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Abstract: Interactions between surfaces are ubiquitous phenomena in living organisms.
Nature has developed sophisticated strategies for lubricating these systems, increasing their
efficiency and life span. This includes the use of water-based lubricants, such as saliva and
synovial fluid. These fluids overcome the limitations of water as a lubricant by the
presence of molecules such as proteins, lipids, and polysaccharides. Such molecules may
alter surface interactions through different mechanisms. They can increase viscosity
enabling fluid-film lubrication. Moreover, molecules adsorb on the surfaces providing
mechanisms for boundary lubrication and preventing wear. The mentioned molecules have
typical sizes in the nanometer range. Their interaction, as well as the interaction with the
entrapping surfaces, takes place through forces in the range of nanonewtons. It is therefore
not surprising that the investigation of these systems have been boosted by development of
techniques such as scanning probe microscopies and the surface force apparatus which
allow studying tribological processes at the nanoscale. Indeed, these approaches have
generated an enormous amount of studies over the last years. The aim of this review is to
perform a critical analysis of the current stage of this research, with a main focus on studies
on synovial joints and the oral cavity.
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Abbreviations

AFM: atomic force microscope; BSM: bovine submaxillary mucin; DOPC: 1,2-dioleoyl-sn-glycero-3-
phosphocholine; DPPC: 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine; EHL: elastohydrodynamic
lubrication; GAG: glycosaminoglycan; HA: hyaluronic acid; HSPC: hydrogenated soy
phosphatidylcholine; PBS: phosphate buffered saline; POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine; PRP: proline rich protein; SAPL: surface-active phospholipids; SDS: sodium dodecyl
sulfate; SFA: surface force apparatus; SUV: single unilamellar vesicle; SZP: superficial zone protein.

1. Introduction

Biological surfaces in relative motion are commonly ocurring in nature, which in order to keep
friction and wear under control have developed extremely efficient lubrication strategies. In fact, these
systems are often lubricated by similar water-based mechanisms [1]. While water itself is a poor
lubricant, as its viscosity does not significantly rise under pressure, this has been overcome by nature
with the addition of biological molecules such as proteins, lipids, and polysaccharides. This results in
very efficient lubricants that allow operation under different regimes. For instance, mucinous
glycoproteins which are usually found in these systems can increase the fluid viscosity [2], enabling
fluid-film lubrication mechanisms. Additionally, biological molecules adsorb on the interacting
surfaces forming films that lubricate in a boundary regime lowering friction and preventing wear [3].

In boundary lubrication the interacting surfaces, or the layers that cover them, establish contact
through their asperities. When dealing with biological lubricants, these asperities are mainly the
molecules that adsorb on the surface and typically have sizes in the nanometer range. Moreover, these
molecules interact between themselves and with the underlying surfaces through forces with values in
the nanonewton range. Therefore, in order to unravel the molecular mechanisms that govern biological
boundary lubrication it is necessary to employ experimental techniques with the ability to study films
of adsorbed biological lubricants at the nanoscale.

In the end of the 20th century, different techniques emerged which allowed the study of surface
interactions at the nanoscopic level. Among these techniques, the atomic force microscope (AFM) and
the surface force apparatus (SFA) have played an outstanding role in the development of experimental
nanobiotribology, mainly because of their ability to study forces and distances at the nanoscale in
physiologically relevant conditions. The number of studies where these techniques are applied to study
biological lubrication mechanisms grows at a continuously increasing rate every year. To cover all the
literature within this field would be an overwhelming task. This review focuses instead on studies
dealing with experimental investigations at the nanoscale of two representative parts of the human
body which need to be highly lubricated in order to fulfill their physiological functions: synovial joints
and the oral cavity. Both of these compartments are lubricated by aqueous lubricants, viz. synovial
fluid and saliva respectively. However, they also have marked differences. Synovial joints are closed
compartments lined by soft surfaces (cartilages and synovial membranes) while in the oral cavity both
soft (buccal mucosa) and hard (teeth) surfaces need to be lubricated. The aim of this review is to
summarize the current stage of AFM and SFA research on these systems.
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2. Some Basic Tribology Concepts

Even though the basics of tribology are out of the scope of this review, a short overview of its most
basic concepts is given in order to facilitate the reading for those non-experts in the field. In general
terms, tribology is the science of surfaces in relative motion. This embraces the study of friction, wear
and, therefore, lubrication.

Friction may be defined as the resistance offered to the sliding of one surface over another and
express itself as a (friction) force opposing the sliding. This resistance may result from different
factors such as adhesion, interlocking of asperities and surface deformation. Friction is frequently
characterized by the friction coefficient, i.e., the ratio between the force pressing the surfaces together
and the force needed to overcome friction. It is important to distinguish between static and kinetic
friction. Two opposing surfaces will stick until the sliding force reaches the value of the static friction.
Kinetic friction refers to that opposing an on-going relative motion. Typically, the static friction
coefficient is larger than the kinetic friction coefficient. In this case, there is a tendency for the motion
to be intermittent rather than smooth, a phenomenon known as stick-slip motion. When the initial
resistance to motion is overcome the friction force diminishes. This causes an acceleration of the body
and, subsequently, the force applied to overcome friction decreases until it is insufficient to overcome
the dynamic friction and eventually the relative motion stops. However, kinetic friction exhibits a
complicated dependence of the relative velocity and so does the stick-slip phenomenon.

Wear may be defined as the progressive loss of material from surfaces in relative motion. There are
many different mechanisms by which wear may occur. Adhesive wear occurs when the adhesion
between the interacting bodies is stronger than the cohesive forces of the bodies themselves. Abrasive
wear is usually present between surfaces of different hardness. In this case it may occur that the hard
surface plow through the softer one. Fatigue wear occurs when cyclic shear gradually weakens the
softer surface. Independently of the mechanism, it is friction what eventually causes wear. It has been
widely accepted that low friction would prevent wear. However, this is not always the case as it is
shown in this review. Low friction does not imply low wear and vice versa.

The term lubrication refers to the process of reducing friction, and/or wear, between relatively
moving surfaces by the application of a substance, i.e., the lubricant. Lubrication may take place
through different mechanisms/regimes, mainly fluid-film lubrication, boundary lubrication, and the
transition between the fluid-film and the boundary regimes, also known as mixed lubrication.
Fluid-film lubrication [4] is characterized by the existence of a film of fluid/lubricant that completely
separates the interacting surfaces. Therefore, the load on the surfaces is supported by the pressure in
the fluid film. This pressure can be maintained by the continuous motion of the
surfaces (hydrodynamic lubrication) or by pumping fluid externally (hydrostatic lubrication).
Elastohydrodynamic lubrication (EHL) can also be included within this regime and it refers to the
situation when, upon large pressures, one or both of the interacting surfaces deform in order to enlarge
the load-bearing area. The thickness of the fluid film scales proportionally with the fluid viscosity and
the relative velocity, and inversely with the applied load. In fluid-film lubrication, because of the
surfaces being completely separated, wear is almost totally prevented, and the sliding resistance is low.
At high loads, low sliding speeds and/or low viscosities of the bulk lubricant, the separation between
the interacting surfaces decreases until, eventually, they establish contact. In this regime, termed
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boundary lubrication, friction and wear are not governed by the bulk properties of the lubricant but by
the properties of thin layers partially formed upon lubricant adsorption. The transition from fluid-film
to boundary lubrication, where pressure is borne partially by mechanical contact between the surface
asperities and partially by the entrained fluid is termed mixed lubrication. The different lubrication
regimes are often visualized in the form of Stribeck curves, where the friction coefficient is plotted in
terms of the shear velocity, fluid viscosity, and applied load (Figure 1).

