.036" -

Table 5-2 Comparison table of p values from t tests coefficient of friction on bovine enamel between
solutions. Significant values are labelled by asterisks with a significance threshold chosen as p = 0.05

DiwW Muc + DiW  PBS Muc +PBS Acid Muc + Acid
DiW -

Muc + DiW  0.002™* -

PBS 0.067 0.004™ =

Muc +PBS <0.001"™" 0.053 <0.001""

Acid <0.001"" 0.027" 0.002* <0.001"" -

Muc +Acid < 0.001"" 0.029" 0.003* 0.003* 0.566 -

5.2.2 Calcium release under different artificial saliva environments

Figure 5-6 shows the Atomic Absorption Spectrophotometry (AAS) analysis of all solutions
(n = 3) for both static and dynamic tests. The highest concentration of calcium release was
observed for citric acid in tribological conditions. The lowest calcium concentration was
observed for deionised water in static conditions. Student t-tests were employed to
compare static and tribocorrosion tests as well as the addition of mucins to solution. A
significant increase in calcium release between static and dynamic tests was observed for
the acid only (P < 0.02) solutions and a significant decrease in calcium release was observed

for salt and salt + mucin solutions (P < 0.01).
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Figure 5-6 Calcium release into post-test solution in pairs of static and dynamic tests. Static tests are
displayed as paler, patterned column on the left of the pairing, dynamic tests are displayed in the darker,
non-patterned column on the right of pair.

Under dynamic test conditions, Muc + Acid significantly reduced the calcium release
compared to Acid conditions (P < 0.05). For all other solutions, Muc + DiW and Muc + PBS
increased the calcium concentration compare to DiW and PBS post-test solutions
respectively, under both static and dynamic conditions. It was acknowledged that these
differences were a few magnitudes smaller than what was observed for citric acid solutions.
Significant differences for static tests were observed between DIW and Muc + DIW solutions

(p value < 0.03) and PBS compared with Muc + PBS solutions (p value < 0.02).
5.2.3 Tribocorrosive wear behaviour under different artificial saliva environments

A Vertical Scanning Interferometry (VSI) investigation was performed on the Y-TZP balls after
tribological testing to determine wear on the ball’s surfaces. Figure 5-7 shows a visual
comparison of a control Y-TZP ball compared to balls tested in DiW on steatite and enamel
surfaces. No surface wear could be determined on these surfaces compared to the control
sample. This indicated that the dynamic test conditions used for tribological testing did not
impart a measurable amount of wear on the Y-TZP surfaces. This was attributed to the use
of a new ball for each test along with a limited test duration to cause sufficient wear on the

Y-TZP ball’s surface. No further testing was performed on these surfaces hereafter.
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a) b) c)

Figure 5-7 VSI images of Y-TZP balls showing no surface differences between a) control ball, b) ball used in
steatite-DiW test and c) ball used in enamel-DiW test.

The examination of the enamel surfaces with VSI highlighted variations of the wear scar
characteristics as shown in Figure 5-8. The data on the wear scar characteristics in terms of
maximum depth, length of scar and maximum width of scar taken at the centre of all samples
is presented in Table 5-3. The scar profile width for DiW was larger than the Muc + DiW wear
scar, 0.059 £ 0.007 mm and 0.027 + 0.010 mm respectively, visualised in Figure 5-8a) and b).
The scar profile depth followed a similar pattern. The depth of the DiW scar was slightly
more than the Muc + DiW scar, 0.232 + 0.068 um and 0.131 + 0.093 um respectively. The
area outside the wear scar was also interesting, with more micro scaled asperities presented
on the Muc +DiW surface compared to DiW. It was noted that despite setting the stroke
length to 1 mm, the resulting lengths of wear scars were less than this in most instances.
This behaviour itself was attributed to systematic errors within the tribometer’s

reciprocating stage controller.

In PBS, the scar width was much smaller, 0.038 + 0.001 mm, and the Muc + PBS wear scar
was much smaller, 0.012 + 0.003 mm, which is observed clearly in Figure 5-8c) and d)
respectively. The Acid wear scar width, 0.060 + 0.004 mm was similar to the DiW wear scar.
However, the Acid scar depth was much larger at a maximum depth of 0.315 + 0.027 um.
Another feature of interest was the scar profile for the Muc + Acid scar, presented in Figure
5-8f). While other profiles exhibited a trough shaped scar, the surfaces either side of the
Muc + Acid wear track were much more corroded and irregular. This was not the case for
the Acid scar. These features prevented an accurate calculation of the scar volume as the

reference plane could not be clearly determined.
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Figure 5-8 VSI image and cross section profile of enamel wear scars after dynamic tests in a) DiW, b) Muc + DiW, c) PBS, d) Muc + PBS, e) Acid and f) Muc + Acid. Cross sections are displaced to
the same scale.
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Table 5-3 Maximum width, length and depth of wear scars.

Solution Length (mm) Width (mm) Depth (um)
Average SD Average SD Average SD

DiW (n=3) 0.800 0.046 0.059 0.007 0.232 0.068
Muc + DiW (n=3) 0.864 0.018 0.027 0.010 0.131 0.093
PBS (n=3) 0.854 0.007 0.038 0.001 0.116 0.002
Muc + PBS (n=3) 0.796 0.112 0.012 0.003 0.067 0.046
Acid (n=3) 0.935 0.001 0.060 0.004 0.315 0.027
Muc + Acid (n=3) 0.781 0.072 0.114 0.013 1.215 0.347

A wear volume analysis of the scars indicated that the Muc + DiW and Muc + PBS solutions
influenced mechanical wear, shown in Figure 5-9. The largest wear volume was observed
with the Acid solution, while the Muc + PBS solution showed the lowest scar volume. Student
t-tests were performed and significant volume reductions were observed for the PBS
solution compared with DiW (P < 0.02) and for the Muc + PBS solution compared with DiW
(P < 0.01). Tests in the Muc + Acid solutions presented surfaces which made the current
method for calculating volume loss challenging as there was no clear reference plane to take

measurements from.
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Figure 5-9 Estimated wear volume of bovine enamel wear scars.

Upon examination of the whole sample, the citric acid wear scar was clearly defined in the

centre, shown in Figure 5-10. There was a smooth surface area present around the wear
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scar, while there was a rougher and more corroded enamel area outside of this before
reaching the reaching the untouched enamel surfaces (in red). The overall volume lost
appears to be dominated by corrosion from the citric acid, causing large-scale
demineralization and dissolution over the test duration. This is highlighted in Figure 5-11
which compares the wear scar volume to the total visible volume lost from the enamel

surface under acid only conditions.
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Figure 5-10 pH 3.1 citric acid wear scar and area displayed by a) VSI image with a white dashed line showing
the location of the b) cross-section.
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Figure 5-11 pH 3.1 citric acid comparison of scar volume and total sample volume loss.

5.2.4  Optical microscopy of bovine enamel surfaces

Optical microscopy was used to further investigate surface texture within the wear scars and
in the surrounding area outside of the wear scars after tribo-tests, shown in Table 5-4. This
was to understand whether any preferential dissolution occurred on the surface. Evidence
of dissolution was demonstrated outside of the wear scar in DiW by the outline of enamel
rods. Rod outlines was observed within the DiW wear scar, but these were less prominent
than outside due to mechanical smoothing by surface ploughing. Enamel rods were not
visible within or outside the wear scars in Muc + DiW, PBS, and Muc + PBS samples. Acid and
Muc + Acid sample presented dissolution both within and outside wear areas. Inside the
wear areas, the enamel rods were clearly defined in the Acid sample, whereas the Muc +
Acid sample presented a greater loss of texture from either dissolution between rods or
delamination of weakened areas. It should be noted that the darker images of bovine
enamel samples after citric acid tribo-tests were not a result of less illumination, but from
changes to the surface texture. This is especially highlighted outside of the wear area of Acid
and Muc + Acid samples. It was thought that these differences in surface texture outside of
the wear scar were attributed to the continuous dissolution of surface enamel in the absence

of the mechanical shearing of surface asperities.
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Table 5-4 Optical microscope images of bovine enamel wear locations, presenting 34 um x 36 um images of

texture within the wear scar area and in the surrounding area outside of the wear scar, for all test solutions.

Wear scar | Inside Outside

DiW

Muc + DiW

PBS

Muc + PBS
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Acid

Muc + Acid
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5.2.5 Surface chemistry and structural analysis with ambient pressure XPS, Raman

spectroscopy and XRD.
5.2.5.1  XPS examination of bovine enamel surfaces

Bovine enamel samples were investigated with XPS to determine and characterise any
changes in enamel’s surface chemistry, after tribocorrosion tests, up to a depth of 10 nm
from the surface over a spot size of 200 um. Baseline data was collected on freshly prepared
enamel samples before tribo-tests. Afterwards, both the wear scar area and the surrounding
surface was assessed for direct changes from mechanical interactions compared to locations
with zero contact. The next subsection covers the reference samples, which were freshly
prepared bovine enamel samples that were precleaned with a toothbrush and deionised

water before initial benchmarking with XPS.

Reference samples

Figure 5-12 shows the XPS sweep data for all baseline samples, a.k.a. reference samples. Six
elements were identified by XPS sweeps, shown by clear peaks corresponding to oxygen
(O15s), carbon (C1s), nitrogen (N1s), calcium (Ca2s and Ca2p), phosphorus (P2s and P2p), and
finally argon (Ar2p). Table 5-5 and Table 5-6 present the deconvoluted XPS peak components
and their measured binding energies respectively. Each sample was effectively a repeat to

provide a means of traceability of sample composition changes due to tribocorrosion testing.
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Figure 5-12 Example XPS survey of baseline bovine enamel reference samples before tribo-tests.



Table 5-5 XPS reference surveys of O 1s, C 1s, N 1s, Ca 2p and P 2s for bovine enamel tribo-test samples (pre-test).

O1s Cls N1s Ca2p P 2s
: ——0=C/O-P —N-H
Diw ——0-C/O-H 50.17% ——c-cieH Satelite feature
——C-0/C-N
48.44% . —C=0
15.13% 34.71%
540 535 530 525 | 205 290 285 280 275 410 405 400 395 390 | 355 350 345 340 | 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
Muc + DiW — 0=C/o-P 47.88% C-C/C-H g;:ellite feature
— O-CIOH 8% C-OIC-N Ca2p 112 ——Po4
49.65% —co, Ca2p 312 P
13.03%
540 535 530 525 | 295 290 285 280 275 | 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
——N-H
PBS ——0=clo-P 80.35% oo Satellite feature Ca2p 2 ——PO4
—— 0O-C/O-H om0 ——Ca2p32 —P
45.02% 15:13% iy M
4.52% ' My
540 535 530 525 295 290 285 280 275 | 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
Muc + PBS —0=C/O-P 44.98% T CoicH g;:ellile feature
0-CIOH ’ | —_— g-OOIC-N Ca gp 1;3 —PO4
13.54% 3 —~Ca2p3 - p
30.15% 69.85% 41.48%
540 535 530 525 | 205 290 285 280 275 | 410 405 400 395 390 | 355 350 345 340 | 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
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; ——N-H
Acid 0=C/OP —— Satellite feature ——Ca2p1i2 ——PO4
—O-C/O-H Ca2p 3/2 —FP
26.23%
540 535 530 525 295 290 285 280 275 | 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
H ——N-H
Muc + Acid Satellite feature Caz2p1/2 —PO4
—Ca2p3/i2 T
540 535 530 525 | 295 200 285 280 275 410 405 400 395 390 | 356 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
Table 5-6 Peak positions of species in reference samples.
Position (eV) | O 1s Cis N1is Ca2p P2s
Species O-C/H | 0=C/O-P | C-C/H C-O/N | C=0 CO3 N-H Satellite | 1/2p 3/2p PO4 P
DiW 533.23 531.77 284.48 286.16 288.68 - 399.17 404.02 - - - -
Muc + DiW 533.51 531.84 284.93 286.65 - 289.20 399.58 404.16 351.12 347.49 190.80 186.81
PBS 533.15 531.45 284.55 286.71 288.60 - 399.49 404.08 351.08 347.33 190.62 188.69
Muc + PBS 533.93 531.89 285.43 287.23 - 289.75 400.28 404.46 351.45 347.85 191.24 187.57
Acid 533.76  531.70 285.25 287.08 - 289.60 399.92 404.35 351.27 347.62 191.19 187.65
Acid + Muc 533.32 531.79 284.74 286.55 - 289.10 399.42 403.97 351.44 347.44 191.06 189.10




167

Figure 5-13 shows the deconvoluted % atomic composition for each sample. The presence
of argon was removed from Figure 5-13 to focus on elements with the surface of bovine
enamel. The atomic composition was deconvoluted by taking more specific XPS scans over
the binding energies associated with O 1s, C 1s, N 1s, Ca 2p and P 2s. Reference samples
presented an approximate 50:50 component split between the two O 1s components, O-
H/O-C and 0=C/O-P, relating to hydroxides/organic functional groups (carboxyl) and
carbonates/phosphates respectively. C 1s components composed of C-C/C-H, C-O/C-N, C=0
and carbonate bonds. The proportion of carbon species varied across reference samples,
with larger peaks observed for C-C/C-H and C-O/C-N species compared to C=0 species and
carbonates which was attributed to a combination of adventitious surface carbon and
sample variation. N 1s peaks mainly existed as an isolated peak, attributed to organic
components (i.e., proteins) while additional unknown peaks were considered as satellite
features. Ca 2p components existed as a split peak, corresponding to Ca 1/2p and Ca 3/2p
with a 1:2 ratio respectively. Finally, peaks at P 2s components related to potential
phosphate groups (PO4), while additional peak features were associated with phosphorus

(P). No POy, P, or Ca 2p peaks were observed for the DiW reference sample.
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Figure 5-13 Chemical composition of the reference bovine enamel samples before testing shown by atomic
percentage %. Argon % was removed to focus only on the material’s composition, ignoring the measurement
environment.

Table 5-7 displays the descriptive statistics from the XPS surveys for the reference bovine
enamel samples (n=6). Bovine enamel surfaces were shown to be mostly composed of
carbon, (60.69 + 12.83 %), followed by oxygen (22.44 + 7.03 %) and then nitrogen (5.92 +
0.99 %). These values and variations are consistent with what has been previously seen in

the literature for XPS studies on human tooth enamel, despite these studies using ultra high
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vacuum conditions for spectroscopy [218, 256, 220]. Calcium and phosphorus made up a
mean composition of 2.92 + 2.61 % and 1.99 + 2.71 % respectively, lower than previous
studies which presented 4.33 + 1.13 and 5.58 + 2.27 for calcium, and 5.58 £ 2.27 and 3.95 £
1.96 for phosphorus [218, 256]. The coefficient of variance, calculated by the standard
deviation of each element within the sample over the mean elemental composition,
assessed the degree of variability for element between all samples. Calcium and phosphorus
presented the largest coefficient of variance compared to all other elements, suggesting a
varied mineral content between samples within a depth of 10 nm. Some samples did not
show an abundance of either calcium or phosphorus. Half of the reference samples
presented both Ca and P peaks, and these were used to determine the mean Ca/P ratio of
1.59 + 0.54. The Ca/P ratio was somewhat different to the ratios of 1.41 + 0.10 and 1.04 +
0.35 observed in human tooth enamel studied by XPS [218, 256].

Table 5-7 Descriptive statistics of the atomic composition, At%, of reference bovine enamel samples.

Element Min At% MaxAt% MeanAt% SD % Coefficient of variance
O (n=6) 11.86 31.00 22.44 7.03 31.33

C (n=6) 44.45 72.83 60.69 12.84 21.15

N (n=5) 4.13 6.94 5.92 0.99 16.70

Ar (n=6) 2.32 9.23 6.02 231 38.32

Ca (n=4) 0 7.74 2.93 3.61 123.40

P (n=3) 0 6.23 1.99 2.71 136.10

Ca/P ratio (n=3) 1.59 0.54

Post tribo-test samples

After benchmarking of the bovine enamel samples, tribological tests were performed on
them. These tests followed the same methods used earlier in this chapter and used the same
test solutions. After testing, these were then rinsed and brushed in deionised water with a
toothbrush before re-examination with XPS. Surveys and scans were taken both within the
wear scar areas and away from the wear scar area to determine any potential differences
due to test solution, tribological interaction, or a combination of the two. Table 5-8 and
Table 5-9 present the modelled peak components and associated binding energies from
inside the wear scars, while Table 5-10 and Table 5-11 present the same for outside the wear

area.
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Table 5-8 XPS surveys of O 1s, C 1s, N 1s, Ca 2p and P 2s for bovine enamel samples post tribo-test focussing within the wear area (inside wear scar).

O1s Cls N1s Ca2p P 2s
Diw — 0=C/O-P —N-H Ca2p1/2
O-C/O-H Ca 2p 3/2
— Ca —PO4
12.53% 87.47% —FP
540 535 530 525 | 205 290 285 280 275 | 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
: ——C-C/IC-H ——N-H
+
Muc + DiW —o=cio-P . —— C-O/CN ——Ca2p 112 PO4
—— O-C/O-H 44.31% ——c=0 —F
Ca2p3/2
46.24% ——Ca
57.52% 42.48%
540 535 530 525 | 205 200 285 280 275 | 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
—N-H
PBS ——C-C/C-H Satellite feature Ca2p1/2 — P04
——C-0/C-N —Caz2p3nr2 p
15.88% ——Co, —Ca
11.57% 72.55%
205 290 285 280 275 | 410 405 400 395 390 | 356 350 345 340 205 200 185 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
~——— Chloride
+ —N- -
Muc + PBS 0=CIO.P C.CICH N-H Ca2p1/2 —— Chloride
—— 0-C/O-H 44.98% —  _C-OICN ——Ca2p3/
—C=0 Ca ——PO4
33.97% 66.03% 43.51% —F
540 535 530 525 | 205 290 285 280 2715 | 410 405 400 395 390 | 356 350 345 340 205 200 195 190 185 180

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)
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Acid 65.60%
—Ca2p 12 — P04
——Ca2p3/2 —P
Ca
540 535 530 525 295 280 285 280 275 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
Acid + Muc —C-C/ICH ——N-H
——0=C/O-P ——Ca2p1/2 PO4
—— O-C/O-H ——Ca2p3p2 P
12.91% Ca
540 535 530 525 295 290 285 280 275 | 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
Table 5-9 Peak positions of bovine enamel samples after tribo-tests within the scar area (inside).

Position (eV) | O 1s Cls N1s Ca2p P2s Metal chloride
Species 0O-C/H | 0=C/O-P | C-C/H C-O/N | C=0 COs N-H Satellite | 1/2p 3/2p Ca PO4 P cl cl
Diw 534.06 531.80 285.41 287.30 - 289.75 400.34 - 351.29 347.80 346.10 191.00 187.88 - -
Muc + DiW 532.96 531.46 285.07 286.65 288.65 - 400.04 - 351.15 347.64 34597 190.72 186.64 - -
PBS 533.74 531.51 285.18 287.13 - 289.46 400.03 406.91 351.03 347.51 345.72 190.78 188.41 - -
Muc + PBS 532.77 531.36 284.82 286.47 288.47 - 399.84 - 350.79 347.27 344.61 190.60 184.52 198.66 200.30
Acid 535.00 532.90 285.74 287.97 289.59 - - 352.27 348.79 346.99 19197 189.19 - -
Acid + Muc 53496 532.96 284.78 285.96 - 288.92 401.33 - 352.42 34898 347.34 192.22 188.88 - -




171

Table 5-10 XPS surveys of O 1s, C 1s, N 1s, Ca 2p and P 2s for bovine enamel samples post tribo-test focussing outside of the wear area (outside wear scar).

O1s Cls N1s Ca2p P 2s
DiW
——0=C/O-P ——N-H —Ca2p1/2 —— PO4
— O-C/O-H ——Ca2p3/2 —P
Ca
14.71% 85.29%
540 535 530 525 | 295 290 285 280 275 | 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
; ——N-H
+
Muc + DiW — 0=C/O-P —C-C/C-H — Satellite feature —Caz2p1/2
— O-C/O-H C-0/C-N Ca2p3/2
37.37% - =
61.89% 38.11% ’ €=0 — PO4
: 8.22% 54.41% P
540 535 530 525 | 295 200 285 280 275 | 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
——N-H
PBS C-C/C-H Satellite feature ——cCaz2p 2 PO4
34.42% ——C-OICN /\ —Cazpanz P
A
285 290 285 280 275 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
——N-H
+ .
Muc + PBS — C-C/C-H Satellite feature — Ch|0f!d'3
47.64% —— C-0/C-N —— Chloride
——C=0
0 —PO4
11.51% 40.86% R
540 535 530 525 | 295 290 285 280 275 | 410 405 400 395 390 | 355 350 345 340 | 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
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- . 56.23%
Acid 21.99%  C.CICH — Cazpii2 .
21.78% C=0 ——Ca2p3r2 — P
——Co, —Ca
540 535 530 525 295 200 285 280 275 410 405 400 395 300 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
Acid + Muc o, ——C-CIC-H —NH
——0=C/O-P 61.83% oo —— Satellite feature ——Ca2p 12 —PO4
——O-C/O-H —Ca2p3i2 —P
Lk/\ J\ -
14.79% 85.21% I
540 535 530 525 295 290 285 280 275 410 405 400 395 390 | 355 350 345 340 205 200 195 190 185 180
Binding energy (eV) Binding energy (V) Binding energy (eV) Binding energy (eV) Binding energy (eV)
Table 5-11 Peak positions of bovine enamel samples after tribo-tests outside the scar area (outside).
Position (eV) | O 1s Cis N1is Ca2p P2s Metal chloride
Species O-C/H | 0=C/O-P | C-C/H | C-O/N | C=0 CO3 N-H Satellite | 1/2p 3/2p Ca PO, P cl cl
Diw 533.80 531.96 285.48 287.24 289.10 400.79 - 351.43 347.93 346.10 191.24 188.74 - -
Muc + DiW 532.92 531.41 284.82 286.49 288.27 400.00 406.07 350.94 347.44 - 19091 - - -
PBS 533.08 531.20 283.98 285.90 288.00 399.56 406.81 350.71 347.22 - 190.54 187.74 - -
Muc + PBS 533.62 532.18 284.80 286.64 288.62 399.99 407.52 -- - - 19142 - 199.22 201.35
Acid 534.95 533.03 285.74 287.73 289.70 - - 352.52 349.05 347.33 192.22 189.30 - -
Acid + Muc 533.97 531.90 285.62 286.13 288.86 400.39 407.46 351.24 347.76 345.92 190.94 187.73 - -
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Figure 5-14 shows how the Ca/P ratio varied across the enamel samples in the different
solutions, with percentage difference labels comparing the Ca/P ratio within the wear area
compared to outside the wear area. For reference, the stoichiometric ratio of calcium to
phosphate in hydroxyapatite is 1.67, derived from the chemical formula Ca10(PO4)s(OH): (i €.,
10 Ca:6 P). No differences for the Ca/P ratio were observed inside and out the wear areas in
DiW. The addition of mucins to the test environment reduced the Ca/P from 0.94 to 0.18
inside the wear area and 0.92 to 0.13 on the outside. In PBS, the wear area differed from the
surrounding enamel, with a ratio of 1.54 compared to 1.00 respectively, where the former
was closer to the mean ratio of the reference samples (1.59). Muc + PBS increased the ratio
inside the wear area to 3.97, the largest of all samples, whereas no calcium was detected in
the surrounding location and a Ca/P ratio wasn’t calculated. In Acid the Ca/P ratio inside the
wear area was 1.15, less than outside, with 1.90. With mucin, the reverse was observed with

an increased Ca/P of 2.31 inside and lower ratio of 1.51 outside.
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Figure 5-14 Ca/P ratios of enamel samples after tribo-tests, inside and outside the wear areas. Percentage
labels relate to the % difference between the Ca/P ratio within the wear area compared to the Ca/P outside
the wear area.

Figure 5-15a) and b) shows the deconvoluted chemical composition, as an atomic
percentage, inside and outside the wear area respectively. These were determined using the
same methodology as the reference samples. General observations show a larger atomic
percentage of calcium and phosphorus was observed in non-mucin samples compared to
their reference composition in Figure 5-13, within the range of 11.72 — 16.01% for calcium
and 8.46 — 15.73 % for phosphorus. Furthermore, N 1s peaks were observed on to Muc +

DiW and Muc + PBS, but not Muc + Acid, which differed from reference samples.
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Additionally, the proportion of N 1s within the wear scar regions, 3.04 % and 4.67% for Muc
+ DiW, and Muc + PBS respectively, were greater compared to outside this area with 2.26%
and 2.94%. This was greater with Muc + PBS compared to Muc + DiW. No N 1s peaks were
observed in Muc + Acid, which suggested negligible mucin was present. 0=C/O-P bonds were
more pronounced within DiW and PBS samples, between 25-35% of the surveyed
composition. This was greater in PBS compare to DIW. 0O=C/O-P bonds were less pronounced
in Muc + DiW, and Muc + PBS, In Acid and Muc + Acid, enamel samples presented similar
0=C/0-P composition to DiW and PBS samples, making up approximately 30% of the total

scan composition.
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Figure 5-15 Chemical composition of post tribo-test bovine enamel samples shown by atomic percentage %,
showing a) inside the wear area and b) the surrounding surface outside the wear area. Composition is shown
for tests in DiW, Muc + DiW, PBS, Muc + PBS, Acid, and Muc + Acid solutions.
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5.2.5.2 Raman spectroscopy

Raman spectroscopy was used to further examine structural and compositional changes of
bovine enamel samples after tribocorrosion tests. Figure 5-16 shows the Raman spectra for
all post-test enamel samples inside and outside wear locations for environments with and
without mucin. Raman peaks were observed in all samples as 433 cm™, 583 cm™, 960 cm
and 1070 cm* which were attributed to the different vibrational modes for PO4* groups, v2
— symmetrical bending, v4 - asymmetrical bending, vl — symmetrical stretching and v2 —

asymmetrical stretching, respectively [212, 257].
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Figure 5-16 Raman spectra of post-test enamel samples inside and outside wear locations, with and without
mucins. The full spectra are shown in a) while b) shows the v1 phosphate peak scaled in.

Peak analyses were performed on the vl PO4% peak to give an insight into the crystallinity
of the phosphate-based mineral in bovine enamel. Position shifts and changes to the full
width half maximum (FWHM) were assessed and are summarised in in Table 5-12. Inside the
wear track broader peaks were observed for Acid and PBS samples when compared to DiW
sample. This indicated minor changes to the crystallinity of the bovine enamel. Muc + DiW
reduced the FWHM of the vl PO4* peak inside the wear track compared to PBS and Acid.
Small changes occur for DiW samples. An increased FWHM was observed for DiW samples
outside the wear track, independent of the presence of mucin. A reduction in the FWHM
was observed with PBS outside the wear track compared to inside. Additionally, an increase

in the FWHM was observed with Muc + PBS outside the wear track compared to inside. A
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similar behaviour was observed with the FWHM of Acid outside of the track compared to
inside, and a small decrease in FWHM was outside the wear area was observed with Muc +

Acid.

Assessment of the degree of demineralisation (DD) demonstrates that a larger percentage
of demineralisation occurs in the Acid and Muc + Acid environments, shown in Table 5-12.
A greater proportion of demineralisation occurred in both Muc + Acid locations, 37.58% and
38.91% compared to 31.12% and 31.15% in Acid. Less demineralisation was observed within
the wear area in this environment (when considering the raw DD). In PBS, a lower v1 peak
intensity was observed outside of the wear track which indicated a higher DD compared to
all samples, at 46.5%. Despite this, when the inside of the wear track was considered, the
DD was negative indicating minimal demineralisation. It was assumed a DD < 0 indicated no

demineralisation of the surface.

Table 5-12 Peak analysis of vl PO43 peak comparing the full width half maxima (FWHM), band position and
degree of demineralisation, DD, for all bovine enamel samples.

