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ABSTRACT

Osteoarthritis is an incurable disease, which deteriorates the lubrication of the
joints, resulting in pain and progressive loss of mobility. A tribological intervention

mechanism was established in this thesis to address osteoarthritis development.

The effect of patients’ physical characteristics on the lubrication properties was
established from the analysis of osteoarthritic synovial fluid samples. Age above 60
years and Body Mass Index above 30 (obesity) were identified as the dominant risk
factors resulting in the degeneration of synovial fluid, and thus, the development of
osteoarthritis. Synovial fluid’s viscosity decreased by 58% with age and 38% with BMI,
while the shear-thinning index increased by 40% and 7%, respectively. The adhesion
energy, which is positively correlated to the coefficient of friction, increased by 172%

with age and 234% with Body Mass Index.

Nanoparticle-based formulations were evaluated to remedy the poor lubrication
of osteoarthritic joints. The proposed formulations could be delivered to the
pathological joints via intra-articular injection, the most effective treatment at the early
stages of osteoarthritis. Nevertheless, the current supplements used in intra-articular
injection therapy are unable to provide lubrication improvement under low velocities

because they are squeezed out of the joints.

Commercially available silica and latex nanoparticles were used to prove the
principle that nanoparticles can improve the tribological performance when used on
contact surfaces simulating the natural and artificial joint’s contacts. Silica and latex

nanoparticles reduced the coefficient of friction by 50.8% and 36.8%, respectively. The



maximum reduction in the coefficient of friction is attributed to its surface polishing by
the nanoparticles and was achieved on the rough silicone elastomer. A steel ball-
silicone elastomer substrate configuration was used for further testing to replicate the
bone-cartilage contact at the beginning of the osteoarthritis when the cartilage is

partially removed.

The optimised formulation consisted of 0.5 % w/v biocompatible polymer
nanoparticles made of Polymethylmethacrylate, Polycaprolactone, or Polylactic acid
dispersed into a 0.1% w/v Hyaluronic acid solution with 0.5% w/v Sodium Dodecyl
Sulfate. Nanoparticles reduced the coefficient of friction, owing to the polishing effect.
The Hyaluronic acid restored its physiological concentration in the osteoarthritic
synovial fluid. Sodium Dodecyl Sulfate enhanced the stability of the formulation by
electrostatic interactions. All three biocompatible nanoparticles reduced the coefficient
of friction at low velocities. Maximum reduction of the coefficient of friction was
achieved at high adsorption of nanoparticles, high Zeta Potential and nanoparticles
with low Young's modulus. As a next step, the biocompatible nanoparticles were
loaded with a model drug (Celecoxib). The drug-loaded nanoparticle formulations
reduced the coefficient of friction of the human articular cartilage by 32%, prolonged
the release of the drug up to 9 days, and demonstrated excellent biocompatibility, with
82-86% viability to synovial chondrocytes, highlighting their potential use as intra-

articular supplements to treat early osteoarthritis.
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1. INTRODUCTION

1.1 Motivation

Osteoarthritis (OA) is a pathological condition causing progressively
degeneration in the joints, and leading to severe pain and diminished mobility. As OA
progresses, articular cartilage (AC) loses its lubrication capacity and synovial fluid (SF)
its viscoelasticity. In fact, a significant cause of pain in OA stems from the elevated

Coefficient of Friction (CoF) between the articulating surfaces.

OA is a widespread disease with more than 500 million patients worldwide [1].
The cases of OA are anticipated to rise in the following years due to the sedentary
lifestyle and the ageing population [1, 2]. Despite its prevalence and severity, there is
no diagnostic method for OA at its early stages. Detecting the morphological changes
in the joints indicating the presence of OA is only possible via Magnetic Resonance
Imaging (MRI). However, even MRI cannot detect alterations in the early OA, which
are visible only in molecular resolution [3-6]. As a result, the disease has progressed

significantly at the time of the diagnosis, and the degeneration cannot be reversed.

Current therapies for OA are not effective enough to treat the damage of the
joints entirely or decelerate their degeneration. At the beginning of the disease,
patients follow a pharmacological treatment focused on pain relief, but it is not always
effective. When pharmacological treatment fails, intra-articular injection (IAl) of
therapeutic formulations in the diseased joints is utilised. Currently, 1Al therapy is the
most effective treatment at the early OA. Although it restores the viscoelasticity of SF,

it cannot protect joints from CoF increase, especially during high-frequency activities



when the formulations squeeze out from the joint cavity and the articulating surfaces
come in direct contact. Another drawback is that Al therapy offers only temporary pain
relief because the formulations diffuse quickly from the joints [7]. Arthroplasty is the
only solution but is applied only when the disease has progressed to its latest stages,
and pharmacological/lAl treatments fail. This procedure involves a surgical
intervention during which artificial implants replace the whole joint or a part of it. Even
though arthroplasty is the most effective solution at the last stage of OA, it has a limited

lifespan of 15 years maximum [8].

Nanoparticles (NPs) incorporated into 1Al formulations could act as alternative
lubricant additives and improve the tribological performance of the osteoarthritic joints.
Particulates of sub-micron size have demonstrated outstanding potential in reducing
the CoF and wear of various systems like synthetic engine oils (e.g. poly-alpha-olefin)
[9, 10], biolubricants (e.g. coconut oil, Pongamia oil) [11], and water-based lubricants
for ceramics [12, 13]. Unlike classic therapeutic compounds, which diffuse away, NPs’
small size could enable them to adsorb on the rough AC surfaces and offer prolonged
lubrication characteristics. NPs could also improve the IAl therapy for OA in other
ways. Instead of being injected directly into the joints, the drugs can be loaded on them
and acquire a prolonged and controlled release [14]. Furthermore, the material of
which NPs are made could also carry therapeutic properties for the joints. For example,
sodium hyaluronate NPs have the additional advantage of restoring the viscoelasticity

of the SF [15].

OA is a complex disease with unclear aetiology. Multiple factors, including age,

obesity, gender, metabolism, previous traumatic incidents, and occupation, induce



joints deterioration [16]. The complexity of the disease, in combination with the lack of
effective treatments and joints’ self-repair capacity, highlight the need for further
research and development in that field. The more is learnt about joint’s tribology and
its relationship with the pathophysiology of OA, the better the possibilities are for the
development of effective treatments capable of stopping and reversing the progression
of OA [3]. Simultaneously, non-invasive diagnostic tools for detecting OA at its early
stages must be developed to prevent further development of OA or decelerate its
progression. Changes occurring in osteoarthritic joints’ mechanical properties or
composition at the early stages of OA could serve as biomarkers. One example is the

increase of protein biomarkers in joints at the early OA [17].

1.2 Aim and objectives of the project

This project aims to develop a physical intervention mechanism to mitigate the
development of OA at its early stages by controlling the tribological characteristics of
articulating joints. The first aim is to understand the requirements for the new treatment
by expanding the current knowledge regarding the impact of OA on the joints'
lubrication properties. The hypothesis is that OA acts differently on patients with
different physical and anatomical characteristics, and identifying that will assist in
establishing targeted treatments based on individual characteristics. The primary
requirement for the new intervention mechanism is to treat the elevated CoF in the
osteoarthritic joints, which is a major source of pain. To that end, an 1Al formulation
capable of restoring the viscoelasticity of SF and improving the lubrication performance
of osteoarthritic joints needs to be developed. NPs will be the main ingredients of the

formulation because it is hypothesised that they act as lubricant additives for the joints.



NPs are also used as drug delivery carriers and are expected to prolong the retention
time of the therapeutic agent in the joints to increase its effectiveness, which is a

secondary aim for the treatment.

The individual objectives are outlined below:

. Examine the impact of OA on the lubrication properties of the SF via rheological
and surface interaction characterisation.

o Evaluate the impact of patients’ physical characteristics on the lubrication
properties of the SF and establish their range for each patient group.

o Identify the effect of surface materials replicating joint contacts on the lubrication
performance (CoF, viscosity) of the NPs formulations.

o Evaluate the effect of NPs type, NPs concentration and solvent’s viscosity on
the lubrication performance of the NPs formulations.

o Develop a stable NPs formulation capable of providing the desired lubrication
properties (CoF, viscosity) to the osteoarthritic joint.

. Evaluate the lubrication performance of formulations with blank and drug-loaded
NPs on human osteoarthritic AC.

. Test the in vitro cytotoxicity and drug release of the developed drug-loaded NPs
formulation to evaluate its biocompatibility and its capacity to prolong the

retention time of drugs.

1.3 Thesis layout

° Chapter 1 - Introduction. This chapter includes the motivation, the aim, and the

objectives of the project. Moreover, it comprises a literature review on the



tribology, NPs as friction modifiers, and the mechanical properties of the
osteoarthritic joints. Focus is given on the IAl treatment for OA, in line with recent

studies reporting potential I1Al formulations for improved joints’ lubrication.

e Chapter 2 - Methodology. This chapter outlines the working principle of the main
techniques employed in this project. Those are Atomic Force Microscopy
(AFM), Dynamic Light scattering, steady-state shear rheometry, CoF
measurements, and Tribology. It also reviews previous studies, which employed
those techniques to study the mechanical properties of the joints and
characterise NPs formulations.

e Chapter 3 - Investigation of rheological and surface properties of osteoarthritic
synovial fluids. This experimental chapter examines the rheological (viscosity,
shear-thinning index) and surface properties (adhesion energy) of osteoarthritic
SF samples. The results are grouped based on the patients’ characteristics
(age, gender, BMI, fat level, W: H, joint type), and correlations are identified.

e Chapter 4 - Nanoparticles as friction modifiers for osteoarthritic joints. This
experimental chapter investigates the capacity of NPs formulations to improve
the lubrication performance of surfaces simulating the natural and artificial
joints. The impact of the NPs characteristics (size, Young’s modulus, hardness),
substrates’ mechanical properties (surface roughness, Young's modulus), and
solvents viscosity on the CoF are investigated.

e Chapter 5 - Nanoparticle formulation for intra-articular treatment of osteoarthritic
joints. In this chapter, a potential IAl formulation is developed to treat the joints
in early OA. A combination of polymer NPs, surface-active species and

(Hyaluronic acid) HA is used to achieve the maximum CoF reduction between



substrates mimicking the bone-AC contact. The effect of each component on
the CoF is evaluated using tribology, rheology, Dynamic light scattering (DLS)
and AFM.

° Chapter 6 - Dual functional formulation for intra-articular treatment in early
osteoarthritis. This chapter examines the efficacy of a drug-loaded NPs
formulation as an IAl analgesic for patients in early OA. Its lubrication
performance was tested in vitro in natural human osteoarthritic AC samples and
its viability on synovial chondrocytes.

° Chapter 7 - Conclusions & future work. This chapter brings together all the
findings of the project and discusses the outcome of those. In addition, it refers
to the applicability of the findings to the industry and provides suggestions for

future work.

Data from chapter 3 have been presented as follows:

Simou K., Jones S., Davis E., Preece J., Zhang Z “Nanomechanics of synovial fluids
towards the treatment of osteoarthritis”. Poster presentation at World Congress of

Biomechanics, Dublin, 2018.

Chapters 3-6 will be published in peer-reviewed journals under the titles given in this

thesis.



1.4 Literature review

1.4.1 Introduction to tribology

Tribology is a multidisciplinary field relating to the science and engineering of
interacting surfaces in relative motion. Tribology studies the main principles of friction,
wear, and lubrication and investigates its applications [18]. Tribology finds application
in manufacturing [19], machine elements [20], energy consumption [21], automotive
[22], aerospace [23], and even biology (e.g. synovial joints, skin) [24-26]. Friction is the
force that causes resistance to the relative motion and demonstrates the kinetic energy
dissipated during that movement [27]. Wear is the damage of solid surfaces due to
their relative motion resulting in material loss [27]. Adhesion is a type of wear that
happens when two moving surfaces stick together and then immediately separate [28].
The adhesion force scales proportionally with friction in most cases [29]. In this thesis,
adhesion has been used as a measure of the degeneration of the osteoarthritic joints.
Lubrication minimises the coefficient of friction (CoF) and wear between contacting

surfaces by separating them using lubricants [30].

Friction is the most commonly used property for tribological characterisation of
any moving system and is extensively examined in this thesis. The friction force F (N)
is present in any moving system and is analogical to the vertically applied normal force

W (N) based on the First Law of Friction:

F=uWw (1.1)

where u is the CoF [27]. CoF is evaluated by the friction force: normal force ratio

between two interactive materials [26]. The second law of friction claims that the friction



force is irrespective of the nominal area of contact [27]. In general, CoF is affected by
the temperature of the system, the loading magnitude, the speed of the interactive
surfaces, the type of surfaces’ movement (sliding/rolling mechanism), the contact
geometry, the lubricants concentration, the lubricants viscosity, the materials’
mechanical properties (surface roughness, Young's modulus) and chemical
interactions [28, 30-32]. Surface roughness, R, is a measure of surface texture that

relates to surface geometries and indicates surface degradation [33, 34].

1.4.1.1 Working principle of sliding tribometer

A sliding tribometer measures the tribological performance of two surfaces in a
relative and controlled motion. The friction force measured with a sliding tribometer is
derived from the reciprocation between two surfaces, and it is used to calculate the
CoF and material's wear [35]. Some applications of a tribometer include the
development and evaluation of bearing materials, lubricants, coatings, and the

investigation of the origin of friction and its interplay with wear [36].

The basic setup of a sliding tribometer includes two rubbing surfaces, one
stationary and the other one moving relative to the other. The surfaces are usually a
disc and ball or pin made of materials with mechanical properties similar to contacting
surfaces of the real-life scenario the tribometer simulates. A lubricant is loaded on the
disc, and a known normal force is applied from the pin/ ball [35]. The normal force is
derived from a dead weight attached to the pin/ball [35]. The measured friction force is
derived from the reciprocating between the rubbing surfaces [35]. The velocity drives
the sliding motion of the pin/ball and the disc [18]. Dynamic friction can also be studied

in the existence of servo-controllers [37]. Some tribometers enable the accurate control



of temperature and humidity in addition to the above. It has to be mentioned that the
application of representative parameters can simulate almost any real tribological

scenario and enable its study.
1.4.1.2 Lubrication regimes

The Stribeck curve is a concept commonly used to identify the lubrication mode
followed in moving systems. More specifically, it describes the CoF behaviour against
the operating conditions usually the entrainment speed or the Hersey number. The

dimensionless Hersey number (He) is defined as

U
He = — (12)
w

where n is lubricant’s viscosity (Pa s), U is the entrainment speed (m s‘1), and W is the
normal load per length of the bearing (N m™). The lubrication modes and resulting CoF
relate to parameters affecting the film thickness (h) formation (e.g. lubricant’s viscosity)
and the operating parameters (e.g. speed, normal load) [38]. Hersey number is used
in the Stribeck curve instead of the film thickness because of its higher magnitude [38].