Figure 1. Model Stribeck curve where the friction coefficient ant the fluid film thickness
are plotted as a function velocity, fluid viscosity and load for the boundary, lubrication, and
hydrodynamic lubrication regimes. Reprinted from [5], with permission from Elsevier.
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From the previous discussion it is clear that lubrication is highly dependent on the viscoelastic
properties of both the bulk lubricant and the adsorbed lubricant films. The fluid-film lubrication regime
will prevail for higher loads for lubricants of high viscosity and vice versa. In the boundary lubrication
regime the friction force is also highly dependent on the viscoelasticity and plasticity of the adsorbed
lubricant films as these properties will determine for instance the contact area between the interacting
surfaces or the appearance of plowing effects.

3. Experimental Techniques for Nanotribological Investigations

This section presents a short overview of the two experimental techniques most often employed for
nanotribological studies, i.e., the atomic force microscope (AFM) and the surface force apparatus
(SFA). For a more detailed description, the interested reader is referred to the referenced literature.

3.1. Atomic Force Microscope (AFM)

The AFM [6] (Figure 2a) is not a common microscope in the sense that it does not form an image
by focusing light or electrons onto a surface as other microscopies do. AFM is based on the
measurement of very small forces between the sample surface and a sharp probe/tip (typical apex size
is in the range of a few nm) mounted on the free end of a flexible cantilever. These forces induce
deflections on the cantilever which, through different detection techniques, can be measured with
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sub-angstrom resolution. Standard values for the spring constant of cantilever can be as low as
0.05 N-m ', so that forces in the 10-100 pN range can be easily measured. The sample (or the
cantilever depending on the specific set-up) is mounted on a piezoelectric tube which can be displaced
both in the vertical and lateral dimensions with sub-nanometer resolution. Standard surface imaging is
performed by scanning the probe over the sample surface while keeping track of the cantilever
deflection or, more often, by keeping the deflection constant by varying the vertical distance between
the cantilever and the sample surface. In this way, AFM builds a map of the height of the sample
surface. Normal interaction forces between tip and sample can be measured with sub-nanonewton
resolution while varying the relative separation between cantilever and sample [7]. This allows for
instance the determination of the sample elasticity and of the adhesion force between tip and sample.
Torsional deflections of the cantilever can be detected as well [8]. This allows measuring, also with
sub-nanonewton resolution, (friction) forces. Tribological studies by means of AFM often include
measurements of the dependence of the friction force on the loading (normal) force. However, friction
can be highly influenced by the sample topography. In order to eliminate the contribution from the
topography “friction loops” are usually acquired, a method that also avoids determining the cantilever
torsional deflection corresponding to zero lateral force. Friction loops are acquired by scanning the
sample in opposite directions while keeping both the applied load force and the sliding velocity
constant. The net friction force is then associated with half the difference between the average lateral
forces measured for each of the scanning directions. The nanometer-sized probe can be replaced with a
micrometer-sized colloidal particle [9]. In this implementation, from now on referred as colloidal
probe spectroscopy, lateral resolution is sacrificed, but in turn the probe geometry is known with high
accuracy and, moreover, it is possible to employ probes made of a wide variety of materials.

Figure 2. Schematic drawings of (a) an atomic force microscope (reprinted with
permission from [10]); and (b) a surface force apparatus/balance (reprinted by permission
from Macmillan Publishers Ltd., Nature [11], copyright 1980).
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3.2. Surface Force Apparatus (SFA)

The surface force apparatus (SFA) [12,13], also known as surface force balance (SFB) depending
on the specific set-up characteristics [11] (Figure 2b), measures both the separation and the forces
between two curved molecularly smooth surfaces (typical radius of curvature ca. 1 cm). These surfaces
are typically in a crossed cylinder configuration resulting in a ca. 1 mm radius circular contact area.
The vertical separation between the surfaces is controlled by means of a multiple stage mechanisms
which also employs piezoelectric tubes. The surface separation is usually measured by multiple-beam
interferometry. This requires transparent surfaces, typically mica. Modified versions of the SFA have
been developed in order to employ opaque surfaces [14], replacing the optical distance detection
technique by a capacitance method. In both type of systems the separation between the surfaces can be
controlled with a precision of ca. 0.1 nm. The sensitivity in normal forces is in the 1-10 nN range.
Friction attachments have also been developed for the SFA [15,16], which allow the two surfaces to be
sheared laterally while measuring the friction force between them. As in AFM, friction is measured by
means of friction loops, i.e., cyclic shear movements in opposite directions at constant applied load and
shear velocity, and the net friction force associated with half the difference between the average
friction forces measured for each half-cycle. The ranges of friction forces that can be studied are
typically in the 10-10® nN range. The viscosity of a fluid confined between the surfaces can be
measured by applying an oscillatory normal motion to one of the surfaces and monitoring the ratio
between the induced and resulting oscillation amplitudes [17]. Effective viscous and elastic shear
moduli can also be measured by applying an oscillatory shear driving force [18].

3.3. AFM vs. SFA

Both AFM and SFA can be considered multifunctional tools where the ability to study friction can
be combined with the possibility of studying normal interactions, along with topography visualization
in the case of the AFM or viscosity and refractive index measurements in the case of the SFA. The
ability to measure normal forces is of great help in the understanding of friction data. In both AFM and
SFA experiments, friction is measured for a value of an externally applied load force. However, the
total normal force acting on the surfaces is the sum of the load force and of the forces resulting from
the interaction between the surfaces (which can be determined by both techniques through independent
normal force measurements). Therefore, it is important to measure interaction (normal) forces before
and after friction measurements in order to correctly interpret friction vs. load data. It is important to
mention that SFA presents a notorious advantage over AFM when it comes to normal force
measurements. In SFA, absolute separations between the interacting surfaces can be measured whereas
AFM only allows the determination of relative displacements. This limits AFM not only in
determining the thickness of adsorbed layers but also in the interpretation of interaction forces in terms
of force laws, especially when the surfaces can be deformed. Concerning interaction forces it is
important to mention those arising from the formation of water bridges between the surfaces when
working in ambient conditions in a non-zero relative humidity environment [19,20]. Such capillary
forces exceed all other interaction forces by orders of magnitude, being highly destructive when



Lubricants 2013, ] 108

probing biological material. However, capillary forces disappear when working in liquid environment,
the most relevant situation in biolubrication studies.

It is also possible to take advantage of the possibility of AFM and SFA to damage samples as this
allows studying surface wear. Most commonly wear is inferred from abrupt changes in the friction vs.
applied load [21], although it can also be characterized from changes in the sample topography in the
case of AFM [22,23] or from changes in the shape of the interference fringes in SFA [24].

