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Abstract

This thesis explores the multifaceted applications of biotribology, aiming to enhance tribometer
capabilities across various scales. The primary focus is understanding lubrication mechanisms
inherent to dermatological, ophthalmological, and orthopaedic tissues. Additionally, the research
aims to provide innovative solutions to improve tissue well-being and extend the operational life
of artificial systems designed to optimise those tissues’ contact dynamics. An essential motivation
lies in the challenges posed by real-world contexts that deviate from the original tribological

investigations, prompting iterative enhancements in tribometer design and methodology.

Starting with biotribological interactions involving human skin, this work examines how the skin
interacts with diverse consumer products and medical devices. To avoid variations due to anatomy,
demographics, and lifestyle, the study focused on the skin’s natural oil distribution on the stratum
corneum using atomic force microscopy. Elasticity variations due to dermis and other layers of
epidermis were bypassed, and the tribological behaviour of the oil and keratin layer could be

observed separately.

Shifting to the ophthalmic domain, the dynamic interplay between the cornea and eyelid was
examined. This investigation emphasizes lubrication and friction while uncovering limitations in
current tribometric methods that struggle to capture the complexities of tear-film interactions. A
microtribometer was adapted to work with cell culture samples submerged in various solutions.
Also, various eyedrops were tested to observe improvements in lubrication properties as a solution

to dry eye disease.

Finally, this work also investigates articular joints using cartilage-on-cartilage systems. An SRV
tribometer was adapted to conduct tests using synovial fluid at body temperature. The vital role of
water in the lubrication scenario of knee joints is highlighted, along with exploring the effects of
pro- and anti-inflammatory agents on tribological interactions. A significant point is the evaluation
of transplanting healthy knee tissue, exploring how grafted cartilage orientation impacts the

corresponding tribology.
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Zusammenfassung

Diese Arbeit erforscht die vielfiltigen Anwendungen der Biotribologie mit dem Ziel, die
Funktionalitdt von Tribometern auf verschiedenen Skalen zu verbessern. Der Schwerpunkt liegt
auf dem Verstdndnis der Schmiermechanismen, die in dermatologischem, ophthalmologischem
und orthopadischem Gewebe auftreten. Zusétzlich zielt die Forschung darauf ab, innovative
Losungen zur Verbesserung des Gewebezustands zu liefern und die Betriebsdauer kiinstlicher
Systeme zu verldngern, die entwickelt wurden, um die Kontaktmechanik dieser Gewebe zu
optimieren. Eine wesentliche Motivation besteht in den Herausforderungen aus realen Kontexten,
die von tribologischen Untersuchungen abweichen, was zu iterativen Verbesserungen im Design

und der Methodik von Tribometern fiithrt.

Beginnend mit biotribologischen Interaktionen, die die menschliche Haut betreffen, untersucht
diese Arbeit, wie die Haut mit verschiedenen Konsumprodukten und medizinischen Geriten
interagiert. Um Variationen aufgrund von Anatomie, Demografie und Lebensstil zu vermeiden,
konzentriert sich die Studie auf die Untersuchung der Verteilung des Hautfetts auf der Hornschicht
mithilfe der Rasterkraftmikroskopie. So wurden Elastizitdtsunterschiede aufgrund der Dermis und
anderer Epidermisschichten umgangen, sodass das tribologische Verhalten von Hautfett und

Keratinschicht separat beobachtet werden konnte.

Im ophthalmologischen Bereich untersucht diese Arbeit das dynamische Zusammenspiel zwischen
der Hornhaut und dem Augenlid. Die Untersuchung legt den Schwerpunkt auf Schmierung und
Reibung und deckt dabei Einschriankungen in gingigen tribometrischen Methoden auf, die
Schwierigkeiten haben, die Komplexitit der Tranenfilminteraktionen zu erfassen. Ein
Mikrotribometer wurde angepasst, um mit Zellkultur-Proben in verschiedenen Losungen zu
arbeiten. Auch verschiedene Augentropfen wurden getestet, um Verbesserungen der

Schmiereigenschaften als Losung fiir das Trockene-Augen-Syndrom zu beobachten.

SchlieBlich untersucht die Arbeit auch Gelenke in Form von Knorpel-auf-Knorpel-Systemen. Ein
Schwing-Reib-Verschleil Tribometer wurde angepasst, um Tests mit Gelenksfliissigkeit bei
Korpertemperatur durchzufiithren. Die wichtige Rolle von Wasser bei der Schmierung von
Kniegelenken wird hervorgehoben, ebenso wie die Erforschung der Auswirkungen von
entziindungsfordernden und -hemmenden Mitteln auf tribologische Wechselwirkungen. Ein
wichtiger Punkt ist die Bewertung der Transplantation von gesundem Kniegewebe, wobei
erforscht wird, wie die orientierte transplantierte Knorpelstruktur die entsprechende Tribologie

beeinflusst.
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Chapter 1 Introduction

This thesis endeavors to undertake an exploration into diverse applications of biotribological
principles across a spectrum of scales. The main idea is to either modify or design additional
features for tribometers available on the market, not only in order to understand real-life
lubrication mechanisms of tissues, but also offer solutions to improve either health of the
tissue, or the life cycle of artificial systems used to improve contact conditions for those
tissues. The necessity to use tribometers in settings they weren't originally intended for has
prompted improvements in the tribometers utilized in this work. The focus was on three main
tissues: skin, eye and synovial joints. These tissues were examined at three different scales,

nano-, micro-, and macro-scale, to observe the effect of different contact conditions.
1.1 Dermatological studies (Paper I and Book Chapter I)

Our initial point of emphasis was directed toward the integumentary system, specifically the
skin, which is recognized as the body's largest organ., covering ~2 m?, it is an important
interface with the outside world '. Skin has biotribological ineractions with a wide range of
materials, as well as medical, cosmetic and technological products. Different types of
detergents, and soaps, shaving products like creams or blades, cosmetic products,
technological products like watches, cellphone screens or a steering wheel, different types of
clothing, UV light, polluted air, insects, are some examples of items and phenomena that are
interacting with the skin in daily life. Besides, there are various medical devices that are in
contact with the skin, fortunately not on a daily basis, but the interaction parameters can be
vital for us. Different bandages (to protect scars or to limit some certain type of movement),
operation tools like a scalpel (most operations begin with a permanent damage on skin with a
cut), vaccines, prescription glasses could be listed as the less commonly used but important
applications of biotribology on skin. The variety of interactions and counterbodies are the
reasons of the continuous scientific studies on tribology of human skin as a major research
topic over the years. The observation that the characteristics of skin exhibit variations
dependent upon factors such as anatomical location, age, gender, skin typology, pigmentation,
vascularization, and lifestyle choices underscores the imperative of discerning the principal
unit within each individual's skin structure for the purposes of meaningful comparative

analysis 2. Consequently, our inquiry prompted an exploration into the microstructural
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composition of the skin. From a structural perspective, the human skin manifests as a
composite assembly comprising three primary layers, namely the epidermis, dermis, and
hypodermis 3. Each of these layers represents a intricate multiscale structure in its own right,

which can be further partitioned into discrete components.

As part of a research project between Philips Applied Technologies and the Interdisciplinary
Center for Nanostructured Materials and Interfaces of the University of Milano, which
concerned the interaction between a shaver and the skin, the focus was chosen to be the most

outer layer of the skin: the epidermis.

The avascular epidermal layer can be dissected into two primary constituents: the living
epidermis, which encompasses vital keratinocytes, and the stratum corneum (SC), stratum
consisting of flattened, deceased corneocytes *. Typically, the epidermis is shielded by an
acidic hydrolipid film, serving to regulate the skin's microbiota, prevent the colonization of
pathogenic organisms, and act as a barrier against invading microorganisms °. The hydrolipid
film is constituted by a composite blend of aqueous and sebaceous components, deriving from
the eccrine and sebaceous glands, respectively. The translocation of these constituents
towards the epidermal surface culminates in their emulsification, forming a protective layer
that envelops the (SC). The SC's structural configuration can be likened to a brick-and-mortar
model, where corneocytes are embedded within lamellar epidermal lipids, effectively serving
as a robust defense mechanism against excessive water loss 6. A thorough literature research
was conducted to identify the vital parameters within nature focusing specifically on humans.
The information gathered was collected in Paper I, “Skin as an Interface: Understanding
the Synergy of Dermatology, Biomimetics and Tribology”. In the framework of the
project, the oil distrubution on SC was studied using atomic force microscopy. The main idea
was to understand the tribological parameters for the shaving machine application in dry
conditions. The results have been published as part of the Book Chapter I, “Bridging Nano-
and Microtribology in Mechanical and Biomolecular Layers” in “Scanning Microscopy
in Nanoscience and Nanotechnology Vol. 3” by Bharat Bhushan. The chapter compares
industrial and biological applications of coatings in different scales, and considers SC as a

hard coating for the human body.
1.2 Ophthalmological studies (Paper II and Book Chapter I)

The second tissue of interest was the human eye. The human eye is a sophisticated and highly

complex organ that provides the ability to process visual detail. In the eyes, light is converted
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into electro-chemical impulses that are sent to the brain for processing ’. This delicate organ is
protected with two layers of tissues. The first line of defence is the eyelid, a thin fold of skin.
Apart from protection, the eyelid is also responsible for the spread of the tear film on the
surface of the eye ®. Right behind the eyelid there is the cornea. The top layer of the cornea,
an epithelial layer, is the one exposed to the surroundings when the eyelid is open. The
primary function of the cornea lies in its ability to refract or bend incoming light. It assumes a
pivotal role in focusing most of the incident light upon entering the eye. However, due to its
position as the eye's outermost layer and its susceptibility to potential harm, the preservation
of its integrity becomes of paramount importance . The cornea is primarily constituted of
proteins and cellular components, but notably, it lacks the presence of blood vessels, a
characteristic that distinguishes it from most bodily tissues. This absence of blood vessels
serves a critical purpose, as the introduction of blood vessels into the cornea could induce
clouding, impairing its ability to effectively refract light and potentially compromising visual
acuity. Given the absence of blood vessels for nutrient supply, the cornea relies on the
provision of nutrients from tears and the aqueous humor present in the anterior chamber °.
The epithelial layer within the cornea absorbs essential nutrients and oxygen from tears and
subsequently distributes them throughout the corneal structure. This not only sustains the
cornea's metabolic needs but also serves as a protective barrier, preventing the ingress of
foreign matter into the eye. As the term implies in Greek "Epi" meaning, "on, upon," and
"Theli" meaning "tissue. This particular tissue type serves as an external layer enveloping
connective tissue, consequently assuming the foremost position in encountering
mechanochemical interactions associated with tribological processes across various

applications.

The interface between the cornea and the eyelid undergoes a substantial volume of
mechanical activity, involving approximately 10,000 to 20,000 blinks per day. These blinks
exert varying contact pressures within the range of Pascals to a few kiloPascals, accompanied
by sliding speeds spanning from approximately 10 pm/s to 100 mm/s '°. Remarkably, despite
the rigorous conditions imposed on the eye by these mechanical actions, it maintains its
structural integrity and sustains clear vision, primarily attributed to the role of the tear film.
Among its multifarious functions, the tear film serves to lubricate the corneal surface,
facilitate the removal of proteinaceous waste materials from the eye, and offer safeguard
against wind-induced abrasion, as well as the infiltration of airborne debris and contaminants.

However, its most pivotal function lies in effecting a complete separation between the
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surfaces of the eyelid and the cornea during each blink, thereby mitigating the shear stresses

that would otherwise induce cellular damage !'.

In the context of the ocular environment, distinct from the integumentary system (skin), wear
is not a predominant consideration. Nevertheless, within this specialized milieu, both
lubrication and friction assume paramount importance. The principal challenge in
characterizing the material properties of ophthalmic biomaterials, such as contact lenses, lies
in the formidable complexity inherent to the accurate replication of the intricate interplay
between tear composition, ocular tissues, and variables like the load and velocity of the
eyelid—the predominant dynamic interface within the ocular system. Most tribological
testing devices, designed to operate under minimal loads, are ill-suited to replicate the high-
speed dynamics associated with eyelid movement 2. For individuals who employ contact
lenses, either for therapeutic or cosmetic purposes, the eye experiences additional
perturbations due to the mechanical influence of the eyelid and the presence of a foreign
body, compounded by the requisite use of hygiene-related solutions to maintain ocular health.
In the context of this thesis, a test system was devised to facilitate the utilization of a variety
of contact lenses as a part of probing instruments. The system can operate in sub-mN force
range so that cellular lines would not be completely damaged during the tests. Results were
published within the Book Chapter 1 “Bridging Nano- and Microtribology in Mechanical
and Biomolecular Layers” in “Scanning Microscopy in Nanoscience and
Nanotechnology Vol. 3” as the corneal cell lines would represent non-mechanical,

biomolecular layer.

This test design also took the interest of Croma Pharma GmbH, a pharmaceutical company
that would like to introduce a solution not only for moisturizing the cornea, and creating a
hygenic environment for the eye, but also to treat dry eye syndrome (DES). DES represents a
multifaceted ocular surface disorder delineated by the disruption of tear film homeostasis and
its concomitant instability '*. Over time, this condition renders the eye susceptible to external
stimuli and triggers inflammatory responses. This complication with the tear film, led to
research on possible solutions, which could create an artificial layer on the cornea. Such
solutions would be beneficial not only for DES but also many other diseases, such as
glaucoma and retinopathy, that require prolonged treatment times '*. Tribological properties
of four different solutions were compared in the updated test system and these results were

published in Paper II, “A simple cornea model for the tribological performance
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assessment of the lubricating eye drops” in the Journal of Industrial Lubrication and

Tribology.
1.3 Orthopedical studies (Papers III-V)

The final focus of the thesis lies on the cartilage-on-cartilage (CoC) systems. Cartilage
represents a resilient and pliable fibrous tissue with diverse manifestations and multifaceted
functions distributed across the human anatomy '°. Within the human body, three distinct
types of cartilage exist: hyaline, elastic, and fibrocartilage. Fibrocartilage, exemplified by
anatomical structures such as the meniscus and spinal vertebrae disks, is characterized by its
dense fibrous composition, rendering it the most robust albeit least flexible among the three
variants. Its primary role resides in stabilizing bodily components and absorbing mechanical
impacts. Conversely, elastic cartilage, found in locations such as the external ear and larynx,
stands as the most adaptable cartilaginous subtype '°. It provides structural support to
anatomical regions necessitating pliability and mobility in their function. Remarkably, elastic
cartilage exhibits a remarkable capacity to revert to its original configuration even when
subjected to substantial mechanical loads. Lastly, hyaline cartilage, which prevails as the most
prevalent cartilage type in the human body, envelops joint surfaces and caps the extremities of
bones. Noteworthy for its slick and sleek texture, hyaline cartilage facilitates the seamless
articulation of bones within joints, balancing suppleness with adequate structural strength to
preserve joint integrity !”. Hyaline cartilages that are part of articular joints are generally
referred to as articular cartilage. They are situated within joint structures, exhibits a dual
characteristic of low friction and high wear resistance, thereby facilitating weight-bearing and
weight distribution. Nevertheless, a notable drawback associated with hyaline cartilage
resides in its limited regenerative potential, primarily attributable to the absence of vascular,
lymphatic, and neural networks, consequently constraining its intrinsic healing and reparative
capabilities '®. In this context, the preservation and well-being of articular cartilage emerge as

pivotal factors in safeguarding joint health.

In our studies, we initially tried to understand how the system functions in the framework of
tribology, without any health problems. A (CoC) experimental system was created that works
in a hygienic, closed environment at body temperature. The design details of this system and
initial observation on CoC system was published in Paper III, “The dominance of water on
lubrication properties of articular joints”. The publication focused on lubrication regimes
in the knee joint, and explored how water in synovial fluid improves tribological performance.

This system would also allow us to introduce pro- and anti-inflammatory agents into solutions

5
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in which the CoC experimental system is fully submerged in. Pro-inflammatory agents share
similarities with the pathological conditions associated with osteoarthritis, which is the
prevailing form of arthritis '°. 80% of adults older than 55 experience various levels of this
condition ?°. Because of osteoarthritis, the degradation of cartilaginous tissue within joints can
ensue, ultimately precipitating discomfort and inflammation within the affected joint. These
adverse outcomes result from the diminishing capacity of the cartilage to provide adequate
cushioning and lubrication. Together with the University for Continuing Education Krems
(DUK), we presented the results in Paper IV, “Biotribological Tests of Osteochondral

Grafts after Treatment with Pro-Inflammatory Cytokines”.

Following these studies, we introduced the next step, in which the cartilage tissue is damaged,
but the joint does not require a total joint replacement. One of the techniques used to fix
cartilage damage is the Osteochondral Autograft Transfer (OATS) 2!. In this surgical
procedure, clinicians harvest a cartilaginous plug from a non-load-bearing anatomical region
of the patient's knee and subsequently graft it into the compromised region of the knee joint.
As the hyaline cartilage is directly derived from the patient, the acceptance rate of the
transplanted part is high and there is a relatively short recovery (four to eight months) 2. The
technique is cost-effective, and long-term durability is good. During our discussions with the
colleagues at DUK, a question on the orientation of the cartilage matrix arose. The articular
cartilage within the knee experiences loading in a consistent direction of walk, and it has been
postulated that the orientation of the grafted osteochondral components could potentially exert
an influence on the tribological characteristics of the joint. We developed a test matrix to
compare the test pieces that are aligned with the loading direction in the knee, and the ones
that have 90° degrees rotation to the loading axis. The results were published in Paper V,

“Effect of Osteochondral Graft O2rientation in a Biotribological Test System”.

All the above-mentioned studies on CoC systems were done using bovine cartilage. Our final
application was on human cartilage (as we developed the system gradually for this
application), using hydrogels as a protective layer over the cartilage tissue 2*. This study is
also published in “Gelatin methacryloyl as environment for chondrocytes and cell
delivery to superficial cartilage defects” but was not included in the framework of this

thesis as it appears in the thesis of the study’s first author.
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Chapter 2 Fundamental Principles and

Research Endeavors

2.1 Tribological concepts

Tribology is life.

While this assertion may initially appear somewhat hyperbolic, I trust that as we delve further
into this introduction, its clarity will become evident. The term was coined in 1966 by a
British mechanical engineer, late Sir Peter Jost, deriving from the Greek root tp13- of the verb
tpifo, tribo, "I rub" in classic Greek, and the suffix -logy from -Aoyia, -logia "study of",
"knowledge of" 2*. The basic definition of tribology would be 'the study of friction, wear and
lubrication, and design of bearings, science of interacting surfaces in relative motion' but we
inadvertently introduce a greater influx of foreign terminology to individuals already lacking
familiarity with foundational concepts, such as those pertaining to friction and wear ». Even
though I will be explaining and studying these terms within this thesis, it is useful to focus on
the term “interacting surfaces in relative motion”. When we wake up and put our slippers on,
the contact between our slippers and the floor is tribology; then we brush our teeth while a
mostly polymer material is in relative motion to the teeth; we shave and it’s a metal in relative
motion to our skin; washing our face is skin against skin in relative motion with a non-
abrasive lubricant. We then go to our work and not only are car tires on the road tribology, but
thousands of pieces are in relative motion such as the engine piston-rings, and hopefully
functioning brakes when we need to stop the car occasionally. We need to navigate on our
screen with a mouse at work - it’s the relative motion of a polymer on our table; and on lunch
break there is a relative motion between the food and our teeth. Almost everywhere we look
in life we would observe objects in contact that have relative motion, as life is rarely static.
Even the systems that do not move according to our perception, have interactions at molecular

levels as the molecules vibrate against each other.

Focusing on numbers may give us a better idea about the importance of tribology. One of the
first credible studies on the impact of tribology was performed by a committee led by Sir
Peter Jost for the British government in the 1960s. The committee suggested that nearly 500
million pounds could be saved through better tribological practices 2. A simple inflation

algorithm converts this number to almost 10 billion pounds for today’s economic value. It is
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not a secret that the industrial revolution had a pivoting role on global energy consumption.
This consumption is estimated to be around 400 exajoules annually and almost 10% of this
consumption is due to the friction and wear observed in moving parts of transportation
vehicles. But if we look at the bigger picture, global level calculations show that 23% (119
EJ) of the total annual energy consumption worldwide originates from tribological contacts 2’.
If we consider that the emissions are directly related to the energy used, tribology is
responsible for 8,120 MtCO2/year carbon emission. Reduction of this value is directly

proportional to our life quality, with climate change leading to multiple ecological issues.

To further investigate how tribology is life, we would like to focus on the term “bio-
tribology”, introduced by Dowson in 1970 2, meaning to investigate the interface behavior
and mechanisms related to biological systems. But first, as promised, it would be more
sensible to explain the terms “friction” and “wear” as the terminology has been used to

identify tribology within this text twice already.
2.1.1 Friction

Friction constitutes the counterforce impeding or opposing the relative motion between two
interacting surfaces, and it emanates from intricate molecular and mechanical interplays
transpiring within these surfaces 2°. The manifestation of friction is contingent upon the
specific properties of the materials involved, the geometrical configurations, and the surface
characteristics of the contacting entities, in addition to the prevailing operational

circumstances and environmental context.

It might be considered a negative image for friction to resemble tug of war, In the realm of
engineering and process optimization, it is generally deemed advantageous to mitigate friction
to enhance the efficiency of a component or process. However, it is often more precise to
employ the term "optimize" rather than "minimize." We need friction in many applications,
such as brakes in cars, or we need air resistance so that a plane can stay in the air. Anyhow
this game of tug of war, we will never lose. The friction force will only be equal to the force

applied to initiate relative motion until we reach the limit of static friction .

We can understand from the previous sentence that there are various forms of friction.
Friction can be static, kinetic, sliding, rolling, fluid, dry, lubricated or skin friction *!. Suppose
a force F is applied on a rope by a group of people as in Figure 2.1, which is balanced by the
equal and opposite force of static friction fs applied by the group of people on the other side of

the rope. As force F increases, the force of static friction f; also increases until f; reaches a
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certain maximum value just before one of the groups pulling the other from their position
towards the direction of F. When the value of applied force F is greater than the maximum
force of static friction (fs)max, "> (fs)max, then the losing group of people starts moving in the
direction of the people winning the tug of war. The frictional forces acting on surfaces in
relative motion are called the force of kinetic friction. The other types of friction, except from
the skin friction, are self-explanatory by their names, and we will not go in detail in this
section. Skin friction on the other hand, has no direct relation to skin: the largest organ of our

body *2.

RELATIVE MOTION FRICTION

Fig. 2.1 Illustration of friction working against the relation motion.

This category of friction pertains to the resistance encountered between a fluid and the surface
of a solid object in motion within it, or between a fluid in motion and the boundary surface
encompassing it. This fluid medium may include air, and the term "skin friction" is
specifically indicative of the component of drag experienced by an aircraft or the
hydrodynamic resistance encountered by a ship, arising from the interaction between the air
or water and their respective surfaces. It is essential to note that within the context of this
thesis, I do not consider skin friction as previously defined; rather, our focus remains directed
towards the examination of friction as it pertains to the skin as a bodily organ. Friction does
not exist as an aberrant force in the realm of physical phenomena. Leonardo da Vinci was the
first to study the laws of sliding friction (Figure 2.2) and describe them with his first

statement of the laws, dating from 1493 3. Guillaume Amontons stated them in the
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formulation of empirical laws of sliding friction in 1699 34, The laws of friction may be stated

as follows:
1 The frictional force exhibits a direct proportionality to the normal load applied.

2 The frictional force remains unaffected by variations in the apparent contact area, but

only relying on real contact area.
In addition to these principles, a third law, frequently ascribed to Coulomb (1785), posits:
3 The frictional force is unaffected by changes in the relative sliding velocity.

These three laws of friction summarize most empirical observations except in some important

casces.

% %
l
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N

Fig. 2.2 Friction force in (a) rolling and (b) sliding.
The first law may be expressed as;
F=uw (1)

Here in Equation 1, the proportion between the normal load and the friction force is u, the
coefficient of friction *. This term will be used often in this thesis, to refer to the friction
phenomenon, independent from the normal load applied on the system. While the First Law is
generally adhered to by most metals and a broad array of other materials, it is notable that
polymers and materials characterized by an exceptionally low elastic modulus frequently

deviate from this adherence.

10
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When considering the third law of friction, two distinct variations of the friction coefficient
become apparent. It is of significance to note that the force necessary to initiate the sliding
motion typically exceeds that needed for maintaining sliding, leading to the conclusion that
the coefficient of static friction (us) exceeds the coefficient of kinetic friction (ux). However,
once sliding is initiated, it is often observed that ux remains relatively constant across a broad

spectrum of sliding velocities for many systems. 3°.
2.1.2 Wear

Wear is a phenomenon characterized by the gradual erosion of material from the surface of a
solid, induced by mechanical stresses arising from the interaction and relative motion between
a solid component and a counterpart, which can be in the form of a solid, liquid, or gas *’.
Observable indications of wear encompass the detachment of minute particulate matter, the
transference of material from one frictional body to another, and alterations in the material
composition and structural integrity within the tribologically stressed zones of one or both
interacting surfaces. The specific nature of the tribological load and the material constituents
involved are instrumental in delineating distinct wear processes, including pitting,
deformation, mechanical wear, frictional wear, and welding wear. Moreover, the mechanisms
underlying these wear processes serve as crucial diagnostic criteria for wear characterization.

Four main types of wear mechanisms (Figure 2.3) often mentioned in tribological research are

surface fatigue, abrasion, adhesion, and corrosion /.

Fl

—
7 1 \ N
Surfaceé  Aprasion Adhesion  Tribochemical
fatigue reactions

(Micro Effects)

Material :
Fractures Grooves Particles

Transfer

Fig. 2.3 Main types of wear mechanisms illustrated with basic appearances.
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2.1.2.1 Adhesive wear:

Adhesive wear, alternatively referred to as adhesive friction or adhesive transfer, denotes a
form of wear manifesting when two surfaces in relative motion adhere to each other
momentarily and subsequently disengage, resulting in the transference of material from one
surface to the other. This phenomenon of adhesive wear arises within localized frictional
domains when the atomic forces operative between materials at contacting surfaces, subjected

to pressures, exceed the intrinsic material properties inherent to each respective surface %.
2.1.2.2 Abrasive Wear:

In a general context, abrasive wear can be defined as the process involving the abrasion,
scraping, ploughing, or cutting of a material surface, which includes oxides, coatings, and
substrates. This abrasive action is executed by particles, edges, or other entities possessing
sufficient hardness to induce greater damage to the target material than to themselves 3° . In
accordance with the definition established by ASTM International, abrasive wear is typified
by the deterioration of a solid surface induced by the interaction with rigid particles subjected

to compressive forces and concurrent sliding motion .

The abrasive wear mechanism is contingent upon the specific characteristics of the contact
involved, and it manifests itself through two discernible modes: two-body wear and three-
body wear *!. Two-body wear transpires when rigid particles come into direct contact with a
surface, engaging in abrasion that leads to the removal of material from the substrate.
Conversely, three-body wear occurs when particles experience unimpeded mobility, allowing

them to roll and glide freely across the surface, contributing to the abrasive process.
2.1.2.3 Corrosive wear:

Corrosive wear in general refers to tribochemical reactions between the two counteracting
bodies and the interfacial medium *?. An indirect wear mechanism manifests when a sliding
surface is subjected to a corrosive environment, where the continuous sliding motion
continually removes the protective corrosion product. Consequently, this exposes the fresh
surface to additional corrosive deterioration. Corrosion wear can be characterized as an
accelerated manifestation of the corrosion process due to its prompt removal of corrosive

products and the passive protective layer, in contrast to static surfaces +*.

12
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2.1.2.4 Surface fatigue:

Surface fatigue arises from the initiation, growth, and propagation of cracks *. This
phenomenon represents a fundamental manifestation of material fatigue, wherein the
material's surface experiences progressive degradation because of cyclic loading. We need to
address a special case here, which is the fretting wear *°. Fretting wear represents a distinctive
variant of sliding wear, characterized by its occurrence when the relative displacement
between the sliding surfaces is of exceedingly minute amplitude, typically falling below
100 um. This recurring sub-micrometric relative motion is often induced by factors such as
vibration or the elastic deformation of the contacting bodies subjected to applied loads. Such

fretting-induced motion can culminate in the initiation of fatigue cracks within the material *°.

It should be stated that wear often cannot be prevented. We can minimize wear, but we won’t
be able to completely prevent it. In many cases we need to develop strategies to optimize
friction and reduce wear. One of the main strategies would be to lubricate the surface, but we
need to discuss the mechanisms and related concepts of lubrication, to understand a

tribological system.
2.2 Roughness:

Surface roughness is of vital importance for many fundamental topics related to tribology
such as friction, wear, thermal and electrical transfer, tolerances of contact joints, positional
accuracy, additive deposition %', lubricant wettability *®, material properties like fatigue

strength *°, and of course lubrication regimes .

The complete characterization of real surface geometry proves challenging, as it cannot be
adequately encapsulated using a finite set of parameters. The precision of the surface
geometry description is intricately linked to the quantity of parameters employed. Hence, the
introduction of novel parameters for surface evaluation finds justification. While existing
literature has expounded upon the definitions and mathematical formulations for
approximately 59 roughness parameters >!, this thesis will concentrate on a select subset of
parameters sufficient to engage in discourse concerning a wide spectrum of contact scenarios

and lubrication regimes.

Surface roughness parameters conventionally fall into three distinct categories, each
delineated by its functional attributes: amplitude parameters, spacing parameters, and hybrid

parameters 2. Most used parameters are amplitude parameters, both 2D and 3D versions.
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Profile /

Fig. 2.4 Main definitions in surface characterization with physical appearances.

Surface roughness parameters conventionally fall into three distinct categories, each
delineated by its functional attributes: amplitude parameters, spacing parameters, and hybrid

52, Most used parameters are amplitude parameters, both 2D and 3D versions.

parameters
Conventionally, surface texture parameters were defined based on profile curves °* (curves
indicated by the intersection of surfaces). The 2D measurement is the profile method, but it is
also known as line roughness measurement. The surface profile (Figure 2.4) is generally
measured with stylus probe measurement instruments. ISO and other sets of international

standards are designated for roughness measurements. Let’s have a look at the main line

roughness parameters as they are defined in ISO 4287 >4,
2.2.1 Maximum height (R;):

The parameter denoted as "R;" in profile analysis is defined as the combined magnitude of the
maximum peak elevation and the maximum valley depression occurring within a specified
reference length, as illustrated in Figure 2.5. Herein, "Rp" signifies the measurement of the

highest peak amplitude within the profile, while "Ry" designates the quantification of the
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deepest valley depth within the profile, both of which are assessed over the prescribed

sampling length.
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Fig. 2.5 Representation of the maximum peak height (Rp) and minimum valley depth (Rv) of a

profile, forming the maximum height (Rz).

Even though the maximum height gives an idea about the contact zone, it can be influenced
by measurement inconsistencies due to the profilometer limitations; it should be used with

caution.
2.2.2 Arithmetic average height (Ra):

The arithmetic mean height parameter is widely employed in the realm of general quality
control (Figure 2.6). Its popularity stems from its capacity to yield stable outcomes, as it is
relatively impervious to the effects of surface imperfections, contaminants, and measurement
noise. This parameter is formally defined as the arithmetic average of the absolute ordinate

Z(x) over the specified sampling length.

1l
R~ [1Z(x)| dx

Sampling length ¢

Fig. 2.6 Visualization of the calculation for arithmetic average height of a profile.
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It can be easily observed that a surface with different extremities may end up with similar
average values. The limitation of Ra is described also in the literature to identify functionality

of the surface too *°, so we focus also on other parameters.
2.2.3 Root mean square deviation (R)

This parameter is alternatively referred to as the Root Mean Square (RMS) for Z(x). It serves
as a metric for assessing surface roughness by characterizing the standard deviation of the
distribution of surface heights, thus holding significance in the statistical description of
surface topography, as depicted in Figure 2.7. Notably, this parameter exhibits heightened
sensitivity in comparison to the arithmetic mean height (Ra) when it comes to discerning
substantial deviations from the mean reference line. The mathematical definition and digital

computation of this parameter are articulated as follows:

1 1
R=[7J, Z2(x)dx

\
‘

Sampling length ¢

Fig. 2.7 Visualization of the calculation for root mean square deviation of a profile.
2.2.4 Skewness (Rsk)

The skewness of a profile, as depicted in Figure 2.8, is computed as the third central moment
of the probability density function associated with the amplitude of the profile, assessed
across a specified length. It serves as a quantitative measure for assessing the symmetry
exhibited by the profile with respect to the mean reference line. This parameter is particularly
responsive to the presence of occasional extreme valleys or peaks in the profile, thereby

aiding in the characterization of its asymmetry.
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Probability density

Fig. 2.8 Visualization of the skewness value for the profile and its mathematical definition.
Rsk=0: Symmetric against the mean line (normal distribution)

Rsk>0: Bulk material beneath the mean line (positive skewness)

Rsk<0: Bulk material above the mean line (negative skewness)

2.2.5 Kurtosis (Rku)

The kurtosis coefficient, as exemplified in Figure 2.9, constitutes the fourth central moment of
the probability density function pertaining to profile amplitudes, assessed across a defined
evaluation span. It serves as a quantifier of the concentration or dispersion within the
probability density function associated with the profile. When the kurtosis coefficient,
denoted as Rku, assumes values less than 3, it characterizes the distribution curve as
platykurtoic, signifying a probability density function with relatively fewer instances of
pronounced peaks and deep valleys. Conversely, when Rku exceeds 3, the distribution curve is
classified as leptokurtoic, indicating a probability density function with a higher frequency of

prominent peaks and shallow valleys.

This parameter's significance extends to the analysis of contact mechanics, as it pertains to the
tip morphology of surface features, thereby offering insights into the extent of contact

between two interacting objects.
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Probability density

Fig. 2.9 Visualization of the kurtosis value for the profile and its mathematical definition.

These discussed basic parameters describe the surface topography reasonably well. Many

surfaces may have similar maximum height, arithmetic average height, or root mean square

deviation, but we can identify the surface better with the help of skewness and kurtosis. Still

all these discussions are based on a single line, although it can be applied to multiple lines on

a surface. On the other hand, we can also look at the 3D versions of these parameters and their

applications on the entire surface area of interest.

L

\_fﬁ A J

Fig. 2.10 Visualization of the arithmetic and squared mean height of a random 3D surface.

Areal roughness parameters are listed in ISO 25178 >° but the ones we defined for profile

parameters can simply be expanded or derived in a similar manner. S, represents the
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maximum peak height, Sy represents the maximum valley depth and eventually S; would be

the maximum height within the sampling area.

According to the ISO 25178, the average arithmetic mean height of the area (Sa) and squared

mean height of the area (Sq) area (Figure 2.10) calculated as follows;

S =2 1,12 Cx,y)| ddy, SiJ 2 11,22 (v y)dxdy 2,3

S < 0 Distribution is deviated to the upper side

S, = 0 Distribution is symmetrical

S > ( Distribution is deviated to the lower side

Prop
abili
Y dens
Y \L- X def?s, ’y

Fig. 2.11 Visualization of skewness parameter of a random 3D surface.

Also, skewness parameter, Ssk, in three dimensions calculated as;

Ssk:§13 G I, Z3(x,y) dxdy ) (4)

Syy <3 Surfaceis blunt

- Siu=3 Normal distribution

- Sy >3 Surfaceis sharp

Fig. 2.12 Visualization of the kurtosis parameter of a random 3D surface.

Similarly, kurtosis parameter, Sku, in areal calculation defined as;

Su=grr (511,24 (x,) dxdy ) (5)
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Basically, we would be integrating the same values from the profile parameters in both x and

y directions along the area, A (Figure 2.11 and Figure 2.12).

A cut-off length, denoted as Ac or sampling length, is employed to mitigate the impact of
extended spacing errors, such as waviness and form error, on the acquired profile
measurements. Meanwhile, the evaluation length (L) signifies the span over which roughness
is assessed or the distance traversed for roughness measurement, conventionally established at
5 times the value of Ac. ISO 4288 3¢ would lead us to the right cut-off length or sampling

length to have the right parameters and isolate roughness from other spacing errors (Table 1).

Recommended Cut-off
Periodic Profiles Non-periodic profiles | Cut-off Sampling/Evaluation length
Spacing distance [mm] R [um] Ry [um] | Ac [mm] Lo/L [mm]
>0.0013-0.04 up to 0.1 | up to 0.02 0.08 0.08/0.4
>0.04-0.13 >0.1-0.5 | >0.02-0.1 0.25 0.25/1.25
>0.13-04 >0.5-10 >0.1-2 0.8 0.8/4
>0.4-1.3 >10-50 >2-10 2.5 2.5/12.5
>1.3-4 > 50 >10 8 8.0/40.0

Table 1 Cut-off length or sampling length to have the right parameters and isolate roughness

from other spacing errors.
2.3 Stribeck Curve:

To gain a comprehensive comprehension of the mechanisms governing lubricant
functionality, it is imperative to explore the diverse operational regimes within which these
lubricants operate °’. In the present discourse, I endeavor to elucidate the transitions in
frictional mechanisms encountered as one traverses distinct lubrication regimes, commencing
from the initiation of motion, proceeding through lubrication at minimal surface speeds, and
culminating in the attainment of complete surface separation facilitated by the emergence of a

fully developed fluid film.

It is possible to base our observation on the film thickness derived from the Reynolds

equation and the composite roughness parameter.
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The lubrication regime is defined by the lambda ratio (A), which is the ratio is the minimum
film thickness (hmin) in relation to the composite surface roughness, where Ra1 and Ra2 are the

roughness values for each surface respectively *%:

h.. :
1= min (6)

VRa + Ra

the root mean square deviation *°, or areal RMS ¢! may also be used instead of the
arithmetic average height. The A value may be used for the x-axis of the Stribeck curve
against the coefficient of friction. At lambda ratio (A) values less than 1, it is traditionally
posited that interactions among surface asperities become increasingly prominent, elevating
the significance of shear characteristics within the films residing on solid surfaces, whether
these films are formed through adsorption or chemical reactions >®. This operational range is
commonly denoted as the boundary lubrication regime. Within the realm of boundary
lubrication, the intrinsic properties of the bulk lubricant, such as its density and viscosity,
diminish in importance compared to the chemical attributes of the lubricant itself and the
surface properties of the contacting surfaces. When the thickness of the lubricating film and
the surface roughness are commensurate in scale, falling within the range of 1 <A <5, the
tractional behavior becomes contingent upon the bulk properties of the lubricant. However, it
becomes imperative to consider the localized conditions arising from asperity interactions at
the contact interfaces %2. As lubrication conditions transition into a state characterized by the
coexistence of both full film lubrication and intermittent asperity contact, this operational
domain is categorized as the mixed lubrication regime. As operational speeds decrease and
specific loads elevate significantly, the maintenance of complete film lubrication becomes
challenging. In such circumstances, notwithstanding the concurrent existence of micro elasto-
hydrodynamic lubrication (EHL), mechanical interchanges between opposing surface
irregularities endure. Within this operational domain, the lubricating film provides only partial
isolation between the surfaces in contact ®. When mixed lubrication prevails, the applied
contact load is distributed between the interplaying surface irregularities and the lubricant

film.

In cases where the lambda ratio significantly exceeds unity, indicating the presence of a
notably thick lubricating film, the traction or frictional force experienced becomes primarily
contingent upon the bulk rheological characteristics of the lubricant. This dependence is
observed under suitable operating conditions encompassing factors such as load, temperature,

and shear rate. In this context, the influence of surface roughness becomes negligible. This

21



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

operational condition is formally acknowledged as full film lubrication, often referred to as
hydrodynamic lubrication ®. Full film lubrication represents the most preferable lubrication
regime. Within this context, the contacting surfaces maintain a significant degree of
separation, resulting in the frictional resistance to their relative tangential motion being
predominantly contingent upon the viscosity of the lubricating medium. Additionally, given

the theoretical absence of direct surface contact, the propensity for wear is minimal.

Hydrodynamic lubrication

Boundary lubrication

Mixed
lubrication

Coefficient of friction
Elastohydrodynamic
lubrication

] / v /p
v

—t> e —

Elastic I
deformation

Fig. 2.13 Stribeck curve and visualization of the lubrication regimes.

Subsequently, following an analysis of Stribeck's findings, Gumbel and Hersey discerned that

the friction curves exhibited a uniform pattern when plotted as a function of a parameter that

encompasses various relevant factors; viscosity (1), speed (v) and load/pressure (p) *°:

_nv
P

H (7

This value is called the bearing parameter or the Hersey number (#), and it identifies also for
the x-axis of the Stribeck curve against the coefficient of friction as it can be seen in Figure
2.13. For this calculation for A <1.2, the lubrication is in boundary lubrication, and for
1.2 <A <3 it is in mixed lubrication. If the 4 value is higher than 3, then it is hydrodynamic

lubrication *°.
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2.4 Lubrication

Lubrication is a practice employed to effectively isolate the surfaces of interacting frictional
components, either completely or partially, through the judicious introduction of an
intermediary medium, commonly referred to as a lubricant. This technique serves several
essential purposes, including the management of heat within the contact region, the regulation
of contamination levels, the mitigation of tribochemical effects, the facilitation of energy
transfer, and the absorption of mechanical shocks. However, its principal objective lies in the

minimization of both frictional forces and wear-related phenomena .

Lubricants, which encompass a diverse range of substances, are most frequently encountered
in liquid form, including mineral oils, synthetic oils, and water, among gaseous forms.
Nevertheless, solid lubricants are also utilized, particularly in dry sliding bearings, where
materials like polytetrafluoroethylene, graphite, or molybdenum disulfide are employed. In
some instances, grease finds application in components such as ball bearings, sliding
bearings, and occasionally, gears. Furthermore, gases, such as air, are harnessed in gas-

lubricated bearings ¢’.

The seminal contributions of Petrov (1883), Tower (1885), and Reynolds (1886) established
the fundamental principles of lubrication theory. This theoretical framework continues to
serve as the primary analytical tool for the calculation and design of machine components that
undergo relative motion ®. The characterization of frictional interactions occurring between
nominally lubricated sliding surfaces frequently necessitates the evaluation of parameters
such as lubricant film thickness. A method for achieving this involves the computation of film
thickness and the distribution of contact pressure through the solution of the Reynolds
equation %°. In Equation (8), p is fluid film pressure, x and y are the bearing width and length
coordinates, z is fluid film thickness coordinate, 4 is fluid film thickness, x is fluid viscosity,
p is fluid density, u, v, and w are the bounding body velocities in x, y, z respectively, a and

b are subscripts denoting the top and bottom bounding bodies respectively.

oh oh  ap
>+p(wa+wb)_puaa_pvu£+hﬁ (8)

il (ph3 ap) i) <ph3 6p> _ i(ph(ua + ub)) 4 il (ph(va +vp)

ox\12udx) ' ay\12udy) ~ ox 2 ay 2

It should be noted that several assumptions were made in the derivation of the Reynolds
equation 7%

1. Negligible Body Forces: The mass of the lubricant film is considered negligible,

leading to the insignificance of gravitational and inertial forces.
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2. Constant Pressure: Pressure remains uniform throughout the lubricant film, implying a

quasi-steady-state condition.