Figure 1.1 is a schematic diagram of the Stribeck curve.
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Figure 1.1: Schematic diagram of the coefficient of friction against Hersey number,
known as Stribeck curve.

Most moving systems follow the four main lubrication modes described by the
Stribeck curve: boundary, hydrodynamic, mixed, and elastohydrodynamic. The
boundary regime appears under low sliding speeds or repeated loading and is
characterised by significant wear and energy losses [28]. In the boundary lubrication,
the asperities of the opposing surfaces are in direct proximity because, at low
velocities, the lubricant is neither entrained (h < 70 nm) nor has the required pressure
to keep the surfaces apart; as a result, the CoF is high [30]. On the contrary, under
high sliding speed and low loading, the opposing surfaces are entirely separated
thanks to the high viscosity of the lubricant and the high speed (h > 1 ym), and the
hydrodynamic lubrication dominates [30]. The CoF is generally low and is affected by
the lubricant’s viscosity and microstructure. The wear in that regime is low, but there
is fatigue because of the viscous dragging forces (cycling stresses) [28]. The
elastohydrodynamic lubrication is found within the hydrodynamic regime and occurs
on soft surfaces in rolling motion under high pressure [28]. In the elastohydrodynamic

regime, the surfaces withstand elastic deformation owing to elevated hydrodynamic
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pressure but are still separated (10 nm < h < 70 nm) [30]. The final region is the
transitional regime between the boundary and the hydrodynamic, called mixed
lubrication. As the speed increases when moving away from boundary lubrication,
lubricant entrainment increases and the opposing surfaces separate. Although in the
mixed lubrication regime, the CoF varies with the entrainment of the lubricant (70 nm
< h <1um), it is lower than the boundary and higher than the hydrodynamic regime at
every point [30]. In the elastohydrodynamic/mixed regime, the thickness of the tribofilm

is 1-3 times higher than the surface roughness [39].

1.4.2 Lubricants and lubricant additives

Lubricants improve the performance of machinery (reduced maintenance,
downtime), reduce the operational cost (reduced fuel, prolonged lifetime), and
minimise the impact on the environment (reduced emissions) [40]. Their primary
functions include controlling the CoF, and protecting the surfaces against dirt,

corrosion, overheating, and prolonging the lifetime of the moving elements [41].

The form of the lubricant is relevant to its application. In general, lubricants in
the form of gas are used when there is low contact pressure between the contact pair
[9]. Solid/semisolid lubricants are preferred under slow sliding speeds and high
temperatures [9]. Liquid lubricants dominate the lubricant market and are used under
high sliding speeds and loading conditions. Liquid lubricants also demonstrate the
additional capability of surface self-repair (e.g. wear improvement). Some commonly
used applications of liquid lubricants are in automotive, diesel engines, and marine

engines [40].
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Liquid lubricants consist of 80-95% base fluid and 5-20% lubricant additives
[41]. The base fluid is usually a mineral oil (e.g. solvent-refined, hydro-processed,
hydro-cracked), a synthetic oil (e.g. poly-alpha-olefin (PAQ)) or a bio lubricant (natural
triglycerides) [41]. Mineral oil is commonly used due to its low price, but it is not
environmentally friendly [28, 42]. Synthetic oils perform well under extreme
temperature conditions but they are also harmful to the environment [28, 42].
Biolubricants are made from plant oils, and apart from their exceptional lubrication

performance, they are environmentally friendly and biodegradable [28, 42].

Various parameters contribute to lubricant’s performance. Viscosity and density
of the base fluids are also critical to lubricant’s performance because they are positively
correlated with the thickness of the tribo-film [43]. High viscosity correlates to thick
tribofilm but low lubricant’s efficiency because of poor fuel atomisation. Lubricants
density also affects the thickness of the tribofilm but to a smaller extent. High viscosity
index is critical for a lubricant’s performance because it is associated to fewer changes

in viscosity with increasing temperature; an usual issue during machine operation [44].

Lubricant additives are compounds, enhancing the performance of base fluids
significantly in a cost-effective manner [41]. Their main functions include reducing the
CoF and wear of the system, preventing its seizure, prolonging the lifetime of the parts
in contact and the lifetime of the lubricant [41]. The additives could be in liquid or solid
form [41]. Lubricant additives could be friction modifiers, extreme pressure, or anti-
wear additives [45]. The friction modifiers create easily deformable and fragile
protective films, which prevent surface contact and abrasion (wear when a hard

surface pass over a soft surface causing material loss) [28]. The extreme pressure and
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anti-wear additives react with the contacting surfaces creating thick and robust
protective films, which offer load-carrying ability [42]. The friction modifiers provide a
CoF lower than the other two types of lubricant additives under boundary conditions
[46]. Typically, the lubricants are mostly efficient under boundary/mixed lubrication

regimes and less under hydrodynamic regimes [45].

1.4.2.2 Nanoparticles

NPs have been recently proposed as lubricant additives. NPs could be
categorised based on their composition, size, morphology, and uniformity. Figure 1.2
is a schematic illustration of NPs belonging to those four categories. There are
naturally occurring and synthetically made NPs [47]. The naturally occurring are mainly
composites (consist of more than one material), whereas a single material or
combination of materials could make the synthetic NPs [47]. According to their
dimension, NPs could be zero-dimensional (e.g. filaments, atomic clusters), one-
dimensional (e.g. nanotubes, nanowires), two-dimensional (e.g. nanosheets,
nanoribbons), and three-dimensional (e.g. nanocones, nanocoils) [47]. More
specifically, zero-dimensional are NPs with dimensions being smaller than 100 nm,
one-, two-, three-dimensional are NPs with one, two, three dimensions above 100 nm
[48]. NPs can be classified into low or high aspect ratios regarding their morphology
[47]. The low aspect ratio NPs could be further divided into spherical, cubical, oval,
colloids, prism-shaped, and pillar-like, whereas the high aspect ratio NPs into
nanosprings, nanostars, nanorods, nanohooks, nanoplates, and nanohelices [47].

Finally, NPs could be isometric or inhomogeneous and can be found either in
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dispersed aerosols or in the agglomerate phase; in the latter case, their behaviour is

affected by the size of the agglomerates [47, 48].
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Figure 1.2: Summary of NPs classification in terms of their dimension, morphology,
composition and uniformity. Adopted from [49].

Suspensions of solid NPs into base Ilubricants form the so-called
nanolubricants. Nanolubricants are synthesized either in one or two steps. On the latter
one, the initial step is the synthesis of the NPs in dry form and the second step is their
dispersion into the base oil [50]. In the nanolubricants the size of the nanoparticles
ranges from 1 to 100 nm and their concentration from 0.2 to 40% [40].

Nanomaterials were only used before as dry lubricants under extreme
temperature conditions [51]. However, NPs work as solid additives in liquid lubricants
as well [52, 53]. NPs based on metals (Fe, Cu, Co), metal oxides (CuO, TiO, ZnO,

Al,O3, Fe304, ZnAl;04), metal sulphides (MoS,, WS,, FeS, CuS), carbon (graphite,
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graphene, diamond), boron nitrides, polymers (poly(dodecyl methacrylate),
nanocomposites (Al,O3/ TiO,, TiO2/ SiO2) and rare earth compounds (CeVOq, LaF3)
are only a few of them exhibiting excellent tribological performance [9]. Especially,
diamond, copper, boron, tungsten and molybdenum disulphide NPs are materials used
already as commercial additives in oil lubricants for combustion engines (e.g. diesel,
petrol, gasoline for vehicles), industrial gears, bearings, and compressors [40].

NPs demonstrate numerous benefits compared to other additives. First of all,
they are not soluble in base oils allowing them to adsorb on the contacting surfaces
and change their tribological characteristics [54]. Their small size (nanometer size)
enables them to penetrate easily to any contact area [55]. They are time-efficient
because they do not require elevated temperatures to start working [55]. They do not
interact with other additives maintaining low antagonistic effects in the lubricant formula
[55]. They are non-volatile and can be utilised under extreme temperatures [54]. NPs
are also more environmentally friendly than the typical additives containing sulfur and
phosphorus (e.g. organo-zinc phosphate) [44]. Finally, NPs can be made with a variety
of materials and be suitable for every possible application. Nevertheless, one
challenge is the price of the NPs being roughly 10% higher than the price of petroleum-
based additives [44].

NPs are excellent lubricant additives; they are efficient in reducing the friction
and wear of materials in relative motion. Over the past two decades, NPs were used
as lubricant additives for oils, and numerous publications outline their improved
tribological performance [9, 10]. For example, the friction of the engine lubricant poly-
alpha-olefin with the addition of silica and titania NPs has been reduced up to 40%

[56], and similar data have been published for paraffin [9].
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Various lubrication mechanisms have been suggested so far for the NPs. The
four most prevalent are illustrated in Figure 1.3. Under specific conditions, like low
normal load and spherical NPs larger than the surface roughness, the NPs can roll
over the contact area and reduce the sliding friction by transforming a part of it into
rolling friction (Ball bearing/rolling effect) [9, 57]. NPs can deposit on the worn (because
of the friction) rubbing surfaces, compensate for the mass loss and form films that
protect the rubbing surfaces from penetrating the contact area (Mending effect) [9, 57].
Another mechanism suggests that protective films-tribofilms of NPs could be
generated from the by-products of the interactions (e.g. tribochemical reaction) of NPs
with the surfaces in contact (Protective film effect) [9, 57]. The last proposed lubrication
mechanism is the polishing/smoothing effect. In that case, NPs fill the valleys of a

rough surface, making it smooth and reduce its surface roughness [10].

Rolling Protective
effect film effect
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/ ) ‘
Mending Polishing
effect effect

Figure 1.3: Lubrication mechanisms of NPs grafted with amino group organic chains.
Adopted from [58].
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The performance of nanolubricants is governed by NPs physicochemical
properties, size, shape, and concentration [9]. Although the optimum concentration of
NPs depends significantly on the application, a concentration lower than 2% has been
found efficient in numerous cases [9]. When the concentration of NPs is less than the
critical, the NPs cannot form a consistent protective film and smoothen the surfaces
[59]. When the concentration of NPs is more than the critical, the contact area has
more NPs than those needed, resulting in aggregates formation, uneven NPs
distribution, and increased surface roughness [59]. NPs size should be smaller than
the surface roughness of the contact surfaces to achieve proper coverage and
lubrication [28]. The smaller the size, the better the dispersion stability of the
nanolubricant [60]. The shape of the NPs is associated with their lubrication action [28].
Spherical NPs follow the rolling lubrication mechanism [28]. Onion NPs have a
dispersion ability better than the spherical thanks to the absence of dangling bonds
(unsatisfied valence on an immobilised atom) [61].

Dispersion of NPs into the lubricants is a challenge [9]. Due to their elevated
surface energy and the attractive van der Waal interactions aggregation and
sedimentation occur significantly weakening the performance of the nanolubricant [55,
62]. Steric repulsion using functionalized polymers (e.g. hybrid nanoparticles),
electrostatic repulsion using surfactants, in situ synthesis are used to improve the
stability of the nanolubricants [55]. Moreover, magnetic stirring, ultrasonic agitation,
homogenization, high-shear mixing, and ball milling improve significantly
homogenization and dispersion stability [28]. Polymer grafting is a technique used to
control nanoparticles interactions and their dispersion’s stability in aqueous and non-

aqueous lubricants.
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1.4.3 Diarhrodial joints

Diarhrodial joints are complex systems located in many parts of the body, where
two bones come together. Figure 1.4 represents the main parts of a physiological knee
joint. The main components are the AC, the SF, and the subchondral bone. AC is a
soft, slippery, and deformable thin tissue, which cushions the ends of the bones in
diarthrodial joints [63, 64]. SF is the natural lubricant of the joint. It is a tissue fluid, a
derivative of blood serum located between articulating AC surfaces [26, 65]. The bony
parts of the joints covered by the AC are known as subchondral bones [66]. The
subchondral bone lays directly beneath the calcified AC and provides the joint with
mechanical support and part of its nutrition [66, 67]. This work is focused on the AC

and SF, which are further analysed below.

Articular cartilage (AC)
Subchondral bone

Synovial membrane

Figure 1.4: Schematic diagram of a healthy knee joint, in which the AC covers the
ends of the bones and the SF is viscous enough to separate them. Adopted from [68].

18



1.4.3.1 Articular cartilage

AC is a multiphasic material. It consists of a solid phase (fibrillar collagen
network, proteoglycans), a fluid phase (water), and an ion phase (ionic species of
dissolved electrolytes) [69]. Water is its main component, since it consists 65-80% w/w
of the AC [64, 70, 71]. Major components of the AC extracellular matrix apart from the
water, are a fibrillar collagen network composed of type Il collagen (10-20% w/w of
the AC), and proteoglycans (10-20% w/w of the AC) [64, 70]. Aggrecans consist 10%
w/w of AC and are considered the most important proteoglycans [64]. Other non-
collagenous proteins, glycoproteins, and ions of dissolved electrolytes (Na*, Ca?*, CI’)
are also present in small concentration [64, 70, 71]. Last but not least, chondrocytes,
AC’s cells, are 1-5% w/w [64, 70, 71]. Chondrocytes undertake the production, the
preservation, “the turnover” of the extracellular matrix (ECM) constituents, and

contribute to the movement of the joint [64].

The biomechanical characteristics of AC are ascribed to the ECM components
and the AC structure. AC is composed of the superficial, middle, deep and calcified
zone [64]. The superficial zone withstands the shearing load and inhibits adhesion [72].
In the middle zone the orientation of the collagen fibres change. The deep zone
withstands the compressive load. and the calcified zone joins the AC to the bone and
imparts its properties [73]. Moreover, the proteoglycan macromolecules (mainly the
aggrecan) and the fibrillar collagen network provide the AC its load-bearing capability
[3, 64]. On the contrary, chondrocytes low stiffness indicates that they have no impact

on AC mechanical properties [52, 64].
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AC provides low-CoF and wear-resistant properties to the joints [63, 64]. The
exceptional lubrication AC offers is attributed to its ability to equally distribute the
applied load [63, 64]. even under extreme conditions like complete shifts in the moving
direction [36]. AC is a load-bearing material allowing the diarthrodial joints to sustain
various types of movement (sliding, gliding, rotation) as well as compressive and shear
stresses with minimal CoF and wear [63, 64, 69]. More specifically, during movements,
AC is able to withstand 2.5-5 times the human body weight [73], compressive pressure
up to 20 MPa, and compressive strain up to 40% [64, 74]. For example, tibiofemoral
AC, one of the most commonly damaged articulations found in the knee, withstands
compression amplitude up to 20% and sliding velocity up to 100 mm s’ during normal

activities [26].