The AFM and the SFA present some highly marked differences that have to be considered when
choosing the appropriate technique to perform an investigation. AFM stands out for its ability to
visualize in situ the sample surface and for its high lateral resolution which is in the nm range as
determined by its probe size. On one hand, this allows AFM to perform studies even at the single
biomolecule level whereas in SFA interactions are averaged over the whole contact area which is
typically in the mm” range. On the other hand, pressures applied are much higher in AFM than in SFA.
As a result of the difference in contact area (ca. 10-100 nm” in AFM vs. ca. I mm® in SFA), pressures
applied in SFA are usually in the MPa range, while in AFM pressures in the GPa range are easily
achieved. Friction measured by AFM can be also affected by the local character of this technique. As
previously commented, one of the main purposes of friction loops is to eliminate the contribution of
the topography to the measured friction. However, the thermal drifts that are commonly present in
AFM experiments may prevent an exact spatial matching between trace and retrace data. On the
contrary, because of the much larger interacting area, this is less relevant in SFA friction experiments.

4. Lubrication in Synovial Joints
4.1. Physiology and Macrotribology of Synovial Joints

As early as in the 18th century [25], natural synovial joints were considered as a paradigm of the
efficient lubrication strategies developed by nature. Since then, an enormous effort has been devoted to
unravel the mechanisms underlying synovial joint lubrication [26—28].

Synovial (or diarthrodial) joints are found at the freely movable articulations of the long bones of
the skeleton (hip, knees, shoulders, fingers, etc.). They are known for their extremely effective
lubricity combined with incredible load bearing capacity. For instance, the mean pressure on hip joints
during the peak of a normal walking cycle is ca. 5 MPa although local pressures of ca. 20 MPa can be
achieved [29]. Despite these high pressures, synovial joints exhibit friction coefficients as low as
107 [30-32]. In synovial joints (Figure 3), the ends of opposing bones are covered with a thin layer of
cartilage, connected by ligaments and lined by a synovial membrane to create a cavity filled with
synovial fluid [33]. Cartilage is a porous material composed of a relatively small number of cells
(chondrocytes) embedded in an extracellular matrix. The main components of this matrix/interstitial
fluid are water (60%—80% of the total mass), collagen (60%—70% of the dry mass), and proteoglycans
(mostly aggrecans) (ca. 30% of the dry mass). The synovial membrane (also known as synovium) lines
the inner surface of the joint capsule and covers all intra-articular structures with the exception of the
cartilage. Along with the removal of debris from the joint capsule, its main function is the production
of synovial fluid. Indeed, the synovial membrane is a membrane permeable up to some extent to
plasma, as well as a producer of hyaluronic acid. Effectively, the synovial fluid is essentially a
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dialysate of plasma with the addition of hyaluronic acid (HA), a polysaccharide composed of
equimolar quantities of D-glucuronic acid and N-acetyl-D-glucosamine residues, although it also
contains other components such as a considerable amount of lipids [34,35]. From the rheological
aspect, synovial fluid is a non-newtonian fluid with a shear thinning character, i.e., viscosity decreases
upon increasing shear rate [36], with viscosities in the 10°-10* mPa-s range [32,37,38]. It is well
accepted that this viscous character is imparted by the contained HA molecules [37,39].

Figure 3. A cross-sectional diagram through a synovial joint. Adapted by permission from
Macmillan Publishers Ltd., Nature Materials [40], copyright 2013.
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A significantly high number of different lubrication mechanisms have been proposed for synovial
joints. These can lay within fluid-film to boundary lubrication, or even a combination of several
lubrication mechanisms. Fluid-film lubrication was first thought to govern joint lubrication because of
the low friction coefficients observed [37,39]. It has also been proposed that elastohydrodynamic
lubrication could play a role as the lubricating pressure could cause a deformation of one or both of the
opposing cartilage, thus reducing the velocity needed to maintain a fluid film between the bearing
surfaces [41]. However, as with hydrodynamic lubrication, most probably the thickness of the synovial
fluid film would not be thick enough to avoid wear of the cartilage asperities. Soon it was recognized
that the special properties of cartilage tissue could also play a role in synovial joint lubrication,
enabling fluid-film mechanisms. McCutchen [42] proposed a mechanism termed weeping lubrication
where the interstitial fluid of hydrated articular cartilage would flow out onto the bearing surface when
load is applied. The cartilage would act as a self-pressurizing sponge. When load is released, fluid
would flow back into the cartilage.

Eventually [43], hydrodynamic models for joint lubrication were postulated as unlikely as they are
not suited to conditions where the motion is reciprocating (as in this situation the relative velocity
between the interacting surfaces drops to zero at least twice during each movement cycle). Moreover,
hydrodynamic lubrication is not easy to achieve with slow-moving surfaces under heavy-loads. This
suggests that boundary lubrication might also play an important role. Boundary lubrication usually
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occurs when the bearing surfaces are separated by a film of molecular dimensions which are somehow
attached to them, i.e., a boundary lubricant is needed. This lubricant has to be located at the outer layer
of the cartilage surface. Initially, HA was considered the main lubricant component in synovial
joints [37]. However, it is, nowadays, generally accepted that HA is involved in fluid-film lubrication
as a viscosity modifier but has little boundary lubricating properties [44]. In fact, centrifugation of
synovial fluid leads to two separated fractions, one containing mainly HA and the other being mainly a
“proteinaceous” fraction [45], the latter shown to be more lubricating [46]. Later on, traditional
biological routes of searching for a protein unique to the joint led to the finding of a macromolecular
proteoglycan which was given the name of lubricin [47]. Lubricin has been shown to adsorb on the
cartilage surface [48]. Indeed, it is also known as “superficial zone protein” (SZP). The major role of
lubricin in boundary lubrication is nowadays well-accepted [49]. However, the experimental
observation of the hydrophobicity of the articular cartilage [3] contradicts a scheme where a
glycosylated and, therefore, hydrophilic protein such as lubricin would be the main boundary lubricant.
Additionally, it has also been shown that the “proteinaceous” fraction contains surface-active
phospholipids (SAPL) [50]. Interestingly, it was found using enzyme treatment strategies to degrade
phospholipids in both the cartilage and in the synovial fluid resulted in a loss of lubrication but that
damage to HA had no effect [51]. However, the opposite result has also been reported [52], this
leading to some controversy regarding the role of SAPL in joint boundary lubrication [53]. It has been
proposed that lubricin could act as a carrier for the SAPL, although other schemes like HA being the
carrier for SAPL and this composite adsorbing on lubricin layers at the cartilage surface have also been
proposed [44,54]. Up to date, a key boundary lubricant has not yet been found. Moreover, it is believed
that boundary lubricity may not be attributed to a single component but to the synergistic action of
different components of the cartilage outer surface instead.

Fluid-film or boundary lubrication regimes alone may not represent the complex lubrication
mechanism in synovial joints. This has led to the appearance of several “mixed” lubrication
models [36,55,56]. More recently, the idea of adaptative multi-mode lubrication was proposed [57]. It
states that lubrication in synovial joints results from the combination of many different
regimes/mechanisms, the nature of which also varies during the joint loading cycle.

4.2. Nanotribology of Synovial Joints—Cartilage Surfaces

Due to its feasibility to investigate almost any type of surface, AFM has been used extensively to
perform in vitro tribological measurements on dissected cartilage surfaces. In contrast to macroscale
measurements, which have been shown to remove not only adsorbed lubricant films but also part of the
cartilage itself [58], the high available sample area per probe area ratio in AFM allows to continuously
investigate intact zones of the samples.