3. No-Slip Boundary: At the interfaces of interest, there is no relative motion between

the lubricant and the solid surfaces.

4. Laminar Flow: Flow within the lubricant film is characterized by laminar behavior,

rather than turbulent flow.

5. Negligible Inertia and Surface Tension: Inertia and surface tension forces exhibit
minimal impact relative to viscous forces, owing to the low mass and negligible

acceleration of the lubricant film.

6. Shear Stress and Viscosity Gradients: Significant variations in shear stress and

viscosity gradients primarily occur within the lubricant film itself.

7. Newtonian Lubricant: The lubricant behaves according to the principles of Newtonian

fluid dynamics.

8. Constant Viscosity: Viscosity of the lubricant remains constant across the entirety of

the lubricant film.

9. Parallel or Slightly Inclined Surfaces: The surfaces in contact are either parallel or
positioned at a slight angle relative to each other, facilitating the assessment of their

relative motion and interaction.

The first six assumptions are almost always valid, but the 7" and 8" assumptions can be

modified for non-Newtonian lubricants too.

2.5 Biotribology

After introducing the basic parameters and definitions in tribology, finally we can start
focusing on the main topic of this thesis. The term "biotribology," encompassing the study of
"all facets of tribology pertaining to biological systems," was introduced relatively recently,
approximately four decades ago ’!. Nevertheless, investigations into the principles of friction,
lubrication, and wear concerning biological tissues have a historical precedent extending
much further back in time. As early as the nineteenth century, luminaries such as Young
(1809) and Poiseuille (1840) delved into the flow characteristics of blood, a crucial endeavor
with contemporary implications for the design of artificial organs ’>. Reynolds, in his
pioneering work, drew parallels between the lubrication mechanisms operating within

articulated joints and those in mechanical machine elements. In the concluding statement of
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his seminal paper, Reynolds underscored the fundamental importance of hydrodynamic
lubrication, noting that it is "as indispensable to the mechanics of living organisms as the
lubricating function of the journal bearing is to mechanical devices" 7. Biotribology has
emerged as a dynamically evolving field, occupying a prominent position within the broader
domain of tribological research over the past four decades. While the spectrum of topics
encompassed by biotribology has considerably expanded during this period, it remains
intriguing to discern fundamental similarities in the mechanisms governing lubrication,
friction, and wear across diverse tissues engaged in disparate physiological functions (Figure

2.14).
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¥

Reproductive System

Figure 2.14 General aspects of biotribology with respect to different zones of the human

body.

In general, applications related to biotribology are investigated in two main categories:
lifestyle and healthcare 7*. In lifestyle applications we have, e.g., electric shavers, ironing
machines, toothbrushes, cellphones, make up tools, piercings, glasses. On the other hand, in

healthcare systems, applications include catheters, sleeping CPAP masks, contact lenses,
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ultrasound, probes and gels, implants (dental, hearing, artificial joints). Some applications like
contact lenses or glasses were also commonly used in both applications for medical purposes
and fashion statements. If we talk about the global impact in a monetary way, the market for

medical devices alone keeps increasing and reached about $456.9 billion in 2019 .
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Chapter 3 Methodology and Materials

3.1 Atomic Force Microscopy (AFM)

The atomic force microscope (AFM), alternatively referred to as a scanning force microscope,
belongs to the category of microscopes categorized as scanning probe microscopes '¢. What
sets AFM apart from other members within this family is its exceptional versatility. In
contrast to conventional microscopes, which rely on the collection of radiation transmitted
through or reflected from the specimen 77, the AFM operates on a fundamentally distinct
principle. In the latter case, the ultimate resolution is constrained by diffraction limitations
and is contingent upon the wavelength of the radiation employed. This is the reason that the
maximal light microscopy resolution is approximately 200 nm. To achieve higher resolution
images of biological samples, we may turn to electron microscopes (EM) that use high-energy
electrons ’’. Even though there are many advances in the development of new EM models, we
still need to create a full or partial vacuum environment and it is challenging to preserve the

native structure of the sample.

Photodiode

< N

Laser source

Colloidal probe

HUMAN SKIN \ \ \ Feedback circuit

Fig. 3.1 Schematic diagram of an AFM tip-cantilever assembly processing a sample surface.
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On the other hand, SPM images are recorded with the changes in the magnitude of interaction
between the probes and the samples. In this case the resolution of SPM is defined by the
sharpness of the probes ’8. This allows us to go to the atomic level in resolution and operate in
gaseous and liquid environments. Eventually, the natural and physiological condition of the
biological material can be observed. Figure 3.1 is a schematic illustrating the principle of the
AFM. The AFM is like a stylus profilometer by means of construction, and it consists of a tip

at the end of a cantilever beam.

The standard cantilever probe is designed to be sensitive enough to perceive forces in the
range of piconewtons. This tip is subjected to interaction forces as it scans across the sample.
These forces deflect the cantilever beam, and these deflections are correlated with the surface
topography 7°. A laser source is directed on the back side of the cantilever and the reflection
of the laser falls on the photodiode. This photodiode converts the tip deflection into a voltage
signal. The deflection signal is passed to feedback circuitry controlling the vertical position of
the probe, to hold the tip deflection constant as it scans over a sample (when the force is

constant). The amount of vertical adjustment corresponds to the relative height of the surface

76

Hysteresis can be corrected using linear position sensors (i.e., strain gauges) to adjust the
drive voltage and counter piezo hysteresis during a scan *°. AFM head and additional piezo
stacks may increase the size range of samples that can be tested. This adjustment allows us to
image even small tissue sections. For biological applications, the AFM scanner is typically
positioned on the stage of an inverted epifluorescence or confocal microscope 8!. This allows
not only the topographical AFM images to be registered with specific fluorescently labeled
structures but also, as we will discuss in 3.1.1, production of self-adjusted tips for different
needs of biological research. The tip design is the part with which the users may have control
over the interaction between the surface and the probe, and the choice of geometry is an
important part of the contact mechanics discussion during the analysis of the results #2. Even
though tip sharpness was mentioned to be important for image resolution, extremely sharp
tips can be disruptive to the biological sample. In addition to that, a strong and stable adhesion
force is essential for uninterrupted scanning over a sample with varying phases of materials,

as it is in most cases of biomedical research 3.
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3.1.1 Colloidal probe designed for skin measurements

Operating an AFM presents unique challenges, particularly in the context of environments
that are arduous to replicate experimentally. Human tissue surfaces, often characterized by
substantial compliance, exhibit responsiveness to mechanical stimuli. Additionally, the
lubrication conditions within these environments tend to display a degree of variability **.
Considering these conditions there would be three main concerning points that need to be

adressed for the probe design *°:

» Establishing well-defined geometry to enhance the precision of contact mechanics

models.
» Augmenting lateral force sensitivity for improved measurement accuracy.

» Enhancing the adhesive interaction between the probing instrument and the skin

tissue.

d=9.008um

Fig. 3.2 Images of the colloidal probe a) with confocal microscope attached to AFM during

the approach of the cantilever b) with scanning electron microscopy **.

When we focus on the deformation observed when an AFM tip is in contact with sample
surface, the basic model would be established on Hertz’s theories on contact mechanics .
But his theory assumes that the surface being deformed is homogeneous and neglects the
adhesive interaction between probe and the surface. Two major models that are based on the
Hertz model, JKR (Johnson, Kendall and Roberts, 1971) and DMT (Derjaguin, Miiller and
Toporov, 1975) investigate the adhesive contact in more detail . The JKR model is best
suited to compliant samples, strong adhesive forces, and large tip radii; on the other hand,

DMT is more suitable for stiff materials, weak adhesion forces and sharper tips %%. In this
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case, our biological system would fit more in the direction of JKR model as the sample is
compliant, the choice of large tip radius of 9.008 um (Figure 3.2) and eventually strong

adhesive forces.

For the material of the colloidal probe, borosilicate glass microspheres were selected. The
main reasons for the selection are that; these spheres have a roundness value larger than 90%,
they have the lowest density among other glasses with 2.2 g/cc, and they have a very low
thermal expansion coefficient of 32x107/°C 3. This thermal expansion value is very
important for the production method of the colloidal probe. Traditional methods include
epoxy and adhesive application on the cantilever for the attachment *°. This application may
create contamination on the surface and change the adhesive interaction between the probe
and the surface. We applied a novel method that uses the cantilever-moving approach and
borosilicate glass microspheres were carefully grabbed like fishing, by the capillary adhesion
between the cantilever and the spheres. A critical point here is the microspheres should be on
a glass substrate that is sputtered with gold so that the cohesion between the glass substrate
and the spheres is avoided. Then the cantilevers with attached spheres are placed in the oven
and the temperature is gradually increased (100 °C/h) to 780 °C and the spheres would
covalently bind to the cantilevers. In this point, the low thermal expansion coefficient of
borosilicate glass is a defining parameter. Each probe was checked with SEM and the

statistical method of AFM reverse imaging *°.

It is imperative to acknowledge that, despite the meticulous avoidance of contamination
arising from epoxy or adhesive usage, there remains a potential for material transfer from the
biological specimen onto the probing instrument. Consequently, a cleaning regimen becomes
necessary at specified intervals during the testing process. In this context, the probe
underwent a rigorous cleaning procedure, encompassing ultraviolet treatment and a series of
sonications: 15 minutes in acetone, succeeded by 15 minutes in distilled water, repeated
twice. Following these rigorous cleaning measures, the probe remained structurally intact,
with no discernible abnormalities in its functionality, and the anticipated adhesion forces were

duly observed in the force curve analysis conducted via AFM °1.
3.1.2 Skin samples for the AFM tests

The depiction of skin in Figure 3.1 portrays a generalized three-dimensional representation
encompassing its three primary layers: the epidermis, dermis, and hypodermis. In our study

utilizing AFM, our focus centers primarily on the epidermal layer. It is important to note,
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however, that the epidermis itself comprises multiple sublayers, as delineated in Figure 3.3.
Specifically, the outermost layer known as the stratum corneum plays a pivotal role in
interfacing with the external environment °2. The primary function of the stratum corneum is
to regulate the evaporation of water from the skin, while concurrently serving as a protective
barrier against mechanical abrasions, foreign substances, and microbial agents. Additionally,
it constitutes the initial defense mechanism against ultraviolet light, effectively screening out

over 80 percent of incident ultraviolet B irradiation **.

A comprehensive grasp of the structural composition and functional attributes of the stratum
corneum is essential for the optimization of its protective capabilities. Fundamentally, the
process involves the transformation of living keratinocytes into non-living corneocytes,
wherein the cell membrane is supplanted by a stratum of ceramides that establish covalent
linkages with an encompassing framework of structural proteins °*. This intricate
configuration envelops the cells within the stratum corneum, contributing significantly to the
skin's barrier function. Moreover, cells within the stratum corneum feature a dense keratin
network, a protein renowned for its role in preserving skin hydration by mitigating water
evaporation *°. Furthermore, these cells possess the capacity to absorb water, further fortifying

their role in maintaining skin hydration.

It is noteworthy that keratin, as a ubiquitous biological polymer, constitutes a predominant
component of epidermal appendages in mammals, avians, and reptiles. These appendages
encompass structures such as nails, hair, the outermost skin layer, feathers, beaks, horns,
hooves, whale baleen, claws, and scales °°. Notably, these examples underscore the robustness
of these animal components, a quality that is attributable, in part, to the high stiffness

characteristics inherent to keratin.

In addition to the keratin-based barrier, the stratum corneum also features a multifaceted
amalgamation of lipids. These lipids are excreted by the sebaceous glands associated with
mammalian hair follicles, subsequently forming a fluidic film that overlays the skin's surface
979 This lipidic film encompasses various constituents, including triglycerides, diglycerides,
free fatty acids, wax esters, squalene, and cholesterol !%°. It is important to note that
delineating the distribution of this lipid layer, analyzing its mechanical characteristics, and
ultimately discerning the tribological behavior of human skin in this context present

noteworthy challenges.
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Skin samples have been provided by Dr. Cilurzo from the University of Milano Department
of pharmacy. The samples were obtained after an esthetic surgery following the standards

introduces by Blank and McAuliffe !°!,

Stratum corneum
Stratum lucidum

Stratum granulosum

Dendritic cell

Stratum spinosum

Melanozyt

Stratum basale
Basement membrane

Dermis

Fig. 3.3 Structure of epidermis and specifically the top layer, stratum corneum.

Full-thickness skin samples were hermetically sealed within evacuated plastic containers and
promptly frozen at a temperature of -20°C within a 24-hour timeframe after their removal. For
the subsequent preparations, the skin samples were methodically thawed to room temperature,
and meticulous removal of any surplus adipose tissue was undertaken. The skin was then
sectioned into square segments, followed by immersion in 60°C water for one minute to
facilitate the gentle separation of the epidermal layer from the remaining tissue, allowing it to

subsequently air-dry.

Upon receipt of the skin samples at the Center for Interdisciplinary Microsystems, Nano- and
Molecular Systems (CIMalNa), they were further divided into appropriately sized fragments
amenable for AFM investigations and subjected to storage at a sub-zero temperature of -40°C.
Prior to commencing the measurements, each skin fragment underwent a thawing process,
initially in a refrigerator set at -4°C for a duration of 2-3 hours, followed by a subsequent
thawing period at room temperature for 4 hours. It is noteworthy that no supplementary
procedures, such as nitrogen fluxing or cleansing with distilled water, were implemented

before conducting the measurements.
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The first challenge was to identify the side of the samples that is facing the direction of the
environment (and not the side facing the stratum lucidum or stratum granulosum) as the two
sides of the samples will represent significantly different morphologies 2. A sample is cut in

half, and one part is reversed upside down. In this case we assure that we are looking at both

sides, and it is the same location skin sample.

Fig. 3.4 Optical microscope image of top and bottom sides of the skin sample (highlighted

granular images captured on bottom side)

Images taken with optical (confocal) microscope, attached on the AFM, with 10x
magnification shows different morphologies of the two different sides (Figure 3.4). One side
shows the flaky structure of keratin layers expected to be observed on the top side of the
stratum corneum and, on the other side, we may observe a granular structure expected from
the side lying on the stratum granulosum. Then the AFM images related to both sides were
captured. The side capture on the top side of the sample has a similar layered structure with
keratin flakes that was observed with optical microscopy and the bottom side with granular
sites (Figure 3.5). Investigations on topography of the stratum corneum have been conducted

using a regular rectangular tip with Nanoscope V Bioscope 2 AFM (Veeco Instruments).
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Fig. 3.5 AFM height maps of top and bottom images of the skin sample (highlighted granular

images captured on bottom side).
3.2 Micro-Tribotester (MTT)

Within the framework of this thesis, we have used two different types of micro-tribotesters
(MTT). The first one is the Tetra Basalt® - Must (Figure 3.6). This MTT is a modular system

designed to measure surface interactions at a wide range of loads with high precision.
3.2.1 Tetra Basalt® - Must

Interchangeable modules for the movement of the specimen, let us use the reciprocating and
pin-on-disc modes. The normal load may vary between 1 uN — 10 N. The value of the load
can be adjusted with the selection of spring constant values and spring formations (Figure
3.6). As the measurements will be conducted on the corneal cell cultures, the lowest spring
constant cantilever available using stainless steel was produced. Our primary objectives
encompassed the assessment of various lens designs and materials, the cultivation of a
foundational comprehension of damage mechanisms, the mitigation of epithelial injury, and
the elucidation of factors that impact the interplay among the eye, contact lens, and eyelid.
Furthermore, the devised system holds applicability in conjunction with cell cultures derived
from diverse human tissues, such as vascular endothelium for applications pertaining to
cardiovascular research, or columnar endothelium for studies focused on intestinal

applications.

34



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

The fundamental operational unit within the Tetra Basalt® system, which is essential for the
measurement of both normal and tangential forces, comprises a 2D-micro force transducer.
This force transducer is constructed with a cantilever, designed according to a parallel spring
system, along with two mirrors firmly affixed to the mobile segment of the cantilever,
positioned directly in front of the fiber optic sensors (FOS), and is further supported by a
mechanical framework, as illustrated in Figure 3.6. The fiber optic sensors serve the dual
purpose of quantifying the deflection of the force transducer and facilitating the precise

positioning of the piezo drives.

Cantilever

TETRA® BASALT MUST DETAIL A

Fig. 3.6 General view of Tetra Basalt® - Must and detail of the selection A with the

cantilever and fiber optic sensor set-up.

Within the terminal section of the fiber optic sensors (FOS), clusters of glass fibers are
intricately amalgamated and meticulously fashioned to achieve an optical flat configuration.
The transmission of light emanates from a bundle of light conductors and is subsequently
redirected via a mirror, facilitated by an additional bundle of light conductors. Following this
optical journey, the light is transformed into electrical signals through the agency of opto-

electronic transducers, as delineated in Figure 3.7.

The determination of the sensing rate characteristic, denoted as U, = f(y), is primarily

governed by optical principles and adheres to the photometric distance law. Notably, this
sensor possesses the capacity for operation within two distinct measurement ranges. In

specific intervals within these ranges, the alteration in intensity exhibits a linear relationship.

In the initial measurement range (as depicted in Figure 3.7, denoted as area 1 or the near

range), a notable feature is the rapid elevation of the characteristic in response to a relatively
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minor alteration in distance. Conversely, in the subsequent measurement range (Figure 3.7,
area 2 or the far range), the span of measurement is broader, accompanied by a
commensurately gentler ascent of the characteristic. The zenith point of this characteristic is
referred to as the optical peak. It is pertinent to mention that the manufacturer undertakes the
calibration of the Fiber Optic Sensor (FOS), and the calibration values for the standardized

sensor characteristic are provided alongside the tribometer.

Fig. 3.7 Characteristic calibration line of fiber optic sensor.
3.2.1.1 Designed specimen holder for Testing Contact Lenses on Cell Lines

The main challenge for the probe design was that we aimed not to alter the shape of the
delivered contact lens. The design is formed to hold the entire contact lens while creating a
defined contact geometry. On the other hand, this probe should be attached to a very sensitive
cantilever that can detect sub-millinewton forces but also work submerged in the buffer

solutions to keep the cell lines in healthy conditions during the tribological tests.

The first step in designing the probe involved the meticulous selection of an appropriate
cantilever. The scope of applications primarily revolved around pseudostratified variants of
epithelial cell lines that were cultured to emulate various organ types within the human body.
It is noteworthy that documented values for normal forces in this context have been as modest
as 200 pN 19319 For the present study, we employed cantilever No 91555, sourced from
TETRA Gesellschaft fiir Sensorik, Robotik und Automation mbH (Tetra GmbH, now an
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integral component of Avatera medical GmbH). This cantilever is characterized by its specific
spring constants k,, = 16 and k; = 7, with a maximum normal load of 4 mN (with 4 uN
resolution), and a maximum tangential force of 3.5 mN (with 3.5 uN resolution), was

selected.

a 2 b -

| N 2
910

Fig. 3.8 a) Technical drawing of hardened plastic cover b) Real life image of hardened plastic

cover and passing form of hydrogel contact lens.

The second step was to build a cover for the probe tip. This cover (Figure 3.8 a) was built
with stainless steel as it was also used as a mold for the compliant silicon rubber that would
mimic the eyeball and support the contact lens (Figure 3.8 b) and this mold would be put on
another mold with half spheres with variable diameter half spheres on it to have a defined

contact geometry (Figure 3.9)

a b

'm r

Compliant silicone rubher
mimicking human tissue

Fig. 3.9 a) Simulation of the final assembly b) Real life image of the final assembly.

The probe needs an extension to have the adequate height to be completely immersed in the
biological solutions. This would also help us to eliminate the strong meniscus force that could
have played a critical role at such small loads '%. It also should be rigid to avoid self-bending

and eventually cause the crosstalk effect on the cantilever during the test ', The probe has no
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glue in its design, the lens is held in place by the contact around the edges, between the mold
and the cover. Thus, contamination is minimized, and cleaning of the probe is possible for
each test. The final appearance of the probe immersed into the biological solution can be seen

in Figure 3.10.

Fig. 3.10 Image of probe designed for the micro-tribometer with the extension for the probe.
3.2.1.2 Working in liquid environment and tare values

When we discuss large meniscus forces, we need to define what we mean by large. First of
all, it needs to be underlined that tribotester was not designed to conduct experiments in liquid
environments. In many cases, these meniscus forces are small enough to be neglected in
ambient air conditions. We can observe that there is a pulling force of nearly 1 mN on the

probe, where the desired force is 0.3 mN (Figure 3.11).
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Fig. 3.11 Meniscus force recorded during the approach of the probe (screen captured /non-

recordable data) with the meniscus formation highlighted in red.
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In this unique application in solution, with less than a millinewton normal loads applied on
the samples made of cellular lines, we cannot neglect this meniscus force 7. To mitigate this
complication, the tare function is usually applied. One may zero any load on the sample
before the test is started, and this meniscus force would not affect the tests. We noticed,
however, that the system of Tetra Basalt® - Must tribotester is designed to record loads only
when the cantilever is pushed upwards. In this case the tare function does not recognize -
1 mN of meniscus force and we had to instead apply target force of 1.3 mN, instead of the
desired 0.3 mN, which lead to total removal of cellular cultures. Following communication
with the company Tetra GmbH, the software was updated accordingly, and the tare function
recognized loads applied in a downward direction. This update solved the problem and tests

managed to be conducted without the removal of entire cell culture.
3.2.1.3 Cell cultures and polymeric coatings used for micro-tribotester

Culturing cellular lines is a time consuming, sensitive, and costly procedure ', So before
moving towards the tests with cellular lines, it would be a logical choice to test the stability of
the tribotester with the new cantilever and probe on a biomaterial that mimics epithelial tissue.

109 and

While the use of Dacron™ (a version of polyethyleneterephthalate)
polytetrafluoroethylene (ePTFE) ''° is not possible due to their textured and non-transparent
nature, we turned to multiple materials like Mylar™ (a film version of polyethylene

terephthalate), Teflon-AF™ (a spun cast production and a copolymer of perfluoro 2,2

1 112

dimethyl-1,3-dioxole and tetrafluoroethylene) !'!, poly-(amidoamine) hydrogels and
CarboSil® TSPCU that were used for applications related to cell culturing in the literature.
Among the candidate materials considered, CarboSil® TSPCU (Figure 3.12) emerged as a
noteworthy selection due to its tensile strength comparable to conventional polycarbonate
urethanes, coupled with enhanced biostability attributed to its silicone component ''3. This
material demonstrates versatility across diverse fabrication methodologies, rendering it
adaptable to produce various medical devices of varying geometries. Its utility extends to an
extensive array of medical applications, encompassing cardiovascular and neural
electrostimulation, continuous glucose monitoring, drug-eluting systems, and orthopedic

implants.

We conducted our repeatability tests with different scan rates (0.25-0.5-1.0 mm/s), normal
load varied between 0.2 mN — 2 mN, and on three different versions of CarboSil®: 80A, 90A,
and 55D.
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For the cell cultures, Corning® culture dishes were used. These dishes are optically clear,
made from polystyrene and tissue culture treated for optimum cell attachment. Also,
Secureslip™ glass coverslips were used, and these coverslips were affixed to a thin
transparent silicon base in order to secure the coverslip to culture vessels to prevent

movement and cell damage during cultivation and assay procedures.

Two types of cell lines were chosen for our tests. The first one was the primary cell lines of
fibroblasts with Biosafety Level 1. These cell lines were HT-1080 - muscle cells derived from
the uterus of a mouse ''*. These cell lines represented good adherence and clear cell loading

without stripping (Figure 3.13)

Fig. 3.12 Image captured during test on CarboSil® (Endothelium biomimic) in buffer solution

(distilled water).

The second selected cell lines were human corneal epithelium cell lines. They had Biosafety
level 2 (immortalized by DNA modification) consideration, and they were cell line CRL-
11515 provided by ATCC [117]. Unfortunately, the culture of these cell lines was
unsuccessful as they had poor adherence on to the culture dishes [118] It was decided to buy a
3D-tissue construct model of 4 cm2 human corneal epithelium (CCE 10-HCE-028) from
SkinEthicTM for future studies.
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Fig. 3.13 Cultured HT 1080 muscle cells under optical microscope with a scale of 300 um.

The probe and extension were checked for the cell culture insert height provided by
SkinEthic™ and the speed for cell culture tests was reduced to 0.1 mm/s to reduce the inertial
effect of the large probe. And finally, we use a now commercially available Acuvue Oasys

with Hydraclear Plus (Senofilcon A) as the contact lens to test.
3.2.2 Tetra Basalt® - N2

The second modular concept used for this project is the Tetra BASALT®-N2 Surface Tester
(Figure 3.14) that allows individual configuration according to customer requirements.
Modules and sensors were selected according to the loading conditions and movement of the
eye-eyelid system, based on literature survey ''>~'?’. Tribometrical assessments are conducted
on a large variety of samples in order to find suitable geometries and materials under different

operating conditions. Similar tribometer installations were used in ocular biotribology
115,117,119,125,127
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Capacitive sensors

-

Fn: Normal load

Direction of movement

Fig. 3.14 View of the tribometer BASALT®-N2 Surface Tester (left) and details of the

capacitive sensor and ceramic probe attached on the spring of the tribometer (right).

Selected modules used for this project, were able to vary normal load between 500 uN to 1 N
using three different force modules together with translational load evaluated via capacitive
sensors 28, Following the initial tests, the high load sensor (200 mN-1000 mN) was decided
to be outside the necessary load range. Reciprocating motion with a frequency between

0.1 Hz and 5 Hz and a stroke between 1 mm and 10 mm was possible (Figure 3.15).

Fig. 3.15 Axis movement description of instrument module (1), sensor (2), specimen holder

(3) and experimental module (4).
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The instrumental module (Figure 3.15 no. 1) was not only responsible for the Z-axis
movement and hence the normal load adjustment but also for the definition of the load range
of the tribometer. Capacitive sensors and the spring (Figure 3.15 no. 2, detail in Figure 3.14
right) were attached to the instrumental module. The location of the sample was adjusted by
the specimen holder (Figure 3.15 no. 3, Y-axis) and the experimental module (Figure 3.15 no.
4, X-axis). Frequency and stroke were also determined by the movement of either specimen

holder or experimental module.

Our partner Croma-Pharma GmbH developed an eye-drop liquid (Lacrimera®) containing a
thiolated chitosan 2133 that succeeds in reconstructing a physiological tear film. The thiol
(SH)-group mediated adherence of the effective hydrophilic biopolymer prevents leaching or
ablation from the cornea and provides a long-term relief for patients with dry eye or Sicca

134135 In addition to clinical studies in human, a comparative

syndrome, respectively
experimental study was necessary, allowing the assessment of the tribological performance of
these eye-drop liquids, i.e., benchmarking of their lubricating capabilities in terms of friction

and wear protection as well as durability.

According to tribological interpretation of the ocular system consisting of eyelid and cornea,
the effect of an eye-drop liquid can be attributed to two main mechanisms. First, the physical
mechanism based on the formation of a polymer film on the cornea resulting in retention of
water; this principle may be assigned to eye-drops containing sodium Hyaluronate (Na-HA),
e.g., commercialized in Hylo-Comod® !¢, As such film is readily removed by blinking of the
eye, low interaction, i.e., physically dominated adhesion to the outermost corneal epithelial
cells can be concluded. Second, the chemical-physical mechanism characterized by additional
chemical bonding of the polymer to corneal epithelial cells, i.e., binding of thiolated chitosan
contained in Lacrimera® '*7. The formed film is covalently fixed on the corneal surface and
hence cannot be easily removed by blinking. The resulting extended durability requires less
frequent re-lubrication, i.e., application of eye-drop liquid, compared to products whose effect

is (mainly) based on a physical mechanism.
3.2.2.1 Sample preparation for the eye-drop tests

In the context of this investigation, a primary focus was directed toward the tribological
assessment of ocular solutions, achieved through the establishment of a tribological system
designed to replicate the interactions occurring between the cornea and the eyelid wiper.

Accordingly, the main objectives were to develop a simple model and experimental procedure
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to assess the friction, wear, and durability of films formed from eye-drop liquids, and

benchmarking of Lacrimera® !3%,

Initially, chromium alum crosslinked gelatin of different rigidity (soft, medium, hard) was
plated on polyurethane until it was decided to use glutaraldehyde crosslinked gelatin only as a
substrate for mucin layers '*. The experimental framework for conducting tribological
measurements encompassed the utilization of plastic petri dishes of varying dimensions
(ranging from 35 mm to 85 mm in diameter), fabricated from high-quality platinum-grade
materials. The receptacles in question were filled with stabilized gelatin, crosslinked with
glutaraldehyde, meticulously stratified into layers of varying thickness, ranging from 0.5 mm
(distinguished by higher hardness) to 3 mm (distinguished by lower hardness), as visually
represented in Figure 3.16. It is worth noting that the gelatin surfaces were coated with a
mucin layer derived from porcine stomach Type III, characterized by a sialic acid content
falling within the range of 0.5-1.5 %. Following the application of the mucin layer, the gelatin
plate underwent a comprehensive washing procedure with water for injection, subsequently

followed by the evaluation of mucin layer integrity via alcian-blue staining.

Petri dish Mucin layer

Supporting gel layer

Fig. 3.16 Sample configuration, supporting gel layer in petri dish and mucin layer.

As counter bodies, aluminum oxide ceramic balls with a diameter of 5 mm, a specific weight
of 3.95 g/cm3, and a hardness of HRA 70 were selected (www.kugelpompel.at). Roughness
values are given as Rz = 0.382 uym and Ra = 0.043 um. These ceramic balls were used as
counter bodies for all documented measurements, as the inert properties of aluminum oxide
towards biological systems were beneficial '“’. For each sample a new ball was applied. Prior

to tribometrical experiments, the balls were cleaned by rinsing with ethanol. An approach to
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use a gelatin-coated ball was not realized, because of possible inconsistencies, which may
occur due to the detachment of the gelatin coating during the experiment. This may cause a
third body effect in the contact zone, thereby creating uncertainties in the system. As material
transfer happened within the first cycles of the test, it was concluded that the contact situation

on a molecular level consists of gelatin-gelatin or mucin-mucin contact, respectively.

The tribological evaluations encompassed the application of four distinct lubricants:
physiological saline solution (0.9 % NaCl w/w), chitosan-hydrochloride (1 mg/mL) in a
physiologically buffered solution referred to as "Placebo," commercially available eye drops,
specifically Lacrimera® (Croma-Pharma GmbH) and HyloComod® (Ursapharm GmbH). The
"Placebo" formulation consisted of non-derivatized chitosan '*!, and was buffered in a manner
identical to Lacrimera®. In preparation for testing, each gelatin plate underwent
preconditioning through immersion in a physiological sodium chloride solution.
Subsequently, two drops of each lubricant were applied to their respective test zones,
followed by a 5-minute incubation period. These tests were conducted under standard room

temperature conditions, with humidity levels maintained at 45 %.

Hylo-COMOD

W b4

NacCl Placebo

Lacrimera®

Fig. 3.17 Schematic presentation of a gelatin plate with locations of applied solutions and

performed tests (strokes).

The experiments were carried out in a sequential fashion, wherein each gelatin plate
commenced testing with one lubricant and proceeded in a counterclockwise manner to the

next lubricant (Figure 3.17). This rotational procedure was employed to mitigate the potential
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influence of drying on each tested solution. The results reported herein are the arithmetic
means derived from four repetitions conducted for each sample. Notably, the computed
average coefficients of friction values, determined by averaging the data points obtained from

four tests per cycle, exhibited consistent ranking patterns for both soft and hard substrates.
3.2.2.2 Determination of Young’s modulus for hardness discussion

The determination of Young's modulus (E) holds paramount significance in the assessment of
contact conditions within tribological tests. To ascertain the Young's modulus of the gelatin
hydrogel substrates specifically crafted for the designated tribological system (Figure 3.18),
macro-indentation tests were conducted '¥2. In such tests, a probe of precisely defined
geometry indents the surface, while concurrently measuring the requisite force via a spring
mechanism. Notably, the tribometer was employed as the indenter, utilizing a vertical
displacement approach rather than lateral movement. An alumina oxide ceramic sphere,
bearing the same specifications as those employed in the tribological investigations, was
employed as the indenter. The selection of the indentation mode was contingent upon the pre-
established criteria of penetration depth and indentation speed. To safeguard the preservation
of the elastic characteristics of the gel samples and preclude any potential disruption of the
mucin layer, a maximum penetration depth of 0.5 mm was deliberately opted for '*. The
indentation speed was maintained at 0.01 mm/s to mitigate abrupt alterations attributable to

the viscoelastic behavior of the gels.

Fig. 3.18 Real life image of the test system with the ceramic probe and gelatin hydrogel

samples.
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The micro-tribotester registered the spring deflection during the approach phase, and this
calibrated instrumentation subsequently converted these measurements into values
representing the normal load. In Figure 3.15, denoted by black dots, are the designated
locations for the indentation tests, with each plate subjected to testing at each location. The
Young's modulus was determined through a fitting procedure that involved comparing the
indentation force versus indentation depth data from the plates to an overlaid theoretical force
derived from the Hertz model, as presented in equation (12) '** (Figure 3.19, dashed lines):

4 E

_ .= .s3/2. pl/2
F=3a=m " F (12)

where F is the force applied by the indenter, E is Young’s modulus, v is Poisson’s ratio, § is

the indentation depth and R is the radius of the tip.

The modulus of elasticity for the soft and hard gel samples was computed through an iterative
process, commencing with initial values of 18 kPa and 36 kPa, respectively, as stipulated by

Equation 1. It is noteworthy that the calculated values were in accordance with previously

reported values documented in the literature 45149,
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Fig. 3.19 Force as function of displacement for soft (continuous light green) and hard
(continuous light blue line) gelatin gels vs. calculated value (CV) by iteration for each

material (in dashed lines).
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3.3 SRV Tribometer

The SRV® tribometer, initially designed for mechanical-dynamic testing, primarily within the
realm of mixed friction scenarios, adheres to the design principles delineated by DIN 50322
standards. This multifaceted tribometer is proficient in assessing the frictional and wear
properties of lubricants and materials in accordance with prescribed protocols '*°. Its modular
design allows us to simulate in-situ conditions of real-life mechanical systems by means of

translational and rotational motion.

The main parts of the SRV® (Figure 3.20) are the oscillation drive, the test chamber, the
device for applying normal load with a geared motor, and the load cell ', There is a PID
control system for the temperature adjustment to heat the specimens to in-situ values. The
possibility to choose manual or PC control allows series of measurements without direct

presence of an operator.

Specimen holder (upper) Load axis Specimen location

“ o O
@ v R s Normal Load
|| :
' | Heating
. Unit

Temperalure
Sensor

N

Friction force Friction force

Stroke axis Holding block Specimen holder (lower)

Fig. 3.20 General view of SRV® tribometer and the diagrammatic view of the test chamber

(highlighted in red) designed for oscillation tests.

The system is capable of recording most used tribological parameters such as the coefficient
of friction, stress condition, electrical resistance between specimens, wear amount, time
resolved, and wear. In the test chamber (Figure 3.20, highlighted with red), friction force is
calculated via two piezo force measuring elements, one for the friction force and another one

for normal load, that are located under the block on which the specimens are placed. In the
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traditional test system, specimens are held by the basic specimen holder and an exchangeable
counter specimen holder, but both holders are redesigned for biotribological tests, and the
details of the design will be given in section 3.3.1. The oscillatory movement is carried out by
ensuring a solid connection of the counter specimen holder and the oscillation drive via the

drive rod.

The SRV® tribometer has two loading modules that allow us to operate with the normal load
of 1-2500 N and 0.5-200 N and oscillation frequency of 1-511 Hz and 0.01- 10 Hz
respectively. We used the second force module because of the natural loading conditions of
the knee joint ', There are three temperature ranges that allow working at temperatures
ranging between -35°C and 900 °C. We used the standard range as the internal body
temperature of the bovine is 39 °C '*3. Finally, the stroke can be arranged between 0.01 mm to

S mm.
3.3.1 Designed specimen holder for cartilage-on —cartilage tests

As it is mentioned in previous section, The SRV® tribometer has standard specimen holders
for both test body and the counter body. But to evaluate in-situ working conditions for the
knee joints, there was a need to design specimen holders for cartilage samples. Lower
specimen holders also should include a housing for test lubricants (in our case distilled water,
calf serum, bovine synovial fluid, and addition of pro-/anti-inflammatory agents) and the

entire test system should be isolated from the environment.

The upper specimen holder consists of three main parts. The first part, indicated in Figure
3.21 as (1), is the attachment to the main body of the SRV® tribometer as shown in Figure
3.1. The part that is identified as (2) in Figure 3.21 is the fitting to one side of the industrial
bulk that will exclude the tribosystem from the environment for hygienic purposes and to
eliminate contamination. And finally, part (3) is where the cartilage samples will be placed.

Details of the cartilage sample selection and production will be described in Section 3.3.2.

When we focus on the lower specimen holder, the design becomes complicated with 5 main
parts (Figure 3.22). The first part to focus on here would be the (1) voluminizer. After the
initial calculations with the distilled water, it is observed that the amount of lubricant to fill
the entire bulk around the system would not be possible with a single donor bovine. An
average bovine has 40 ml of synovial fluid '** in the leg, and considering the multiple tests

needed to observe repeatability of the test condition, we would have only 6-8 ml per test.
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Fig. 3.21 Schematic view of the upper specimen holder.

Another issue with the lubricant directly filled in the bulk, would be that the elasticity of the
bulk material may interfere with the results during the oscillating motion. As the entire system
apart from the bulk material is made of stainless steel (biological grade), we would not have

this problem of elasticity with the designed voluminizer.

Here it is also necessary to underline one more material that would stop the leakage between
the voluminizer and the attachment to the SRV® (Figure 3.23, part (3)). An O-ring was
placed between the part (1) and part (3) so that the solution would not move to the part (5).
The outlet for the lubricant would be used only after the test, in order to analyze changes in
the lubricant. The natural flow of the lubricant after the test was assured by the inclined
surface of part (1) and part (3). Inclined and conic contact in the pairing surfaces was also
desired as synovial fluid is very adhesive '>° and separating the surfaces from each other was
challenging if both surfaces were parallel to the load axis. The inlet for pro/anti-inflammatory
additives is on the upper specimen holder, which we may see in Figure 3.23 that shows the

final assembly of the test system.
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2_Assembly Holder

Fig. 3.23 Schematic view of the complete assembly of the tribosystems.

To satisfy biosafety regulations and avoid contamination of the tribosystem, the entire system
needed to be assembled in a Biosafety Level II cabinet . This requirement underlined the
necessity of an assembly holder (Figure 3.23 part 2) that the entire system could be built on
and carried to the SRV® tribometer. An inlet for the introduction of pro-/anti-inflammatory
additives during the test added to the design to observe in-situ effects (Figure 3.23 part 1).
Eventually the space between the upper and lower specimen holders would be covered with

the bulk material to avoid contamination (Figure 3.23 part 3).
3.3.2 Cartilage samples for the SRV® tests

For our initial tests, we preferred to focus on animal donors for the cartilage tests. There are
multiple reasons for this preference, but above all, is the fact that it would be a rare occasion
to have human donors with healthy joints '*7. Most of the knee joints derived for the tests
would be patients within a certain age frame and with severe diseases, such as osteoarthritis,
that led to a total or a partial knee replacement. These samples would be useful to identify

mechanical changes in the joints due to the health conditions, and to observe the process of

52



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

certain treatments that would not require a live tissue to test ¥ On the other hand, in our
study we would like to focus on the mechanical behavior of healthy cartilage tissue under
daily life conditions. Pro-/anti- inflammatory additives would also give us an idea how to
improve the life cycle of healthy cartilage and enable us to observe initiation phases of certain

sicknesses and their tribological effects on the performance of a knee joint.

Athanasiou et al. compared different species (human, bovine, dog, monkey, and rabbit) and
noticed that all donors achieved similar results for the aggregate modulus, but the
permeability of bovine cartilage samples was considered closest to human femoral cartilage
161 Frisbie et al., investigated the average cartilage thickness for various animal species '®2.
Results showed that the bovine cartilage has similar thickness and a larger surface area
compared to human femoral head chondral. Considering the availability of samples due to the
greater surface area, similarities in mechanical properties and less complicated ethical
verification procedures compared to a human tissue purchase, we decided to conduct our
tribological tests with bovine cartilages. The selection of donors from the same gender and
age division was preferred because these parameters also affect the mechanical properties and

tribological response of the samples 4.

Samples are derived from the femoral part of the knee joint, as this part is the most influenced
by the knee kinematics due to different shapes of the contact surface '®*. This is the reason
why this compartment becomes the region where most severe cartilage tissue wear occurs '¢°.
The surface of the medial compartment is also more planar and the bone underlying the
cartilage has lower hardness '°°. These qualities made the femoral part of the knee, and

specifically the medial compartment, the target for specimen gathering.

Cartilage specimens of 8mm diameter were prepared using a single-use osteochondral
autograft transplant system (OATS) punch (Arthrex Inc., Naples, USA) by placing them onto
the surface of the cartilage at 90° to obtain a cylindrically shaped cartilage specimen. A
maximum of six to eight cartilage specimens per joint were obtained by punching them out
from the condyles as close as possible to the neighboring sample region. Obtained cartilage
specimens were shortened to 8mm in length using a custom-made cartilage holder (Donau
Universitit Krems) by using a saw and a scalpel (Figure 3.24). This geometry of samples was
selected as they have the same geometry with the autologous grafts used for mosaicplasty
operation '®7. This surgical procedure is typically employed in cases involving small to
medium-sized defects, where autologous grafts are harvested from a non-weight-bearing area

of the femoral condyle and subsequently transplanted into a prepped and damaged region. 6%
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Fig. 3.24 (a) Locations of the cartilage samples punched out from the medial and lateral
condyle of the femur; (b) Cartilage holder to adjust the height of the cartilage

samples.

We can see the final geometry of the specimen and contact in cartilage-on-cartilage
installment. Here it must be stressed that the alignment of the samples could play a vital role
because the cartilage has a certain orientation for its matrix that develops naturally because of
rolling and sliding during the movement of the patient '®. Hence, all samples were marked to

address the direction of movement.