Solution Wear location FWHM Band position (cmt) DD (raw) DD (normalised)
Diw Inside 13.60 959.39 -5.91% 4.80%
Diw Outside 14.31 959.22 - -
Muc + DiIW Inside 13.58 959.28  -16.60% 3.68%
Muc + DiW  Outside 14.26 959.23 -7.40% 1.45%
PBS Inside 14.30 959.16 -1.40% 3.35%
PBS Outside 13.99 959.07 46.50% 7.14%
Muc +PBS Inside 14.05 959.17 -10.66% 0.33%
Muc +PBS  Outside 14.36 959.12 -3.69% 3.91%
Acid Inside 14.34 959.46 31.12% 6.58%
Acid Outside 14.25 959.22 31.15% 7.37%
Muc + Acid Inside 13.44 959.31 37.58% 10.83%

Muc + Acid  Outside 13.43 959.28 38.91% 9.60%
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5.2.5.3 XRD analysis of bovine enamel surfaces before and after dynamic tribology

experiments

The surface substructure of bovine enamel was investigated with XRD methods on reference
samples and post tribo-test samples. Given the size of the wear area, post-test XRD analyses
was assess as a composite value. Figure 5-17 shows the XRD survey of the reference (in
black) and post tribo-test (in magenta) bovine enamel samples over a 26 range of 10-70°.
Most reference samples were consistent with high intensity spikes at approximately 25.6°,
31.9°, 49.17° and 52.9° corresponding to the miller indices (002), (211), (230) and (004)
respectively, corresponding to 20 positions and peak intensities when compared to a
powder hydroxyapatite reference diffraction spectrum (reference 00-001-1008) [258]. This
demonstrated that most reference samples exhibited similarities to the Hap reference,
presenting a hexagonal closed packed lattice arrangement. The PBS reference sample was
an exception, presenting a less intense peak at 25.6° compared to the intensity of this peak

seen on the Hap reference and the other bovine enamel samples.

Interesting patterns emerged after dynamic testing of bovine enamel samples. Post tribo-
test samples without mucin presented similar diffraction patterns to their pre-test
counterparts with minor changes. No changes were noted for post tribo-test DiW diffraction
patterns. Post tribo-test PBS patterns presented a split peak between at 31.7° and 32.2°,
corresponding to (211) and (112). Post tribo-test Acid patterns presented a loss in diffraction
peaks at 27.8°, 43.6° and 61.4°, corresponding to (102), (113), and (124). Tests with the
addition of Muc presented considerably changes to the reference diffraction patterns. Post
tribo-test Muc + DiW and Muc + PBS diffraction patterns present a singular peak at 28.8°,
corresponding to (210). No clear peaks were observed over the rest of the post tribo-test
diffraction patterns of Muc + DiW and Muc + PBS, and no clear peaks were observed for Muc
+ Acid. This indicated that the structure’s crystallinity reduced to a more amorphous
structure when mucin was present in the tribo-test environment. Interestingly, this
behaviour was not observed in Muc + PBS with Raman spectroscopy, where an increased
crystallinity was observed. On the other hand, an increased DD was observed Muc + Acid

which supports the reduced crystallinity observed with XRD.
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Figure 5-17 XRD sweep of bovine enamel showing pre-test reference and post tribo-test sample spectra.

Data was further processed to assess the crystallinity of samples by determining the full
width half maximum (FWHM) of peaks, the mean crystallite size and unit cell parameters.

The FWHM of all peaks was determined for each raw observed diffraction pattern and used

to calculate the mean crystallite size.

Table 5-13 shows the FWHM data for peaks at (002), (211) and (230) before and after
tribocorrosion tests respectively. These peaks presented the most intense diffraction peaks
for comparison of all samples and permitted an assessment of variation to the sample
surface crystallinity, as well as being examined in other studies [40, 211]. The largest FWHM

changes (> + 0.01) were observed for peaks at (230), broadening in DiW and Acid after tribo-
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tests from 0.28743 to 0.29934 and 0.25565 to 0.27528 respectively. The opposite was
observed after the PBS tribo-test, narrowing from 0.26183 to 0.23464.

The data shows the peak position, 28, generally increased after tribo-tests for all measurable
peaks in all test environments. Two things may have caused this shift: surface structural
transformation from induced residual stresses or due to or error [259]. Load cycling during
tribo-tests, samples moisture content or a combination of the two may have induced
compressive strain within the subsurface structure, indicating a change to the lattice
configuration. Alternatively, this may be the result of a zero error in the 26 value. As a mean
shift in 26 by 0.35° £ 0.02° was observed for all peaks, the zero-error explanation was

favoured. However, further insight into the crystallite size was required to conclude this.

Table 5-13 Comparison of full width half maximum (FWHM) of reference and post tribo-test bovine enamel
samples for indices (002), (211) and (230).

Reference (002) (211) (230)

26 (°) FWHM 26 (°) FWHM 20 (%) FWHM
DIW 25.64 0.16 31.91 0.23 49.19 0.29
PBS 25.63 0.11 31.89 0.21 49.16 0.26
Acid 25.64 0.16 31.92 0.23 49.18 0.26
Muc + DiW 25.62 0.17 31.89 0.21 49.16 0.26
Muc + PBS 25.68 0.15 31.96 0.20 49.24 0.19
Muc + Acid 25.65 0.16 31.93 0.21 49.20 0.26
Ref Average 25.64 0.15 33.78 0.20 31.92 0.22
SD 0.02 0.02 0.03 0.04 0.02 0.01
Post-test (002) (211) (230)

20 (°) FWHM 26 (°) FWHM 26 (%) FWHM
DIW 25.98 0.15 32.25 0.24 49.52 0.30
PBS - - 32.24 0.22 49.46 0.23
Acid 26.02 0.16 32.28 0.22 49.54 0.28

The mean crystallite size, D, was determined using the Scherrer equation, as defined by in

Chapter 3. Section 3.2.7.5. This assessed crystallite size any changes that occurred in the
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samples from the dynamic load cycling of tribo-tests in different artificial saliva solutions.
This is summarised in Table 5-14. Decreased crystallite sizes were observed after tribo-tests
in DiIW and PBS, however t-tests did not show significance (P > 0.05). The opposite was
observed in the acidic environment; an increased crystallite size was observed after

tribocorrosion testing, but not significantly (P > 0.05).

Table 5-14 Mean crystallite sizes for all reference samples and samples after tribo-tests with standard
deviation between crystallite sizes of individual peaks.

Reference D (nm) SD Post tribo-test D (nm) SD

DiW ref 36.53 5.56 | DIW 32.86 8.62
PBS ref 43.26 14.16 | PBS 41.07 7.12
Acid ref 39.76  5.87 | Acid 4477 14.88
Muc +DiWref  37.29  5.57 | Muc + DiW 30.27 -
Muc + PBS ref 49.69  8.90 | Muc + PBS - -
Muc + Acidref  43.01  6.54 | Muc + Acid - -

5.3 Discussion

To further develop preventative therapies that maximise the protection of tooth enamel,
the contributions of overall tooth degradation need to be understood. This is especially the
case in corrosive and tribocorrosive environments from interactions with citric acid which
have been previously investigated [30, 260, 31, 261, 262, 27, 263, 209, 264, 265]. This
present study aimed to demonstrate how different compositions of artificial saliva (mucin
only, PBS only, mucin and PBS, acid only and, mucin and acid) can impact tooth degradation
of bovine enamel in static and dynamic conditions. In general, increased degradation was
observed in a tribocorrosive environment compared to a corrosion only one and that the
solution composition influences the degree of surface wear observed. The addition of
porcine gastric mucins to artificial saliva was also observed to influence certain aspects of
degradation and that this glycoprotein behaved differently depending on the experimental

conditions and environment.
5.3.1  Lubrication performance of steatite

A discussed in Chapter 4. limited similarities exist between steatite and bovine enamel due
to core differences in surface properties, static interactions with mucin and mechanical
properties. To confirm that steatite was not feasible from a friction and lubrication point of
view, dynamic tribo-tests were performed alongside bovine enamel test. It was clearly

observed that steatite displayed different behaviour in all test solutions. Furthermore, Muc
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+ PBS did not improve lubrication, with an observed increase in friction, opposing the friction
behaviour observed on bovine enamel. Another point of interest was the reduction in
steatites coefficient of friction compared to other test solutions. This behaviour is not
commented on in the literature. Without further investigation of the surface chemistry and
structure, this reason behind this was unknown. Given the differences between steatite and
bovine enamel in terms of their coefficient of friction over time, and overall lubrication
within the same test solutions, it was decided that these two materials were not similar. It
was therefore confirmed that steatite was not a feasible alternative tooth material to

conduct further tribological, adsorption and surface assessments on.
5.3.2 Influence of static vs dynamic conditions on overall tooth degradation

Previous work on tooth tribocorrosion has primarily focused on depth profiling of the
corroded surface and the wear scar profile as an estimate to the overall wear [27, 263, 182].
Other studies have also performed pre and post-test micro indentations to examine the
changes to surface hardness and modulus properties [30, 31, 27, 209]. These methods
investigated the impacts of a corrosive environment in different conditions, but not the
contributions to the overall degradation. In the present study the measurement of calcium
release from static and dynamic experiments provided further insight into the contributions
to the total degradation of tooth enamel in an acidic environment. This technique has been
observed in corrosion only studies [183, 260, 264, 265] and has shown a linear relationship
with changing surface micro hardness [264]. In the present study, significantly more calcium
is released in a tribocorrosive environment compared to corrosion alone. This result
supports the hypothesis that combining mechanical interactions with a corrosive
environment can be more detrimental to the tooth enamel. As mentioned previously,
enamel within a corrosive environment begins to soften due to demineralisation of the
hydroxyapatite prisms [38, 181]. The enamel surface also begins to roughen and form a
‘honeycomb’ like structure as the core of enamel rods corrode at a greater rate compared
to the outer regions of the rod [30, 31]. This mechanism ensures the enamel surface is more
susceptible to material loss from mechanical interactions after it has been attacked by an
acid by breaking off protruding outer rod enamel [266]. In the present study, the additional
calcium release may therefore be attributed to the mechanical sliding of the YTZP cusp
against the softened enamel where the corrosion is enhancing the surface wear and,

subsequently, tooth degradation.
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Breaking down the contributions of tribocorrosion in bovine enamel

These results add an additional perspective to the field of tooth tribocorrosion where
controversy exists regarding the role of corrosion within an enamel tribosystem. This may
arise from primarily examining the wear scar characteristics without considering additional
affects corrosion may have. Wu et al [27] observed higher wear volume loss under distilled
water lubrication while low volume loss was seen with a pH 3.2 citric acid. Under similar
lubrication conditions this was also seen by Eisenburger et al [263] and it was generally
concluded that enamel on enamel wear was higher in neutral pH conditions compared to
the low pH conditions. On the other hand, Weigand et al [182] performed similar sliding
tests with different material pairs, including enamel on enamel and ceramic on enamel, and
found that tribocorrosion in citric acid yielded the most surface wear, approximately 70
times more than the mineral control solution for the ceramic on enamel pairing. From only
examining the wear scar characteristics in the present study, scar width under deionised
water and citric acid conditions are the same, while the depth slightly increased under acid
conditions. This behaviour was not attributed to changes on the Y-TZP balls, given that post-
test VSl inspections demonstrated no signs of surface wear. Upon examination of the scar
volume, the acid scar volume is larger than deionised water and PBS solution scars. These
results agree with what has been observed with Weigand et al [182]. Other studies which
consider acetic acid as the lubricating solution also show contrasting results in terms of wear
rate examination, where on the one hand a lower wear rate was observed in pH 3 acetic acid
compared to deionised water [261], whereas on the other hand the reverse was seen [267].
This highlights the variation in tribocorrosion studies and the requirement for additional
measures to break down the contributions to overall degradation which have been alluded
to and employed in the present study. This contribution would be the sub-surface corrosion
resulting from acid penetration into the surface which has previously been seen up to a
depth of 12 um [181, 268]. Therefore, it may be assumed that the calcium release is a
measure of overall tooth degradation (Cay ) which is a combination of surface volume lost
(V) plus sub-surface corrosion. This has been described by Figure 5-18 as a schematic of the
degradation contributions for a corrosion only environment and a tribocorrosive

environment.
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Figure 5-18 Schematic of hypothesised wear contributions of bovine enamel under corrosive and
tribocorrosive conditions (below the critical pH 5.5).

5.3.3 Influence of mucins on overall tooth degradation

The application of a mucin component in an artificial saliva has been used in several in-vitro
studies on enamel [89, 106, 183, 269, 270, 271], focusing of aspects of demineralisation
before, or, remineralisation after corrosive challenge and influences on tribological
behaviour. Much like with tooth tribocorrosion, there are conflicting studies which argue

what type of saliva in most beneficial in terms of protection [89, 183, 106, 269, 260, 271].

Batista et al [183] investigated the protective ability of artificial saliva by pre-treating enamel
surfaces and measuring the surface hardness change after corrosion in pH 2.5 hydrochloric
acid. This included a mucin containing artificial saliva, other artificial saliva without mucin
and human saliva for in-vitro pre-treatment procedures. No significant differences were
observed between the pre-treatment solutions, all of which being comparable to the
protective capability of human saliva in-vitro. On the other hand, a mucin containing artificial
saliva provided similar protection to human saliva under demineralisation conditions
compared to the same artificial saliva without mucin and the deionised water control [106].
Bauman et al [260, 265] also examined the interplay between mineral ions and proteins in
pre-treatment solutions. A dialysed human saliva, a protein only solution, was compared to
a salt only artificial saliva, artificial saliva/dialysed saliva combination and human saliva
[260]. The protein only solution provided superior protection after corrosion cycles in terms
of surface hardness and calcium release compared to human and other artificial saliva. It
was hypothesised that less competition exists between protein and mineral ions in solution
which facilitates a better level of surface coverage and therefore protection from

demineralisation. A later study also showed that artificial saliva solutions which were under
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saturated with respect to calcium were likely to hinder protection from demineralisation
[265]. Mucin within an artificial saliva has also been seen to reduce remineralisation, despite
being comparable to human saliva [269]. This may be partly be a result of the mucin-surface
interactions forming a viscous layer reducing diffusion of calcium ion to the enamel surface
[269]. It may also relate to the mucin-ion interactions where calcium ions are complexed by

the mucins which is more prevalent in a neutral to alkaline pH environment [272, 273].

In the present study, only the interactions between the test solution and enamel were
examined and all solutions used were under-saturated with respect to calcium ion
concentration, i.e. no remineralisation took place. It was observed that neutral pH solutions
containing mucin, salt or both yielded an increased level of calcium release compared to
deionised water alone. Assuming there is no competition between salts and mucins in the
single component solutions [260], direct surface interaction occurs with the calcium ions on
the enamel surface [70]. Sodium and potassium ions within the PBS may substitute with
calcium, releasing free calcium ions into the test solutions [274, 38]. In the presence of PBS
salts and mucins, any subsequent free calcium ions may be complexed by free mucins in the
solution [272, 273]. Despite an observed increase in calcium release from solution
interactions, this does not translate across to the friction and wear behaviour. These results
suggest the addition of mucin within a dynamic neutral pH environment enhances enamel
protection with significantly improved lubrication and less surface damage. These results
agree to similar studies which examined different mucin types in PBS solutions compared to
human saliva [270, 271]. In the present study the addition of PBS salts fortified the enamel
surface under dynamic test conditions. Despite being under saturated with respect to
calcium ions, the combination of phosphate, sodium and potassium ions in PBS and their
interactions with the surface had a role to play in reducing the surface wear. In the acidic pH
environment, the mucin does not appear to have a significant impact on enamel protection.
These results suggest that the mucin is influenced in some way by the mechanical
interactions between the YTZP ball and the enamel surface as seen by a significant reduction
in calcium release. However, these results cannot explain why this may be occurring,
especially as there is no effect of mucin on the coefficient of friction. Most of the previous
work has examined the influence of proteins and mineral ion interplay in a corrosion only
setting, either after corrosive attack and surface remineralisation. However, to further
understand the influence of these solution components in a dynamic environment, future
work is needed that focuses on surface interactions in static and dynamic conditions and

how they influence overall degradation.
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5.3.4 Influence of the sliding environment of bovine enamel

An assessment into the superficial surface structure and chemistry aimed to further expand
on the behaviour observed for these tribocorrosion experiments. This was to determine
whether the solution influenced changes to the structure and/or chemistry which might
impact tooth degradation from both chemical and mechanical influences. Furthermore,
chemical analysis aimed to determine whether the presence of mucin could be detected on
the enamel surfaces and whether a mucin rich layer was present within the wear locations

owing to mechanical interactions.
5.3.4.1 Surface chemistry

Reference sample chemistry and sample preparation

The use of an ambient pressure XPS enabled the assessment of enamel surfaces up to a
depth of 10 nm without having to dehydrate samples prior. This therefore meant that
samples could be assessed with minimal surface treatment rather than the prolonged
process of dehydrating samples in incremental concentrations of ethanol. Instead, all
samples were thoroughly rinsed in isopropanol and deionised water after sample
preparation. XPS investigations prior to tribocorrosion tests highlighted a large degree of
elemental variation between bovine enamel samples, specifically related to the presence,
and proportions of calcium and phosphorus in each sample. Samples tested in DiW, PBS, and
Muc + Acid were absent of calcium and/or phosphorus all together. This was interesting as
samples were prepped with the same methods and were made up of hydroxyapatite (a
calcium phosphate mineral). In addition to the expected adventitious carbon on air exposed
surfaces, the data in the reference samples suggests a greater level of contamination than
expected. This is shown by the larger composition of carbon in most reference samples, an
average of 60.69% which is larger than the 29-54 % observed for similar studies of tooth

enamel [275, 217, 256, 218, 276, 222].

Individual samples that did not present calcium or phosphorus peaks presented an overall
carbon content over 65%, with those under this percentage displaying both. Given the
porous nature of enamel and the sensitivity of XPS to surface chemistries within the top 10
nm of a surface, it was hypothesised that the excess carbon in reference samples was
attributed to the preparation and experimental methodologies. Enamel samples were
ground with silicon carbide paper, polished in a sub-micron, oil-based diamond suspension,
rinsed in isopropanol and deionised water, dried in compressed air and stored in a petri dish.
Assuming enamel samples varied in porosity, rinsing may not have fully removed oil residues

from the polishing process adequately, with samples therefore showing different



186

compositions of carbon in the reference XPS surveys [277]. On the other hand, post tribo-
test samples did not show as much carbon in comparison to reference samples, which may
have related to additional pre tribo-test cleaning in addition to submersion within test
solutions for a given period. It could therefore be inferred that sample preparation
refinements would improve future analysis, by allowing additional time to soak samples
before analysis to remove excess contamination, preferable with ultrasonic agitation [278].
Furthermore, argon ion sputtering was not adopted given the time constraints of analysis,
and the associated damage to the surface’s chemistry [277]. However, this may also reduce
the effects of contamination so long as caution is used to not damage the surface chemistries

[277].

Post tribo-test surface chemistries inside and outside of wear locations and the presence
of mucin - Calcium and phosphate within post tribo-test samples

Ca/P ratios were examined to assess the proportion of calcium to phosphate on the surface
of tooth enamel, providing an insight into the stability of hydroxyapatite within the XPS scan
area. The ratio decreases with an excess adsorption of phosphate groups, substitution or
removal of calcium with other elements, or incorporation of trace elements [256]. Biological
appetites, like tooth enamel, generally have lower ratios and are termed as “calcium-
deficient” [218]. It should be noted that Ca/P provides a proportion of the calcium and
phosphate groups within a given sample, but does not suggest absolute values. Mean Ca/P
ratios in reference samples were within what was observed in the literature by XPS, with

1.59 £ 0.54 compared to 0.84-1.51 [275, 217, 256, 218, 276, 222].

In all samples tested within mucin solutions, the absolute proportion of calcium and
phosphorus was generally lower compared to samples tested without mucin, which was
attributed to a combination of mucin interactions with enamel surfaces and carbon
contamination, as evidence by the larger proportion of phosphate bonds attributed to O-
P/0=C species in non-mucin samples. Despite PBS containing phosphate ions, a reduction in
surface phosphate was observed compared to DiW, however both PBS, and Muc + PBS
presented a higher Ca/P ratio than both DiW, and Muc + DiW. This suggested that without
salts, enamel may partially demineralise and lose calcium ions to the bulk solution, as
observed when enamel was immersed in DiW under static conditions. This also suggested
that PBS, and Muc + PBS essentially simulated phosphate-rich saliva solutions that could
effectively remineralise enamel by substituting in for carbonates, stabilising surface calcium
ions [279]. This behaviour is observed both within and outside PBS and Muc + PBS sample

wear areas, supporting the occurrence phosphate induced remineralisation. However, this
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does not explain the lack of calcium outside the Muc + PBS sample wear area, presenting a
Ca/P ratio of 0.0. Within acidic environments the higher Ca/P ratios were related to the
preferred demineralisation pathway, where H* ions target phosphate groups in

hydroxyapatite, resulting in an overall loss of phosphate groups from the surface [38].

Wear areas were also compared with the surrounding enamel to understand whether any
preferential dissolution occurred from tribo-tests in different test solutions. This aimed to
uncover whether mucin provided additional benefit under mechanical interactions. Ca
species, not associated with Cal/2p and Ca3/2p, were observed within all enamel wear area,
which has been suggested to be described as a transitory species between CaH,0" and
dissolved Ca?* [280]. This was also observed outside the Acid, and Muc + Acid wear areas.
This indicated that some degree of dissolution occurring within wear areas for neutral pH
solutions, while this occurred all over enamel in acidic pH solution. Furthermore, all samples,
excluding the Acid sample, presented a lower composition of phosphate within the wear
area compared to outside. Calcium composition was observed to be unchanged for DiW and
Muc + DiW samples between both areas, while calcium composition was lower within Acid
and Muc + Acid scar areas. Only the PBS sample presented a higher calcium composition
within the wear scar compared to outside. When considering the impact of mucin on the
Ca/P ratios of enamel samples, a greater proportion was observed inside the wear location

for Muc + PBS and Muc + Acid samples.

Given the bulk solution composition, it can be proposed that mucin provides additional
benefit to enamel within a neutral pH saline solution. This is evidenced by a higher degree
of minerality shown by the Ca/P ratio in addition to the low degree of demineralisation
observed with Raman spectroscopy. This explains the reduced wear volume observed under
this condition after tribo-tests. Contrary to this, mucin within the citric acid environment
presented a greater Ca/P ratio within the wear area, but was observed to cause more surface
wear when surveyed with VSI and optical microscopy, with a much larger degree of
demineralisation. Further examination the surface species was required to further elucidate

the mucin/wear scar interaction.

Neutral pH solution interactions

N 1s, C 1s and O 1s surveys characterised the organic species present on enamel surfaces,
relating to mucin, carbon species, and organic species within citric acid. N1s peaks indicated
the presence N-H bond associated with organic matrices relating to amino groups and
peptide carbons along with C 1s species at binding energies around 287 eV attributed to C-

O/N groups [281, 282]. In Muc + DiW, and Muc + PBS environments, N 1s peaks were
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observed along with a larger percentage of C-O/N, both within and outside wear areas
compared to DiW and PBS samples. This suggested that mucin may be present on the
surface, however this is only partly supported by the O 1s peaks. Veeregowda et al [109]
employed XPS to calculate the glycosylation of dehydrated salivary films, from C-O-H species
within the O1s peak, at a binding energy of 532.7 eV. This corresponded to the lubrication
of these films at the nanoscale. Inside the wear areas of enamel samples of the current work,
the degree of glycosylation was 11% and 6.5% in for Muc + DiW, and Muc + PBS respectively,
compared to 4% and 4% in DiW and PBS samples with no mucin. This demonstrated the
presence of mucin within the wear area. This also supported the improvement in lubrication
with mucin, however glycosylation cannot fully describe lubrication performance given that
Muc + PBS outperformed Muc + DiW with less % glycosylation. Outside the wear location, a
higher degree of glycosylation was observed with 12.8% in Muc + DiW, and 6.8% in Muc +
PBS. This suggests that mucin can absorb both inside and outside the wear location, however
differences in layers may occur. It was thought that layers formed outside the wear area
assembled without physical interruption, whereas mucin layers subjected to mechanical
interaction are either continuously broken up and reformed, or form a different viscoelastic
structure under mechanical conditions. The follow chapters aim to investigate this

behaviour further.

Acidic pH solution interactions

Samples tested in Acid and Muc + Acid solutions presented different compositions and
species compared to neutral pH solutions. No N 1s were observed in Acid or Muc + Acid
samples, which supports what has been previously observed in Chapter 4. Section 4.3.4 with
mucin adsorption in a citric acid environment studied by AFM. Furthermore, the degree of
glycosylation of Muc + Acid samples was comparable to what was observed in Acid samples,
4.7% and 5.7% compared to 5% and 7%, for glycosylation inside and outside wear areas
respectively. This provides further evidence of the lack of mucin-enamel interactions within
an acidic environment, which may well have no effect on lubrication compared to citric acid
alone. Any reduction in friction might be thought to be the result of enamel softening
combined with the dissolution of abrasive asperities and particles [263]. However, Like Muc
+ DiW and Muc + PBS samples, a larger composition of C-O/N was observed within the Muc
+ Acid sample wear area compared the Acid sample. Furthermore, this was only observed
within the wear scar, and not in the surrounding area unlike Muc + DiW and Muc + PBS
samples. As no N 1s peak was observed, this thought to be attributed to citrate anions,

however there was no evidence of C=0 groups for the Muc + Acid sample. It was postulated
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that carbohydrate fragments within the Muc + Acid solution could be present on the surface

from using commercial mucin [283].

XPS studies investigating acid interactions with enamel suggested potential chemisorption
of interacting acids by ionic interactions [284, 285]. Acids used for etching enamel prior to
applications of dental adhesives were shown to form ionic bonds between the acid’s
carboxyl groups and surface calcium. This was evidenced by component peaks observed at
binding energies of 288.6 - 288.8 eV and a larger C1s peak intensity [284, 285]. In the present
study, no peaks occurred at this point with only peak occurrences at 288.8 — 289.7 eV
indicating carbonate species. Acid, and Muc + Acid surfaces presented a greater proportion
of carbonate compared to other C1ls components after testing, which may be attributed to
the depth changes from acid dissolution, which make the enamel more susceptible to

demineralisation [38, 264, 31, 286].
5.3.4.2  Surface structures of bovine enamel

XRD characterisation before and after tribo-tests

Structural aspects of the bovine enamel surfaces were examined with XRD and Raman
spectroscopic techniques to assess changes to the surface crystallinity and levels of
demineralisation. Much like with the XPS analysis, the XRD was limited to examining a larger
surface area compared to the areas within the wear track, however surface examination

within the wear tracks were accomplished with Raman spectroscopy.

A hexagonal closed packed hydroxyapatite crystal structure was determined with XRD for all
reference and post-test samples, with diffraction peaks matching the similar studies
investigating tooth enamel [287, 41, 40, 211, 288, 289]. There was no indication of a
monoclinic structure, with no observable peaks at 20 = 37.21° in the reference enamel
diffraction patterns [290]. Not all peaks were present on some samples e.g., the lack of the
(002) peak of the PBS reference sample, which was attributed to a variation that sample
only. Studies which investigated bulk human enamel samples identified differences in XRD
patterns when compared to powdered enamel, with bulk samples showing fewer diffraction

peaks compared to powdered samples [291].