Despite its unique mechanical properties, AC exhibits a limited capability of self-
healing and repair because it has limited blood vessels, limited lymphatics nerves,
poor replicative capacity of chondrocytes and consequently, it takes much longer than

other tissues to be repaired [75].
1.4.3.2 Synovial fluid

SF is an aqueous-based mixture of surface-active macromolecules including
proteins (albumins and globulins), glycoproteins (e.g. lubricin), phospholipids and HA
[76]. HA, y-globulin, Human Serum Albumin (HSA) and lubricin are the major SF
constituents [31]. SF is vital in lubricating the sliding articulating interfaces and the
other tissues in joints during loading. SF lubrication is attributed to the hydrodynamic
lubrication mechanism, and the boundary lubrication mechanism via the adsorption of

its constituents on AC surfaces [76]. Except for the lubrication, SF affects AC
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mechanical function. For example, it provides AC with compressive resilience through
the negative electrostatic repulsion forces that generate with proteoglycan aggregates
[77]. Furthermore, depending on its protein concentration and its pH, it could prevent
corrosion in the case of metallic implants [78]. In addition to the lubrication, SF
transports nutritional substances as glucose to the AC [77]. SF function is so critical

that even small alterations on its structure could lead to arthritis [26, 65].

1.4.4 Mechanical properties of joints

1.4.4.1 Lubrication regimes of joints

The properties of the contact surfaces in every tribosystem, including the
diarthrodial joints, affect its lubrication properties [32]. However, those are not the only
factors. The surrounding medium and the interactions occurring on it influence joints
friction and wear [32]. The diarthrodial joints undergo a combination of lubrication
modes, attributed to the lubricating properties of SF (hydrodynamic lubrication), the
lubricating properties of the articular surfaces (boundary lubrication), and a

combination of those (mixed lubrication) [35, 79].

When the articulating surfaces start moving perpendicular to each other, the
viscosity of the SF creates pressure [80]. By pressurising the SF, the load is
transmitted across the supported bearing surfaces, minimising the load to be backed
up by them, preventing contact between them, and therefore, minimising the CoF and
wear [35, 81]. The SF pressure carries 90-99% of the load applied at the beginning of

the normal articulation [82]. This mechanism is called squeeze-film lubrication [80].
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During the early stages of motion, when no load is applied to the joint, the fluid
film /hydrodynamic lubrication is observed. A thick layer of SF separates the AC
surfaces completely [81]. In the presence of relative speed between the AC surfaces,
the hydrodynamic mechanism dominates. In that case, fluid forces are being generated
either because of the AC surfaces or of the SF inserting between them [35, 81]. In both
cases, the thickness of the SF film is approximately a micron and changes with the SF

viscosity, the applied load, and the topography of the articulating surfaces [29, 81].

During joint’'s compression, when the velocity starts to decrease and load to be
applied, the SF becomes thinner, reaches the edges of the articulating surfaces, and
then the elastohydrodynamic lubrication dominates [35]. During the
elastohydrodynamic lubrication, the porous articulating surfaces provide load support

undergoing elastic deformation and maintaining the SF in place [35].

Under prolonged periods of motion, thin and low viscous SF, low sliding speeds,
or increased contact load, the fluid film lubrication mechanism cannot separate the
load-bearing AC surfaces effectively. Consequently, the AC surfaces come in direct
contact, and the boundary lubrication dominates [29, 83]. The boundary lubricant
molecules of the SF (surface active phospholipids (SAPLSs), lubricin and HA) adsorbed
over the rubbing AC surfaces, reduce the shear strength preventing that way the AC
wear, and therefore, the premature joint degeneration [29, 83]. The existence and
concentration of proteins like lubricin, albumin, and globulin determine AC lubrication
[32, 84]. Moreover, it is thought that in conjunction with them, cytokines and proteases
offer excellent joint lubrication [32]. It is evident then that the boundary lubrication

mechanism is shaped by the chemical composition and the chemical interactions at
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the articulating surfaces, while other parameters like the speed are not so relevant [78].
It is believed that hydration lubrication happens in the joints under boundary lubrication
regime thanks to SF macromolecules [85]. Hydration lubrication occurs when water
molecules surround the surface of charged macromolecules [86]. The water trapped
in those layers sustains its fluidity and is not squeezing out under high load and shear
[86]. As such, hydration layers formed between sliding surfaces offer exceptional
lubrication properties and capability of withstanding high loads even though they are

very thin [86].

1.4.4.2 Mechanical properties of articular cartilage

The healthy articulating surfaces demonstrate excellent lubrication under
physiological conditions (CoF=0.001-0.03) [74, 87]. However, the lubrication of the
joints is being affected during articulation [26]. At the beginning of the motion, the CoF
is very low (<0.01) but increases with time [88, 89] because the SF is squeezed out
and the load is transferred to the articulating surfaces [88]. The support from the SF is
minimal under low-speed conditions when the fluid has been squeezed out [90].
Additionally, as the contact area increases, fluid pressurisation decreases, and the
CoF increases [90]. Apart from the above, it has been reported that the CoF and the
adhesion in load-bearing joints are lower than in non-load-bearing regions, possibly
due to the existence of higher concentrations of boundary lubricants like lubricin [91].

Last, the stiffness of the healthy AC increases with increasing depth [92, 93].
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1443 Rheology of synovial fluid

The viscoelasticity of the SF affects joint’s lubrication [65]. Although SF is an
excellent lubricant, viscosity reduction occurs under dynamic loading of diarthrodial
joints during physical activities [94]. The healthy SF is a viscous, stringy non-
Newtonian fluid, exhibiting shear-thinning behaviour and no temperature dependence
[26, 76]. The high viscosity of the SF is regulated by the HA and its aggregates with
proteins [95]. The non-Newtonian behaviour of SF is mainly attributed to the 1.5 nm
chain of the COO" group of HA [26]. The different protein and HA content, the varying
molecular weight of HA, and the different constituents found in the SF result in
significant variability in the rheological properties [95]. Furthermore, the SF behaves
different at low frequency activities like walking compared to high-frequency activities
like running [95]. At low frequencies, SF behaves as viscous (molecules through
rearrangements and disentanglements release stress), whereas at increasing strain
amplitudes at higher frequencies as an elastic and shock absorber (molecules behave
as temporary cross-linked networks) [96-99]. Indeed, it has been observed that at low
frequencies, the viscous modulus, G” is elevated compared to the elastic modulus, G’,

and their difference decreases as the cross-over is being approached [65].

1444 Articular cartilage boundary lubrication

The exceptionally low CoF developed in the joints is attributed to a synergy of
the ECM components. Figure 1.5 is a schematic representation of the boundary
lubrication on the AC surface. HA attaches to lubricin and creates complexes capable
of remaining at the AC surface under high loading and speed conditions and lubricating

it [100-102]. HA forms complexes with the saturated phosphatidylcholines (PCs) of the
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SF at the AC surface, creating a protective film capable of withstanding high pressures
and preventing CoF increase [103]. PCs expose their hydrophilic heads towards the
opposing AC surface providing hydration lubrication [103]. Below the contribution of

the individual components of AC and SF to joint boundary lubrication is described.
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Figure 1.5: Schematic representation of boundary lubrication on the AC. Collagen
network is represented with orange colour, lubricin with fuchsia, HA with grey and PCs
with green and blue. Adopted from [104].

Hyaluronic acid

HA (C2sH44N2023) is the dominant constituent of the SF, which exists in AC as
well. HA is the longest high molecular weight GAG consisting of numerous

disaccharide units of D-glucuronic acid-N-acetyl-D-glucosamine proteoglycans [63,
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76]. HA’s molecular weight ranges from 27 kDa to 10 MDa (Da=1 g mol'1) [105]. Figure

1.6 displays the chemical structure of the HA.

HA has a bottlebrush structure (polymeric sidechains attached to a linear
backbone), providing the SF with its typical viscosity and rheological behaviour [63,
76]. Shear viscosity increases with increasing HA molecular weight and concentration
[96, 98], but there are some discrepancies among papers about the exact proportion
[106]. The crossover angular frequency of HA decreases as the molecular weight
increases because of the faster transition from the viscous to the elastic regime [96,
98]. In general, at short deformation times, the increased molecular weight of HA leads

to lower viscosity, stiffness, and elastic response [96].

HA is also a load-bearing and anti-adhesion hydrophilic component, which
reduces the CoF and the wear of AC by hydration lubrication [74, 105]. Single HA is
not the component that provides AC with its remarkable low CoF because of its inability
to remain at its surface under high load and speed conditions [100-102]. However, the
HA combined with other biomolecules is a more efficient lubricant [100-102]. For
example, HA-aggrecan aggregates reduce the CoF thanks to the powerful bond of the

SF hydration sheath to the GAGs chains [107].

Figure 1.6: Chemical structure of HA. Adopted from [64].
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Lubricin

Lubricin (Proteoglycan 4 (PRG4) or Superficial Zone Protein (SZP)) is a
glycoprotein that can be found in the SF, the synovial lining of joint cavities, the
meniscus, the tendon, and the surface of the AC [64, 108]. Most lubricin is secreted
from the ECM tissue into the SF, where it has an average concentration of 200 yg ml
'[109]. A schematic representation of lubricin’s structure is displayed in Figure 1.7.
Lubricin bound with HA are significant in providing boundary lubrication to the joint and
preventing cell or protein adhesion [108, 109]. By inhibiting the collagen network
damage, it can protect the joint [64, 108]. Additionally, when the joint withstands
mechanical forces higher than the normal ones, lubricin synthesis is increased [32].
Tribological measurements on a broad spectrum of materials, have shown that the
presence of lubricin could effectively reduce the CoF between two sliding surfaces,
and not only between AC surfaces [110]. Lubricin’s ability to act as boundary lubricant
derives from its vast mucin-like regions, facilitating surface adsorption and
consequently lubricin film formation [64, 108]. Steric repulsion between adsorbed
lubricin films at the sliding interface is lubricin’s action mechanism in reducing CoF and

controlling AC frictional behaviour [109].
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Figure 1.7: Schematic representation of lubricin structure. Adopted from [111].

I-globulin

"-globulin or Immunoglobulin (CgH7N204-HGG) is a major protein constituent,
which can be found in the SF in the form of y-globulin complexes [112]. Figure 1.8
displays the chemical structure of y-globulin. I'-globulin decreases the CoF of the AC
in a concentration-dependent manner, thanks to its high adsorption on rubbing
surfaces and production of large cohesive forces [31]. The level of y-globulin in the SF
contributes to the increasing the film thickness in the boundary lubrication regime, and

therefore, enhancing the joint’s lubrication [78].
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Figure 1.8: Chemical structure of y-globulin. Adopted from [113].
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Human serum albumin

Human serum albumin (HSA) (C123H193N35037) is @ dominant protein in the SF,
with an approximate concentration of 8 mg ml™ [8]. The chemical structure of HAS can
be seen in Figure 1.9. HSA has a significant influence in the lubrication of the AC
because it creates HA by aggregating at a state of rest [76, 114]. Furthermore,
boundary lubrication can be affected by HSA unfolding, which can be occurred by an

increase of temperature below the AC surface [8].
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Figure 1.9: Chemical structure of HAS. Adopted from [115].

Surface-active phospholipids

SAPLs are lipids with highly hydrated phosphate head groups and hydrophobic
hydrocarbon chains [74], which exist in the SF. The chemical structure of SF’'s major
SAPLs Phosphatidylethanolamine (CgH1sNOgP), Phosphatidylcholine (C44HsaNOgP),

and Phosphatidylserine (PS) C42Hg2NO1oP are presented in Figure 1.10. The SAPLs
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are categorized into the PCs, which dominate in SF, and the non-PCs [116]. PCs
contribute to joints lubrication since they are less saturated than the non-PCs [105].
The SAPLs act as boundary lubricants; by forming load bearing liposomes with the
other ECM components on the upper layer of the AC [117]. Moreover, by adsorbing

onto the AC surface, reduce its wettability [29].

9
|

20 L—I—i
[T
|
[

T
o |

I
-0~
-0~

N

PWWWA

WG

o WWW\E

i M NV,N-Iﬂ'[ - _‘.‘ _ () ¢
Dt ‘i =0

i V\tAV\-ﬁ“‘u,‘V’ I =

7
vV
1!

N

pij
1

N

7

il

Figure 1.10: Chemical structure of Phosphatidylethanolamide, Phosphatidylcholine,
and Phosphatidylserine. Adopted from [118].

1.4.5 Osteoarthritis and its effect on the joints

OA is a pathological condition of the joints and the dominant kind of arthritis.
About 8.5 million people in the UK suffering from it [2]. The number of people affected
by OA is likely to elevate in the next decades owing to population ageing and obesity
[119]. By 2030 OA is anticipated to be the most frequent reason for disability [120]. OA
usually occurs on the knee but can arise in any joint, such as the hip, elbow, wrist,
ankle, shoulder, spine, hands, and feet joints [121]. Typical symptoms include pain,
tenderness, stiffness, soreness, grinding sensation, and swelling [2]. Those symptoms

usually worsen with time and prevent patients from doing their daily activities.

OA affects the structural and mechanical functions of the whole joint [121, 122].

Even at the early OA, the biomechanical properties of the joint change at the
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nanoscopic scale. Figure 1.11 illustrates the differences between a healthy and an
osteoarthritic knee joint. Calcification of AC (replacement by bone tissue), subchondral
bone sclerosis (increased hardness), osteophytes (bony lumps) formation, SF
synovitis, ligaments rupture, meniscal extrusion, muscle weakness, and hypertrophy
of the joint capsule cause joint degradation and lead to OA [123-125]. A loss and
consequently break down of the AC leaves bones exposed [123, 124]. All those
pathological changes disrupt the normal joint function, resulting in bones rubbing

together, causing pain and consequently disability [126].
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Figure 1.11: Differences between a (a) healthy and (b) osteoarthritic knee joint.
Adopted from [127].

The mechanical deterioration of osteoarthritic joints could be attributed to
changes in the individual components. For example, the decrease of -globulin [128]
and proteoglycan (aggrecan, lubricin) content [69] are related to diminished joints
lubrication expressed via increased AC, wear, roughness and decreased stiffness
[108, 129]. Likewise, the concentration and molecular weight of HA diminish in

individuals with OA, possibly due to its abnormal biosynthesis or its chain free-radical
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depolymerisation due to OA [105, 130, 131]. HA concentration ranges between 1 and
4 mg ml™" in physiological SFs and between 0.7 and 1.1 mg ml”" in osteoarthritic SFs
[132, 133]. On the contrary, SAPLs increase with OA progression, likely as a natural

reaction of the joints following the reduction of the other components [105].
Effect of osteoarthritis on acrticular catilage mechanical properties

A common characteristic of osteoarthritic joints is their poor lubrication
demonstrated by increased CoF [134]. During OA progression, the superficial layer, is
entirely taken away, disrupting AC’s biphasic lubrication mechanism and increasing
the CoF of the joint [128]. The decrease in the interstitial fluid pressurisation, and
protein content contribute to the CoF increase [63]. The CoF increases with increasing
AC degradation until it reaches an equilibrium [63]. The surface roughness of AC is
positively associate to the CoF, and as it can be seen in Figure 1.12, increases

significantly with OA progression [31, 63, 135].