When investigated on the macroscale, friction on cartilage surfaces exhibit a time-dependent
behavior due to the flowing of the interstitial fluid contained in the cartilage tissue away from the
contact region. However, in nanoscale friction measurements with the AFM this effect is not observed
due to the small contact area and high pressures exerted. As shown by Park and co-workers [59], the
friction coefficient measured in AFM experiments corresponds to that measured in equilibrium in
macroscale friction measurements. They reported friction coefficients of ca. 10™', which are in good
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agreement with those reported by others in AFM investigations of cartilage surfaces [60—62] as well as
with those obtained in macroscale measurements after the interstitial fluid pressure drops down, i.e.,
after the interstitial fluid flows out from the compressed cartilage [63]. Interestingly, Coles and
co-workers [62] showed that interfacial shear is the major component of friction measured on cartilage
surfaces by means of colloidal probe spectroscopy. They discarded plowing contributions as friction
did not show the dependence on sliding velocity expected for this mechanism. Moreover, no
correlation was found in this work between friction and cartilage roughness.

The possibility offered by AFM to combine friction measurements with measurement of other
quantities such as adhesion, stiffness, and even to visualize, in situ, the sample topography with nm
resolution has been of great aid in unraveling the mechanisms underlying boundary lubrication of
cartilage surfaces. Chan and co-workers used this approach along with selective enzymatic digestion
of different joint components to investigate the role played by these components in boundary
lubrication [60]. Specifically, they digested cartilage lubricin/SZP, HA, and SAPL. The friction
coefficient increased after lubricin digestion, but remained unaltered after digestion of HA or SAPL.
This supports lubricin being one of the key boundary lubricants. AFM imaging did not demonstrate a
consistent trend or significant change of surface roughness for any enzyme treatment. This indicates
that changes in friction could not be attributed to modifications of the surface roughness. However,
adhesion decreased after lubricin digestion. Therefore, adhesion did not seem to be the dominant
friction mechanism either. The authors argued that the observed friction behavior could be due to a
dominant plowing mechanism. However, in a later study [61] they also showed that adhesion was
lower on those zones of the cartilage which, in in vivo situations, bear higher loads. This was
accompanied by lower friction coefficients and a higher concentration of cartilage lubricin as
determined by immunohistochemistry techniques. This suggests that the higher content of boundary
lubricant at load-bearing cartilage sites preserves synovial joint lubrication, at least up to some extent
and, in contrast to their previous findings, by minimizing adhesion.

Recently, friction and wear have also been studied on cartilage surfaces by means of SFA [64]. This
was done by gluing a cartilage sample on a glass disc which was then mounted onto the SFA and then
tested against another glass disc. In agreement with previous macroscale tribological investigations, at
low loads an initially low but temporary increasing friction was observed, this being characteristic of
EHL mechanisms maintained by the secretion of interstitial fluid. Eventually this secretion diminishes
and the system entered a boundary lubrication regime. They also studied the lubricating role of HA by
comparing the tribological behavior of the system before and after HA enzymatic digestion. This
affected the system in different ways depending on the load applied. At low loads friction decreased
while at high loads it increased. This suggested that in the low load EHL regime HA just play the role
of a bulk viscosity modifier, i.e., the decrease in the HA chain length after digestion leads to a lower
bulk viscosity, this in turn decreasing friction in the EHL regime. Their results also suggest that under
high loads HA becomes anchored to the porous cartilage surface forming a protective layer that, after
digestion, could no longer protect the cartilage surface leading to an increase in friction. Indeed, it was
possible to monitor surface damage in situ in real time from the friction force traces. When shearing in
the transition regime between EHL and boundary lubrication, before HA digestion no sign of damage
of the cartilage surface was observed. After digestion, friction in this transition regime decreased but
wear on the cartilage surface appeared. This indicated a complex relationship between friction and
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wear but also that the primary role of HA in boundary lubrication is not reducing friction but
preventing wear. In a follow-up work [65], friction and wear were studied in a symmetric system, i.e.,
two cartilage surfaces mounted onto the opposing glass slides of the SFA. In this study, wear on the
cartilage surface was characterized after shear by means of interferometry imaging. By means of SFA,
they were able to determine that under mild shearing conditions, i.e., not extremely high loads or
shearing speeds, stick-slip friction mechanisms can be present, probably originating in interactions
and/or entanglements between opposing aggrecan or HA molecules. Moreover, they showed that
stick-slip motion led to abrasive wear of the cartilage surface. Indeed, wear showed a higher
correlation with the occurrence of stick-slip motion than with the absolute value of friction forces.
They also enzymatically digested several joint components (specifically HA, glycosaminoglycans and
collagen) to determine their role in stick-slip motion friction and wear prevention. They found that
digestion of all studied components lowered the cartilage tribological performance, suggesting that in
in vivo situations they work synergistically to prevent wear.

AFM and SFA studies of cartilage surfaces are unavoidably in vitro studies, therefore involving
several, and critical, sample preparation steps. Crockett and co-workers used AFM to examine effects
of buffer treatment, specifically phosphate buffered saline (PBS), on the structure and mechanical
properties of cartilage surface [66]. Initial AFM imaging of cartilage under synovial fluid revealed a
gel-like topography. Exchange of synovial fluid by PBS made the surface highly hydrophobic as
revealed by AFM adhesion measurements. With time, the cartilage topography changed to a granular
one. This was accompanied by a decrease in adhesion indicating that the surface turned from
hydrophobic to hydrophilic, and by a decrease in stiffness. This work dramatically showed how critical
the handling of the sample is for the reliability of in vitro studies of cartilage surfaces.

4.3. Nanotribology of Synovial Joints—Reconstituted Model Systems

The difficulty of studying in vitro cartilage surfaces has favored the investigation of reconstituted
systems with the aim of unrevealing the role of the different components of synovial joints in the
tribological performance of the whole system.

HA was one of the first molecules whose nanotribological performance was investigated. It was
soon realized [67] that, at physiological conditions, HA neither adsorbs nor lubricates the most
common surface used in SFA experiments, i.e., mica. Therefore, in order to study friction between HA
layers strategies to increase physisorption were employed. This included the ionic binding of the
negatively charged HA to (i) to positively charged surfactant bilayers supported on mica substrates,
and (ii) to negatively charged mica surfaces via Ca®* bridges [68]. Normal force measurements showed
that these strategies could provide HA layers on the mica surfaces. However, it was also shown that the
layers failed in lubricating the surfaces except, perhaps, for very low applied loads. Moreover, it
appeared that HA molecules could become forced out from the gap between the surfaces at relatively
low pressures (>5 atm). This led to the conclusion that, in order to hold the HA layers on the sheared
surfaces, a must for their lubricating performance, stronger interactions than electrostatics should
operate between the molecules and the surfaces. Despite these results, HA could still function as a
good boundary lubricant, but for this a stronger force than a mere ionic one would be required to hold
the molecules on the surfaces. Therefore, chemisorption strategies were employed. Benz and
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co-workers [69] used two different strategies: (i) Biotynilayed HA was bound a supported lipid bilayer
covered with streptavidin; and (ii) HA was directly covalently bound to a lipid bilayer coated mica
surface. None of these systems, with friction coefficients of 0.27 and 0.19, respectively, demonstrated
outstanding lubricity. Friction was also measured for hylan (a viscous gel formed by cross-linked HA
molecules) covalently attached to the lipid-coated SFA surfaces. However, this system also showed
limited lubrication ability with a friction coefficient of 0.15. In the same study, wear of the
chemisorbed layers was characterized by abrupt changes in the friction coefficient. Chemisorbed HA
revealed a limited capability to protect the underlying mica surfaces. However, covalently bound hylan
showed a much better load-bearing capacity, the surfaces being able to be compressed and sheared at
pressures of several hundred atm (10 MPa range) without any damage being observed. Similar results
were obtained later on by Yu and co-workers [70]. They investigated, by means of SFA, the
nanotribological performance of chemically grafted and cross-linked HA. In addition to not being
extremely lubricating (friction coefficient of ca. 0.5), chemisorbed and cross-linked HA exhibited
much higher wear resistance (no surface damage was noticeable up to pressures of 2 MPa) than
physisorbed HA layers. Although it is unlikely that HA at the cartilage surface is chemically
cross-linked, it may be networked by other proteins, this being one of the mechanisms used to avoid wear
of the cartilage surface as was proposed (vide supra) from SFA experiments on cartilage surfaces [64].