As delineated earlier, the gender and age of the tissue donors constitute a critical parameter in
this context. Accordingly, all selected specimens were sourced from female bovines aged
between 18 and 20 months. A preparatory step involved subjecting all samples to a 2-hour
washing procedure in phosphate-buffered saline (PBS, Sigma—Aldrich Chemie GmbH,
Steinheim, Germany) at 37 °C to eliminate loose bone fragments and adipose tissue.
Subsequently, all specimens were placed in a growth medium (GIBCO DMEM/F12
GlutaMAX-I, Invitrogen, LifeTech Austria, Vienna, Austria) supplemented with antibiotics
(penicillin 200 U/ml; streptomycin 0.2 mg/ml) and Amphotericin B 2.5 mg/ml (Sigma—
Aldrich Chemie GmbH) for a duration of 7 days. This step was undertaken with the aim of
augmenting metabolic activity following the tissue harvesting process. The ensuing
tribological assessments for each animal were conducted within the subsequent two days at a
controlled temperature of 39 °C. Those specimens not subjected to immediate testing were
also maintained at 39 °C to ensure uniform environmental conditions, with the sole distinction
being the absence of tribological evaluations. Subsequently, all samples were stored at 4 °C

until both tested and untested osteochondral grafts were scrutinized on the tenth day.
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Detail A

Fig. 3.25 Upper and lower specimen holders with cartilage samples in SRV® chamber and a

close-up image of cartilage samples (Detail A).

In the latest stage of the tribological tests, we also worked on samples from human donors.
Samples were collected also from the femoral heads. The diameter of the samples was 10 mm
in this case, but the design of the specimen holders (Figure 3.25) allows us to adjust the
diameter within a certain tolerance. On the other hand, the height of the samples is limited by
the SRV® tribometer frame, so all samples were adjusted to 8 mm. The specimens were
enveloped with a 10% gelatin methacryloyl (gelMA) coating, as depicted in Figure 3.26. This
gelMA coating encapsulated three distinct components: (1) human articular chondrocytes
expressing DiO fluorescence (hAC-DiO), (2) immortalized human adipose-derived
mesenchymal stem cells (MSC) (ASC/TERTI1, Evercyte) genetically modified to express
green fluorescent protein (GFP), and (3) a co-culture of hAC-DiO (green fluorescence) and
ASC/TERT]1 cells transduced with mCherry (a red fluorescent protein), established at a 1:1

ratio ',
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LA ALY
height=3.48 mm

Fig. 3.26 Image of gel coating with the height detail from the 3D topography (captured with

Keyence® microscope).

The cartilage sample was coated partially by the gelMA for imaging purposes. The main idea
was to assess the coating height. The 3D image of the area enclosed with a blue line in Figure
3.26 (a) shows an average height value of 3.48 mm but with some variation. This variation is

due to the cut profile for imaging and the surface would be smoother with continuous coating.
3.4 X-ray Photoelectron Spectroscopy (XPS)

When we consider biomaterials, engineered tissues, and biosensors, we require a fundamental
understanding of how a physical environment influences biotribological behavior. In this case,
the ability to characterize and/or manipulate interfacial events within the biotope becomes
crucial. We mentioned different scanning probe microscopy techniques in Section 3.1, such as
AFM, and different optical measurement techniques, such as surface plasmon reference (SPR)
or optical waveguide lightmode spectroscopy (OWLS) !"!, were discussed in the literature.
These may give insight into the surface modification events but fail to provide specific
information on the chemical details of the interface and interactions. X-ray Photoelectron
Spectroscopy (XPS) is a analytical technique employed for the investigation of the elemental
composition, chemical bonding state, and overall constitution of a sample's surface. This
methodology entails the irradiation of the sample's surface with X-rays, followed by the
precise measurement of the kinetic energy exhibited by the photoelectrons emitted from the

sample's surface '72.
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Fig. 3.27 Basic components of an XPS system.

In an X-ray Photoelectron Spectroscopy (XPS) experiment, a low-energy, often achromatic or
monochromatic X-ray source (typically AlKa or MgKa) is employed to irradiate a sample
within an ultrahigh vacuum (UHV) environment, inducing the ejection of core-level electrons
from the constituent atoms (see Figure 3.27) !”3. The kinetic energy exhibited by a photo-
emitted core electron is contingent upon its binding energy within the atom and is determined
by the elemental composition of the material. Notably, a prominent relaxation mechanism at
the typical X-ray energies utilized in XPS involves the filling of the resultant core-hole by an
outer electron, which in turn triggers the emission of an Auger electron, effectively

conserving the transition energy.

The analytical apparatus for XPS encompasses an electron energy analyzer and an electron
detector, which record and quantify the emitted photoelectrons and Auger electrons as a
function of their energy. The resultant spectrum serves as a representation of the composition
of the material's surface. Specifically, the peak position on the energy scale is indicative of the

constituent element, while the peak area provides information about its relative abundance.
173

As the system already operates in the UHV, further contamination of the surface is avoided,
but also XPS is very capable of surface contamination detection. The contaminant may

influence the biological interactions of a biomaterial or tissue scaffold and can interfere with
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the results. There is an abundance of literature related to the detection of surface
contamination via XPS, and many reviews exist in the literature that specifically focus on

biomedical applications and issues !’*.

Our primary lubricant under investigation in eye drop tests, Lacrimera, was built on a natural
polysaccharide, chitosan, and a well-known antioxidant, N acetylcysteine. The combination of
these two yields a novel polymer, Chitosan-N-acetylcysteine, that has a prolonged and robust
mucoadhesion on ocular surfaces '7°. X-ray Photoelectron Spectroscopy (XPS) investigations
were executed employing a Theta Probe™ instrument, provided by Thermo Fisher Scientific.
The primary objectives of these analyses were twofold: firstly, to validate the presence of
disulfide bonds as indicators of mucin binding to the chitosan substrate, and secondly, to
document variations in surface chemistry resulting from the tribological testing procedure. A
schematic representation of the XPS chamber, depicting the specific measurement site within
a wear track (highlighted by a red-lined area), is delineated in Figure 3.28, exemplified herein

for the "Placebo" sample.

The X-ray source utilized in this analysis was a monochromatized Al Ka source, emitting X-
rays at an energy level of 1386.6 eV. For precise measurements, the spectrometer underwent
calibration, referencing the 368.21 eV binding energy (BE) associated with the Ag 3d5/2 line
for metallic silver. Linearity corrections were applied, employing BE values for metallic
silver (932.62 eV for the Cu 2p3/2 line) and gold (83.96 eV for the Au4f71/2 line). To
compensate for charge effects, a flood gun was employed, employing low-energy electrons

and argon ions at 1 eV.

Subsequently, the binding energies of the corrected spectra were further adjusted to align with
the primary hydrocarbon peak of Cls, positioned at 284.6eV BE. The X-ray spot resolution
was consistently set at 50 um for all measurements. Survey spectra were acquired with a pass

energy of 200 eV BE, while detailed spectra utilized a pass energy of 50 eV.

To maintain optimal analytical conditions, the analytical chamber was upheld at a base
pressure below 5x10-8 Pa. Data analysis was undertaken employing the Avantage v5.9915
software by Thermo Fisher Scientific, and spectral peaks were fitted utilizing a convolution

approach, employing Lorentzian and Gaussian peak shapes!’%!7’.
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Fig. 3.28 Camera image inside the XPS chamber to spot area of contact (red line).

In preparation for X-ray Photoelectron Spectroscopy (XPS) analyses, specimens were excised
to dimensions approximately 5x5 mm? using a scalpel. Subsequently, they underwent a
gradual drying process in ethanol with incrementally rising concentration levels. To ensure
the sustained integrity of vacuum conditions within the analytical XPS chamber, the
evacuation within the fast entry lock was meticulously conducted over a period spanning

several days.
3.5 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) stands as a highly versatile instrument, esteemed for
its capacity to meticulously investigate and analyze the microstructural morphology and

chemical composition characteristics, as exemplified in Figure 3.29 178179,

Light microscopy is of great importance to scientific research, and in our studies, we used it
on many occasions for observing the general topography of a sample. But a limiting
resolution of ~0.1 um '3%18! due to the wavelength of visible light radiation, which ranges
from 400 nm (blue) to 700 nm (red) led us to a different application to have a deeper
observation on our samples. Electron microscopy has been developed by replacing the light
source with high energy electron beam to image submicron-sized objects, even down to single

183

atomic positions '*2. A resolution down to 0.1 nm is possible in today’s electron

microscopy.
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Fig. 3.29 Main components of an SEM '8¢,

Electron microscopy has been developed by replacing the light source with high energy
electron beam to image submicron-sized objects, even down to single atomic positions 32, A

resolution down to 0.1 nm '®

is possible in today’s electron microscopy. In an SEM, the
electrons are emitted into the vacuumed environment from the cathode that is activated by
heating '*°. This ray then goes through the anode that accelerates and focuses on the beam.
Off-axis and off-energy electrons are blocked by the condenser lens. Then the spray aperture,
with the help of magnetism, creates a helical path for the beam that will lead to a spot. The
deflection coils within the objective lens deflect the electron beam to have a non-rasterized

scan.

Random absorption and scatter of electrons will take place as the next stage and the X-Ray
detector will be the primary detector of the high-energy electrons that can map the sample.
Scattered electrons would be analyzed by the secondary electron detector, and this would
generate the topography image. The backscatter electron is aiming to check chemical phase

changes in the sample (Figure 3.29) '8,
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3.6 3D Profilometry

We have chosen Keyence® VX-1100 for our analysis of cartilage surfaces (Figure 3.30). The
profilometer uses two light sources: laser light and white light. Laser scanning of a surface in
the X, Y, and Z directions allows image capture and height measurement with high horizontal
resolution (0.5 nm vertical and 1 nm horizontal). The use of white light also makes it possible

to capture the colour of the sample surface.

Colour CMOS camera X-Y Scanning
Optical system
Short wavelength laser
i y light source

-

v

!

al
e
—_ Condensing lens
-5 Pinhole

»
gl Light receiving element
(photomultiplier)

White light source
(illumination)

Detail

Fig. 3.30 Main components of Keyence WX-1100 with the detail of the captured cartilage

surface.

Two types of laser sources are available for the system: a 404 nm violet semiconductor laser
and a 661 nm red semiconductor laser '*7. As the resolution is limited to the wavelength of the
laser source, we have chosen the violet laser for our research '®8. It was also possible to assure
accuracy even with low-magnification lenses. A high accuracy photomultiplier, with 16-bit
dynamic range capture, reduced the reflections from the wet surface of the cartilage samples,

and cracks that might have edge angles up to 87.1° could be detected. Sudden rupture cracks
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% and hence require this accuracy.

on the cartilage surface are generally deep and steep '8
There are multiple reasons for us to choose this profilometer but on top of the list is the ability
to scan 10 mm diameter cartilage surface within a minute. Other systems tried on the samples
managed the same area, with the same resolution in between 30 minutes to an hour. This
would be unacceptable, as none of the systems were available to capture the image in

solution, and the drying of the sample would give completely unrealistic surface parameters.
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Chapter 4 Conclusion and Discussion

This project aimed to investigate tribology-related surface interactions in biological media at
different scales, namely nano, micro, and macro level. The scaling can be related to the
sample size, probe size, loading values, and surface characteristic values, not limited to
geometrical constraints. The main idea arose during the initialization of the WEMESURF
Marie Curie Research Training Network of the European Commission. With two partners, the
University of Milano, and Philips Applied Technologies, we discussed the inadequacy of
macro models investigating the tribological properties of the skin, and established a need for a
test system that can identify the function and distribution of the sebum layer on the skin. The

challenges related to the topic include:

» The choice of a tribometer capable of assessing interactions at a highly localized scale,
with the capacity to discern specific regions of the stratum corneum overlaid with

sebum or keratin, is a critical consideration.

» Design of a probe that can be assembled without a contaminant, that is robust enough

to make a tribological test but also sensitive to surface adhesion forces
Sample selection and also gathering of the sample
Communication with the ethics commission if the sample is animal or human-origin

Using imaging techniques to validate sample and probe selection

vV Vv VYV V

Control of the environmental conditions to conduct the tribological tests

The first question was an obvious choice. The AFM stands as the sole tribometer that
functions at exceptionally low applied loads and small spatial scales, offering both contact
and non-contact modes, while concurrently preserving the integrity of the specimen under
investigation throughout the testing process. The probe could be produced by just the melting
of a glass probe, avoiding glue as a contaminant. The spherical probe would also have more
significant adhesive force thanks to its larger surface area, compared to standard AFM tips, a
defined geometry, and high mechanical strength of the tempered glass.

Sample selection was the challenging part. The necessity for biotribological research; a well-
established communication between different university departments such as biology,
chemistry, material science, mechanical engineering, physics, and a medical department is

underlined. To conduct tests on animal or human tissue is only possible if tribotope of
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research is certified accordingly. Since the main application was shaving, it would be logical
to use the skin samples from the facial site. However, those samples are relatively rare, and if
they are available, there is only a small number of samples derived from surgeries conducted
on the human face. Our communication with the medical department of the University of
Milano made it clear that the size and availability of the samples from the abdominal area
would be suitable for our research. Identifying which side of the skin samples we were
looking at was also crucial. Such a thin layer of skin has one side of the stratum corneum, but
the other side is the stratum granulosum side. We cut each sample in half and derived a
surface topography image via AFM to identify the side of the skin. Samples were placed on
the glass cover slip with distilled water and surface tension. So, glue was used neither on the
probe nor on the sample. During the tests, we observed a plateau on force curves that were not
reported before in research related to the AFM studies. It was as if the colloidal probe was
floating on a fluid. Our tests proved this only happens in the zones that were covered with
sebum. It was also possible to conduct tribological tests on the zones that were not covered
with the sebum.

It should be reported that the limited time available for the mobility programs at one project
partner resulted in the research ending with a limited number of tests completed. The system
should be further investigated to ascertain if it can also be used to identify lubricative
properties of oil-based lubricants, with more friction results needed to have a statistical idea of
skin friction. Changes in the atmosphere could also be implemented via a chamber with
heating and nitrogen flux adaptations. Following the success of the first project, we decided to
apply similar concepts on a micro level in Philips Applied Technologies. The challenge was
to adapt a microtribometer to test different contact lenses on corneal cell cultures to observe

friction and wear. So, the challenges that arose concerning the idea were;

» Culturing cells according to the application and keeping them alive in related

physiological media

» Adapting the microtribometer that is not designed to conduct tests in that

physiological media.

» Designing a probe that can work under sub-millinewton loads but also can be

introduced in the environment of cell cultures

» Creating a specimen holder to mount the contact lenses without damaging the lenses

and without using glue, but also having a defined geometry
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The initial challenge was to culture corneal cells. Corneal cell lines do not have high adhesive
properties due to their function. They are designed to be replaced periodically by the blink of
the eyelids and a continuous supply of tear fluid. According to our communication with the
biological experts within Philips Applied Technologies, we agreed to use mouse uterus cells

due to their high adhesion properties and vitality.

The cantilever designed by Falex Inc. that can apply loads in the sub- millinewton regime was
made of glass. The springs on the cantilevers were extremely fragile and hard to operate.
Therefore, a new cantilever had to be designed. Our communications led to a cantilever made
from biological steel that would not corrode in biological media or break easily. This
cantilever also needed to be adapted to a probe that could host the contact lens and with a
certain height to dip inside the cell culture, avoiding the cross talk of the cantilever. Even
though all the tasks were fulfilled, the tests could only be performed with 0.5 mm/s maximum

speed to avoid crosstalk.

Another challenge with the probe was the meniscus force between the probe and the
biological media. This force was in the range of 1 mN and could not be mitigated via the
software of Falex Inc. Our communications with the company led to an update of the

software, and the system can now also recognize negative loads.

Extensive investigations into the mechanical characteristics of the ocular structures,
particularly the cornea, commenced with the utilization of commercially available polymers,
owing to the formidable challenges associated with the cultivation of cells individually for
every experimentation aimed at prototyping purposes. A commercially available 3D cell
construct was also suggested for the project. However, due to extended delivery times, the
task could not be completed during the employment time within the mobility program. In
another project, we wanted to observe the performance of different eye drops, the calculated
budget for the production, and the analysis of the cell cultures, to be around € 100k. It should
also be noted that transporting samples in biotribology-related projects is a big concern.
Hence it is advised to have departments in the same complex. Transportation times also
change the definition of ex-vivo samples, as a sample with different storage conditions must

be labeled as another sample and cannot be used in the same statistical analysis.
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For the eyedrop tests, a polymer coated with mucin layers was used. On the other hand, the
counter body for the tests were ceramic balls. The tests were conducted in a liquid chamber
without a constant supply of tear liquid, so the wash away properties of the eye could not be
observed. For future studies, it is advised to supply the system with the periodic addition of

tear fluid.

Finally, we came to our macro application that would include cartilage samples. Here the

challenges were:

» Selection of cartilage donor animal that would be available before the tests on human-

origin samples

Finding a certified institution for supplies of the cartilage samples
Selection of the sample geometry

Design of sample holder for the selected sample geometry

Creation of the housing for the solutions that should be used for the tests

Heating the system to mimic the body temperature of the selected donor

vV VvV VYV ¥V V VY

Enclosure of the system to avoid contamination and build the system in a biosafety

chamber, then carry it to the tribometer

As it is difficult to obtain human samples, we made a broad literature survey on tests with ex-
vivo and in-vitro samples we may use instead. Our research pointed to bovine samples due to
availability, similar size to the human knee, and similar body temperatures. Synovial fluid can
also be obtained from the bovine samples. These ex-vivo bovine samples would represent the
human knee joint system better than implant materials on which tests could be conducted. Our
literature research also focused on the lubrication regimes and mechanisms for the knee joint.
One of the main discussions was the role of water in synovial fluid in lubricating properties
for the knee. So, in our tests, we isolated water as a primary solution for the tests and
compared it with the synovial fluid tests. Results show lower friction values for the water
compared to synovial fluid in cartilage-on-cartilage tests that supported the role of water in

the lubrication of knee joints.

Sample geometry was selected according to the standard procedure of mosaicplasty surgery. It
requires a relatively small sample compared to the tests conducted on the entire joint, and
submerging large samples while heating the solution would make it difficult for the total joint

to be tested. The Donau University of Krems delivered the samples as project partners, and
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work was conducted under the university's certification. The issue with the small samples was
that we needed to punch them out and eventually discontinue the matrix integrity of the
cartilage. In this case, the system delivers a relatable result for mosaicplasty surgery or similar

applications, but not entirely healthy, continuous matrix knee joint.

As the knee joint is always loaded in the same direction, the matrix develops in the same
direction to loading conditions unless an accident happens. In our study with DUK, we also
checked if the directional placement of the samples would change the success rate of the
operation. Even though we have not observed a radical difference between different
directional placements of the cartilage samples in our test systems, we would be cautious to
conclude on the actual system of the total knee joints. As we designed the system in a way to
introduce additives, we also tested how the anti-inflammatory additives and their effect on
cartilage samples. Results showed no significant changes in the friction behavior of the
samples due to the orientation of the grafts, although the samples' wear properties and cell

viability changed significantly.

We tested the developed tribotest system with bovine samples, on human samples with
hydrogels used as wear protectors in the knee joint. Even though it was possible to create
stable hydrogel layers on the cartilage, it was observed that the human samples were not very
stable due to changing health conditions among the donors. An important parameter here is
that the samples derived from humans are primarily from old donors with severe joint
sickness due to fatigue or osteoporosis. Young people rarely have these problems unless they
have an accident that would lead to the removal of the joint or some genetic issue appearing in
the early stages of life. In this case, there would be minimal studies possible in-vivo for

cartilaginous joints.

The final discussion would be on corrosion in implant technologies. The main idea was to
develop knowledge on corrosion using non-biological systems and then move on with the
studies in biological applications. Even though there was success in corrosion calculations of
stainless steel in multiple aggressive environments, the first trials were less successful on
biosystems. The major problem was that biological solutions like synovial fluid could be
more conductive. Hence reading electrical signals was challenging. Also, even the artificial
synovial fluid, designed for tribological tests, has five different salts in it. So, it was not
possible to analyze the chemical mechanisms of the corrosion. Most of the tests were limited

to saline solution only, and if the temperature was also introduced to the system. Evaporation
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would change the system significantly in time. The evaporation requires a closed chamber,

which is another challenge for the tribological tests.

In conclusion, this multi-scale investigation into tribology-related surface interactions in
biological media has not only shed light on the intricacies of these interactions but also
underscored the interdisciplinary nature of such research. The journey embarked upon during
the initiation of the WEMESURF Marie Curie Research Training Network has unveiled a
multitude of challenges and opportunities. From selecting the right tribometer and creating
contamination-free probes to navigating the complex ethical considerations of working with
animal and human tissues, this project has exemplified the need for collaboration across

diverse fields.

The accomplishments achieved thus far, from the novel use of AFM in identifying sebum-
covered skin zones to the adaptation of micro-tribometers for corneal cell culture tests, are
significant milestones. The investigation into cartilage samples, although met with challenges
regarding sample availability and size, has provided valuable insights into lubrication
mechanisms within knee joints. The results regarding the role of water in knee joint

lubrication are particularly promising, potentially impacting future treatments.

As we move forward, the path ahead is illuminated with new questions and challenges, from
corrosion studies in implant technologies to the development of in-vivo studies for
cartilaginous joints. The lessons learned from this project will continue to guide future
endeavors in tribology and biotribology, where the boundaries of science are pushed further in
pursuit of a deeper understanding of the complex world of surface interactions in biological

systems.
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Abstract

This review explores the intersection of tribology and dermatology, explicitly
focusing on studying the human skin and drawing inspiration from natural
systems. It investigates animal adaptations and their implications for
biotribological applications, with examples such as the friction anisotropy and
wear tolerance of snakeskin, the healing properties of fish skin and the lotus effect
for reducing adhesion in biomedical devices. Understanding human skin presents
challenges due to its complex structure and variability influenced by age, gender,
race and environment. The paper discusses in vivo and ex vivo measurements,
substitute models replicating human skin properties and contact mechanics
considerations. It explores contact models, measurement methods and factors
impacting skin friction, emphasising the interplay between adhesion and
deformation components. Techniques such as atomic force microscopy and the
colloidal probe technique provide insights into mechanical properties and
molecular interactions. By comprehending the complexities of human skin and its
tribological behaviour, researchers can develop innovative solutions in areas
ranging from soft robotics to medical research and aerospace technology.

1. Introduction

Tribology is the science of friction, wear and

fundamental theorems employed to comprehend
contact conditions, which have also played a pivotal
role in shaping the broader field of tribology.

lubrication. While many may think directly of things
like machine elements and cars, all of us encounter
tribological phenomena everyday even much more
closely, namely in or on our bodies. The field that
deals with these phenomena is a sub-category of
tribology, called biotribology, which can have a
significant impact on human well-being. Within
biotribology, dermatology, ophthalmology,
orthopaedics, dentistry, hematology/cardiology,
gastroenterology and neurology are prominent
fields of study. This review article aims to delve into
the realm of dermatology, which involves
comprehensive  investigation, diagnosis and
management of skin-related health conditions. By
examining relevant studies, we shed light on the

This work is licensed under a Creative
BY NG Commons Attribution-NonCommercial

4.0 International (CC BY-NC 4.0) license

Exploring captivating animal kingdom instances
before delving into human skin's intricate
properties can provide valuable insights for many
industrial applications.

At the crossroads of tribology and dermatology,
an intriguing avenue of exploration lies in
uncovering the design principles that govern the
remarkable adaptability and performance of natural
systems in response to their environments. Natural
systems, while functionally complex, are usually
optimised in terms of shape and performance. It is
believed that the functional complexity of natural
systems is what allows natural species to morph
continuously to adapt to their respective operating
environments [1]. Often, these adaptations concern
surface design features. These may include superior
functionality, the ability to harness functional
complexity to achieve optimal performance and
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harmony between shape, form and function. To
deduce design rules, there exists a need for
qguantification of the relationship governing
microstructure and mechanical properties of the
bio-surface, exploring the influence of macro- and
microstructures and finally devising working
formulae that describe (and potentially predict) the
load-carrying capacity of macro- and micro-scale
features during relative motion.

The skin's appearance, health and well-being are
inextricably bound to an individual's physiological
and psychological well-being since its look, colour
and features influence societal perception and
personal interactions. The skin has many functions,
but the most important is to be a blockade against
the entrance of chemical, physical and
microbiological agents, thus protecting all other
body tissues. It is where hair, nails and certain
glands, such as sweat glands and mammary tissue,
form. The hair coat, cutaneous (skin) blood
circulation and sweat glands are essential in
temperature regulation.  Electrolytes, water,
vitamins, fat, carbohydrates, proteins and other
materials are stored in the skin. The skin allows
radiation from the sun to convert the inactive form
of vitamin D to the active form. It then transfers
active vitamin D to the rest of the body through the
skin's capillary system, as the roughness dimension
is smaller than the blood platelets [2]. Additionally,
the skin changes colour to darker with the help of
melanin and it helps prevent damage from
ultraviolet light. We can also monitor a person's
health as internal diseases, external diseases, and
the effects of topical substances can change the
visual look of the skin [3]. Skin is a primary sense
organ for touch, heat, pain, itch, cold and pressure.
It can also be identified as an extraction organ as it
has a part in eliminating waste from the body.

2. Observations in nature

One of the most studied topics concerning the
functionality of natural surfaces is their wetting
behaviour, which has direct implications on
tribological properties. Here the most famous
effect is the lotus effect, which results in
superhydrophobicity (i.e. contact angles > 150°).
Plants have a skin called a cuticle that covers the
above-ground surfaces. It is composed of waxes
and a polymer network consisting of fatty acid
building blocks called cutin. Barthlott and Neinhuis
noticed that some plants seemed to have a self-
cleaning effect, and this effect was most obvious
for the lotus [4]. It is caused by combining two

features of the leaf surface: its waxiness and the
microscopic bumps covering it. When the pre-
requisite of water-repelling surface chemistry is
met, the surface structure becomes dominant [5].
The resulting high water contact angles and the
small roll-off angles lead to water droplets rolling
easily off the leaves and dragging dirt particles
with them. The most exciting application of the
lotus effect related to this review is that it reduces
the adhesion of blood cells to surfaces. Micro- or
nanostructured surfaces mimicking the lotus effect
therefore can be used for biomedical devices such
as catheters, stents and artificial or prosthetic
cardiovascular components [6]. Inspired by the
natural blood vessel micro- or nanostructure, Fan et
al. devised a strategy for mimicking the topography
of the blood vessel tissue's inner cell layer. Using a
self-assembly  technique together with soft
lithography, they fabricated an artificial blood vessel
of polydimethylsiloxane (PDMS) with dimensions
close to that of natural blood vessels, consisting of
submicron ridges (500 nm wide and 100 nm high)
and nanoscale protuberances (100 nm wide and 40
nm high) [7]. The results indicated that blood
platelet adhesion was reduced only with multiscale-
structured PDMS when the roughness matched the
platelet size [8]. Liu et al. designed an in vivo
experiment on the vascular graft of rats that
connects to the abdominal aorta to evaluate its
effect on the patency rate. They fabricated a
longitudinally aligned graft topography on medically
graded polyurethane with a surface mimicking the
arterial vessel's inner coat. Thrombosis formation
was significantly reduced for the aligned
topography, and its patency rate was increased
from 28.6 to 100 % for the smooth surface. They
concluded that the blood compatibility of the
aligned topography was observed because of the
reduced contact area between the surface and the
platelet, as the roughness dimension is smaller than
that of the platelets [9].

Furthermore, specific microstructures on natural
surfaces also induce anisotropic wetting behaviour.
Thorny devils (Moloch horridus) and the Texas
horned lizard (Phrynosoma cornutum) are two
fascinating lizard species that can collect and
transport water [10] with channel-like structures on
their skin (Fig. 1). Specialised skin structures,
comprising a microstructured surface with capillary
channels between imbricate overlapping scales,
enable the lizard to collect water by capillarity and
transport it to the mouth for ingestion [11]. It has
been suggested that these structures can also be
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used in tribological settings to guide lubricants across
surfaces to designated positions where lubrication is
needed to reduce friction and wear [12].

capillary I
v R )

Figure 1. Capillary fluid transport mechanisms in Moloch
horridus: (a) Moloch horridus can drink water from sand
through its feet and back, reprinted from Wikimedia
Commons, licensed under CC BY-SA 3.0, (b) the fluid
transport properties through the channels on the
surface of the Texas horned lizard (Phrynosoma
cornutum) are demonstrated with the help of a
coloured water droplet, adapted from Comanns et al.
[13], licensed under CC BY 4.0 and (c) schematic
illustrating the mechanism of fluid transport by capillary
forces; the liquid stops at the sharp edge of capillary |
and is picked up by the liquid going through the
interconnection, forming a new liquid front, adapted
from Comanns et al. [13], licensed under CC BY 4.0

An exciting example of animal skin, which has
demonstrated fascinating tribological behaviour
and has been investigated as a substitute for
human skin, is the skin of a snake [14]. One
advantage concerning its tribological evaluation is
that snakeskin can be obtained without injury to
the animal and does not have to be subjected to
chemical or thermal stress prior to use. Shed
snakeskin, a non-living tissue, can be stored for
extended periods at room temperature and
transported conveniently. Stored and fresh
snakeskin does not appear to exhibit any
differences in permeability. Moreover, snakeskin,
lacking hair follicles, does not suffer from issues
associated  with  transfollicular  penetration
encountered in mammalian skins. The shed skin of
ball pythons is of particular interest in tribology

due to their locomotion within a non-breakable
boundary lubrication regime [15]. The skin's
ornamentation facilitates this performance
feature, making it relevant for the design of sliding
assemblies (e.g. cylinder piston) and prostheses.

Artificial snakeskin can be used in soft robotics
[16]. Snakes can grasp objects with their body and
move around using various gaits, including slithering
and creeping. They need a surface structure that
provides friction anisotropy, enabling them to
navigate more quickly and efficiently through their
environment. The critical part is not only in the
actuation system but also in the design of the
artificial skin. The skin should possess flexibility and
stretchability, while the scales need to be
positioned on a pliable base body at a specific angle
of attack. In experimental investigations of artificial
snakeskin, researchers observed friction anisotropy
when using two different stiffness base materials
and three angles of attack [17]. Interestingly, they
discovered that employing a flexible base material
reduces friction in the forward direction and
increases it in the reverse direction, resulting in
enhanced friction anisotropy. In a separate study by
Sdnchez-Lépez et al, long-term low friction
maintenance and wear reduction on snakes' ventral
scales were explored [18]. The main issue is that
even though the softness of the material in robotics
is essential for friction anisotropy, how would such a
material endure permanent friction and wear during
sliding? The wear resistance is attributed to the
fibrous layered composite material of the skin,
comprising a gradient of material properties,
surface microstructure and ordered layers of lipid
molecules on the skin surface [19].

Shed snakeskin has also been considered as a
substitute for human skin in tribological research.
The frictional response of shed skin obtained from
Python regius and human skin from different
anatomical sites, gender and age, was compared. It
was observed that the mechanisms governing the
friction response of human skin are common to
snakeskin  despite  differences in  chemical
composition and apparent surface structure. Both
skin types display sensitivity to hysteresis and
adhesive dissipation. This observation also means
researchers can use shed snakeskin under certain
circumstances as an ex Vvivo substitute for
tribological evaluation [20]. However, the frictional
performance of human skin is not solely determined
by surface topography but is also influenced by
water content within the skin cells. A study that
focused on the skin's permeation parameters and
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physiological characteristics, e.g. the water and lipid
content and the thickness of shed snakeskin and
human skin, demonstrated that the permeability
coefficients of lipophilic drugs in shed snakeskin,
were in the same range as those in human skin (0.9
to 1.8 times), whereas those of hydrophilic drugs
were remarkably lower (3.3 to 6.1 times).

Frictional anisotropy like that of snakeskin can
also be observed on many biological surfaces such
as butterfly wings [21], animal attachment pads
[22], insect unguitractor plates [23], spider tarsi
[24], gecko toe [25], peristome of pitcher plants
[26], wheat awns [27], plant fruits and leaves and
fish skin [28]. On the other hand, some non-
biological examples, such as single crystal surfaces
[29], monolayer graphene [30] and engineered
surfaces with texture patterns [31] also
demonstrate this friction anisotropy, thus proving
an association between these two worlds. If we
understand the mechanical response depending on
differently oriented micro- or nanostructures and
the relationships between the topographic
orientation and biological functions, such as
locomotion [32], predation [33], cleaning [34] and
transporting fluids and items [35], there is always a
possibility to learn from nature and to apply this
knowledge in other industrial applications.
Therefore, frictional anisotropy increasingly attracts
the interest of scientists and engineers [36].

There is another example of skin found in nature
that has garnered significant attention across a
wide range of industrial applications, i.e. shark skin
[37]. The skin of fast-swimming sharks protects
against the drag that sharks experience when
swimming. The tiny scales covering the skin called
dermal denticles (generally 0.2—-0.5 mm small,
with fine regularly spaced denticles of 30-100
um), are shaped like small ribs and are oriented in
the direction of fluid flow [38]. Riblets inspired by
shark skin have been shown to reduce drag by up
to 9.9% [39]. In addition, the spacing between
these skin ridges is enough to impede the
attachment of microscopic aquatic organisms to
the surface. Slower-swimming sharks also have skin
protrusions, although they lack the riblet-shaped
features that provide drag-reducing benefits [40].

Dean et al. highlighted the fact that different
species of shark have different riblet formations,
but also the same shark species have different
formations on different parts of their bodies (Fig.
2). While certain riblet formations exhibit superior
drag reduction properties, there is room for
optimising material durability. The manufacturing

of riblets, both for research purposes and large-
scale applications, has been a major challenge in
the field. Due to the associated costs, typical
microscale manufacturing techniques would fit
better for large-scale applications. Various milling,
grinding and rolling techniques, micro-moulding,
micro-embossing and 3D printing were used to
produce the riblets. These applications fail to
mimic nanodetails on the riblets and focus on the
form of the surface. To explore the potential of
nanoroughness enhancing the overall
hydrophobicity of shark skin, it is necessary to
conduct atomic force microscope studies on the
nanoscale surface characteristics of shark skin [40].

Great hammerhead Dusky shark
Isurus oxyrinchus Sphroa tudes

Carcharinus cbscurus

Smooth hammerhead
yrna Z;

lako Galapagos shark
ISUrus Gxyrinchus Sphyrna Zygena

Carcharhinus gaiapagensss

Figure 2. Different species of shark have different riblet
formations, but also same shark species have different
formations on different parts of their bodies; adapted

from Dean and Bhushan [40], used with permission
of The Royal Society (U.K.), from Shark-skin surfaces
for fluid-drag reduction in turbulent flow: A review,

B. Dean, B. Bhushan, 368, 1929, 2010; permission

conveyed through Copyright Clearance Center, Inc.

One of the industrial applications of shark skin
is swimsuits. The 83 % of the swimmers who won a
medal at the Olympic Games in Sydney wore a
shark skin suit. Due to the exceptional speed
achievable with them, they were subsequently
banned. This decision spurred scientific
investigations to demonstrate the scientific
advantages of the swimsuit. George Lauder, an
ichthyologist, led a study that found shark skin
does increase speed — in sharks [41]. However, the
functionality of the swimsuit relies on many other
factors such as non-textile parameters, how the
suit ensures a particular posture during swimming,
and how tight the swimsuit fits on the swimmer's
body, but not on the biomimetic aspect, as the suit
does not feature shark skin riblets [41].
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Through parametric modelling to query a wide
range of different designs, Domel et al. discovered a
set of denticle-inspired surface structures that
achieve simultaneous drag reduction and lift
generation on an aerofoil, resulting in improvements
of up to 323 % [42]. Lufthansa Group and BASF
embraced this technology, and in 2022 Lufthansa
Cargo equipped all Boeing 777 freighters with these
structures to improve fuel efficiency and help
airlines reach sustainability targets. The presence of
the 50 um riblets reduces aircraft drag by 10 % and
fuel consumption by around 1 %. For the entire fleet
of ten aircraft, this translates to annual savings of
around 11,700 tons of CO, emissions, equivalent to
worldwide commercial airliner savings of approx.
$16.13 billion per year [43].

The skins of other types of fish are also
noteworthy subjects due to their tribological
properties and their relevance to medical
applications for both humans and other species.
Researchers in dermatology can gain valuable
insights from the biology of fish skin, as it addresses
several fundamental questions of great significance
to mammalian skin. Fish, being constantly exposed
to aqueous environments that harbour a higher
concentration of pathogens compared to the aerial
environment of mammals, have evolved a complex
antimicrobial defence system [44]. The materials in
fish skin have a natural anti-inflammatory effect
that speeds healing, which can be used in human
wound recovery [45].

Pape and Poll observed a correlation between
the tribological properties and the occurrence and
appearance of the fish flakes. While the
mudskipper has soft skin adapted to the periods
outside of the water, the fish scales protect the
skin but provide higher friction in the case of
rubbing contacts. Still, the coefficient of friction
(COF) values were between 0.2 — 0.5 [46]. Wu et al.
investigated  biomimicking lubrication  using
responsive hydrogels [47]. The slippery mucus
produced by fish skin is the cause for its ultra-low
COF with many counter-surfaces, which is vital to
protect fish against predator attack and allow
them to swim faster and remain elusive. The
researchers developed responsive hydrogels that
mimic this slick skin by responding to external
stimuli such as pH and temperature. These
hydrogels outperformed fish skin, achieving not
only a low COF (in the range of 5x 107%) but also
demonstrating tuneable COFs from low to
relatively high (higher than 0.1) through sequential
regulation of pH and temperature.

While comparing the dermatological properties
provides valuable insights into the skin properties of
various animal species, it also forms the basis for our
understanding of human skin. As part of the animal
kingdom, we share fundamental biological processes
and evolutionary history with other species.
However, the unique characteristics of human skin,
including its structure, composition and the diverse
range of diseases it can develop, warrant a focused
examination. By delving into the intricacies of human
dermatology, we can uncover specific factors that
contribute to skin health and diseases in our own
species. This allows us to explore the interplay
between genetics, environmental influences, and
the intricate mechanisms underlying skin health and
disease in the context of human dermatology.

3. Observations on human skin

Unlike other animals, humankind's evolution
has influenced the body to have to withstand more
extreme conditions. Social constructs made
unnecessary applications to daily routines. Electric
and non-electric razors, with shaving and after-
shave creams, hair-removal creams and even
lasers are frequently used. Humans go to places
with temperatures between —50 to 70 °C, 80 m
deep under water, and even in space. No other
animals touch electronic devices the entire day
and use their fingertips as probes. So, very
different test systems, using different materials,
are needed to understand human skin's interaction
with different environments.

3.1 Mechanical properties of human skin

One of the main challenges in the investigation
of the skin is the complex structure of the skin (Fig.
3). The skin has a multi-layered structure, and its
mechanical properties vary with the depth of the
layers. The thickness of the various skin layers varies
significantly, with the epidermis being the thinnest,
ranging from 0.05 to 1.5 mm, the dermis ranging
from 0.3 to 3 mm, and the subcutaneous tissue
being the thickest, ranging from 1 to 2 cm. The
stratum corneum, the top layer of the epidermis,
thickness varies between 10 to 20 um. Given its
complex multi-layered structure, the skin exhibits a
wide range of viscoelastic phenomena like most soft
tissues, including creep, relaxation, hysteresis [48]
and strain rate dependency [49]. In addition to
multiple layers, the skin has a dermal matrix with
embedded fibres, leading to viscoelastic and
anisotropic mechanical behaviour [50]. The dermis,
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due to its significant thickness compared to that of
the stratum corneum and viable epidermis, is the
main contributor to the tensile mechanical
properties of the skin [51]. Other structures in the
skin are sebaceous and eccrine glands and blood
and lymph vessels. Sebaceous glands produce
sebum, which keeps the skin and hair supple and
protects the skin against bacteria and fungi. Eccrine
glands produce sweat, which regulates body
temperature but also significantly affects the skin's
tribological behaviour, as we will discuss later in this
chapter. The stratum corneum is often described as
having a brick-and-mortar structure: the dense
structure of corneocyte bricks and keratin mortar
makes it very difficult for external hazards to attack
the body through the skin and for body fluids to
leave the body through the skin. A combination of
substances like amino acids, salts and lactate,
referred to as natural moisturising factors, play an
essential role in the hydration of the stratum
corneum [52]. A healthy stratum corneum is
essential for the skin's defence mechanism and
dehydration function as a whole [53].

Figure 3. Schematic illustration of skin layers and main
functioning parts (adapted from Wikimedia Commons,
licensed under CC BY-SA 4.0) with a detailed image of
layers of the epidermis (obtained from Alamy Limited,
credited as MedicalStocks/Alamy Stock Vector)

The mechanical properties of the stratum
corneum are fundamental in conditioning the
transmission  of loads and  subsequent
deformations of the other underlying skin layers
across several length scales [54]. These mechanical
aspects are vital for the stimulation of
mechanoreceptors that convert mechanical energy
into neural signalling (e.g. tactile perception [55])
or are involved in metabolic processes. Any
variation in the mechanical properties of the
stratum corneum is likely to affect the material's
mechanical response; also, the subsequent altered
external surface topography will eventually have
evident and significant consequences for the
tribological response of the skin [56].

The skin's characteristics (thickness, strength,
elasticity and colour) also depend on various subject-
related variables, such as age, gender, body
composition, race, stress, season, nutrition and
mechanical load, therefore rendering these
properties very dynamic, particularly over the life
course [57]. Moreover, there is substantial variability
according to specific environmental conditions such
as temperature and relative humidity, and the skin's
properties are dependent on the locations on the
body [58]. The skin on the palms and soles contains
more eccrine glands per square centimetre than
hairy skin. When people are nervous or anxious, the
production of sweat is increased, which results in an
increase in the coefficient of friction and finally
increased grip of the palms and soles [59].

There remains an unresolved question
concerning the consistency of skin stiffness
measurements across various length scales, which
have vyielded values ranging from kPa [60], to
several MPa [61]. The elastic modulus of human
skin in vivo has been reported to vary over 4 -5
orders of magnitude (ranging from 4.4 kPa to 57
MPa) in the literature, depending on factors such
as the measurement method, anatomical site, skin
hydration level, age, person and theoretical model
used [62-65]. Moreover, skin hydration also
influences these values, leading to a reduction in
the elasticity and stiffness of human skin, typically
by one order of magnitude. For dry skin, elastic
modulus ranges from 30 kPa to 1,000 MPa, while
for wet skin, it range from 10 kPa to 100 MPa [66-
69]. It should be noted that the elastic modulus of
biological soft tissues, particularly skin, lacks
significance unless the exact strain level and
physiological conditions are specified. In summary,
experimental evidence suggests that the stratum
corneum exhibits stiffness values and elastic
moduli (ranging from 10 kPa to 1 GPa) at least two
orders of magnitude higher than those of the dermis
(ranging from 0.5 kPa to 45 MPa) [57,70-72] and
subcutaneous fat tissue (0.12 — 30 kPa) [70,73,74].