X{m]

Figure 1.12: Topographies of human AC explants from (a) healthy, (b) mild
osteoarthritic and (c) advanced osteoarthritic knee joint. Adopted from [135].

The adhesion between the ECM components at the opposing AC surfaces when

they come in contact is an essential mechanical property for AC’s physiological
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operation and relates to the concentration of the ECM components at the AC surfaces
[91]. Adhesion is the ability of a single cell/molecule to stick strongly to another
cell/molecule [136]. The adhesion on the AC increases significantly under OA
conditions. The collagen network is getting disrupted, and therefore, the adhesion
between aggrecan and collagen network increases [137]. In addition to that, in
inflammatory arthritis, there is an increase in cell adhesion (e.g. Polymorphonuclear
leukocytes), which can be attributed to the breakdown of surface proteins [72]. It has
to be mentioned that the level of adhesion molecules like the vascular cell adhesion

molecule 1 is a proven indicator of severe OA in the knee and hip joints [138].

Even if the micro-stiffness of the AC remains stable, the nano-stiffness in the
surface and the middle layers of AC decreases with OA progression because the
fibrillar collagen network is getting destroyed [3, 6, 92, 130]. OA at the early stages
affects only the AC surface, leaving the AC nano-stiffness from the middle and deep
layers relatively the same as in a healthy AC [92]. Despite the decrease with OA stage,
the nano-stiffness at early OA was higher than the nano stiffness of healthy cartilage,

requiring further research [139].

Effect of osteoarthritis on synovial fluid rheology

The rheological properties of the osteoarthritic SF are affected by the
concentration of SF components, the applied shear, the pH, the temperature, and any
impurities [98, 140]. The average steady-shear viscosity ranges from 0.05 to 14.40 Pa
s for osteoarthritic SFs [95], whereas for healthy SFs the range is 6-175 Pa s [141,
142]. The decrease in the viscosity is related to a decrease in HA concentration and

molecular weight [143]. Similarly, the viscous and elastic modulus are lower in
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osteoarthritic than in healthy joints [95]. The deterioration in SF elasticity is more
severe than in viscosity, explaining why patients pain more during high-frequency
activities, like running rather than walking [95]. Moreover, the cross-over frequency is
increased in osteoarthritic SF because it is affected by the concentration and the
molecular weight of HA [95]. However, the variability between the rheology of

osteoarthritic SFs is wide, and therefore, it is difficult to make safe conclusions.

1.4.5.1 Factors affecting osteoarthritis

The breakdown of AC is a complex process with unknown aetiology. Various
factors such as dietary habits, obesity, lifestyle conditions, previous joint injuries, age,
gender, metabolism, physical activity, even genetics contribute to OA progression.

Below the factors examined in the present thesis are analysed.

Age

The progression of OA with age is a fact. For instance, the number of patients
with knee OA increases from 27.4% for those in the 60s to 34.1% for those in the 70s
and 43.7% for those over 80 years old [144]. Chondrocytes apoptosis is a
characteristic of ageing [145], attributed to increased levels of reactive oxygen species
(ROS) [146, 147]. Additionally, the ageing chondrocytes stimulate catabolic activity
due to increased expression of matrix metalloproteinases and cytokines [148].
Chondrocytes reduction limits the synthesis of the ECM components and contributes
to AC degradation [149, 150]. For example, the decreased content of proteoglycans
with age results in reduced dehydration of AC [3, 151] and CoF increase [152].

Moreover, SF composition and biomechanics change significantly with age. For
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example, HA concentration decreases with ageing by 10.5% per decade [133],

resulting in SF’s viscosity reduction [153].

Obesity

Obese and overweight people are at severe risk to develop knee, hip, and hand
OA [154, 155]. Body mass index (BMI) and waist-hip ratio (W: H) are commonly utilised
criteria of obesity. BMI is not always a factor leading to OA because it considers the
total body mass (lean muscle, body fat and bone) and not only the fat [156]. W: H
represents truncal obesity [157]. People with BMI above 30 and W: H above 0.9 (for
men) and 0.85 (for women) are considered obese [158]. W: H associations with OA
independent from BMI were found only for women suffering from knee [159], hip [160],
and lower-limb OA [161]. The differentiation from men could be because women’ fat is
accumulated below the hips, significantly affecting W: H compared to men whose fat

is accumulated at the abdominal level [160].

Obesity affects the joints by overloading or destroying the metabolic processes
[162, 163]. The quadriceps fail to absorb the applied abnormal load, and the AC is
required to withstand greater loads [164]. AC compression activates chondrocytes
mechanoreceptors, which initiate inflammatory mediators and, therefore, AC
degradation [165]. However, obesity in women is also related to OA in hand, a non-
weight-bearing joint [166]. In obesity, truncal adipokines (adiponectin, leptin, resistin,
visfatin) are secreted into the systemic circulation at elevated levels and induce joint
inflammation and degradation [167, 168]. For example, leptin controls the synthesis of

ECM chondrocytes [169] and the production of inflammatory cytokines like IL-1b,
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MMP-9, and MMP-13 [170]. The increase in inflammatory cytokines is also associated

with alterations in metabolic activity related to OA [156].

Gender

The female gender is associated with elevated OA incidents [171]. Various
hormonal and reproductive factors like pregnancy, oral contraceptive use, and
hormone replacement therapy, induce OA in normal weight reproductive women [172].
For example, the miRNA content of SF extracellular vesicles in women with OA was
lower than men, highlighting reduced estrogen responsivity and decreased ability to
innate the immune system [173]. Especially after menopause, the percentage of
women suffering from OA is double compared to men (18% vs 9.6%)[174]. The
estrogens levels decrease due to ovary deficiency causing structural and functional
deterioration on the AC, leading progressively to OA [175]. Moreover, sexual
dimorphism might relate to the prevalence of OA in women [176]. For example, women
demonstrated lower AC volume [176] and concentration of chondroitin sulphates than
men, which provide resistance to AC compression [177]. Women are predominately
associated with knee OA because their fat is accumulated below the hips compared to
men, whose fat is at the abdominal level [176, 178]. Apart from knee OA, hip, hand

and lower-limb OA are associated with obesity in females only [179, 180].

1.4.6 Treatment of osteoarthritis

OA is not treatable yet at its onset. The existing intervention approaches are
neither competent enough to treat the damage of the joint entirely nor to decelerate its

degeneration. At the early stages of OA, patients follow a pharmacological treatment,
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which is focused on pain relief and is not always effective. It includes analgesics that
suppress the pain, nonsteroidal anti-inflammatory drugs (NSAIDs) for the inflammatory
types of OA and steroids for pain relief in emergencies [181]. The long-term treatment
using the last two drug categories is associated with gastrointestinal and
cardiovascular side effects [182]. Non-pharmacological approaches are a solution for
patients with pre-existing diseases (heart disease, diabetes) who already take many
NSAIDs [183]. Physiotherapy [184], hydrotherapy [185], physical activity [183], and
vitamin supplements [186] reduce pain, improve joints mobility and increase patients’

quality of life [187].

The most effective treatment at the last stage of OA progression is total/partial
joint arthroplasty. Arthroplasty is a surgical intervention for patients, who do not benefit
from pharmacological and complementary approaches [188]. During arthroplasty a
part or the whole joint is being replaced by artificial implants. Even if arthroplasty lasts
up to 15 years, clinical complications could occur, leading to bone resorption or
mechanical loosening of the prosthetic component and the necessity for a cost-
consuming revision arthroplasty [8]. Therefore, there is a need for more effective

treatments at early-OA, which can delay or even prevent the need for arthroplasty.

1.4.6.1 Intra-articular injection therapy

IAl is an effective therapy used to recover the SF’s viscoelasticity and prevent
surgery at the early stage of OA when no other treatment has succeeded to improve
the pain [189]. Al is a minimally invasive targeted therapy, based on in-situ injections
of therapeutic compounds in the diseased joint cavity [189]. Limited drug doses are

required and, as such, the side effects to the other organs are minimised [190]. In
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addition, intra-articular therapy is a solution to the low oral bioavailability and limited

absorption nature of the NSAIDs and steroids [190, 191].

Corticosteroids and HA are widely used in the IAl therapy of OA [181].
Corticosteroids in the form of solutions or suspensions of crystals reduce joint
inflammation and pain. However, they demonstrate a short retention time (1-4 weeks)
and their prolonged use is associated with various side effects, including the
destruction of AC [191]. HA injections restore SF’s viscoelasticity [76] and load-bearing
function [74]. 1Al with HA reduces the inflammation and pain for up to six months, and
slows down the progression of OA thanks to the chondroprotective abilities and the
normalization of HA synthesis [181]. The recovery of the HA concentration in the SF
needs up to three days after the injection and is subject to the polymerization and
molecular weight of the existing HA [76]. The commercially available HA formulations
are hydrogels of HA in water with a molecular weight ranging from 500 kDa (Hyalgan)
to 6000 kDa (Hylan GF-20) [131]. Introducing IAl formulations containing the lost ECM
components could help the osteoarthritic joint to restore its lubrication properties.
Previous studies in animals demonstrated lubricin’s excellent capability in enhancing
boundary lubrication, inhibiting chondrocytes hypertrophy/inflammation and cell
adhesion [192, 193]. Recently, IAl of blood and mesenchymal stem cells was

suggested to enhance the natural healing and regeneration of the diseased AC [181].

The prominent drawback of |Al therapy is the short retention time of the
therapeutic compounds in the joint caused by degradation [190]. The half-life of an 1Al
drug is constrained from its low molecular weight and can be from 6 minutes to 6 hours

[194]. Small molecules diffuse from the joint via synovial capillaries (blood vessels
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transporting nutrients) and macromolecules via the lymphatic system [127]. Prolonged
retention time is vital in treating the OA because the drug should weather the surface
and access the inner layers of AC prior to its rapid clearance from the SF [195]. The
short residence time results in temporary pain relief, and therefore the need for an
increased number of intra-articular injections, which are linked to pain, infection risk,

and are cost-consuming [187].

Drug delivery systems like biocompatible microparticles/NPs, micro/nanogels,
and liposomes increase the half-life of drugs by 10-30 times [14]. Figure 1.13
illustrates the IAl injection of an osteoarthritic joint and highlights the retention time of
the drug in the joints offered by those systems. Microparticles/NPs are the most
promising systems because they provide a longer retention time than micro/nanogels
[127]. This study is focused on the NPs because their size is within the range of the
reported surface roughness of the human AC (137-533 nm) [63, 196]. As such, NPs

will not increase the surface roughness of the AC and can smoothen it.

Various studies reported the potential uses of NPs as drug delivery systems in
OA. Albumin NPs demonstrated a retention time of several weeks in IAl on diseased
joints [63]. Superparamagnetic iron oxide NPs with Polyvinyl alcohol (PVA) coating
taken up intracellularly were demonstrated increased retention time [197]. The Naja
kaouthia cytotoxin 1 decreased inflammatory biomarkers and resulted in less bone
degradation when conjugated with gold NPs [198]. NPs made from various materials
can be utilised in the treatment of OA. However, sustained drug release is difficult to

be achieved when the drugs demonstrate high affinity to the material of the NPs [199].
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Polymer NPs are promising drug carriers for the fight against OA. They can
encapsulate every type of drug, increase its solubility and protect it from degradation
[195]. Furthermore, they have low levels of immunogenicity and can be biodegradable
[195]. NPs made from naturally occurring polymers (e.g. polysaccharides, HA, SAPLS)
are biocompatible to biological surfaces, demonstrate minimal CoF/wear and provide
additional therapeutic actions [200, 201]. For example, sodium hyaluronate restores
SF viscoelasticity, while chondroitin sulphate inhibits the breakdown of AC [15]. NPs
made of chitosan, hyaluronic acid, pluronic have been used as delivery systems of
anti-inflammatory drugs or genes and provided sustained drug release, increased
retention and good solubility [195]. Synthetic polymers (e.g. poly(ethylene glycol),
poly(vinyl alcohol), poly(DL-lactic-co-glycolic acid)) demonstrate improved mechanical
properties in nanoscale formulations for the treatment of OA compared to the natural
polymers [202]. For instance, poly(DL-lactic-co-glycolic acid) NPs improved
osteoarthritic joints providing high retention time, sustained release and minimising
inflammation [203, 204]. Particles made of Poly-ethyleneglycol increased drug
bioavailability inhibited Reactive oxygen species (ROS) increase [205, 206]. Moreover,
NPs made from natural polysaccharides like the Phytoglycogen could be utilised as
friction modifiers for the joints [207]. Synthetic polymers could also improve lubrication

by covalently grafting or physical adsorbing on NPs or other surfaces [201].
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Figure 1.13: Schematic representation of drug retention time offered by various
delivery systems to the joints via IAl therapy. Adopted from [127].

Hydrogels have also been used as drug delivery systems in IAl therapy of OA
[195]. They are synthetic, or natural (extracellular polysaccharides, proteins) three-
dimensional networks of cross-linked hydrophilic polymers [195, 208]. Hydrogels offer
increased retention time, controlled drug release, and inhibition of inflammatory
cytokines [195]. Moreover, they are excellent lubricants with good solubility and
stability at a wide range of temperatures [56]. Hydrogels bind via electrostatic
interactions to AC and form polymer brush-like gel layers at its surface, mimic the
hydration lubrication happening with AC and SF macromolecules (lubricin, lipids) [209,
210]. They are capable of preventing wear, CoF and withstanding high loads [210,
211]. Hydrogels can even be optimised to remain longer at the AC surface by
controlling their pore size, degradation kinetics, or density [212]. Micro-hydrogels have
also been used for the development of synthetic SF [213]. Incorporating NPs in
hydrogels improves their lubrication performance [214, 215]. Moreover, charged
polymer brushes grafted onto drug-loaded mesoporous silica NPs have been tested in

many studies as a potential treatment to OA and provided prolonged drug-release and
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CoF reduction [216-219]. Grafted NPs with amino and alkyl chains combine the
benefits of both groups and demonstrate excellent stability, compatibility with the
lubricants, and absorbability to the contact surfaces [212]. For example, silica NPs
grafted with amino and alkyl chains reduced the CoF by 40% and the wear scar
diameter by 60%, comparing with pure Polyalphaolefin [59]. The polymer grafting
principle has been applied to drug-loaded micro/nanogels and liposomes, and
demonstrated good lubrication, sustained drug release, and the capability of
stimulation with visible light temperature, magnetism, NIR irradiation, energy
conversion from joint movement, and ROS [220, 221]. For instance, a mechanism of
forming HA-poly(N-isopropyl acrylamide) NPs at body temperature has been
developed, which demonstrated high stability, biocompatibility, drug retention time and
anti-inflammatory action [222]. Nevertheless, it has to be mentioned that during the
grafting processes (e.g. controlled radical polymerization), toxic metallic substances
are introduced, which cannot be removed entirely and could be proved dangerous for

biological systems [219].