A load-bearing function has also been proposed for lubricin. Jay and co-workers [71] employed
AFM to show that lubricin adsorbed on opposing model hydrophobic surfaces and thereby reducing
their adhesion. They proposed that the adhesion reduction mechanism was responsible for the role
played by lubricin in the reduction in wear observed in macroscale ex vivo measurements between
cartilage surfaces. Zappone and co-workers [24] measured normal and friction forces, by means of
SFA, between lubricin layers adsorbed on various model planar hydrophilic and hydrophobic surfaces.
They also used the interferometric setup of the SFA to characterize wear on the surfaces. They found
net repulsive normal force in all cases, supporting the anti-adhesive properties of lubricin layers. They
also found that, for loads up to ca. 6 atm (ca. 0.6 MPa), lubricin lubricates hydrophilic surfaces
(friction coefficient of 0.02—0.04) better than hydrophobic ones (friction coefficient >0.3). For higher
pressures, wear was observed in the lubricin layers formed on hydrophilic surfaces. However, the
layers formed on hydrophobic surfaces did not show wear until 5-15 times higher pressures. These
results support again the idea that boundary lubrication and wear protection in articular joints are due
to the presence of a biological polyelectrolyte on the cartilage surfaces. The same group performed a
follow-up study [72] with the goal of determining the molecular mechanisms underlying the good
lubricity of lubricin when coating hydrophilic surfaces. In a simplified picture, lubricin possesses a
characteristic molecular structure composed of a long, heavily glycosylated central domain flanked by
two nonglycosylated globular end domains. They studied the effect of proteolytic digestion of lubricin
by chymotrypsin which separates the globular domains from the glycosylated ones. After in situ
digestion, the surface coverage was drastically reduced, the normal forces as measured by means of
SFA were altered, and both the coefficient of friction and the wear were dramatically increased. This
suggested that, most likely, the enzyme rapidly released the non-adsorbing glycosylated domain into
the solution. The anchoring of the glycosylated domain on the surface is thus critical for lubricin to
express its full lubricating ability.
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HA-lubricin interaction and its role in synovial joint boundary lubrication have also been
investigated. By means of colloidal probe normal force measurements, Chang and co-workers [73]
confirmed through the observation of repulsive interactions that lubricin, in contrast to the behavior
showed by HA, physisorbed on both model hydrophilic and hydrophobic substrates. Similar
measurements on mixtures of lubricin and HA showed repulsive interactions that were only slightly
larger than those observed between bare lubricin films, suggesting that the synergistic contributions to
the normal force interactions were almost insignificant. In a follow-up study [74], they used colloidal
probe spectroscopy to explore the friction behavior of lubricin and HA between model hydrophilic and
hydrophobic substrates in physiological buffer solution. Addition of small amounts of lubricin lowered
the initially high friction between bare hydrophobic substrates and increased the initially low friction
between bare hydrophilic ones. At lubricin concentrations above 200 pg-mL ™", the friction behavior
between the two types of substrates was similar (friction coefficient of 0.2) indicating that this
behavior was no longer influenced by the nature of the substrates probably because of being
completely covered. In contrast, addition of HA did not alter the frictional behavior between the
substrates. Moreover, addition of a physiological mixture of lubricin and HA led to similar friction
behavior to that of addition of lubricin alone. This observation suggested that there are also no
significant synergistic effect between lubricin and HA on boundary lubrication when only
physisorption mechanisms are involved. This is in contrast with what has been found for the
interaction between lubricin and chemisorbed HA. Das and co-workers [75] measured normal and
friction forces between chemically grafted HA layers on mica surfaces by means of SFA in the
presence of lubricin. Addition of lubricin had a pronounced anti-adhesive effect. At low lubricin
concentrations, normal forces showed a collapse of the HA layer. This collapse was attributed to the
presence of hydrophobic and electrostatic interactions that resulted in bridging of the HA and lubricin
molecules. At high lubricin concentrations, the range of the measured repulsive normal forces
increased indicating the saturation of the bridging mechanism and the build-up of lubricin on the
surface. Increasing the concentration of lubricin decreases the coefficient of friction between the
chemisorbed HA layers in a concentration-dependent way (a friction coefficient of 0.37 was reported
for a lubricin concentration of 0.5 mg/L, while for 55.5 mg/mL the friction coefficient decreased to
0.09). Addition of lubricin also increased the threshold load the surfaces could withstand before the
inception of damage when they are sheared against each other. Surfaces underwent damage at an
applied pressure of about 40 atm, i.e., ca. 4 MPa, for 55.5 mg/L lubricin concentration, which is about
twice the pressure the surface could withstand before the onset of damage in the absence of
lubricin [70]. The authors could not reproduce any of these results when HA was physisorbed on the
mica surfaces. Therefore, a strong surface immobilization of HA is necessary for lubricin to work
synergistically with HA and impart efficient lubricating and pressure-bearing properties to the
surfaces. This could be the case in the in vivo situation where, under pressure, HA could be trapped in
the porous cartilage surface as suggested in the SFA experiments (vide supra) on these systems [64].

The AFM and SFA techniques have also been employed to study the tribological performance of
cartilage aggrecan at the nanoscale. Han and co-workers [76] studied friction on a monolayer of
chemically end-attached cartilage aggrecan by means of AFM employing both nano-sized tips and
micro-sized (colloidal) probes. They observed that friction increased with the ionic strength of the
solution (friction coefficient increased from 102 to 10~" when increasing the NaCl concentration from
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10~ to 1 M). Moreover, while at low ionic strength friction did not vary with the sliding velocity, a
significant dependence with the velocity was found at high ionic strength. These findings were
explained in terms of the molecular-level deformation of the aggrecan molecules. The significant
dependence of friction with the sliding rate observed at high ionic strengths suggested that
time-dependent, e.g., viscoelastic, processes were involved in the deformation of the aggrecan
molecules. On the contrary, at low ionic strengths the time-independent (elastic-like) electrostatic
forces dominated the interactions between aggrecan molecules. The lubricating performance of
reconstructed HA-aggrecan layers, used as a model to emulate the articular cartilage superficial zone
structure, has also been studied by means of SFA [77,78]. For this, aggrecan molecules were adsorbed
on, and cross-linked via a cartilage link protein to biotinylated HA, which was itself bound on avidin
coated mica surfaces. Normal force measurements showed a significant increase in repulsion between
the surfaces when aggrecan was added to the HA, indicating a clear interaction between both
molecules. They also found the aggrecan-HA complex to be a much better boundary lubricant than the
HA alone (friction coefficients of ca. 0.015 and 0.4 respectively). These observations were considered
effects attributed largely to the fluid hydration sheath bound to the highly charged glycosaminoglycan
(GAG) segments on the aggrecan core protein. However, at pressures of ca. 12 atm (ca. 1.2 MPa), a
sharp increase in the friction coefficient was observed, indicating surface damage. This suggests that
the adsorbed complexes by themselves cannot account for the remarkable boundary lubrication
observed in synovial joints up to much higher pressures.