Bulk XRD patterns also provide an insight in the crystal orientation and texture, as crystals
remained fixed within the bulk structure. Greater peak intensities in all reference samples
at (002), (211), (230) and (004) suggested a preferential alignment of hydroxyapatite
crystallites, stemming from the sample preparation methodologies used with bovine enamel
sectioning and processing. No peaks were observed at between 26 of 28.8-30.0° which

indicated a lack of carbonate within the surface hydroxyapatite of the reference samples
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[40]. However, this was the sole diffraction peak present for both Muc + DiW and Muc + PBS
post tribo-tests. The lack of other any other peak in these samples is interesting, as it
suggests non-crystalline behaviour. Post-Mucin tests shown in Figure 5-17 were comparable
to XRD patterns observed for amorphous calcium phosphate powder formed from
combining calcium chloride and sodium dihydrogenphosphate solutions in ice with a pH >
10[292]. No peaks between 0°- 40° 28 were observed for the amorphous calcium phosphate
powder, presenting only a background spectrum [292]. However, this could not reasonably
explain what was observed with the post tribo-test Muc + Acid diffraction pattern, and to
the knowledge of the author neither could the literature. Further investigation with mucin

layers on surfaces examined by XRD would be required.
Bovine enamel crystallinity assessment

The crystallinity of tooth enamel is a measure of the apatite crystal structure and is indicative
of any irregularities that might be present within a sample. Examination of the FWHM of
(211) has been keyed by Featherstone et al [40] as an important measure of crystallinity in
relation to the rate of material dissolution. Wider FWHMs at (211) were attributed to a
greater dissolution rate in an acid solution compared to samples with a smaller FWHM [40].
An alternative method to determine the crystallinity of enamel relates to the mean
crystallite a.k.a. grain size of the sample, as calculated by the Scherrer equation. The grain
size has an important factor on the mechanical and hardness properties of a materials;
reducing crystallite sizes up to a given critical size increases materials yield strength elastic
modulus and hardness following the Hall-Petch relationship [293]. An inverse Hall-Petch
relationship is observed when grain sizes are reduced further than the critical size [294]. This
behaviour is observed in bovine enamel samples, where smaller crystallite sizes correlated
with a greater surface microhardness (R=0.969) [295]. The reverse was seen with porcine
enamel, with larger crystallite sizes and less defects increasing mechanical wear resistance
[43]. These differences are attributed to structural difference between enamel samples from
the respective animal [41]. The crystallite size range of 30 — 50 nm (mean = 41.58 + 4.43 nm)
presented in Table 5-14 of this study are within the size of other enamel samples measured
by XRD, between 17-70 nm [288, 41, 43, 42]. No significant changes occurred to the crystal
size from tribocorrosion tests, with minor decreases in size in DiW and PBS. Interestingly,
there is an increase in the crystal size after tribocorrosion tests with in Acid. This can be
attributed to depth changes that occur from the removal of surface material during enamel

corrosion. It is also documented that the carbonate content tends to increase from the
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superficial surface of enamel towards the dentine-enamel junction, reducing the crystallinity

of enamel and subsequently it’s young’s modulus and hardness [296].

Raman characterisation after tribo-tests

Raman spectroscopy provided further insight into the solution’s influence of the structure
of enamel after interactions with the tribocorrosion test environment, differentiating
between the wear scar and surrounding areas. Changes to the v1 PO;* band position and
FWHM provided an indication to whether the structure of enamel resemble sound health
enamel compared to carious enamel [257]. Buchwald et Buchwald [257] demonstrated a link
between a broader FWHM and negative shift in the vl PO,* band position with enamel
which was healthier, compared to a sharper FWHM and a positive band position shift. In the
present study, samples treated with citric acid demonstrated a positive band position shift
compared to the deionised water treated surface, supporting the formation of a more
carious, low apatite enamel. However, the FWHM was only sharper for the combined citric
acid and mucin samples with no change occurring the citric acid only sample. Similarly, the
band position shifts in the pbs environments negatively while the FWHM varied. Lower
FWHM were observed within the wear track with mucin present and in the surround area
without mucin. Conversely, no change occurred without mucin in the wear track and with

mucin in the surround area.

The assessment of the FWHM alone was not enough to determine how the solution and
mucin affected the surface structures, given the contradictory results. The FWHM itself was
dependent on the intensity of the vl PO,* band position, with lower intensities reducing the
perceived FWHM. Silveira et al [212] used the intensities of this band position to determine
how enamel samples changed, calculating the degree of demineralisation, DD. In the current
study Raman spectroscopy was only used after tribocorrosion testing and XPS/XRD
examination which meant there was no pre-test reference to determine a sample specific
DD. As samples prior to fabrication were stored in deionised water, it was decided that the
surrounding area of the deionised water sample was used as a general reference for this
application. The citric acid environment was shown to increase the DD of samples within the
wear track and the surrounding area, which was enhanced in the presence of mucin. This
supports what has been observed inside and outside the wear locations of the Muc + Acid
sample which prevented volumetric analysis of the wear scar earlier in the chapter. In the
pbs and deionised water environments the DD for most samples was much less, excluding
the results for the surround area of the PBS only sample. Mucin was also able to reduce the

DD to a higher degree within the wear tracks compared to outside, further supporting mucin
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enhanced enamel protection under mechanical loading and shear conditions within neutral
pH environments. Contrary to this, mucin was ineffective at protecting enamel in the acidic
environments and contributed further to surface demineralisation from a nano structural

point of view.
5.4 Summary

The tribocorrosion of bovine enamel was affected by a combination of mechanical, chemical
and biological influences. The environment not only influences the tribological properties of
enamel, but also the way mucins interact with one another and the surfaces. The key

conclusions from this chapter are summarised below:

. In a neutral pH environment, the addition of mucins can be used to improve
lubrication and reduce the interacting surface wear, especially with the addition of
PBS. Mucin was observed to limit surface demineralisation on enamel samples to a
higher degree, especially within wear locations where a greater degree of
glycosylation was observed indicating presence of a mucin tribofilm.

. In an acidic pH environment, the mucins did not influence static dissolution or
lubrication. This was attributed to a reduction in mucin glycosylation.

. In both environments, the additional mechanical interactions reduced the overall
calcium release in the presence of mucins. However, in the acidic pH environment
the acid interaction with mucin increased the level of surface demineralisation with
a greater impact on the enamel structure.

. A novel method of quantifying the contributions of enamel tribocorrosion was
determined through understanding individual and combined aspects of chemical
and mechanical degradation.

. The wear could not be fully determined from the experiments in this chapter.
Further research should investigate: surface mechanical properties over exposure
time, direct changes in surface chemistry and crystal structure (with a larger sample
range and more refined methods by depth profiling through progressive surface

etching), corrosion depth investigations and tribo-film analyses.
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Chapter 6. Factors influencing mucin layer growth on dental surfaces

6.1 Introduction

This chapter probes the use of commercial porcine gastric mucin within artificial salivary
solutions to understand the kinetics of protein layer formation in relation to layer
viscoelastic properties and subsequent lubrication. Growth of protein layers on gold and
hydroxyapatite coated quartz sensors were examined initially, using a QCM-D. Mucin in DiW,
PBS and Acid solutions were examined on both surfaces to assess the influence of the
material surface on layer growth kinetics and the resultant layer’s viscoelastic and structural
properties. Additionally, the influence of salt type and concentration were also assessed
using gold coated sensors as a control surface. Finally, nanotribometer tests were performed
on mucin layers grown on QCM-D sensors to identify potential links between the layer’s
properties and overall lubrication mechanisms. A flow chart outlining the work and analyses
completed in this chapter is presented in Figure 6-1, following methodologies described in

Chapter 3.
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Figure 6-1 Flow chart of experimental methods and analyses Chapter 6.
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6.2 Results

6.2.1 Kinetic adsorption modelling on QCM-D sensors
6.2.1.1 Influence of gold and hydroxyapatite surfaces on mucin layer adsorption kinetics

Mucin layer growth with commercial PGM was initially examined with the standard “artificial
saliva” solutions used in the previous chapters: Muc + DiW, Muc + PBS and Muc + Acid.
Layers were growth with each solution onto gold and hydroxyapatite coated QCM-D sensors,
and the mass properties were calculated, and plotted over time as shown in Figure 6-2. To
assess the adsorption pathways, rate of adsorption and approximated mass at equilibrium,
Pseudo First Order (PFO), Pseudo Second Order (PSO) and Elovich adsorption models were
applied for each system. Each model is presented with curve for each system along with
error parameters (R squared (R?), adjusted R squared (Adj R?) and Chi squared (x?)), shown
in Figure 6-2. Comparison of the R?, Adj R?, and ¥ fitting parameters determined the best fit
out of the 3 adsorption models. The criteria for the best fit assessed how close R? and Adj R?
were to 1 and which model possessed the lowest x° result. Table 6-1 shows the model fitting

parameters for each solution, adsorption model and surface material.

The Elovich model fitted both Muc + DiW adsorption to gold surfaces, as shown by R? =0.99
in addition to other the error parameters in Figure 6-2a). The PSO model for Muc + DiW
adsorption onto gold also had a good fit, R? = 0.89, which was better than the PFO model, R?
=0.71. The PSO model fitted Muc + PBS adsorption (R* = 0.90), and Muc + Acid adsorption
(R? = 0.98), shown in Figure 6-2c) and e). Both Elovich and PSO model fits indicated layer
growth was driven by chemisorption processes onto gold surfaces, potentially strong
electrostatic interactions/ electron sharing. The addition of perturbing molecules such as
PBS and Acid to the mucin solution was shown to influence both the rate of adsorption and
the mass adsorbed at equilibrium. If the best fitting models are considered, Muc + PBS
presents the highest adsorption rate constant of k; = 1.356 x 10, followed by Muc + Acid (k1
=5.444 x 10°) and finally Muc + DiW (k;=1.991 x 107®°). Furthermore, a larger mass adsorbed
at equilibrium was observed for Muc + Acid adsorption (ge = 3165 ng/cm?), followed by Muc
+ DiW (ge= 2974 ng/cm?), and finally Muc + PBS (qe = 1626 ng/cm?). This suggested that the
presence of additional salts (PBS) increased the protein layer formation rate whilst limiting
the adsorption quantity onto gold. Similarly, the presence of an acidic component (citric
acid) increases the rate of protein layer formation in addition to the mass of the adsorbed

layer.
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On hydroxyapatite surfaces, a different behaviour was observed with Muc + DiW, and Muc
+ PBS solutions. Muc + DiW adsorption was observed to grow in more than one stage such
that the kinetic models did not adequately fit the experimental data as evidenced by y?
values over 34991, shown in Figure 6-2b), compared to other x? error for best fits (x* < 4000).
Muc + DiW growth was broken down into two splits, Hapl and Hap2, which are presented
in Figure 6-3 with the best fitting adsorption models displayed. The Elovich fit best described
the initial stage of adsorption in Hapl (R? = 0.97 and x2 = 531), followed by the PFO model
in Hap2 with Muc + DiW adsorption (R? = 0.77 and x2 = 19561), reducing the overall fit error.
This indicated that most of the layer’s growth phase on hydroxyapatite favour physisorption
processes, such as weak electrostatic interactions, hydrophobic/hydrophilic interactions,
hydrogen bonding and VDW forces. Whereas the initial stages of adsorption favour more

chemisorption interaction from strong electrostatic interactions.

Muc + PBS adsorption to hydroxyapatite was different to gold, with the Elovich model
providing the best fit (R? = 0.93) on the former surface compared to the PSO model on gold.
While this suggested the chemisorption process was still dominant, the adsorption of the
layer was observed to be a balance of adsorption/desorption growth compared to the other
models which reach a finite mass adsorbed at equilibrium. The model fit for Muc + Acid did
not change from gold with the PSO model fit (R? = 0.93), suggesting similar chemisorption

pathways.

Aside from adsorption pathway differences between materials, it was observed that with
Muc + DiW, and Muc + PBS adsorption demonstrated a slower PSO adsorption rate constant,
k2, on hydroxyapatite compared to gold surfaces, from 1.99 x 10° to 4.90 x 10°® and from
1.35 x 10 to 6.07 x 10 respectively. For Muc + Acid adsorption, the adsorption rate
constant increased on hydroxyapatite to 9.38 x 10° compared to 5.44 x 10° on gold. This
suggested that the material surface influenced the rate at layer formation depending the
composition of the growth solution. The absorbed mass at equilibrium was observed to also
differ with both Muc + DiW, and Muc + Acid adsorption onto hydroxyapatite demonstrating
lower mass compared to gold, of ge = 2848 ng/cm? and g. = 2780 ng/cm? respectively. The
adsorbed mass from Muc + PBS was observed to increase on hydroxyapatite, ge = 1900
ng/cm?, suggesting that the addition of PBS salts enhance protein surface interactions more

than on gold.
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Figure 6-2 Layer mass growth over time onto gold and hydroxyapatite coated QCM-D sensors with fitted
kinetic adsorption models and fitting error parameters. Growth solutions used include a) and b) Muc + DiW,
¢) and d) Muc + PBS, and e) and f) Muc + Acid. In a), c), and e), gold (Au) surfaces adsorption is presented,
while b), d), and f) show hydroxyapatite (Hap) surface adsorption. The red circles in b) present areas of poor
model fit which required additional splits for analysis.
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Figure 6-3 Best kinetic model splits for mucin layer growth in Muc + DiW on Hap surfaces with fitting error
parameters.

Table 6-1 Kinetic adsorption model fitting parameters for mucin adsorption to gold and hydroxyapatite
coated QCM-D sensors. Parameters in bold represent the best fitting model for each solution/material
combination.

PFO PSO Elovich
Material | Solution k1 Je ka Je a B
Au Muc + DiW | 0.037 2744 | 1.99x10°5 2974 | 1.41x103® 0.002

Muc+PBS | 0.085 1602 | 1.36x10* 1626 | 1.57x10° 0.014

Muc +Acid | 0.091 3057 | 5.44x10°> 3165 | 2.25x10°> 0.004

Hap Muc +DiW | 0.013 2314 | 4.90x10¢ 2846 | 8.70x10* 0.002
Hap1 0.072 510 1.22x10* 636 1.24x102  0.007
Hap2 0.016 2265 | 8.65x10°® 2601 | 2.55x102 0.002

Muc+PBS | 0.103 1833 | 6.07x10°> 1900 | 5.21x10* 0.006

Muc +Acid | 0.117 2715 | 9.38x10> 2780 | 4.84x107 0.007

6.2.1.2 Influence of salt type and salt concentration on mucin layer adsorption kinetics

Similar to the previous section, kinetic adsorption models were applied to protein layer
adsorption from salt containing mucin solutions. Figure 6-4 presents the best fitting models
for a) NaCl, b) KCl, c) CaCl,, d) NaH,PO4 and e) CaCl; + PBS salts at 1, 10 and 100 mmol
concentrations. The fitting parameters associated with the model fits are presented in Table
6-2. At 1 mmol concentrations (excluding CaCl, + PBS), the PSO model provided the best fit
with an R? > 0.96. 1 mmol CaCl, presented the largest adsorption rate constant, k, = 1.24 x
10, and lowest adsorbed mass at equilibrium, ge = 2504 ng/cm?. This behaviour was also

closest to Muc + DiW when fitted with the PSO model (k. = 1.990 x 10 and q. = 2974
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ng/cm2). Conversely, 1 mmol NaCl presented the largest adsorbed mass, ge = 5375 ng/cm?
with the lowest rate constant, k, = 3.44 x 10°®. KCl and NaH,PO, presented similar mass
values at equilibrium of 3526 ng/cm? and 5371 ng/cm? respectively with adsorption
constants in between NaCl and CaCl,. This behaviour, along with the adsorption model,
suggests that the salt type influences the way in which commercial mucin chemisorption
occurs on gold surfaces. For 1 mmol CaCl; + PBS, the PFO model provided the best fit,
suggesting physisorption processes were dominant. While the adsorption rate constants are
not comparable due to model differences with the other salt-mucin solutions, the mass at
equilibrium was much lower than all other solutions, ge = 555 ng/cm? This was
approximately a third of the adsorbed mass observed with Muc + PBS, g. = 1602 ng/cm? with
the PFO model. This suggested the Ca?* ions interactions within PBS had a negative effect on

the adsorption process, both in terms of adsorption rate and adsorbed mass.

At 10 mmol concentrations, NaCl and CaCl; solutions switched from PSO to PFO models,
suggesting a change to physisorption. Furthermore, the NaCl mucin solution presented
higher adsorption rate constant, k; = 0.037 compared to ki = 0.028 with CaCl,. This
demonstrated a different adsorption rate behaviour compared to both solutions at 1 mmol.
The NaCl adsorption rate constant was also comparable to Muc + DiW. KCl and NaH,PO,
solutions presented the same PSO fit, indicating the concentration change did not influence
the chemisorption pathways. Increasing from salt concentration from 1 to 10 mmol also
reduced the adsorbed mass at equilibrium parameter in all cases. For 10 mmol CaCl; + PBS,
a similar PFO fit was observed, showing no change to physisorption from the salt
concentration. The increased to 10 mmol CaCl; + PBS further reduced the adsorption rate
constant from k; = 0.025 to k; = 0.005, and reduced the adsorbed mass at equilibrium to 443

ng/cm?.

Increasing the concentration from 10 to 100 mmol indicated that physisorption was
prominent with these NaCl solutions. KCl and CaCl; solutions fitted well with the PSO model,
while the NaH,PO, solution fitted well with the Elovich model, indicating chemisorption
behaviour. A reduction in the mass adsorbed at equilibrium was observed with increased
concentration, excluding the KCl solution which increased mass adsorption. At 100 mmol
CaCl; salt in PBS, an unstable mass adsorption was observed, shown in Figure 6-4e), with a
poor PFO model fit (R? = 0.44). Unlike other salt solutions, the increased CaCl, concentration
in PBS presented an increased adsorbed mass at equilibrium, gqe = 1572 ng/cm?, which was

comparable to Muc + PBS.
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Figure 6-4 Layer mass growth over time onto gold coated QCM-D sensors with best fitting kinetic adsorption
models and fitting error parameters. Growth solutions used include a) NaCl b) KCl, c) CaCl, d) NaH,PO,, and
e) CaCl, + PBS. Salt concentrations of 1, 10 and 100 mmol are presented. Solid lines represent the PFO mode,
dash-dot lines represent the PSO model and dotted lines represent the Elovich model.
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Table 6-2 Kinetic adsorption model fitting parameters for salt influenced mucin adsorption to gold coated
QCM-D sensors.

Salt Concentration Model k;/k;/a B ge (ng/cm?2)
NacCl 1 PSO 3.44x106 - 5375
10 PFO 0.037 - 3101
100 PFO 0.055 = 2656
KCI 1 PSO 4.05x106 - 3526
10 PSO 1.40x10° - 2001
100 PSO 1.23x10° - 2338
CaCl, 1 PSO 1.24x10°> - 2504
10 PFO 0.028 - 1628
100 PSO 3.85x10° - 1195
NaH:PO4 1 PSO 4.50x10¢ - 3571
10 PSO 2.65x10° - 1790
100 Elovich 1.09x102 0.004 -
CaCl,+PBS | 1 PFO 0.025 = 555
10 PFO 0.005 - 443
100 PFO 0.035 - 1572

6.2.2  Viscoelastic modelling of mucin layers on QCM-D sensors
6.2.2.1 Influence of gold and hydroxyapatite surfaces on mucin layer viscoelastic modelling

Viscoelastic models, discussed in Chapter 3. Section 3.2.5.1, were applied to the raw
frequency and dissipation to estimate the structural and viscoelastic properties of protein
layers grown on gold and hydroxyapatite surfaces. Average thickness, mass, shear modulus
and viscosity properties were calculated at two stages, towards the end of the mucin layer’s
growth phase and rinse phase. The rinse solution was the bulk solution without commercial

mucin, i.e. DiW for Muc + DiW layer growth.
Mucin layer growth in DiW with DiW rinse

Figure 6-5 shows the average layer properties from the Muc + DiW solution onto gold and
hydroxyapatite surfaces, with error bars relating to the standard deviation between samples
(n=3). The average 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, shown
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in Figure 6-5a). Similar behaviour was observed with the mass property, shown in Figure
6-5b). The average shear moduli at the end of growth phase for gold and Hap sensors was
41,98 £3.35kPaand 116.16 +21.12 kPa respectively, changing to 41.08 + 1.42 kPa and 83.50
+ 19.71 kPa with the rinse solution shown in Figure 6-5c). The average viscosity at the end
of the growth phase for gold and Hap sensors was 1256.95 + 38.75 pPa.s and 2005.58 +
89.80 pPa.s respectively, changing to 1253.80 + 14.20 pPa.s and 1992.02 + 14.21 pPa.s
during the rinse phase, shown in Figure 6-5d). The average shear modulus and viscosity
properties of the mucin layers were significantly different for both gold and Hap during the
growth phase (p = 0.035 and p = 0.002). During the rinse phase, only the difference in

average layer viscosity remained significant between gold and Hap sensors (p = 0.038).
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Figure 6-5 Average layer properties calculated from ‘Broadfit’ model comparing gold and Hap sensors after
Muc + DiW adsorption and rinsing in DiW; showing a) thickness, b) mass, c) shear modulus and d) viscosity.
Error bars represent standard deviation between samples (n = 3). Asterisks refer to level of statistical
significance where (* - p < 0.05, ** - p < 0.01 and *** - p < 0.001).
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Mucin layer growth in PBS with PBS rinse

Figure 6-6 shows the average layer properties from the Muc + PBS solution onto gold and
hydroxyapatite surfaces, with error bars relating to the standard deviation between samples
(n=3). The average layer thickness on gold and Hap was 25.61 + 10.36 nm and 20.65 * 2.98
nm, respectively, decreasing to 22.80 + 11.22 nm and 19.62 = 1.37 nm in the rinse solution
(PBS), shown in Figure 6-6a). The average shear moduli at the end of growth phase for gold
and Hap sensors was 36.09 + 14.80 kPa and 38.52 + 5.34 kPa respectively, changing to 42.83
+ 25.14 kPa and 36.74 + 4.97 kPa with the rinse solution shown in Figure 6-6¢). The average
viscosity at the end of the growth phase for gold and Hap sensors was 1320.40 + 235.83
MPa.s and 1582.57 + 92.67 pPa.s respectively, changing to 1421.98 + 284.32 pPa.s and

1611.67 + 67.48 pPa.s during the rinse phase, shown in Figure 6-6d).
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Figure 6-6 Average layer properties calculated from ‘Broadfit’ model comparing gold and Hap sensors after
Muc + PBS adsorption and rinsing in PBS; showing a) thickness, b) mass, c) shear modulus and d) viscosity.
Error bars represent standard deviation between samples (n = 3).
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Mucin layer growth in Acid, compared with Muc + DiW, and Muc + PBS layer growth

Figure 6-7 presents the Muc + Acid layer properties with the other solutions (Muc + DiW,
Muc + PBS) for comparison during the growth phase. One Muc + Acid repeat was performed
on hydroxyapatite (an active decision made due to hydroxyapatite coating degradation
during measurements in citric acid). Muc + Acid layers thickness properties on gold and
hydroxyapatite were comparable to the other solutions, 26.66 + 3.10 nm and 27.82 nm
respectively. However, on gold the shear modulus and viscosity of Muc + Acid layers were
greater with 63.24 + 13.99 kPa and 1971.63 + 176.47 pPa.s respectively. For comparison to
hydroxyapatite surfaces, Muc + Acid layer shear modulus and viscosity were 67.60 kPa and

1719.24 pPa.s respectively.
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Figure 6-7 Average layer properties calculated from ‘Broadfit’ model comparing Muc + DiW (blue), Muc + PBS
(magenta), Muc + Acid (green) growth solutions on gold and Hap sensors during the growth stage; showing
a) thickness, b) mass, c) shear elasticity modulus, and d) viscosity. Error bars represent standard deviation
between samples (n = 3). Asterisks refer to level of statistical significance where (* - p < 0.05, ** - p < 0.01
and *** - p < 0.001).

Significant differences were observed between the Muc + DiW, and Muc + PBS layer’s shear
properties on hydroxyapatite with p = 0.0008. On gold, significant differences between Muc
+ Acid and Muc + DiW, and Muc + Acid and Muc + PBS were also observed with p = 0.006
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and p = 0.005 respectively. Between materials, significant differences were observed for

Muc + DiW layers for both shear modulus and viscosity with p = 0.002 and 0.004 respectively.

In relation the kinetic adsorption models, the average mass adsorption of Muc + DiW onto
gold supported PSO fitting parameter of adsorbed mass at equilibrium, g, with 2973 £ 210
2974 ng/cm? compared 2974 ng/cm?. The PSO model underestimated the equilibrium mass
onto gold for Muc + PBS, but this was attributed to the large variation in the average mass,
2561 * 1036 ng/cm? compared with 1626 ng/cm?2. The Muc + Acid PSO g. parameter
overestimated the adsorbed mass on gold, with an average adsorbed mass of 2666 + 310
ng/cm? compared to 3165 ng/cm?. On hydroxyapatite, the PFO g. parameter for Muc + DiW
was supported by the average adsorbed mass, 2314 ng/cm? compared to 2320 + 468 ng/cm?.
Furthermore, the PSO g. parameter for Muc + PBS was close to the average adsorbed mass,

1900 ng/cm? compared to 2064 + 289 ng/cm?.

Mucin layer rinse in Acid, compared with rinse phase of Muc + DiW, and Muc + PBS layers
Figure 6-8 presents the Muc + Acid layer properties with the other solutions (Muc + DiW,
Muc + PBS) for comparison during the rinse phase. Minimal changes were observed for Muc
+ Acid layer thickness, shear modulus and viscosity values on gold, with values of 27.12 +
2.95 nm, 59.99 + 8.58 kPa and 1788.55 + 21.95 pPa.s respectively. For comparison on
hydroxyapatite Muc + Acid layer thickness, shear modulus, and viscosity values were 26.06
nm, 63.89 kPa and 1724.76 uPa.s respectively. No significant differences were observed
between Muc +Acid growth phase and the Acid rinse phase. Significant differences were
observed between the Muc + DiW, and Muc + PBS layer’s thickness and mass properties on
hydroxyapatite with p = 0.01 and p = 0.01 respectively. Between materials, significant

differences were observed for Muc + DiW layer’s viscosity with p = 0.03.
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Figure 6-8 Average layer properties calculated from ‘Broadfit’ model comparing Muc + DiW (blue), Muc + PBS
(magenta), Muc + Acid (green) growth solutions on gold and Hap sensors during the rinse stage; showing a)
thickness, b) mass, c) shear elasticity modulus, and d) viscosity. Error bars represent standard deviation
between samples (n = 3). Asterisks refer to level of statistical significance where (* - p < 0.05, ** - p < 0.01
and *** - p < 0.001).

A qualitative assessment of the layer’s structural properties during the growth and rinse
phase was also performed, shown Figure 6-9. This provided an insight into structural
changes from a mass adsorption perspective, demonstrated by the frequency change, and
the stiffness/softness of the layer, demonstrated by the dissipation change. A steeper
gradient relates to softer and more dissipative layer in relation to adsorbed mass, while a
flatter gradient indicates a more rigid and elastic layer [110, 297]. Roman numerals in Figure

6-9 relate to stages in layer development while arrows indicate the direction of change.
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On gold, multiple adsorption processes were observed with Muc + DiW, Muc + PBS, and Muc
+ Acid, shown in Figure 6-9a), c) and e) respectively. Muc + DiW’s initial stage on gold, arrow
| Figure 6-9a), indicated a more elastic and rigid layer formed initially, followed by steeper
gradient change, with arrow ll, that suggested a layer softening towards the layer stages.
Arrow lll indicated that conformation changes occurred in the layer’s structure and layer
desorption occurred. The reverse was observed in Muc + PBS, and Muc + Acid, with a steeper
gradient initially, arrow | in Figure 6-9c) and e) respectively, followed by a flatter line with
arrow Il. This suggested that these layers started out soft, but changed overtime to exhibit

a more elastic layer regarding the adsorbed mass.

On hydroxyapatite, Muc + DiW and Muc + PBS layers presented a similar behaviour to Muc
+ DiW adsorption to gold, where arrow | and Il indicated an initial rigid layer followed by the
formation of a softer layer, shown in Figure 6-9b) and d). A different behaviour was observed
with Muc + Acid adsorption onto hydroxyapatite, where arrow | presents adsorption like
other solutions but several different stages followed as illustrated by arrows II, lll, IV and V
in Figure 6-9f). This behaviour was attributed to citric acid interactions with the
hydroxyapatite coating on the QCM-D sensor which had an impact on the perception of Muc

+ Acid layer properties on hydroxyapatite.