The last years nanocarrier systems received considerable attention as potential
therapeutic systems of OA because they can restore joints lubrication and offer pain
relief simultaneously. Table 1.1 summarises those studies. Most of them used
mesoporous silica NPs as drug carriers because they are biocompatible, thermally
stable and easily functionalised thanks to their large and porous surface area [219].
However, mesoporous silica NPs need a long time to degrade because of their stable
structure resulting in long term bioaccumulation and, therefore, toxicity (inflammation,
oxidation, organs fibrosis) in the human body [223, 224]. Another limitation of those

studies is that the lubrication efficacy of the developed systems was examined on
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implant materials

(Ultra-high-molecular-weight

polyethylene

(PE),

polytetrafluoroethylene (PTFE), silicon wafer, titanium), which do not mitigate the

tribological behaviour of the complex AC surface properly. Only one study explored

the lubrication effect of the nanocarrier on bovine AC [225] but not none on human AC.

Likewise, the capacity of the drug to delay the progression of OA has only been tested

limited times in vivo and only in rats [217].

Table 1.1: Summary of reported nanoparticle formulations for simultaneous
pharmacological treatment and lubrication improvement of joints.
. . . Clinical
. Drug Size Tribological .
Nanocarrier - testing References
type (Avg) testing method method
Azobenzene/B-
gyélc:l(()gextrm—modmed In vitro:

) 150.0 PTFE ball-silicon MC3T3-E1
mhecfzaﬁ(r)yrl_oyllgﬁgl?rt]rgl_ DS nm wafer disk cells, mouse [221]
phosp y dermal tissue
modified mesoporous
silica nanoparticles
Poly (2- Tribopair: PE ball ! Vitro: rat
methacryloyloxyethyl o . knee

hosphor- ylcholine)- DS 260.0 - Titanium disk chondrocytes [217]
phosp y . nm Contact pressure: e Y
grafted mesoporous silica In vivo: rat
26-41 MPa
nanospheres knees
Tribopair: PDMS L
o In vitro:
ball- Titanium C57BL/6
Chitosan- 1,3 propane . 171.8 disk & fresh
sulfonate nanoparticles Aspirin nm bovine cartilage mouse [225]
P pair 9 mesenchymal
Normal load: 1 N stem cells
:r?]liy(/j(gl_-zlz_sopropylacryl- Contact pressure: Ir,171::|trr10e
methacryloyloxyethyl DS 237.0 'Ij 22_332;\{:]'3:?5 cytokines- [226]
hosphorylcholine) nm rlbop_alr. treated
P ball -silicon wafer
nanospheres chondrocytes
D-glucosamine sulphate - . .
loaded 1,2-distearoyl-sn- 120.0 p-cl;lr;/bs%‘/)g;e In vitro: mice
ﬁl);cseorr?w_:_rzzzng?gh: e Des nm microsphere- chonkdnrii tes 221
b porou silicon wafer y
silica nanospheres
3-dimethyl-(2-(2-
methylprop-2- Tribopair: PTFE
enoyloxy)ethyl) 100.0 ball and Titanium
azaniumyl) propane-1- RhB nm. disc N/A [228]

sulfonate polymer
(pSBMA) mesoporous
silica naparticles

Contact pressure:

15.4-24.4 MPa
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Clinical

Nanocarrier Drug Size Tribological testing References
type (Avg) testing method method
Mesoporous silica Tribopair: PTFE
naparticles grafted with 590.3 ball - Titanium
poly (2- RhB nm. disc N/A [223]
methacryloyloxyethyl Normal load: 1-4
phosphocholine) N
Poly (3- Tribopair: PE ball [ Vitro: rat
sulfopropylmethacrylate o : knee
. 114.0 — Titanium disk
potassium salt)-grafted DS . chondrocytes [219]
o nm Contact pressure: e
mesoporous silica 26.0-43.8 MPa In vivo: rat
nanoparticles ' ' knee
Dopamine
methacrylamide and 2- Tribopair: PTFE In vitro: rat
methacryloyloxyethyl 150.0 ball - silicon chondrocytes
" DS : L [229]
phosphorylcholine coated um wafer disc In vivo: rat
methacrylate gelatin Normal load:12 N knee
hydrogel microspheres
Poly (dopamine . .
methacrylamide- Trlbopa'lr. P.TFE In vitro: rat
. ball -Titanium
sulfobetaine 100.0 . chondrocytes
DS disc e [230]
methacrylate)- grafted um . In vivo: rat
: Normal load: 5 -
gelatin methacrylate 10 N knee
sphere
Distearoyl Tribopair: PE ball In vitro:
phosphatidylcholine N RhB 384.0 - Titanium disk . MC3T3-E1 [231]
coated mesoporous silica nm Contact pressure: cells
nanoparticles 26-41 MPa
P-sulfonato-calix(4)arenes Trlbopa'lr: P.TFE In vitro: rat
-capped betaine-modified 100.0 ball -Titanium chondrocytes
- RhB : disk L [230]
mesoporous silica nm . In vivo: rat
) Normal load:1-3
nanoparticles N knee
Poly(3-sulfopropyl Tribopair. St?el
methacrylate potassium 422 Pall-steeldisc i Hela
. Aspirin : Contact : [231]
salt) hollow silica nm 166 cells
nanoparticles pressure. 1.50-
2.64 GPa
Poly(3-sulfopropyl Tribopair: PDMS
methacrylate potassium ball - silicon .
salt) grafted poly(N- Aspirin 576.0 wafer disk Invitro: Hela [220]
) . nm . cells
isopropylacrylamide) Normal load:1-10
microgels N
. Tribopair: PDMS
Poly (N-isopropylacry- NA 99 pal - silicon N/A [218]
lamide) nanogels nm )
wafer disk
Azobenzene/B-
cyclodextrin-modified L
poly(2- 150.0  PTFE ball-sili MlgslethB
. all-silicon -
methacryloyloxyethyl DS nm wafer disk cells, mouse [221]

phosphorylcholine) -
modified mesoporous
silica nanoparticles

dermal tissue

DS: Diclofenac sodium, RhB: Rhodamine B, PDMS: Polydimethylsiloxane

44



1.5 Summary

OA is a pathological condition of the joint, which progresses with time, causing
severe pain and disability. Osteoarthritic joints demonstrate poor tribological
performance associated with pain. The CoF and the wear between the opposing AC
surfaces elevate, while the viscosity of the SF reduces significantly. Alterations in SF
and AC are happening in the nanoscale from the early OA. SF degeneration
contributes to AC degradation [65], but limited research has been done on its

nanomechanical properties apart from its rheological performance.

Various factors, including age, obesity, and gender, contribute to OA, but the
exact degradation mechanism is unknown. Previous studies identified relationships
between the stage of OA and the mechanical degeneration of the joints. However, the
relationship between those is unclear because of the interelationship between the
different ECM constituents and the differences arising from different patients and

different joint regions.

Despite the severity of OA, there is no cure yet. Surgical replacement of the
joints with implants is the only solution when the disease has progressed to its latest
stage. Currently, the most effective treatment at the initial phase of OA is the IAl of the
therapeutic compounds directly in the joints. The main drawback of this therapeutic
approach is the limited retention time of the drugs in the joint cavity and the resulting
temporary pain relief. Moreover, 1Al supplements cannot treat the increased CoF of
the joint during low-velocity movements like walking because they are squeezed out

of the joint.
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NPs are promising components for the improvement of the IAl formulations.
They are known drug delivery carriers and could prolong the release of the therapeutic
agents in the joint. A few recent studies proved their efficacy in vitro and in-vivo in rats.
Additionally, there is evidence that NPs can reduce the CoF in the joints since they are
excellent lubricant additives for other systems (e.g. industrial oils). NPs lubrication
mechanism is not clear, although there are some theories. Their performance is
governed by their physical properties (size, shape, concentration) and the mechanical
properties of the contact surfaces (surface roughness, Young’s modulus). Very limited
NPs-based systems were reported offering both pharmacological treatment and
improved lubrication, and those were mainly tested in-vitro;, therefore, further

development in this field is suggested.
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2. METHODOLOGY

This chapter describes the fundamentals, operating procedures, and

applications of the main analytical techniques employed in this thesis.

As described in section 1.4.4.1, joints undergo a combination of lubrication
modes covering the whole span of the Stribeck curve [35]. Figure 2.1 shows the
experimental techniques used in this thesis to examine the lubrication regimes of the
joints. In hydrodynamic lubrication, viscoelastic properties mainly affect the thickness
of the synovial fluid (SF) and its ability to withstand load - those were studied with
rheology. In boundary lubrication, properties like adhesion and stiffness were studied
with the Atomic Force Microscope and friction with tribometers. In the mixed lubrication
mode, there is a partial contribution of the articulating surfaces and SF on the support
of the applied load. Therefore, articular cartilage (AC) and SF properties are essential

in this mode, which were studied with all the above-mentioned techniques.

= Boundary Mixed Hydrodynamic
S Lubrication Lubrication : Lubrication
:43 H

A== ==
c

2

l."&:’ AFM Rheometer
S | MTM, HFRR DLS

Hersey number (-)

Figure 2.1: Experimental techniques used for the study of joints based on the Stribeck
curve.
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Another objective of the dissertation is to develop a NPs formulation to treat
osteoarthritis (OA). This suspension needs to be effective under every lubrication
regime. Its viscosity was designed to resemble that of the healthy SF so it can operate
effectively under hydrodynamic conditions. Therefore, rheology was used to measure
its viscosity. Dynamic Light Scattering (DLS) was also employed to ensure that the
formulation is stable under hydrodynamic lubrication. Besides, the NPs were designed
to adsorb to the AC surfaces and operate as friction modifiers under boundary
conditions. Tribometers were employed to evaluate the performance of the NPs as

friction modifiers.

2.1 Atomic Force Microscopy

2.1.1 Introduction to Atomic Force Microscopy

Atomic Force Microscopy (AFM) is part of a collection of microscopy techniques
called Scanning Probe Microscopy (SPM). SPM includes also Scanning Near field
Optical Microscope (SNOM), and Scanning Tunnelling Microscope (STM) [232]. SPM,
which was first reported in 1986 [233] measures a range of properties, including
structural surface features (morphology, roughness, cleanliness), and local
mechanical properties (adhesion, adsorption, elasticity) [234]. SPM uses the localised
interactions developed between a sharp probe and the sample’s surface to create a
signal that is translated to a map of a specific property e.g. topography of the sample
with high resolution (nanoscale) [232, 234]. The main advantage of SPM compared to
other characterisation techniques (e.g. Scanning Electron Microscopy (SEM)) is its
capability of combining imaging surface topographies with localised

mechanical/electrical measurements [234].
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AFM enables simultaneous measurement of local mechanical properties (e.g.
adhesion, stiffness) and quantitative structural surface features without perturbing the
surfaces in contact [235]. As such, it enables the study of intermolecular interactions
and even offers sample manipulation at the nano-scale level. AFM investigates
samples with a wide range of surface roughness and not only atomically flat like other
SPM techniques. AFM exhibits high spatial resolution, superior force sensitivity and
versatility in various applications [236]. It achieves the unprecedented resolution of 1
nm in the lateral and 0.1 nm in the vertical direction [237] while being capable of
measuring forces with pico-newton sensitivity [238]. For comparison, the optical
microscopy has a resolution of 200 nm. Its most significant advantage is its capability
of working under air, liquid, vacuum and at various temperatures [238], permitting the
investigation of biological samples under their physiological conditions at high
resolution [63]. That explains the widespread use of AFM in the investigation of
proteins [239], DNA [240], and living cells [241]. AFM has also been used to evaluate
the alterations in the structure, function and surface morphology and wear of joints’
under OA [83, 107]. More specifically, AFM provided information about AC stiffness
[242], adhesion [29, 91, 137], and coefficient of friction (CoF) [91, 243]. Finally, AFM
has started getting used during arthroscopic procedures as a slightly invasive
diagnosing tool, which can detect changes in AC nanomechanical properties at the

early stages of OA [126].

2.1.2 Atomic Force Microscope cantilevers

Micro-fabricated cantilevers, acting as the probes for measuring interactions,

are core elements for AFM. The cantilevers are V-shaped, or rectangular springs
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mounted on micro-chips [232, 244]. They are approximately 100 um long and usually
made of silicon (Si) or silicon nitride (SisN4), which possess suitable mechanical
properties like high Young modulus and yield point and act as mirrors for the laser
[232, 244]. The cantilevers have a coating of an anaclastic material (e.g. aluminium,
gold), which makes them easily identifiable under the AFM camera [232]. Cantilevers
carry a pointed tip of 5-50 nm at their free end, which could have various shapes,
including pyramid and cylindrical cone [232]. A wide range of cantilevers is available
in the market. Cantilevers are selected for specific applications primarily based on their
spring constant, which defines their measurement quality [244]. Figure 2.2 is an image

of a representative AFM probe captured via SEM.

Figure 2.2: SEM image of an AFM probe.

The radius and the shape of the tip are of great importance because AFM
measurements are solely based on the interactions between the tip and individual
molecules. The smaller its radius and the higher its aspect ratio (width : height), the
better the AFM resolution [232]. For example, if the radius of the tip is greater than the
surface’s asperities, then the asperities cannot be imaged. Following the same

principle, AFM cantilevers should be as clean as possible. Impurities contaminate the
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tip and increase its size resulting in a compromised magnitude of interaction, false
force curves and reduced imaging resolution [232]. Even new cantilevers require
cleaning because they are contaminated from the PDMS coated surface that keeps
them fixed inside the plastic boxes [232] and they attract airborne contaminants as

soon as they get in contact with the environmental air [232].

2.1.3 Atomic Force Microscope working principle

The working principle of the AFM is represented in Figure 2.3. The scanning is
initiated when the cantilever's tip touches the surface of the sample, guided by a
piezoelectric actuator (Z-piezo) [232]. The actuator triggers either the sample or the
cantilever. The developed tip-sample forces deflect the cantilever towards or away
from the surface accordingly [244]. A laser beam directs to the cantilever and detects
its movement [232]. The cantilever shifts with force application and the reflection angle
of the laser beam is shifted. That reflection is collected by one of the four quadrants of
a photodetector [232, 245]. The left-right and top-bottom difference in the
photodetector provide the lateral deflection and the vertical deflection values of the
cantilever, respectively [232]. The cantilever’s deflection is proportional to the detected
signal. A small change in the bending angle corresponds to a significant deviation
[245]. The cantilever’s deflection is converted to an electrical signal, from which three-
dimensional topographic images can be acquired, and the forces curves can be
generated [238]. The controller adjusts the difference between the setpoint and the

cantilever’s actual height taking into account the sample’s surface height differences.
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Figure 2.3: Schematic representation of AFM basic principle.