3.2 Measuring techniques for the mechanical
properties of human skin

Skin testing involves various in vivo and ex vivo
measurement methods, with suction, indentation
and extension tests being the most common ones.
Suction measurements play a vital role in
determining both in vivo and in situ skin properties
[75]. By applying negative pressure, tissue is drawn
into the probe opening, and an optical system
measures the resulting bulge height. The
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relationship between pressure and bulge height is
directly linked to the probe opening size and
loading protocol. These suction measurements are
essential for characterising the nonlinear,
viscoelastic, and time- and location-dependent
behaviour of the skin. Through suction tests,
important skin properties such as compliance,
elastic recovery, creep and permanent deformation
can be quantified. These measurements help assess
the influence of factors like fatigue, ageing, sex and
body location on the skin's behaviour [76].

The ex vivo mechanical properties of the skin
can be characterised with extension tests. They
allow the investigation of the skin's anisotropic
response related to the Langer lines (skin tension
lines) distributed across the body [77]. Using a
uniaxial or multiaxial loading rig, we can observe
skin's time and history-dependent behaviour
through monotonic and cyclic creep and relaxation
experiments [78]. The mechanical properties of the
samples vary based on their derivation and are
significantly influenced by storage duration,
conditions and temperature. Therefore, it becomes
crucial to analyse the relevant application and
control these parameters to ensure the validity of
the research data. Sample preparation typically
involves removing the epidermis and fat to isolate
the dermal layer. However, this technique alters
the skin tissue's physiological state and results in
the loss of the in vivo multiaxial pre-tension, causing
changes in the unique tensioned configuration of
collagen and elastin networks. When studying skin
extension, many research studies interpret
experimental data using linear elasticity theory.
They extract the slope of the linear regime from
uniaxial or multiaxial measurements to determine
the ultimate tensile strength and elastic modulus of
the dermis [61].

The dynamic response of superficial skin can be
measured by indentation. In a range of 10— 60 Hz
and at a low indentation depth of 200 + 3 pum skin
stiffness and viscosity are frequency-independent
[79]. For determining the skin's mechanical
properties at higher resolution atomic force
microscopy (AFM) can be used. In earlier studies,
the influence of hydration on the mechanical
response of the stratum corneum and epidermis
was quantified using AFM [80]. The measurements
involve indentation depths of up to 200 nm, which
are three orders of magnitude smaller than the
previously described indentation tests. As a result,
they capture the mechanical response at a much
finer length scale.

Previously, shear tests on individual skin layers
were conducted, but due to experimental
constraints, they were restricted to the linear
regime. However, more recent developments have
addressed this limitation. Gerhardt et al. [81] and
Lamers et al. [82] introduced an innovative
experimental approach to examine the shear
response of full-thickness human skin. In their
method, they combined large amplitude oscillatory
shear tests, applying strains up to 0.1 on a
rheometer, with digital image correlation
techniques to analyse the cross-sectional area of
the skin. This new method allows for a more
comprehensive investigation of the skin's shear
behaviour. The novel imaging-based method
introduced in this study allows them to perform
shear tests and to study layer-dependent skin
properties using full-thickness skin; hence no need
to separate skin layers which is a time-consuming
procedure and possibly disrupts skin layers. Using
this method, they investigated skin heterogeneity,
namely the non-linear viscoelastic response, by
determining local displacements. The visualisation
of the shear experiment provides real-time optical
feedback improving quality assurance and reliability
of the results. Moreover, their method can be used
to directly measure large strains, i.e. skin mechanics
in the non-linear viscoelastic strain regime in which
modulus is strain-dependent and the analysis and
interpretation of  conventional rheometer
measurements is complicated [83]. With this
modification, one short shear experiment provides
raw datasets that can be used to fully characterise
the viscoelastic, and local strain and layer-
dependent shear properties of full-thickness skin.

Precise prediction of mechanical responses holds
significant relevance in a wide range of applications.
Examples include plastic surgery, where it aids in
modelling artificial skin grafts; skin tissue engineering,
enabling better design and development; cosmetics,
for improved product formulations; shaving, to
enhance razor performance; and research involving
trans-epidermal drug delivery, which benefits from
a better understanding of skin mechanics [84,85].
However, no constitutive model in literature can
describe the complex mechanical response of full-
thickness human skin, specifically to shear
deformation. The decision to select a certain level
of mechanical complexity with a constitutive model
is application-dependent. A simplified constitutive
skin model often simplifies the contact situation by
neglecting parameters such as nonlinearity,
viscosity and heterogeneity. On the other hand, for
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accurate predictions more complex approaches are
necessary. Experiments now employ the fusion of
full-field deformation analysis, which tracks
complex 3D tissue deformations, with local force
measurement during ex vivo tests of global force-
displacement curves under different loading
conditions.

Besides the classical physical/mechanical
parameters, skin bioengineering parameters have
been introduced to characterise the viscoelastic
properties of human skin. These parameters
describe skin structural aspects rather than pure
mechanics, making them somewhat limited in a
strictly mechanical context. However, despite this
limitation, dermatologists and cosmetic scientists
frequently rely on skin bioengineering parameters,
such as Cutometer values, in clinical, disease-related
and biological interpretations of skin tissue integrity.
In the existing literature, weak correlations between
skin bioengineering parameters and skin friction
coefficients have been reported. Specifically, the
tangential stiffness of human skin and the interfacial
shear strength in tribo-pair are believed to be
crucial factors in determining the friction behaviour
of the skin [86,87].

Concerning testing cosmetics on skin samples,
animal skin substitutes became less eligible, as
from 11 July 2013 trade-in cosmetics tested on
animals is prohibited in EU member states under
the EU cosmetics regulation. Every year almost 10
million mice, rats, rabbits and dogs are used in
laboratories for research and testing. According to
the global in vitro diagnostics (IVD) market,
approximately $76 billion will be spent on product
testing by 2023 in the skincare, cosmetics and
pharmaceutical companies [88]. A series of
standard tests require up to 12,000 animals and
can take years to complete, so there is a need for
replicated skin models, if possible, consisting of
human skin cells, that feature the same properties
and functions as normal human skin.

Various chemical and physical considerations
must be considered when designing a skin model to
produce a biomimetic design, which should mimic
the skin's structural characteristics and mechanical
strength. Various commercial products have made
significant progress toward achieving a native skin
alternative. One successful model, the ThinCert® cell
culture insert, offers an ideal artificial environment
for in vitro reconstruction and is thus perfect for
cultivating skin cells [89]. The base of the cell culture
inserts features a capillary pore membrane which
consists of USP (United States Pharmacopeia) Class

VI certified polyethylene terephthalate (PET). The
membrane enables oxygen to reach the cells from
above while they are simultaneously supplied with
nutrients from the multi-well plate below. This is
important because skin cells need specific nutrients
and contact with oxygen to develop the stratum
corneum. The membrane surface is treated in a
way that ensures optimum adhesion and growth
for the cultivated cells. The hanging geometry of the
ThinCert® cell culture inserts ensures the distance
to the well base and the side walls, so it prevents
capillary suction between the internal and external
well walls. ThinCert® inserts are thus ideal for
primary cell cultures, transport, secretion, diffusion
studies, migration experiments, cytotoxicity tests,
co-cultures and transepithelial electrical resistance
(TEER) measurements. A biotech company,
Genoskin, developed a method to keep human skin
alive for up to a week, long enough to conduct a
wide range of pharmaceutical and cosmetic tests
[90]. Skin samples are collected from plastic surgery
patients and classified as in vivo.

Further research perspectives involve the
development of a functional bi-layered model that
mimics the constituent properties such as
viscoelasticity and organisation of the native
epidermis and dermis, as well as incorporating
dynamic elements to mimic skin's interactions with
other organs. The models, therefore, react even
more authentically than animal skin to cosmetics in
testing.

3.3 Contact mechanics and friction behaviour of
human skin

To gain a deeper understanding of the friction
behaviour of human skin, researchers have turned
their attention to the contact mechanics involved in
the interaction between skin and various surfaces.
From a contact mechanics point of view, most
models trace back to the Hertz theory [91], assuming
a pure elastic contact situation without adhesion
between the surfaces. However, this can only be
used for a first assumption and its accuracy is
limited. A friction model for skin that also accounts
for adhesion is summarised in Equation (1) [92,93].

Ftriction ~ C(Fnormal)"- (1)
If we combine it with Equation (2)
M = Ffriction / Fnormal » (2)
we can express the coefficient of friction as:
K~ C (Faormal) "™ (3)
8
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In Equation (3), the properties of the
tribological system determine the constant n. The
constant in the equations includes an estimation of
the real area of contact, which can be calculated
based on the roughness of the skin and the
topography of the contact material. The estimation
is based on parameters such as the elastic modulus
and an indicator for the viscoelastic behaviour of
the skin. Based on these models, in friction
situations primarily influenced by adhesion n has a
value of 2/3 [94], and in friction situations with
skin deformations primarily right under the surface
n is 4/3 [95]. According to Comaish and Bottoms
[93], n should be smaller than 1, although EI-Shimi
[96] is more specific for the n value (between 0.66
and 1). Other values for n reported in the literature
range from 0.73 to 1.07 [97-99].

Estimating the actual contact area can be
calculated based on the skin's and the contact
material's roughness, the elastic modulus and the
indicator for the viscoelastic behaviour of the skin.
Determining these parameters is complex and
time-consuming. For example, the elastic modulus
of the skin has been obtained through in vitro
techniques or measuring techniques that are
uncomfortable for the subjects. Furthermore,
some studies conclude that "the" elastic modulus
for the skin does not exist. This modulus depends
on the position of the limb, the muscle tension and
many more variables [100].

In terms of measuring skin friction, several
methods are available. Initially, it was measured
with a reciprocating linear movement [101]. Later,
a handheld tribometer was designed [102] as a
rotating indenter to measure skin friction. The axis
of rotation of the annular contact material was
perpendicular to the skin's surface. The vital part
of this application was that the rotation allows for
continuous movement with larger displacements
without being affected by the anisotropic
properties of the skin. Another application used a
rotating contact material with the rotation axis
parallel to the skin's surface [103], allowing for
continuous movements. Dinc et al. employed a
force transducer to measure the friction between
the tip of a finger sliding over a flat sample of
material. The force transducer measures both the
applied load and the resulting shear load. The
input conditions, such as the applied load and the
sliding velocity in these setups, depend strongly on
the subject and are therefore typically not very
accurately controlled or constant during the test,
but how close this system is to real-world

application makes it very useful and used even in
psychophysics investigations [104].

The results in the literature for skin friction
measurements were obtained under vast variations
of test parameters. The relative motion of the
counterparts was changed, as well as the normal
load (0.01—70 N) and velocity (0.13 mm/s—3.5
m/s) over a wide range. It is not surprising that the
reported values for the kinematic coefficient of
friction fluctuate between 0.071 [67] to 5.0 [96],
and the values for the static coefficient of friction
fluctuate between 0.11 [105] to 3.4 [97]. The results
have significant differences according to loading
conditions, lubrication and material couples. Bobjer
et al. tested using fingers against polycarbonate (PC)
(e.g. typical for bottles or mobile phone housings)
under different loads and observed a strong load
dependence when measuring skin friction. They
observed a COF value of 2.22 for the test under 1 N
load and 0.85 under 20 N loading [106]. Cua et al.
used polytetrafluorethylene (PTFE) against the
abdomen and forehead skin and observed 0.12 and
0.34, respectively showing how the location also
strongly affects the tribological properties [107]. El-
Shimi et al. used forearm skin against polished steel
lubricated with silicone oil and without lubrication.
COF value dropped from 0.31 to 0.07 due to the
application of silicone oil [96]. They also applied the
same test parameters on polished and rough
stainless steel without lubrication. The rough
sample represented a COF of 0.16, whereas the
polished surface represented a COF of 0.63. This
test hints at the role of surface roughness in skin
contact. Gee et al. used different counter-bodies
against the finger under the normal load of 2 — 20 N.
PC against the finger had a COF value of 2.7, glass
had 1.2 and paper 0.6 [108]. This shows how the
COF is not only a material property but the property
of the entire tribological system, and specifically
how that material pairing influences friction.
Koudine et al. showed that the loading condition is
the dominant parameter for the forearm skin and
glass tribo-pair, where the results varied between
0.6 -3.6 [97].

Additionally, several substances present on the
skin can substantially affect skin friction. Such
substances reported in the literature include oil,
petrolatum, glycerine, isopropyl alcohol, ether,
talcum powder and lard [67,95,96,98,99,109-113].
Another example of variation in test methods
affecting the friction results is the preparation of
the skin. Pre-testing treatments include removing
hair [99,101,114], cleaning the skin with water,
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detergents or alcohol [92,93,95,99,108,110,114-
120] and finally, no pre-testing treatment [86,107,
109,113,121-123]. Cleaning the skin before
measurements would enhance the repeatability,
but it influences the skin's state of hydration; also,
the skin may host some contaminants that
influence the measured skin friction.

Depending on the intricate interplay of contact
conditions, the presence of fluids or lubricants
(such as sweat, water and sebum), and film
thicknesses relative to the surface roughness of
the contacting materials, diverse lubrication effects
come into play, encompassing boundary lubrication,
mixed lubrication and elastohydrodynamic
lubrication (EHL). When a product interfaces with
the skin through sliding motion, the lateral friction
force governing the skin-product interaction is
governed by the intricate interplay of adhesion and
deformation phenomena, influenced by a multitude
of intricate factors. The adhesion component
emerges from the interfacial shear resistance
arising due to the formation and subsequent
breaking of interatomic junctions, primarily driven
by short-range forces such as Van der Waals
interactions within the contact zone. The existence
of a naturally produced continuous thin lipid film
on the outer skin surface assumes paramount
importance in modulating adhesion forces while
concurrently altering the area of contact and stress
distribution [124]. Conversely, the deformation
friction component arises from viscoelastic
hysteresis. Depending on the sliding speed of the
product, the strain energy might only exhibit partial
recovery, leading to an additional loss in friction.

3.4 The main components of friction: Adhesion
and deformation

Adhesion stands prominently as the principal
contributor to the frictional characteristics of
human skin, with deformation mechanisms
deemed to play a secondary role [94,95]. Extensive
scholarly literature has employed various
theoretical models to elucidate the mechanical
contact behaviour and friction mechanisms
inherent to the skin [67,94,97]. Consideration of
skin surface roughness's impact on friction reveals
typical values of Ra and Rz falling within the range
of 10 — 30 um and 30 — 140 um, respectively [125],
with such values reportedly increasing with age
[62,126-129]. Although a handful of studies have
offered insights into the influence of skin
topography on friction [87,130], the results remain

somewhat contradictory. For instance, a study on
female patients' volar forearm friction coefficient
did not exhibit a significant correlation with the
surface roughness Ra of the skin. Nevertheless, the
same study observed that surface roughness Ra
significantly improved the predictability of the COF
[87]. Additionally, Nakajima and Narasaka reported
a correlation between the density of primary lines
and skin friction, indicating that the lower the
density of primary lines, the higher the friction.
However, an additional parameter potentially
assumes vital significance here, as the density of
lines corresponds to the skin's elastic modulus,
which itself changes with age [130].

Studies have provided additional evidence that
the amplitude of the probe surface roughness
assumes a commanding role in determining
friction behaviour [131]. Particularly, in the context
of highly rough surfaces, reaching up to Rg = 90
um, a direct correlation has been observed, with
the COF escalating alongside the increasing surface
roughness [131,132]. Tomlinson et al. observed a
constant plateau COF of =0.8 and =0.65 for
roughness values Rg > 25 um against steel and brass.
On the other hand, in the case of hydrated skin, a
Gaussian-like relationship between roughness (Rg
= 0.004 -2 um) and friction coefficients varying
between 0.9-1.7, with maximum values at
intermediate roughness (Rg = 0.006 — 0.4 um) was
reported [133]. The elevated friction observed
within the intermediate roughness regime may be
attributed to the intricate interplay of interacting
adhesion and deformation components, especially
in the context of the hydrated skin condition. It
must be pointed out that in skin tribology the
skewness and kurtosis parameters of the
roughness, together with the surface texture, are
essential factors [132,133]. This corroborates the
findings of Derler et al. [131], whose investigations
revealed a positive linear correlation between the
slope of surface asperity peaks and friction
coefficients during the sliding of plantar skin on
various wet floor coverings. Furthermore, in a
recent study focusing on friction between the
finger and ridged surfaces, Tomlinson et al. [134]
discovered that at low ridge height and width,
adhesion played a dominant role in governing
friction behaviour. However, as the ridge heights
surpassed 42.5 um, interlocking effects emerged,
accounting for over 50% of the total friction.
Additionally, at a ridge height of 250 um,
hysteresis also became a contributing factor, albeit
at a level below 10 %.
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The observed phenomenon of skin friction
rising in response to increasing material or probe
roughness aligns with Moore's theory for
elastomers [135]. This theory posits that the
friction coefficient of compliant materials on rough
surfaces escalates proportionally with the
amplitude of surface roughness. Notably, the
insightful work by Hendriks and Franklin [115]
suggests that Moore's theory can indeed be
extrapolated to the context of the skin interacting
with rough surfaces (Ra > 3 — 10 um) particularly in
scenarios where interactions between surface
asperities and skin ridges are prevalent, such as on
the fingers, palm or feet.

The skin's surface is typically safeguarded by an
acidic hydrolipid film, maintaining a pH range of 4
to 6. This protective film plays pivotal roles, such as
governing the skin flora, forestalling colonisation
by pathogenic organisms and serving as a potent
defence mechanism against invading microorganisms
[125]. Comprising a blend of water from sweat and
sebum secreted by sebaceous glands, the
hydrolipid film envelops the stratum corneum. In
the domain of skin tribology, the role and
significance of sebum lipids and their interactions
with  water have sparked debates and
controversies [107,136-139]. A study conducted by
Pailler-Mattei et al. [139] illuminated how the skin
surface lipid film influences skin adhesion
properties through capillary phenomena. Likewise,
Gupta et al. [137] presented noteworthy findings,
illustrating a moderate positive linear correlation
between sebum levels and the forearm skin's
friction when measured against steel.

Conversely, when exploring the forehead, a
discovery of weak correlations between the skin
surface lipid content and friction emerged [107].
This finding further emphasises the location-specific
nature of the skin's tribological behaviour.
Interestingly, in the same study, no significant
correlation was evident between the parameters in
nine other anatomical skin regions, indicating that
surface lipids hold a restricted role in governing skin
friction. Consequently, a deeper investigation and
more fundamental studies are imperative to
comprehensively elucidate the intricate influence of
sebum lipids on the frictional properties of the skin.

Skin friction coefficients exhibit variations by
factors ranging from 1.5 to 7 between wet and dry
conditions, as documented in numerous studies
[87,93-96,103,140-145]. In regions characterised
by high humidity or under wet conditions, the skin
becomes thoroughly hydrated, and friction values

surge to be 2 — 4 times higher than those observed
during dry sliding conditions [115,116,143,146,147].
This substantial escalation in skin friction in moist
environments may be ascribed to the plasticizing
influence of water, which results in the smoothing
of skin roughness asperities, consequently leading
to a more substantial real contact area. Depending
on the contact conditions and the relative fluid film
thickness concerning the skin's surface roughness
and the material it interacts with, a combination of
mixed lubrication or boundary lubrication
phenomena might also come into play [148].
Nonetheless, investigations revealed that the
contribution solely due to elastohydrodynamic
lubrication (EHL) is inadequate in fully explaining
the friction behaviour of wet skin sliding against
smooth glass. This discrepancy is attributed to the
skin's surface roughness significantly surpassing the
minimum film thickness required for EHL, leading
to the supposition that water films between the
skin and smooth glass are locally formed, while dry
contact zones coexist in other regions [147].

As mentioned before, adhesion is the
dominating friction mechanism on human skin.
According to the adhesion model of friction [149],
the friction force is given by F = TA,, where T is the
interfacial shear strength and A, is the real area of
contact. For the interfacial shear strength of skin,
Adams et al. [95] adopted the model T = 1y + ap;
for shear properties of thin organic films [150],
where 1, denotes the intrinsic shear strength, o a
pressure coefficient and p, = N/A, the real contact
pressure with N the normal load. The friction
coefficient can then be written as:

lpr) =" =20 g @)

r

Since the apparent and real contact areas and
contact pressures are related by Ap = A,p,, the
friction coefficient as a function of the apparent
contact pressure p = N/A is given by:

u(p)=%%°+a- (5)

When the real contact area aligns perfectly with
the apparent contact area, the disparity between
the apparent and actual contact pressure becomes
negligible. Such a circumstance is postulated to
occur when a soft material is in a state of complete
conformational contact with the counter-surface.
This particular scenario appears to be realistic in
the context of hydrated skin, which softens and
adheres closely to the counter-surface, facilitated
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by the potential presence of minute quantities of
interfacial water that function as adhesive liquid
bridges [151].

The frictional response of dry skin stands in
stark contrast to that of moist and wet skin,
demonstrating relatively low friction coefficients.
Multiple studies have shown that the friction
coefficients of dry skin remain largely unaffected
by variations in the applied normal load. This
observation finds its rationale in the Greenwood
and Williamson model [152], wherein the real
contact area of rough solid surfaces is
hypothesised to exhibit a linear increase with
changes in the normal load. For a friction
coefficient independent of the apparent contact
pressure, (Ar/A) (1/p) = Ar/N = constant.

The frictional interactions involving the skin and
underlying soft tissue during contact entail
contributions to the friction coefficient through
viscoelastic hysteresis or ploughing mechanisms
[153]. It is anticipated that the contribution arising
from hysteresis would increase proportionally with
the applied normal load and contact pressure,
whereas ploughing would lead to a load-
independent effect on the friction coefficient
[138,153]. Johnson et al. [154] and Adams et al.
[95] investigated skin friction at the volar forearm,
interacting with spherical probes, employing the
approach proposed by Greenwood and Tabor
[155]. They discerned that the contribution of
hysteresis to the friction coefficient ranged at
approximately 0.05. Notably, similar findings in the
range of 0.04 to 0.06 were reported by
Kwiatkowska et al. [124]. However, measurements
on the forearm and cheek, using rotating probes,
did not regard friction mechanisms associated with
skin deformation as particularly relevant [115]. On
the contrary, a recent study indicated that forces
stemming from microscale deformations of the
skin could significantly contribute to the overall
friction experienced by the human finger pad
[133]. Investigations concerning the friction of
human skin against glass revealed contributions to
the friction coefficient due to viscoelastic skin
deformations, hovering below 0.2 [147].
Moreover, when studying foot skin sliding on wet
floor coverings, contributions due to skin
deformations were found to reach up to 0.4 [131],
particularly on notably rough surfaces.

The confluence of hysteresis effects and the
ploughing action of the skin by the asperities
present on rough surfaces is likely responsible for
the emergence of pronounced deformation

components. Notably, in the context of friction
between the finger and small, triangular ridged
surfaces, Tomlinson et al. [134] documented
substantial interlocking effects and prominent
contributions of hysteresis to the overall friction,
particularly when the ridge heights exceeded 42.5
and 250 um, respectively. Moreover, it was posited
that deformation also plays a pivotal role in the
friction between human skin and textiles [156].
Sanders et al. [157] embarked on an investigation
of the frictional interactions involving soft
prosthetic interface materials and a sock fabric
against the skin at the tibia (shin). The resulting
measurements of friction coefficients for both
material types exhibited an increasing trend with
the applied normal load, hinting at the involvement
of deformation in the observed friction. Likewise, in
a study examining the skin of the volar forearm in
both young and elderly subjects [86] it was
observed that skin deformation mechanisms bear
relevance to the frictional behaviour exhibited
when the skin interacts with textiles.

Thoroughly  determining  the adhesion
component of friction necessitates the
measurement of the real contact area. However,
the application of modern tools such as
microtribometers and atomic force microscopy is
presently constrained in connection with in vivo
measurements of skin. Furthermore, optical
methods used to assess the microscopic contact
area between finger pads and smooth glass are
unsuitable for rough surfaces and non-transparent
materials.

Another aspect of inquiry revolves around
whether friction's adhesion and deformation
components remain as two non-interacting terms,
as postulated in the two-term model [138]. The
literature also underscores the substantial impact
of skin hydration and interfacial water on the skin
friction coefficient. Nevertheless, a more
comprehensive and systematic investigation is
warranted to discern the intricate transition from
dry to moist skin. The influence of skin hydration
and softening on the skin's surface and its
micromechanical properties, as well as the
accompanying alterations in the microscopic
contact geometry, remain widely unknown.
Additionally, the role of small quantities of water
at the interface between the skin and the counter-
surface, as well as the contribution of other
substances like skin lipids, remains unclear.

Theoretical frameworks devised for solids,
exemplified by the models of Greenwood and
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Williamson [152] and Archard [158], have been
harnessed to qualitatively elucidate specific facets
of the contact and friction behaviour of dry skin
[95,115,159]. However, the applicability of such
models to the intricate surface topography of
human skin remains a subject that requires further
elucidation. Furthermore, an intriguing open
question arises concerning the extent to which
theoretical concepts governing the contact
behaviour of soft materials [160-162] are
applicable to hydrated skin.

The Hertz model relates the geometrical
contact parameters (R = radius of the sphere, a =
radius of the circular contact zone and d = vertical
deformation), the normal force N and the reduced
modulus E* according to the following equations
[163,164]:

RV 2 [ on? VP
a= , d=—= ,
4E* R | 16RE*?

_v2 1-2)\1t
[ i i ) (6)
£ E

The reduced modulus E* is given by the elastic
moduli E;, and the Poisson's ratios v;, of the two
contacting materials. If one material is considerably
softer (skin) than the other (spherical probe), E* can
be approximated by the elastic properties of the
soft material.

E* = Eskin (7)

= — 5
1 Vskin

Adams et al. [95] employed an elastic modulus
of 40 kPa, as deduced from loading data, combined
with an assumed Poisson's ratio of 0.49. Similar
outcomes regarding the elastic modulus were also
reported in other investigations concerning
forearm skin [124] and the skin of fingertips [165].
As posited by Hendriks and Franklin [115], the
material constituting the probe brought into
contact with the skin holds less significance
compared to its surface roughness. Nonetheless,
intriguingly, none of the studies employing
spherical probes explicitly specified the surface
roughness. While the most frequently used probe
materials were steel and glass, other materials like
ruby, PE, PP and PTFE probes were also utilised.
Notably, measurements involving steel spheres
yielded the highest friction coefficients. Moreover,
in various friction experiments, wherein alternative
probes were employed alongside linear sliding
movements [114,130,137,140], the estimated

contact pressures were consistently maintained at
relatively low levels.

The friction coefficient remains unaffected by
the apparent contact area [165] and the sliding
velocity [166]. However, it is essential to
acknowledge that these Ilaws are of a
phenomenological nature, primarily applied at the
macroscopic scale. When adhesion forces within
the system fall within the range of the applied
load, their influence effectively assumes that of an
additional loading force. Because of this additional
force, friction forces extend to negative applied
loads according to Equation (8) proposed by
Derjaguin [167,168]:

Ffriction(FIoad)=uFload +Ffriction(0): (8)

where Fiicion (0) corresponds to the friction force at
zero applied load. This formulation is a useful
simplification and allows the friction coefficient and
adhesion to be obtained independently of each
other, where the adhesion or "contact adhesion"
[169] is obtained from the intercept of the friction-
load relationship with the load axis (Fig. 4).

FFriction y

* >

FLoad

Figure 4. Effect of the applied load on the friction
force according to three different approximations: the
Amontons-Coulomb and Derjaguin friction laws, as
well as the Johnson-Kendall-Roberts (JKR) theory

This simple model claims that the friction force
is not proportional to the load but to the real area
of contact A, [170] according to:

Friction (Fload)=ScA, (9)

where S is the critical shear contact stress at the
contacting. This friction-force relationship can be
generally used and has been proven in many
experimental systems [171-174]. Therefore, a good
understanding is required of how surface
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interactions, such as Van der Waals and capillary
forces, affect friction and adhesion at the
molecular and atomic scale [169,175,176].

3.5 The tribology is in the details: Atomic force
microscopy on skin

The scientific community assumes that the
secret to a deeper understanding of skin's
macroscopic friction behaviour may reveal itself
through studies examining the behaviour of human
skin on a microscopic scale [177]. Around 1942,
Bowden and Tabor [178], brought considerable
insights to this subject, revealing that the actual
contact area between two solids constitutes only a
fraction of the apparent contact area, primarily
owing to surface roughness. Consequently, as the
normal load is applied, the real contact area
augments due to the deformation of asperities. On
the nanometre and micrometre scales, all surfaces
are inherently rough, making contact only at
discrete microscopic points referred to as
asperities. Therefore, delving into the interactions
between these asperities at the molecular and
atomic levels holds the potential to offer a refined
comprehension of contacts on the macroscopic
scale. Considering the aforementioned
observation, it would seem logical to focus on one
of the most sophisticated techniques available for
micron- and submicron-level force analysis. Atomic
force microscopy (AFM) is a powerful tool to
investigate molecular interactions at biointerfaces,
as well as their mechanical properties, with
nanometric spatial resolution and 1 to 10 pN force
resolution [179,180]. AFM, originally designed to
investigate topography by discerning height
variations on the sample surface, has yielded
pertinent insights from various studies. Notably,
these investigations indicate that scar tissue tends
to exhibit greater stiffness than healthy skin [110].
Moreover, it has been observed that the elastic
modulus of the stratum corneum roughly doubles
when compared to that of the epidermis [114].
Specifically, the latter study reported stiffness
values ranging from 1 to 2 MPa, while values
reported for "skin" range between 5 to 10 kPa
[181-183]. These indentation experiments thus
compellingly showcase the influence of length
scale on the mechanical properties of skin.

The colloidal probe technique developed by
Ducker et al. [184,185] and Butt [186] is based on
the exchange of the AFM cantilever tip by a
colloidal particle (1 — 20 um in diameter), as shown
in Figure 5.

Figure 5. Figure 5 Colloidal probe produced without
glue for stable adhesion forces: (a) image of the
probe on cantilever with the microscope attached to
the AFM and (b) scanning electron microscopy (SEM)
image of the probe with geometrical detail; reprinted
from Tomala et al. [187], copyrighted by Springer
Nature and reproduced with permission from SNCSC

One of its advantageous aspects lies in its
flexibility to enable force measurements with a
probe crafted from virtually any material, provided
the probe possesses a well-defined shape and is
nearly incompressible. In these measurements, the
magnitude of the acquired force is proportionate
to the size of the probe. Nevertheless, when
comparing forces obtained with distinct probes,
straightforward comparisons prove elusive,
necessitating the application of the Derjaguin
approximation to normalise the results [167]. This
approximation relates the normal force to the
energy per unit area (W) between two flat
surfaces, according to:

FID) _
WO, (10)

where R is the effective radius that depends on
the interacting surfaces and D is the surface-
surface distance. When a rigid sphere is sliding on
a deformable surface, it should be noted that the
energy dissipation is like that of a rolling sphere. The
frictional force in such contact can be expressed by
derivation from Greenwood and Tabor [155] as:

2/3 1/3
Fdef=B( > j [1_V2J w43, (11)

128Ress E

In Equation (11), Fys is the frictional force due
to the deformation component and B is the
viscoelastic loss fraction. In the context of a colloidal
probe interacting with a flat surface, the probe's
spherical shape streamlines the computation of the
effective radius, which can be reasonably
approximated as the radius of the colloidal probe. In
the realm of force and friction measurements, the
precise determination of the normal and torsional
spring constants is of utmost importance, as these
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constants translate the cantilever's bending and
twisting motions into corresponding forces. Over
the past two decades, numerous solutions have
been proposed, spanning theoretical, experimental
or hybrid approaches. Among these, one technique
has garnered widespread acceptance due to its
combination of accuracy and simplicity. This
method, pioneered by Sader et al. [188], derives
from observing the effects of the surrounding fluid
on the cantilever's vibration frequency response.
Specifically, the cantilever is allowed to vibrate in
response to thermal motion while submerged in a
fluid, typically air. The normal resonance frequency
(f,) and the normal quality factor (Q,) are obtained
by fitting a simple harmonic oscillator function to
the normal resonance peak obtained from the
thermal power spectra of the cantilever, and
afterwards, they are combined with the measured
length (L) and width (w) of the cantilever, as well
as, the density (p) of the fluid, to determine the
normal spring constant k,, where [*(Re,) is the
imaginary component of the hydrodynamic
function for normal vibrations and Re is the
Reynolds number [189,190].

k, =0.1906pw*LQ, (21 f,)* I (Re;,),
_pb?2nf,

Re
z 4,7

(12)
The determination of the torsional spring
constant kg is analogous to the calculation of k; in
Equation (12), but in this case, the torsional
resonance frequency (fy) and the torsional quality
factor (Q4) are obtained from the torsional
resonance peak. Therefore, k¢ is calculated using:

ke =0.1592pw*LQqy (21 f)2 T ¥ (Rey),

_pb22nfy

Re
¢ 4n

(13)
where #(Reg) is the imaginary component of the
hydrodynamic function for torsional vibrations
[190]. There is a limitation in the determination of
the torsional resonance frequency from the
torsional thermal power spectra because of its
lower resolution, and for stiffer cantilevers this
resonance is difficult to measure.

The mechanical attributes of the stratum
corneum assume paramount importance in
facilitating its distinctive functions as the outer
protective layer, encompassing roles such as skin
barrier and photoprotection. An intriguing area of
inquiry centres around biointeractions, examining
factors like the extent of deflection occurring when

human hair meets the skin. Nonetheless, data
pertinent to this remain limited [191-193]. In an
endeavour to deepen our comprehension of the
stratum corneum's mechanical properties, surface
indentation and PeakForce® QNM measurements
were conducted [194].

The reduced modulus [195] was derived by
fitting the contact mechanical theory of Derjaguin,
Muller and Toporov (DMT) to the force curve
obtained at each pixel. The resultant mean reduced
modulus amounted to 0.51 GPa. Moreover, for
purposes of comparison, the values of the reduced
modulus were converted into elastic modulus (Esc)
by applying the equation below, duly omitting the
contribution of silicon due to its substantially
higher relative stiffness.

1 1-vd 1-vi 1 1-vi

+ ;== , o (14)
Eg E’ Esc

E*  Esc

where the subscript S corresponds to silicone, SC
to the stratum corneum, and v to Poisson's ratio
(vsc = 0.48). Therefore, the reduced modulus of
0.51 GPa was transformed into a value of 0.39 GPa,
which is consistent with the relatively high stiffness
of the SC reported in the literature [193,196,197].
For example, in the design of shaving
applications, it is crucial to describe in detail the
behaviour of the top layers of the skin as well as
the sebum distribution. Therefore, Indrieri et al.
used AFM [198] and a spherical probe that was
produced specifically for the AFM measurements.
A novel approach for the production and
characterisation of epoxy- and adhesive-free
colloidal probes was introduced, which was
important to avoid contamination of the skin
samples. Borosilicate glass microspheres were
attached to commercial AFM cantilevers,
exploiting the capillary adhesion force due to the
formation of a water meniscus. Then, thermal
annealing of the sphere-cantilever system at a
temperature slightly below the softening point of
borosilicate glass was carried out. Moreover,
Indrieri et al. presented a  statistical
characterisation protocol of the probe dimensions
and roughness based on AFM inverse imaging of
colloidal probes on spiked gratings [199]. In a
"point-and-shoot" capture mode of the AFM,
significant differences were observed between the
lipid-covered and uncovered areas (see Fig. 6)
[187]. In the area that was assumed to be covered
with lipids, the force curve captured by the AFM
reaches a plateau that looks as if the force exerted
by the probe was damped by a viscous material.
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This is assumed to be the first sign of
phospholipids on the stratum corneum epidermis.

0

e e
2 | f

05 1 15 2

Deflection (V)

Deflaction (V)

Figure 6. Observation of the plateau on the images
acquired by the AFM using a colloidal probe in the
darker zone of the image, assuming the presence of
the sebum; reprinted from Tomala et al. [187],
copyrighted by Springer Nature and reproduced with
permission from SNCSC

Podesta et al. [200] delved into the intricacies of
topographic correction and pondered the prospect
of employing a model-independent approach,
thereby  obtaining  friction  versus load
characteristics of the investigated system without
resorting to postulating any contact-friction model.
They adeptly addressed the topographic correction
conundrum pertaining to adhesive multiasperity
contact, a frequent occurrence in numerous
experimental setups. Their calculations revealed a
coefficient of friction values, hovering around
0.025 +0.002, wherein the relatively modest
coefficient is attributed to the lubricative
properties of the sebum. Subsequent investigations
focusing on a specific area designated for friction
measurements, aided by a comprehensive
topography and adhesion map, illuminated that
even on the micrometre scale, human skin
showecases significantly diverse phases [187].

4. Conclusion

In conclusion, the study of dermatology and
tribology in nature offers valuable insights and
inspiration for various scientific and engineering
fields. Observations from nature, including
examples from snakes, fish, plants and sharks,
have provided valuable knowledge about
optimised shape, performance and friction
characteristics. These insights have been applied in
soft robotics, medical research, tribology and
aerospace technology, leading to innovative
solutions and improved functionality.

Human skin, as a complex and versatile organ,
presents its own set of challenges in understanding
its tribological properties. Factors such as skin
structure, hydration, age and environmental
conditions influence its behaviour. To overcome
limitations in studying human skin directly,
biomimetic skin models and ex vivo tests have
been developed. These approaches have
contributed to understanding skin compliance,
stiffness and shear response.

Contact mechanics considerations are crucial
for studying skin friction. The coefficient of friction
is influenced by factors such as adhesion,
deformation, lubrication and surface roughness.
Skin roughness and material topography make the
estimation of the real contact area complex.
Adhesion is a significant contributor to skin
friction, while deformation mechanisms play a
minor role. The interplay between adhesion and
deformation components and the transition from
dry to moist skin require further investigation.

Various measurement techniques, including
reciprocating linear movement, rotating contact
materials, force transducers, atomic force
microscopy and colloidal probe technique, have
been employed to study skin friction at various
scales. These techniques have provided valuable
insights into the mechanical properties and
molecular interactions involved in skin tribology.

Overall, the synergy between dermatology and
tribology in nature has the potential to drive
advancements in various scientific and engineering
disciplines. By understanding and harnessing the
unique properties of natural systems, researchers
can develop innovative solutions for improved
performance, efficiency and functionality in areas
such as soft robotics, medical devices and
biomaterials. Further research and exploration in
this interdisciplinary field will continue to deepen
our understanding and lead to exciting
advancements in the future. The emergence of
artificial intelligence (Al) is one of the examples of
these advancements. The use of Al is becoming
common in the diagnosis of skin cancer, psoriasis
and dermatitis. Sensors and algorithms used in
these applications could also be beneficial for
tribological research. Enhancements in skin tissue
equivalents for accuracy will play a vital role in the
future, which will allow testing methods for
consumer products and skin models, and also aid
in several research efforts to provide treatments
for different diseases. The confluence of shared
applications observed between tribology and
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dermatology in this scholarly work invites
contemplation regarding the appropriateness of
the neologism "dermatribology", suggesting that
the prospect of its usage is not premature.
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Chapter 16
Bridging Nano- and Microtribology
in Mechanical and Biomolecular Layers

Agnieszka Tomala, Hakan Gocerler, and Ille C. Gebeshuber

Abstract The physical and chemical composition of surfaces determine various
important properties of solids such as corrosion rates, adhesive properties, frictional
properties, catalytic activity, wettability, contact potential and — finally and most
importantly — failure mechanisms. Very thin, weak layers (of man-made and
biological origin) on much harder substrates that reduce friction are the focus of
the micro- and nanotribological investigations presented in this chapter.

Biomolecular layers fulfil various functions in organs of the human body.
Examples comprise the skin that provides a protective physical barrier between the
body and the environment, preventing unwanted inward and outward passage of
water and electrolytes, reducing penetration by destructive chemicals, arresting the
penetration of microorganisms and external antigens and absorbing radiation from
the sun, or the epithelium of the cornea that blocks the passage of foreign material,
such as dust, water and bacteria, into the eye and that contributes to the lubrication
layer that ensures smooth movement of the eyelids over the eyeballs.

Monomolecular thin films, additive-derived reaction layers and hard coatings are
widely used to tailor tribological properties of surfaces. Nanotribological investi-
gations on these substrates can reveal novel properties regarding the orientation
of chemisorbed additive layers, development of rubbing films with time and the
relation of frictional properties to surface characteristics in diamond coatings.

Depending on the questions to be answered with the tribological research, various
micro- and nanotribological measurement methods are applied, including scanning
probe microscopy (AFM, FFM), scanning electron microscopy, microtribometer
investigations, angle-resolved photoelectron spectroscopy and optical microscopy.
Thoughts on the feasibility of a unified approach to energy-dissipating systems and
how it might be reached (touching upon new ways of scientific publishing, dealing
with over-information regarding the literature and the importance of specialists as
well as generalists in tribology) conclude this chapter.

B. Bhushan (ed.), Scanning Probe Microscopy in Nanoscience and Nanotechnology 3,
NanoScience and Technology, DOI 10.1007/978-3-642-25414-7__16,
© Springer-Verlag Berlin Heidelberg 2012
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16.1 Introduction to Nanotribology and Microtribology

Micro- and nanotribology involve studies of friction and wear processes ranging
from microscopic to atomic levels. In this section, experimental studies in the field
of nano-/microtribology requiring applications with scanning probe microscopy,
electron scanning techniques and microtribometres are investigated. Micro- and
nanotribological tests presented in this section would be useful to better understand
how mechanical and biological layers behave under shearing stress.

Even though atomic force microscopy (AFM) can be operated in the wearless
regime, it is also possible to operate the instrument at higher loads for friction
studies (e.g. friction vs. load plots) as well as for scratch/wear and indentation
studies. These types of operation modules allow the probing of the elastic/plastic
response of mechanical and biological films and are the focus of this chapter.
Angle-resolved X-ray photoelectron spectroscopy (AR-XPS) helps to understand
adsorption mechanisms of molecules on surfaces. At most solid—solid interfaces,
the contact occurs in numerous asperities.