During the rinse phase, both Muc + PBS, and Muc + Acid layers on gold showed a reduction
in mass with layer stiffening, shown by arrows Ill and IV in Figure 6-9c) and e) respectively.
This behaviour suggested that loosely bound molecules on adsorbed layers were removed
during the rinse phase. The Muc + DiW layer continues to follow the behaviour of arrow llI,
before increasing is dissipation, suggesting layer softening and dispersion with arrow IV in
Figure 6-9a). On hydroxyapatite, the dissipation was observed to decrease in all solutions,
which indicated layer stiffening. This change was particularly nig with Muc + DiW, as
illustrated by arrows Ill and IV in Figure 6-9b), while this was less pronounced with Muc +

PBS in Figure 6-9d).
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Figure 6-9 Qualitative assessment of mucin layer viscoelasticity by comparing AD vs Af during the growth
phase (blue), the rinse phase (green). Muc + DiW, Muc + PBS and Muc + Acid solutions onto gold are

presented in a), c), and e) respectively, while the respective solutions adsorption to hydroxyapatite are
presented in b), d), and f).
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6.2.2.2 Influence of salt type and salt concentration on mucin layer viscoelastic modelling

Similar to the previous section, the adsorbed layer viscoelastic properties were modelled
and compared during growth and rinse phases for mucin solutions with the addition of
different salt types at different concentrations. Given the number of comparisons, growth
and rinse phases were separated into two figures, Figure 6-10 and Figure 6-11 respectively.
For NaCl, KCIl, CaCl,, and NaH,PO, layers, thickness decreased with increased salt
concentrations from 1 to 10 mmol, shown in Figure 6-10a) and b). Decreased layer thickness
continued with NaCl and CaCl; layers at 100 mmol salt concentrations, while KCI, and
NaH,PO4layers increased in mass and thickness. NaCl layers presented the largest mass and
thickness properties compared to all other layers over the experimental concentration range
during the growth phase. CaCl, demonstrated the lowest adsorption in comparison to all
single salt type solutions. The CaCl, + PBS layer presented a progressive increase in layer

mass and thickness properties as the salt concentration increased.

Variation with salt layer’s shear moduli and viscosities were observed, with maxima and
minima values occurring at salt concentrations of 10 mmol, excluding the CaCl; layer.
Maximum shear modulus values of 138.27 kPa and 85.65 kPa were observed with KCl and
NaH,PO, layers respectively, while minimum values of 49.35 kPa and 17.48 kPa with NaCl
and CaCl; + PBS respectively, shown in Figure 6-10c). Maximum viscosity values were also
observed at 10 mmol concentration for KCl, CaCl; and NaH,PO, layers with 2058.45 pPa.s,
2323.60 pPa.s, and 2036.76 pPa.s respectively, shown in Figure 6-10d). The CaCl, + PBS layer

presented a progressive reduction in layer viscosity with increasing salt concentration.



209

a) b)
60- 6000 —+—NaCl
— NaCl 'S o KCl
. o Kal 5000 ] —a—CaCl,
.50+ —a—CaCl, & ~ NaH,PO,
£ NaH,PO, e 4000 —u—CaCl, + PBS
£ 401 —=— CaCl, + PBS %
0] - . : S
@l —— SR —
c : e um) AT *
< - 20001 —
O 20 % ] ==l =
= : = 000 iﬁ s
— : 10004 -
10 -—
0 : .
0 T T T 1 10 100
1 10 100 Salt tration ( )
. alt concentration (mmo
Salt concentration (mmol)
c) d)
30004
400
—_ + NaCl
@ 350 —e—KCl —~2500
—a— CaCl B
v ] 2
< 300 NaH,PO, o 2000
& 2501 —=—CaCl, + PBS 3
= 1500
3 200 =
o 7] —¢— NaCl
£ 150 g 1000 —e—KCl
. D —A—CaCl,
3" > 500 NaH,PO,
£ 50 =— CaCl, + PBS
» 0l ; .
0 1 10 100

Salt concentration (mmol) Salt concentration (mmol)

Figure 6-10 Average layer properties calculated from ‘Broadfit’ model against salt concentrations comparing
NaCl (green), KCI (purple), CaCl, (blue), NaH,PO, (cyan), and CaCl, in PBS (black) salt/mucin solutions on gold
sensors during the growth stage; showing a) thickness, b) mass, c) shear elasticity modulus, and d) viscosity.

Changes to the salt-mucin layer properties were observed when salt only rinse solutions
were introduced, presented in Figure 6-11. Instabilities with the CaCl, + PBS layer prevented
viscoelastic modelling within the rinse phase. Generally, the rinse phase reduced salt-mucin
layer’s thickness properties in most cases by 5-15 nm. Conversely the 10 mmol NaCl layer
presented an increased in thickness from 30.93 nm to 35.43 nm. Apart from the 10 mmol
NacCl layer, 10 mmol KCl, CaCl, and NaH,PO, layers presented a large increase in shear
modulus properties to 362.01 kPa, 351.64 kPa and 125.52 kPa, respectively, which

corresponded with a reduction in layer viscosity.
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Figure 6-11 Average layer properties calculated from ‘Broadfit’ model against salt concentrations comparing
NaCl (green), KCI (purple), CaCl, (blue), NaH,PO, (cyan), and CaCl, in PBS (black) salt/mucin solutions on gold
sensors during the rinse stage; showing a) thickness, b) mass, c) shear elasticity modulus, and d) viscosity.

A qualitative assessment of the layer’s structural properties during the growth and rinse
phase was also performed, shown in Figure 6-12 and Figure 6-13 respectively. Different layer
properties were observed depending on the salt concentration. At 1 mmol salt
concentrations a flatter gradient was observed initially, illustrated by arow | in Figure 6-12a),
b), c), and d) for NaCl, KCI, CaCl, and NaH,PO, layers respectively. Afterwards, arrow I
presents a steeper gradient, indicating the formation of a softer, more dissipative layer. This
behaviour was like Muc + DiW adsorption onto gold, shown in Figure 6-9a). With 10 and 100
mmol salt concentrations, a similar behaviour to Muc + PBS adsorption was observed, with
steep initial gradient (arrow 1) followed by a flatter gradient (arrow II), shown in Figure
6-12a), b), c), and d) for NaCl, KClI, CaCl, and NaH,PO, layers respectively. Single stage

adsorption was observed with CaCl, + PBS layers, with observed instabilities at 100 mmol.
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Figure 6-12 Qualitative assessment of mucin layer viscoelasticity by comparing AD vs Af during the growth
phase for 1, 10 and 100 mmol salt concentrations on gold with a) NaCl, b) KCI, c) CaCl,, d) NaH,PO,, and e)
CaCl, + PBS. Arrows and roman numerals indicate different phases of change and the direction of change.

During the rinse stages, a general reduction in layer mass and dissipation was observed in

all salt concentrations, illustrated by arrows I, Il and IV in Figure 6-13. In most cases, this

suggests the removal of loosely bound molecules and an increase in layer elasticity.



212

a) b)
60+ 304
NaCl KCI
A
40 20 “I\l
2 ~.
Q 204 Y Q 10 [l
< _n < 4
= i r\ﬁt
| 1 mmol m 1 mmol
04 @ 10 mmol 04 e 10 '
A 100 mmol . 100mr:]“£0|
20 .
140 -120 -100 -80 -60 -40 -20 20 -100 -90 -80 -70 -60 -50 -40 -30 20 -10 0 10
Af (Hz) Af (Hz)
c) d)
304 304 NaH,PO
caCl, 274
._'\
204 204 ',
RSN, \
R
Q 10 Q 10 \
= I = oS S~
IV e
® 1 mmol iy
® 10 mmol I I\?‘ m 1 mmol
01 A 100 mmol 01 ® 10 mmol
A 100 mmol
A0 A
-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 -100 -90 -80 -70 -60 -50 -40 -30 20 -10 0 10

Af (Hz)

Af (Hz)

Figure 6-13 Qualitative assessment of mucin layer viscoelasticity by comparing AD vs Af during the rinse

phase for 1, 10 and 100 mmol salt concentrations with a) NacCl, b) KCl, c) CaCl,, d) NaH;PO,, and e) CaCl; +

PBS. Arrows and roman numerals indicate different phases of layer change continuing from Figure 6-12 and

the direction of change.
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6.2.3  Mucin layer lubrication on QCM-D sensors

6.2.3.1 Influence of gold and hydroxyapatite surfaces on mucin lubrication and the addition

of perturbing salts

Tribo-tests were performed on QCM-D sensors to assess mucin solution lubrication on gold
and hydroxyapatite surfaces to provide an indirect link to the modelled QCM-D properties.
Figure 6-14 shows the resultant frictional force response to incremental normal loading for
a) DiW, b) Muc + DiW, c) PBS and d) Muc + PBS. A linear F; response was observed with
increasing Fn. 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 ()
and standard deviation about u was calculated from the linear Ft vs Fn curve fits of each

sample in OriginLab (OriginLab Corp, USA). T tests assessed significance for each interaction.

Mucin lubrication was improved on the Hap surface with Muc + DiW by reducing coefficient
of friction (u) from p=0.84 + 0.16 in DiW to 0.26 + 0.06 (p < 0.001). Interestingly, the gold
surface’s p increased with the adsorbed mucin layer from p = 0.38 £ 0.09 in DiW to 0.46 +
0.07 in Muc, but this was not observed to be significant (p = 0.910). In Muc + PBS, p reduced
on both surfaces, from 0.51 + 0.04 to 0.41 + 0.03 on gold (p = 0.890), and from 0.79 + 0.07
to 0.23 £ 0.07 on Hap (p < 0.001). Mucin improved lubrication on both surfaces with PBS,

which was significant on Hap but not on gold.

All Hap surfaces presented differences to gold surfaces under each condition, where p was
greater on Hap surfaces without mucin, and where p was lower on Hap surfaces with mucin.
The differences of p between Hap and gold were observed to be significant under DiW (p <
0.001), and PBS conditions (p = 0.016), whereas they were not observed to be significant for
Muc + DiW (p = 0.118), or Muc + PBS (p = 0.377) conditions. The presence of perturbing salts
(PBS) was also shown to have no influence on y, for both a PBS only solution compared to
DiW on gold and Hap (p = 0.608 and p = 0.993 respectively), and as a Muc + PBS solution
compared to Muc + DiW on gold and Hap (p = 0.994 and p = 0.999 respectively). Overall,
these results suggest that the surface material interactions with mucin have a greater
influence on resultant lubrication, independent of PBS salts, and the individual contribution
of surface material and mucin. The combination of the mucin solutions with Hap surfaces
demonstrates the importance of protein solution-surface interactions in promoting

enhanced lubrication.
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Figure 6-14 Mean tangential force from tribo-tests on gold and hydroxyapatite QCM-D sensors over
incremental normal load lubricated in a) DiW, b) Muc + DiW, c) PBS and d) Muc + PBS. Error bars represent
variation between mean tangential force over the sensor material samples (n=3) for each load increment.

6.2.3.2 Influence of salt type and salt concentration on mucin lubrication on gold surfaces

Tribo-tests were performed were also performed on gold surfaces to assess the influence of
salt type and concentration in relation mucin lubrication how to link in with the modelled
QCM-D properties of mucin layers. All tests were performed with 0.2% mucin in salt
solutions. Figure 6-15 shows the resultant frictional force response to incremental normal
loading for mucin and salt solutions with concentrations of 1, 10 and 100 mmol for a) NaCl,

b) KCl, c) CaCl,, d) NaH,PQ,, and e) CaCl, + PBS. These were fitted in the same way as results
from Figure 6-14.

At concentrations of 1 mmol, NaCl, KCl, and CaCl; solutions presented similar values for y,
with 0.60£0.03,0.61+0.09, and 0.62 + 0.11 respectively. The p was slightly larger in 1 mmol
NaH,PO, with 0.67 + 0.09, while u=0.42 + 0.04 in 1 mmol CaCl, + PBS solution which was
like Muc + PBS on gold (0.41 + 0.03). All salt solution, excluding CaCl, + PBS, presented a
higher p compared to both Muc + DiW and Muc + PBS, suggesting changes to the structural
conformation of mucin in these solutions because of salt interaction. No significant

differences of u were determined between salt types at 1 mmol concentrations.
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Increasing the salt concentration to 10 mmol presented variations in i depending on the salt
type. 10 mmol NaCl and CaCl; solutions increased p to 0.68 + 0.06 (p = 0.999) and u=0.87 +
0.13 (p = 0.232) respectively. 10 mmol KCI, NaH,PO4and CaCl, + PBS solutions were reduced
ptow=0.49+0.16 (p = 0.947), n=0.54 £ 0.03 (p = 0.946), and pn = 0.42 + 0.05 (p = 0.356)
respectively. Significant differences were observer between 10 mmol CaCl; and 10 mmol
KCl, NaH,P0O4and CaCl, + PBS solutions with significant levels of p = 0.004, p = 0.024 and p <

0.001, respectively.

Increasing the salt concentration to 100 mmol presented further variations to u, once again
depending on the salt type. No changes were observed with 100 mmol NaCl, and NaH,PO,
solutions with u=0.69 = 0.15 (p =0.233) and = 0.53 £ 0.03 (p = 0.999). The 100 mmol CaCl,
+ PBS solution increased p to u = 0.56 + 0.08 (p = 0.741), while p decreased in 100 mmol
CaCl, and KCl to p = 0.69 £ 0.16 (p = 0.637), and u = 0.23 + 0.04 (p = 0.164) respectively.
Significant differences were observed between 100 mmol KCl mucin solutions and 100 mmol
NaCl, CaCl, and CaCl, + PBS solutions with significance levels of p < 0.001, p < 0.001 and p =
0.018 respectively.

An interesting behaviour was observed with the 100 mmol KCl friction curve (Figure 6-15b))
where at normal loads between 0.05 —0.25 mN a higher tangential force was observed. The
resulting curve fit produced a better fit for p, p; = 0.42 + 0.05, with R* = 0.96 compared to R?
=0.87 for the full data set. Above 0.25 mN to 0.50 mN the refitted curved presented a lower
U, L2 = 0.11 £ 0.01 (R? = 0.94). This suggested that under these specific conditions, higher
loading improved lubrication in 100 mmol KCI mucin solutions. Furthermore, this was
comparable to Muc + DiW and Muc + PBS solution lubrication on Hap surfaces, indicating a
potential benefit from the addition of KCl salts at higher concentrations. Overall while salt
concentration does not show significant differences in lubrication on gold for most of the
salt types, it was clear that some salt types stood out as potential factors that influence
lubrication. 10 mmol CaCl; and 100 mmol KCl solutions presented the largest difference to
most other salts in the same concentration level which increased and decreased p

respectively.



216

Q
A=)

2
3]
1

0.5
— — = 1 mmol
= 1 mmol
% 04 NaCl . 10 mmol % 04 KCl « 10 mmol
~ + 100 mmol =" + 100 mmol AH=062
@ @ 1
% 0.3 % 0.3
y— y—
® ®
= 02 = 0.2
o o
o
Do Do
i i
0.0 r T T T T 0.0 r T T r T
0.0 0.1 0.2 0.3 04 05 0.0 0.1 0.2 0.3 04 0.5
Normal load (mN) Normal load (mN)
c) d)
0.5+ 0.5
— E = 1 mmol
E CaCl, £ NaH;PO, « 10 mmol
£ 04] =049 + 100 mmol
Q © Lu=0867
2 03] %’o_s- p =054
L u= - g
= - - = 4 p =053
So2 =02 3
5 : g /i/i/ "
%0_1 gﬂf] q 22}:‘: -
~ { /
= 0.0 r T T T T 0.0 T T T T T
0.0 0.1 0.2 03 04 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Normal load (mN) Normal load (mN)
e)
0.5
— = 1 mmol
< CaCl, +PBS. 10 mmol
Eo4 + 100 mmol
@
2 0al p =040
K] 4 p=057
= 4~ "% " Tu=042
-g 02 g !
c .l O o
e
c 0.1 ke 3
M =
|_
0.0 T r T T T
0.0 0.1 0.2 0.3 0.4 0.5

Normal load (mN)

Figure 6-15 Mean tangential force from tribo-tests on gold QCM-D sensors over incremental normal load
lubricated in mucin + salt solutions with concentrations of 1, 10 and 100 mmol for a) NaCl, b) KCl, c) CaCl,, d)

NaHPO,, and e) CaCl, + PBS. Error bars represent variation between mean tangential force over the 3
samples for each load increment.
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6.3 Discussion

Commercial porcine gastric mucin (PGM) has been used over the decades to simulate saliva
solutions, in simulated dental and oral environments [106, 89, 298]. Use of this mucin
(MUC5A), compared to lab-purified gastric mucin and other mucin types such as commercial
bovine submaxillary mucin (BSM — MUC5B), has been controversial. This is attributed to the
differences in sialic acid composition, structural damage and fragmentation from industrial
processing, protein and inorganic salt impurities, and the inability of viscoelastic gel
formation [228, 283, 225, 124]. This appears to be more important in the context of oral
lubrication and associated lubrication mechanisms compared to studies relating to dental
wear, corrosion, and lubrication mechanisms at the micro/macro scale. However, lab-
purified gastric mucin present variations in their viscoelastic properties which vary because
of non-standardised purification procedures, whereas commercial mucin can be expected
to be less varied due to the controlled industrial purification procedures [124]. Commercial
BSM therefore might serve as the preferred mucin alternative, given that it originates from
the submaxillary gland and is more representative of salivary mucin. As commercial PGM
had been used in other studies with the scope of assessing dental wear and corrosion
phenomenon, this instructed initial experimental methodologies for Chapter 4. and Chapter
5. [106, 89, 298]. PGM was further investigated to complement this research. Furthermore,
despite being inherently flawed, the “as-received” mucin used in this work served as a useful
benchmark to assess the kinetics of protein layer formation, how different environments
influenced the layer's growth and intrinsic properties, and whether this influenced

lubrication under conditions relating to mastication (direct tooth on tooth sliding).

6.3.1 Adsorption of commercial porcine gastric mucin onto gold and hydroxyapatite

surfaces, and the influence of perturbing molecules
6.3.1.1 Adsorption kinetics onto gold surfaces
Recap of mucin adsorption pathways on gold

Mucin adsorption was initially examined on gold surfaces. 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 [110, 61]. 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 [97, 91, 96]. Furthermore, mucin tends to possess cysteine regions and
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associated thiol groups which are known to facilitate strong covalent bonding onto gold
surfaces via S-Au bonds [110, 61, 111, 125, 126]. 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 [110, 61, 111]. 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 [228]. While cysteines are lacking
within type Il PGM, remnants may still exist within the peptide terminals and glycol regions

to facilitate thiol-gold bonding, but to a lesser degree compared to other pathways.

Data from kinetic adsorption models suggest that chemisorption dominant pathways were
mostly attributed to layer adsorptions onto gold with PSO and Elovich model fits. These
exclude growth solutions with 10 and 100 mmol NaCl, 10 mmol CaCl,, and all CaCl,
concentrations in PBS. In the literature there are numerous adsorption pathways for salivary
protein to gold as studied by QCM-D and ellipsometry alike, both via physisorption and
chemisorption [110, 61, 111, 112, 113, 117]. Salivary proteins have been shown to adsorb
via electrostatic and hydrophobic interactions [110, 61, 115, 116, 91]. 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 interactions 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.
Impact of salt type and concentration on adsorption to gold

Both salt type and concentration were observed to influence the rate of adsorption and total
adsorbed mass. The combined salt solutions, Muc + PBS, presented the best rate of
adsorption compared to all other solutions. Most notably, CaCl; salts added to Muc + DiIW
were observed to have the most impact on increasing the rate of adsorption whilst
simultaneously reducing the adsorbed mass onto gold. Ca?* has a high affinity with mucin,
and can modify its binding behaviour by enabling crosslinks between mucins [299, 110, 233].
Based on previous work in Chapter 4. Section 4.2.1, this might suggest mucin aggregation
forms larger structures in solution prior to adsorption. However, the faster adsorption rate
and reduced mass indicates that is not feasible when considering the Vroman effect, where
smaller molecules adsorb rapidly followed by slower adsorption of larger molecules [231,
300]. As all surfaces were baselined in a non-mucin rinse solution, it could therefore be
inferred that in this case a Ca?* layer was present on the surface prior to introducing the

mucin solution counterpart. This preabsorbed layer could then promote rapid initial
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adsorption due to the high affinity between the Ca?*, which also acts to reduce overall mass

growth by surface shielding and competition with surface sites.

Different behaviours observed with CaCl, concentrations in PBS may relate to additional
competition between multiple salt types and concentrations within solutions, and
competition between mucin and calcium phosphate precipitates. Furthermore, the PFO
model fit for CaCl, + PBS conditions suggests that adsorption to gold occurred from weaker
electrostatic interactions. It could be hypothesised that mucin interactions with calcium
phosphate precipitates may be the preferred route of interaction compared to gold. If this
was the case, mucin-precipitate complexes may only form weak bond to the surface,
supporting the observed physisorption pathway. This cannot be confirmed in the current
work given as the mucin mass adsorbed onto hydroxyapatite is within the standard deviation
of mucin adsorbed to gold in PBS conditions. Further work on both hydroxyapatite and gold

surfaces with will be required to confirm this with QCM-D studies.
6.3.1.2 Adsorption kinetics onto hydroxyapatite surfaces
Recap of mucin adsorption pathways on hydroxyapatite

Hydroxyapatite surfaces possess a net negative charge, like mucin, and localised surface
charges determined by the exposure of the hydroxyapatite crystal structure [68]. 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 [68]. Depending on the oral
environmental 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 [129, 130].

Initial adsorption is 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 [130]. This is supported in the current
study by the rapid adsorption in Hap P1 which shows a stronger fit with Elovich and PSO
models compared to the PFO 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 combination of coordinate bonds forming with additional H bonding and

hydrophobic interactions occurring concurrently. However, given the level of model fit for
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Hap 2, this may not be an adequate fit. The addition of PBS salts is 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 PSO
adsorption fit. In the acidic environment, both citrate anions and mucin will preferably
interact with Ca®* at the surface while protons interact phosphate groups, disruption any

physisorption processes [178].

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 measures the energy changes during adsorption would be
helpful in highlighting the type of adsorption occurring. This may help in future

investigations to further differentiate the mechanistic pathways for mucin adsorption.

6.3.2  Viscoelastic changes and rheological properties of protein layers in relation to

lubrication
6.3.2.1 Changes to protein layer viscoelastic properties during adsorption

Monitoring the changes to dissipation with respect to frequency change during layer growth
and rinse cycles provides further insight into layer’s formation over time. As a benchmark,
the Muc + DiW layer rapidly grew a stiffer, more elastic layer followed by the growth of a
softer dissipative layer. 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 [49, 110, 113, 301]. This creates a 2 layered structure:
a rigid and compacted layer at the surface and a more diffuse layer further out. This
behaviour was supported on both surfaces with the “as received” mucin solution, suggesting
similarities between adsorption pathways. This could suggest mucin fragments or other
protein impurities get to surface first due to their higher mobility before larger mucin
subunits/structures adsorb to the surface [228]. However, additional desorption was

observed on gold prior to rinsing, suggesting a restructuring of the adsorbed layer.
Hypothesised PGM adsorption mechanism to gold

Mucins 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 [117]. 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
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electrostatic interactions. Secondly, this active site may drive chemisorption of mucin 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 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 [301]. On the other hand, Barrantes et al [110] carried out
similar experiments for saliva adsorption onto different surfaces using a QCM-D for a similar
growth duration and no desorption was observed. The differences observed may be
attributed to the more complex solutions, whole human saliva, used for these experiments.
Therefore, this may suggest that, for the adsorption of a mucin layer onto gold, 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 [302].
Impact of salt environment on rheological properties on gold and hydroxyapatite

The presence of individual salt concentrations and PBS salts were shown show slight changes
to the layer properties during growth, generally forming a stiffer and more elastic layer
compared to Muc + DiW growth. On gold, the addition of salts was observed to show no
layer desorption during the growth phase, demonstrating the need for salts within a PGM
solution to bolster layer adsorption to gold. The flatter gradient of dissipation/frequency
curves also suggest that rigidity within the layeris enhanced by salt interactions that displace
water out of the adsorbed layer [229, 230]. Similarly, the PBS salt interaction on
hydroxyapatite layer formation presented an overall stiffer layer, however this still followed
a two-stage adsorption process comparable to Muc + DiW on Hap, and whole human saliva

[110].
Impact of acid environment on rheological properties on gold and hydroxyapatite

Interactions between Muc + Acid and hydroxyapatite are interesting, suggesting that an
unstable layer formed on the surface, potentially due to dissolution of the hydroxyapatite
coating. Interestingly, little mass removal occurs which might be indicative of mucin
behaviour to promote remineralisation. Mucin’s high affinity to Ca?* is important to surface
remineralisation, ensuring that a higher concentration of remains close to the surface to
promote remineralisation once the pH increases above pH 5.5. Further QCM-D studies on
hydroxyapatite that investigate the protective functionality of protein layers may therefore

be useful in further development of saliva substitutes with an anti-corrosion benefit.



222

6.3.2.2 Viscoelastic modelled properties and suggested layer composition

Viscoelastic modelling of layer properties aimed to further examine prediction on mucin
layer composition and the role of salts on layer hydration. Mucin is the third most abundant
protein within whole human saliva, accounting to between 4.5 — 17.5% of the total protein
content [303]. In contrast to this, commercial mucin (PGM type Il) has been observed a
proportion of mucin (MUC5AC) within this range, calculated to be 7 % by one study [228].
When modelled properties are compared between the layer properties of whole human
saliva in the literature, and PGM in this study, similarities are observed. In one study whole
human saliva layers on gold displayed a shear modulus of 14.2 kPa, and viscosity of 1500
MPa.s, and thickness of 23.7 nm whereas whole saliva layers on hydroxyapatite displayed a
shear modulus of 170 kPa, viscosity of 2700 pPa.s and thickness of 9.8 nm [110]. The
adsorption of Muc + PBS onto gold in this work was like whole human saliva adsorption,
regarding thickness and viscosity behaviour. However, on hydroxyapatite the properties for
Muc + DiW were closer the properties observed for whole human saliva in the literature.
This supports the choice of PGM as an artificial saliva component, given the similarities in

the viscoelasticity of protein layers formed by saliva and PGM [304].

Differences can be attributed to the fact that in this study mucin was examined in the
absence of other precursor salivary proteins, with the presence of inorganic salt and protein
impurities [228]. By not controlling the size of mucin in the growth solutions, the adsorption
behaviour was hypothesised to mimic the adsorption pathways of saliva where smaller sized
mucin fragments, or other protein impurities initiate adsorption onto both Hap and gold
surfaces followed by larger mucin polymers/aggregates that replace or co-mingle with

bound surface proteins [231].

Gold and hydroxyapatite surfaces both show key differences between shear modulus and
viscosity properties within Muc + DiW layers, supporting differences in adsorption kinetics,
and suggesting differences in layer structure. The addition of individual salts components to
the “as-received” PGM solution (NaCl, KCI, NaH,PQ,, CaCl;) were shown to increase layer
shear modulus and viscosity compared to Muc + DiW, indicating a more compact layer with
stronger surface attachment that varied with salt concentration [110]. With combined salts
(Muc + PBS), both shear modulus and viscosity were comparable to Muc + DiW on gold, but
very different hydroxyapatite. Overall, it appeared that a fine balance between salt type and
concentration was required, in addition to surface material, to influence the viscoelastic
properties of PGM layers. The physical meaning behind these properties will be discussed in

the next section, with a focus on what these properties mean in terms of lubrication.
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6.3.3  Linking tribology with protein layer structure
6.3.3.1 Lubrication by hydration

The existence of water within a mucin layer is important for overall bio-lubrication of the
system. 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 [109]. As the same mucin solutions were used to grow
layers on both gold and Hap QCM sensors, the degree of glycosylation of mucin can be
assumed to be the same in this study. In the absence of structural proteins, water alone is
unable to bear the load of high-pressure contacts sliding over each other at low sliding
speeds. This can result in boundary contact between interacting surfaces with opposing
asperities coming into direct contact which generate larger coefficients of friction, as
observed for the Hap surface. A structural component is required, in this case mucin, to
effectively trap water molecules within its structure at the liquid surface interface and

effectively provide viscous lubrication during sliding conditions [302].