2.1.4 Imaging modes

AFM images represent the topography of an area ranging in size from less than
1 nm? to 10* pm?[246]. AFM imaging modes could be grouped into static or dynamic
based on the cantilever's movement [238]. Contact, intermittent-contact, and non-
contact are the most commonly used AFM imaging modes. Figure 2.4 illustrates the

way of working of those imaging modes.
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Figure 2.4: AFM imaging modes (a) contact mode, (b) intermittent-contact mode, and
(c) non-contact mode.

The static/contact mode is considered the fastest AFM imaging mode [232]. It
provides good resolution in ambient and liquid environments, but it is significantly
affected by capillary forces in the ambient. Contact mode is mainly used on flat and
hard surfaces because the high lateral forces developed can impair the sample’s
surface morphology [232, 234]. In that case, the tip touches the sample all the time
(Figure 2.4a) [234]. Contact mode can be applied with fixed setpoint of force or height
[232]. The applied force remains constant in the constant force mode by keeping the
cantilever’s vertical deflection fixed [232, 234]. During imaging, the controller monitors
the deflection, and in case it is not the same as the given setpoint (vertical deflection
of the cantilever), then the Z-piezo is adjusted (controls distance between cantilever
and sample) [232]. During imaging, the setpoint can be controlled. A higher set point
means higher forces are applied. On constant height mode, the Z-piezo position is
fixed, and because of that, only atomically flat surfaces can be imaged without
destroying the cantilever and produce higher resolution images than the constant force

mode [232].

53



On dynamic modes (intermittent-contact, non-contact), the cantilever oscillates
in a sinusoidal motion around its resonant frequency [232]. In addition to the
topography, dynamic modes provide qualitative mechanical properties (e.g. stiffness,
adhesion) for the samples via phase signal image (difference between actual

cantilever’s position and the tip-sample interactions signal) [232, 234].

Intermittent-contact mode is ideal for imaging soft and fragile samples (e.g.
biological samples) or samples with weakly adsorbed molecules on their surface
because the lateral forces are lower than the in contact mode [232, 238]. For
intermittent-contact mode in ambient, a cantilever stiffer (20-75 N m'1) than
intermittent-contact in liquid or contact mode (0.01-2 N m™) is needed because when
imaging in air, water is condensed on the surface of the cantilever and the substrate
and develops strong capillary forces upon contact [232]. In intermittent-contact mode,
cantilever-sample contact is only periodically (Figure 2.4b) [232, 234]. The setpoint is
the oscillation amplitude, and so, higher setpoint results in lower applied forces. When
the cantilever touches the surface during scanning, the amplitude changes and the Z-

piezo adjusts the height to match it [232].

In non-contact mode, although the cantilever oscillates very close to the sample,
there is no contact between them. Therefore, non-contact is the least destructive mode
and often used on soft biological samples. However, it is not widely used because
cantilever-sample attractive interactions when in close proximity make the imaging
challenging [232, 234]. Additionally, the non-contact mode has a shorter oscillation
amplitude compared to the intermittent-contact mode denoting that it is more difficult

for the cantilever to pull off from the cantilever-sample contact, deteriorating image
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quality [232]. The attractive forces between cantilever and sample create a phase shift
between oscillatory and driving frequency, triggering the Z-piezo to read just the height

by pulling away from the cantilever and retaining stable frequency [238].

2.1.5 Force spectroscopy

The most significant advantage of AFM compared to any other microscopy
technique is its capability of measuring forces developing between the tip and the
substrate with high sensitivity [238]. Those forces are in the range of pico to micro
Newton [238]. Moreover, in force spectroscopy the lateral forces are minimum. The
only disadvantage is the cantilever’'s slow movement compared to contact mode

imaging [238].

With the aid of Z-piezo, the cantilever approaches the sample’s surface
vertically, and when those are in contact, it applies a given force (set point) to the
sample before retracting away [232]. The cantilever’s deflection during the tip-sample
contact is monitored and displayed on the y-axis of a force curve against Z-piezo
displacement on the x-axis [232]. Figure 2.5a represents a typical force curve for a
hard substrate, while Figure 2.5b is a real force curve between a Silicon Nitride

cantilever and a Cobalt-chromium (CoCr) alloy in Phosphate-buffered saline (PBS).
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Figure 2.5: (a) Schematic representation of typical force curve for a hard surface, and
(b) real force curve for PBS between a Silicon Nitride cantilever and a CoCr alloy
substrate.

At position 1 (“free level”), the cantilever approaches the sample, but it is away
from it, so no tip-surface interaction forces exist [232]. When the cantilever approaches
the sample, attractive or repulsive interaction forces are developed between them,
causing a downward or an upward movement of the cantilever, respectively [232]. Up
to the point those forces are weaker than the cantilever's stiffness, the cantilever
returns quickly to its “free level” position, and there is no tip-sample contact, but when
they are stronger the cantilever jumps to contact with the sample (position 2-“jump-to-
contact”) [232]. The attractive interaction force at position 2 is illustrated with a negative
peak on the force curves (Figure 2.5). When there are no interaction forces, the “jump-
to-contact” point cannot be distinguished in the force curve [232]. During the tip-sample
contact, repulsion forces start to develop between the electrons of the opposing
materials, which are displayed as positive movement on the force curve (position 3)
[232]. The cantilever's retraction follows the same path with the approach initially but
stays in contact with the surface longer [232]. On hard, not easily deformable samples,

an adhesion peak higher than the approach curve is usually observed. At that point

56



(position 4), adhesive forces hinder the cantilever’s retraction from the sample’s
surface, creating a hysteresis between the approach and retraction curve [232]. When
the cantilever’s stiffness/spring constant becomes stronger than the adhesive forces
(position 5), the cantilever comes off the sample’s surface and returns to its free level
position [232]. Cantilever’s deflection at position 5 is used to calculate adhesive forces.
The adhesion energy is the area the adhesion peak covers between the approach and
the retract curve. However, each sample produces its unique characteristic curve that

could be significantly different from the one described here.

For an accurate calculation of the detected forces the Z-piezo displacement
needs to be converted to distance using the cantilever’'s sensitivity (slope). The
sensitivity is measured on stiff non-deformable surfaces like mica at the tip-sample
contact region [232]. Since AFM cantilevers resemble springs, Hooke’s law models

their motion [238]:

F=—kQ (2.1)

where F is the restoring force (N), k; the spring constant and Q the deflection of the
cantilever. Cantilever suppliers provide an approximate nominal spring constant but
the exact spring constant value is found through calibration methods like the thermal
tuning. Thermal tuning, correlates the spring constant to the cantilever’s
thermal/Brownian motion [247]. During that method, the cantilever driven by thermal
noise oscillates close to its resonance frequency in a series of frequencies sweeps

[248].
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Force spectroscopy can also be applied with microspheres and other molecules
(e.g. protein molecules) attached at the end of the cantilevers instead of the tip [232].
Those cantilevers are known as colloidal probes, and their usage is a common
technique for measuring particle-particle or molecule-molecule interactions on the
molecular level [232]. Figure 2.6 depicts a colloidal probe with an attached borosilicate
glass particle of 22 ym. Colloidal probes are used for AFM nanoindentation
measurements and offer a high spatial resolution, which is especially important for
heterogeneous biological samples like the AC [249, 250]. The force curves taken using
colloidal probes are used to measure the elasticity of materials [251]. More specifically,
the approach curves are used because they are free from interactions (e.g. adhesion)
and enable the determination of the indenter-sample contact point [252]. The Z-piezo-
vertical deflection slope is used to calculate the indentation depth [251, 252]. Then, the
curve is fitted with a contact mechanics model (e.g. Hertz) [252]. The indenter’s shape,
size and Poisson ratio are provided to the JPK DP software to calculate elastic

properties like Young’'s modulus [252].

NLUDS5.2 x1.2k 50 um

Figure 2.6: SEM picture of a typical colloidal probe with a borosilicate glass particle.

58



2.2 Tribological testing

2.2.1 Mini-Traction Machine

Mini-Traction Machine (MTM) (MTM2, PCS Instruments, UK) is a commercially
available benchtop tribometer capable of measuring various materials tribological
properties. It has been widely used for the study of engine oils [253], foods [254], and
cosmetics [255]. The standard configuration consists of a disc and a ball with 46 mm
and 19.05 mm diameter, accordingly. Instead of balls, pins can also be loaded. Pure
sliding, pure rolling, or a combination of both conditions could be achieved thanks to
the ball's and disc’s motors capability to move independently. The Slide-Roll-Ratio
(SRR) describes the sliding/rolling conditions and is calculated using the equation:

u u, —u
SRR:_S Ib dI

U~ 05 (up +ug) (2:2)

where us: sliding speed (mm s™), U: entrainment speed (mm s™), up: ball speed (mm
s™), and ug: disc speed (mm s™). SRR ranges from zero (only ball moves) to two

hundred percent (only disc moves).

MTM'’s working principle is similar to any other tribometer. Figure 2.7a is a
schematic representation of MTM and Figure 2.7b an actual picture of the machine. A
disc is placed in the sample holder and a ball is located at a small contact point with it.
A lubricant is added between those surfaces in quantity enough to cover the disc’s
surface (minimum 12.5 ml). A volume reducing insert is used to cover the space
between the end of the disc and the holder's wall, reduce the required sample’s

quantity and eliminate the dead zones, enabling homogenous measurements. The
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sample holder is secured with two lids, which ensure that the lubricant’s temperature
remains stable, and evaporation is prohibited. A water bath attached to the MTM’s pot
jacket and controlled by the PC achieves the desired temperature. When the test
starts, the lubricant warms up and only when it reaches the desired temperature, the
friction test starts. As the surfaces move, a force is applied to the upper specimen, and
a force perpendicular to the normal load (friction force) starts to develop. A force
transducer captures the friction force, and the software automatically calculates the
CoF . The measurement is repeated six times without unloading, and the acquired
Stribeck curves are alternating between ascending and descending. In addition to the
friction force, the MTM measures the applied normal load, wear, lubricant’s
temperature and electrical contact resistance (if available) using high sensitivity

Sensors.

The measurement profile is set on the software and includes the SRR%, the
normal load, the lubricant’s temperature, and specimens speed. Two types of tests can
be applied in MTM. In the first one, the speed increases under fixed normal load and
in the second one the normal load increases under fixed speed. The applied load in

the MTM ranges from 1 to 7 N and the speed from 1 to 1000 mm s™.

60



. Load sensor
(a) Traction sensor

Sample holder Wear sensor

Figure 2.7: MTM basic principle (a) schematic representation, and (b) picture. The
arrows show the direction of rotation of the shafts.

2.2.2 High Frequency Reciprocating Rig

High-Frequency Reciprocating Rig (HFRR) (PCS Instruments, UK) is a
commercially available ball-on-disc tribometer, capable of measuring wear and CoF in
sliding motion. The upper specimen is a ball of 6 mm diameter, and the lower specimen
a disc with 10 mm diameter and 3 mm thickness. The ball and disc are smaller than
MTM specimens, allowing smaller samples to be examined on a smaller scale. HFRR
is the world’s industry standard for the tribological evaluation of diesel fuels [256, 257]
and has been used for the characterisation of biofuels [258], greases [259], gasoline
[260], and marine lubricants [261]. HFRR was also used to study the tribological

behaviour of AC under different lubrication regimes [262].

The standard HFRR consists of the central mechanical unit, a control unit with
a microprocessor, and a PC. The mechanical unit is inside a hood enabling accurate

temperature and humidity control. The working principle as well as the actual picture
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of HFRR are illustrated in Figure 2.8. The sample holder is filled with 2 ml of lubricant.
A fixed force load is provided from the ball to the disc utilising a dead weights
mechanism. Afterwards, an electromagnetic vibrator oscillates the ball against the
disc, which is fixed in the sample holder [262]. The CoF is calculated as the average
of the entire stroke and displayed on the software. Apart from that, the software
displays the lubricant’s temperature and film thickness. The HFRR could also measure

and image the wear scar when combined with an optical microscope.

Reciprocating motor
(a) Force transducer

Disc—

§ :
sa_|
[ - O | H | feounterweignt
el

RN

L/ N

Sample holder Heater block

Dead weights

Figure 2.8: HFRR basic principle (a) schematic representation, and (b) picture adopted
from [263].

The measurement cycle is undertaken under the conditions described in the
measurement profile. The most notable difference of HFRR compared to MTM lies in
the measurement profile. Instead of setting the speed directly (as in MTM), the HFRR
measurement profile requires the setting of stroke length and frequency. The sliding
velocity and, therefore, the lubrication regime is controlled by the combination of stroke

length and frequency based on the equation:
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(2.3)

Us = Xg f

where usis the sliding speed (mm s'1), Xs is stroke length (mm), and f is the frequency
(Hz) [262]. However, the sliding speed changes during the loading cycle due to the
reciprocal movement and as such, it is considered a measure of velocity [262]. HFRR
also allows the investigation of different lubrication regimes at the same test by building
up a measurement profile with a series of various stroke length/ frequency steps. The
machine operates at stroke length 0.020-2 mm, frequency range 10-200 Hz, and

temperatures up to 150°C.
2.3 Contact mechanics

Hertz, Derjaguin—Miiller—Toporov (DMT), and Johnson—Kendall-Roberts (JKR)
equations simulate the elastic deformation between surfaces in contact at the
beginning of loading. The adhesion force F that develops in each system affects the
relationship between the indenter load W, the sample deformation &, the contact radius

a and, as such, determines the selection of the most appropriate model. The effect of

adhesion can be predicted from the dimensionless load parameter P:

- (2.4)
Tdyr

where W is the indenter load (N), Ay the adhesion work (N m'1), and r the spherical

indenter radius (m) [264]. The work of adhesion is defined as:

Ay = v1+ V2 — V12 (2:9)
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where y;. is the surface energies of the interacting materials (N m™) and y;, the
interfacial energy (N m™) [264]. Hertz model is very accurate when describing the
contact area of elastic materials under minimal surface interactions and especially zero
adhesion force [265]. The other two models are advancements of the Hertz model and
consider that adhesion is applied outside (DMT) or within (JKR) the contact area
[264]. Those models represent two extreme opposite conditions of the dimensionless
Tabor number [266]. DMT model simulates the contact between a small sphere and a
stiff low surface energy plane surface [264]. A small adhesion is developing in the area
surrounding the surfaces described by the DMT model [264, 267]. JKR model
simulates the contact between a large sphere and a malleable (low Young’s modulus)
plane surface with high surface energy [264]. A significant adhesion is developing only
among the contact surfaces described by the JKR model [264, 267]. Lastly, DMT and
JKR are suitable when small normal loads are applied, and adhesion determines the
contact area between the opposing surfaces [264]. Hertz model is suitable when high
normal loads are applied, and the surfaces behave as continuous elastic media (do
not withstand plastic deformation) [238, 264]. Figure 2.9 illustrates the differences
between the three models, and Table 2.1 presents their mathematic models. Symbol
a represents the contact radius (m), 6 the deformation (mm), Fthe adhesion force (N),
r the radius of the sphere (m), W the indenter load (N), A the adhesion per unit area

(N m?), and E the reduced Young’s modulus (N m?).
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i forces

Figure 2.9: Schematic illustration of (a) Hertz, (b) JKR, and (c) DMT models in the
case of a sphere in contact with another sphere or a planar surface [267]. Continuous
lines represent the configuration under zero load and dotted lines under applied load.