Bowden and Tabor’s solid/solid adhesion model explains Amonton’s friction
law on the basis of the small real contact area A. which is proportional to
the applied load and independent of the geometrical area. Since the friction is
proportional to the contact area A, friction is proportional to the load L. However,
the described model is relevant for plastic deformation of asperities. In practice,
the applied load is also supported by elastic deformation of asperities. Archard
(1957) and subsequently Greenwood and Wiliamson (1966) confirmed that even for
elastic asperity deformation, a statistically distributed, rough surface will result in
Ac ~ L[1]:

w=rt/H (16.1)

When asperities adhere and a shearing force is applied, the junctions can grow
plastically since both the normal force and the shear force will couple to produce
deformation. This will result in an increase in real contact area and thus in friction
coefficient [2]. Tabor used this thought to extend his simple model to

1

= AT =D (16.2)

I

where f = t¢/ py is the ratio of the shear strength of the film to the yield stress of
the bulk deformation material, and § is a constant with value of &~ 9 (assuming that
hardness equals three times the yield stress).

This means that Amonton’s law of friction results from adhesion of plastically
deformed asperities (Tabor’s theory), even if also elastic deformation occurs. The
ratio of the interfacial shear strength 7y to solid yield strength or hardness is a
crucial parameter in determining adhesive friction. To obtain a low adhesive friction
coefficient between rubbing rough surfaces in contact, one needs low surface shear
strength 7y and/or high hardness H . These requirements are incompatible for clean
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metals but can be met if a thin low shear strength layer is formed on a hard metal
substrate. Such a layer has to be thin enough not to bend significantly and thereby
increase A..

This concept, namely, using a very thin, weak layer on a much harder substrate to
reduce friction is the basis of boundary lubrication and will be used throughout this
chapter. Clearly, the state of the surface, for example, adsorbates, the differences
of materials in contact and lubricants can greatly affect the interaction and in
consequence the friction process.

The tribological mechanical layers and the biotribological biomolecular layers
investigated in this chapter serve as protective material of substrates from different
environmental conditions.

Chemisorbed layers of ethanolamines (corrosion inhibitors) are the typical
examples of adsorbed monomolecular thin films treated in this chapter. The
tribochemically additive-derived reaction layer example is tribofilm from zinc
dialkyldithiophosphates (ZnDDP). Other examples are hard coatings deposited by
chemical or physical vapour deposition.

16.1.1 Monomolecular Thin Films

Boundary films can be formed by several processes: physisorption, chemisorption
and chemical reactions [3]. In the case of physisorption, no exchange of electrons
takes place between the lubricant molecule and the surface — this process involves
weak van der Waals forces. Chemisorption means the sharing of electrons and
electron interchange between chemisorbed species and the solid surface, resulting
in the formation of chemical bonds. Finally, chemical reactions comprise the
formation of surface layers with considerable chemical alteration of both additive
and surface. The stability and durability of surface films (Fig. 16.1) decrease in the
following order: chemical reaction layers (thick films), chemisorbed films (with
monomolecular thickness) and physisorbed films (monolayers or multilayers) [4].

In this section, the example of a monomolecular thin film will be the
chemisorbed film of a corrosion inhibitor: ethanolamine oligomers. Ethanolamines
or aminoethanols are known as multidentate ligands with the possibility to
form chelates with metals via their amino, hydroxyl and deprotonated hydroxyl
groups. The total formula of these water-soluble compounds is NH;_, R,\(R =
CH,CH,0OH,n = 1 — 3). Ethanolamines are widely used as cleaning agents. In
the field of lubrication, they are utilized as anti-corrosion additives, for example, in
metalworking fluids.

Chemisorbed layers of the ethanolamine oligomers were studied with AFM
and AR-XPS methods to investigate their lubrication properties in the nanoscale.
Therefore, the ethanolamines were dissolved in double distilled water. Copper-
sputtered silicon wafers served as substrates.
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Fig. 16.1 Scheme of interacting additive molecules between surfaces in tribological contact

16.1.2 Additive-Derived Reaction Layers

Commercially available lubricants are formulated products composed of a base
oil (mineral or synthetic) and a functional additive package designed to achieve
a required performance for a specific application. Zinc dialkyldithiophosphates
(ZnDDPs) have been widely used in the past decades as additives in engine
lubrication oil. ZDDP was initially used as an antioxidant, but its excellent anti-wear
properties were quickly recognized. The anti-wear properties of ZDDP additives
arise from their ability to chemically interact with rubbing metal surfaces to form a
protective layer. It protects the surface under conditions where elastohydrodynamic
lubrication breaks down. In order to perform effectively, films of this kind must
possess a shear strength that is sufficiently low to ensure that the shear plane
resists within the protective layer itself, while being high enough to maintain layer
integrity [5].

The thickness and distribution of reaction layers formed by ZDDP additives
on lubricated contacts is controlled by several operating parameters, including
load, temperature, sliding speed, slide-roll ratio and additive concentration. Mea-
surements of additive-derived layer thickness have been performed using a wide
range of techniques, showing that ZDDP forms several hundred monolayers thick
layers on rubbing surfaces. X-ray photoelectron spectroscopy (XPS), Auger electron
microscopy (AES) and secondary ion mass spectroscopy (SIMS) measured an
estimated layer thickness of 50-100nm [5].

A variety of mechanisms have been proposed for the formation of the ZDDP-
derived reaction layers, involving oxidative (by reaction with hydroperoxides or
peroxy radicals) [6], catalytic (chemisorption on metal), hydrolytic [7] and thermal
[8] decomposition of the ZDDP.

The layers are composed of a mixture of short and long polyphosphates with
the presence of sulphides and oxides in the layer bulk. A two-layer structure for
the ZDDP-derived reaction layers has also been proposed, where a thin long-chain
zinc poly(thio)phosphate layer is superimposed on a thicker short-chain mixed
Fe/Zn polyphosphate layer, containing embedded nanocrystallites of ZnO and
ZnS [9].
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The anti-wear films produced particularly by ZDDP are highly uneven. Sheasby
and Nisenholz [10] detected the existence of 20-pwm-diameter ‘pads’ of ZDDP-
derived anti-wear films by means of SEM. Graham et al. [11] found that ZDDP
indeed yielded 10-20-pm pads with flattened tops, elongated in the sliding direction
and surrounded by lower smaller pads. They also measure mechanical properties of
these pads and found that at the centre of the large pads, indentation modulus values
were as high as 209 GPa (compared to 220 GPa for the 52100 steel substrate!). An
agglomeration of large long pads of polyphosphate chains perform as sacrificing
load-carrying ‘platforms’ [5].

16.1.3 Hard Coatings

In the past 50 years, during the industrial revolution, solid tribological materials
and coatings have continued to play important roles in many engineering areas
mainly because mechanical systems rely on them for high performance, durability
and efficiency. Recent developments in deposition technologies have provided the
flexibility needed for design and development of multifunctional coatings. The
use of thin surface coatings (such as diamond, diamond-like carbon, Molybdenum
disulfide, nitrides, carbides and their composites and dopants) affords low friction
and long wear life of rolling, rotating or sliding mechanical parts and components
in recent years [12]. Application of the thin coatings on solid surfaces ensures
that premature failures due to thermal, mechanical or chemical incompatibility
are virtually nonexistent. In this field, there are almost unlimited numbers of
material combinations, surface parameters and application conditions that one can
manipulate to achieve better performance and longer durability.

16.1.4 Biomolecular Layers

The special types of biomolecular layers that will be in the interest of this study
are epithelial tissues. As the term implies in Greek, with ‘epi’ meaning ‘on, upon’
and ‘theli’ meaning ‘tissue’, this type of tissue is covering connective tissues and
therefore is the first layer to experience tribology-related mechanochemical contacts
in many applications (Fig. 16.2).

Epithelial tissues are generally classified by the morphology of their cells and
the number of layers they are composed of. Epithelial tissue that is only one cell
thick is known as simple epithelium. If it is two or more cells thick, it is known
as stratified epithelium. However, when larger simple epithelial cells are viewed
in cross section with several nuclei appearing at different heights, they can be
confused with stratified epithelia. This kind of epithelium is therefore described
as ‘pseudostratified’ epithelium [13, 14].
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Fig. 16.2 Different examples of epithelial layers from (a) human eye and the cornea, (b) human
skin and stratum corneum and (c¢) human artery [15, 16]
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16.1.4.1 Simple Epithelium

Simple epithelium is one cell thick, that is, every cell is in direct contact with the
underlying basement membrane. It is generally found in locations of the organisms
where absorption and filtration occur. The thinness of the epithelial barrier facilitates
these processes.

Simple epithelial tissues are generally classified by the shape of their cells. The
four major classes of simple epithelium are squamous, cuboidal, columnar and
pseudostratified.

Squamous Epithelial Cells

Squamous cells have the appearance of thin, flat plates. They fit closely together
in tissues, providing a smooth, low-friction surface over which fluids can move
easily. The shape of the nucleus usually corresponds to the cell form and helps
one to identify the type of epithelium. Squamous cells tend to have horizontally
flattened, elliptical (oval or egg-shaped) nuclei because of the thin flattened form of
the cell. Classically, squamous epithelia are found lining surfaces utilizing simple
passive diffusion such as the alveolar epithelium in the lungs. Specialized squamous
epithelia also form the lining of cavities such as the blood vessels (endothelium) and
pericardium (mesothelium) and the major cavities found within the body.

Cuboidal Epithelial Cells

As their name implies, cuboidal cells are roughly cuboidal in shape, appearing
square in cross section. Each cell has a spherical nucleus in the centre. Cuboidal
epithelium is commonly found in secretive or absorptive tissue, for example, the
(secretive) exocrine gland the pancreas and the (absorptive) lining of the kidney
tubules as well as in the ducts of the glands. They also constitute the germinal
epithelium that covers the female ovary.

Columnar Epithelial Cells

Columnar epithelial cells are elongated and column-shaped. Their nuclei are
elongated and are usually located near the base of the cells. Columnar epithelium
forms the lining of the stomach and intestines. Some columnar cells are specialized
for sensory reception such as in the nose, ears and the taste buds of the tongue.
Goblet cells (unicellular glands) are found between the columnar epithelial cells of
the duodenum, the first section of the small intestine in most higher vertebrates.
They secrete mucus, which acts as a lubricant.
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Pseudostratified Epithelial Cells

These are simple columnar epithelial cells whose nuclei appear at different heights,
giving the misleading (hence ‘pseudo’) impression that the epithelium is stratified
when the cells are viewed in cross section. Pseudostratified epithelium can also
possess fine hair-like extensions of their apical (luminal) membrane called cilia. In
this case, the epithelium is described as ‘ciliated’ pseudostratified epithelium. Cilia
are capable of energy-dependent pulsatile beating in a certain direction through
interaction of cytoskeletal microtubules and connecting structural proteins and
enzymes. The wafting effect produced causes mucus secreted locally by the goblet
cells (to lubricate and to trap pathogens and particles) to flow in that direction
(typically out of the body). Ciliated epithelium is found in the airways (nose,
bronchi) but is also found in the uterus and fallopian tubes of females, where the
cilia propel the ovum to the uterus.

16.1.4.2 Stratified Epithelium

Stratified epithelium differs from simple epithelium in that it is multilayered. It is
therefore found where body linings have to withstand mechanical or chemical insult
such that layers can be abraded and lost without exposing subepithelial layers. Cells
flatten as the layers become more apical, though in their most basal layers the cells
can be squamous, cuboidal or columnar.

Stratified epithelial tissue also differs from simple epithelial tissue in that
stratified epithelial tissues do not contain junctional complexes and have their cells
bound together only by desmosomes.

Stratified epithelia (of columnar, cuboidal or squamous type) can have the
following specializations:

Keratinized: In this particular case, the most apical layers (exterior) of cells are
dead and lose their nucleus and cytoplasm and instead contain a tough, resistant
protein called keratin. This specialization makes the epithelium waterproof, and
so is found in the mammalian skin. The lining of the oesophagus is an example
of a non-keratinized or ‘moist’ stratified epithelium.

Transitional: Transitional epithelium is found in tissues that stretch, and it can
appear to be stratified cuboidal when the tissue is not stretched or stratified
squamous when the organ is distended and the tissue stretches. It is sometimes
called the urothelium since it is almost exclusively found in the bladder, ureters
and urethra.

In this chapter, we will focus on the stratified epithelium. Apart from the natural
functions of these tissues as reacting and sensing mechanochemical effects in
the body and environment, developments in personal care and health-monitoring
systems increased the severity and the frequency of the interactions. Human skin
is treated not only with mechanical intruders such as razors, shaving machines,
epilating systems, heat treatments, laser treatments and clothing produced from
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unnatural materials but also chemical intruders such as shaving creams, shampoos,
shower gels, perfumes and detergents used to clean clothes that are in contact with
the skin. For the people who use contact lenses for medical or aesthetic reasons,
the eye is also under the effect of extra force of eyelid and foreign body combined
with the hygienic solutions necessary to assure the health of the eye. People who
have problems with the arterial or digestive systems may experience arthroscopy or
colonoscopy and may have disturbances on the interior walls of the related organs.
All these applications show that unlike their natural life cycles and accidental
disturbances, epithelial tissues have to respond periodic and more severe insults,
sometimes even on daily basis. In this chapter, investigations on human skin stratum
corneum (the outermost layer of the epidermis) using atomic force microscopy and
the corneal cell lines using microtribotesters will be represented. The suggested
techniques are universal and applicable on different cell lines.

16.2 Experimental Approach

16.2.1 AFM

Micro-/nanotribological studies are needed to develop a fundamental understanding
of interfacial phenomena on a small scale. These investigations of interfacial
phenomena also involve ultra thin films and micro-/nanostructures — both cur-
rently being used in magnetic storage systems, micro-/nanomechanical systems
(MEMS/NEMS) and other industrial applications. Probe-based microscopes, for
example, the atomic force microscope (AFM), and the surface force apparatus are
widely used for such micro-/nanotribological studies [4, 5].

AFM is suitable to study engineering surfaces under dry or wet conditions
down to atomic resolution. One of the most notable extensions of AFM imaging
capabilities is the possibility to measure lateral forces between the tip and the
sample. Thus, the atomic-scale origins of friction can be observed with this
technique, usually denoted as lateral or friction force microscopy (LFM or FFM).
These possibilities established the AFM as an important tool in the emerging field of
nanotribology: the study of the atomic-scale interactions between surfaces in relative
motion, such as friction, adhesion, lubrication and wear.

Moreover, the gap between this atomic-scale understanding, microscopic and
subsequently macroscopic applications will need to be bridged. Transition from
single (nanoscale) asperities to multiple asperity contacts holds the promise to
predict tribological behaviour. Much effort has been invested to resolve and quantify
tribological phenomena also on nanometre scales.

AFM techniques for quantitative, fundamental nanotribology are in a nascent
stage, still some key issues such as force calibration, tip characterization or effects
of the environment are neither fully resolved nor standardized.
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16.2.1.1 Closed Fluid Cell

Part of this work was performed in fluid environment in a closed fluid cell. The
fluid cell is a chamber consisting of two halves (Fig.16.3a) screwed together
mechanically: The samples are glued onto glass on the lower part of the closed fluid
cell while the upper half basically consists of the electronic interface, the cantilever
and a flexible membrane. After screwing together both halves, the fluid cell can
be flooded with double distilled water (Fig. 16.3b). Two channels of the cell can
be used to inject fluid into the cell and to drain it, respectively. In the next step,
the fluid cell is attached to the head of the AFM. After placing the head with the
cell onto the moving table, the head is lowered until the cell attaches to the table
(Fig. 16.3c). The reference scans in double distilled water environment are carried
out when the mounting and calibration procedure of the system is completed. The
lateral trace and retrace data are recorded. Then, the additive solutions are injected
into the cell with a syringe, and the AFM experiments are performed analogously to
the reference measurements.

For reproducibility of the results, it is very important that all parts of the fluid cell
have to be properly cleaned (e.g. with isopropanol), and the cantilever and tubes are
replaced after every contact with additive solution.

Measurements were performed with an AFM MFP-3D atomic force microscopy
(by Asylum Research, Santa Barbara, CA) in a closed fluid cell using non
conductive silicon nitride cantilevers with a spring constant k = 0.01 N/m and a
resonant frequency f, = 4-10kHz (Veeco). The main measurement parameters
were a scan size of 5 x 5 um? (512 scan points and 512 scan lines), a scan rate of
2 Hz, a scan angle of 90° and a set point of 3.3nN in contact mode. The recorded
data was each trace/retrace of height, deflection and lateral force.

16.2.1.2 Friction Measurements

A reliable quantification of the surface morphology based on any AFM lateral image
requires determination of the friction coefficient (lateral force dependent on normal
forces). However, quantitative determination of friction forces is a challenge, due to
difficulties with the calibration of the instrument and cantilever.

Typically, this calibration involves the conversion of the lateral force signal (also
named output voltage signal) of the sector area-sensitive photodiode to values of
absolute lateral force using (a) the torsional spring constant of the cantilever and (b)
the lateral sensitivity of the photodiode. Many existing methods provide calibration
approaches with large errors (30-50%) and suffer from poor reproducibility [17,18].

Bhushan introduced two methods to measure the friction in AFM experiments
[19]. For the presented measurements, the lateral force technique has been chosen
since it is described as more reliable and objective: The sample is scanned
perpendicularly to the long axis of the cantilever beam, to record the lateral force
signals in trace and retrace (LT, LRT).
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Fig. 16.3 Assembling the
closed fluid cell. (a) Sealing
the cell and mounting the
appropriate tubes to the four
inlet/outlet ports. (b) Filling
the cell with fluid and
performing a leak test (c)
Putting the closed cell
assembly onto the head and
setting up the tube clamp

Using this arrangement, the friction force between tip and surface will cause the
cantilever to twist as soon as the sample moves under the tip. Therefore, the signal
intensity between the left and the right detectors will vary as

_L-R

FFM = ——
L+R

(16.3)

where FFM denotes the friction force signal. This signal can be related to the degree
of twisting, hence to the magnitude of friction force. By changing the set point
parameter in the feedback loop, the normal force applied between probing tip and
sample surface can be changed.

The scan area was 5 x 5 umz, consisting of 512 scan lines with each 512 scan
points. First, the average values of all 512 lines with 512 points for lateral trace
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(LTVay,) and lateral retrace (LRTV,,,) from every scan were calculated. To obtain
the friction force value (FFV), these two mean values have to be subtracted from
each other and divided by two:

|LTVaye — LRT Vg

FFV =
2

(16.4)

The measurements of the friction force values were repeated ten times in every
environment (water, water + oligomer) to obtain representative and repeatable
results.
Assuming that the friction in the nanoscale follows Amonton’s law, the friction
force is given by
FFV = w(SP + Fp) (16.5)

where | is the friction coefficient, the set point (SP) is the applied load and Fy is
a force constant. Following the procedure suggested by Beake et al. [20], the force
constant is nearly equal to the pull-off force determined from the force—distance
curves.

Usually, the FFV and SP values are given in [V] volts as acquired from lateral
force measurements.

However, the results can be easily compared with each other because findings
in volts are connected with the forces between tip and surface. In order to obtain
commonly used units ([N] Newton), the lateral force needs to be calibrated by
the determination of the slope of deflection vs. LVDT. The calibration delivers
an accurate value of the inverse optical lever sensitivity (InvOLS) describing
the sensitivity of the detector-cantilever combination. With the knowledge of the
accurate value of InvOLS, it is possible to calculate FFV and SP in Newton:

FFV [V] x InvOLS [nm/ V] x spring constant k [nN/nm] = FFV[nN] (16.6)
SP [V] x InvOLS [nm/ V] x spring constant [nN/nm] = SP [nN] (16.7)

Another solution for calibrating the lateral force signal is the wedge calibration
method, introduced by Ogletree et al. [21] and improved after Tocha et al. [22]
which gives an error in the calibration factors of about 5%. The ‘wedge’ method
of force calibration is an in situ method and is applicable for a wide range of
cantilevers and materials. This method is based on comparing lateral force signals on
surfaces with different well-defined slopes. The known geometrical contribution to
the total lateral force gives a different calibration of lateral force response in terms of
normal force response. If the normal force constant is known, a quantitative friction
measurement can be performed. If it is not known, the ratio of normal to lateral
forces (the friction coefficient) can be determined.

An experimental force calibration is performed by sliding the tip across a surface
of known slope (grating) and measuring the lateral force signal as a function of
applied load. In this work, silicon calibration gratings (MikroMash test structure
TGGO1, Tallin, Estonia) were used. Such a calibration grating is a 1-D array
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of triangular steps having precise linear and angular dimensions defined by the
crystallography of silicon (111) planes. The edges of the triangular steps have radii
of curvature of less than 10 nm.

Using the wedge calibration method, we experimentally measured the voltage
output from the lateral force transducer LTy, where « LTy = LT (here the sub-
script ‘o’ indicates that the value is measured in volts, LT is lateral signal). If we can
find o (Newtons per Volt), we have a direct calibration of the lateral force response
to the FFV signal. The calibration constant « is the product of all the factors of the
experiment: the lever lateral force constant, the deflection of the reflected laser as a
function of cantilever displacement and the photodiode angular sensitivity.

16.2.1.3 Nano-Wear Tests

Silicon tips on an Aluminium-coated cantilever (OLYMPUS OMCL-HA) were used
to perform nanowear tests. The cantilevers were calibrated for topography mode and
pull-off force mode using a silicon chip. The value of the spring constant for the
silicon tips was 42 N/m. The scan area was 5 x 5 um?. Images were recorded in the
contact mode, that is, the feedback electronics and the corresponding software were
used to keep the cantilever at constant deflection measuring the sample topography.
In order to obtain the maximum LFM signal (torsion motion), the sample was
scanned along the direction perpendicular to the cantilever long axis. For each
applied force, 512 lateral force loops on an area of 5 x 5um? were obtained
from different regions. For the nanowear measurement, all samples were scratched
40 times using a silicon tip on an aluminium-coated cantilever with a very high
spring constant (42N/m). The load applied to cantilever was 22 uN (equal to a
set point of 8V), the scratching speed was 25 um/s and the scanning direction
was perpendicular to the cantilever long axis and perpendicular to the wear track
direction. After the scratching, topography of the scratched area was measured with
lower load. The extent of wear was estimated by determining the average depth and
width of the scratched area.

16.2.1.4 Colloidal Probes Designed Specifically for ex vivo
Human Skin Tests

The role of tribology in biomedical and personal care devices is becoming more
crucial since it is recognized that the sliding interaction between biomaterials and
human tissue is critical for the health and comfort of the patent and the handling
performance of these devices. Currently, the tribology of such devices is not well
understood, and it is difficult to investigate and optimize frictional properties of
the surfaces and materials. The devices operate in a challenging environment that
is difficult to simulate: The human tissue surfaces are often very compliant, they
respond to mechanical stimulation and the lubrication conditions are variable.
Furthermore, existing macroscopic test methods are mostly application-oriented,
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Fig. 16.4 The colloidal probe

and the results depend on many factors such as handling, environment, operator, test
subject, bulk material properties, sample macrogeometry and lubrication conditions.
Due to the inconsistency in test results there is a strong need for in vitro, microscale
lubricity tests to investigate and pre-select surfaces, coatings and materials for
medical and personal care devices. The other focus point is the determination of
essential mechanical properties of tissues at different scales (cellular level, nano-
/micro-/macro-scales) including the response to medical and cosmetic additives.

The aim was to determine the coefficient of friction and adhesive properties of the
stratum corneum layer of the human skin, and to identify the microscale distribution
of phospholipids, for the correlation to the observed variability of local friction.

The initial step for the research was the production of the colloidal probe for the
AFM in order to obtain:

e defined geometry in order to apply models of contact mechanics more accurately,
* increased lateral force sensitivity,
* increase the adhesive interaction between the probe and the skin tissue.

Borosilicate glass microspheres with a diameter of 10 wum were selected for the
application. The main reasons to choose borosilicate were:

e Their roundness is >90%.

+ Their density is the lowest of most glasses (2.2 g/lcm?).

» They have a very low thermal expansion coefficient (32 x 10~7/°C, for
30-300°C).

Another challenge was the epoxy- and adhesive-free production of the colloidal
probe in order to avoid contamination on the human stratum corneum. The
possibility of material transfer between the tip and the sample would change
the sample-tip interaction by changing the surface energies and also jeopardize
the storage conditions standardized for the ex vivo biological samples. A novel
technique for the production of epoxy- and adhesive-free colloidal probes for atomic
force microscopy is reported by Indrieri [23], inspired by the work of Bonaccurso
(Fig. 16.4).
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Fig. 16.5 (a) Typical force curve expected from the interaction of probe and the sample. (b) Adhe-
sion forces observed before contamination. (¢) Adhesion forces observed after contamination

Using a cantilever-moving approach, the capillary adhesion between a borosil-
icate glass microsphere and the AFM cantilever was utilized to attach the sphere
to the cantilever free end. A suitable modification of the adhesive properties of the
glass substrate makes adhesion of spheres to the substrate weaker than that between
sphere and cantilever; this in turn facilitates the detachment of the sphere from the
substrate once it has been hooked by the cantilever.

Subsequently, the cantilever-sphere system was cured at 780°C for a few hours
to covalently bind the sphere to the cantilever. The procedure is relatively quick and
very reliable and produces clean, epoxy-free colloidal probes. The produced probes
were characterized with scanning electron microscopy (SEM) and the statistical
method of AFM reverse imaging [23].

After three consecutive friction tests conducted in different locations of the
stratum corneum, it has been observed that the adhesion forces between the probe
and the sample decreased drastically possibly related to the contamination of the
probe due to transfer of phospholipids from the skin (Fig. 16.5).

The robustness of the colloidal probe was put to test, and in order to remove
contamination, it was subjected to ultraviolet treatment, 15 min of sonication in
acetone followed by twice 15 min of sonication in distilled water. The probe
was intact after these procedures, no abnormality was observed in functions and
expected adhesion forces, observed in force curves from the AFM.

16.2.2 AR-XPS

In order to obtain detailed information about the elemental composition, chemical
bonds, structure and morphology of a surface, analytical methods such as X-ray
photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) are
favourable candidates. To get in-depth information, depth profiling using ion
sputtering is typically used. However, for very thin films (such as monomolecular
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Fig. 16.6 Geometry of angle-resolved XPS used in calculations. (a) Information depth at normal
to the sample surface (orthogonal) and at emission angle 6 and (b) instrumental and sample
geometry used in the AR-XPS measurements

thin films of additives on surfaces), the XPS/AES methodology using sputter depth
profiling has got its limitations. Because the ion sputtering process is always
accompanied by energy impact, various processes in the analysing region occur,
for example, atomic mixing, phase changes or roughening [24,25].

One way to achieve quantitative results on the near-surface structure of the
material is to vary the detection angle in electron spectroscopy for depth-dependent
analysis. Due to the finite mean free path of electrons within the solid, the
information depth in XPS analysis is of the order of a few nanometres if the electrons
are detected at a direction normal to the sample surface. If the electrons are detected
at a different angle to the normal, then the information depth is reduced by an
amount equal to the cosine of the angle between the surface normal and the analysis
direction (emission angle), as shown in Fig. 16.6a. This is the basis for the powerful
analysis technique angle-resolved XPS (AR-XPS). The instrument geometry of
angle-resolved XPS for the microlab instrument MKII is shown in Fig. 16.6b. In
the figure, the emission angle 6 refers to the angle between surface normal and
analyser. In the geometry of our spectrometer, the angle n between the z-axis and
the analyser is 60°, and the angle y between the X-ray source and the analyser is
also 60°. The sample holder has a slant angle y equal to 45°.

The stage in the analysis chamber can be moved in x-, y- and z-directions.
Additionally, the sample can be tilted and rotated. Before the AR-XPS experiments
the stage was positioned in such a way that the analyser axis was pointing directly
at the centre of the samples (as shown in Fig. 16.6b).

For AR-XPS measurements in our spectrometer, the emission angle 6 was varied
by rotating the sample around the z-axis by two revolutions of a step motor controller
that corresponds to rotations over an angle of 20°. For the measurements taken
at rotation angles 0°, 20°, 40°, 60° and 80°, the corresponding emission angles
calculated for geometry of our spectrometer in these experiments were 15°, 22°,
35°,49° and 63°.
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Fig. 16.7 (a) General appearance of the Falex MUST MTT. (b) Details of the force transducer

16.2.3 Microtribometer

A Falex MUST microtribotester (MTT) was used for the measurements on the
corneal cell cultures in order to evaluate/rank lens designs and materials, develop
a basic understanding of damage mechanisms, reduce epithelial damage via lens
design and determine influencing parameters of the interaction between the eyeball-
contact lens-eyelid system such as material composition, material stiffness, friction
coefficient, lubrication conditions (buffer solution), normal pressure, shear stress,
contact area and sliding speed.

The device operates in a challenging environment that is difficult to simulate: The
human tissue surfaces are often very compliant, they respond to mechanical stimula-
tion and the lubrication conditions are variable. Furthermore, existing macroscopic
test methods are mostly application-oriented and the results depend on many factors
such as the handling, environment, operator, test subject, bulk material properties,
sample macrogeometry and the lubrication conditions. Due to the inconsistency in
test results, there is a strong need for in vitro, microscale lubricity tests to investigate
and preselect surfaces, coatings and materials for medical and personal care devices.
But the major objective would be to develop a platform that is not only for corneal
epithelium for contact lens application but also using cell cultures of different
human tissues, for example, vascular endothelium for cardiovascular applications
or columnar endothelium for intestinal applications.

The basic functional components of the Falex MUST are a 2-D micro force
transducer and various precision motion modules (Fig. 16.7). Relative movements
can therefore be carried between a microtool and a probe under control of the power
changing effects. The two basic tests, reciprocating or pin-on-disc, are practicable
for the applications in microtribology. For our applications, we use the reciprocating
mode of the device.
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16.2.3.1 Operational Principle of the Force Transducer

The force transducer consists of a cantilever (based on a parallel spring system),
two mirrors fixed on the moving part of the cantilever and a mechanical support.
The geometric dimension of the cantilevers is so that the normal force Fy and
the tangential force Fr according to the measuring task are optimally coordinated.
The cantilever is fixed in a mechanical carrier. With the help of the carrier the
force transducer can be changed in the measurement module. Two micromirrors
(orthogonal to each other) are used for the fibre optic sensors as reflective surfaces.

16.2.3.2 Operational Principle of the Fibre Optic Sensor

For the measurement of the deflection of the force transducer and the positioning
of the piezo drives, fibre optic sensors (FOS) are used. In the tip of the FOS glass
fibre bundles are joined and finished to an optical flat. The light radiated from a light
conductor bundle (transmission light conductor) is taken up to reflection at a mirror
by a further light conductor bundle (reception light conductor) and converted by
optoelectronic transducers to electrical signals. The variable projection of the light
bundle on the fibres influences the light-induced current.

The process of the sensing rate characteristic U, = f(a) is determined by the
optical behaviour and the photometric distance law. A characteristic of the sensor
consists that it can be operated in two measuring ranges. In the first measuring range
(MBI, near range), a very distinct rise occurs with a relatively small change in
distance. In the second measuring section (MB2, far range), the measuring range
is larger and the related rise smaller. The maximum of the characteristic is called
optical peak. The FOS is calibrated by the manufacturer (Fig. 16.8).

16.2.3.3 Working in Liquid Environment and Tare Values
The difficulty of working in liquid environment has been mentioned before,

especially when using devices that are not specifically designed for that purpose.
One of the challenges during the work with the Falex MUST MTT was the relatively
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small issue that the lifting force of the liquid media during the approach to the
surface was not taken into account since the machine was designed to work in dry
conditions. The usual operating medium is air (that can be conditioned, thanks to
the closed chamber, to different levels of humidity and temperature) for most of the
applications with the MTT, so the aforementioned effect on the tare values could
be neglected, but since the applications with contact lenses require buffer solutions
such as lens solutions or MEM+Glutamax ™-1 with high viscosity levels, this effect
for our tests could not be neglected.

During the calibration of the MTT, it was observed that even though the voltage
values given by the internal software change from 1198.596 to 1520.256mV,
the value of the tare forces remained relatively constant (Fig. 16.9). The device
eventually gave an error message that the spring reached its maximum displacement
even though there was an obvious distance to the bottom surface of the petri dish
(Fig. 16.10). The explanation for the error can be found in the concept of tare forces.
For each step that the probe automatically approaches the surface, a resisting force
is applied by the buffer solution against the probe. This lifting effect of the liquid
medium is not stored as the actual tare value and nullified after each step so when
the cumulative of these forces equals the target value of the system, the device starts
the tests. If the system is handled manually, these forces may equal the maximum
force that the spring can support, and then, the system stops the test and retracts the
probe.

dl g Fl
d2 g F2
' Fi+ Fy...+ F, = F, — Start Test  dr — Fr = Kepring X (A Xiimit)spring
—> Stop Test. . ... dr : single
T continuous displacement
d}'l — El

Automatic Mode Manual Mode

This issue was solved by a software update from Falex Tribology that nullifies the
tare values after each step of approach. Note that research on biological samples
that requires the application of normal forces in the ranges less than a millinewton
is sensitive to the natural reactive or surface forces such as lifting forces or meniscus
forces. In this case, the weight and the surface area of the probe, approaching
velocities and inter-material affinities would play a significant role in the experiment
and the parameters need to be revised thoroughly.

16.2.3.4 Probe Designs for Tests on Epithelial Tissues and Cell Lines

The test apparatus coupled with the Falex MUST MTT requires not only specific
design in order to apply sub-millinewton forces but also works completely sub-
merged in the solutions related to the application in focus such as lens solutions
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Fig. 16.9 (al) Initial contact of the designed probe with the buffer solution surface and the
formation of the meniscus. (a2) The related voltage and tare values of al, screen-captured from
the internal software. (b1) The probe at the maximum depth before the actual contact with the
petri dish surface. (b2) The related voltage and tare values of bl, screen-captured from the internal
software

Fig. 16.10 (a) The position at which the error message of maximum displacement is given.
(b) The error massage provided by the MTT
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Fig. 16.11 Experimental
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for corneal tissue applications or buffer solutions to keep the cell lines in healthy
conditions during the tribological tests.

The selection of the appropriate cantilever for the system was the initial step
of the probe design. The applications would not only focus on 3-D matrices of
stratified epithelial tissues but also on pseudostratified versions of the epithelial
cell lines cultured to mimic other organ types of the human body, so the cantilever
should be able to apply stabile normal forces as low as 200 wN [50, 51]. For this
study, cantilevers with the following specifications were selected: k, = 16 N/m,
ke =TN/Mm, (F)max = 4mN, (F)max = 3.5mN, (Fy)mn = 0.04mN and
(F)min = 0.0035mN (resolution). The maximum normal load that was applied to
the samples during the study was 700 wN, and the minimum normal load of 200 uN
with the expected minimum value of COF would result in a minimum friction force
value of 5 wN. In both cases, the selected cantilever would function agreeably for
all range of forces in the envisaged application.

The probe needs to be large enough to be completely drawn in the buffer solution
in order to eliminate strong effects of meniscus force that could play a critical
role in the interaction of the body and the samples. On the other hand, the system
should not be so large and lightweight that its self-bending would interfere with the
transition of the force from the transducer to the sample, and it should not initiate
any crosstalk effect during the test. These two considerations were the driving points
that grounded the base of probe design. The final appearance of the probe together
with the 3-D tissue construct model can be seen in Fig. 16.11.

Another critical point for the design was the practical mount and dismount of
the system without applying any destructive force on the contact lens samples and
to avoid any interference that may affect the biological investigation of wear such
as dead cells on the contact lens surface. The whole contact lens body was put in
the plastic cover and secured by a compliant silicon rubber moulded with a tip of
variable diameters (Fig. 16.12a, b). The reason that the tip of the silicon rubber has
a defined geometry and shows similarities with the design of the colloidal probe
designed for the AFM is to apply models of contact mechanics more accurately
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Fig. 16.12 Details of the hydrogel contact lens probe. (a) Technical drawing of hardened plastic
cover. (b) Sketch of final assembly. (¢) Photograph of hardened plastic cover and passing form of
hydrogel contact lens. (d) Photograph of final assembly

but also to observe the influence of the contact area by means of different mould
diameters for future applications. In Fig. 16.12c, it can be seen how the contact lens
complies with the supporting silicon rubber. The silicon rubber also has advantages
over metal supports, such as mimicking the damping effect of connective tissues
supporting the epithelial tissues and making it easier to work in hygienic biological
media.

16.3 Results and Discussion

16.3.1 Monomolecular Thin Films

This section reports on nanoscale tribological investigations on ethanolamine
oligomers in aqueous solutions investigated with an AFM closed fluid cell and
AR-XPS methods. This work shows oligomer specific lubrication: The most
efficient additive reduced friction by 76% with respect to reference friction measure-
ments performed in double distilled water. Further studies with AR-XPS explain
the influence of hydroxyl groups and nitrogen-containing ethanolamines on their
nanotribological behaviour.
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Fig. 16.13 Topography images. (a) Copper sample in double distilled water, RMS = 3.59 £
1.97 nm. (b) Copper sample with double distilled water + MEA, RMS = 0.89 £ 0.58 nm

16.3.1.1 Topography

The friction force values and friction coefficient of the virgin surfaces were deter-
mined. Then, the additives were introduced into the fluid cell, and the measurements
were repeated with the lubricant present [21]. Representative 3-D topography of the
ethanolamine monomolecular films is displayed in Fig. 16.13 with section graphs
and the root mean square (RMS) parameter.

In the case of ethanolamine film, the surface roughness and RMS parameter were
significantly lower compared to pure double distilled water (Fig. 16.13).

16.3.1.2 Force-Distance Plots

Force plots are often used to measure the interaction forces between the tip and the
surface. This is done by pushing the tip against the surface and then separating the
tip and surface. From this data, a number of viscoelastic properties can be studied,
such as adhesion, indentation or tribolayer elasticity. There are different force
regimes in which forces can be measured with the AFM. Figure 16.14 describes in
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Fig. 16.14 Force-distance curves of the investigated monolayers

detail the normal force typically experienced by the tip when it is brought towards
a sample surface [26].

It can clearly be seen that pull-off forces for double distilled water without any
additives are larger than pull of forces for water with ethanolamines. This fact may
be related to an increase of surface energy due to the additives. The hydroxyl groups,
being components of ethanolamine oligomers, increase the surface energy, and the
increased surface energy in turn increases the pull-off forces.

16.3.1.3 Friction Results

The friction force values and friction coefficient of the virgin surfaces were deter-
mined. Then, the additives were introduced into the fluid cell, and the measurements
were repeated with the lubricant present.

The results show a significant drop in the friction force value after 10 min after
introducing ethanolamine oligomer to the solvent (Fig. 16.15).

16.3.1.4 Molecular Structure
Orientation of ethanolamine molecules on the steel surface was evaluated using

AR-XPS method using ARCtick (angle-resolved XPS spreadsheet) and the SESSA
simulation tool (simulation of electron spectra for surface analysis).
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The survey spectra of all steel samples showed only peaks of iron, oxygen, nitro-
gen and carbon, as expected. The position of photoelectron peaks was determined
using Casa XPS, and a combination of Gaussian and Lorentzian peaks was used for
fit. The adsorption of ethanolamine oligomers onto a flat steel surface (Ra < 5nm)
layer takes less than 1 min. The survey spectra show that, after this time, the surface
had adsorbed a measurable amount of the oligomers. The quantification of the Ols
and Cls peaks showed that there was an equal amount of both oxygen and carbon in
the adsorbed films. The Cls peak was in the region typical for alcohols and organic
compounds containing nitrogen. The Fe photoelectron region of ethanolamines
showed a completely different intensity ratio of the iron and the iron oxide peak
(Fig. 16.6a). The loss in intensity of the iron peak was due to the coverage of the
surface with the chemisorbed diethanolamine oligomer film. At an emission angle
of 63°, the Fe metal peak almost vanished in the spectra recorded from samples with
ethanolamine film [27].

Results obtained for ethanolamine clearly reveal the orientation of the molecules
on the surface. The intensities of the oxygen peak Ols and the carbon peak Cls
increase with increasing analyser angle, and the iron peaks Fe 2p 1/2 and Fe 2p 3/2
and the nitrogen N1s peak decrease with emission angle (Fig. 16.16b). This result
indicates that oxygen and carbon were located on top, and iron and nitrogen were
beneath. Therefore, it was deduced that the molecules stand upright on the surface,
bound to it by the nitrogen atom [27].

Detail analysis of angular-resolved measurements using ARCtick (Fig. 16.17a)
and the SESSA simulation tool (Fig. 16.17b) [28] of peaks from Fe, O, C and N
confirms our theory that the molecules of ethanolamine oligomer stand upright on
the surface, bound to it by the nitrogen atom.

16.3.2 Tribochemical Additive-Derived Reaction Layer

The formation of a ZDDP-derived reaction layer with rubbing time was studied
using a ball-on-disc test rig under mixed rolling-sliding conditions in the boundary
lubrication regime. The evolution of the topography and mechanical properties of
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Fig. 16.16 (a) Fe 2p region of monolayers of ethanolamine film on 100Cr6 steel. The spectra are
shown for three different electron take-off angles. For comparison, the spectra of clean 100Cr6
steel are marked in a dashed line. (b) Intensity ratio of XPS peaks depending on the emission angle

the layers with rubbing time were studied using AFM. The tribotests were carried
out at an applied load of 300N which resulted in a maximum Hertzian contact
pressure of 1.9 GPa (contact diameter 540 jum) at a slide to roll ratio SRR = —10%.
The temperature was set constant at 90°C for all the tests [29].
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Fig. 16.17 Proposed mechanism of a chemisorbed monomolecular thin layer of ethanolamine
oligomer on a steel surface based on (a) the stratification method with the ARCtick tool and
(b) based on the SESSA simulation tool

In order to understand the nature of the interaction between the cantilever
tip and the formed reaction layer, deflection displacement curves were recorded.
Figure 16.18 shows the deflection of the cantilever tip as a function of the distance
from the reaction layer formed in the rubbing steel surfaces. The solid line indicates
the tip approach to the surface, while the dashed line represents the tip being pulled
away from the surface. The vertical separation between the point where the tip was
touching the layer and the point where the tip was pulled away from it together with
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Fig. 16.18 The deflection of the cantilever tip as a function of the distance from the wear track
surface for the investigated samples

the spring constant of the cantilever (0.1 nN/nm) was used to calculate the pull-off
(adhesive) force [4].

Figure 16.18 shows that with increasing ZDDP-derived reaction layer thickness,
the force needed to pull off the cantilever from the surface increases. This fact is
related to high adhesion and plastic deformation, due to the presence of a soft surface
layer formed by ZDDP.

Samples after a 5 min test exhibit a thin reaction layer, the cantilever has alternate
contact with asperities from the steel surface and the layer. This results in small
pull-off values when the tip engages the elevated asperities and in high lateral force
response.