Mucin has been previously shown to reduce the coefficient of friction compared to that of
deionised water on bovine enamel surfaces [105]. 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. As tribo-tests were performed in 0.2% mucin solutions, the
structural properties at the end of the growth period were considered to describe the
potential lubrication mechanism of “as-received” commercial PGM with various solution
iterations. Aside from the viscoelastic property differences, the layer thickness may also be
considered to determine the orientation of mucin at the surface interface, in addition to
salt-induced compaction. Thicker layers were generally formed on gold compared to
hydroxyapatite, with reduced shear viscosity and shear modulus properties, suggesting that
‘softer layers’ formed. One approach is to compare the layer’s structural properties in terms
its viscoelasticity, by determining the ratio of the layer’s dissipation, AD, and change in
frequency, Af, for a given overtone, which has been termed as the structural softness [109].
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 [204, 305].
Hypothesised mucin layer structure on gold

The chemisorption pathway and subsequent desorption of the mucin layer suggested layer
conformation changes occurred during the formation of the layer. This is shown by the
reduced shear moduli in Figure 6-7c), indicating less interaction within the mucin layers. A

“carpet fibre” mucin layer structure can therefore be considered for the gold surface, a
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schematic of which is presented in Figure 6-16a). While the carbohydrate chains within
mucin may trap some water to the structure, solvent flow may still be permitted throughout
the layer, as well as unbound mucin/impurities. 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 [253].
Hypothesised mucin layer structure on hydroxyapatite

Conversely, the mucin layers on the Hap surface were thinner, but exhibited a larger shear
viscosity and shear modulus properties in the Muc + DiW layer. The adsorption is initially
dominated by physisorption pathways with some degree of chemisorption. The more
diverse bonding between mucin and hydroxyapatite may permit a stronger mucin network
within the layer, forming a comparatively more rigid layer compared to what is formed on
gold [302]. This is supported by a mean structural softness value of 0.26 + 0.02 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 Figure 6-16b). This structure may also expose hydrophilic regions of mucin to
the bulk fluid, permitting an extension to the hydration layer. Under sliding conditions, water
is less able to flow out of the layer which may move the shear plane further away from the
surface [253]. Furthermore, hydration shells of unbound mucin within the sliding contact
may provide additional hydration repulsion between the mucin/Hap interface and the
contacting body which in turn reduces the friction [253]. This effect may be less pronounced
on the mucin/gold layer, which may explain the lack of lubrication observed for gold in the
current study. These mucin structures assume mucin subunits are complete and are the only
components interacting with surfaces to form hydrated layers. Further work on purified
PGM would work to either support or refute this work, and the effect of protein impurities

and inorganic salts can be reduced.
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Figure 6-16 Hypothesised mucin layer structure on a) gold and b) hydroxyapatite surfaces prior to sliding.

Impact of salts on hypothesised mucin layer structures

The addition of salts builds into the proposed structure when considering cations as
hydration shells, integrating into the adsorbed mucin layer [253]. On gold surfaces, PBS salts
had little effect the open layer structure. Muc + PBS layer shear modulus and viscosity
properties were close to Muc + 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. On the other hand, individual salt contributions appeared to
have a greater effect on reducing lubrication on gold, with varying layer shear modulus and
viscosity properties. NaCl, CaCl; and NaH,PO, all presented poor lubrication compared to
Muc + PBS, whereas improved lubrication was observed with 10 and 100 mmol KCI mucin
solutions. This indicated KCl salts were important to PGM layer lubrication compared to
other salts, and may be one of the key components of PBS salts that facilitate this. Repeat
work on hydroxyapatite surfaces would further determine whether this is the case. For the
tests performed on hydroxyapatite, the presence of salts slightly improved lubrication, along
with notable differences between shear modulus and viscosity properties. The encapsulated
bridge like structure might be strengthen with hydrated salts integrated within the structure,
enabling enhance load bearing properties on hydroxyapatite, supporting what was observed
in Chapter 4. where hydrated mucin layers with PBS salts improved load bearing. While this
may not have much of an effect on lubrication, this may enhance the protective properties
of these layers, supporting the reduced wear volume and overall wear resistance observed

in Chapter 5. using a Muc + PBS lubricant on bovine enamel.

6.3.3.2  Layer property relationship with friction behaviour

Finally, to understand any possible relationship between lubrication and layer viscoelasticity
the data was further scrutinised. The structural softness for hydroxyapatite results in the
current study are comparable to those observed for whole saliva on the same surface in

Veeregowda et al [109], which were between 0.16 — 0.23. As previously mentioned, this
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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 [301, 303, 109]. Parotid saliva does not possess a mucin component
and was observed to form a more rigid layer compared to whole human saliva when
examined with a QCM-D [301]. The structural softness on hydroxyapatite in the current
study is outside of the range previously observed for saliva [109] and will be attributed to
the additional mucin interactions with other salivary proteins that may modify the layer’s
structure to be more rigid [60]. Similar values were observed for bovine submaxillary mucin
to PDMS in different salt concentrations, between 0.20 -0.25 [302]. 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 [306, 253, 307]. Veeregowda et al [109] suggested that a higher structural
softness and increased hydrophilicity of a protein layer might improve bio-lubrication, when
examined with atomic force microscopy. Furthermore, changes to structural softness were
observed in studies which modified preformed salivary films to assess the relief of dry mouth
for Xerostomia patients [308, 309]. Increased structural softness was shown to improve
lubrication under colloidal probe atomic force microscopy, however under a tongue-enamel
friction system no changes to the coefficient of friction were observed [309]. This highlights
the complexity of linking friction behaviour between the nanoscale and macroscale. 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 [308].

While the structural softness provides a qualitative assessment of a layer’s viscoelastic
properties, the calculated layer thickness, viscosity and shear modulus values may also
provide additional insight. Figure 6-17b), c) and d) both show linear regression analyses
comparing the measured coefficient of friction with the modelled thickness, viscosity shear
modulus properties for tests performed in Muc + DiW and Muc + PBS. A weak correlation
was observed between the thickness and coefficient of friction, shown in Figure 6-17b).
Furthermore, a link was observed between the viscosity shown in Figure 6-17d), suggesting
a lower friction result may link to viscosity. This would affect the lubricating film properties
in a boundary lubrication regime, as the friction would be dependent on the viscoelasticity
of the interfacial lubricating layer in addition to plastic deformation on the surface [253].
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 [310]. Lubrication in water was
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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 [310]. The

elastic deformation of the layer was important in terms of overall friction.
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Figure 6-17 Regression analyses comparing the relationship between the coefficient of friction on gold and
hydroxyapatite sensors under Muc + DiW and Muc + PBS conditions compared with a) structural softness, b)
layer thickness, c) layer shear modulus, and d) layer viscosity.

However, once salts type and concentration tests were added to the regression analysis no
trends were really observed, shown in Figure 6-18. Given that most tribo-tests were
performed on gold surfaces, this data may be more reflective of the properties on gold
surfaces. Alternatively, the salt interaction with mucin layer on hydroxyapatite were shown
to have a greater observable difference in layer properties compare to Muc + DiW layer
properties. This indicated that hydroxyapatite based PGM layers may be more sensitive to
salt interactions, and therefore additional tribological work on hydroxyapatite surfaces with
PGM, and other mucin layers may be beneficial to substantiate a link between layer
viscoelasticity and lubrication. Furthermore, the structural softness should be considered
with additional parameters, such as layer hydrophilicity, to further understand the link with
friction in future studies. Finally, follow up studies should investigate low molecular weight
mucin monomer adsorption and lubrication to gain further insight into the mechanism and

impact of the initial stages of adsorption.
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hydroxyapatite sensors all solution conditions compared with a) structural softness, b) layer thickness, c)
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6.4 Summary

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 friction behaviour, suggesting a potential link between
layer formation and subsequent tribology. While it is suggested that a higher structural
softness ratio, AD/Af, would provide enhanced bio-lubrication, 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 provide
optimal oral protection and lubrication, further insights into potential 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 mucin 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 Inthe absence of additional proteins and salts, mucin adsorption onto gold and
hydroxyapatite was driven by surface interactions which are specific to the
surface composition and may ultimately affect the resultant viscoelasticity of a
fully formed mucin layer.

e The application of kinetic adsorption models in addition to AD/ Af plots
provided novel insight into the potential adsorption pathways of mucins layers
onto gold and hydroxyapatite surfaces that could influence mucin layer
lubrication. Stronger surface bonding is associated with mucin onto gold
surfaces, while adsorption onto hydroxyapatite may be dominated by weaker
physisorption mechanisms.

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

e This work highlighted surface materials to be a key factor in mucin layer
adsorption, mucin layer properties and subsequent lubrication — namely
hydroxyapatite over gold. The enamel like surface should be used for future
testing of saliva and artificial saliva solutions to provide a more physiologically

similar layers for in-vitro studies.
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Chapter 7. The development of an in-situ QCM-D Tribometer

7.1 Introduction

So far, this thesis has examined the size characteristics of PGM and the mechanical
properties of mucin layers grown on tooth enamel at the nanoscale to predict how mucin
may influence dental tribology. Enamel tribology was then assessed and surfaces were
examined under different PGM conditions, exploring the friction, contributions to wear and
the impact of testing from a surface structure and chemistry perspective. However, tribology
measurements and assessment of surfaces had reached an end point, and there was a need
to interrogate surface/tribological properties during mucin layer growth. To further
understand the lubricating properties of the mucin layers and formation pathways, the
adsorption kinetics and structural properties of mucin layers were examined under flow
conditions. An indirect link was observed between the dynamic friction and the layer’s
structural softness, modelled viscosity and modelled shear modulus properties. To further
explore this link, a more direct approach was formulated to mitigate the disturbance of

mucin layers between separate testing methodologies.

The aim of this chapter was to cover the assembly and development of an in-situ QCM
tribometer which could measure a mucin layer’s friction behaviour and viscoelastic
properties simultaneously. The bespoke tribometer (Triborig) combined a mechanical
indenter test rig with an actuated sliding stage, to develop a functional reciprocating test
configuration. The work in this chapter examined the load dependency of the capacitance
force sensors and validity of friction results under standardised test conditions. A flow chart

outlining the work and analyses completed in this chapter is presented in Figure 7-1.

Testrig set up Test rig assembly
Testrig . . . S
o Force sensor calibration Tribometer validation
validation
Post . : Custom built tribometervs
experimental Post processing: MatLab : :
. commercial tribometer
analysis
Troubleshooting: . Recommended
. . . Comparison of .
Discussion custom built improvements for

overall performance

tribometer loading

future iterations

Figure 7-1 Flow chart of experimental methods and analyses Chapter 7.
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7.2 Triborig Instrumentation

The Triborig aimed to measure the lubrication properties of adsorbed mucin layers while the
QCM-D measured the rheological properties. The setup was designed to enable benchtop
friction measurements alongside a QCM-D with an open module configuration. The Triborig
aimed to emulate the loading and motion achieved with the NTR? tribometer. This was for
validation of the test rig and to easily compare results between the two tribometers. The
design of the Triborig was advantageous, allowing a probe to move relative to a static
sample. This design feature was important to accommodate the restrictions of the
cumbersome QCM-D instrument and to perform tribological analyses on QCM-D sensors.
Additionally, the size, weight and modular nature of the Triborig permitted relocation and

fabrication of the instrument with ease within the lab-space.

Figure 7-2 shows the Triborig’s schematic, Figure 7-3 shows the Triborig system and Table
7-1 details the Triborig’s component specifications. The rig consisted of a bespoke
mechanical indenter bolted onto a ball bearing slider stage controlled by a SMAC linear
controlled actuator (LCA, SMAC Corporation, USA). The SMAC actuator-controlled stage
reciprocation in the x-axis. The indenter was composed of a piezo actuated z stage (PI, Physik

Instrumente, Germany) and a cantilever to mount probes.

Z position
dial

Actuator
shaft with Fn/Ft
compression Sensors

spring

Cantilever and
probe

Figure 7-2 Schematic of the Triborig.
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Figure 7-3 Triborig system.

Calibrated quad beam cantilevers (Anton Paar, Austria) with a decoupled tangential and
normal axis were used for this. Their stiffnesses are detailed in Table 7-1. Capacitance
displacement sensors (CD, Micro-Epsilon, Germany) were placed on the top and side of the
cantilever to measure the normal (F,) and tangential (F:) forces respectively. These were
linear capacitive non-contact displacement sensors with a measurement range of 200 um
and a resolution of 0.15 nm. These were chosen to provide improved sensor linearity, (<
+0.2% full scale output) and the ability to react to very low loads. The force was based on
the measured displacement of the cantilever in relation to the CD sensor, x, which was
multiplied by the cantilever’s stiffness, k, to provide an output force, F, in mN following

Hooke’s Law.



Table 7-1 System components of the Triborig.

Component

Linear controlled actuator

SMAC LAL95-015-85F

SMAC Corporation, USA
Capacitance displacement sensors
CS02 capaNCDT 6200 system,
Micro-Epsilon, Germany

Piezo z-stage

PlHera P-622.1

Physik Instrumente, Germany
Calibrated quad-beam cantilevers
ST-S 231 and HR-S 220 for NTR®

Anton Paar, Austria

Translation stage
XYZ PT3 translation stage

Thorlabs, USA

Power supply unit

Weir 4000T 30V-2A
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Additional info
Voltage: 48V

Stroke length: 15 mm
Encoder resolution: 0.5 pm
Range: 200 um
Resolution: 0.15 nm
Linearity error: 0.2%
Range: 250 um
Resolution: 0.4 nm
Linearity error: 0.02%
ST-S 231 calibration

e  F,stiffness: 0.4808 mN/um
e  Fstiffness: 1.1399 mN/um

HR-S 220 calibration

e  F,stiffness: 0.0591 mN/um
e  Fystiffness: 0.1712 mN/um

Actuator: micrometre dial

Resolution: 0.5 mm translation per revolution

Range: 25 mm translation
Engraving: 10 um per division
Dual DC variable power supply

Approx. 24 V & 0.4 A output

Weir Laboratory Power supplies, Unknown

The XYZ stage (Thorlabs, USA) movements were controlled manually with Z and Y
micrometre dials within a 25 mm range with a resolution of 0.01 mm. The Pl stage enabled
finer adjustments within a 200 um range. The CD sensors, Pl stage and LCA each had
separate controllers connected to a computer, all controlled by a bespoke Triborig
programme (Key Engineering Solutions LTD, UK). The output force was tared to 0 mN when
the cantilever was not in contact so that any more changes to the sensor’s displacement

could be represented as a force.
7.2.1  Force sensor calibration check

A mass balance (Orion series, Bangalore) with a resolution of 0.01 g was used as a load cell

to assess the loading behaviour of both normal and tangential force sensors. Two positions
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were adopted to investigate the normal force (Fn) sensor and the tangential force (F:) sensor.
Figure 7-4 shows these configurations. To assess the normal force, the probe was loaded
against the mass balance under its normal operating configuration, as shown in Figure 7-4a).
The indenter stage was rotated 90° to the normal position to assess the tangential force, as

shown in Figure 7-4b), and a L-shaped probe was mounted.

a) b)
Cantilever
z z
\
Cantilever L - Probe
Probe
Mass Balance Mass Balance

Figure 7-4 Force sensor check with mass balance for a) normal force sensor loading and b) tangential force
sensor loading with an L-shaped probe.

The STS-223 cantilever was used for calibration due to resolution constraints of the available
mass balance. Three load sweeps were performed for each force sensor by moving the Z
stage towards the mass balance in 10 um increments manually with the Z stage micrometre
dials. Baseline mass balance readings were recorded under probe contact for each
repetition. Mass readings in g (mass balance) and force output readings in mN (Triborig)
were recorded at each increment and compared with the theoretical force output

calculated.
7.2.2  Triborig validation

The micro tribometer (NTR3, Anton Paar, Austria) was used to validate the force output of
the Triborig. Reciprocating sliding tests were performed on glass slides under 500 pL
deionised water (DiW) and 0.2% mucin (Muc + DiW) condition against a Y-TZP ball. A normal
load sweep between 0.05 —0.50 mN was used with 0.05 mN increments every 50 cycles. The
HR-S 220 cantilever was used for both NTR®and Triborig test as the lower cantilever stiffness
was preferred for QCM-D sensor tests in the next stage. The glass counter surfaces were
used as a standard uniform surface that emulated the surface roughness of QCM-D sensor
with an RMS roughness of less than 1 nm. The resultant coefficient of friction, F, and F; force

outputs were compared and a regression analysis was performed.
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7.2.3  Triborig data processing

A workflow was designed to process the raw data from the NTR® and the Triborig, which was
performed using MatLab (Mathsworks, USA). Figure 7-5 show the workflow for the raw data
processing. Raw data was in the form of a .csv file and contained the output force data from
the F, and F; sensors in addition to slider displacement and piezo stage displacement with
respect to time. For the Triborig’s data, an additional step was included to remove the
loading and unloading stages of the raw data when the slider was not moving, to be
comparable with the NTR?® data. The data was then processed further to produce load-
displacement loops to understand variation throughout reciprocating cycles. To calculate
mean loads during steady state sliding, a median filter was applied to remove extreme

outliers, and a velocity threshold was chosen to focus only on force measurements during

motion.
MatLab script workflow
Allocate variables
Data import Import raw .csv (Time, F,, F,
displacement etc)
) .Remove . Set F, offset Set slider Consolidate load -
Processing IGaHINE/ LN Bading with mean F osition about 0 displacement loops
data (Triborig only) t P P P

|

Post Moving median Velocity threshold
processing filtering filtering

Mean and standard
Calculations

deviation calculations

Figure 7-5 Workflow diagram of MatLab script for processing NTR? and Triborig raw data.

Figure 7-6 shows the initial 30 seconds of the test when the slider begins to move. Figure
7-6a) shows that the normal loading was delayed, as additional time is required to reach the
set load of 0.25 mN. Furthermore, the loading profile exhibited an irregular shape for both
trace and retrace movements. Figure 7-6b) shows the raw tangential force data and Figure
7-6¢) shows the slider displacement data with the slider’s velocity. Slider velocity was
calculated by the change is slider displacement over the change in time. Comparing Figure
7-6b) and c) show the tangential force behaving differently when the slider is static
compared dynamic sliding. To examine the dynamic friction behaviour of this system, a filter

was designed to remove aspects of static friction, focusing solely on the mid cycle position.
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The removal filter used the slider velocity data to remove all data where the velocity was

equal to 0 mm/s.
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Figure 7-6 a) Raw Fn data over time during the initial 30 seconds of Triborig testing, b) Raw Ft data over time
during the initial 30 seconds of Triborig testing, and c) Raw slider displacement and calculated slider velocity,
controlled by SMAC actuator over a 1.00 mm amplitude over the initial 30 seconds of Triborig testing.

To filter out some of the extreme outliers whilst also maintaining the shape of the data, a
moving median filter was applied. This calculated the median based on neighbouring data
points within a given data window. The data window was specified to 50 points for both
Triborig and NTR? raw data. This is shown in Figure 7-7. The smoothed F, data was then used

for comparisons with NTR? F,, data and for further QCM-D Triborig work.

The F; data required further processing as the filtered data presented both positive and
negative force values about a given point. The data was offset about the mean F;and then
converted into an absolute value (changing all negative force values to positive). It was
assumed that the glass slides used for validation were isotropic, presenting similar friction

behaviour in all sliding directions. Therefore, the forward and reverse motion would present



237

a similar friction behaviour, which is why the absolute F; was used. This was then smoothed
in the same way to the F, data. Both filtered and smoothed F; data are displayed in Figure
7-7. The filtered data presented a lot of variation which required large window size for the

median filter to get more refined output data for comparison.
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Figure 7-7 a) Filtered F, data with static periods removed compared to smoothed F, data and b) offset,
absolute and filtered F; data with static periods removed compared to smoothed F; data.

7.3 Results

7.3.1 Force sensor calibration check

Figure 7-8a) shows the output force response with incremental probe displacement towards
the mass balance compared to the theoretical force output calculated from the cantilever’s
calibrated F, stiffness. A lower stiffness of 0.3844 mN/um was observed experimentally
compared to the previously calibrated stiffness (0.4704 mN/um) of the cantilever, giving a
percentage error of 22.4%. Furthermore, the forced plateaued at 34.13 £ 0.42 mN after 90
um = 10 um displacement, which indicated the upper limit of the sensors range where

contact occurred between the cantilever and sensor.

Figure 7-8b) shows the mass balance response to the incremental probe displacement
towards the mass balance. The gradient of these lines represents the ratio between the
cantilever’s stiffness, k, and the acceleration due to gravity, a, which was assumed to be a

constant 9.807 mN/g shown in Eq. 22.

F =ma = kx .'-m=Ex Eq. 22

The experimental result presented a linear relationship between the output mass response

and the displacement with a gradient of 0.04088 mN?/ g.um, which was lower than the
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theoretical gradient of 0.04797 mN?2/ g.um. These were converted to stiffnesses of 0.4009
mN/um and 0.4704 mN/um for the experimental and theoretical stiffnesses respectively,
giving a percentage error of 14.7%. Like Figure 7-8a, Figure 7-8b) shows the output force
remained constant at 34.13 £ 0.42 mN after 90 um displacement, with the mass response

increasing with each 10 um increment hereafter.

a) b)

o
o
y

v Theoretical F, 207 v Theoretical mass

® Experimental F, ® Experimental mass O Y

o
o
I

pra /® \

- _ 15 > | "v‘ .yy‘
% 40 Gradient =0.4704 Force plateau @ — | \
Y T S 3413:042mN | \‘
8 R C) o o
k<] 30 N % 104 |
=] Force plateau @ g A | o s “\
8201 e 34.13:0.42 mN Gradient = 0.04797 \ /
8 ¥ 5 \: g ¥

10 ‘@ Gradient = 0.3844 o
f e

Gradient = 0.04088

0 10 20 30 40 50 60 70 80 90 100 110 120 0 20 40 60 80 100 120
Displacement (um) Displacement (um)

Figure 7-8 a) Theoretical and experimental output force vs displacement for the normal force sensor. The
gradient relate relates to the cantilever stiffness in the normal direction. b) Theoretical and experimental
observed mass vs normal loading.

Figure 7-9a) shows the output force response to incremental probe displacement towards
the mass balance compared to the theoretical force output calculated from the cantilever’s
calibrated F; stiffness. Like Figure 7-8a), Figure 7-9a) shows a linear relationship between the
probe’s displacement and the output force. A lower stiffness of 0.8686 mN/um was
observed experimentally compared to the theoretical force response (1.1944 mN/um),
giving a percentage error of 27.4% for the F; force measurement. The difference was thought
to be attributed to machine compliance (impact of the entire system design and components
on output force measurement), highlighting the importance of cantilever calibration on each
machine. The NTR? was an overall static system, with a small reciprocating samples stage
that moved in relation to a static cantilever probe system that moved only in the Z direction.
The Triborig differed in configuration, where the whole system moved on a slider stage
relative to a static sample outside the system, providing an additional degree of freedom to
the cantilever system and additional stage connections. Any cantilever calibrated on the
NTR? would therefore not fully represent the forces within Triborig system, where the
additional connections and degree of freedom would induce extra elastic body deformation
and overall increased flexibility within the system which is demonstrated by the lower
cantilever stiffnesses. Figure 7-9b) shows the mass balance response to the incremental

probe displacement towards the mass. Linear relationships were observed between the
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output mass response and displacement with a gradient of 0.08818 mN?/ g.um, converting

to a stiffness of 0.8647 mN/um. The percentage error of the linear relationship was 27.6 %.

The mean of the experimentally obtained percentage errors were used to approximate the
Fn and F. stiffness for the HR-S 220 cantilever, 18.55% and 27.5% respectively. The
experimental F, stiffness for the HR-S 220 cantilever was calculated to be 0.0499 mN/um,
and the experimental F; stiffness was calculated to be 0.1342 mN/um. These constants were

applied for all remaining Triborig tests with the HR-S 220 cantilever.
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Figure 7-9 a) Theoretical and experimental Output force vs displacement for the tangential force sensor. The
gradient relate relates to the cantilever stiffness in the tangential direction. b) Theoretical and experimental
observed mass vs tangential loading.

7.3.2  Validation of the Triborig with the NTR?
7.3.2.1  Workflow validation

Initially the raw data from the Triborig and NTR® was examined using a MatLab script. Figure
7-10 and Figure 7-11 show the raw force displacement loops at 0.25 mN normal loading for
the Triborig and NTR? respectively; a) and b) show the F, and F; response in DiW, while c)
and d) show the same output in Muc + DiW. The first few cycles of the Triborig demonstrated
that the system had not reached the desired normal load setpoint at the start of testing,
highlighting the importance of taking the mean force measurement after this threshold. This
also indicated a potential issue with the loading control settings during each cycle, which

was attributed to feedback settings on the PID controller.
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Figure 7-10 Raw Triborig friction loops under 0.25 mN loading, showing force output over linear position for

several cycles. Presenting raw a) F, loop in DiW, b) F; loop in DiW, c) F, in Muc + DiW and d) F; in Muc + DiW.
The coloured lines differentiate each cycle.

The Triborig’s F, response in Figure 7-10 was not shown to be consistent within the
displacement loops, exhibiting hysteresis and a visible slant where the force was greater
towards -0.5 mm compared to 0.5 mm. In contrast, the NTR*s F, response in Figure 7-11
shows a consistent applied force with no visible hysteresis and slanting. The NTR? was able
to achieve the desired load setpoint prior to data acquisition. Both NTR? and Triborig show
noise within the F, displacement loops, which was observed to be greater with the NTR® due
to the 400 Hz acquisition frequency capturing more of the noise within the data,

demonstrated in Figure 7-11b) and d).
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Figure 7-11 Raw NTRS friction loops under 0.25 mN loading, showing force output over linear position for
several cycles. Presenting raw a) F, loop in DiW, b) F; loop in DiW, c) F, in Muc + DiW and d) F; in Muc + DiW.

Figure 7-12 shows the output F; displacement loops for the Triborig and NTR? after median
filtering, for both DiW and Muc + DiW tests. The Triborig’s F: load displacement behaviour
presented load spikes at either end of loop (Figure 7-12a), which suggest stick slip under
DiW conditions for this set up. This behaviour was not observed with the NTR® under the
same conditions (Figure 7-12c). Under the same conditions the NTR? presented a slanted
load displacement behaviour, with the F; load increasing over the linear displacement of the

loop, shown by the arrows in Figure 7-12c).
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Figure 7-12 F; loops under 0.25 mN loading, smoothed with a median filter using a window size of 50 to
remove excess noise. Smoothed Triborig F:loops are shown for conditions in a) DiW and b) Muc + DiW.
Smoothed NTR3 F; loops are shown for conditions in c) DiW and d) Muc + DiW.

Furthermore, the NTR? presented a characteristic drop in F; between 400-500 um, observed
in Figure 7-12c) and d). The drop in the F. in the forward trace was thought to be attributed
to the deceleration of the probe before changing direction, as highlighted by the red circle
in Figure 7-13. This was observed to be a feature of the NTR® system independent of the Y-
TZP probe, glass substrate and test environment. The underlying cause of this issue was not
determined through this work, and for the purpose of comparison with the Triborig this area

was excluded to focus on the central region of steady state sliding.
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Figure 7-13 Velocity loop under 0.25 mN loading for the NTR3 under DiW conditions. The red circle indicates
where the velocity profile fluctuated towards the end of the NTR3’s forward trace, corresponding to the F,
drop in Figure 7-12c) and d).

To ensure the MatLab script was valid, the mean F, and F; results from the NTR?® were
exported and compared with the MatLab processed data, which is shown in Figure 7-14. The
mean F, and F, calculated by MatLab, were 5-6% different to the mean forces calculated by
the built in Anton Paar algorithm. Furthermore, the coefficient of friction, determined by
the gradient, were also similar. This indicated that the MatLab script was valid for processing
the NTR¥s data, and was therefore suitable for the Triborig which followed the same
workflow. This indicated that that the MatLab process was valid for processing the datain a

similar way to the Anton Paar algorithm.
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Figure 7-14 Comparison of Anton Paar's built-in algorithm to calculate the mean F; compared to the MatLab
scripted algorithm which processed the NTR3’s raw data. Figure shows results for DiW and Muc + DiW over
the 0.05-0.50 mN loading range.
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7.3.2.2  Tribometer validation

Figure 7-15a) compares the output F, force for load dependent tribology tests with a Y-TZP
ball on a glass substrate, performed on the NTR® and the Triborig. Despite the variable F,
force observed for the force displacement loops, the mean F, from the force displacement
data was comparable to the same data acquired from the NTR3. The regression lines for tests
performed in DiW and Muc + DiW solutions both show a good linear fit between with R2
values of 0.99. This validated the normal force output of the Triborig for future

experimentation with the QCM-D open module.
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Figure 7-15 Regression analysis comparing a) output F, for NTR? and Triborig with SD bars for both rigs and
b) output F; for NTR3 and Triborig with SD bars for both rigs. Tests were performed with a Y-TZP ball against
on a glass substrate in DiW and Muc + DiW solutions. Mean and SD were taken from the last 20 cycles of
each loading increment.