Table 2.1: Contact radius, sample deformation, and adhesion force approximations
based on Hertz, DMT and JKR models.

Adhesion
force, F

2 2\1/3
Hertz QT a— = ( W2 ) 0
Eor r rEfo:

DMT 1w+ 2mrA) @t _ W+ 2mr AP 21 A
nr —_— = nr
Eto r VrEZ,

6mAa 3nrA
Etor 2

For AFM measurements, neither Hertz nor JKR and DMT models are suitable.

Models Contact radius, a Deformation, &

r 2
JKR ’ (W + 3nrA + 6rnrAW + (3nrA)2) a_
Etot r

w| N

Under the low load developed in the micro/nanoscale, the surface-to-bulk ratio and
adhesion contribution are significant and should be taken into account [264, 268]. MD
(Maugis-Dugdale) covers the whole area that can be measured with AFM [269]. and
is the most appropriate choice for most materials. MD model is accurate in most cases,

whereas JKR and DMT models provide results on its limits, respectively [264].
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For the study of contact mechanics in this thesis, the reduced Young’'s modulus

is quantified based on the equation:

1 _3(1—v12+1—v§> (2.6)
Eor 4\ E; E, '

where v, Poisson ratio for the sphere and the surface (-), E;: reduced Young’'s
modulus, and E1 2 Young’s modulus for the sphere and the surface (N m?) [245]. The

circular contact area C (mz) in a sphere-plane surface contact is defined as:
C=4ma? (2.7)

Finally, the applied contact pressure, p (N m'z) is calculated as:

P= (2.8)

2.4 Rheology

2.4.1 Introduction to rheology

Rheology studies fluid flow and deformation in time under the application of
shear forces acting parallel to a surface [270, 271]. The study of the rheological
properties of a system is called rheometry. Rheometry consists of two main testing
categories the steady-state shear, which concerns mainly the viscosity and the
dynamic/oscillatory, which studies structural information in relation to the time and

temperature [272].
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2.4.2 Steady-state shear rheometry

Shear flow is the motion between hypothetical layers within the fluid, with the
upper one having the highest velocity and the bottom one being stationary [273]. The
shear force is a force parallel to a plane surface that provokes shear flow in a fluid
[274]. The shear force applied per unit area in a fluid is the shear stress, c (Pa=Nm’
2) [273]. The shear stress dislocates the upper layer leading to a velocity gradient in
among the fluid layers (y-axis) called shear rate y [271, 274]. The shear rate is
meters/seconds/meters, which results in the unit s [271]. Each type of movement is
related to a specific range of shear rates that should be used during rheological
measurements to achieve representative results. For example, the shear rate
developed during chewing and swallowing ranges from 100-1000 s™ [271]. Shear
stress against shear rate provides the dynamic viscosity n (Pa s) [273]. Viscosity is the
resistance of a fluid’s movement; the more viscous a fluid, the more force needs to be
applied to it to start flowing [274]. In the case of very low viscosities, the prefix m is

used that demonstrates the 107.
2421 Types of shear viscosity

The most common categories of fluids based on their rheological behaviour are
shown in Figure 2.10. Newtonian fluids demonstrate a constant viscosity independent
of shear rate or time [270]. In Figure 2.10, the Newtonian fluid is illustrated as a straight
line. Many common fluids are considered Newtonian, including water, corn syrup, and
petrol [271]. Under extremely high shear rates (e.g. 10's™ for water), all fluids become

non-Newtonian [271].
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Figure 2.10: Types of shear viscosity fluids.

A viscoplastic fluid requires critical external shear stress (yield stress) to start
moving [274]. A viscoplastic fluid behaves like a solid (deforms elastically) below the
yield stress and flows like a liquid above it because the high applied stress induces
structural collapse [270]. Ketchup is an example of a viscoplastic fluid [271]. The yield
stress can be identified from various rheological tests, including steady shear,
oscillatory amplitude sweep, and creep tests. The most appropriate is the shear stress

ramp test, which identifies the peak of viscosity (yield stress) in relation to shear stress.

Shear-thinning/pseudoplastic is a fluid with a viscosity that reduces as shear
rate elevates [274]. Such fluids usually demonstrate a constant viscosity at low and
high shear rates called zero shear viscosity, n, (Pa s), and infinite shear viscosity,
N« (Pa s), accordingly [271]. The shear-thinning area can be modelled with the Power

law model:

n= myn (2.9)
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where n: viscosity (Pa s), m: consistency (Pa s), n: Power-law index (-), and y: shear
strain rate (s '1). The Power-law index ranges from 0 (pure shear-thinning) to 1 (pure
Newtonian) [271]. The entire viscosity curve of shear-thinning materials can be
successfully modelled with the Cross model [271]. The shear-thinning behaviour is a
result of molecular rearrangements owing to the of shear. At the initiation of shearing,
the fluid’s molecules are positioned in irregular order due to inter-particle forces [273].
In the case of yield stress, at low shear rates, the fluid molecules form a network and
only when that network breaks the fluid start flowing [273]. Under high shear rate and
stresses, the inter-particle interactions of the shear-thinning fluid decrease, the
molecules rearrange to maximise the free space between them, and the viscosity
decreases [273]. Examples of those rearrangements include stretching and
disentangling polymer chains, breaking aggregated structures, deforming
particles/emulsion droplets and aligning with the flow. A characteristic example of

shear-thinning fluid is the SF [26].

Thixotropic is a shear-thinning fluid, which returns with time to its original
viscosity in the absence of shear stress [273]. Rheopectic behaviour is the opposite of
thixotropic. The more shear stress is applied to rheopectic fluids, the more their
viscosity increases. A three-step shear test is used to measure the thixotropy/rheopexy
of fluids [273]. A low shear rate/stress is applied during the first step to maintain
equilibrium. Then, time-constrained high shear rate/stress is applied to breakdown the
molecular structure of shear-thinning fluids. Finally, the same low shear of the first step
is applied, and the restoration of the viscosity is recorded. The more the time needed,

the higher the thixotropic nature of the fluid [273]. Paint is a characteristic example of
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a thixotropic material, whereas the osteoarthritic SF is rheopectic under physiological

conditions [275].

Shear thickening is a fluid with a viscosity that rises as shear rate/stress elevate
[274]. Such behaviour could be a region of shear-thinning fluids under specific shear
rates/stress. In those cases, the alignment of the molecules is disturbed, “jamming”
occurs, and the material behaves temporarily like a solid - its viscosity increases [273].
Shear thickening has been observed in dispersions with high concentrations of solid
particles and amphiphilic polymers, which stretch their chains and form temporal inter-

particle interactions at high shear rates.

The viscosity of every fluid varies with pressure and temperature [273]. Viscosity
increases with increasing pressure, but the increase is usually insignificant for most of
the fluids [271]. The way pressure affects the viscosity depends significantly on the
type of fluid [271]. The viscosity of water decreases initially with increasing pressure,
and increases only above 1000 bar [271]. Temperature’s effect on viscosity is more
critical than pressure. Based on Arrhenius law, viscosity diminishes as the temperature

elevates because of the increasing Brownian motion of its molecules [271]:

E 2.10
logion =1+ ﬁ (2.10)

where / is the pre-exponential factor (s™), E, is the activation energy (m N mol™"), Riis

the universal gas constant 8.314 (m N K mol™), and T is the temperature (K) [271].
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2.4.3 Oscillatory rheometry

Viscoelastic materials combine properties from ideal liquids (viscous) and ideal
solids (elastic) under deformation [273]. The elastic materials are defined by the elastic
modulus G’, which is analogous to the material’s resistance to deformation and
stiffness, and the viscous by the viscous modulus G” [273]. Time affects the stress-
strain relationship of those materials [276]. Viscoelastic properties range significantly
between various fluids [276]. When force is applied on viscoelastic materials, a
deformation induces an immediate elastic response [271]. The resulting restoring force
increases initially linearly, afterwards non-linearly until a phase during which the
increasing rate decreases, and finally, at large deformations, the material ends up in a
steady-state viscous response phase [271]. The restoring force induces
microstructural alterations and makes the material anisotropic [271]. Besides elastic
forces, viscous forces are present in all viscoelastic fluids. Most of the everyday
materials like polymers, wood demonstrate viscoelastic behaviour under high

temperature [276].

2.4.4 Rheometer working principle

The rheological properties of a fluid are usually studied with a rheometer. The
rheometer measure the viscosity and the viscoelasticity of fluids [271]. Figure 2.11
displays the rheometer used in this thesis. A rheometer's geometry is the upper surface
that comes in contact with the fluid during testing. Different geometries are used for
different types and viscosities of fluids. Parallel-plates, cone-plate, concentric cylinder,
tubes are the most commonly used geometries. In general, parallel-plates and cone-

plates geometries are preferable for high viscosity fluids, whereas concentric cylinders
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and tubes for low viscosity fluids. A specific volume of fluid dictated by the geometry is
loaded on the lower part of a geometry. For parallel-plate or cone-plate geometries,
the lower part is a temperature-controlled stationary plate. For concentric cylinders and
tubes, the lower part is a temperature-controlled cylinder. As the measurement starts,
the upper part of the geometry is lowered, leaving a specific gap dictated by the lower’s
part geometry. During testing, force or velocity is applied in the lower part of the
geometry [271]. The rheometers convert the applied force or velocity to shear stress
or shear rate accordingly at a specific point of immediate contact between geometry
and sample [271]. A point of contact could be the cone-plate geometry's outer edge,

the inner cylinder of the concentric cylinders geometry or the tube wall [271].

Electronic box

Geomet

Sample holder

Figure 2.11: Schematic illustration of the ARES-G2 rheometer (TA Instruments, USA)
and the 20 mm 2° steel cone geometry used in this thesis.

The geometry selection is crucial because the smooth geometry’s surface could
interfere with the sample’s microstructure and produce slip effects (decrease sample’s
concentration close to the wall compared to the bulk) [271]. Geometries should be
carefully handled because bending their spindles provides unrealistic rheology results.
Also, geometries should be made of stainless steel or plastic to avoid corrosion and

prevent their ions from mixing with samples. A rheometer is common to produce zero
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errors/drifts due to mechanical and electronic faults; therefore, zero settings (low-
speed results) should be regularly checked [271]. Sample’s evaporation is another
issue, especially at the edges of cone-plate or parallel plate geometries [271]. That
issue can either be solved with a sample trap or, by covering the sample’s edges with
an oil layer. Finally, recirculating the suspensions should be applied to reduce the

expected sedimentation [271].

2.4.5 Types of rheological tests

2451 Flow tests

There are four types of flow tests; constant shear stress/rate, steady-state flow,
flow sweep, and flow temperature ramp. In the first category, fixed shear stress/rate
are implemented for the whole duration of the measurement, and the performance of
the fluid’s viscosity with time is recorded. During steady-state flow tests, shear
stress/rate are implemented until the fluid reaches the steady state. The resulting flow
curve of viscosity is essential for evaluating the behaviour of non-Newtonian materials.
The steady-shear viscosity of healthy and osteoarthritic SF has been extensively
studied [95, 141, 142, 275]. Moreover, the effect of temperature in SF steady-shear

viscosity has been investigated [95].

The flow sweep test is used for the identification of yield stress. There are two
variations of that test: the steady stress and the steady rate sweep. The steady stress
sweep is used for fluids of medium viscosity [277]. Stress is applied in increments from
high to low until the fluid starts to flow [277]. Each stress step is applied to the fluid for

a specific time. When the shear stress stabilises, the yield stress has been reached
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[277]. The yield point is when a minor alteration in stress results in a significant
decrease in viscosity [277]. The steady rate sweep test follows the same principle but

is used for fluids of low viscosity [277].

During the flow temperature ramp tests, the shear rate/stress are fixed, while
the temperature is ramping. As a result, the relationship of viscosity and temperature

is acquired.
2452 Viscoelasticity tests

Oscillatory shear tests study viscoelastic materials. Those tests involve applying
stress/strain on a sample that is oscillated around its equilibrium state and monitoring
the resulting oscillatory stress/strain over a range of frequencies [271]. Creep, stress

relaxation, and start-up tests belong in viscoelasticity measurements.

Oscillatory shear tests identify the viscous and elastic part of each material and
quantify their relative storage G’ (N m?) and loss G” modulus (N m?) over angular
frequency [271]. Figure 2.12 illustrates the general behaviour of G’ and G” for
viscoelastic non-Newtonian fluids over angular frequency [271]. At low frequencies, all
materials demonstrate a viscous/terminal region, in which the fluid’s viscous nature
dominate. The G’ is quadric and G” linear at this part of the graph, but, common
rheometers are not sensitive enough to detect it. The next region is called transition-
to-flow because G’ becomes significant, overcomes G”, and as such, elastic behaviour
prevails. The crossover point of the moduli G’ is essential for the calculation of various
viscoelastic properties. The third region is the rubbery/plateau, in which the elastic

nature of the material dominates (G’ > G”). In that region, G’ increases very slightly

74



(plateau). The following region is the leathery/transition. It is called transition because,
towards the end of this region, the G” overcomes G’ due to dissipation and relaxation
mechanisms and crossover time can be calculated. The last region that is found at
high frequencies is the glassy. At this region, G” and consequently, the material’s
viscous nature dominate [271]. The above-mentioned behaviour of the viscoelastic
materials can be modelled using the Maxwell model at low frequencies and the Kelvin-

Voigt models at high frequencies [271].
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Figure 2.12: Viscoelasticity of non-Newtonian fluids against angular frequency.
Adopted by [271].

It is rare to detect all the regions described above in a single measurement
because of angular frequency restrictions. Most of the rheometers work on angular
frequencies between 102 and 102 rad s™, under which only the first two regions can

be seen. The regions, which can be detected depend on the material’'s longest
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relaxation time (Tmax) [271]. When wrmax equals 1, then the first two regions can be
seen. When wrnax <1, then the viscous regions can be seen. When wrnax >1, then the

rubbery can be seen and often the glassy as well.