As previously commented, surface active phospholipids are considered strong candidates for being
among the lubricating components of synovial joints. In fact, studies on model reconstituted systems
have shown phospholipids to be highly lubricating. In this context it is important to consider the
fluidity of these systems, solid phases being usually more lubricant than fluid phases [79,80]. Friction
measured by means of AFM between surfaces with different adsorbed short-chain (C¢—Co)
phosphatidylcholines revealed friction coefficients in the 10210 range [81,82]. Similarly, friction
measured in a similar way on 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), which is in the
liquid state at room-temperature, layers revealed these interfaces to be also extremely lubricating, with
friction coefficients below the resolution limit of the technique [83]. Colloidal probe spectroscopy
measurements on DPPC bilayers at high temperature (55 °C), where they are also in a liquid
disordered state, provided friction coefficients of ca. 107? [84]. Therefore, from these works it can be
inferred that SAPL are probably a key component in synovial joint lubricity. However, free standing
SAPL layers possess a main drawback as lubricating systems: They can only stand low pressures
before breaking, usually below 1-2 MPa (the work by Liu and co-workers [84] represents a marked
exception as they report that DPPC free standing bilayers withstand pressures of ca. 68 MPa). It has
recently been shown that this limitation can be overcome by SAPL vesicles. Close-packed layers of
hydrogenated soy phosphatidylcholine (HSPC) single unilamellar vesicles (SUVs) were shown to
provide extraordinary good lubricity (friction coefficient in the 10°—10~* range) (Figure 4) up to
pressures of at least 12 MPa [85,86]. The origin of these low friction coefficients was attributed to a
hydration lubrication mechanism [87] afforded by the exposed phosphocholine groups. According to
this mechanism the water molecules around these groups would be strongly attached, thus
withstanding high normal stresses without being squeezed out, while their rapid relaxation ensures a
fluid-like response on shear, thereby leading to very low friction coefficients. As in free standing
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layers, the lubricanting properties of SAPL vesicles were shown to be highly dependent on the lipids
phase state. Lower lubricating properties were found for 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) vesicles [86], a lipid known to be in a liquid-disordered phase at room
temperature in contrast to HSPC which is in a solid-ordered phase. In a follow-up work, the same
group showed that robustness and lubricity of the SAPL SUVs were, not only determined by the lipid
phase, but also by the packing density [88]. In this work they showed that the longer hydrophobic tails,
the lower friction coefficients and better load-bearing properties were provided by the SAPL vesicles.
The authors discussed that stronger tail-tail hydrophobic interactions resulted in an increase in
robustness, this resulting also in more densely packed lipid layers which would therefore be more
hydrated, thereby increasing the efficiency of the hydration lubrication mechanism. The lubricant
performance of SAPL-HA combined systems has also been studied. In a recent SFA study on DOPC
added on chemisorbed and cross-linked HA [70], normal force measurements showed swelling of the
HA layers in the presence of the phospholipids, indicating that they adsorbed in the grafted HA layer.
However, this adsorption did not result in an improvement of the lubrication properties of the system,
yielding a friction coefficient of 0.66. A lower friction coefficient (0.03) was reported in the work of
Liu and co-workers for HA adsorbed on DPPC bilayers in a liquid-disordered state [84]. From the
reviewed literature, it can be concluded that the role of SAPL on synovial joint lubrication is highly
dependent on several factors such as the specific lipids involved (more than 20 lipids have been
reported at the cartilage surface [35]), the structure of the lipid systems (e.g., free standing layers vs.
vesicles), the phase state and packing density of the lipids and their interactions with other synovial
joint components.

Figure 4. Friction (shear) vs. load plots obtained by means of SFA for mica surfaces
coated by phosphatidylcholine small unilamellar vesicles. Open symbols: first entry to
contact point; half-solid symbols: second entry (different symbols refer to different contact
points). Reprinted from [85], with permission from Elsevier.
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S. Lubrication in the Oral Cavity
5.1. Physiology and Macrotribology of the Oral Cavity

The oral cavity is the first part of the digestive tube. While its main function is to serve as a food
entrance, it also fulfills several other functions. It serves as a secondary respiratory conduit, it enables
speech by modifying the sound produced at the vocal folds and it also functions as a chemosensory
organ. The oral cavity is bound by the lips, the oropharynx, the cheeks, and the hard and soft palates
(Figure 5). Oral surfaces are constantly exposed to mechanical stresses and strains during high-load
bearing processes such as mastication [89] as well as during low-load bearing processes such as speech
modulation [90]. These processes result in a complex tribological behavior partly because of the high
difference in the mechanical properties of the tissues involved. For instance, a stiffness in the
20-85 GPa range [91] has been reported for the main constituent of the outer tooth surface, i.e.,
enamel, while the stiffness of the softer buccal mucosa was in the 3—20 MPa range [92]. As expected,
pressures exerted on the oral cavity are highly dependent on the tissues involved. Pressures of ca.
40 MPa were reported for teeth biting pressures [93,94], whereas for the pressure exerted by the soft
tongue surface values in the 10 kPa—1 MPa range were reported [95,96].

Figure S. Schematic drawing of the oral cavity [97].
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Nature has dealt with lubrication of the oral cavity employing a similar strategy as that developed
for lubrication of synovial joints, i.e., by secreting a water-based lubricant into the cavity. The oral
lubricant, i.e., saliva, is composed mainly by water (up to 99%) and proteins, even though it also
contains a wide variety of electrolytes and lipids [98]. Similarly to synovial fluid, saliva is a
non-newtonian fluid with a shear-thinning character [99]. However, it has a considerable lower
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viscosity, most often reported to be in the 1-10 mPa-s range [100-102]. As in the case of synovial
fluid, the rheological properties of saliva are strongly influenced by glycans, in this case the high
molecular weight mucin MUCSB contributing to its viscosity [103—105] and the smaller mucin MUC7
to its fibrosity [103]. Saliva has been reported to be able to lubricate oral surfaces by operating both in
the boundary and in the mixed lubrication regimes [106—109]. Macroscale tribological measurements
have provided with a broad range of values for the friction coefficients of surfaces interacting through
saliva which, depending on the nature of the surfaces and on the operational parameters, can range
from 0.5-0.9 [109] to 0.02-0.11 [107]. It is important to note that saliva from different glands appear
to have similar lubricating ability [110].