Figure 7-15b) compares the output F; force for load dependent tribology tests with a Y-TZP
ball on a glass substrate, performed on the NTR® and the Triborig. The output F; force
presented larger variations in the data from both rigs as shown by the error bars in Figure
7-15b). Regression lines for tests performed in DiW and Muc + DiW presented R? values of
0.96 and 0.75 respectively. Furthermore, different behaviours were observed to be
dependent on the lubricating solution used. In DiW tests, the Triborig’s Frwas approximately
0.44 times the NTR%*s F.. While in Muc + DiW tests, the Triborig’s Frwas approximately 1.22

times more than the NTR3's F..

This F; behaviour has been observed with the NTR? in previous chapters, where the F; was
reduced with the application of Muc + DiW, decreasing the overall coefficient of friction on
both bovine enamel and QCM-D sensors. However, this behaviour was not observed by the
Triborig. This was further evidenced by the relationships between F, and F; for the NTR® and

the Triborig, presented in Figure 7-16a) and Figure 7-16b) respectively.

Figure 7-16a) shows Muc + DiW reduced the coefficient of friction, from 0.77 to 0.53. This

indicated that lubrication improved with mucin in the aqueous environment when tested



245

with the NTR3. On the other hand, Figure 7-16b) shows that both DiW, and Muc + DiW show
no real difference as the error within both data sets overlap. Based on the tests conducted,

no measurable difference could be inferred.
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Figure 7-16 Mean tangential force with SD bars over incremental load with a) the NTR? under DiW and Muc +
DiW conditions on a glass substrate, and b) the Triborig under the same conditions. Mean and SD were taken
from the last 20 cycles of each loading increment.

A closer examination of Figure 7-16 showed data had deviation from the linear fit, shown
by DiW in Figure 7-16a) and both solutions in Figure 7-16b). To rectify this with the data fit,
different linear fits were chosen to ignore loading below 0.20 mN for both solutions with
both the Triborig and NTR3. This is shown in Figure 7-17. The effective coefficient of friction
(the ratio of the tangential and normal force at each load increment) was larger for both
NTR3 tests in DiW and Triborig tests in Muc + DiW compared to the other respective test rig.
However, the load dependent coefficient of friction (the gradients in Figure 7-17) was
observed to be the same under Muc + DiW, 0.57, and lower than DiW tests on the same test
rig. DiW tests with the NTR3 were further split due to the F. behaviour over the loading range
between 0.20-0.35 mN and 0.35 mN to 0.50 mN. The higher coefficient of friction, 1.33, at

the higher loading range was not observed on the Triborig.
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Figure 7-17 Mean tangential force with SD bars over incremental load (ignoring loads < 0.20 mN) with a) the
NTR? under DiW and Muc + DiW conditions on a glass substrate, and b) the Triborig under the same
conditions. Mean and SD were taken from the last 20 cycles of each loading increment.

Having shown an improved fitting for both systems when excluding the lower loading range,
the tangential force regression analysis was revisited for validation. Figure 7-18 shows the
tangential force output comparison between the NTR? and Triborig once more, but with
linear fits excluding the lower range of acquired data. An improved linear fit was observed
for both DiW and Muc + DiW F; outputs, with R?> =0.93 and R? = 0.98 respectively. While it
could be inferred that the DiW result could also be fitted by a horizontal line with the residual
error, both gradients of the mean data were closer to 1.00 than they were previously, 0.75
for DiW and 0.95 for Muc + DiW. This was an acceptable margin for Triborig validation with

the HR-S cantilever for normal loads above 0.20 mN.
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Figure 7-18 Regression analysis comparing output Ft for NTR3 and Triborig with SD bars for both rigs,
ignoring the output F; corresponding to the F, range 0.05 - 0.15 mN. Tests were performed with a Y-TZP ball
against on a glass substrate in DiW and Muc + DiW solutions. Mean and SD were taken from the last 20
cycles of each loading increment.
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7.4 Discussion

The development of the in-situ QCM-D tribometer was essential to directly observe the
interaction between mucin film formation and its tribology. This required two separate
experimental rigs to be arranged together, the QCM-D and the portable Triborig. Both
components had their own merits and limitations when it came to functionality; this
subsection aims to explore what worked and suggest improvements for future design

iterations.
7.4.1.1  Pre-loading limitations and troubleshooting

The Triborig was converted from a bespoke indentation test rig with the addition of a slider
stage, mounting system, and tangential force sensor. Limitations emerged relating to the
pre-test loading and loading control during the first few cycles of Triborig experiments.
Before testing, the cantilever’s position needed to be adjusted to ensure any displacements
would not exceed the sensor’s working range. The caveat was that this could only be
performed on the sensor manufacturer’s software which couldn’t be accessed when the
Triborig’s software was operational. Furthermore, there was no clear indicator of the probe
contacting the surface on the Triborig’s software. This required the user to switch between
both programmes to ensure the sensors were within range for a given test, which increased

the lab time required for testing.

Prior to the stage movement the normal load was expected to reach its loading setpoint
within a set time based on the chosen loading rate of 0.01 mN/s. Instead, loading continued
after the expected time threshold and the sliding stage started to move at this point. This
behaviour suggested the loading rate was lower than 0.01 mN/s, therefore the software
wrongly assumed the load setpoint had been earlier. To improve on this, the normal force

should be monitored as a loading threshold before triggering slider movement.

The NTR? overcame both limitations, as controlling the sensor’s range was a built-in feature
to the experimental set up prior to testing. Furthermore, lowering the probe was not an
issue with the NTR® as a contact load was pre assigned to notify the user when the probe
had surpassed this threshold. Finally, the NTR® started data acquisition when the sample
loading had reached the load setpoint. These features should be considered to further

improve the Triborig’s usability.
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7.4.1.2  Performance of the Triborig vs the NTR
Sensor calibration

One of the key differences between the NTR® and Triborig is the sliding stage configuration.
For the NTR3 the glass slide was mounted onto a reciprocating stage which moved relative
to a static probe mounted to NTR? system. The Triborig moved relative to a static glass
sample, as the whole system was mounted to a sliding stage controlled by an actuator.
Differences between the two system configurations will have influenced the output force
measurement independent of the precalibrated cantilevers and software design. System
calibration was completed with the ST-S cantilever for the purposes of assessing the system
and software’s performance. The HR-S 220 cantilever was used for tribometer validation
work, and was not directly calibrated as a system. A more robust and accurate calibration
system was required relative to this cantilever’s stiffness; a higher resolution mass balance
or load cell was not sourced. Therefore, the manufacturer’s pre calibrated stiffnesses for the
HR-S cantilever were weighted to mirror the effects from machine compliance with the ST-
S cantilever/Triborig system. This served as an indirect form of calibration given the
constraints doing the same calibration with the HR-S cantilever/Triborig system. An
alternative solution would be to emulate the processes used in AFM imaging, where a series
of indentations are made on a sapphire reference sample and the stiffness of the cantilever
is calculated from the force-displacement response. System calibration should also be

considered before NTR3 tests to provide confidence in the pre-determined stiffness values.
Force output comparison

The performance of the Triborig was assessed against the NTR® by comparing the mean F,
and F; output of both test rigs during standard load sweep experiments on glass substrates.
Using the MatLab workflow, mean F, and F; forces were calculated from each force-
displacement loop over the final steady state cycles of Triborig and NTR? tests. The Triborig’s
F. response was validated by the NTR3, showing a very good relationship in the regression
analysis (gradient = 0.99 & R? = 0.99) under both test conditions. The Triborig’s F; response
was also validated by the NTR?® with limitations, shown in Figure 7-18. Under mucin
conditions, a good relationship was observed in the regression analysis (gradient = 0.95 & R?
=0.98) for normal loads greater than 0.20 mN. Under the same loading limitations in DiW, a
good relationship was observed but a less strong one (gradient = 0.75 & R? = 0.93).
Similarities were observed between the Triborig and NTR® when the dynamic coefficient of
friction for both DiW, and Muc + DiW. However, no differences could be measured between

the effective coefficient of friction between DiW and Muc + DiW on the Triborig as the SD
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error bars overlapped in all F, instances. This posed a potential issue in terms of validating
the Triborig as a system, as the mirrored experiments using the NTR, other work within this
thesis and the literature have shown that mucin reduces friction compared to DiW alone
[105, 156, 270]. It’s important to address these differences in behaviour in terms of the
experimental system and errors associated with it. Systematic errors were associated with
the Triborig’s design, cantilever calibration and the overall sensitivity of the system. Random
errors were associated with uncontrollable background noise, from the operation of other
equipment within the lab (air compressors, vacuum pumps etc.), which linked up with the

system’s sensitivity.
Acquisition frequency and data noise

Aside from the design, the sensitivity of the HR-S 220 cantilever and acquisition frequency
influenced the F measurements during Triborig and NTR? testing. This is demonstrated by
the raw friction loops in Figure 7-10 and Figure 7-11. As very low loading was used for
experiments, the use of capacitance displacement sensors was essential to detect
nanometre displacements of a cantilever beam. The HR-S 220 cantilever used for validation
was also ‘high resolution’ (defined by the manufacture) for loading from 0.005 mN up to 10
mN [311]. Together, these formed the a highly sensitive system for monitoring the force
response under reciprocating sliding conditions. For validation of the Triborig, the loading
was between 0.05 - 0.5 mN given the delicate nature of the QCM-D sensors that the system
would eventually be tested on. The loading range was towards the cantilevers lower range,
making it susceptible to random error from external noise. The NTR3’s acquisition frequency
was also 8 times that of the Triborig’s, 400 Hz compared to the limited 50 Hz of the Triborig
system (limited by the data acquisition coding). This enabled the NTR3? to be more sensitive
to background noise and noise disturbances which was measured in the raw data. The test
environment was also affected by uncontrolled foot traffic in addition to other users running
experiments on larger, noisier test equipment. For a sensitive system such as this, additional
measures should be considered to reduce the impact of external noise. One solution would
be to incorporate an anti-vibration table/cabinet to house the system. While this would limit
the Triborig’s portability, a more robust set up and devoted test location would improve the
quality of results. An alternative solution would to use a bungie system similar the one used

for AFM imaging, described in Chapter 3. 3.2.5.2.
Triborig system design

The Triborig was essentially a prototype tribometer meaning the overall stability of the

machine was not as robust as the commercially produced NTR3. Connections were not
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sufficiently shielded and were open to the lab environment; thus, communications between
the PC and stage, sensors and actuator were subject to potential interference. This might
have introduced internal noise within the data acquisition process, affecting the variation of
collected data. Furthermore, the actuator was not fully operational; the shaft could not
extend and only retract. A compression spring was used to enable shaft extension, which
was crudely between the actuator body and the slider stage. This would have influenced the
overall machine compliance of the system’s tangential force output when the slider changed
direction, characterised by a slight loss of motion slider motion. This is illustrated by red
dashed boxed in Figure 7-19, showing a) the raw slider displacement, with slider velocity.
These regions were ignored by the MatLab script, which only focused on the F, and F; data
above a threshold of 25% of the set slider velocity (0.25 mm/s). Load artefacts were also
observed in the F: signal, which appear to be linked to the final deceleration of the

slider/actuator before reaching a static point, illustrated by the red boxes in Figure 7-19b).
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Figure 7-19 Raw F; and F,output, a), from the Triborig during 0.25 mN tests on glass in Muc + DiW and b)
slider displacement and slider velocity between 50 - 60 seconds of testing. Red circles indicate where spikes in
the slider’s velocity occurred and red dashed boxed indicate dead zones where the slider’s velocity remained
a 0 mm/s and the slider was static.

The slider’s velocity profile was seen to be consistent throughout testing, but unsmooth with
spikes occurring at the slider’s mid-point. This behaviour was thought to be attributed to the
combined system resolution for speed control, which would be influenced by: Triborig
loading on the slider, internal friction of the slider, connections between the slider and
spring-modified actuator shaft, the actuator speed specification and operating condition,
and the software’s speed control design in relation to the whole system. Future
considerations should be made regarding the actuator and slider mechanism to ensure
smooth slider transition during tests. One approach would be to critically assess the actuator
requirements for the system in terms of required force output and speed output to move

the Triborig with the current slider stage, and upgrade this system component. This may also
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be considered with a more robust and well lubricated slider stage, as the both actuator and
slider stage movements are influence by Triborig loading. Altering the system design to
consider a slider stage with a build in actuator may also be a suitable design change. Finally,
whatever design is chosen should be accompanied by whole system testing to optimised the

software design for the specific system.

7.5 Conclusion

As a prototype system, the Triborig’s use was assessed in terms of its minimum viable
capabilities. Despite the issues identified and discussed in this section, the Triborig was
capable of functioning as a tribometer, providing data which was mostly comparable to an
industrially, precision manufactured system such as the NTR? regarding F, signal. A key
limitation to the system was the F; response at F, loads below 0.15 mN, which provided a
minimum operating load for the Triborig system be viable to work. It was decided that a load
of 0.25 mN would be suitable for Tribo-QCM-D tests on QCM-D sensors. Further optimisation
of the Triborig system may serve to reduce the impact of system errors with subsequent

errors measure in the output force data. to optimise any future systems.

Table 7-2 summarises the Triborig features, issues and suggested improvements on the next
page. Recommendations are also made on additional investigations to optimise any future

systems.

Table 7-2 Summary of Triborig design issues, improvements and investigations.

System Issue Improvement/ Investigation
feature

Slider stage  Triborig’s weight supported  Ensure slider bearings enable free movement.

and loading by slider, potentially more Investigate friction behaviour under uniform test
resistance to motion within  conditions whilst loading/unloading mass to the
the slider bearings. Triborig system on the slider. Consider actuated

slider.

Vibration No anti-vibration features Implement antivibration measures like an anti-

control to compensate for system vibration table (the NTR? system has an integrated
sensitivity within a shared anti vibration column). An alternative to this
lab environment. would be to suspend the whole system from a

hook with a thick bungie cable — a system which
was adopted for less noisy AFM multimode
imaging in Chapter 4. Consider a quieter lab
environment or out of hours use to minimise

traffic.
Actuator Patched up with Replace or repair actuator to perform a smooth
compression spring to sinusoidal velocity profile without pausing when

facilitate extension. reversing direction. Optimise speed controls by



Cantilever

Ease of use
Data

acquisition

PID control

Output data

Chapter 8.

8.1

Pre-determined cantilever
stiffness used with
calibration weighting for
Triborig, already optimised
for the NTR3.

Timely procedure to
properly set up
experiments.

Data acquisition limited to
50 Hz per displacement

sensor. Sample still loading
at start of tribometer test.

Triborig PID control setting
not particularly responsive
maintaining a constant F,
during testing.

Effective coefficient of
friction differences
compared under DiW and
Muc + DiW solutions
compared to NTR3,
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testing as a whole system, depending on system
design

Complete a series of calibration tests in the
desired test environment prior to commencing
tribometer testing. Apply system calibrated
stiffnesses to subsequent tests.

Improve the workflow within the Triborig’s
software to emulate NTR? system setting the
cantilever’s position within the working range.
Add a contact threshold notification for user.

Adjust software/PC specification to increase data
acquisition frequency cap. Use a force-based
threshold to attain force setpoint, rather than
time and loading rate-based force set point.

Optimised and determine best approach for PID
controller settings, either by increasing the
feedback sensitivity throughout the test cycle, or
modifying settings to be uncontrolled throughout
the cycle with adjustment to normal force every
full of half cycle (while static).

Perform multiple repeats of standard glass tests in
DiW and Muc + DiW, on different days with
different users to assess repeatability and
reproducibility of system.

The application of an in-situ QCM-D Tribometer

Introduction

Following on from the work of chapter 6, this chapter aimed to directly examine the trends

of mucin layer viscoelasticity measured in-situ whilst simultaneously assessing the

lubrication regime. Tribo-tests were performed with an aim of observing:

e thetrends between friction on an established mucin layers and whether tribological

interference had an observable impact on layer properties;

e the impact of layer rinsing and removal of mucin solutions on the layer properties

and subsequent friction behaviour; and,

e the change in mucin layer properties over time and associated friction behaviour.

This would provide an insight into the integrity of mucin layers and build on what properties

were essential in promoting optimal boundary film lubrication. This work was assess using

the Triborig, developed in the previous chapter, which was paired with the QCM-D open
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module and QCM-D system. A flow chart outlining the work and analyses completed in this

chapter is presented in Figure 8-1.

Sample prep
Solution formulation

Experimental QCM-D open cell QCM-D Tribometer testing
setup adsorption

Protocol 1: Protocol 2: Protocol 3:
Post _ Flow cell vs mechanical mechanical and mechanical
expenrnental open cell interaction on solution interactions interaction during
analysis mucin layer on mucin layer layer formation

Influence of

. . Influence of flow on .
Discussion 4 mechanical

mucin layer

. interaction on mucin
formation

layer properties

Figure 8-1 Flow chart of experimental methods and analyses Chapter 8.
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8.2 QCM-D arrangement with Triborig

The open module allowed direct access to interact with the gold coated quartz sensor. The
Triborig was positioned to allow the probe to interact with the QCM-D sensor’s surface when
mounted to the open module. A diagram and picture of this interaction is shown in Figure
8-2a) and b) respectively. Macroscale movements of the probe towards the sensor was
controlled by the z-direction micrometre dial, while finer adjustments were controlled by
the Pl stage. This set up enabled tribological tests on mucin layers grown on this surface,
monitored by the QCM-D. Similar to previous tribometer tests, un-used Y-TZP balls were

used for each test setup, which represented the cusp of a tooth.

a) b)
Cantilever
Test
\ Probe
Open AN / v
Cell
QCM sensor

Figure 8-2 Triborig interaction with QCM-D open module, a) schematic of interaction and b) image of
interaction.

8.2.1 Experimental protocol with QCM-D Triborig
The set up aimed to examine various aspects of tribology in relation to the layer’s viscoelastic

and thickness properties. The following experimental protocols were chosen to investigate

these mucin layers after baseline measurements were attained, shown in Table 8-1.
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Table 8-1 Experimental protocols and rationale for QCM-D Triborig after baseline attained.

Protocol Rationale

1) To observe the interactions between
mucin film formation and tribological

processes

2) To assess whether environmental changes
on a mature mucin film influences mucin

layer tribology

3) To examine the impact of tribology on

mucin layer growth

Process

Grow mucin layers on gold for 60
minutes with a mucin growth
solution;

Assess tribology with Triborig in the
same solution (0.25 mN for 50
cycles);

Allow layer to rest after tribo-test for
20 minutes;

Repeat steps 2. and 3.

Grow mucin layers on gold for 60
minutes with a mucin growth
solution;

Assess tribology with Triborig in the
same solution (0.25 mN for 50 cycles;
Rinse layer with MilliQ water after
tribo-test and allow to rest for 20
minutes;

Assess tribology with Triborig in the
rinse solution;

Rinse layer with growth solution after
tribo-test and allow to rest for 20
minutes;

Perform final tribo-test.

Grow mucin layers on gold for 5
minutes;

Assess tribology with Triborig in the
same solution (0.25 mN for 50 cycles;
Continue layer growth;

Repeat steps 2. and 3., performing
tribo-tests at 15, 30, 45, and 60

minutes from test start.
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These three protocols aimed to provide further understanding on mucin layer removal and
repair over short time periods, and whether mechanical interactions promote beneficial
changes to a mucin layer. Figure 8-3 outlines the process of these experiments. Tribo-tests
used the HR-S 220 cantilever (Fn stiffness - 0.0591 mN/um, Ft stiffness - 0.1712 mN/um),
which was lowered to the surface at test commencement. After tests, the probe was lifted

from the surface.

Repeatedx 3
r i "
I
Protocol Rest phase (R,)/
1&2 solution change (C,)" -
Layer growth — 1 hr Tribo-test(T,) 20 minutes
(©) A ()
= = = = — = =
Baseline B Y PRI ’4‘ ‘}H?*MA‘)? f<‘ > |# Dy LI f4|
- _ - _ -
U Qé_,, b —— a = O‘eA s - X denotes repeat
| ‘ | number
Protocol Layer growth — Tribo-test(T,)
3 segmented (G,) .
Y
Repeated

Figure 8-3 Experimental protocols and timeline for QCM-D tribo-tests on mucin layers.

Two solutions were examined by the three protocols: Muc + DiW, and PBS solution with
0.2% mucin (Muc + PBS). A modification was made after the second rest phase of protocol
2) for the Muc + PBS tests. An additional rinse step with PBS was included before
reintroducing mucin in this environment. This aimed to remove all MilliQ water and replace

it with PBS to return the solution back to its baseline environment.
8.2.2 QCM-D data processing

The raw frequency and dissipation data required additional processing before Broadfit
modelling, described in to Chapter 3. section 3.2.5.1. Figure 8-4 presents an example of the
raw QCM-D data on Dfind (Qsense, Sweden) showing the frequency and dissipation data
were highly sensitive to sensor interaction and tribo-tests. These regions were ignored for

the viscoelastic modelling.
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Frequency

Time

Figure 8-4 Example of raw QCM-D data on Dfind software showing frequency and dissipation sensitivity
during tribo-tests. R numbers represent rest phases during throughout protocol 1).

Further analysis of the Broadfit model weighting was also performed to optimise the
modelling parameters. The model’s fit quality was determined by the weighted x* error of
the data over the test’s timeline, providing a quality measure between 0-1 determined by
the software. A model with a fit quality close to 1 suggested that the experimental frequency
and dissipation data was very similar to the simulated results of the model. This can be
affected by removing and including specific overtones used in the model, in addition to
applying different model fitting weights. Adjusting the fitting weight influences the signal

quality of different overtones, measure by the signal to noise ratio.

The flow module used for experiments in Chapter 6. provided a smooth signal and the
default fitting weight observed to be optimal. This weighting impacted the modelled
viscoelastic properties of the mucin layers. Conversely, the open module was found to be
sensitive to the surrounding noise, and a suboptimal fitting quality under the default
weighting. A sensitivity analysis was performed to investigate the effect of model fit
weighting, with the top 3 fit qualities (default, flat FD and Mov av (3-13)) over all samples
displayed in Table 8-2. To ensure consistent viscoelastic modelling of the mucin layers, the
same modelling method was required for all measurement. Using the sensitivity analysis,
the flat FD model, which weights all harmonics equally with a lower weighting on the 13t
harmonic according to the modelling software (QSense Dfind, Biolin Scientific, Sweden), was

chosen for this purpose.
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Table 8-2 Model quality for all experimental protocols using default, moving average and flat FD fitting
weights.

Solution Protocol Default Movav (3-13) Flat FD

Muc + DiW 1 0.34 0.3 0.54
2 0.72 0.92 0.56

3 0.9 0.81 0.91

Muc + PBS 1 0.64 0.64 0.78
2 0.93 0.89 0.93

3 -0.31 0.66 0.81

Mean 0.54 0.70 0.76

SD 0.47 0.23 0.17

8.2.3 QCM-D module comparison

The frequency and dissipation response from the open module was compared with the flow
module’s response from the previous chapter to compare static and dynamic flow conditions
on layer growth. System sensitivities and the modelled viscoelastic properties were also
compared. Muc + DiW solution conditions were used for layer growth. The flow module
followed the standard protocol documented in Chapter 3. section 3.2.5.1, while the open
module followed protocol 1). The Flat FD fitting weight was applied to both data sets during

viscoelastic model processing.
8.3 Results

8.3.1 QCM-D module comparison

Figure 8-5 shows the raw frequency and dissipation response for a) the flow module and b)
the open module. Changing the solution from DiW to Muc + DiW presented different
responses. As observed previously in the Chapter 6., the mucin layer growth was initially
rapid, followed by an adsorption limit before subsequent desorption shown by the change
in frequency in Figure 8-5a). Growth within the open module presented a large initial
frequency drop, followed by a brief recovery (frequency increase) and layer stabilisation for
the remainder of the phase. The spread of the frequency and dissipation overtones was
larger within the open module, suggesting structural differences between the mucin layers
grown in the two modaules. Finally, the open module was more susceptible to noise than the

flow module, shown by the frequency and dissipation spikes in Figure 8-5b).
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Figure 8-5 Raw QCM-D data from a) flow and b) open modules. Both show growth the growth phase in Muc +
DiW solution.

Figure 8-6 presents the structural softness of the mucin layers from both QCM-D modules,
calculated from the 3" harmonic overtone by AD/Af and taking a mean/standard deviation
of the final 500 seconds of the growth phase. The structural softness of the flow module’s
mucin layer was 0.32 £ 0.01 compared to 0.27 + 0.007 in the open module. These results
provided evidence of a more rigid mucin layer within the open module compared to the

relatively softer flow module mucin layer.

0.35 Flow
J T Open
T
o 0.30 1
n T
[0) T
C 0.25 1

0.10
0.05
0.00 T T
Flow Open
QCM-D module

Figure 8-6 Mean Structural softness of growth phase calculated from the 3 overtone by AD/Af.

The modelled layer thickness and mass properties from the two QCM-D modules are shown
in Figure 8-7a) and b), while layer viscosity and shear modulus properties are shown in Figure
8-7b) and c). Additional mass absorbed onto sensors within the open module, 2822.51 +
143.20 ng/cm? compared to 2282.12 + 22.88 ng/cm? within the flow module. This imparted
alarger layer thickness of 28.20 + 1.46 nm compared to 22.82 + 0.23 within the flow module.

The open module mucin layer also presents greater viscosity and elastic shear modulus
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properties of 1688.50 + 62.32 uPa*s and 94.03 + 5.84 kPa respectively compared to the layer
grown in the flow module. The latter showed a viscosity of 1295.98 + 5.18 uPa*s and a shear
modulus of 55.05 + 1.03 kPa. These findings clearly indicated a dependence on the system
conditions (fluid flow or stagnant growth) in relation to the adsorption and physical

properties of mucin layers.
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Figure 8-7 Average layer properties calculated from ‘Broadfit’ model comparing flow and open modules
under Muc + DiW conditions; a) thickness b) mass, c) shear modulus and d) viscosity.
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8.3.2 Combined QCM-D properties and tangential force response trends
8.3.2.1 Tangential force measurements and software updates

In between Triborig validation and combined QCM-D tribometer testing, the Triborig’s
software experienced a bug which began to incorrectly interpret the tangential force
calculated from the HR-S cantilever’s stiffness and the stage displacement. This occurred
after moving the Triborig to a different lab to enable combined testing with the QCM-D. The
issues manifested as an incorrect output tangential force an order of magnitude greater than
what was observed during Tribometer validation. During the processes of troubleshooting
this software issue, combined QCM-D tribometer tests were carried out in the interim with
afocus on the trends of tangential force changes. To overcome this issue, both the software
and system were assessed by a contractor, who subsequently applied a software patch to
the Triborig. Protocol 1 was repeated to reassess the system updated system. The results of
this are shown in Figure 8-8, comparing the tangential force response before the update
with after the update. The updated output F; response was an order of magnitude lower
than before the update, of 0.11 £ 0.06 mN in T; reducing to 0.08 + 0.06 mN by T3 compared
t02.97 £ 0.39 mN reducing to 2.88 £ 0.31 mN.

104

-
11l

B Protocol 1 - pre-update
B Protocol 1 - post-update

Mean Ft (mN)

o
Lol L
—il—

0.01 : : ;
T1 TZ T3

Tribo-test

Figure 8-8 Retest of tribo- tests from protocol 1 under Muc + DiW conditions compared to pre-update Ft
results.

The friction response over protocol 1 remained consistent during the retest after the
software update, with little to no change over the duration of the protocol. The mean
coefficient of friction was also determined to be 0.41 + 0.03 for the repeat tests in Muc +
DiW conditions. This was closer to the coefficient of friction of Muc + DiW on gold QCM-D

sensors, similar to 0.52 + 0.03 as observed in the NTR? experiments in the previous chapter.
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This suggested that the repeat friction measurements were more representative of the
absolute friction response (in terms of scale). The other friction measurements, used in the
primary tests of protocol 1 and protocols 2 to 3, were therefore more representative of the
friction behaviour response dues to changes to the software. However, data presented over

the next subsections relate to data acquired prior to this update.
8.3.2.2 Mechanical interactions on established mucin layers

Investigation between mucin layer physical properties and friction started off with protocol
1. The frequency and dissipation response for protocol 1 under Muc + DiW conditions is
displayed in Figure 8-9. An initial growth phase was observed (G) followed by consecutive
tribo-tests (T) and rest phases (R), corresponding to Figure 8-3. The interactions between
the Triborig and the QCM-D are clearly observed by larger noise in both frequency and
dissipation response. Overtones were shown to remain separated after mechanical

interactions with the Triborig.
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Figure 8-9 Protocol 1 - frequency and dissipation response over time under Muc + DiW conditions. Starting
initially with a growth phase (G), followed by consecutive tribo-tests (T) and rest phases (R).