Samples after a 15 min test and after a 30 min test present a thick and soft reaction
layer that entirely covers the steel surface. The cantilever interacts only with the soft
layer covering the surfaces, resulting in long-distance curves, low friction but high
wear volume on the nanoscale. The larger adhesive properties of the soft layer are
caused by the molecular interactions between the molecules attached to the tip and
the molecules in the layer.

When rubbing progresses further, the additive-derived layer experiences a con-
stant roughening and hardening with rubbing time, as indicated by the nano-wear
tests (Fig. 16.19d), which show no indentation for the layer after 1 h rubbing time.
These processes may be responsible for the observed increase in friction and wear
protection with rubbing time of the additive-derived reaction layers, in both the
macro- and the nanoscale.

The 3-D AFM images showing the topographies of the ZDDP-derived layers are
illustrated in Fig. 16.19. Section graphs attached to the AFM images show the height
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Fig. 16.19 AFM images showing the 20 X 20-jum? topographies of the investigated samples after
nano-wear indentation with horizontal section graph of height distribution. (a) After 5 min ball-on-
disc test time, (b) after 15 min, (¢) after 30 min and (d) after 60 min

distribution across the scan. Section graphs have the same scale as the colour scale
on the right side of the AFM images.

ZDDP reaction layers form only in the rubbing tracks, where actual tribological
contact occurs [30]. The reaction layer forms initially as separate patches on the steel
surfaces and gradually develops to form a continuous-like structure, as illustrated in
Fig. 16.19. A three-stage process can be used to describe the evolution of the layer
morphology. In the first stage (Fig. 16.19a, b), the layer growth mechanism begins
on micro-asperity contacts at the steel surface, leading to the formation of thin pads.
In the second stage as rubbing progresses, the pads continue to grow and coalesce
to form a complete layer formed over the surface (Fig. 16.19¢c). AFM investigations
showed that such an additive-derived reaction layer consists of large wear pads,
smaller anti-wear pads and lower valleys between the anti-wear pads [11]. In the
final stage, the continuous rubbing of the surface causes the disintegration and
spreading of the tribolayer to form progressively smaller pads (Fig. 16.19d) [26].
A rough and hard layer develops, reaching a ‘limited thickness’ of approximately
70 nm.
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Fig. 16.20 The variation of friction force as a function of applied load for the investigated samples

Nanowear tests using a cantilever with high spring constant showed that ZDDP-
derived layer is initially softer, undergoing a hardening process with rubbing time.
The indentation reaches the steel substrate for a sample after 5 min test. The wear
depths for samples after 15 and 30 min tests are very similar (between 20 and
30nm), and despite the uncertainty on the layer base line, none of the indentations
reached the substrate. The results obtained for a sample after 1h test, where no
indentation was observed after the nanowear test, indicate a possible hardening
process parallel to the roughening process of the layer that has also been observed,
with the development of pad-like features [31]. Previous studies [19,32] have shown
how those features are higher than the surroundings and present a higher hardness
and elastic modulus, which is attributed to the load-carrying capacity of the layer
(Fig. 16.20).

16.3.3 Hard Coatings

Diamond film is one of the hardest materials and is well known for several
extraordinary features such as high mechanical strength [33], excellent thermal
conductivity, outstanding wear and friction properties [34], high chemical inertness
[35], etc. These films exhibit high surface roughness because of their columnar
growth [36], making them unsuitable for many applications such as in micro-
electronics and as optical components [37]. However, end use tends to favour
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Fig. 16.21 Force spectroscopy of the investigated diamond films

a particular crystallographic surface texture, purity and thickness matched to
the surface that offers the most compatible properties. Thus, properties such as
broad optical transparency, high refractive index, wide band gap, low or nega-
tive electron affinity, transparency to light from deep ultra violet to far infrared
and low thermal expansion make these films suitable for numerous industrial
applications [38].

The morphologies of chemical vapour deposited (CVD) diamond films can be
changed over a wide range by controlling the process parameters of the deposition.
The surface morphologies of the film govern the micro- and nanomechanical
properties of the film. In view of these points, diamond film having faceted
morphology is presented in this section. It has been deposited using the microwave
chemical vapour deposition (MWCVD) technique.

Figure 16.21 shows the deflection of the cantilever tip as a function of the
distance from the film surfaces for all two films. In all cases, the darker line indicates
the tip approach and the lighter line represents the tip being pulled away. The
vertical separation between the point where the tip is touching the film and point
where the tip is pulled off the film is a measure of the pull-off (adhesive) force.
The product of this horizontal distance of separation and the spring constant of
the cantilever (0.1 nN/nm) gives the pull-off forces [4]. The pull-off forces for two
diamond films D1 and D3 are 21.3 and 13.1nN, respectively. Film D1 represents
faceted morphology with mainly sp? bonding, whereas film D3 represents fine ballas
morphology with mainly sp? bonding.
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Fig. 16.22 Topography of the investigated diamond film

The 3-D AFM image showing the topography of the investigated diamond film
is given in Fig. 16.22. For the investigated sample, the diamond growth conditions
were ‘optimal,’ this results in well-faceted pure diamond crystals with mainly sp3
bondings.

The influence of the applied load on the friction force is depicted in Fig. 16.23.
The friction force decreases with increase of the applied load. This suggests that
friction force is not governed by ploughing mechanism since in this case, the
friction force would increase with an increase of applied load when ploughing plays
important role. Rather, it is controlled by surface force.

16.3.4 Biomolecular Layers: Tribological Investigation on
Human Stratum Corneum Epidermis Using Atomic
Force Microscopy

16.3.4.1 Topography

Forming the interface with a desiccating external environment, the primary function
of the stratum corneum is to retard evaporative water loss from the aqueous
interior. The stratum corneum also protects against mechanical insults and the
ingress of foreign chemicals and microorganisms. It provides the first defence
against ultraviolet light, screening out more than 80% of incident ultraviolet B
irradiation. Taking these considerations into account, stratum corneum epidermis
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Fig. 16.23 The influence of applied load on the friction force of the investigated film

can be viewed as a hard coating material, comparable to the ones used in mechanical
applications.

Understanding the structure and function of the stratum corneum is vital
because it is the key to healthy skin and its associated attractive appearance.
During cornification, the process whereby living keratinocytes are transformed into
nonliving corneocytes, the cell membrane is replaced by a layer of ceramides
that become covalently linked to an envelope of structural proteins (the cornified
envelope) [39, 40]. This complex surrounds cells in the stratum corneum and
contributes to the skin’s barrier function. Corneodesmosomes (modified desmo-
somes) facilitate cellular adhesion by linking adjacent cells within this epidermal
layer. These complexes are degraded by proteases, eventually permitting cells
to be shed at the surface. Desquamation (skin peeling) and formation of the
cornified envelope are both required for the maintenance of skin homeostasis.
A failure to correctly regulate these processes leads to the development of skin
disorders [39].

Cells of the stratum corneum contain a dense network of keratin, a protein that
helps keep the skin hydrated by preventing water evaporation. These cells can also
absorb water, further aiding in hydration and explaining why humans and other
animals experience wrinkling of the skin on the fingers and toes (‘pruning’) when
immersed in water for prolonged periods. In addition, this layer is responsible for
the ‘spring back’ or stretchy properties of skin. A weak glutenous protein bond pulls
the skin back to its natural shape.
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Fig. 16.24 (a) Layers of the epidermis. (b) Details of the upper three levels of the epidermis [41]

The thickness of the stratum corneum varies throughout the body. In the palms of
the hands and the soles of the feet, this layer is typically thicker since these regions
require additional protection in order to grasp objects and avoid injury. In general,
the stratum corneum contains 15-20 layers of dead cells. The stratum corneum has

a thickness between 10 and 40 pm (Fig. 16.24).

Skin samples were obtained from the Department of Pharmacy, University of
Milano, after aesthetic surgery following the standards introduced by Blank and
McAuliffe [42]. Full-thickness skin was sealed in evacuated plastic bags and frozen
at —20°C within 24 h of the removal. Prior to the preparation, skin was thawed to
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Fig. 16.25 Bottom view of stratum corneum acquired with different kinds of microscopy

room temperature, and the excess fat was carefully removed. The skin sections were
cut into square pieces, and after immersing the skin in water at 60°C for 1 min, the
epidermis was gently separated from the remaining tissue with forceps and left to
dry. The dried samples were wrapped in Aluminium foil and sealed in plastic bags.
When the skin samples were received, they were cut into pieces that are suitable
for AFM investigations, and the pieces were put into the freezer at —40°C. Before
the measurements, each piece was first thawed in the fridge at —4°C for 2-3 h and
then at room temperature for 4 h. No extra procedures such as nitrogen fluxing and
cleaning with distilled water were conducted before the measurements.

The initial challenge for the investigation on stratum corneum epidermis was to
identify the proper side to conduct the tests. Both sides of stratum corneum, open to
the environment and laying over stratum granulosum, show significantly different
morphologies. These differences would play a vital role in the tribology-related
applications. For this purpose, images of both sides of the skin samples were taken,
without any assumptions on the ‘proper side’ beforehand.

In order to understand the morphology of the two sides of the stratum corneum
samples, the following imaging techniques were used: SEM, optical microscopy and
AFM. The side laying over stratum granulosum shows significant round patterns
as the mark patterns of granules that gives the name to the layer (Fig. 16.25). On
the other side, the top layer of stratum corneum, laminar patterns can be seen, as
expected (Fig. 16.26).

The detailed images gathered by AFM show formations that resemble layers of
corneocytes, that is, protein complexes that are made of tiny threads of keratin in an
organized matrix (Fig. 16.27).

142



this figure will be printed in b/w

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiugbar.
this figure will be printed in b/w

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

A. Tomala et al.

Stratum corneum

Stratum granulosum
Stratum spinosum
Stratum basale

325um

a) Scanning Electron Microscope Image. Top Surface of
Stratum Corneum (Scale: 825pm)

b) Optical Microscope Image. Top Surface of Stratum
Corneum (Scale: 325um)

c) Atomic Force Microscope Image. Top Surface of
Stratum Corneum (Scale: 50pm)

d) Atomic Force Microscope Image. TopSurface of
Stratum Corneum (Scale: 25pm)

Fig. 16.26 Top view of stratum corneum acquired with different kinds of microscopy

e nlQjele] 5.0pm| [f& oo 5.0 um

1: Height 50.0 pm

0.0 1: Height 25.0um

Fig. 16.27 AFM images with formations that resemble layers of corneocytes

16.3.4.2 Force-Distance Plots

Investigations on the topography of the stratum corneum were conducted using
a rectangular tip with the Nanoscope V Bioscope 2 AFM (Veeco Instruments).
Following the capture of the topography image, the ‘point and shoot mode’ of
the AFM was used in order to investigate the mechanical properties of the stratum
corneum epidermis.

‘Point and shoot’ is a new function of the Nanoscope V controller. By this
function, force or tunnelling spectroscopy can be precisely located at any XY
coordinate in an image, with a single click of the mouse. To operate this function,
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Fig. 16.28 ‘Point and shoot’ selection on selected area of stratum corneum epidermis

some parameters should be set similar as is done in the normal force mode at
the beginning. Then, clicking the mouse at the respective location marks points
of interest. The tip ramps simultaneously. In Fig. 16.28, the area of interest for
mechanical observation can be seen. Selecting different numbers for columns and
rows for the selected area can change the amount of the points, and the AFM
stores the force curve information for the selected points on the area. Each point
can be selected afterwards to be represented on a scaled diagram to be observed or
compared with each other. Two extreme points on the topography map have been
carefully chosen to reveal the differences in the force plots (Fig. 16.29).

Significant differences were observed between the dark area and the bright areas.
In the dark area, the force curve reaches a plateau that looks as if the force exerted
by the probe was damped by a viscous material — this is assumed to be the first sign
of phospholipids on the stratum corneum epidermis.

The test was repeated using the force-volume mode of the AFM. Force volume
produces a 2-D array of force-distance measurements over a specified area to display
images of force variations and topography along with individual force curves at any
point.

Any point on the image acquired by AFM (Fig.16.30) can be chosen for
investigation, thanks to the abilities of force-volume mode. By reproducing the
preceding point-wise analysis and by scanning the sample surface, a force-volume
image f(x,y.z)' is obtained. This image is formed from the collection of force
spectra f(z) on a grid (x, y) representing the sample surface (Fig. 16.30) [43].

It can be seen that the aforementioned plateau on the force curves related to the
selected point on dark area was observed. This shows the postulate is repeatable and
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Fig. 16.29 Force curves stored for two different zones of stratum corneum

is a rational approach to have better understanding of the phospholipid distribution
on the stratum corneum epidermis (Fig. 16.31).

The force curves provided by the force-volume test can be interpreted both in
the approaching and retracting parts. The analysis of these two parts separately
will give us a better understanding of topography and possible distribution of the
phospholipid layers (Fig. 16.32).

Finally, the approach was tested one more time, this time not in order to test
repeatability but to ensure that the system is navigable when the colloidal probe
designed specifically for the friction measurements on the stratum corneum is used
(Fig. 16.33).

No reportable issues have been experienced during the acquisition of the
topography and lateral force images with the colloidal probe. The force-volume
results gave a clear capture of the plateau on the force curve when the point is
selected on the dark area (Fig. 16.34).

16.3.4.3 Friction Measurements

AFM is one of the most powerful techniques for the investigation of tribology and,
in particular, of nanofriction [44]. An AFM can simultaneously acquire topographic
and friction maps of surfaces, operating in the so-called friction force mode, with
nanometre resolution. Friction force microscopy (FFM) is possible since the vertical
and lateral deflections of the cantilever supporting the AFM tip can be acquired
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Fig. 16.30 Data acquired by AFM during force-volume measurements

simultaneously. The former are related to changes in the topography, while the latter
are proportional to the friction force between the tip and the sample surface [45].

In order to perform quantitative nanofriction measurements, it is necessary to
control and accurately measure both the magnitude and the direction of the forces
acting on the AFM tip. However, because of the local tilt of the surface, forces acting
on the tip can be different from those inferred using the standard reference frame
of the laboratory. The effects of surface topography on nanofriction measurements
have been studied, although a general theory is still lacking [46,47].

Podesta et al. considered the topographic correction and inquired whether it was
possible to follow a model-independent approach, providing the friction vs. load
characteristics of the system under investigation without the need for postulating any
particular contact-friction model [48]. They solved the problem of the topographic
correction in the particular case of the adhesive multiasperity contact, which is
common in many experimental setups. To this purpose, they introduced a modified
version of Amonton’s law for friction [49] (linear dependence of friction on load)
that should better apply to the case of low loads and few asperities in contact.
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Fig. 16.31 Selected points on the image acquired during force-volume mode
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Fig. 16.32 Images of the topography and adhesion maps of the force-volume application
(Fig. 16.30)

On the basis of this model, they discuss the mechanisms, which determine the
appearance of the experimentally acquired lateral force maps. Note the importance
of topographic correction for corrugated samples. They present their topographic
correction procedure in the framework of a complete quantitative statistical protocol
based on AFM for the characterization of frictional properties of materials at the
submicrometer scale and show the results of the application of the protocol used in
this chapter to different materials. Stratum corneum fits the sample definition for the
method introduced above.

Three different zones were selected for the frictions measurements. No phospho-
lipid interaction is expected in the selected areas, and decent force curves can be
achieved (Fig. 16.35).
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Fig. 16.33 (a) Topography. (b) Subtracted lateral force images of stratum corneum, acquired with
the colloidal probe
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Fig. 16.34 Observation of the plateau on the images acquired by the AFM using the colloidal
probe

Friction varies considerably in 1.1-pm x 1.1-pum areas selected from a 10-pm x
10-pwm area: In some areas, 0.025 4 0.002 is measured, in others, the maximum
value is 0.006 (Fig. 16.36). The small coefficient of friction might be due to lipids
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Fig. 16.36 (a) Double trend in friction measurements. (b) Overlapping trend in two different areas

acting as lubricants. Topography and adhesion maps of such areas reveal that human
skin exhibits significantly different phases on the micrometer scale (Fig. 16.37).

16.3.4.4 Further Applications

The tests in this section were conducted in environmental conditions with 25°C
temperature and 42.5% of relative humidity. Stratum corneum epidermis was also
tested in a chamber with nitrogen flux providing dry conditions (RH: 0-5%) and
with nitrogen and water flux providing wet conditions (RH: 90-95%) to better
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Fig. 16.37 Topography and subtracted lateral force images of an area selected for friction
measurements

understand the effects of environmental conditions and to observe contact area
dependence related to colloidal probes of different sizes.

16.3.5 Staining Experiments Related to the Interactions
Between Contact Lenses and Ocular Tissues

16.3.5.1 Topography

Calibration tests of the system were performed on the endothelium biomimic,
DSM-PTG CarboSil® 40 90A (biocompatible silicone polycarbonate urethane).
CarboSil® combines the biocompatibility and biostability of conventional silicone
elastomers with the processability and toughness of thermoplastic polycarbonate
urethane (TPU).

The system allowed for repeatable and stable imaging, thereby encouraging
continuing experiments on the cellular level (Fig. 16.38).

When the test was repeated with 1.2 and 2.0 mN, wear tracks with a width of 277
and 352 pm were observed (Fig. 16.39).
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Fig. 16.38 Stable signal during 100 strokes

Fig. 16.39 Wear tracks recorded by optical microscopy related to the MTT tests with normal force
values of 1.2 and 2.0 mN

If we consider constant contact pressure for both tests, we would expect
Fi/F = (w))*/(w)* = (1.2)/(2.0) = 0.6 ~ 0.62 = (277.79)*/(352.11)?

The values are in good agreement with each other, yielding 20.55kPa as first
assumption of the contact pressure.

Further tests were conducted on HT-1080 muscle cells, derived from mouse
uterus. These cells are selected for the tests due to their classification as Biosafety
Level 1, significant resemblance with human samples, strong adherence to selected
petri dishes and immortality ratios.
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Fig. 16.40 Cultured HT-1080 muscle cells under the optical microscope. (a) Scale bar 1,000 pm
and (b) scale bar 300 pm
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Fig. 16.41 Force curve recorded during the approach of the tip to the cell line surface with a target
force (F;) of 300 mN

The morphology of the muscle cells, cultured on Corning® culture dishes, rep-
resents pseudostratified simple epithelium properties that are similar to examples of
liquid lubricant interfaces and sufficient to conduct the tribological tests (Fig. 16.40).

16.3.5.2 Force-Distance Plots
The force—distance plots acquired during the tests with the Falex MUST MTT
revealed the issue concerning the meniscus and the tare force described in

Sect. 16.2.3.3. In Fig. 16.41, a strong meniscus force of 1 mN can be observed
during the approach of the tip to the cell lines.
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Fig. 16.42 Complete wipe of cells under the exerted normal load of 1.3 mN. Scale bar 1,000 um

The reason that the TARE function does not work after the tip totally dipped in
to the buffer solution is that the meniscus force Fy, is exerted in opposite direction
to the forces that are recorded by the sensor as a result of the deflection of the
cantilever. So the minus values of the deflection of the cantilever due to the pulling
effect by the meniscus would not be nullified. In this case, the total force Fp exerted
on the cell lines is

Fr=F+Fy,=03+1=13mN

This value of exerted normal load on cells is exceeding the adherence forces
between the cells and the petri dishes, leading to complete wipe of the cells through
the wear track (Fig. 16.42).

Subsequent to a software update on Falex MUST MTT, the total forces on both
directions could have been tared to zero, and the actual value of the target force
became the total force exerted on the cell lines. Proper friction measurements could
be conducted and will be reported in the following section.

16.3.5.3 Friction Measurements

The initial tests conducted on HT-1080 muscle cells with a normal load of 0.3 mN
show a partially stripped wear track (50-70% cell coverage) (Fig. 16.43a).

The probe velocity was 0.1 mm/s with a 3-mm single stroke. Results represent
a stable friction force and similar coefficient of friction values for the first and the
second pass of the stroke. This leads to the conclusion that insignificant or negligible
ploughing occurs during the tests (Fig. 16.43b).

In Fig. 16.44, a slight deviation in the normal load values of the test can be
observed. This effect is expected due to the small inclination on the surface of
the petri dishes. Even though very stable values of friction force and coefficient
of friction are acquired, for further application, a petri dish specially certified for
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Fig. 16.43 (a) Partially stripped wear track on cell lines with normal load of 0.3 mN, scale bar
700 wm. (b) Zoom into the area marked with the red rectangle, scale bar 300 um
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Fig. 16.44 Normal force, friction force and coefficient of friction values for the test with assigned
total force of 0.3 mN

flatness values is advised. The test was repeated with varying normal force values
of 0.2, 0.5 and 0.7 mN.

From the friction results of five consecutive tests (marked as red squares in
Fig. 16.45) it can be seen that friction behaviour and cell response are very similar to
the studies of Sawyer with the coefficient of friction values varying stably between
0.008 and 0.11 considering 70-100% cell coverage [50].

16.3.5.4 Further Applications

Following the success of the prototype universal experimental setup, the system
was used for experiments on human corneal epithelium (HCE) after minor changes
of the probe design. The general approach to the samples varies also due to the
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Fig. 16.45 Comparison of results (red squares: 70-100% cell coverage) with Sawyer [50,51]
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Fig. 16.46 (a) Sketch of the tissue construction model. (b) In vitro light microscopy image of the
constructed tissue

classification of HCE as Biosafety Level 2. Final applications envisaged would be
3-D tissue construct models from pseudostratified cell lines (Fig. 16.46).

When cultivated at the air-liquid interface in a chemically defined medium, the
immortalized human corneal epithelial cells from the cell line HCE reconstruct
a corneal epithelial tissue (mucosa), devoid of stratum corneum, ultrastructurally
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(tissue morphology and thickness) similar to the corneal mucosa of the human eye
[52]. This construction would provide a more stabile base for the tests without
sacrificing from the in vitro behaviour of actual human cornea. The tests would also
be repeated for different kinds of contact lenses to evaluate efficiency and comfort
of the products while reducing staining effect on the actual tissues. It is suggested
to vary the tip diameter of the designed probe in order to investigate the contact
area dependence of the system since the contact lenses are in touch with the corneal
epithelia in more than one point, representing different models of contact.

16.4 Conclusion and Outlook: Bridging the Gap

In the sections above, measurements on two different kinds of surfaces were intro-
duced. Chemisorbed monomolecular thin films of ethanolamines, ZnDDP tribofilms
and hard coatings deposited by CVD or PVD were mainly investigated with scan-
ning probe microscopy (atomic force microscopy, friction force microscopy) and
angle-resolved photoelectron spectroscopy, whereas for the biomolecular layers, the
methods of choice comprised scanning probe microscopy with a colloidal probe of
several micrometres in diameter, a microtribometer, scanning electron microscopy
and optical microscopy. The different questions asked in the respective studies
require scientific investigations at different resolutions.

Scale effects need to be addressed when establishing tribological models across
scales [53]. The type of instrument used depends on the questions that are addressed
with the research. It is not always necessary (or even useful) to perform micro-
or nanotribological investigations. Macrotribological investigations can give very
useful general impressions of surfaces, without going too much into detail regard-
ing distinct subparts. Certain indicators in macroscopic investigations allow for
extrapolation to smaller scales — not in an exact way, of course, but in a timesaving
way. Microtribological investigations yield important information concerning wear,
surface fractures, the formation of structures between microscopic parts of the
tribosystem and their boundaries (tensions, shears, rupture, deformation, etc.). On
the nanoscale, molecular properties can be probed. Depending on the questions to
answer, investigations on all three length scales (surfaces, clusters, molecules) might
be necessary.

An interesting and challenging fact about tribology is that it is a systems science.
Detailed understanding of a whole tribosystem is dependent on understanding of
the connections, interdependences and single functionalities on all length scales of
functionalities.

Due to increased specialization in science and engineering, many people work
just in one small aspect of their respective field. Such specialists increasingly get
to know their area better and better but in many cases have no time or think they
have no reason to talk to specialists of related but slightly different fields. In the
extreme, the specialist languages become too detailed, no joint language can be
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reached across fields, and writings and oral presentations of authors only reach an
audience coming from the same field.

If we are to understand tribosystems and to build models across scales that can
perform the requirements we pose to models in science and technology, namely, to
provide a way to predict the behaviour and performance of other, unrelated systems,
knowledge transfer from one field of specialisation to the other needs to be ensured.
Functionalities on the nanoscale influence functionalities on the microscale and
subsequently on the macroscale. What one hopes for is a unified approach to energy-
dissipating systems that encompasses most tribological but also other phenomena,
for example in biology and geology. [54].

Three needs can be identified regarding successful development of such a unified
approach to energy-dissipating systems: We need a joint language, a joint way of
publishing results and joint seminars, workshops and conferences. Developing these
three needs further results in a general concept concerning the future of scientific
publications and ordering as well as accessing the knowledge of our time [55].
Currently, over-information in almost any field is a problem. Jack Sandweiss, editor
of Physical Review Letters, stated in 2009 in an editorial address For example,
it is currently impossible for anyone to read all of Physical Review Letters or
even to casually browse each issue. [56]. Sandweiss refers to just one single
journal!

Dynamic publications of variable length that use various types of multimedia
with adaptive information content have been suggested [55]. One and the same paper
would be accessible to readers from various backgrounds and areas of specialisation.
In case more detailed information is needed, simple clicks on the links would expand
the ‘paper’ in the direction(s) wanted. ‘Recommendation agents’ of the future could
constrain information and thereby protect users from over-information by making
the number of recommendations a function of the user’s ability and readiness
information intake [55].

In this way, tribology generalists would emerge; people who ensure knowledge
transfer from one area of specialisation to the other — contributing to a sound
foundation to establish a unified approach to energy-dissipating systems across
scales.
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Abstract

Purpose — Dry eye syndrome is one of the most common reasons for eye-related discomfort which, without treatment, in some cases may even lead
to corneal damage. Blinking, baseline and reflex lachrymation and drainage compromise the topical application of therapeutics demanding
repeated, often hourly applications of common lubricants. In contrast, topically administered chitosan-N-acetylcysteine-based eye drops were
reported to sustain on the ocular surface for more than 24 h. The thiolated biopolymer can interact with the corneal mucin layer thereby forming
covalent disulphide bridges, which may contribute to extended residence times.

Design/methodology/approach — In this study, the tribological characteristics of four different lubricants including hyaluronic acid and chitosan-
N-acetylcysteine containing commercially available eye drops were investigated. For this purpose, a representative test setup was developed, which
mimics the contact between the cornea and the eyelid wiper. Gels with different elastic properties coated with a mucin layer were used as a
substrate to mimic the corneal surface. Tests were conducted with a micro-tribometer, and friction values were recorded. Contact zones were
characterized by X-ray photoelectron spectroscopy to investigate wear and thiol bonding on the surface.

Findings — Results revealed the lowest average coefficient of friction values for chitosan-N-acetylcysteine-based eye drops and substrate
dependence of the test setup.

Originality/value — In this study, the authors introduced an in vitro system to test different types of eye drops so that chemical interaction with the
mucin layer can be observed. These interactions change the tribological performance significantly and must be considered to have results relevant to
the actual application.

Keywords Biotribology, Biomimetic, Cornea, Eye drops, Tribometry

Paper type Research paper

1. Introduction repeated, often hourly applications of common lubricants.
Topically administered C-NAC-BED, however, were reported
to sustain on the ocular surface for more than 24h. This
indicates distinct tribological properties of the thiolated
chitosan functioning as a lubricant between the eyelid and the

Dry eye syndrome (DES) is a multifactorial disease of the
ocular surface characterized by a loss of homeostasis of the tear
film. Eventually the disease makes the eye vulnerable to

external stimuli and inflammation (Thulasi and Dijalilian, cornea, which have not yet been investigated.

2017; Ludwig, 2005). A new treatment approach involves the To evaluate the mechano-chemical behavior of chitosan-N-
use of chitosan-N-acetylcysteine-based eye drops (C-NAC- acetylcysteine, it was crucial to define the mechanical
BED). These eye drops lead to the formation of a long-lasting, properties of the model substrate to be used in tribological tests.

mucoadhesive protective layer on the surface of the cornea
(Fischak et al., 2017). C-NAC-BEDs were accordingly
approved in Europe as a class III medical device for alleviation
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The first step was to create a substrate mimicking the ocular
mucins, which structure themselves in a gradient from a solute
in the aqueous tear film to a gel on the corneal surface, with
accurate Young’s modulus. Young’s modulus (elastic
modulus) is a material property and is a measure of the ability
of a material to withstand changes in length when under
lengthwise tension or compression. Reported values for
Young’s modulus of the cornea exhibit a considerable variation
due to different measurement techniques. A simulation model
of an eyeball based on finite element analysis suggested 20 kPa
for retina (Wu et al., 2013), and biomechanical studies of a
fluid-filled spherical shell model with Scheimpflug imaging
calculated values between 54-359 kPa for the cornea (Shih
etal., 2017). Studying compliance profiles of the human cornea
using atomic force microscopy (AFM) focused on different
layers of the cornea and obtained values of 7.5 *= 4.2kPa
(anterior basement membrane), 109.8 + 13.2 kPa (Bowman’s
layer), 33.1 £6.1kPa (anterior stroma) and 50 * 17.8kPa
(Descemet’s membrane) (Last ez al, 2012). In vivo
determinations of Young’s modulus for the human corneal
basement membranes using AFM also reveal values of
25+ 7kPa (Last et al, 2009). The corneal epithelial cell
response to the substrate stiffness was underlined by using
polyacrylamide substrates with different elastic moduli
(Molladavoodi et al., 2014). Also, it is observed that Young’s
modulus of the anterior corneal stroma is altered with the
initiation of oedema and inflammation (Raghunatan er al.,
2017). In this study, we designed two types of gels with the
same composition but different Young’s modulus values
(18kPa and 36kPa) to simulate the mucin layer and to
establish the interaction of the mucin layer and chitosan-N-
acetylcysteine. By this means we should be able to observe
differences in the coefficient of friction (COF) values, not only
due to different solutions but also due to different grades of
stiffness of the substrate.

Volume 73 - Number 10 - 2021 - 1294-1301

Another critical parameter for tribological systems is the load to
be applied. As seen with Young’s modulus values, also the load
applied onto the system within the literature varies within a
broad range. Three possible models of eyelid contact with the
pressure cell were introduced for eyelid pressure calculations:
the eyelid contacts with the whole cell [Figure 1(A)], contact is
over the imprint width determined by micro paper imprint
[Figure 1(B)] and finally contact over Marx’s line width
determined by lissamine-green staining and digital imaging
[Figure 1(C)] (Shaw et al., 2010). In a whole cell contact the
calculated eyelid pressure was as small as 0.3 kPa, whereas in
Marx’s line contact, this value was measured to be 18.6 kPa.
We presume in an eye with DES, a whole cell contact could be
observed rarely due to lack of tear fluid; thus, the maximum
eyelid pressure should be considered for modelling a test
system so that a contact system described in (Raghunatan ez al.,
2017) is preferred [Figure 1(C)]. 12 kPa was calculated for the
test system designed to measure COF values for murine
cornea i vivo (Dunn et al.,, 2013a). Normal load values
between 10-50 mN were applied to observe COF values for
soft contact lenses (Rennie ez al., 2005). Normal loading
forces of 22.7mN and 81.4 mN were applied, to observe
differences between silicone hydrogel versus conventional
hydrogel contact lenses (Ngai ez al., 2005). Finally, Aston
Biomaterials Research Unit (ABRU) used assay standards
with a load of 30 mN for tests on Hypotears™™ (Mann and
Tighe, 2006). In our study, 20 mN normal load was applied
to achieve 12kPa pressure on the substrate, which is
matching with eyelid pressure calculations and tests
conducted in the literature. Of course, it should be expected
that this value varies iz sitzu due to personal health condition,
age and gender of people (Rico-del-Viejo ez al., 2017). In
this work, we consider most common and relatively high
pressure values of Marx’s line to evaluate the limits of C-
NAC-BED.

Figure 1 Three possible models of eyelid contact with the pressure cell were introduced for eyelid pressure calculations (Shaw et al., 2010)
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Even though the maximum velocity during a blink was reported
as 300 mm/s (closing) and 100 mm/s (opening) (Jones et al.,
2008), the standard condition used at ABRU was 0.5 mm/s. In
our study, a velocity of 2 mm/s was chosen to avoid additional
vibrations and provide a stable translational movement for the
micro-tribometer. We selected a stroke of 2 mm to observe the
contact zone and to evaluate the tribological performance of
the lubricative solutions.

Finally, to observe the described mucoadhesive properties of
C-NAC-BED, chemical analysis was conducted using X-ray
photoelectron spectroscopy (XPS). Bonded chitosan-N-
acetylcysteine layers were investigated in the wear track
following the tests.

2. Experimental details

2.1 Specimen preparation

The base body for the following tribological measurements
consisted of petri dishes filled with stabilized (glutaraldehyde
crosslinked) gelatine (platinum grade) in layers of different
thickness ranging from 0.5 mm (generally higher hardness due
to collapsing) to 3 mm (lower hardness). The gelatine surfaces
were coated with a mucin layer (porcine stomach Type III,
bound sialic acid 0.5-1.5%). After coating, the gelatine plate
was washed five times with water for injection, and the integrity
of the mucin layer was tested by alcian-blue staining.

Four different solutions were used as lubricants for the
tribological tests, namely saline (0.9% NaCl w/w, denoted below
as “NaCl”), chitosan-hydrochloride (1 mg/mL) in a physiological
buffer system (denoted as “Placebo”), and the commercially
available eye drops Lacrimera®, Croma-Pharma GmbH. (“C-
NAC-BED”, based on chitosan-N-acetylcysteine) and Hylo
Comod®, Ursapharm GmbH. (“H-BED”, based on
hyaluronate). Basically “Placebo” is a solution of non-derivatized
chitosan, identically buffered as C-NAC-BED. Prior to testing,
each plate was pre-conditioned by soaking in a physiological
sodium chloride solution. Two drops of each solution were
applied onto the test zones, given 5 min of soaking time, and tests
were conducted at room temperature with a 45% humidity level.

2.1.1 Determination of Young’s modulus
Identification of Young’s modulus (E) is crucial to evaluate
contact conditions in tribological tests. Macro-indentation tests

Volume 73 - Number 10 - 2021 - 1294-1301

were conducted to calculate the E value of the gelatine hydrogel
substrates (Figure 2) produced for the designed tribological
system. In such a test, the surface is dented by a probe of
defined shape while the required force is measured with a
spring. The tribometer was also used as an indenter, using
vertical instead of lateral movement. A 5mm alumina oxide
ceramic ball, identical to those wused for tribological
experiments, was used as an indentation probe (Figure 3). The
indentation mode, based on the identified penetration depth
and indentation speed, was used. A maximum penetration
depth of 0.5 mm was selected to remain in the elastic range of
the gels and to ensure that no rupture occurs in the mucin layer.
The indentation speed was 0.01 mm/s, to avoid sudden
changes due to the visco-elastic behavior of the gels.

The micro-tribometer (TETRA BASALT®-N2) recorded
the deflection of the spring during the approach. The calibrated
system then translated this data into the normal load values
[Figures 4 and 5(a)]. Black dots on Figure 5(b) show the
locations of the indentation tests (each plate once on each
location); the Young’s modulus was obtained by fitting the
indentation force vs. indentation depth of the plate with an
overlay of the theoretical force based on the Hertz model, as
shown in equation (1) (Thomasy ez al., 2014) (Figure 4, dashed
lines):

Equation (1): Force at indentation test

F=—x x83/24R1/2

3 (1-122)

where F is the force applied by the indenter, E is Young’s
modulus, v is Poisson’s ratio, d is the indentation depth and R
is the radius of the tip. Poisson’s ratio of 0.49 is selected for
evaluating material parameters of both the cornea and sclera in
a numerical model (S rédka, 2011).

Elasticity modulus for the soft (not collapsed) and hard
(collapsed) gel samples was calculated by iteration using the
initial value given by Equation (1) as 18kPa and 36kPa,
respectively.

2.2 Setup of tribological test

The tribometer used for indentation tests [Figure 5(a)] was
used in translational mode for tribological tests. Similar
tribometer installations have been used in ocular bio-tribology

Figure 2 Sample configuration, supporting gel layer poured into petri dish and coated with mucin layer

Petri dish

Mucin layer |

Supporting gel layer
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Figure 3 Image captured during the indentation test

10 mm

(Urueiia et al., 2018; Samsom ez al., 2015; Colter ez al., 2017;
Mollenhauer ez al., 2006) for measurements of the friction force
between biological base bodies and several counter bodies. Due
to relatively low applied load values (Fn<1 N), tribometers
mentioned in these installations are called micro-tribometers.

Modules and sensors were selected according to the loading
conditions and movement of the eye-eyelid system, as
described in literature (Dunn ez al., 2013b; Sterner ez al., 2017;
Cobbezal., 2008; Tomala ez al., 2013).

Tribological tests were conducted on two types of coated
hydrogel plates (soft and hard) with a normal load of 20 mN, a
reciprocal motion at a frequency of 2 Hz and a stroke of 2 mm.
All experiments were performed with 1000 cycles, on a total of
eight different plates. Friction data is recorded via data
acquisition software in TETRA BASALT®-N2 that captures
100 data points for each cycle and takes the average value
discarding the acceleration and deceleration parts of the probe

Volume 73 - Number 10 - 2021 - 1294-1301

movement. Eventually the average of 8 tests for each specimen
on each substrate was taken for establishing the data for the
friction values represented in Figures 7 and 8.

2.3 Surface chemistry determination X-ray
photoelectron spectroscopy

XPS measurements were performed on a Theta Probe™
(Thermo Fisher Scientific) to investigate the presence of
disulphide bonds confirming the binding of mucin with C-
NAC or with itself and to document changes in surface
chemistry due to tribological testing. A typical camera image
inside the XPS chamber with the selected measurement
position in a wear track (red lined area) is given in Figure 6
exemplarily for the sample “Placebo.”

The X-ray source is a monochromatic Al K(alpha) source at
1386.6eV. The spectrometer is calibrated to 368.21eV
binding energy (BE) of the Ag 3d5/2 line for metallic silver
and the linearity is corrected to BE of metallic 932.62 eV for
the Cu 2p3/2line and 83.96eV and Au 4f71/2. Charge
compensation is done using a flood gun for low-energy
electrons and argon ions at 1 eV. The binding energy of the
corrected spectra are corrected to the main hydrocarbon
peakof Cls at 284.6 eV BE.

The resolution of the X-ray spot was set to 50 um for all
measurements. The survey spectra were recorded with a
pass energy of 200 eV BE and the detail spectra with a pass
energy of 50 eV. The base pressure in the analytical chamber
was < 510 ®Pa. Avantage v5.9915 (Thermo Fischer
Scientific) was used to evaluate the XPS spectra. Peaks were
fitted using a convolution of Lorentzian and Gaussian peak
shapes. Binding states of elements detected were analyzed in
reference to the NIST XPS database (NIST, 2012).

Figure 4 Force as function of displacement for soft (continuous light green) and hard (continuous light blue line) gelatine gels vs calculated value (CV)

by iteration for each material (in dashed lines)
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Figure 5 (a) Details of the capacitive sensor and ceramic probe attached on the spring of the tribometer and (b) Schematic presentation of a gelatine

hydrogel plate with locations of applied solutions and performed tests (strokes)

C-NAC-BED

Notes: Dark dots represent positions of indentation tests

Figure 6 Camera image inside the XPS chamber to spot area of
contact (red line)

For the XPS analyses, samples were cut out with a scalpel to a
size of approximately 5x5 mm?. They were dried in four steps
using ethanol of increasing concentration. The evacuation in
the fast entry lock was performed for several days to maintain
the vacuum performance in the analytical XPS chamber.

3. Results and discussion

3.1 Micro-tribometer tests
Tests were conducted in a rotational manner; each plate
started with another solution and continued with the next

solution counter clockwise [Figure 5(b)], to reduce the
effect of drying for each solution. Results represent the
average value of four repetitions for each sample. Average
COF values calculated by averaging every data point for four
tests per cycle show the same ranking for both soft and hard
substrates. COF values for C-NAC-BED, H-BED, NaCl
and Placebo are 0.32, 0.35, 0.37 and 0.40, respectively, for
hard hydrogels (Figure 7).

A slight increase in average COF was observed for soft
hydrogel substrates. COF for C-NAC-BED increased to 0.37,
for H-BED to 0.40, NaCl to 0.45 and for the Placebo to 0.47
(Figure 8). The ranking among the test solutions did not
change. Differences are possibly due to a larger area of
interaction that is expected with the greater surface conformity
of softer gels. Similar observation reported for the effect of
dwell time in creeping elastic-plastic polymers (Malamut ez al.,
2009) and articular cartilages that was reinforced with tissue-
interpenetrating polymers (Cooper ez al., 2017). COF values of
hard gels, more like a solid base body, stayed at a constant
friction level, in contrast to soft gels, for which a slight steady
increase was observed during the duration of the tribological
tests. C-NAC-BED produced the lowest COF values in both
configurations.

3.2 X-ray photoelectron spectroscopy results
On the reference surfaces outside the wear track, sulphur can
be detected essentially on all samples at about 1%, so that
coating with mucin can be assumed. The sample “Placebo” has
the highest content of sulphur, and the detailed analysis shows
that it is present in oxidized form, mainly in the state +4°
(Figure 9). BE of 167 eV to 168 ¢V are attributed to oxidized
states, whereas S-S binding types are reported app. at BE of
163 to 165 eV (NIST, 2012).