Salivary lubrication is usually attributed to the film of nanometric dimensions that forms
immediately upon contact of saliva with all oral surfaces, i.e., the acquired pellicle [111,112]. This was
well exemplified by Bongaerts and co-workers [107], who showed that centrifugation and ageing
almost completely removed the shear thinning and elastic nature observed for bulk saliva but hardly
affected the friction coefficient neither in the boundary nor in the mixed regimes. This indicated that
high-molecular weight structures in saliva, which are expected to be responsible for its rheology, are
not responsible for its boundary lubricating properties. Moreover, treating the surfaces with SDS
(which removes the adsorbed layers) increased the friction coefficient, confirming that lubricity could
be mainly attributed to adsorbed proteins.

As in synovial joint research, an extensive search for the components of the pellicle with ability
for boundary lubrication has been carried out over the years. This has been proved a difficult task
as the composition of the pellicle is far more complex, exhibiting a strong dependence on the
physico-chemical properties of the underlying substrate [113]. More than 150 different proteins have
been reported as components of the pellicle [114]. Proline rich proteins (PRPs), statherin, and histatins
are among the most abundant proteins on enamel surfaces. Mucins, amylase, cystatins, lysozyme, and
lactoferrin are also often reported as pellicle components. This compositional complexity may be
partly due to the fact the pellicle has to fulfill other functions than lubrication such as reducing the
dissolution rate of enamel and modulating the process of mineral precipitation at its surface [115,116].

As in the case of synovial joints, mucins were intuitively though as possible boundary lubricants
(even though their interfacial properties are not yet fully understood [117,118]). In fact, they have been
proved to provide similar boundary friction coefficients as saliva [106]. However, other pellicle
proteins have been shown to provide similar lubricity, as in the case of a-amylases [106], or even
better, as in the case of statherin or PRPs [119]. Moreover, proteins can act synergistically to enhance
the lubrication performance of the adsorbed films as for instance has been shown for the case of PRPs
and albumin [120].

However, lubrication does not only refer to decrease friction but also to reduce wear and, as we
have seen for synovial joints, these two mechanisms do not always have a direct and clear relationship.
While the ability of salivary films to protect the underlying substrates from mechanical wear is well
known [121], the mechanical stability of salivary films themselves has only been recently studied.
Macakova and co-workers [122] performed macroscale investigations on the lubrication and wear
mechanisms of salivary films. They found that the lubrication properties were irreversibly lost when
loads in the 10" MPa were applied, a process they associated with the removal of the adsorbed film.
However, they did not observe wear when saliva was present in the bulk, indicating that salivary
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proteins could rapidly re-adsorb from the bulk reservoir and heal wear-induced damage. They also
observed that wear was more extensive when exposed to liquids of low ionic strengths, a process they
interpreted in terms of a loss of salt ion mediated cross-linking between the adsorbed protein chains.

5.2. Nanotribology of the Oral Cavity—Whole Saliva Films

As both the pellicle thickness and the size of its main constituents, i.e., proteins, are in the nm
range, the application of both AFM and SFA techniques has boosted research on the molecular
mechanisms beyond its tribological performance.

Nylander and co-workers [123] showed, by means of SFA, that salivary films formed on model
hydrophilic mica surfaces exhibit non-adhesive repulsive interactions mainly of steric nature, the onset
of the repulsion occurring at a substrate-substrate separation of ca. 60—80 nm. A similar behavior was
later on observed in a similar SFA study [124], and also in colloidal probe force measurements
between salivary films formed on silica [125] and on hydroxyapatite surfaces [126]. Therefore,
adhesion could be discarded as the main mechanisms in friction or wear among salivary films.

In contrast with previous macroscale experiments which showed no difference between the
lubricant ability of parotid and submandibular-subligual saliva [110], Veeregowda and co-workers [127]
showed by means of colloidal probe force measurements that submandibular saliva yielded more
lubricious films than parotid saliva, an observation which was attribute to the higher amount of
glycosylated mucins in submandibular saliva [128]. In a simultaneous work, the same group studied by
means of AFM the effect of different modes of brushing on both the glycosylation and the lubricity of
adsorbed salivary films [129]. They found that brushing modes leading to higher degree of
deglycosylation, i.e., those removing larger quantities of large glycosylated proteins, result in higher
friction coefficients. Therefore, both studies support the role of glycosylated proteins in oral lubrication.

Independently of the underlying mechanism, the lubricating property of saliva has been well proven
at the nanoscale. Colloidal probe spectroscopy showed that the presence of salivary films on
hydrophilic silica surfaces drops the friction coefficient from ca. 0.66 to ca. 0.03 [125]. The same
methodology showed (Figure 6) that, when formed on hydroxyapatite surfaces, salivary films decrease
the friction coefficient from ca. 0.44 to ca. 0.2 [126]. In the same study it was observed that SDS
treatment of the salivary films increased the friction coefficient to a similar magnitude as in the case of
the saliva-free system (Figure 6). This indicated that the adsorbed films removed by the surfactant were
the main responsible for saliva lubricity, therefore supporting macroscopic observations (vide supra).

The load bearing properties of salivary films have also been studied at the nanoscale. As previously
commented, SFA normal force measurements showed non-adhesive and repulsive steric interactions
between adsorbed salivary films. Interestingly, the range of this interaction increases after applying
shear [124]. This was consistent with the occurrence of wear based on the ploughing up of material,
i.e., shear induces the lifting of material to form debris that extends out from the adsorbed films.
However, a threshold pressure value for the occurrence of wear was not provided in this study.
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Figure 6. Friction force vs. applied load for two hydroxyapatite microparticles interacting
in PBS before and after the formation of salivary films on their surfaces. Friction after SDS
treatment is also plotted, indicating that the surfactant-induced removal of the adsorbed
layers increased the friction coefficient to a similar magnitude as in the case of the
saliva-free system. Reprinted with permission from [126]. Copyright 2008, American
Chemical Society.
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Recently, wear of salivary films has also been characterized by a novel methodology that
simultaneously combines the AFM abilities to monitor the sample topography and the friction between
tip and sample (Figure 7) [130]. By gradually increasing the applied load, i.e., by scratching the
sample, it was possible to detect events such as the rupture of the films as well as their complete
removal and, subsequently, the load and friction forces needed for these events to occur. Therefore, in
contrast with the more traditional approach, where the onset of wear is characterized by means of the
applied normal pressure, this methodology also takes into account the applied shear pressure. This
allows, by making use of the von Mises yield criterion, to calculate the yield strength of the scratched
films [23]. For salivary films adsorbed on model hydrophobic surfaces in water a yield strength of ca.
120 MPa was found, a value significantly higher that the threshold normal pressure for the onset of
pellicle wear reported in macroscale experiments [122]. Interestingly, after the rupture of the films the
formation of debris was observed, supporting that wear of salivary films occurs through a ploughing
mechanism in agreement with the results from Harvey and co-workers [124]. AFM scratching also
provided information on lateral diffusion processes within the pellicle. When, after the complete
removal of the films, the load was decreased, the topography images showed the recovery of the
surface coverage and friction decreased down to values similar to those measured before the pellicle
rupture. Considering that experiments were performed in protein-free solution, this suggested that
some of the pellicle components have the ability to diffuse laterally. In a follow-up work it was also
shown that the pellicle strength considerably increased with the water wettability, i.e., hydrophilicity,
of the underlying substrate [131]. AFM scratching was also employed to determine the mechanisms
behind the loss of the pellicle protective ability at low pH conditions [130]. When rinsed with acidic
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solutions, salivary films formed on hydrophobic substrates became significantly weaker whereas films
formed on hydrophilic surfaces collapsed, the homogeneous film being transformed into an incomplete
surface coverage of large (height within tens of nanometers) aggregates.