Figure 8-10 shows the frequency and dissipation response for protocol 1 under Muc + PBS
conditions. Under these conditions, greater noise was observed in the dissipation data for
the 3 and 5% overtones, shown by the different coloured lines, d3 and d5, in Figure 8-10.
The frequency response differed from Muc + DiW conditions by a reduced frequency drop,
approx. -12 Hz in Muc + PBS compared to approx. -80 Hz when comparing the 3™ overtone.
The frequency overtone spread was further reduced, suggesting the Muc + PBS layers

behaved like a rigid layer rather than a softer layer. The dissipation response of Muc + PBS
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mirrored the frequency with a small change of 2.50 ppm compared to 22.50 ppm, which
further supported rigid layer characteristics. However, as the dissipation response was
greater than 0, and the dissipation overtones were not all overlapping, the ‘Broadfit’

viscoelastic model was still applicable under these conditions to determine the layer

properties.
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Figure 8-10 Protocol 1 - frequency and dissipation response over time under Muc + PBS conditions. Starting
initially with a growth phase (G), followed by consecutive tribo-tests (T) and rest phases (R).

Figure 8-11 compares the mean layer properties under Muc + DiW and Muc + PBS conditions
over each phase of the experiment, excluding the tribo-tests. Tribo-tests were excluded due
to the additional noise and interaction with the sensor during measurement that would
produce an inaccurate representation of the layer. Figure 8-11a) presents the changes in the
layer’s structural softness overtime, calculated from AD/Af of the 3™ overtone. Under Muc
+ DiW this remained unchanged after repeated mechanical interactions with the layer of
0.282 + 0.005, while under Muc + PBS conditions this decreased after tribo-test 1 (T1) from
0.155 £ 0.04 to 0.119 £ 0.005 but increased hereafter. The PBS induced a more rigid layer,
as evidenced by the lower structural softness of 0.15 + 0.04 compared to Muc + DiW (0.28 +
0.05). Muc + PBS structural softness variation in G was attributed to the additional noise of

ADs (3" dissipation overtone).

Figure 8-11b) shows the thickness changes of the mucin layers over protocol 1. Under Muc
+ DiW conditions, the thickness was shown to gradually decrease after each tribo-test from
28.45+2.01 nmin G to 26.95 + 0.60 nm by Rs. An initial drop in thickness was observed from
G to Ry in Muc + PBS, from 4.49 + 2.54 nm to 3.85 * 1.18 nm, which then increased to 5.56

+1.88 nminRyand 6.13 +3.02 nm in Rs. Figure 8-11c) and d) shows the shear modulus and
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viscosity properties of the mucin layers tested under protocol 1. The Muc + DiW layer
presented small differences in the shear modulus after each tribo-test phase, of no more
than + 10 kPa for each phase. The viscosity of the Muc + DiW layer decreased from 1690.28
+65.31 uPa*sin G to 1604.20 + 31.23 pPa*s by Rs. Larger differences were observed under
Muc + PBS conditions. Layer shear modulus and viscosity properties changed from 110.41 +
89.80 kPa and 1546.51 + 399.70 pPa*sin G, to 64.42 + 7.35 kPa and 1923.38 + 146.72 puPa*s
in R; respectively. Shear modulus and viscosity properties both decreased in R, before
resting at 62.77 + 39.18 kPa and 1399.83 + 220.08 uPa*s in R; after the final tribo-test (Ts).

The Muc + DiW, and Muc + PBS layer properties for protocol 1 are summarised in Table 8-3.
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Figure 8-11 Comparison of Muc + DiW and Muc + PBS layer properties for each phase of protocol 1 showing
a) structural softness, b) thickness, c) shear modulus and d) viscosity.
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Table 8-3 Mean QCM-D layer properties at the end of each phase of protocol 1 for Muc + DiW and Muc + PBS
conditions.

R1

Rz

Rs3

Phase Structural softness  Thickness (nm) Shear modulus Viscosity (uPa*s)
(kPa)

Muc Muc Muc + Muc + | Muc Muc Muc + Muc +

DiW PBS DiW PBS DiW PBS DiW PBS

0.282 0.155 28.45 4.39 94.75 80.27 1690.29 1546.51

1+ 0.005 +0.04 +2.01 +2.54 +8.32 +37.50 +65.31 +399.70
Tribo-test 1

0.278 0.119 27.97 3.85 104.42 64.42 1656.00 1923.38

+0.002 +0.005 +0.33 +1.18 +2.79 +7.35 +19.44  +146.72
Tribo-test 2

0279 0133 [27.70  5.56 97.16  50.01 | 1660.02 1g5 19

+0.002 +0.005 |+045 +1.88 |+3.01  +10.96 |+2345 *+87.20
Tribo-test 3

0286 0210 |2696  6.13 98.67 6277 | 160420 139933

+0.003 +0.04 |+061  +3.02 |+3.28  +39.18 |+31.23 *+220.08

As the layer properties could not be assessed during tribo-tests, it was assumed that the

layer properties of the previous phase applied throughout the tribo-test phase.

Subsequently, Figure 8-12 serves to present differences in F; after each phase. Under Muc +

DiW condition the mean F; reduced from 2.97 £ 0.39 mN to 2.88 + 0.31 mN from T; to Tz, F;

was lower under Muc + PBS conditions with 2.15 £ 0.32 mN in T; decreasing to 1.56 + 0.19

mN in T, followed by 1.63 £ 0.20 mN by Ts.

Figure 8-12 Mean Ft for each tribo-test stage during protocol 1.
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8.3.2.3  Mechanical and solution interactions on established mucin layers

Protocol 2 aimed to examine the impact of a rinse solution on the mucin layer properties
and its implications on the subsequent friction response. Figure 8-13 and Figure 8-14 both
show the frequency and dissipation response following protocol 2. Like protocol 1, this
commenced with a growth phase (G) using Muc + DiW, or Muc + PBS, followed by the first
tribo-test (T1) and a rest phase (R1) in the same solution to allow surface to re-equilibrate
before solution change. Shifting away from protocol 1, the solution was replaced with MilliQ
water during the change phase (Ci) for 20 minutes, removing any free proteins from the
solution. After a subsequent tribo-test (T.) and rest phase (Rz), the solution was changed
once more (C), whereby a fresh mucin growth solution was reintroduced. To reintroduce
the same concentration as before, 250 pL of MilliQ water was removed, and replaced with
a 0.4% Muc solution, thus achieving 0.2% mucin in the final solution. This was a two-step
process for Muc + PBS, whereby a PBS rinse fully replaced the MilliQ water in C;, followed

by the above step described above but with 0.4% mucin in PBS in Cs.

The dissipation dropped at the start of C; under both test conditions when the growth
solution was removed and replaced with MilliQ water. This was from 25.06 ppm to 13.54
ppm in Muc + DiW, and 2.66 ppm to 0.69 ppm in Muc + PBS for the 3™ overtone. For the
same overtone, no frequency shift was observed under Muc + DiW conditions, however in
Muc + PBS the frequency shifted from approx. 18.81 Hz to 24.49 Hz. This increase was
attributed to the movement of water into the Muc + PBS layer. At the same time a reduction
in the spread of overtones was observed in both Figure 8-13 and Figure 8-14, indicating
changes to the structure of the layer by the removal of loosely bound/unbound mucin. When
the growth solution was reintroduced, the overtone spread and dissipation shift returned to

pre C; levels in C; for Muc + DiW and Cs for Muc + PBS.
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Figure 8-13 Protocol 2 - frequency and dissipation response over time under Muc + DiW conditions. Starting
initially with a growth phase (G), followed by consecutive tribo-tests (T), rest phases (R) and solution changes

(C).
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Figure 8-14 Protocol 2 - frequency and dissipation response over time under Muc + PBS conditions. Starting
initially with a growth phase (G), followed by consecutive tribo-tests (T), rest phases (R) and solution changes

(C).

The layer properties for each phase of protocol 2 are displayed in Figure 8-15. The MilliQ
water rinse at C; impacted the layer’s structural softness, thickness and viscosity under both
conditions, shown in Figure 8-15a), b) and d) respectively. No change was observed for the
Muc layer’s shear modulus; however, an increase was observed for the Muc + PBS layer,

shown in Figure 8-15c).
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Figure 8-15 Comparison of Muc + DiW and Muc + PBS layer properties for each phase of protocol 2 showing
a) structural softness, b) thickness, c) shear modulus and d) viscosity.

The transition between G and R; presents similar trends to protocol 1. No changes occurred
after T; under Muc + DiW conditions, and a similar decrease was observed for structural
softness and shear modulus properties with Muc + PBS. Different behaviours were observed
between protocols 1 and 2 under Muc + PBS. The layer’s thickness increased and its viscosity
did not change in protocol 2, while viscosity increased in protocol 1, shown in Figure 8-11d).

These inconsistencies suggested instabilities within the Muc + PBS layers.

Between C; and Ry, a reduction in the shear modulus and viscosity properties was observed
under both conditions, with a large drop in viscosity under Muc + PBS conditions. Layer
thickness and structural softness remained the same during this phase transition after T,.
Reintroduction of the growth solution enabled layer recovery, back to R; levels. The mean
QCM-D properties for all phases of protocol 2 under Muc + DiW, and Muc + PBS conditions

are summarised in Table 8-4.
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Table 8-4 Mean QCM-D properties at the end of each phase of protocol 2 for Muc + DiW and Muc + PBS

conditions.

R1

C

R

G

G

Rs3

Phase Structural softness Thickness (nm) Shear modulus Viscosity (uPa*s)
(kPa)

Muc + Muc + | Muc + Muc + | Muc + Muc + | Muc + Muc +

DIW PBS DIW PBS DIW PBS DIW PBS

0.259 0.179 32.78 10.66 91.36 43.64 1751.61 1407.51

+0.007 +0.08 +1.94 +1.93 +6.88 +20.69 | +40.69 +374.90
Tribo-test 1

0.262 0.137 32.94 14.20 93.95 15.41 1730.53  1405.18

+0.001 +0.005 | +0.28 +0.57 +1.62 +7.41 +9.11 +101.25

Solution Change 1

0.151 0.027 26.73 7.75 75.52 59.07 2339.70 577579

+0.004 +0.005 | +2.00 +0.45 +2.41 +15.13 | +62.00 +102.58
Tribo-test 2

0.151 0.029 26.48 7.74 89.79 41.51 2297.19 179358

+0.001 +0.004 | +0.34 +0.23 +1.27 +21.94 |+1566 *8514

Solution Change 2
0.253 0.085 35.02 14.08 89.79 14.26 1836.85 142567
+0.002 +0.008 | +0.27 +0.23 +1.27 +6.68 +14.95 +124.28
Solution Change 3 (Muc + PBS)
] 0.128 ] 14.76 ] 12.45 ] 1342.16
+0.007 +0.65 +1.31 +51.85

Tribo-test 3

0.264 0.169 ] 11.05 ] 45.72 ] 145224

+0.007  +0.005 +2.08 +12.04 +324.53

Figure 8-16 presents the mean tangential friction response, F, for each tribo-test phase in

protocol 2. A comparison between Figure 8-15 and Figure 8-16 highlighted potential trends

between mucin layer property changes and the tangential force response. A drop in the

structural softness was observed from 0.26 + 0.001 to 0.15 + 0.004 which corresponded to

a similar reduction in the output F; under Muc + DiW conditions, from 2.88 + 0.30 mN to

1.69 £ 0.17 mN. It should be noted that prior to T,, the Muc + DiW layer’s viscosity reduced.

The F; output increased under Muc + PBS conditions, from 1.71 £ 0.16 mN to 1.84 + 0.21 mN

with the rinse, while a similar drop in structural softness from 0.14 + 0.005 to 0.03 + 0.005

and increased layer viscosity. However, when Muc + PBS was reintroduced the F; output

increased again to 1.89 + 0.17 mN while the structural softness and viscosity recovered.
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Figure 8-16 Mean Ft for each tribo-test stage during protocol 2.

8.3.2.4  Mechanical interactions on unestablished mucin layers

Protocol 3 aimed to examine the effect on mucin layer growth and its properties on friction.
Figure 8-17 a) and b) show the frequency and dissipation response following protocol 3
under Muc + DiW, and Muc + PBS conditions respectively. Layer growth was separated by 5
tribo-tests (T:1 to Ts) into short growth phases (G:-Gs). Similarities between the previous
protocols and protocol 3 were observed in in relation to overtone spread, frequency and
dissipation shift. Under Muc + DiW conditions, shown in Figure 8-17, the final frequency and
dissipation shift was 84.58 Hz and 24.41 ppm respectively for the 3™ overtone. This was
comparable to the frequency and dissipation response after the G phase in protocol 1 and 2

(Figure 8-9 and Figure 8-13, respectively).

This behaviour was partially observed for Muc + PBS conditions in Figure 8-17b), with a
similar dissipation shifts to the previous protocols, of 2.12 ppm. However, the frequency
shift was greater in protocol 3 compared to previous protocols, with a shift of 27.70 Hz. This
suggested that addition mass may have adsorbed onto the gold surface after mechanical
interactions under Muc + PBS conditions. Furthermore, examination of the dissipation
overtones highlighted a different spread behaviour compared to the previous protocols. The
9™ 11% and 13™ dissipation overtone remained close together, approx. less than 1 ppm,

leaving a gap between the remaining overtones.
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Figure 8-17 Protocol 3 - frequency and dissipation response over time under a) Muc + DiW and b) Muc + PBS
conditions. Starting initially with a growth phase (G), followed by consecutive tribo-tests (T) and rest phases

(R).

Figure 8-18 shows the layer properties over each test phase in protocol 3. The structural
softness was shown to be stable over the duration of protocol 3, with no large changes
between each tribo-test phase as shown in Figure 8-18a). This remained mostly at 0.28 +
0.002 and 0.07 £ 0.002 for Muc + DiW and Muc + PBS respectively. The thickness of the Muc
+ DiW layer presented a large variation during G; of 37.79 £ 28.17 nm, which stabilised
afterwards and settled at 33.45 £ 0.41. The increased frequency shiftin Muc + PBS conditions
correlated to the thickness change throughout protocol 3. After G; the layer thickness was
5.23 £ 0.59 nm, which increased to 5.65 * 0.13 nm by the end of protocol 3. This thickness
was greater than the mucin layer at the end of protocol 1’s growth phase, but much lower
than the layer thickness at the end of the same phase of protocol 2. Figure 8-18c) and Figure
8-18d) present the most interesting results of protocol 3, exhibiting changes to the shear
modulus and viscosity over the first few growth phases. The Muc + DiW layer’s shear
modulus increased after each phase from 10.74 + 3.81 kPa, to a plateau after G4 of 66.67
2.90 kPa. The same layer’s viscosity started relatively low at 1158.15 + 66.19 pPa*s, which
then peaked at 1737.86 + 23.20 pPa*s and decreased to 1675.11 + 9.43 pPa*s
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Figure 8-18 Comparison of Muc + DiW and Muc + PBS layer properties for each phase of
protocol 3 showing a) structural softness, b) thickness, c) shear modulus and d) viscosity.

Table 8-5 summarises the mean layer properties of protocol 3 for Muc + DiW, and Muc +
PBS. Protocol 3’s Muc + PBS layer’s shear and viscosity properties differed from layer
properties observed protocol 1 and 2. The layer’s viscosity started low with a large variation,
463.41 + 966.41 pPa*s, which increased to 3273.80 + 267.44 pPa*s by the next phase. This
continued to increase until G4, after which it reduced. On the other hand, the shear modulus
started high at 179.85 + 17.20 kPa and gradually reduced to 148.43 + 10.7 kPa. The
magnitude of both the shear modulus and viscosity seem irregular, given the different values

observed in Table 8-3, Table 8-4 and the previous chapter. This behaviour was attributed to
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Table 8-5 Mean QCM-D properties at the end of each phase of protocol 3 for Muc + DiW and Muc + PBS
conditions.

Phase  Structural softness Thickness (nm) Shear modulus (kPa) Viscosity (uPa*s)

Muc + Muc + | Muc + Muc + | Muc + Muc + | Muc + Muc +
DiW PBS DiW PBS DiW PBS DiW PBS

Gy 0.28 0.061 37.79 5.23 10.74 179.85 1158.15 463.41
+0.06 +0.002 +28.17 +0.59 +3.81 +17.20 +66.19 +966.41

Tribo-test 1

G2 0.27 0.066 32.14 5.20 44.65 162.92 1737.86 3273.80
+0.007 +0.002 +1.18 +0.13 +3.50 +10.01 +23.20 +267.44

Tribo-test 2

Gs 0.28 0.065 32.96 5.23 58.57 157.47 1716.20 3476.61
+0.007 +0.002 +3.11 +0.13 +9.17 +8.50 +31.33 +256.73

Tribo-test 3
Gy 0.28 0.071 32.66 5.45 66.67 148.67 1716.36 3532.24
+0.002 +0.002 +4.92 +0.15 +2.90 +12.43 +9.53 +298.47
Tribo-test 4
Gs 0.29 0.067 33.05 5.26 68.96 160.96 1685.99 3161.29

+0.003 +0.002 +0.93 +0.19 +2.98 +15.81 +14.09 +435.71

Tribo-test 5
R 0.29 0.071 33.45 se5+ | 68.80 14843 | 1675.11  3057.16
+0.001  +0.003 | +0.41 0.13 +6.29 +10.7 +9.43 +209.79

The influence of tribology on mucin layer growth in Muc + DiW was compared to the growth
phase of protocol 1 to assess any differences in the layer properties over time without
tribological interactions, shown in Figure 8-19. Protocol 3’s structural softness and layer
viscosity were shown to be in line with the same properties over time in protocol 1,
evidenced in Figure 8-19a) and d) respectively. Differences were observed between Muc +
DiW layer thickness and shear modulus properties, evidenced in Figure 8-19b) and c)
respectively. Furthermore, protocol 1 showed a high shear modulus initially whereas in

protocol 3 this property started low and increased with each phase.
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Figure 8-19 Comparison of Muc + DiW properties for each phase of protocol 3 compared with the growth
phase of protocol 1 showing a) structural softness, b) thickness, c) shear modulus and d) viscosity.

Figure 8-20 presents the mean tangential friction response, F, for each tribo-test phase in
protocol 3. The Muc + PBS layer presented a lower F; compared to the Muc + DiW layer. Over
the duration of protocol 3, the Firesponse on the Muc + DiW layer increased with each stage
until after Gz, from 2.22 + 0.32 mN to 2.91 + 0.32 mN. After this peak, the F;response
decreased towards 2.87 + 0.26 mN at Ts. The F;response of the Muc + PBS layer remained

stable at approx. 1.98 + 0.15 mN until this increased at Ts to 2.09 + 0.13 mN.

Comparison of the layer properties over protocol 3 with the tangential force highlighted a
trend between the shear modulus and friction response for the Muc + DiW layer. The shear
modulus initially increased after each growth increment, which was linked to the increase in
the tangential force response. Once the shear modulus of the Muc + DiW layer stabilised, so
too did the friction response. No trends were noted between the Muc + PBS layer properties

and the friction response with time, and displacement, for protocol 3.
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Figure 8-20 Mean Ft for each tribo-test stage during protocol 3.

8.4 Discussion

Currently, to the knowledge of the author, little work exists which provides a direct
correlation to the physical properties of an aqueous protein layer and lubrication. The main
body of research provides an indirect assessment of a protein layer by determining the ratio
between the dissipation and frequency, AD/Af, (termed as structural softness) [109, 309,
308]. In some cases, this parameter was then indirectly compared to a given friction
response using an AFM, or a micro tribometer like the previous chapter [109, 309, 308].
These arrangements introduced additional processes between the layer growth within a
QCM-D flow module and tribological testing, potentially introducing unwanted layer
dehydration, removal or contamination. It was therefore important to mitigate this by
developing an in-situ approach for directly assessing the lubrication of an aqueous protein
layer. The discussion is split into subsections that explore the QCM-D set up with the open
cell, the relationships between friction and layer properties for each protocol, and finally a

critical assessment of the QCM-D Triborig assembly.
8.4.1 Influence of flow on mucin deposition

The adsorption of mucin under static and flow conditions was investigated to understand
the differences between the layer growth methodologies. It was observed that under flow
conditions, less mucin mass adsorbed onto the QCM-D sensor compared to static conditions.
This behaviour has been partly observed in previous studies, implicating the effects of flow

rate on the surface adsorption of non-ionic surfactants and fibrinogen.
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The study examined the static and dynamic adsorption of non-ionic surfactants (Triton-X
100) onto sandstone, where the surface’s maximum adsorption capacity reduced with
increasing bulk flow rate [312]. It was suggested that this occurred from two potential
mechanisms; monomer tilting or fluid shear interactions. The adsorbed monomers were
thought to tilt under flow conditions, with a greater tilt angle as the flow rate increased,
which reduced the effective surface area for additional adsorption [312]. Alternatively, the
shear stresses at the surface from the fluid flow was greater than the physical bond
interactions between the surface and adsorbate, again preventing additional adsorption
from weaker surface bonding [312]. Another study, examining the adsorption of fibrinogen
from blood plasma onto glass and polyethylene tubes, presented similar observations [300].
While the study did not comment on the mechanisms of flow rate on adsorption directly,
under static conditions a greater quantity of adsorbed fibrinogen was observed on both
material surfaces. Adsorption also appeared to decrease with increased flow rate [300]. The
flow rate also influenced adsorption rates and subsequent displacement of adsorbed
fibrinogen, which was also a surface dependent behaviour [300]. This was partially observed
for the adsorption of mucin under flow conditions within this chapter, where the desorption,
or displacement, of the mucin layer occurred as shown in Figure 8-5a) after reaching peak
adsorption. Unlike fibrinogen and Triton-X 100, mucin is a larger hydrated molecule by
weight with multiple contact sites to facilitate adsorption to a surface and network with
adjacent mucin [313, 314, 315]. It could be speculated that the tilting - shielding mechanism
reduced the number of mucins and therefore the number mucin-mucin interactions withing
the layer. This supports the reduced adsorption of mucin under flow conditions observed,
with lower layer viscosity and shear modulus properties compared to static conditions. This

has been illustrated for mucin monolayers in Figure 8-21.

0.4 mL/min  Vacant
adsorption

No flow

SRIANARIEARIIES

Tilt angle

Ui

More space between mucin
Less physical bonding within layer
Less water trapped within layer

More dense mucin layer
More physical bonding within layer
More trapped water within layer

Figure 8-21 Hypothesised influence of flow on mucin monolayer layer structure and viscoelastic layer
properties. Under 0.4 ml/min flow rate, adsorbed mucin tilt to shield additional mucin from adsorbing to the
surface leaving vacant sites, reducing potential H bonding within the mucin layer. Without any flow, mucin
adsorbs on all available contact sites. Due to increased layer density, more H bonding within layer can take
place, stiffening the layer and promoting the entrapment of water.
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The effect of flow rates on multi-component solutions such as saliva have previously been
investigated, showing similarities to the work in this chapter. Zeng et al [113] observed a
decrease in salivary film thickness with an increased flow rates from 10, 50 and 500 pL/min
when assessing adsorption onto hydroxyapatite QCM-D surfaces. However, the structural
softness of salivary films (k value in the paper) was shown to decrease with flow rate
whereas the opposite was observed in this chapter between static and flow conditions,
inferring that saliva layer properties were more elastic and stiffer compared to the more
viscous PGM layers [113]. This may also be influenced by the quality of proteins within both
solutions, whereby fresh whole human saliva would contain submaxillary mucin of a higher
sialic acid content, and therefore improved water trapping abilities within the protein layer,
compared to the highly processed and partially purified gastric mucin [97]. Growth solution
composition and surface material dependent adsorption will have influenced these protein
layer structures, with more complex adsorption pathways with human saliva onto

hydroxyapatite surfaces compared to the mucin solution onto gold.
Structural softness and test contact pressure relationship

Interestingly, Zeng et al [113] demonstrated, with nano-scratch experiments on human
tooth enamel, that a reduced salivary film’s structural softness was paired with a lower
coefficient of friction. Test were performed with a conical diamond tip with a 10 um radius
with 5 mN of normal load, applying a Hertzian mean contact pressure of approximately 2.36
GPa. Under these extreme conditions, a lower structural softness was preferred from a
lubrication point of view, whilst reducing overall wear resistance at the same time. This
supports what has been observed in Chapter 6. where a low structural softness is
preferential for enamel lubrication on hydroxyapatite, contradicting other research that has
suggested a higher structural softness enhances lubrication [109, 308, 309]. It may also infer
that structural softness is not a helpful parameter to approximate lubrication under differing
scales and material conditions. The key implication here is that contact pressures applied to
these protein layers vary and may be a further parameter to investigate when it comes to
linking the layer’s structural softness with lubrication. Higher contact pressures used in this
thesis, 40 — 140 MPa, and Zeng et al [113] 2.36 GPa rely on a lower structural softness to
provide enhanced lubrication, whereas in other research it appears low contact pressures,
observed in tongue-enamel systems, require a higher structural softness for improve
lubrication [308, 309]. Conversely, mean contact pressures of 0.9 GPa achieved improved
lubrication with a higher structural softness at the nanoscale with Veeregowda’s work [109],

prompting a reassessment of the rationale behind the measure of structural softness
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regarding the scales of testing. Further investigations of contact pressure, structural
softness, and tribological systems reflecting the simulated environment will therefore be

important to further understand artificial saliva lubrication in enamel systems.
Simulating xerostomia conditions

While it is not clear from these results how different flow rates influence the amount of
mucin adsorption onto the gold QCM-D surfaces, this does provide an in-vitro comparison
to what may be expected under healthy salivary flow compared to xerostomia. The flow
module effectively simulated a consistent flow of salivary solutions to the sensor, while the
open module is more suited to stagnant liquid measurements. The latter may be important
for simulating the application of an artificial saliva under xerostomia (zero flow) conditions.
This could effectively measure the adsorption behaviour in the absence of agitation within
the oral cavity, using hydroxyapatite and PDMS coated QCM-D sensors to simulate layer

adsorption onto hard and soft oral tissues.
Open cell test protocol consistency and limitations

The open module itself is seldom used to measure adsorption of saliva or saliva substitutes
onto surfaces in the literature. This may be attributed to the variations in methodologies
used and limitations associated with this arrangement in other studies. The open module
exposes the sensor-liquid interface to the lab environment which is a fundamental
component of the combined QCM-D Tribometer. This comes with the additional cost of
temperature variations from both the environment and the introduction/removal of liquids
to the sensor. Conversely the flow module is enclosed around the sensor and liquids passed
through a maze of channels that heat liquids to the desired temperature before meeting the
sensor. This difference also introduces limitations in terms the applied volume of liquid to
the sensor. QSense suggest minimised volumes between 10-50 L of liquid with the open
module, however other studies investigating lipid membrane interactions and ligand — cell
adhesion have used 300 pL and 1 mL respectively [316, 317]. This differs from the flow
module’s sample volume, which at any point in time is approximately 200 uL for comparison.
It is unclear how the liquid volume influenced the frequency and dissipation response and

may need further investigation and standardisation for similar tests.

Other limitations with the open module were attributed to its susceptibility to noise, either
from being exposed to the lab environment or microbubble formation on the surface
attenuating the signal response [318]. Removal of the open module’s lid accessory after

establishing a baseline response has also been documented to cause reversible frequency
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and dissipation shifts when used [316]. As such, the lid was not used, which promoted

interference from air fluctuations, temperature and any air-borne contamination.