Sample C-NAC-BED shows a similar total S content outside
the wear track, compared to reference surface as sample
“Placebo.” To a small extent, disulphide binding energy is
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Figure 7 COF results for hard hydrogel substrate samples
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Figure 8 COF results for soft hydrogel substrate samples
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Figure 9 XPS S 2p outside the wear track (reference) of sample
Placebo

Measurad
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Binding Energy (aV)

detectable (Figure 10), whereas most of the S is present in
oxidized states, mainly +4. On sample H-BED, the lowest S
concentration is detected, with the disulphide value below the
detection limit (Figure 11).
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Figure 10 XPS S 2p spectrum of sample C-NAC-BED outside the wear
track (reference) Presence of S-S chemical state is evident through
necessary peak fittings at BE ~162 to 164 eV (NIST, 2012)?
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Note: *Original spectra without applied correction for charge
compensation is shown. A correction to Cls at reference BE at
184.6 eV shifts the binding energies app. 1.5 eV to higher BE

Figure 11 XPS S 2p spectrum of sample HBED
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Table 1 summarizes the relative concentrations of the detected
elements for each sample, for both worn and reference surfaces.
A reduction of contaminations (Si, Ca) in the wear track is
detectable due to the frictional load on all samples. The sample
“Placebo” shows a slightly different behavior than “H-BED”
and “C-NAC-BED?” regarding the element composition for N
and O in the wear track compared to the reference surface.
While in the sample “Placebo” the N (~10%) and O (~32%)
content do not vary noticeably, an increase in concentration in
the wear tracks “H-BED” (N from 7% to 14%, O from 19% to
22%) and “C-NAC-BED” (N from 5% to 12%, O from 16%
to 22%) samples is significantly detectable. The measurable
increase of N and O can be attributed to the wear of the
protective layer of the H-BED and C-NAC-BED, compared to
the sample “Placebo” in which there is no activated protective
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Table 1 XPS Relative element concentration on the reference and the worn surface of samples “placebo,” “H-BED" and “C-NAC-BED, " respectively

Relative elemental concentration (at%)

Sample Position S S-chem states C N (o] Si Ca
Placebo Reference 1 (503/504)>~ 55 9 34 <1 n.d.
Placebo Wear track 1 (503/504)*~ 56 10 33 n.d. n.d.
H-BED Reference <1 (503/504)*~ 66 7 19 7 <1
H-BED Wear track <1 (503/504)*~ 63 14 22 <1 n.d.
C-NAC-BED Reference <1 $-5/(503/504, 2- 74 5 16 4 1
C-NAC-BED Wear track <1 (503/504)2’ 61 12 26 <1 <1

Notes: Values are rounded to whole numbers; it is indicated where less than 1% (< 1) was detected and the value was below the detection limit (n.d.)

layer present. The distribution of carbon, oxygen and nitrogen
atoms in the samples was characterized to confirm the chitosan
immobilization observed in a similar study (Ashtiana ez al.,
2019)

The total S amount remains unchanged within the
experimental and measuring uncertainties on all samples. In
detailed analyses, no disulfide (thio compounds) are detectable
in the wear marks, only oxidation states of +4 are detectable. It
is concluded that essentially one existing mucin layer was
consumed in the tribo-test.

4. Conclusions

In this study, we have developed a cornea model for tribological
testing of different types of eye drops. The presence of a mucin
layer covering the top of the sample was verified using XPS, and
changes in elemental composition following the tribological
tests were detectable. Especially, disulphide bridges (S-S)
could be uniquely proven on the surface of unworn C-NAC-
BED samples. This indicates effectively bonding support of
active substances in this solution. On all other tested systems,
no disulphide bridges could be measured; however, S is present
only in oxidized states, i.e. (SO5/SO,)?". The system is capable
of identifying not only differences between the friction behavior
(by means of COF) of three different lubricant formulations
compared to a control consisting of 0.9% NaCl solution, but
also showed the difference between C-NAC-BED and a
placebo formulation containing non-thiolated chitosan. In
addition to COF comparisons of the samples, the developed
model is also sensitive to relatively small changes in Young’s
modulus. This observation is very important for the discussion
focusing on DES (Efraim ez al., 2020) or intraocular pressure
changes that lead to changes in corneal stiffness (LLiu and He,
2009). In this study, C-NAC-BED revealed the lowest COF in
both configurations with different Young’s modi. For future
studies, authors advise to perform long-term tribological tests
that will take the drop application period into consideration and
also the wear of the mucin layer covering the supporting gel.
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Abstract

Purpose — The paper aims to focus on the individual contribution of water to the lubrication regimes in articular joints because understanding of
these regimes is crucial not only for the treatment of diseases like osteoarthritis but also for the development of new implants to have a longer
service cycle.

Design/methodology/approach — Cartilage specimen and the synovial fluid were both isolated from bovine knee joints that are enclosed by a
synovial membrane under sterile conditions of a biosafety Level 2 (BSL2) cabinet. Subchondral bone was removed from the cartilage because it not
only creates a stable base to place the specimen on the holder, but it also acts as a primary shock absorber protecting the overlaying cartilage under
high-impact loads. A specimen holder specially designed for tests and was attached to the linear oscillation (SRV) test machine. The SRV test machine
provides a reciprocating sliding motion between the cartilage samples that are submerged into the selected biological media. The entire system can be
mounted on the BSL2 cabinet, sealed with the convoluted gaiter and transported to the SRV machine with a specifically designed handle for the entire
system. The process ensures sterile conditions for tests on biological samples that are highly sensitive to the environmental conditions.

Findings — A remarkably low coefficient of friction value for distilled water constitutes more evidence to support the assumption of the impact of
water in the friction behaviour of the cartilage-against-cartilage contact. As the fluid in articular cartilage (AC) effectively serves as a synovial fluid
reserve and 70-80 per cent of its composition is distilled water, it can be stated that the tribotest system mimics the natural working conditions of an
actual knee joint adequately.

Research limitations/implications — Time and limited availability of the animal-driven samples led to a focus on certain parameters mentioned
in the approach. A planned scan of parameter matrix, such as variation of load and speed, would allow deeper knowledge on the lubrication
regimes.

Practical implications — Study of relevant tribological contact in human joints might give ideas on new designs for artificial joints.

Social implications — Understanding of lubrication regimes is crucial not only for the treatment of diseases like osteoarthritis but also for the
development of new implants to adapt motion of related joint.

Originality/value — Exclusion of water and application as the primary lubricant in the test system brings a new perspective to joint lubrication.

Keywords Biotribology, Articular cartilage, Lubrication regimes, Ex vivo tissue, Synovial fluid, Tribometry

Paper type Research paper

1. Introduction clinical applications, inconsistency in success rates is apparent
(Escobar Ivirico, 2017). To increase success rates, a deeper
knowledge about highly loaded biomechanical systems in the
human body, natural functions of the tissues and advanced
biomedical investigations in the field of tribology are required.
Tribological analysis in natural joints focuses on the
lubricating mechanisms and the actual working conditions
where a failure of cartilage is generally observed. Researchers
have proposed various tribological theories such as boundary
lubrication, hydrodynamic lubrication, weeping, squeeze film
lubrication, boosted lubrication, biphasic lubrication,
elastohydrodynamic lubrication and complex-mode

Enhancements in material and surface finishing technologies
ensured arthroplasty applications to be an alternative solution
for people who have various complications related to articular
joints. However, recent reports reveal complications long before
the expected lifetime. Major issues are material wear, aseptic
loosening, various infections, arthrofibrosis, malalignment or
malposition (Lum ez al., 2018). One of the main reasons for
these issues is the mismatch between the mechanical properties
of artificial materials and the host tissue under i sizu tribological
conditions. Even though a wide portfolio of biomaterials
incorporated with cell-based technologies was introduced in
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lubrication (Linn, 1968; Martin ez al., 1998; Mabuchi ez al.,
1998; Krishnan et al., 2004; Unsworth, 1995; Dowson and Jin,
1992; Jin and Dowson, 2005). But, for the articular cartilage,
the main lubricating mechanisms coming forward are boosted
and weeping lubrication. The critical point that distinguishes
these two mechanisms is the direction of the fluid in the joint. In
weeping lubrication, load on the AC results in a flow from the
tissue into the contact zone and creates a lubricating film
between the counter bodies. Correspondingly, boosted
lubrication predicts, fluid flow in the opposite direction and due
to the permeability of AC to water, synovial fluid losses water
and forms a gel on the contact area (Accardi ez al., 2011). In this
study, we predict that weeping lubrication is the dominating
lubrication mechanism for the AC, as water constitutes 80 per
cent of AC composition. This would restrain complete
penetration of the water out of the contact zone and water
would have a crucial role in the formation of the lubricating film.

Another important consideration for the tribological
behaviour of natural joints is the biphasic behaviour of the
articular cartilage (Milner ez al., 2018). One of the reasons that
many artificial biomaterials fail is that they are not able to
replicate this behaviour during the dynamic loading of the
system. In this case, using ex vivo material for the design of
tribosystem has an advantage compared to the iz vizro materials
such as metals, ceramics or polymers. Initial studies should be
conducted on animal-derived tissues before extending the
study to be applied to human tissue cultures, though
experiments on human tissues have also been taken into
consideration for comparison (Qian and Ge, 2012; Merkher
etal.,2006).

Lubricants are significantly sensitive to the temperature of
the contact zone. Hence, the tribosystem is designed to perform
under the body temperature of the selected donor animal. The
results were compared with the tests conducted under room
temperature to underline the differences by means of the
coefficient of friction (COF). Finally, tribosystem is designed to
allow various additives to observe pro-/anti-inflammatory
markers and the effect of lubrication enhancers. The enclosed
chamber also assures sterile conditions necessary for highly
sensitive chemical follow-up tests such as high performance
liquid chromatography (Hutson ez al., 2003), to analyse wear
materials that could be vital for health conditions of the
patients.

2. Experimental details

2.1 Specimen preparation

Interspecies comparisons have been concluded between
human, bovine, dog, monkey and rabbit achieving similar
results for the aggregate modulus of all donors, but the
permeability of bovine cartilage samples was considered closest
to human femoral cartilage (Athanasiou ez al., 1991). Studies
also focused on the average cartilage thickness for various
animal species, which showed that bovine cartilage has similar
thickness and a larger surface area compared to human femoral
head chondral (Patil ez al., 2014). Better availability of samples
because of the greater surface area, similarities in mechanical
properties and less complicated ethical verification procedures
compared to a human tissue purchase make bovine tissue a
more suitable candidate for tribological studies

32
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Following the selection of the donor animal species and the
joint of interest, the further focus was put on the selection of a
suitable location on the sample joint tissue. To identify the area
of interest on the joint that the study should be focusing on,
various imaging techniques were used in different studies.
Traditional techniques using pressure-sensitive films (Harris
et al., 1999) have difficulty in quantifying the contact of curved
surfaces, and measurements may be impeded by the
interposition of media or joint exposure (Willing ez al., 2014).
Various imaging and mapping techniques such as Raman
spectroscopy, magnetic resonance imaging (MRI), dual-
fluoroscopic imaging, a stereo-photogrammetric method and
atomic force microscopy (AFM) for micromechanical mapping
have been used to investigate critical zones that are in contact
during the movement of the joints (Takahashi ez al., 2014; Song
et al., 2006; Suzuki et al., 2012; Cohen et al., 1999; Wilusz
et al., 2013). Aberrant knee joint loading was observed in the
knee of patients who have progressed osteoarthritis. Elevated
knee adduction moment and the external knee joint moment in
the frontal plane led to elevated medial tibiofemoral loading
(Meireles ez al., 2017). It is also suggested that only the medial
compartment of a human knee joint is influenced by the knee
kinematics due to different shapes of the contact surface
(convex—concave) (Shiomi et al, 2012). Hence, this
compartment becomes the region where most severe cartilage
tissue wear occurs (Arno er al., 2012). In addition to these
observations, less rough and more planar surface of medial zone
made it a suitable location to investigate tribological behaviour.

Cartilage specimen and the synovial fluid (SF) were both
isolated from bovine knee joints that are enclosed by a synovial
membrane. Under sterile conditions of a biosafety Level 2
(BSL2) (MDPI, 2016) laminar flow box, a small incision was
made in each joint between the femoral and tibial condyle.
Using a serological pipette, SF was removed through the
incision and filtered (filter mesh size: 40 wm) before storing at
4°C. After this step, the knee joint was severed into two pieces
by slicing the synovial membrane, ligaments and tendons.
Cartilage specimens for of 8 mm diameter were prepared using
a single-use osteochondral autograft transplant system (OATS)
punch (Arthrex Inc., Naples, USA) by placing them onto the
surface of the cartilage at 90° to obtain a cylindrically shaped
cartilage specimen. A maximum of six to eight cartilage
specimens per joint were obtained by punching them out from
the condyles as close as possible to the neighbouring sample
region. Obtained cartilage specimens were shortened to 8 mm
in length using a custom-made cartilage holder by using a saw
and a scalpel (Figure 1(b)). Subchondral bone does not only
create a stable base to place the specimen on the holder, but it
also acts as a primary shock absorber protecting the overlaying
cartilage under high-impact loads (Malekipour et al., 2013).
Hence, for the tribological tests, it is essential to keep the
subchondral bone as a part of the tribological system.
Specimens were stored in phosphate-buffered saline (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) containing 10
per cent antibiotics solution (penicillin 200 U/ml; streptomycin
0.2mg/ml and amphotericin B 2.5 ug/ml) at 4°C. Similar
conservation methods were proven to be viable to keep
specimens in a condition that they can be classified as ex vivo
(Cetinkaya ez al., 2014).
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Figure 1 (a) Location of the cartilage samples punched out from the
medial and lateral condyle of the femur; (b) Custom-made cartilage-
holder to adjust the height of the cartilage samples

2.2 Setup of the tribotest

In Figure 2(a), a schematic of the designed specimen holder
that is attached to the linear oscillation (SRV) test machine
(DIN 51834-1, 2010) is presented. The SRV test machine
provides a reciprocating sliding motion between the cartilage
samples (Figure 2(b)) that are submerged into the selected
biological media. The entire system can be mounted on the
BSL2 cabinet, sealed with the convoluted gaiter and
transported to the SRV machine with a specifically designed
handle for the entire system. The process ensures sterile
conditions for tests on biological samples that are highly
sensitive to the environmental conditions. As the setup is
designed for consecutive projects (Bauer et al., 2019) that
require possible analysis techniques, such as mass
spectroscopy, cell counting with a hemocytometer or
microarray methods, it is crucial to inhibit interaction with
common ambient conditions that may generate artefacts.

To suppress the possible effects of the elastic behaviour of the
rubber gaiter on the movement of the lubricant during the
reciprocating motion, a voluminizer was added to the system.
The voluminizer also helps to reduce the amount of SF
required for a single test (ca. 6 ml). This quantity is enough to
conduct six consecutive tests because the total amount of SF
that can be derived from a single donor is approximately 40 ml.

Volume 72 - Number 1 - 2020 - 31-37

For the consistency of the test results, it must be stressed that
the alignment of the samples plays a vital role because the
cartilage-against-cartilage system has a certain orientation for its
matrix that develops naturally because of rolling and sliding
during the movement of the patient (Accardi er al, 2013).
These phenomena have not been considered for the initial tests
represented here, but for the consecutive projects, the location
where the tissue is derived with the orientation information will
be marked so that the tissue can be placed in the holder correctly
aligned. Apart from the location of the sample, a selection of
donors from the same gender and age division will be preferred
because these parameters also affect the mechanical properties
and tribological response of the samples significantly too.

2.3 Test parameters and procedure

To observe the elastic behaviour of cartilage samples, a
stepwise increasing load (10-180 N) with a step value of 10N
for each hour) was utilized on the cartilage samples using the
specimen holder represented in Figure 2. Distilled water and
SF were used for this set of tests. The system was oscillating
with a frequency of 1 Hz and a stroke of 1 mm (ISO 14243-1,
2009). Mean value of COF during a single cycle was saved as a
single data point.

As can be seen in Figure 3, the COF values were not
influenced significantly by the increasing load after the load had
surpassed 130N. Lubrication was being pushed into the
direction of weeping lubrication, and the role of lubricant
entrapment (Chan ez al., 2011) could become visible by means
of reduction of friction. The normal load was increased to
180 N and, considering the contact area of 50.26 mm? for 8 mm
cartilage samples, a pressure value of 3.57 MPa was achieved. In
this case, tribo-model matches with contact pressure
measurements for the tibio-femoral compartment of a human
knee under the normal load of body weight with 0° flexion (Patil
et al., 2014) and contact pressure distributions on the articular
cartilage surfaces of the medial tibial plateau for anterior—
posterior movement (Meireles ez al., 2017). It should be noted
that the load range that SF represents a lower COF corresponds

Figure 2 (a) Schematic of the designed specimen holder; (b) image of cartilage-against-cartilage contact in the tribotest
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Figure 3 COF values for SF and H,0 in response to stepwise increasing load
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to the unloaded knee and loaded conditions more relevant to
the scope of this study. Another point is that the decrease is
similar in both cases, so observation in this study supports the
weeping lubrication mechanism as the decrease in the COF was
also observed in the tests using only water as a lubricant.

Similar pressure and loading conditions were also used for
testing biomolecular additives for artificial joint systems
(3MPa, 159N (Su et al, 2017)) and porous architected
biomaterial for tibial-knee implants (170 N, (Rahimizadeh
et al., 2018)). The normal load was applied as the static load,
with a stroke of 1 mm, frequency of 1 Hz and duration of 1 h,
for the tests conducted using biological media of SF and
distilled water (H,O). It is also demonstrated that cartilage can
retain and recover interstitial fluid without migration or
unloading, so static loading would not conflict with i situ
conditions by means of dehydration (Moore and Burris, 2017).

With the aim of gaining a better understanding of the
rheological behaviour of the aforementioned biological media,
temperature values were also varied. In this study, we did not
focus on the variation of speed (hence, shear rate) changes as
patients with knee problems (but also healthy people during the
daily life) do not excite their knees more frequent than 1 Hz in a
regular walk. All the tests were conducted using this fixed
parameter, so viscosity changes due to variation of speed were
discarded. On the other hand, the temperature effect on
viscosity for water and SF was investigated and reported in the
literature. As the absolute values vary for different methods and
the health, age, sex, nationality of the donors, it was important
for the study how it is expected to decrease and if this would be
observed in the COF values as the temperature increased to the
actual working condition of the related media. The results
gathered at room temperature (RT, 24°C) were compared to
results obtained at a temperature of 39°C (internal bovine body
temperature) (Sugiyama ez al., 2007). Samples were thawed at
room temperature for 30 min, followed by another 30 min in
the specimen holder, submerged in the related biological
medium and temperature, under the pretension load of 180 N.
Finally, a 3D profilometer (Leica DCM 3D Leica
Microsystems) was used to investigate the wear patterns on the
surface of the cartilage samples.

34

3. Results and discussion

3.1 Friction response of the cartilage samples

Healthy cartilage is expected to maintain extremely low friction
values under the loads exerted on the joint during daily
routines. The results of the tests (five tests for both SF and
H,0) conducted in this study at RT gave average coefficient of
friction (ACOF) values 0.0077 and 0.0114 for H,O and SF,
respectively (Figure 4). Values are well within the range
reported in the literature for bovine articular cartilage (Su ez al.,
2017; Kawano et al., 2013; Krishnan ez al., 2005; Merkher
et al., 2006; Linn, 1968; Basalo ez al., 2007). Note that SF has
higher ACOF value compared to H,O at RT. The temperature
plays a vital role in this phenomenon and is especially critical for
the natural lubricants in a biological environment [e.g. an
increase of only 1°C body temperature can have a significant
effect on a patient’s health condition (Mace er al, 2011)].
Considering this important parameter, tests were repeated at
39°C, which is the internal body temperature of a bovine.

The results of the tests conducted at 39°C (five tests for H,O
and three tests for SF) yield ACOF values between 0.0064 and
0.0085 (Figure 4). Individual values for each biological
medium changed significantly. Value for the distilled water
shows a decrease of 16.8 per cent (0.0077 — 0.0064) for 39°C
compared to RT experiments. This may look like a small

Figure 4 Comparison of the COF values for H,0 and SF at 39°C and at

RT
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Figure 5 (a) 3D topographic image of the surface before the test; (b) 3D topographic image of the surface after the test

reduction but considering that an individual takes 1-4 million
steps each year (Seedom and Wallbridge, 1985), its importance
to a sensitive biological environment can be foreseen.

Temperature effect was even more obvious in the SF. The
ACOF reduction of 25.4 per cent (0.0114-0.0084) is
remarkable considering that the initial values were already low.
On the other hand, this tendency would also be expected
because the SF was derived directly from the bovine sample. It
would perform better under the natural working conditions of
the bovine body. A decrease in the relative viscosity is expected
due to the alterations in temperature from RT to body
temperature (Reimann ez al., 1975) and assumed to be one of
the reasons for the decrease in ACOF.

Even though the main scope of this paper is the investigation
of lubricating capabilities of different biological media, the
surface of the cartilage samples has been investigated to validate
the potential of the designed tribotest system mimicking
the natural progress. With the aim to observe wear of the
cartilage samples, the test duration with H,O as a lubricant was
increased to 24 h (leading to 86,400 cycles). Here, it should be
underlined that as the cartilage samples punched out from the
condyles, continuity of the cartilage matrix already was
disturbed. So what is here modelled is not cartilage going
through the expected lifecycle from the beginning but cartilage
with an already initiated adverse health condition.

The pattern of wear is visible to the eye when the images
acquired before the tribotest (Figure 5(a)) and taken after the
test (Figure 5(b)) are compared. Changes in the topography
can be quantified using 3D optical microscopy. Various areas of
rupture were observed reaching a depth of 62.60 um. The
shape of the ruptures and the formation of surface fissures
match the ones encountered in the literature (Fick and Espino,
2011). During the image processing, only the central area of
samples (4.5 x 4.5 mm) were taken into consideration to avoid
artefacts created during the punching process. The form
component was removed prior to any other metrological
operation according to the ISO 3274 standard because the
primary profile should not contain the nominal form of the
workpiece (ISO, 1998).

35
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4. Conclusions

We conducted tribological tests using a specimen holder
designed for ex wivo cartilage samples derived from bovine
donors, with the samples submerged in H,O and SF at room
and body temperatures. The developed system proved the
capability of differentiating the selected media by means of the
COF, even though the obtained values were notably low as
expected from a cartilage-against-cartilage installation.
Furthermore, changes in the COF values due to a change of
temperature between RT and 39°C were seen. Best
performance by means of repeatability (within 10 per cent) and
level of COF (minimum 0.0052 at 39°C) was measured for
H,0. However, to get repeatable results, nutritious particles in
the SF must be considered more accurately.

The results support the assumption of the impact of water in
the friction behaviour of the cartilage-against-cartilage contact.
Increasing the temperature to body temperature of the bovine,
the SF shows a decrease in ACOF with similar rheological
behaviour as H,O. A remarkably low COF value for distilled
water constitutes more evidence to support the assumption. As
the fluid in articular cartilage effectively serves as an SF reserve
and 70-80 per cent of its composition is H,O, it can be stated
that the tribotest system mimics the natural working conditions
of an actual knee joint adequately.
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Abstract

Objective. During osteoarthritis progression, cartilage degrades in a manner that influences its biomechanical and
biotribological properties, while chondrocytes reduce the synthesis of extracellular matrix components and become
apoptotic. This study investigates the effects of inflammation on cartilage under biomechanical stress using biotribological
tests. Methods. Bovine osteochondral grafts from five animals were punched out from the medial condyle and treated
with or without pro-inflammatory cytokines (interleukin-1f [IL-1[], tumor necrosis factor-o. [TNF-a], IL-6) for 2 weeks.
After incubation, biotribological tests were performed for 2 hours (alternating 10 minutes test and pause respectively at
39°C, 180 N, | Hz, and 2 mm stroke). Before and after testing, the cartilage surface was imaged with a 3-dimensional
microscope. During testing, the coefficient of friction (COF) was measured, while gene expression analysis and investigation
of metabolic activity of chondrocytes were carried out after testing. Histological sections of the tissue and wear debris
from the test fluid were also analyzed. Results. After biotribological tests, surface cracks were found in both treated
and untreated osteochondral grafts. In treated grafts, the COF increased, and the proteoglycan content in the cartilage
tissue decreased, leading to structural changes. Chondrocytes from treated grafts showed increased expression of genes
encoding for degradative enzymes, while cartilage-specific gene expression and metabolic activity exhibited no significant
differences between treated and untreated groups. No measurable difference in the wear debris in the test fluid was found.
Conclusions. Treatment of osteochondral grafts with cytokines results in a significantly increased COF, while also leading to
significant changes in cartilage proteoglycan content and cartilage matrix compression during biotribological tests.

Keywords
osteoarthritis, cytokines, biotribology, friction, histology

chondrocyte apoptosis and reduced synthesis of important
components of the extracellular matrix (ECM).

The lubrication of synovial joints involves a complex
interaction between different factors such as tissue com-
position, structure, and mechanics. The excellent friction
and wear properties of articular cartilage are achieved by

Introduction

Osteoarthritis (OA) is one of the most common degenerative
joint diseases worldwide, and frequently affects the hands
and weightbearing joints of the body."? Etiological causes
of the disease are diverse. Most common are biochemical
imbalances between anabolic and catabolic factors as well
as progressive surface degradation caused by mechanical
stress.’ The pathogenesis of OA also leads to the formation

'Department for Health Sciences, Medicine and Research, Center for

of osteophytes, remodeling of the subchondral bone, and
inflammation in the joint.** This inflammation is character-
ized by the release of pro-inflammatory cytokines such as
interleukin-1p (IL-1fB), tumor necrosis factor-a. (TNF-a),
and IL-6 as well as proteolytic mediators like matrix metal-
loproteinases (MMPs).5® All these factors lead to an imbal-
ance in metabolic homeostasis of the cartilage tissue
followed by degradation and alteration of the synovial fluid.
As a consequence, the biomechanical and biotribological
properties of the joint are influenced,”!® which can lead to
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a mixed lubrication regime that includes fluid-film lubri-
cation by synovial fluid and boundary lubrication by thin
films on the cartilage surfaces.'! These properties can be
disturbed and negatively affected by inflammation pro-
cesses such as those occurring in OA. Increased friction
in osteoarthritic joints is attributed to decreasing load
support of interstitial fluid, which can be squeezed out
with the progression of OA, and the altered rheological
properties of the synovial fluid.'?'* In the latter case, the
reduced capacity for boundary lubrication, which is asso-
ciated with a decreased level of lubricin, plays an essential
role.!>!® This further increases the risk of joint damage
and the progression of OA.!%!7

Various studies have used degradative enzymes to exam-
ine the biomechanical and biotribological properties of car-
tilage, investigating changes in the mechanism of fluid
support as well as depletion of glycosaminoglycans from the
cartilage matrix.'>'® Both led to an increased coefficient of
friction.'>!? Most tests involved the use of a pin-on-disc tri-
bometer, where the cartilage was not moved against carti-
lage tissue; instead, other materials—such as metal, ceramic,
or glass—were used. However, the natural response of the
tissue due to movement and stress on other soft tissue such
as cartilage has typically been neglected.?’?> Understanding
the change in the frictional properties of cartilage as well as
the role of inflammation in this process may lead to new
means of suppressing joint degradation.

The aim of this study was to investigate the influence of
pro-inflammatory cytokines on osteochondral grafts in a
well-established ex vivo test system with biotribological and
biological outcome measures. In our experimental setup,
both untreated and treated surfaces of osteochondral grafts
were slid over one another. Our hypothesis was that treatment
with pro-inflammatory cytokines would result in increased
surface damage, a higher coefficient of friction, and reduced
cartilage-specific parameters (e.g., gene expression, meta-
bolic activity) compared to untreated osteochondral grafts in
a cartilage-on-cartilage biotribological test system.

Methods

Specimen Preparation

Five bovine knees were obtained from cows slaughtered
between the ages of 18 and 20 months. Under aseptic con-
ditions, osteochondral grafts were harvested from the
medial femoral condyle using a Single-Use OATS punch
(Arthrex Inc., Naples, FL, USA). Each knee yielded 12 to
16 osteochondral grafts (§ mm diameter, 15 mm height).
The osteochondral grafts were washed for 2 hours in
phosphate-buffered saline (PBS, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) at 37°C to remove loose
bone particles and fatty tissue. The samples were then cut
to 8 mm height with a custom-made cartilage holder.

Table |. Classification of the Test Groups.

Untested  Biotribologically Tested
Untreated Group | X
Group 2 X
Cytokine-  Group 3 X
treated Group 4 X

Grouping of the Cartilage Grafts

In total, 4 groups of osteochondral grafts (Table 1) were
used in this study with 3 osteochondral grafts in each group
(2 grafts for metabolic activity and gene expression; 1 graft
for histology).

Treatment with Pro-Inflammatory Mediators

Each osteochondral sample of the control and treatment
group were cultivated for 2 weeks in 3 mL growth medium
(GIBCO DMEM/F12 GlutaMAX-I, Life Technologies,
Carlsbad, CA, USA) supplemented with 5% fetal calf serum
(FCS; GIBCO, Life Technologies), antibiotics (penicillin
200 U/mL; streptomycin 0.2 mg/mL), amphotericin B
2.5 pg/mL (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany), and 0.05 mg/mL ascorbic acid (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany). Culture medium
was changed every 3 days. In the treatment group, the
medium was additionally supplemented with the pro-
inflammatory cytokines IL-1f3, IL-6 and TNF-a (all 3 were
used in a concentration of 10 ng/mL) (Sigma-Aldrich).
After 2 weeks of incubation, biotribological tests for each
animal were performed within the next 2 days at 39°C.
During the testing time (2 hours), the untested group was
also kept at 39°C. Before and after testing, the samples were
stored at 4°C until both tested and untested osteochondral
grafts were analyzed on day 17.

Biotribological Test System

A test system with a specially designed sample holder,
which was already applied in previous studies,’>** was
used and is shown in Fig. 1. It performs a reciprocal sliding
movement between the osteochondral grafts. These grafts
are submerged in a test fluid (in this case PBS) to mimic
conditions in the knee joint. The test setup itself encloses a
sample holder to ensure sterile conditions throughout the
testing process. This is necessary as biological samples
should not be exposed to external influences, which may
introduce artefacts and interfere in the process of further
analysis.

The applied load was 180 N and, considering the contact
area of 50.26 mm? for § mm diameter cartilage samples, an
initial estimated average pressure value of 3.57 MPa was
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Figure |. Biotribological test system. (a) Schematic of the designed biotribological installation, which was a pin-on-pin setup. (b)
Image of the cartilage-against-cartilage contact in the biotribo-test system; upper graft holder is reciprocating during the tests with

cytokine-treated or untreated osteochondral grafts.

achieved. The plane was assumed flat for all tested cartilage
samples. The created tribo-model was a match in terms of
contact pressure measurements for the tibiofemoral com-
partment of a human knee under the normal load of body
weight with 0° of flexion.?> To mimic loading and unload-
ing conditions of the knee during walking, the system was
loaded for 10 minutes and then unloaded for another 10
minutes for a total test period of 2 hours (6 cycles) with a
stroke of 2 mm and a frequency of 1 Hz.

For transportation purposes, samples that were initially
stored at 4°C were equilibrated to room temperature for half
an hour, followed by another half an hour in the specimen
holder, and then submerged in PBS at a temperature of 39°C
(internal bovine body temperature).

Metabolic Activity

Metabolic activity of chondrocytes within the tissue was
measured using an XTT-based ex vivo toxicology assay
kit according to the manufacturer’s instructions (Cell
Proliferation Kit II, Roche Diagnostics, Basel, Switzerland).

Cartilage was cut from the osteochondral grafts with a
scalpel and divided longitudinally into two parts for XTT
assay and RNA isolation. The cartilage was minced into
smaller fragments on a 24-well plate. After tissue weight
for each sample was determined, the tissue was incubated
in the XTT solution (1 mL medium, 490 uL. XTT reagent,

and 10 pL activation reagent) for 4 hours at 37°C; the sur-
rounding air contained 5% (v/v) CO,. After incubation,
the XTT solution was removed and retained. Remaining
tetrazolium product in the tissue was extracted by incuba-
tion with 0.5 mL dimethyl sulfoxide (DMSO) for 1 hour at
room temperature under continual agitation. Then the
XTT and DMSO solutions were pooled, and the absor-
bance was measured at 492 nm and 690 nm (background
wavelength) in triplicates in a 96-well plate using a multi-
mode microplate reader (Synergy 2, Winooski, VT, USA)
with Gen 5 software. Absorbance was normalized to the
wet weight of the tissue.

RNA Isolation

The other half of the cartilage tissue retrieved from the
osteochondral grafts was stored in RNAlater (Qiagen,
Hilden, Germany) at 4°C for up to 1 week. After storage,
the cartilage was minced into smaller fragments and trans-
ferred into tubes containing ceramic beads (MagNA Lyser
Green Beads, Roche Diagnostics, Basel, Switzerland)
with a 300 pL lysis buffer (10 pL B-mercaptoethanol +
290 puL RLT [from Fibrous Tissue Kit, Qiagen, Hilden,
Germany]). Until RNA isolation, the tube was stored in
liquid nitrogen. For RNA isolation, the tube was thawed
and transferred to the MagNA Lyser (Roche Diagnostics,
Basel, Switzerland) for homogenization of the cartilage
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Table 2. Sequences of Primers and Conditions Used in Quantitative Polymerase Chain Reaction.

Primer Abbreviation Sequence (3'-5")
Glyceraldehyde-3-phophate dehydrogenase GAPDH

Forward ATGTTCCAGTATGATTCCACCC

Probe AGCTTCCCGTTCTCTGCCTTGAC

Reverse ATACTCAGCACCAGCATCAC
Aggrecan core protein | ACAN

Forward ACCTACGATGTCTACTGCTACG

Probe AGAAGGTGAACTGCTCCAGGCG

Reverse AGAGTGGCGTTTTGGGATTC
Collagen, type I, alpha | COL2AI

Forward GTGCAACTGGTCCTCTGG

Probe CCTTGTTCGCCTTTGAAGCCAGC

Reverse ACCTCTTTTCCCTTCTTCACC
Matrix metalloproteinase | MMPI

Forward TTCAACCAGGTGCAGGTATC

Probe AAATTCATGCGCTGCCACCCG

Reverse AGCCCCAATGTCAGTAGAATG
Matrix metalloproteinase 13 MMPI3

Forward CTAAACATCCCAAAACGCCAG

Probe CCCTTGATGCCATAACCAGTCTCCG

Reverse ACAGCTCTGCTTCAACCTG

tissue. The homogenization step (6,500 rpm, 20 seconds)
was repeated 4 times with a 2-minute cooling phase after
each step. According to the manufacturer’s instruction,
every sample was then incubated with 20 pL proteinase K
(from Fibrous Tissue Kit) for 30 minutes for a higher
yield. RNA was eluted in 30 pL and stored at —80°C until
cDNA synthesis.

Gene Expression Analysis

Gene expression analysis was carried out as previously
described.?® Briefly, cDNA synthesis was performed using
Transcriptor First Strand ¢cDNA Synthesis Kit (Roche,
Basel, Switzerland). Additionally, RNA from bacteriophage
MS?2 was added to stabilize the isolated RNA during cDNA
synthesis. Real-time quantitative polymerase chain reac-
tion (RT-qPCR) was performed in triplicate using the
LightCycler 96 from Roche (Basel, Switzerland). In total,
4 genes—collagen type 2 (COL2A1), aggrecan (ACAN),
matrix metalloproteinase-1 (MMP1), and matrix metallo-
proteinase-13 (MMP13)—were analyzed, while glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was used as
housekeeping gene (Table 2).

Histology

For histological analysis, osteochondral grafts were fixed in
4% buffered formaldehyde solution (VWR, Radnor, PA,
USA) for up to 1 week and decalcified under constant agita-
tion using Osteosoft solution (Merck, Burlington, MA,

USA). After decalcification (duration of 4-6 weeks), the
osteochondral grafts were embedded in Tissue-Tek OCT
(optimal cutting temperature, VWR, Radnor, PA, USA) and
stored at —80°C. Sectioning was done using the CryoStar
NX70 Cryostat (Thermo Fischer Scientific, Waltham, MA,
USA), with —25°C for the knife temperature and —20°C for
the chamber temperature. Six-micrometer sections were
obtained and processed for safranin O/light green staining.
Images were taken with a Leica DM-1000 microscope and
processed using the Leica Manager software (Leica,
Wetzlar, Germany). To quantify changes within the carti-
lage sections stained with safranin O/light green, a modified
Mankin scoring system was used (Table 3).2” The assess-
ment was done by 5 independent observers with a maxi-
mum score of 15.

Microscopic Images

The InfiniteFocus G5 3D microscope (Alicona Imaging
GmbH, Graz, Austria) was used to optically analyze the car-
tilage surface before and after the test to reveal determinant
surface roughness parameters for the biotribological per-
formance of cartilage tissues. PBS was added every 5 min-
utes to prevent the cartilage surface from drying out. The
InfiniteFocus G5 uses Focus Variation technology, combin-
ing the small depth of focus of an optical system with verti-
cal scanning to provide topographical and color information
from the variation of focus. Due to the vertical movement of
the precision optics along the optical axis with continuously
capturing data from the surface, each region of the object

182



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

5008

CARTILAGE 13(Suppl 1)

Table 3. Components of the Modified Mankin Scoring System.

Structure Cellularity Matrix Staining Tidemark Integrity Score

Smooth surface/normal Normal arrangement Normal staining Normal and intact 0

Roughened surface/single crack Clustering in superficial layer Slight loss of stain Disrupted I
or area of delamination or loss of cells up to 10%

Multiple cracks/moderate Disorganization or loss up Moderate loss of stain X 2
delamination to 25%

Fragmentation in cartilage or Cell rows absent or loss up Severe loss of stain X 3
severe delamination to 50%

Loss of fragments Very few cells present No stain present X 4

Complete erosion to tidemark X X X 5

Erosion beyond tidemark X X X 6

can be sharply focused. Algorithms convert the acquired
sensor data into 3-dimensional information and a true color
image with full depth of field. This is achieved by analyzing
the variation of focus along the vertical axis. The initial
image of the cartilage was further processed to obtain a sur-
face profile. This method was described in our previous
study in detail.?

Sulfated Glycosaminoglycans (sGAG)

The quantification of sGAG was performed according to
Barbosa et al.?® In brief, fluid (PBS) used during biotribo-
logical tests was treated overnight with 25 U/mL protein-
ase K (Sigma-Aldrich, St. Louis, MO, USA) at 56°C.
After inactivation of the enzyme (90°C, 10 minutes), the
fluid was collected in ultra-free filter reaction tubes of 0.1
um pore size (Millipore, Burlington, MA, USA) and cen-
trifuged (12,000g, 4 minutes, room temperature). One mil-
liliter of a 1,9-dimethyl-methylene blue solution (DMMB)
was added to 100 pL filtrate and vigorously mixed to
allow the formation of complexes of DMMB and sGAG in
the sample. The complexes were pelleted via centrifuga-
tion (12,000g, 10 minutes, room temperature) and subse-
quently dissolved in a decomplexation solution. After 30
minutes of shaking, the absorbance was measured at 656
nm photometrically using an Ultrospec 3300 pro spectro-
photometer (Amersham Bioscience plc, Amersham, UK).
The sGAG amount was calculated from a standard curve
with shark chondroitin sulphate (Sigma-Aldrich, St. Louis,
MO, USA). The measurement for both treated and
untreated posttesting osteochondral grafts was performed
in duplicate.

Hydroxyproline (HYP) Assay

Total collagen content was determined by quantifying the
hydroxyproline content. Test fluid, after biotribological
tests, was hydrolysed in 6 M HCl at 110°C for 18 hours and
the hydroxyproline content from the hydrolyzed solution

was measured with a chloramine-T/Ehrlich spectrophotom-
etry-based assay at a wavelength of 560 nm.

Statistical Analysis

All statistical analysis was performed using GraphPad
Prism Software (GraphPad Prism Software Inc., San
Diego, CA, USA). The statistical analysis was carried out
using a 1-way analysis of variance. Multiple comparisons
were performed via a nonparametric Kruskal-Wallis test
followed by Dunn’s post hoc test. Data from the metabolic
activity and gene expression are shown in a box plot to
represent median, first quartile, and third quartile, with
error bars indicating maximum and minimum values.
Where outliers were present, dots above or below are
shown. The values for the coefficient of friction are
reported as means * standard error of the mean (means =
SEM). Statistical significance was set at P < 0.05.

Results

Osteochondral Grafts

Punched out osteochondral grafts for biotribological tests
had a symmetrical flat surface in almost every sample used
for the experiments. Asymmetric grafts, which were not
possible to avoid, were used for the untested control and
treatment group as flatness was not a critical factor as it was
for grafts used in biotribological tests.

Metabolic Activity of the Cells

The metabolic activity of chondrocytes in osteochondral
grafts showed no differences between the untested (con-
trol and cytokine-treated) groups. Metabolic activity of
the tested control group was significantly lower (4-fold of
the median value) than the untested control group (Fig. 2).
Cytokine treatment of osteochondral grafts showed simi-
lar results (2-fold decrease of the median value) with some
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Figure 2. Measurement of the metabolic activity. Chondrocytes
from tested and untested osteochondral grafts after treatment
with and without pro-inflammatory cytokines were analyzed
concerning their metabolic activity using XTT assay.n = 5
animals/group; **P < 0.01. Data are expressed as median

and range with Tukey box-and-whisker plot: lower box = 75
percentile, upper box = 25 percentile, whisker = nonoutlier
range, dot = outlier (>1.5-fold above/below the box).

outliers in the tested group, resulting in a nonsignificant
difference.

Expression of Anabolic and Catabolic Cartilage-
Specific Genes

For the analysis of gene expression, specific bovine primers
were designed and tested successfully regarding optimal
temperature values for primer annealing. After 17 days, the
anabolic marker COL2A1 showed a nonsignificant differ-
ence in the untested groups, whereas the expression of
osteochondral grafts treated with pro-inflammatory cyto-
kines tended to be decreased (Fig. 3a). After the biotribo-
logical tests, an approximately 2-fold increase in median
value could be observed in both groups when compared to
the untested groups, but this was not statistically signifi-
cant. The analysis of ACAN (Fig. 3b), another anabolic
marker, showed a very similar expression pattern. Here, the
treatment with cytokines led to a reduction of ACAN gene
expression in the untested group and tended to be increased
in a nonsignificant manner after the test. Gene expression
values of the control groups were on the same level before
and after testing with no statistical significance in compari-
son to the treatment groups.

In addition, Figure 3 shows the expression of the cata-
bolic genes MMP1 (Fig. 3¢) and MMP13 (Fig. 3d), 2 genes
involved in the breakdown of interstitial collagens (e.g.,
types I, II, and III). The occurrence of pro-inflammatory
cytokines led to a significantly increased expression of
MMP1 in the untested and tested group compared with both
control groups (tested and untested), where levels were near
the detection limit. The gene MMP13 was also highly
expressed with cytokine treatment, to the degree that a sig-
nificant difference could not be shown between treated and
untreated groups. After biotribological tests, the expression
of MMP13 remained on a constant level when comparing
tested versus untested groups.

Microscope Images

Prior to biotribological tests, microscopic images of the sur-
faces of untreated and treated osteochondral grafts showed
no cracks and fissures (Fig. 4) or other microscopically vis-
ible damages. Only height differences of up to 90 um in the
starting material were observed. However, our focus was on
the formation of superficial cracks and fissures, which are
caused by the applied load under physiological conditions
(3.57 MPa). Fig. 4 also shows that the specifically applied
load causes cracks and fissures in cartilage tissue, but with-
out differences between cytokine-treated and untreated
osteochondral grafts. The extent of surface changes ranged
from deep trenches (up to 250 um) to small superficial
cracks (up to 20 um). Since all grafts examined showed
similar damage after biotribological tests, it was impossible
to define a difference in cartilage surface between untreated
and treated groups.