Figure 7. Results from a representative AFM scratching experiment on an adsorbed
salivary film. (a) Representative images of the changes in the topography induced by
increased applied load during the scratch of a salivary film. Scan area: 2 um % 2 um. Color
scale goes from 0 nm (black) to 6 nm (white); (b) Corresponding roughness; and
(¢) Friction vs. load plots. The rupture and removal (sweeping) of the film events are
highlighted in both plots. Adapted from [131].
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At this point it is fair to mention that tribological studies of pellicles formed in vitro remain
controversial as they are known to differ from those formed in vivo [132]. Therefore, as in the case of
cartilage surfaces, sample preparation constitutes a critical issue.

5.3. Nanotribology of the Oral Cavity—Reconstituted Model Systems

As in synovial joint research, nanoscale techniques have been applied to investigate model systems
formed by different components of salivary films in order to unravel their role in oral lubrication. The
normal forces between mucins from bovine submaxillary glands (bovine submaxillary mucin, BSM)
have been extensively studied by means of both AFM and SFA. These interactions proved to be
repulsive and of steric origin. For short adsorption times (30—45 min) and mild ionic strength
conditions (30 mM monovalent salt) the onset of the repulsion was observed at surface separations in
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the 40—50 nm range [133,134]. However, this onset could be extended to >100 nm distances when
increasing the adsorption time [133] or decreasing the ionic strength [135,136]. Therefore, mucin films
exhibit reasonably similar normal interactions as those shown by salivary films [123]. By means of
SFA repulsive steric interactions have also been found for other “lubricant” salivary proteins such as
acidic proline rich protein 1 (aPRP-1) [137] and statherin [138]. However, in these cases the onset of
the repulsion appeared at significantly shorter distances (ca. 30 nm for aPRP-1 and ca. 20 nm for
statherin films) than in the case of salivary films. Therefore, mucin appears as the strongest candidate
for mediating normal interactions between salivary films.

The lubricant ability of different salivary components has also been probed at the nanoscale. By
means of colloidal probe spectroscopy, Hahn-Berg and co-workers [139] investigated lubrication
between adsorbed (i) proline-rich protein 1 (PRP-1); (ii) human statherin; and (ii1) bovine submaxillary
mucin (BSM) layers on silica surfaces. Layers formed by the three different proteins on hydrophilic
substrates showed, to various extents, a lubricating effect which was shown to be highly dependent on
the surface amount. However, only PRP-1 provided a similar lubricant ability as that found by the
same authors for whole saliva [125]. This is in contrast with the findings from Petterson and
co-workers [134], who found also by means of colloidal probe spectroscopy that BSM layers adsorbed
on similar substrates were highly lubricant with a friction coefficient, i.e., 0.03, similar to that found
for salivary films by Hahn-Berg and co-workers [125]. Comparable lubricities for statherin films have
not been reported in nanoscale investigations neither in the previously mentioned study nor in a recent
work by Harvey and co-workers [138]. By means of SFA they measured friction between statherin
layers formed on both model hydrophobic and hydrophilic substrates for which they found friction
coefficients of ca. 0.88 and ca. 0.1 respectively. It is interesting to note that this dependence on the
substrate wettability was not found in normal force measurements suggesting that aggregates of similar
size but with different internal molecular re-arrangements form on both types of substrates.

From the previous studies, it would be reasonable to suggest that mucins are the salivary proteins
whose tribological properties most resemble those of salivary films. However, in a yet unpublished
study [140] we have investigated wear of BSM films at the nanoscale by means of the AFM scratching
methodology [23]. In this study we found that BSM films are significantly weaker than salivary films
independently of the substrate employed. Therefore, it is obvious that salivary lubrication, i.e., its
ability to reduce friction and wear, results from the synergistic action of several of its components.

6. Concluding Remarks and Future Perspectives

The suitability of the AFM and SFA techniques to provide information on the molecular
mechanism behind joint and oral lubrication is widely accepted by the scientific community, as
inferred from the amount of scientific literature generated in the field. While the key aspects of these
types of biological lubrication mechanisms are still not completely clear, it is expected that nanoscale
experimental investigations will continue to shed light on them in the near future. It would be daring
trying to predict the future development of this field. However, we would like to mention some of the,
in our opinion, limitations and challenges faced, as well as possible research directions.

From a technical point of view friction measurements by means of both AFM and SFA are well
established. However, the same does not apply to the characterization of wear of boundary lubricant
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films. We have seen that there is usually a discrepancy between the “macroscale” and “nanoscale”
threshold pressure/strength values for which the onset of wear is observed. Light should be shed in the
origin of these discrepancies. Different methods leading to different results are currently being used to
relate the measured forces both in AFM and in SFA to the pressures exerted. This point to the need of
developing a general framework for the determination of a pressure-like quantity for characterizing the
onset of wear which should include the effect of friction forces/shear.

One of the main limitations of AFM and SFA studies of oral and joint lubrication is that only
in vitro investigations are possible. Working in vitro with biological samples such as cartilage surfaces
or films adsorbed from whole saliva is not without complications. As commented, the properties of
cartilage surfaces are highly dependent on the sample preparation method. In the case of saliva,
proteolysis and sedimentation processes are probably among the causes of the known differences
between in vivo and in vitro pellicles. The study of reconstituted model systems using biolubricant
components, in order to unravel their role in in vivo lubrication, should also be handled with caution.
Being able to reconstitute a system which shows good lubricant properties at the nanoscale does not
imply that it is present in the in vivo situation. Nevertheless, success in this approach is always
beneficial for the development of bio-inspired and bio-compatible lubricating coatings [28].

As commented, lubrication involves minimizing both friction and wear, two quantities that are not
necessarily related. Interestingly, from the reviewed literature it is inferred that nature can achieve
highly efficient lubrication through different mechanisms in synovial joints compared to in the oral
cavity. In the case of joint lubrication, nanoscale investigations have revealed that the glycosylated
molecules found in these systems do not themselves account for the very low friction coefficients
expected for boundary lubrication in vivo. However, these molecules could rather provide load-bearing
properties when trapped by the porous cartilage surface. SAPL are the only joint components that have
exhibited in vitro friction coefficients similar to those expected in vivo, a behavior attributed to the
hydration lubrication mechanism arising from their highly-hydrated phosphocholine headgroups.
Moreover, when forming unilamellar vesicles SAPL also provided excellent load-bearing properties.
However, a similar lubricating performance has not yet been observed for SAPL when combined with
other synovial joint components.

In contrast to the case of synovial joint lubrication, the long unordered glycosylated molecules
found in saliva (mucins) showed similar boundary friction coefficients and normal interactions than
films formed upon adsorption of whole saliva. However, recent data showed that mucin films possess
much lower load-bearing properties than salivary films, indicating that some other components have to
be responsible for this. Interestingly, even though saliva is also known to contain SAPL, their role in
oral lubrication has not yet been studied and it would be interesting to explore a possible role of these
molecules in oral lubrication. A similar lack of studies is found for the synergistic action of pellicle
proteins in salivary lubrication. It is reasonable to anticipate that both these topics will become hot
research directions in the near future.
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