Unlike the flow module which permitted a complete solution exchange at a given setpoint,
a partial solution exchange needed to be adopted for the open module. This was done to
avoid exposing the sensor’s surface to air when switching solution, using pipettes to remove
and replace equivalent quantities of solution each time [316]. The changeover process was
uncontrolled from a timing point of view depending on the type of solution change required.
This therefore limited the analyses of the immediate shift response after a solution change
from a rate of change point of view. Furthermore, mechanical perturbation of the adsorbed
layer was resultant limitation of the open module’s solution change process, which has been

observed in a cell adhesion study using the same module [319].

Despite these limitations, the open cell permitted direct interaction between the Triborig
and the layer’s grown on the QCM-D sensors. It was observed that these mucin layers were
different in terms of thickness, structural softness, viscosity and shear modulus, compared
to the same established layers in flow conditions, as shown in Figure 8-7. This was
hypothesised to be linked to larger adsorbed mass on the sensor’s surface, increasing the
probability the entrapment and movement of water within the layer. Therefore, the
following sections discuss the link between mucin layers adsorbed under static conditions
with the mechanical interactions of the Triborig. Further design iterations ought to consider
the addition of a pump system to circulate solution and simulate salivary flow conditions in
the open module, that could be validated with the flow module arrangement. This would

permit a direct tribological evaluation of layers grown under flow conditions.

8.4.2 Influence of mechanical interactions and solutions changes on the properties of

established and unestablished layers
Area of mechanical interactions

The complexity of mucin structures in relation to mechanical interactions were investigated,
in relation to the average properties of the whole mucin layer on the sensor’s surface. The
Hertzian contact diameter (i.e. 2a) of the Tribo-pair was calculated to be 3 um. This meant
the area under direct mechanical interaction accounted for 0.0027 % of the total active
surface area of the QCM-D sensor (surface area ~ 113.09 mm?based on @12 mm active area
[320]). The interaction area was negligible in comparison and therefore the measured mucin
layer properties did not wholly account for potential changes under direct mechanical
interaction. Instead, mucin layer changes were attributed to indirect mechanical

interactions, by the agitation of the solution provided by the Triborig.
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Influence of mechanical interactions on established mucin layers

The established Muc + DiW layer properties didn’t change under repeated mechanical
agitation. Minimal changes came from a slight reduction in the layer’s viscosity and thickness
which followed a slight reduction in the friction force. The mechanical agitation enabled
localised solution flow within the open cell, providing opportunities for lateral interactions
with adjacent adsorbed mucin molecules to occur [321]. These lateral interactions may
occur after the first tribo-test of P1, evidenced by the increase in the layer’s shear modulus,
and could suggest entanglement of adsorbed mucin molecules. This effectively closes the
layer’s structure slightly, reducing the water held within it as active sites for water molecule

interactions are replace by mucin-mucin interactions.

The addition of salt ions presented greater variations to the established mucin layer. While
salts potentially reduce the hydration of mucin layers, weak ion crosslinking within the layer
is beneficial for surface protection, shown by improved wear resistance at high loads (5 N)
on pre adsorbed salivary films [322]. The effect of solution agitation may provide enough
shear to break crosslinks as shown by a reduced mucin layer shear modulus after the initial
tribo-tests of P1 and P2. Active sites therefore are freed up, permitting water molecule
interactions within the layer, increasing the layer’s viscosity as solution flows within the
layer. The increase in layer thickness can be attributed to more solution with the mucin layer,
or the additional adsorption of free mucin competing with surface bound ions at the surface.
The friction force on the Muc + PBS layer was shown to permanently change after the initial

tribo-test of P1, despite the structural properties changing without reaching a stable value.

The solution was shown to have a more pronounce effect on changing the structural
properties of both mucin layers, reducing the friction force under Muc + DiW conditions
(comparable to the Muc + PBS layer). Removal of free mucin and ions effectively diluted the
environment, forming a high concentration gradient of mucin/salt ions at the surface. The
osmotic pressure would have enabled water molecules to flow into these layers, shown by
an increased layer viscosity. Furthermore, a reduced structural softness of the Muc + DiIW
layer and increased layered viscosity correlated with a reduction in frictional force. However,
this was not observed in the salt environment, presenting no change to the friction force
response despite similar structural changes. Different behaviours have been observed in
previous studies. Reducing the salt ion concentration within a salivary layer was shown to
reduce its resistance to wear under tribological conditions despite presenting a thick, more
hydrated layer [322]. A later study also demonstrated higher friction from a thin salivary film

after a pure water rinse, while a thicker diluted salivary film exhibited lower friction after
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rinsing [323]. In this current study, low friction was observed in the Muc + DiW layer during
the rinse phase, which can be thought of as a dilute mucin layer given the lack of saltions in
the growth solution. However, changes to the friction force do not occur in the ion rich

mucin layer where an increase might be expected.
Influence of PBS salts on open cell measurements

One of the drawbacks of these results is the inconsistent measurement of the PBS and mucin
structural properties between all protocols. Flow modules experiments in the previous
chapter already present larger variations in the measured structural properties of PBS mucin
layers compared to mucin only layers on gold and hydroxyapatite surfaces. This might
suggest that in the presence of a PBS solution, the mucin layer’s which form a relatively
unstable as there is more competition between free mucin and salt ions for layer
interactions. This occurs less in the mucin only environment as less competition exists.
Furthermore, the larger PBS layer viscosity and shear modulus, almost 2 and 3 time more
than the mucin layer’s properties respectively, suggested an unstable QCM-D measurement.
However, given the variable nature of commercial porcine gastric mucin this may be a
combined result of “as-received” mucin with PBS solution [97, 324]. Nevertheless, a
stabilisation element may be required to form layers with consistent structural properties

under both static and flow conditions on gold surfaces.
Influence of mechanical interactions on the formation of a mucin layer

The frictional force also increased in the Muc + DiW shear modulus property over the course
of P3. The lack of mucin-surface and mucin-mucin interactions within the layer was
attributed to this. Hydrated mucin may slide over the surface initially, reducing the frictional
force between the probe and surface as an entrained lubricating molecule. As mucin layer
interactions develops, less mucin entrainment occurs with layer maturation leading to more
cohesion between the layer and probe which requires an additional force to permit
movement. Repeat tests will be required to build on and confirmed how the structure
softness, shear modulus and viscosity influence the friction force, after additional

improvements to the combined QCM-D Tribometer.
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8.5 Conclusion

The work completed in this chapter aimed to assess whether a link existed between the
physical structural properties of mucin layers and lubrication. This was trialled using a
bespoke combined tribometer and QCM-D arrangement. The combined QCM-D Tribometer
was more suited to examining the influence of protein layer structures on lubrication rather
than assessment of mechanically induced tribo-films and structural changes to protein

layers. This work highlighted:

e Muc layers grown statically in an open modules QCM-D presented a thicker layer,
with increased rigidity (lower structural softness), increased shear modulus and
viscosity properties when compared to flow conditions in the flow module. While
lubrication was not compared between the two modules, statically grown Muc
layers were thought to possess an increased water composition, attributed to
additionally mucin-surface interactions and mucin-mucin interactions.

e The use of a novel QCM-D tribometer to examine the role of mechanical interactions
with protein layers.

e Triborig tests provided additional evidence that a lower structural softness was
favourable for improved mucin lubrication under higher contact pressures, with an
increased layer viscosity property, supporting previous research within this thesis.

e layers properties may change after initial mechanical interactions from tribo-tests.
This was hypothesised to relate mechanical shear forces of the probe squeezing
water from Muc layers, and enabling mucin-mucin interactions to occur.

e A QCM-D Tribometer could serve as a test bed for further development of artificial
saliva substitutes to optimise oral/dental lubrication under different loading

environments with further experimental design amendments.
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Chapter 9. Overall discussion, conclusions and future work

9.1 Overall discussion

This thesis presents an investigation into the behaviour of porcine gastric mucin as an
artificial saliva component solution. This emerged from the need to understand whether a
widely available mucin component derived from a pig’s stomach, Type Il PGM, could provide
added benefit to enamel protection from a tribological and tribocorrosive stand point. This
work was undertaken with the purpose of enhancing lubrication and wear resistance under
mechanical and tribocorrosive conditions, to justify further development of beneficial
therapies for xerostomia patients. The influence of surface material, salt type and
concentration, and interactions with citric acid on mucin structures, both in solution and
adsorbed onto surfaces, have been investigated and discussed in detail. Furthermore, the
work presented in this thesis progressively uncovered methodologies to further investigate
key parameters by the development of a benchtop in-situ QCM-D tribometer, with respect
to mucin layer lubrication mechanisms. This chapter concludes the experimental findings,

highlighting limitations of study whilst also proposing the direction of future work.

Both the solution environment and surface material were demonstrated to be critical factors
that influenced the adsorption rate, initial adsorption pathways, and surface coverage of
mucin layers. Solution composition was shown to play an important role within “as-
received” mucin solutions, with salt and acid additions inferring changes to mucin size and
stability. Complex salt solutions (PBS) were shown to reduce the mean aggregate size of
mucin and improved the stability of free mucin in solution when investigated by DLS and
zeta potential studies in Chapter 4 Section 4.2.1. Size alteration within the bulk fluid has
further implications on adsorption behaviour where smaller protein structures are more
mobile to interact with surfaces [231]. PBS therefore provided the optimal salt composition
to facilitate an enhance rate of adsorption onto gold and hydroxyapatite surfaces when
adsorption kinetics behaviour was investigated by QCM-D experiments. Simple salt solutions
were not as effective, highlighting the importance of salt interplay with mucin and other
protein impurities when it comes to surface-solution interactions. AFM investigations into
mucin adsorption on both steatite and bovine enamel also highlighted differences in mucin
coverage, particularly on steatite where areas of preferential adsorption occurred onto
specific locations. Furthermore, comparing mucin adsorption onto gold and hydroxyapatite
surfaces further highlighted the dependence on surface chemistry and surface charge

regarding adsorption pathways. This is important to understand in the context of developing
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film forming therapies to target dry mouth syndromes, to effectively optimise surface

coverage and layer formation on healthy and degraded tooth enamel surfaces.

Following surface adsorption, surfaces were further investigated to understand the
restructuring of layers in the absence of tribology, and with mechanical interactions, to
understand what this meant in terms of load bearing, hydration and lubrication. Mucin
layers were observed to influence lubrication on bulk steatite and bovine enamel surfaces,
as well as gold and hydroxyapatite coated quartz sensors, with an observable reduction in
the coefficient of friction compared to tests performs in deionised water and PBS solutions
only. AFM and QCM-D investigations provided evidence into the layers’ properties that
might influence this, using QNM to measure layer adhesion and tip deformation alongside
viscoelastic modelling of mucin layer shear modulus and viscosity properties. The properties
related to the water content and the networking within a layer to be able to bare normal
and tangential loads, which related to the presence of water within these layers. The results
in this thesis supported other studies which investigated saliva or mucin layer lubrication,
where protein layer hydration and glycosylation impact mucin’s lubricating ability [60, 302,

247, 249, 109].

Hydration has been observed to impact lubrication behaviour of whole human saliva,
presenting friction coefficient of 0.02 compared to 2-3 for air dried saliva [325]. The adhesive
nature of the air-dried saliva was alluded to as the reason behind the significantly larger
friction results [325]. Furthermore, a suggested mechanism of dry mouth related the
functional impairment of salivary mucin on oral surfaces, due to reduced mucin glycosylation
(water trapping locations) which are unable to permit rehydration [326]. This highlighted
both the importance of hydration in oral lubrication when considering xerostomia patients

and the condition of the protein used to promote lubrication.

It could be hypothesised that a combination of the mucin layers adhesion property and load
bearing capacity of the mucin layer, dependent on the surface coverage and hydration state,
contributed to the potential bio-lubrication of the system as illustrated in Figure 9-1. The
pellicle has been considered as a boundary lubricating layer however it is unclear within the
literature as to how this boundary layer provides low friction with high wear resistance
simultaneously. It has been proposed that mucin within salivary pellicles lowers energy
dissipation when exposed to shear (when fully hydrated), similar to polymer brushes, arising
from a lack of interpenetration and hydration lubrication [253, 327]. This is closely supported
by the observed reduction in layer dissipation on hydrated mucin-bovine enamel surface

layers compared to partially hydrated mucin layers, shown by AFM QNM in this thesis. This
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was considered with the measured adhesion response between the AFM cantilever and
mucin structures, in addition to the supporting lubrication observed on hydroxyapatite
QCM-D sensors. Furthermore, the measured deformation property of these mucin layers
builds into how adhesion and dissipation, and therefore friction, is reduced by bearing the
load between the probe and the surface. The induced separation between contacts reduced
direct boundary interactions, independent on layer thickness, which can be attributed to the
water molecules within the structure of mucin and the hydration repulsion these provide.
Given that the porcine gastric mucin used contains approximately 0.5-1.5% sialic acids within
its structure, a directly purified mucin alternative, commercial BSM or an alternative
glycoprotein like polymer with a higher proportion of sialic acid groups or similar, will have

a greater influence on improving lubrication though this mechanism.

t
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Figure 9-1 Hypothesised influence of mucin coverage and hydration in a tribological interface. Entrapment of
water molecules within mucin’s structure permit load bearing, separating surface from direct boundary
contact, aided by repulsion of hydration layers. When partially hydrated with limited coverage, surfaces are
more likely to come into boundary contact requiring a greater force to break adhesion forces.

In the literature, mucin and saliva studies tend to focus towards pellicle formation on soft
tissues/physiologically representative materials and lubrication as opposed to enamel layer
lubrication [302, 309, 308, 53, 122, 102]. Investigations into salivary layers on human tooth
enamel only go as far as prescribing the improved lubrication to the presence of mucin or
statherin compared to a bare enamel surface, and that salivary layer composition influences
lubrication [328, 54]. However, it was also observed that alcohol stimulated salivary pellicles
on enamel presented reduced lubrication with increased adhesion properties, indicating

that the measure of surface adhesion was a good indicator to layer lubrication [328].
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Other studies investigated layer properties from the perspective of soft-to-hard contact,
simulating the oral tissue lubrication with dental surfaces, suggesting increased structural
softness was an important property to consider regarding lubrication [109, 309]. A higher
structural softness is generally associated with a higher level of energy dissipation per unit
mass absorbed onto a surface, however the QNM work indicated mucin on bovine enamel
lowered the dissipation and lowered the coefficient of friction. This suggested a reverse
relationship between the structural softness property and coefficient friction in the mucin

enamel system.

The work presented in this thesis suggests that for hard surfaces interacting with hard
counter faces, a mucin layer’s shear moduli and viscosity properties might provide a greater
insight into the layer’s structure and how it may influence lubrication, as proposed in Figure
6-16, which also supports the above interaction proposed Figure 9-1. It was hypothesised
that structures with a higher shear modulus and viscosity were indicative of the load bearing
properties, as demonstrated by tribo-tests between gold and hydroxyapatite. The higher
shear modulus suggested an increased amount of water entrapment in the layers, while the
viscosity related to the flow response within the layer. This behaviour can be disrupted by
PBS salts, reducing mucin networking by competing with areas where H bonding may
facilitate entrapment, however stronger electrostatic interaction between cations and ionic
regions may maintain a layer’s viscosity property. Furthermore, surface bound mucin
interactions with PBS salts provide these localised structures with further rigidity as shown
by AFM QNM. The following mechanism in Figure 9-2 outlines this hypothesised process in

a) deionised water and b) in PBS.
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Figure 9-2 Hypothesis load bearing of mucin structures in a) deionised water and b) PBS solution.

The observed properties of mucin layers may therefore be used to describe the wear
resistance of bovine enamel surfaces under mucin conditions, which was further enhanced
with PBS salts. AFM investigations demonstrated that PBS enhanced mucin layer load
bearing properties on bovine enamel, as illustrated previously in Figure 4-37. PBS
demonstrated an overall improvement in wear resistance on bovine enamel during
tribometer tests on bovine enamel compared to mucin alone, which was partly attributed
to the mucin layer interaction with salts and some evidence of reduced enamel degradation,
indicated by an improved surface crystallinity observed by Raman spectroscopy. However,
enhanced mucin lubrication with PBS was not observed on hydroxyapatite surfaces, with
comparable coefficient of friction to mucin layers without PBS. Furthermore, examination of
mucin layer’s shear modulus and viscosity properties suggested PBS reduced water within
the mucin layers compared layers without PBS, although this was shown to have limited
effect on lubrication under the two conditions. Nevertheless, from a surface protection point
of view, the ability to bear greater loads may explain the improved wear resistance of bovine
enamel, as separation between the Y-TZP probe and surface is maintained, preventing direct

boundary contact.
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Finally, this work expanded on the wear mechanism of bovine enamel under tribological and
tribocorrosion conditions, highlighting the importance of a corrosion measurement (calcium
release) when assessing overall tooth degradation within the wear area and the surrounding
areain contact with the bulk solution. To the author’s knowledge, this work presented novel
insights into tooth tribocorrosion, combining methods taken from static corrosion cycling
methodologies and applying it to a tribological setting to provide a quantitative evaluation
of degradation compared to qualitative relationships with degradation and surface
mechanical properties, illustrated in Figure 5-18. Raman spectroscopy and XPS
investigations provided further insight into mucin’s role on tribocorrosion, specifically
differences identified within wear scar locations. Tribo-tests under mucin conditions
demonstrated a reduced degree of demineralisation compared to tests within non- mucin
environments, suggesting improved surface protection in the tribo-contact. A higher
proportion of mucin was also identified to be present within the wear areas of samples

tested in neutral pH mucin solution.

Overall, this suggested that a potential tribofilm was formed providing protection of the
enamel surface. It was hypothesised that this could form from mechanical squeezing of
water from the established layer, promoting mucin-mucin interactions at the tribological
interface, as indicated by Triborig experiments and changes to mucin layer shear modulus
properties after mechanical interaction. An illustration of how this could form is presented
in Figure 9-3, with the proposed layer formation mechanism under mechanical conditions
from studies on gold in Figure 9-3a), what this could suggest to the distribution of mucin on
bovine enamel in Figure 9-3b), and how this reduces calcium ion release under DiW and PBS
conditions in Figure 9-3c). Repeat work on hydroxyapatite will be required to confirm this

behaviour with the QCM-D Tribometer.
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Figure 9-3 Hypothesised mucin tribofilm illustration showing a) proposed mechanism of water movement out
of mucin layers on gold leading to more elastic layers by mucin-mucin interactions, b) propose difference in
mucin structures on bovine enamel after mechanical interactions leading to a more condense layer within
the wear contact, and c) the effect of the condensed mucin layer on trapping calcium ions close to enamel’s
surface, with additional fortification provided by phosphate ions in PBS.
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In the acidic environments, mucin’s presence appeared to provide limited protection, having
only been shown to reduce tooth degradation compared to the acid only environment. AFM,
NTR3, optical microscopy and VSI methods all indicated that demineralisation was the
dominant surface interaction, with the addition of mucin causing additional surface damage
to bovine enamel. This is in line with recent work investigating the “anti-erosive” impact of
mucin, where mucin only and combinations of mucin/chitosan combinations were shown to
provide no protective effects on human tooth enamel demineralisation [298]. However,

other research suggests mucin within an artificial saliva was comparable to human saliva in
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corrosion prevention [106]. Differences in erosion behaviour relate to the solution
composition used and the application of mucin within studies. On the one hand enamel
samples were treated for 2 hours in a mucin solution which contained additional salts,
glucose, ascorbic acid and urea, and presented similar protection after citric acid
demineralisation cycles to human saliva compared to solutions without mucin [106]. On the
other hand, citric acid demineralised enamel samples were treated with mucin solutions
without addition salt and additives [298]. In this work, citric acid/mucin solutions were
introduced to surfaces which had been immersed in mucin only solutions, where little
protection was observed. This highlights the importance of additive components within
artificial saliva solutions, concluding that mucin alone cannot provide adequate protection

to tooth enamel.

9.2 Conclusions

The research questions initially proposed in the aims and objectives have been addressed
by the work presented in this thesis. This served to further explore the methodologies used
to investigate and understand the implication of mucin layers and their role on the tribology
and tribocorrosion of dental materials. The key messages of this work are summarised as

follows:

e Commercial porcine gastric mucin type Il demonstrated enhanced lubrication on
bovine enamel, and hydroxyapatite surfaces within deionised water, and PBS
environments. The lubrication was associated with the reduced adhesion between
tribological contacts that mucin provided, which was considered to linked with the
hydrophilic nature of both mucin and hydroxyapatite-based surfaces.

e Surface chemical composition played a key role in mucin layer adsorption kinetics,
mature layer properties and mucin lubrication. Mucin layer properties were also
influenced by bulk solution composition, where hydroxyapatite surfaces
demonstrated a higher sensitivity to the addition of complex salts to the bulk
solution, while this was limited on gold.

e Steatite was demonstrated to not be a feasible alternative to bovine enamel for
research which aimed to investigate mucin layer adsorption and tribology. Surfaces
prepared by the same methods as bovine enamel presented rougher surface
features, and the voids in the trifocal structure were not comparable to the ordered
and anisotropic structure of bovine enamel.

e The tribocorrosion of bovine enamel was determined to be a combination

observable surface wear and unknown wear below the surface, culminating as an
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overall calculation of tooth degradation. Surface investigation methods in this thesis
proved to be insufficient in quantifying subsurface wear, however the proposed
mechanism will guide future investigation into overall tooth enamel degradation.

e There was no added benefit of mucin to lubrication, surface wear, surface integrity

and corrosion protection within a pH 3.1 citric acid environment.

9.3 Limitations of study and future work

9.3.1 Use of physiologically relevant mucin type and purity

The work presented in the thesis provided a benchmark understanding to how type Il PGM
influenced aspects of viscoelastic layer formation on a range of surfaces and how this
improved lubrication and wear protection on bovine enamel. Given that the use of this type
of mucin is considered controversial outside of dental tribology, it would be beneficial to
compare how other mucin types influence layer formation, density, thickness, rheological
and structural properties, and how this impacts protection against tribocorrosion. A
molecule with a larger proportion of water trapping groups, such as sulphates, sialic acids or
others, and the ability to form a highly crosslinked network may provide benefits to general
enamel wear protection and lubrication under most environments. Bovine submaxillary
mucin is another commercially available mucin type, derived from salivary glands, which has
an increased proportion of sialic acid groups and is more intact compared to type Il PGM
[97, 228]. Furthermore, purification of commercial mucin to remove the impact of salt and
other protein impurities may serve to build onto the adsorption behaviour and layer
properties discussed in this work. At the time of writing, further work is currently being

carried out to understand the implications of purification.
9.3.2 Use of XRD on bovine enamel samples

One question which was not addressed in this thesis was whether a surface’s crystalline
structure and bulk composition influenced mucin layer properties and subsequent mucin
lubrication. A homogeneous hydroxyapatite coating onto quartz only provided an insight
into the surface chemistry impact of layer formation and lubrication, while the structurally
orientated hydroxyapatite prisms and rods in bovine enamel, examined by XRD in this thesis,
may expose a more specific interface for mucin-surface and mucin-solution interactions
[329]. It would be beneficial to examine hydroxyapatite crystallinity in relation to mucin or
salivary layer formations in relation bovine and human tooth enamel materials to provide a

feasible relation in layer’s measures with one surface compared to layer’s tested on another.
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9.3.3 Use of a static or incremental load profile for all tribometer tests

The tribology results presented in this thesis relate to a dynamically controlled constant
loading force applied during a sliding cycle, providing an insight into peak force sliding
conditions observed in mastication. However, a dynamic loading regime over a single cycle
may provide further insight into dental wear and tribocorrosion under more physiological
related loading profiles. Furthermore, the behaviour of mucin layers under dynamic load
profiles could be further investigated from a lubrication point of view. This could be done
with a modified QCM-D tribometer arrangement, examining structural behaviour from
impact, loading and sliding behaviours. The nanoindentation module of the Triborig would

also compliment investigations.
9.3.4 Use of XPS and location targeting specific areas

The XPS system was limited due to the lack of ability to properly target specific locations on
enamel surfaces. As wear scars were approximately 1 mm in length, a precise survey could
not be attained directly within the wear track. Three cameras and a laser were used to target
the centre of the scar using markers on the sample, where Figure 9-4 provides an example
of the scan area highlighted by the laser. Despite this limitation, this investigation does
highlight some interesting differences between the wear scar area and areas further away
from the scar. An in-depth characterisation of a potential tribo-films therefore could not be
completed under the current experimental set up, however this should be re-examined with
more samples, a larger wear scar area and refinements in location targeting to directly

uncover site specific chemistries, within different locations of the wear scar.

Figure 9-4 Example of targeting the wear scar location with XPS system.

9.3.5 Use of the Triborig system combined with the QCM-D

The Triborig system, when paired with the QCM-D, presented a limitation regarding sample

slanting (sample’s top and bottom surfaces not parallel) and software corrections. Figure 9-5
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shows the raw displacement loops for F, and the piezo stage displacement, highlighting an
area for improvement. The normal force is slanted due to the position of the Triborig in
relation to QCM-D, shown in Figure 9-5a). In contrast the piezo stage displacement is not
slanted, shown in Figure 9-5, presenting a systematic error where the normal force was not
corrected over the course of the displacement loop. This was attributed to the PID
(proportional integral derivative) control of the feedback loop which control the F,. More
responsive settings should be tested to ensure the piezo stage is dynamically controlled to
output a more consistent/ constant normal force. This would benefit future tests to ensure

a constant load is applied over a slightly slanted surface.
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Figure 9-5 Raw displacement loops for a) F, and b) the piezo (PZ) stage displacement.

9.3.6  Use of linear sliding motion on QCM-D sensors with the QCM-D tribometer

Future iterations of the test arrangement to examine structural changes to layers from direct
mechanical interactions should consider an alternative probe material and design. Changing
the probe to softer material like polydimethylsiloxane (PDMS), and increasing the probe
diameter, will enable a greater area for direct mechanical interaction to investigate changes
to the directly affected area. Additionally, a rotating multi-probe set up should also be
considered to maximise the interaction area on the QCM-D sensor. This configuration has
been used to maximise interaction area of a cobalt chromium molybdenum (CoCrMo) alloy
pins on CoCrMo coated QCM-D sensors [330]. The radius of the multi-probe arrangement
can be adjusted depending on the size and softness of each probe component. The effect
has been illustrated in Figure 9-6. By interacting with a larger surface area on the QCM-D
sensor, the measured frequency and dissipation properties would provide a more accurate

representation of a mechanically altered layer to further explain tribofilm behaviour.
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Figure 9-6 lllustration of how the Triborig’s probe configuration can increase the area of effect on the QCM-D
sensor.

9.3.7 Use of high contact pressure during tribo-tests, generally, and with the QCM-D

tribometer

A lot of mucin layer studies linked to lubrication tend to focus around softer, low contact
pressure applications rather than the higher contact pressures associated with tooth-on-
tooth interactions. Additional research addressing the latter would provide further
knowledge of the importance of protein layers on protection under these conditions. Upon

confirmation, artificial saliva solutions can be developed with this method of in-situ testing.
9.3.8  Use of static flow conditions with the QCM-D tribometer and NTR? tribo-tests

Addition features such as a circulating solution pump will enable the simulation of flow
condition with QCM-D tribometer arrangement, which could be used to provide further
insight into layer degradation in-situ. The flow inlet and outlet would be positioned
perpendicular to the direction of sliding to minimise any directional forces in the F: direction
from the flow. Flow rates should also be representative of salivary flow, similar to the flow
conditions used in QCM-D tests in Chapter 6. Should hydroxyapatite coated QCM-D sensors
be used, the addition of a calcium selective electrode would provide an insight into the
protection of mucin layer under corrosion and tribocorrosion conditions. Under this
proposed arrangement, the structural properties of the mucin layers could be linked with
the calcium concentration in the circulating solution as the schematic in Figure 9-7

illustrates.
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Figure 9-7 Proposed modification to Tribo-QCM-D for tribocorrosion measurements of hydroxyapatite coated
sensors.

9.4 Closing statement

From the work documented in this thesis it can be concluded that while mucin may be a
viable additive for artificial salivas within a neutral pH environment, it is not sufficient to
protect dental surfaces within an acidic environment alone. For artificial salivas to provide
additional benefit to xerostomia patients, further work should focus on either an alternative
“anti-corrosive” component within formulations, or to identify which components are
crucial to enable mucin to provide protection during demineralisation and tribocorrosion in

general.
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