Histology

For histological analysis, safranin O/light green staining
was performed as shown in Fig. 5 and used as an additional
means of finding any differences (e.g., cracks or fissures)
between untreated and treated osteochondral grafts in a bio-
tribologically tested and untested state.

Osteochondral grafts in the control group retained a
higher amount of proteoglycans in the untested state, which
could slightly differ from graft to graft as a result of different
harvesting locations. In comparison, proteoglycan content in
the untested treatment group was highly reduced. Here, saf-
ranin O only stained proteoglycans in deeper layers of the
cartilage, which are rich in proteoglycans. As a result, much
higher differences between the control and treatment group
were shown after the biotribological tests. In both biotribo-
logically tested groups, cracks and fissures appeared on the
cartilage surface as observed in microscopic images. In the
control group, proteoglycan content was not influenced as
the detected staining intensity was similar to the untested
samples. Osteochondral grafts of the treatment group
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Figure 3. Gene expression analysis of (a) COL2AI, (b) ACAN, (c) MMPI, and (d) MMPI3 in biotribologically tested and untested

osteochondral grafts with and without pro-inflammatory cytokine treatment. n = 5 animals/group; *P < 0.05, **P < 0.001. Data are
expressed as median and range with Tukey box-and-whisker plot: lower box = 75 percentile, upper box = 25 percentile, whisker =
nonoutlier range, dot = outlier (> .5-fold above/below the box).

histological sections not only exhibited superficial changes
with cracks and fissures, but also a compression of the carti-
lage tissue itself. Here, pro-inflammatory cytokine treatment

demonstrated a further reduced proteoglycan content in the
tested state in comparison with the untested samples, indi-
cating an influence by biotribological tests. Furthermore,
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Figure 4. Alicona 3-dimensional microscope images. Representing images of major changes on the cartilage surface structure before
and after biotribological tests for untreated and cytokine-treated osteochondral grafts.

untested
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Control
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Figure 5. Histological assessment of osteochondral grafts. Exemplary histological images of cytokine-treated and untreated grafts in
a biotribologically tested and untested state stained with safranin O/light green. Scale bar 250 pm.

of osteochondral grafts aggravates the extrusion of intersti-
tial fluid during mechanical loading. In addition to the verti-
cal cracks, horizontal cracks appeared within the cartilage
tissue. The evaluation of the histological sections using a
modified Mankin Scoring System showed the qualitative

differences quantitatively. In the untested control, the 5
observers agreed and rated it with O points. In comparison,
the samples in an untested state and treated with cytokines
achieved a mean value of 4.4 points. The biotribologically
tested osteochondral grafts received a mean score of 3.2
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During biotribological tests, the coefficient of friction
(COF) was recorded in each of the 6 cycles with signifi-
cantly higher values measured in the first cycle in both the
control (0.0200) and treatment group (0.0263) compared
with subsequent cycles (Fig. 6). During the course of two-
hour testing, the COF values for both groups reached a cor-
responding level from the second test cycle on. The control
group values ranged between 0.0115 and 0.0125, while
treatment group values were within a range of 0.0155 to
0.0176. Comparison of both groups showed a significant
difference in COF for each test cycle.

SGAG and HYP in the Supernatant after Testing

After biotribological testing of osteochondral grafts (control
and treatment group), the test fluids (PBS) were collected
and measured for their content of released or abraded
sulfated glycosaminoglycans (sGAG), as well as for their
hydroxyproline (HYP) content. There was no significant dif-
ference in sGAG content between treated and untreated
osteochondral grafts in our test setup. Both groups in Fig. 7
showed similar values for the respective test fluids after bio-
tribological tests. In addition, hydroxyproline could not be
detected in the test fluids of either group (no figure is shown).

Discussion

The aim of this study was to identify possible differences
between biotribologically tested and untested osteochondral

Figure 7. Quantification of sulfated glycosaminoglycans
(sGAG). sGAG concentrations measured in the collected

test fluids of cytokine-treated and untreated osteochondral
grafts after biotribological tests. n = 5 animals/group. Data are
expressed as median and range with Tukey box-and-whisker
plot: lower box = 75 percentile, upper box = 25 percentile,
whisker = nonoutlier range.

grafts pretreated with and without pro-inflammatory
cytokines. The grafts were taken from bovine cartilage of
the medial-femoral condyle for reproducibility and avail-
ability, treated with cytokines and tested in an established
cartilage-on-cartilage biotribological test system. In our
experiments, we were able to show that treatment with
pro-inflammatory cytokines leads to changes in the pro-
teoglycan content of the cartilage, which is an already
known phenomenon.” Additionally, the applied force
during biotribological tests leads to a compression of the
cartilage matrix of treated osteochondral grafts. This
compression could be the reason for the higher coeffi-
cient of friction measured in treated osteochondral grafts.
The metabolic activity of the cells was only influenced
by the biotribological test itself, while the gene expres-
sion of cartilage-specific and catabolic markers showed
only small differences between the treated and untreated
groups. No differences were observed in microscopic
images of the cartilage surface after testing, except for
cracks appearing in both test groups.
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As shown in our previous study,? the use of a cartilage-
on-cartilage test system reflects native physiological condi-
tions more accurately than testing against a metal or glass
counterpart. This test setup is particularly advantageous
when imitating inflammatory reactions, as this approach
not only depends on the test fluid but also on how the carti-
lage matrix of both osteochondral grafts changes during
treatment. The fact that the test system used here has a nor-
mal force of 180 N and thus exerts a pressure of 3.57 MPa
on the cartilage surface of the osteochondral grafts ensures
constant contact between the cartilage surfaces. The pres-
sure achieved is comparable to pressure measurements of
the tibial-femoral compartment in a human knee joint under
normal physical load.?®

The choice of cytokines in our study was limited to
IL-1B, TNF-a, and IL-6, which are the most studied cyto-
kines in relation to OA.3° IL-1B and TNF-a are the most
important pro-inflammatory cytokines in this context,
playing an important role in the pathogenesis and pro-
gression of the disease, while IL-6, which is secreted by
chondrocytes especially when exposed to a stimulus like
IL-1B,3'3? is considered a potential biomarker for early
OA. These cytokines are first produced in the tissue and
then released into the synovial fluid, resulting in the pro-
motion of catabolic processes and enzymatic cartilage
degradation.®® This is in accordance with findings in
patients suffering from knee OA, where pro-inflammatory
cytokines were detected in synovial fluid, cartilage and
synovial membranes.3*3¢ The cytokine concentrations of
10 ng/mL used in this study are much higher than those
found in synovial fluids taken from OA patients.’”
However, these high concentrations were used to achieve
a rapid effect on the cartilage tissue, which was reached
after a two week period of incubation of the osteochondral
grafts. This effect was confirmed by the strongly reduced
proteoglycan content of the cartilage tissue shown in his-
tological observations. Although this study only focused
on this limited array of cytokines, it should be mentioned
that there are other pro-inflammatory factors in the syno-
vial fluid of patients. Though they are typically present in
smaller quantities, their effect on osteochondral grafts
could still be of relevance.

During biotribological tests, the coefficient of friction
was measured as an indicator of mechanical stress. In the
healthy knee joint, this unitless number is around 0.005.%
In our tests, this value could not be achieved, probably due
to PBS test fluid being used as a substitute for synovial
fluid. The values for the untreated osteochondral grafts
varied between 0.0115 and 0.0125, which is comparable to
lower levels measured in untreated grafts in our previous
study.”* However, treatment with pro-inflammatory cyto-
kines increased the coefficient of friction, with values
measured between 0.0155 and 0.0176. This increase can
probably be explained by the fact that the biotribological

tests compressed the cartilage of the treated grafts and
caused unevenness on the surface.

The surface of the osteochondral grafts was examined
both before and after biotribological tests using an optical
microscope. Prior to the tests, the surface of the untreated
and treated group exhibited no damage, which indicates that
the cartilage surface is not damaged during harvesting of
the osteochondral grafts. After biotribological tests, cracks
with a depth of up to 250 um appeared in both treated and
untreated groups. The shape and appearance of these sur-
face cracks are comparable to other studies,***! including
our previous study.”? For an additional assessment of the
surface and extracellular matrix components of the cartilage
tissue, histological sections of the osteochondral grafts were
stained with safranin O/light green. These tests revealed
that the proteoglycan content was significantly decreased in
osteochondral grafts treated with pro-inflammatory cyto-
kines. Similar results were shown by Gitelis et al.,*> when
the cartilage tissue was incubated in a pro-inflammatory
environment. Furthermore, histological images from treated
grafts showed a level of proteoglycans comparable to
Mankin Osteoarthritis Score 2 or OARSI (Osteoarthritis
Research Society International) grade 2 to 3.* This
indicates that our treatment with cytokines had an effect
comparable to a grade of degenerative OA. Subsequent bio-
tribological tests in treated osteochondral grafts led to com-
pression of the cartilage matrix with vertical tears in the
tissue. In untreated samples, these changes did not occur.
The altered biomechanical properties of the tested cartilage
can thus be attributed to the loss of proteoglycans, as there
was a decrease in compressive modulus of cartilage while
the tissue was exposed to higher loads while being sub-
jected to mechanical stress.”’

Adding pro-inflammatory cytokines to the culture
medium of osteochondral grafts reduced the expression of
cartilage-specific genes such as collagen type 2 and aggre-
can. It is well established that the cytokines used in this
study reduce or inhibit the synthesis of these genes.’”*>4
The mechanical stress applied during biotribological tests
reversed this reduction and also led to an increased expres-
sion in the untreated samples, especially the expression of
collagen type 2. That mechanical stimulus can have such an
effect has been demonstrated by several studies.*’*
Similarly, the expression of degradative enzymes was
increased by pro-inflammatory cytokines, which further
confirms that the culture conditions created for this study
were similar to those found in OA. An increase of MMPs
gene expression in bovine chondrocytes was also shown by
Lv et al.* when using IL-1p for the treatment of cartilage.
In addition, this study was able to show that a dynamic
mechanical stress in the physiological range does not lead
to a difference in gene expression of MMPs.*’ This was also
confirmed by Fehrenbacher et al.,® where a change in
MMPs gene expression only occurs from about 12 MPa
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upward. The pressure of 3.57 MPa used in our study is
within the physiological range and consequently had no
effect on the gene expression of MMPs.

However, there are also some limitations to the cur-
rent study that have to be taken into account. The experi-
mental setup is an ex vivo model, which is difficult to
compare with physiological conditions as there may
occur abnormal loading conditions due to the fact that
surrounding tissue is lacking. In addition, no strong con-
clusions regarding the biological and biomechanical
properties of human cartilage can be made based on
experiments with bovine cartilage. A further limitation is
the use of 3 cytokines, while the synovial fluid of an OA
patient contains many other pro-inflammatory and anti-
inflammatory mediators. Additionally, under real-world
conditions, damage to cartilage would usually occur over
a longer duration. Here, only short-term effects on carti-
lage tissue are shown. Another limitation lies in the fact
that the PBS test fluid used in this study is not compara-
ble to synovial fluid, which also contains nutrients and
lubricants (e.g., hyaluronic acid). Consequently, only a
limited evaluation of cartilage metabolism based on the
tested conditions is possible.

In conclusion, the present study shows that the treatment
of osteochondral grafts with pro-inflammatory cytokines
leads to a decrease in proteoglycan levels in the treated car-
tilage, which is comparable to progressive degenerative
OA. Under a physiological load the decrease leads to
changes in the biomechanical and biotribological properties
of the cartilage with significant changes in tissue structure.
These observations could provide new insights into how
cartilage and chondrocytes behave under the similar condi-
tions found in OA.
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ABSTRACT: Autologous osteochondral transplantation (AOT) utilizing autografts is a widely used technique for the treatment of small-
to-medium cartilage defects occurring in knee and ankle joints. The application of viable cartilage and bone ensures proper integration,
early weight bearing, as well as restoration of biomechanical and biotribological properties. However, alignment of the autografts onto
the defect site remains a pivotal aspect of reinstating the properties of the joint toward successful autograft integration. This is the first
study to perform tests with different orientations of osteochondral grafts in a cartilage-on-cartilage test system. The objective was to
estimate if there are differences between aligned and 90°-rotated grafts concerning molecular biological and biomechanical parameters.
Tissue viability, assessed by XTT assay indicated lower metabolic activity in tested osteochondral grafts (aligned, p =0.0148 and 90°-
rotated, p=0.0760) in favor of a higher anabolic gene expression (aligned, p=0.0030 and 90°-rotated, 0.0027). Tissue structure was
evaluated by Safranin O histology and microscopic images of the surface. Aligned and 90°-rotated grafts revealed no apparent differences
between proteoglycan content or cracks and fissures on the cartilage surface. Test medium analyzed after tribological tests for their
sulfated glycosaminoglycan content revealed no differences (p =0.3282). During the tests, both the friction coefficient and the relative
displacement between the two cartilage surfaces were measured, with no significant difference in both parameters (COF, p =0.2232 and
relative displacement, p =0.3185). From the methods we deployed, this study can infer that there are no differences between aligned and
90°-rotated osteochondral grafts after tribological tests in the used ex vivo tissue model. © 2019 The Authors. Journal of Orthopaedic

Research™ Published by Wiley Periodicals, Inc. on behalf of Orthopaedic Research Society. J Orthop Res 37:583-592, 2019.

Keywords:

mechanobiology; cartilage; synovium & osteoarthritis

Focal articular cartilage defects of the knee are a
challenging condition that requires a surgical inter-
vention to minimize further casualties. Defects on the
articulating surfaces of the knee joint mainly occur
due to traumatic injuries, avascular necrosis, or a joint
deformity.'™ Here, different strategies are available
for the treatment of full-thickness defects. Among
them, currently used techniques include bone marrow
stimulating methods (e.g.,, microfracture, drilling,
abrasion arthroplasty, or spongialization), chondrocyte
implantation directly (autologous chondrocyte implan-
tation [ACI]) or in combination with biomaterials
(matrix-associated chondrocyte implantation [MACI]).
Also, intra-articular injection of lubricants (e.g., hya-
luronan), as well as the implantation of single or
multiple autologous grafts (mosaicplasty), are used as
treatment options.>*8

The latter being predominantly used for small-to-
medium defects, wherein the number of autologous
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Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the
original work is properly cited, the use is non-commercial and no
modifications or adaptations are made.
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© 2019 The Authors. Journal of Orthopaedic Research™ Published by Wiley
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grafts, which can be isolated from a non-weight
bearing zone of the femoral condyle, draws its limita-
tion along donor-site morbidity. Nevertheless, osteo-
chondral autologous transplantation is a single-step
procedure in which a vital hyaline cartilaginous tissue
and subchondral bone are transplanted to a primed
defect.® Also, allografts yielded 12-24h after a donor’s
death can be stored fresh or cryopreserved and trans-
planted later. In this procedure, one of the main
advantages of implying osteochondral allografts is the
presence of chondrocytes, which are still metabolically
active.” Furthermore, osteochondral transplantation,
either autologous or allogeneic, has the benefit of
providing both viable hyaline cartilage and underlying
bone, allowing good bony integration and early weight
bearing to the joint.® Consequently, a congruent
articular cartilage surface similar to that of the
natural joint can be obtained which subsequently
restores the biomechanical and tribological properties
of the joint.?*

In this context, tribological principles play a signifi-
cant role and have gained attention over the last
decade in elucidating how natural synovial joints
function or fail and provide insights into different
design principle criteria.l® The moving contacts be-
tween the surfaces are mandatory to produce high
fluid pressurization, as well as a low coefficient of
friction from a tribological point of view.!' Important
aspects which can affect measurements are friction,
wear, and lubrication. Additional aspects include de-
bridement products of implants or from the cartilage

JOURNAL OF ORTHOPAEDIC RESEARCH® MARCH 2019 583

193


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

584 BAUER ET AL.

itself, which subsequently can lead to inflammatory
responses.'® Numerous studies have used pin-on-disc
or flat-on-flat tribometers for distinctive basic tribolog-
ical models. In the latter cases, the biological carti-
lage—cartilage interface of a joint is replaced by an
interface of cartilage against glass, metal, ceramic, or
another biomaterial. However, this setup neglects the
natural response of the tissue to movement and load
against a soft tissue surface.!®'?!* Other in vitro
studies investigating tribological characteristics of
different hydrogels were limited due to relative usage
of small sample size with articulation against articular
cartilage.’® Other systems involving cartilage-on-carti-
lage systems compared only friction and lubrication of
the chondroplastic materials.'”

Considering the three-dimensional structure of ar-
ticular cartilage and the direction of collagen fibrils
responsible for its unique mechanical properties, it
likely seems that the orientation of the osteochondral
grafts plays a decisive role. However, the orientation
of osteochondral grafts and its influence on contact
pressure and chondrocyte viability has not been stud-
ied yet in a biological cartilage-on-cartilage test sys-
tem. Here, in vitro models should represent the
anatomical and physiological conditions tangibly,
wherein tribological test systems could support to
understand better and mimic these conditions. They
can serve as a strategic preclinical test platform to
evaluate treatment options and provide relevant infor-
mation on the performance and suitability of implant
materials.'?

This study aimed to investigate the effects of
orientation of osteochondral grafts in a well-estab-
lished test system concerning tribological and biologi-
cal outcome measures ex vivo. In our experimental
setup, two cartilaginous surfaces were moved against
each other. We hypothesized that 90°-rotated grafts
could have increased surface damage, higher coeffi-
cient of friction and decreased cartilage-specific pa-
rameters (e.g., metabolic activity, gene expression) in
comparison to aligned osteochondral grafts in a carti-
lage-on-cartilage tribological test system.

METHODS

Specimen Preparation

Eight bovine knees were obtained from 18- to 20-months-old
slaughtered cows. Under aseptic conditions, osteochondral
grafts were harvested from the medial femoral condyle using
a Single-Use OATS punch (Arthrex Inc., Naples). Osteochon-
dral grafts were marked in order to describe their orientation
within the joint surface. A sterile pen was used to mark
them on the anterior side of the osteochondral grafts (see
Figure 2). Each knee yielded 12-16 osteochondral grafts
(8mm diameter; 15mm height). The osteochondral grafts
were washed for 2h in phosphate buffered saline (PBS,
Sigma—Aldrich Chemie GmbH, Steinheim, Germany) at 37°C
to remove loose bone particles and fatty tissue. The samples
were then cut to 8 mm height with a custom-made cartilage
holder. Subsequently, the osteochondral samples were culti-
vated in a growth medium (GIBCO DMEM/F12 GlutaMAX-I,

JOURNAL OF ORTHOPAEDIC RESEARCH®™ MARCH 2019

Invitrogen, LifeTech Austria, Vienna, Austria) with anti-
biotics (penicillin 200 U/ml; streptomycin 0.2mg/ml) and
Amphotericin B 2.5 pg/ml (Sigma—Aldrich Chemie GmbH) for
7 days. This step was introduced to overcome a decrease in
metabolic activity and equilibrate the ex vivo environment
after the harvesting procedure.® After seven days of incuba-
tion, tribological tests for each animal were performed within
the next two days at 39°C. During the testing time (2h), the
untested group was also kept at 39°C. Before and after
testing samples were held at 4°C until both tested and
untested osteochondral grafts were analyzed on Day 10.

Biotribological Test System

A test system with a specially designed sample holder for
this study is shown in Figure 1. It performs a reciprocal
sliding movement between the osteochondral grafts. These
grafts are submerged in a test fluid (in this case PBS) to
mimic the conditions in the knee joint. The test setup itself
encloses the sample holder to ensure sterile conditions
throughout the testing process that the biological samples
are not exposed to external influences and may cause
artifacts which may interfere in the process of further
analysis.

The applied load was 180N and, considering the contact
area of 50.26 mm? for g8 mm cartilage samples, an initial
estimated average pressure value of 3.57 MPa was achieved.
The plane was assumed flat for all tested cartilage samples.
The created tribo-model matches with contact pressure
measurements for the tibiofemoral compartment of a human
knee under the normal load of body weight with 0° flexion.®
To mimic loading-unloading conditions of the knee during
walking, the system was loaded for 10min and then
unloaded for another 10 min for a total test period of two
hours with a stroke of 2mm and a frequency of 1 Hz.

Samples stored for transportation purposes at 4°C were
equilibrated to room temperature for half an hour, followed
by another half an hour in the specimen holder, and were
submerged in PBS at a temperature of 39°C (internal bovine
body temperature).

The tribological installation was a pin-on-pin setting with
two different arrangements. In one group, the samples were
aligned in the same orientation as they were in the joint. The
orientation was anterior to posterior in both the upper and
the lower osteochondral grafts (group “aligned,” see
Figure 2a). In the second group of samples, the upper
osteochondral graft was rotated 90° in a clockwise direction
(“90°-rotated,” see Figure 2b), whereby the orientation rela-
tive to the lower osteochondral graft changed. This arrange-
ment should simulate implantation of an osteochondral graft
during osteochondral transfer perpendicular to the anterior-
posterior axis of the joint.

Metabolic Activity

For the measurement of the metabolic activity of chondro-
cytes within the tissue, an XTT based ex vivo toxicology
assay kit (Sigma—Aldrich Chemie GmbH) was used according
to the manufacturer’s instructions. Cartilage was cut from
the osteochondral grafts with a scalpel and divided longitudi-
nally into two parts for XTT assay and RNA isolation. The
cartilage was minced into smaller fragments onto a 24-well
plate. Tissue weight for each sample was determined, and
then the tissue was incubated in the XTT solution (1ml
medium, 490 pl XTT reagent, and 10 nl activation reagent)
for 4h at 37°C in 5% (v/v) COy in the air. After incubation,
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Figure 1.

(a) Schematic of the designed test setup with specimen holder; in- and outlet could be used for a continuous medium

exchange or to introduce additives to the system and observe their effects online, but it is not relevant for this experimental setup; (b)
image of cartilage-against-cartilage contact in the tribo-test; the upper part of the tribometer is reciprocating during the tests.

the XTT solution was removed and retained. Tetrazolium
product was extracted from the tissue using 0.5 ml dimethyl
sulfoxide (DMSO), and the remaining tissue was incubated
for 1h at room temperature under continual agitation. Then
the XTT and DMSO solutions were pooled, and the absor-
bance was measured at 492nm and background wavelength
at 690 nm as triplicates in a 96-well plate using a multi-mode
microplate reader (Synergy™ 2, Winooski, Vermont) with
the software Gen 5. Absorbance was normalized to the wet
weight of the tissue.

RNA Isolation

The other half of the cartilage tissue retrieved from the
osteochondral grafts was stored in RNAlater™ (Sigma—
Aldrich, St. Louis, MI) at 4°C up to one week. After storage,
the cartilage was minced into smaller fragments and trans-
ferred in tubes containing ceramic beads (MagNA Lyser
Green Beads, Roche Diagnostics, Basel, Switzerland) with
300 ul lysis buffer (10l B-mercaptoethanol +290ul RLT
[from Fibrous Tissue Kit, Qiagen, Hilden, Germany]). Until
RNA isolation, the tube was stored in liquid nitrogen. For
RNA isolation, the tube was thawed and transferred to the

Z 7 X

(a) (b)

Figure 2. (a) Visualization of osteochondral graft sample where
the x-axis is aligned with walking direction; (b) 90°-rotated
(around z-axis) specimen on top.

MagNA Lyser (Roche Diagnostics) for homogenization of the
cartilage tissue. The homogenization step (6,500rpm, 20s)
was repeated four times with a 2-min cooling phase after
each step. According to the manufacturer’s instruction, every
sample was then incubated with 20 pl Proteinase K (from
Fibrous Tissue Kit) for 30 min for a higher yield. RNA was
eluated in 30 pl and stored at —80°C until cDNA synthesis.

Gene Expression Analysis

Gene expression analysis was carried out as previously
described.'” Briefly, cDNA synthesis was performed using
Transcriptor First Strand ¢cDNA Synthesis Kit (Roche, Basel,
Switzerland). Additionally, RNA from bacteriophage MS2
was added to stabilize the isolated RNA during cDNA
synthesis. Real-time quantitative polymerase chain reaction
(RTgPCR) was performed in triplicate using the LightCy-
cler™ 96 from Roche. In total, four genes—Collagen type 2
(COL2A1), Aggrecan (ACAN), Matrix Metalloproteinase-1
(MMP1), and Matrix Metalloproteinase-13 (MMP13)—were
analyzed, while Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as housekeeping gene.

Histology

For histological analysis, osteochondral grafts were fixed in
4% buffered formaldehyde solution (VWR, Radnor, PA) for up
to 1 week and decalcified under constant agitation using
Osteosoft solution (Merck, Burlington, MA). After decalcifica-
tion (duration of 46 weeks), the osteochondral grafts were
embedded in Tissue-Tek® OCT (Optimal Cutting Tempera-
ture, VWR, Radnor, PA) and stored at —80°C. Sectioning was
done using the CryoStar™ NX70 Cryostat (Thermo Fischer
Scientific, Waltham, MA), with —25°C for the knife tempera-
ture and —20°C for the chamber temperature. A 6 um sections
were obtained and processed for Safranin O staining. Images
were taken with a Leica microscope DM-1000 and processed
using the Leica Manager software (Leica, Wetzlar, Germany).

Alicone 3D Microscope

Alicona 3D microscope was used to optically analyze carti-
lage surface before and after the test to reveal determinant
surface roughness parameters for the tribological perfor-
mance of cartilage tissues. PBS was frequently added every
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5min to prevent the cartilage surface from drying out. First,
widely applied roughness parameters, such as the average
(Ra), root mean square roughness (Rq), skewness (Rsk), and
kurtosis (Rku) are considered. The initial image of the
cartilage (Figure 3a) has been cropped to center 4mm
diameter zone to avoid impaction effects on the cartilage
surface analysis (Figure 3b). Then, the image was leveled
(Figure 3c) and form removed (Figure 3d) to reduce location
related inconsistency of the surface profile. This means that
a form component must be removed before any other
metrological operation. When the form is just a line segment
or a plane, this operation is called leveling. In a nonplanar
form, it is called form removal. As surface texture parame-
ters depend on a reference (mean line or mean plane) used in
the detection of peaks and valleys, or on the calculation of
mean values and moments, form removal and leveling make
it possible to define this reference. In our case, due to the
location of the sample derived or the punching process, the
surface could be tilted or concave. In order to remove the tilt,
the leveling process is applied to the outcome of the 3D
microscope image, as the tilt refers to a line or plane
adjustment. To further remove the concave geometry, 2nd-
degree polynomial or spherical for the removal process was
applied.

Sulfated Glycosaminoglycans (sGAG)

The quantification of sGAG was performed according to
Barbosa et al.!® In brief, fluid (PBS) used during tribological
tests was treated overnight with 25U/ml proteinase K
(Sigma-Aldrich) at 56°C. After inactivation of the enzyme
(90°C, 10min), the fluid was collected in ultra-free filter
reaction tubes of 0.1 um pore size (Millipore, Burlington,

0 1000 2000 2000 400G 5000 6000 7000) 8000 H000 10000m - .

a
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Figure 3.
removed final version of surface to be analyzed.
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MA) and centrifuged (12,000g, 4 min, room temperature).
One milliliter of a 1.9-dimethyl-methylene blue solution
(DMMB) was added to 100 pl filtrate and vigorously mixed to
allow the formation of complexes of DMMB and sGAG in the
sample. The complexes were pelleted via centrifugation
(12,000g, 10 min, room temperature) and subsequently dis-
solved in decomplexation solution. After 30 min of shaking,
the absorbance was measured at 656nm photometrically
using an Ultrospec 3300 pro photometer (Amersham Biosci-
ence ple, Amersham, UK). The sGAG amount was calculated
from a standard curve with shark chondroitin sulfate
(Sigma—Aldrich). The measurement for each aligned or 90°-
rotated test of osteochondral grafts was performed in dupli-
cate.

Statistical Analysis

All data are expressed as means + standard deviations (S.D.)
in a box plot. Non-parametric Mann—Whitney U-test was
used to make comparisons between paired data, and multiple
comparisons were performed by non-parametric Kruskal-
Wallis test followed by Dunn’s posthoc test. Statistical
significance was set at p <0.05. All statistical analysis was
performed using GraphPad Prism Software (Graphpad Prism
Software Inc., San Diego, CA).

RESULTS

Osteochondral Grafts

Punched out osteochondral grafts for tribological tests
had a symmetrical flat surface in almost every sample
used for the experiments (Figure 4a). Asymmetric grafts
(Figure 4b), which were not possible to circumvent, were

e
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(a) Initial image of cartilage surface; (b) surface after cropping to center location; (c¢) leveled surface image; (d) form
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(b)

(a)

Figure 4. (a) Example for a used osteochondral graft for testing
showing a symmetrical flat surface; (b) asymetric graft used for
control (Day 0) and untested groups.

used for control (Day 0) and the untested group as the
flatness is not a critical factor as for the ones used within
the tribological test system.

Metabolic Activity of the Cells

The metabolic activity of chondrocytes in osteochondral
grafts showed a constant value on Day 0 (dotted line)
within all animals (Figure 5), but on Day 10 the
metabolic activity exhibited a significant difference
(p <0.05) between untested osteochondral grafts and
the two test groups (aligned, p =0.0148 and 90°-rotated,
p=0.0076). Comparisons for metabolic activity between
tested osteochondral grafts in aligned versus 90°-
rotated orientation indicated no significant differences
(p >0.9999). Nevertheless, in both groups, the absorp-
tion per gram of tissue was on a much lower level
compared to Day 0 or on Day 10 in the untested group.

Expression of Anabolic and Catabolic Cartilage-Specific
Genes
For the analysis of gene expression, specific bovine
primers were designed and tested successfully regard-
ing optimal temperature values for primer annealing.
After 10 days, the anabolic marker COL2A1 of the
untested group decreased by fourfolds from Day 0
after harvesting of the osteochondral grafts.

In comparison, the results of the tested osteo-
chondral grafts were significantly higher (aligned,
p=0.0030 and 90°-rotated, p=0.0027) than the
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Figure 5. Metabolic activity of osteochondral grafts in untested
and tested (aligned, 90°-rotated) conditions after 10 days of
incubation with a comparison to day 0 (dotted line).

untested group on day 10 but showed no differences
(p =0.9314) concerning aligned or 90°-rotated orien-
tation of the grafts during testing (Figure 6a).
ACAN, another anabolic marker for gene expression,
did not show this dramatic reduction from Day 0 to
10 in the untested group compared to COL2A1, but
also had a slightly higher (aligned, p =0.4807)) and
significant difference (90°-rotated, p =0.0274) value.
Between the two tested groups within the tribologi-
cal test system, no significant difference (p =0.1615)
was shown (Figure 6b).

However, osteochondral grafts which were tested in
a 90°-rotated orientation had a slightly higher expres-
sion for the gene ACAN. In Figure 7, the catabolic
genes MMP1 and MMP13, both of which are essential
in the breakdown of interstitial collagens; for example,
types I, II, and III were less expressed on day 10 in
the untested group compared to Day 0. MMP1 gene
expression increased significantly (p =0.0104) between
untested and 90°-rotated grafts (Figure 7a) and
showed no significance between untested and aligned
(p=0.1206) or aligned and 90°-rotated (p=0.2319)
groups. MMP13 showed a significant difference in
both aligned and 90°-rotated osteochondral grafts
(aligned, p=0.0070 and 90°-rotated, p =0.0205) com-
pared to the untested group, but no significance
(p =0.1520) within the tested groups (Figure 7b).

ACAN/GAPDH
2
i
i

untested aligned 90°-rotated

Figure 6. Gene expression of anabolic cartilage-specific genes. (a) COL2A1; and (b) ACAN expression in untested and tested
osteochondral grafts after 10 days of incubation. In both graphs, Day 0 is shown as a dotted line.
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Figure 7. Gene expression of catabolic cartilage-specific genes. (a) MMP1 and (b) MMP13 expression in untested and tested
osteochondral grafts after 10 days of incubation. In both graphs, Day 0 is shown as a dotted line.

Histology

For histological analysis, Safranin O staining was
performed as shown in Figure 8. As an additional
statement to microscope images of the surface, the
histological evaluation was also used to find any differ-
ences (e.g., cracks or fissures) between the aligned and
90°-rotated osteochondral grafts.

Images of the untested control tissue sections
stained with Safranin O revealed different strengths
in the intensity of the staining for grafts from different
points of withdrawal of the used medial cartilage. This
was also shown in the osteochondral grafts tested in
the tribological test system. So, no inference concern-
ing proteoglycan content between the untested,
aligned, and 90°-rotated group was detected.

Microscope Images

Before tribological tests, the microscopic images of the
surfaces of the aligned and the 90°-rotated groups
showed no cracks or fissures, but height differences in
the starting material could be visualized by the used
method (Figure 9). In these samples, there was a
deviation of up to 100 microns. However, this was not
included in our observations, because we focused more
on cracks and fissures on the surface. which were
achieved from the applied strain under physiological
conditions (3.57MPa). Our results demonstrate that
from the specified applied strain, cracks and fissures
occurred but no differences in depletion of the proteo-
glycan content between loaded (alighed and 90°-
rotated) and untested grafts were seen. The severity of
these damages ranges from deep trenches (more than

aligned

untested

200 wm deep) to small superficial cracks (up to 50 pm).
Also, there were osteochondral grafts that did not
show any damage in aligned and 90°-rotated orienta-
tion. This finding makes it impossible to define a
difference in cartilage surface area concerning aligned
and 90°-rotated osteochondral grafts tested in the
tribological test system.

Coefficient of Friction (COF) and Relative Displacement
During tribological tests, COF values in aligned osteo-
chondral grafts varied between 0.012 and 0.016 during
each test cycle (Figure 10). In comparison, 90°-rotated
grafts showed similar results at the end of each cycle
with no significant difference (p =0.2232). The range
was from 0.012 to 0.018 (Figure 11). Also, increasing
relative displacement between the top and bottom
holders, during the 10-min stimulation phase, was
observed in both test groups. The values in aligned
orientated osteochondral grafts were around 900 pm
(Figure 10) and so much lower than in 90°-rotated
grafts, where the values reached up to 1300 pm
(Figure 11).

sGAG in the Supernatant After Testing

In the aligned and the 90°-rotated osteochondral
grafts, the test fluids (PBS) after tribological tests
were collected and measured for their content of
released or abraded sulfated glycosaminoglycans.
There was no significant effect in sGAG content
between the orientations of osteochondral grafts in our
test setup as both groups in Figure 12 showed similar
values in the fluid after tribological tests.

90°-rotated

Figure 8. Sections of cartilage tissue from untested and tested (aligned, 90°-rotated) osteochondral grafts on Day 10 stained with

Safranin O; scale bar 250 pm.
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Figure 9. Output of 3D microscope representing major changes on the surface structure following tribological tests for aligned and

QO%ated samples.

DISCUSSION

The objective of the current study was to investigate
possible differences between aligned and 90°-rotated
bovine osteochondral grafts in an established carti-
lage-on-cartilage (COC) biotribological test system.
Bovine osteochondral grafts from the medial femoral
condyle were investigated due to experimental repro-
ducibility and availability. We could demonstrate
that both aligned and 90°-rotated grafts showed
higher expression of anabolic makers and decreased
metabolic activity compared to controls. There were
no differences between the two treatment groups for
the coefficient of friction, proteoglycan content, and
sulfated glycosaminoglycan (sGAG) release in the
test fluid. Our results suggest that the orientation of
osteochondral grafts regarding rotation relative to
the joint axis might not have an impact on cartilage
wear and metabolic outcome measures. While align-
ment of the graft and proper restoration of the
articular surface have been shown to be crucial
during autologous osteochondral transplantation, our
findings indicate that there are no differences in the

osteochondral graft orientation in the used ex vivo
tissue model.

The use of a COC biotribological test system has
been used as it more closely reflects physiological
conditions compared to other counterpart materials
like metal or glass. Similarly, metal-on-cartilage test
systems led to an increase in apoptotic chondrocytes
compared to the COC test systems. However, these
differences can occur due to different loading magni-
tudes and loading rates, which in turn result in
differences between structural damage of the articular
cartilage.'® To ensure stable contact between cartilage
surfaces, a normal pressure of 180 N exerting a
pressure of 3.57MPa on the cartilage surface of the
osteochondral grafts was deployed in our experimental
setup. Consequently, the tribological test system is
very similar to the pressure measurements of the
tibial-femoral compartment of a human knee joint
under normal body pressure.'®

Additionally, during the testing period of 2hours,
the coefficient of friction (COF) and relative displace-
ment was also recorded as indicators of mechanical

Increasing COF during one loading cycle
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Figure 10. Coefficient of friction and relative
displacement values versus time for aligned sam-
ples.
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stress. In healthy synovial joints, the COF values are
approximately around 0.005.2° This low value could
not be reached during the tests in our biotribological
test system, as PBS was used instead of synovial fluid
as a cartilage-surrounding fluid. The COF values
during the tests varied between 0.012 and 0.018,
whereas the aligned grafts reported slightly lower
values. The increase from 0.012 to 0.016 (aligned) or
0.018 (90°-rotated) during a test cycle could occur from
abnormal loading conditions that lead to extensive
creep and exudation of the tissue. Here, increasing
relative displacement values from 900m to 1300 pm
during the loading cycle may hint at the conformity of
cartilage.

For the harvesting of osteochondral grafts, different
methods being used in clinics were available. In our
study, however, we used single-Use OATS as it is the
most common harvesting device. Besides, it was shown
that cell viability around the edges of osteochondral
grafts is best conserved by this method compared to
the other punching or rotating techniques.! Before and
after the tribological tests, microscopic images were
taken and additionally processed to obtain a 3D
topographical image of the cartilage surface. Various
areas on the cartilage surface showed ruptures which
had a depth of up to 200 um in both tested groups. The
shape of the ruptures and the formation of surface
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Figure 12. Release of sulfated glycosaminoglycans into the test
fluid by osteochondral grafts after tribological tests on Day 10.
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COF (-)

Figure 11. Coefficient of friction and relative
displacement values versus time for 90°-rotated
samples.

fissures show similar properties to those reported by
other studies.?*> Concerning the evaluation of the
cartilage surface, histology was additionally used to
show modifications of the surface and the proteoglycan
content of the cartilage itself. Tested osteochondral
grafts were compared with a control group after a total
incubation time of 10 days. Differences between the
groups could not be assessed, as also indicated by
Tekari et al.,, as over the whole cartilage surface
proteoglycan content, but not gene expression pat-
terns, were varying.?® After harvesting osteochondral
grafts, the locations within the donor site were num-
bered on taken pictures to always use grafts from
more or less the exact location in all the animals used.
This repetitive process was not always possible as cuts
and osteochondral defects occurred on the donor site
and grafts had to be taken out from different areas on
the medial condyle.

The release of sulfated glycosaminoglycans (sGAGs)
into the culture medium in organ cultures with full-
depth articular cartilage is used to detect or quantify
tissue degradation.®'* In our study, the release of the
sGAGs was used as a parameter to determine the
breakdown of the cartilage concerning different orien-
tations of the OC grafts. Since the measurements of
the sGAGs for aligned and 90°-rotated grafts reached
nearly identical levels, it was not possible to make any
statements regarding differences in the release of the
two test conditions. However, since damages in the
form of cracks and fissures occurred under both
conditions, the result was not unexpected. Another
possibility that could have influenced the sGAG value
is the washing out of proteoglycans from the periph-
eral areas of the extracellular matrix as a result of the
missing lateral constraint as well as the disruption of
non-covalent interactions between aggrecan and long
chains of hyaluronic acid molecules in cartilage.®

Besides the analysis of tissue parameters, the
chondrocytes within the cartilage were also consid-
ered. As the mitochondrial activity of chondrocytes
within osteochondral grafts decreases after harvesting
procedure and stabilizes after approximately 6 days,®
the grafts were first incubated in culture medium for
7 days to ensure stabilized mitochondrial activity,
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before tribological tests were performed. After these
tests, both groups (aligned and 90°-rotated) showed
the same level of activity, which is much lower
compared to the untested group. This phenomenon
could be the result of testing itself, as chondrocytes
were possibly detached from the superficial layer®*
due to applied surface strain and hence a reduced cell
count occurs in the cartilage tissue. Also, it could be
possible that cells reduce metabolic activity in favor of
performing more synthesis of, for example, collagen 2
or aggrecan. The latter case seems sensible, primarily
because gene expression of collagen 2 in tested osteo-
chondral grafts significantly increased. Aggrecan tends
to increase in aligned grafts, but only the comparison
between the untested group and 90°-rotated grafts is
significant. However, no significant difference between
the two test groups is noted. Additionally, to the two
cartilage-specific genes collagen 2 and aggrecan, the
matrix metalloproteinases MMP1 and MMP13 were
analyzed for their gene expression. The significant
increase in both genes could be due to inflammatory
processes or tissue remodeling. As no inflammation
mediators were used or introduced in this model, it is
apparent that tissue remodeling initiated due to
mechanical stress is happening.2425

However, there are several limitations in this experi-
mental setup. First, it must be considered that ex vivo
culture often limits oxygen and nutrient supply, usually
occurring under physiological conditions. Second, osteo-
chondral grafts were harvested from 18 to 24-month-
old animals. At this age, cattle are considered young
but are expected to reach skeletal maturity.?® Anyway,
no direct link to mature human tissue concerning
biological and biomechanical properties can be done.

Furthermore, our model only shows short-term
effects on cartilage tissue and does not include other
components of a joint. Influences of synovium, synovial
fluid, meniscus, or subchondral bone are not consid-
ered. As the last point, the analysis of sGAG in the
test medium is an important marker of wear and is
associated with histology and metabolism.

Nevertheless, other clinically relevant markers
such as Hydroxyproline (HYP) or cartilage oligomeric
matrix protein (COMP) could be investigated. In
particular, COMP is sensitive to mechanical stress,
while HYP is used to detect collagen fragments as a
structural marker of injury.?” Overall, it has to be
considered that all these experiments were performed
ex vivo. The levels of different parameters analyzed
could look different in vivo.

The alignment of osteochondral grafts in a carti-
lage-on-cartilage biotribological test system has not
been studied extensively yet. Only a simulation study
on osteochondral grafting was done, which showed
effects between differently aligned osteochondral
grafts after removal from an unloaded area and
implantation in a loaded zone. However, this was only
shown in computer simulation models and not in
vivo.?® Therefore, our biotribological system could

ALIGNMENT EFFECT OF OSTEOCHONDRAL GRAFTS 591

provide further insights, as biological samples are
used, and the system uses pressure loads similar to
those in the human knee joint. Nevertheless, no
definite tendency or effect was found in molecular
biological and biomechanical parameters with the used
methods, so we can conclude that no differences could
be shown in this ex vivo tissue model.
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