Only the linear region of the viscoelasticity graph is used for the oscillatory tests
because in that G’ and G” are independent of oscillation stress [271]. The oscillatory
shear tests in the linear region enable the study of the material with no intervention to
their microstructure thanks to the small applied amplitude (maximum applied strain).
However, the linear region is found over a wide range of angular frequencies even for
materials of the same type [271]. The viscoelasticity of osteoarthritic SF was studied
and compared to healthy SF using oscillatory shear tests. The viscous modulus, elastic

modulus and crossover angular frequency are among the studied properties [95].

2.5 Particles size and Zeta Potential measurements

2.5.1 Size measurements - Dynamic Light Scattering

DLS is used to measure the size of the particles. More specifically, DLS
measures hydrodynamic quantities (translational and rotational diffusion coefficients)
and translates them to size and PDI using mathematical models [278]. Figure 2.13
illustrates the working principle of DLS. The particles in the suspension move randomly
with a velocity depending to the size-, temperature, and solvent’s viscosity, due to their
interactions with the solvent molecules (Brownian motion) [279]. A laser light beam is
directed to a colloid system placed in a quartz or glass tube [280]. A part of the laser
beam is absorbed as energy, while another part is scattered from the particles through

the medium according to particle size [280]. The particle size is negatively correlated
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with the Brownian motion because smaller particles are turned away faster (smaller
intensity fluctuations) than bigger ones (larger intensity fluctuations) when interacting
with the molecules of the solvent [281]. The scattered light from the moving particles
creates time-dependent intensity fluctuations, which are recorded by a photon detector
[281]. The photon detector can only detect a specific range of light intensity; thus, an
attenuator is used to modulate the laser source's intensity when needed [281]. DLS
detectors could be positioned in two angles, either at 90° or 180° from the incident
laser beam [280]. The second position is called backscatter detection and comes with
the advantage of negligible rotational diffusion [280]. In that case, samples with high
particle concentration can be tested since no multiple scattering is happening [280].
Afterwards, the scattering intensity is transmitted from the detector to the auto
correlator [281]. A build-in algorithm correlates the scattering intensity fluctuations with
the time decay g(7) (s) in real-time and afterwards with the particle size [280]. The time
decay relates to the translational diffusion coefficient, D (m? s™) of the scattering
particles and the propagation vector length of density fluctuations, g (m™) based on the

equation [282]:

g(@) = (e7?P7) (2.11)

The propagation vector length can be calculated based on the equation below:

4mii 9
A Y (2.12)

1= 73,72

where 11 is the solvent’s refractive index (-), A, is the laser light's wavelength (m), and

6 is the scattering angle (°) [280]. The particles diffusivity depends on various
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parameters, including their shape [282], surface chemistry, concentration, and
medium’s ionic strength [281]. The translational diffusion coefficient is utilised for the
calculation of the hydrodynamic diameter d(H) (m). The hydrodynamic diameter has
the size of a sphere hypothesised to diffuse as fast as the examined particle. For
spherical particles, the hydrodynamic diameter d(H) is calculated based on the Stokes-
Einstein equation:

d(H) = 37’;:[) (2.13)

where k is Boltzmann’s constant (1.38 10% kg m? s? K™"), T the absolute temperature
(K), and n the solvent’s viscosity (Pa s) [282]. Therefore, having a stable temperature
during the measurements is critical. The size distribution is presented as a plot of the
scattered light intensity or the number or the volume of particles versus various size
classes in a software. In addition to the hydrodynamic diameter, the software

calculates the mean particle size and the sample’s PDI [281].
/ \ Attenuator He-Ne Laser
N 7™

Photon

\ Detector
N

Autocorrelator

Figure 2.13 Schematic representation of the basic principle of DLS.
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2.5.2 Benefits of Dynamic Light Scattering

DLS is a fast (each measurement is completed within minutes) highly
reproducible technique, which requires only a few mL of the testing sample per
measurement. Its main advantage is that it enables the characterisation of colloid
systems or molecules in liquid in the micro scale [281, 283]. The standard technique
for evaluating particle size in the absence of DLS is SEM [278]. Particles tested via
SEM tend to aggregate because they are in a dry state, leading to incorrect
interpretations of size if the nominal particle size is not known. However, aggregates
can also be formed in liquid media. Therefore, DLS and SEM combined are expected
to provide the most representative results. DLS is an essential tool for various colloid
systems like lubricants, drugs, food, cosmetics, paints, ceramics, and personal care
products [284]. It has even been deployed to characterise NPs suspensions for the

therapy of OA [285, 286].

DLS assists in understanding the interactions between the particles of the
suspensions by measuring the particle size, and polydispersity (PDI) [287, 288]. The
NPs size is positively correlated with the sedimentation rate and, therefore, the
dispersion stability [10]. Nano lubricants with poor stability, aggregation and
sedimentation demonstrate diminished wear and friction reduction ability [289, 290]. In
addition to that, the size of the NPs affects their mechanical properties (e.g. hardness)
[291], hence, their lubrication performance. The NPs shape determines their load
carrying capability [10] and, as such, their frictional properties. [278]. Polydispersity is
very common on NPs suspensions [278]. In polydisperse suspensions there is a large

variation in the size of the particles.
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2.5.3 Zeta Potential measurements - Electrophoretic Light Scattering

The ZP is an indication of colloidal systems’ stability and agglomeration
tendency [10]. ZP ranges from -200 to +200 mV and, in general, a water-based NPs
suspension with ZP higher than 30 mV is considered highly stable [292, 293]. It needs
to be mentioned that the absolute value of ZP is important and not the positive or
negative dimension, which depend on the movement of the particles towards the
electrodes [294]. However, the ZP is not always representative of the stability because
it accounts only for the electrostatic repulsive forces. The stability depends additionally
on the attractive Van der Waals forces, the steric, and hydrophobic interactions based

on the Derjaguin, Landau, Verwey, and Overbeek theory [295].

The ZP should not be confused with particles charge; it indicates the surface
potential difference in the interface of the charged particles at the Electric Double Layer
(EDL) and the suspension’s medium [294]. EDL consists of the Stern and the diffuse
layer [294]. Figure 2.14 illustrates the EDL on a negatively charged particle. The first
layer of the EDL is the Stern layer, which is a layer of oppositely charged ions
surrounding the charged particles in the suspension [296]. The second layer of the
EDL is a diffuse layer of negatively and positively ions that develops a few nm from the
Stern layer because of the particles’ weak surface charge [294]. The composition of
the diffuse layer is related to the particles/ions concentration and the pH [294]. The
hypothetic plane at the particles-medium interface is named the slipping plane [294],

and its potential is the ZP [296].
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Figure 2.14: Schematic illustration of the EDL on a negatively charged particle. The
EDL consists of the Stern layer and the diffuse layer. The ZP is the potential measured
at the slipping plane.

Electrophoretic Light Scattering (ELS) is the most frequently employed method to
measure the ZP [296]. During ELS, half of the laser beam is fired through the sample
and a half through combines with the scattered beam [294]. The particles scatter the
light to different frequencies than the incident laser beam inducing a frequency shift
proportional to particles velocity known as Doppler shift [294]. The particles’ velocity is
subtracted from the Doppler shift to calculate the electrophoretic mobility [294]. The
sample is placed on special cuvettes with inbuilt electrodes. Under electric field, The
particles start moving towards the oppositely charged electrode and develop
electrophoretic mobility [294]. The ZP can only be determined by experimental results

based on Henry’s equation:

28 & f(Ka) (2.14)
= T

e
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where p,is particles electrophoretic mobility (m? s™ Volt™), ¢, is the dielectric constant
in vacuum (-), &, is the dielectric constant (-), f(Ka) is Henry’s function (-), and n is

medium’s viscosity [294]. The electrophoretic mobility is defined as:

PN IR

He (2.15)
where u is particles' velocity (m s™), and S is the strength of the electric field (Volt m™)

[294].

Anoother measuring method of the ZP is the electroacoustic phenomenon.
During the electroacoustic phenomenon, an electric field is applied that induces
particles oscillatory mobility [294]. From the analysis of that oscillation, the ZP can be
identified [294]. The electroacoustic method is mainly used for dense suspensions
when properties like viscosity, thermal conductivity, density, and thermal expansion

coefficient are available [296].

Although DLS and ELS are powerful techniques, they have some limitations.
They are reliable only for particles smaller than the wavelength of the laser (usually
632.8 nm for He-Ne laser) [297] and larger than the solvent’s molecules because the
scattered laser beam correlates to the particle size and the laser wavelength A [283].
DLS and ELS are also very sensitive to contaminants. For example, dust particles are
large enough to deteriorate the results [280]. In addition to that, DLS and ELS work
only for optically transparent samples because they are based on light scattering,
making them automatically unsuitable for many samples [280]. Another disadvantage
is that they cannot identify the material of the particles [278]. The operator should

provide that information, combined with the reflective index and the medium's viscosity,
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before initiating the measurements. Also, DLS and ELS are based on the principle that
there are no interactions between the particles, and therefore, they only provide
representative results for a specific range of particle concentrations [278]. Finally, in
dilute solutions (< 0.01% w/v), the scattering intensity is weak, and only equipment

with powerful laser sources can achieve good signal to noise ratios [278].
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3. INVESTIGATION OF RHEOLOGICAL AND SURFACE PROPERTIES
OF OSTEOARTHRITIC SYNOVIAL FLUIDS

3.1 Introduction

Osteoarthritis (OA) is a progressive abnormal condition of the joints afflicting
millions worldwide [298]. Treating OA is not possible yet; current therapies target only
at relieving its symptoms. Diagnosing OA using existing diagnostic tools like Magnetic
resonance imaging (MRI) is only possible at its late stages when the morphology of
the joints changes significantly [6]. Considering its severity and the lack of effective
diagnostic tools and treatments, the need for further research on OA seems incumbent.
Therapeutic methods capable of preventing the initiation and progression of OA need
to be developed. Various factors including age, obesity, gender, traumatic incidents,
and limited physical activity are deemed to induce OA [16], but the degeneration
mechanisms are not well-defined. Investigating the effect of OA on the joints'
mechanical properties will provide biomedical researchers with a better understanding

of OA’s onset and progression mechanisms, risk factors, and pathological ranges.

Healthy joints demonstrate excellent lubrication, maintaining a coefficient of
friction (CoF) in the “superlubricity” regime (0.001 to 0.03) during everyday activities
[74, 87]. The exceptional lubrication is assigned to a mixture of lubrication mechanisms
suggested over the years, including the hydrodynamic, the elastohydrodynamic, the
squeeze film, the boundary, and the hydration lubrication theory [81, 86, 299]. Based
on those theories, both synovial fluid (SF) and articular cartilage (AC) properties
contribute significantly to joints’ lubrication. AC and SF molecules like Hyaluronic acid

(HA), lubricin, albumin, and y-globulin determine joints lubrication, especially in the
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boundary regime when the lubrication is credited to the macromolecules adsorbed on
the AC surface [32, 84]. The porosity, elasticity, geometry, and uneven thickness of
the AC provide a uniform pressure distribution and load-bearing capacity to the joint
[300]. Finally, the highly viscous SF forms thick protective films, which prevent direct

contact between the AC surfaces [299].

SF properties protect joints over the whole spectrum of the lubrication regimes
[35]. The high SF viscosity (up to 175 Pa s at low shear rates) [141, 142, 153, 301,
302] and its shear-thinning behaviour contribute to the exceptional lubrication of the
joints [26, 95, 108, 109]. The high SF viscosity contributes to efficient lubrication via
the formation of film thickness under the hydrodynamic regime. The shear-thinning
characteristic has the additional advantage of increasing the film thickness under the
boundary regime via squeeze film action [303, 304]. That capacity is vital for the joint,
which withstands high pressures under boundary lubrication. The same behaviour has
been seen in oil systems, in which shear-thinning fluids provide a CoF reduction of
50% even though their film thickness is lower than the isoviscous Newtonian under
high shearing [305]. In addition, SF has an increased load-carrying capacity compared
to Newtonian fluids of the same viscosity under physiological stresses thanks to SF

high relaxation (squeeze film) time which decreases the normal stresses [306, 307].

SF’s lubrication efficiency deteriorates significantly under OA. Rheological
properties such as steady-shear viscosity and viscous/elastic modulus reduce under
OA [95, 275]. SF deterioration is related to alterations in its composition, including HA
and lubricin reduction [105, 108]. The effect of OA on SF’s viscosity has been studied

since 1959 [153]. Table 3.1 summarises the reported studies on the steady-state flow
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viscosity of healthy and osteoarthritic SF from humans after death. In general, healthy
SF demonstrates higher viscosity than osteoarthritic SF. Both osteoarthritic and normal
SFs cover a wide viscosity range between 0.008-25 Pa s and 0.06-175 Pa s,
respectively [95, 141, 142, 153, 301, 302]. Direct comparison of those levels is not
possible because they were acquired using different experimental methodologies (e.g.
shear rates). For instance, some studies examined the broadest possible shear rate
range (up to 1000 s™) [95, 141], whereas others explored smaller ranges [308, 309].

Table 3.1: Steady-state flow viscosity of osteoarthritic and healthy SF samples

reported in the literature. Values annotated with (*) correspond to the average viscosity
+ standard error.

N Number of . . Viscosity of
umber of Viscosity of
osteoarthritic healtr!y osteoarthritic healtr!y Testing
. . synovial . . synovial i References
synovial fluids fluids synovial fluids fluids conditions
(') (_) (Pa S) (Pa S)
4 91 0.15+0.05 0.06-1.4 t=100s [153]
4 2 0.1-1 1-100 0.1s",21°C [141]
N/A N/A 0.1-2 6 — 60 0.001 s': [142]
0.001 s7,
N/A N/A 0.1-1 6-12 25°C [301]
35 0 0.087 — 25 - 0.001s™ [310]
N/A N/A 0.1-1 1-175 0.01s™ [302]
12 0 0.1-10 - 0.1s™,25°C [308]
Patients with
flare: 0.214 +
44 0 28 . 157 25°C [309]
without flare:
0.874 £ 0.89* :
0.01s™,
34 0 0.05-14.4 - 37°C [95]
1mm
76 0 0.008 — 0.171 - amplitude, [311]
37°C
15 0 0.040 £ 0.003 N/A, 37°C [312]

*When viscosity range was not given, viscosity is displayed as the average value + standard error.

The SF bulk rheological properties are essential for the joints’ lubrication in the
hydrodynamic regime. In the boundary regime, joints’ lubrication relies mainly on the

surface interactions of the SF components with the AC. The adhesion of synovial cells
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and macromolecules to the AC creates a film that separates the AC surfaces. The
adsorption of the SF components to the AC surface and their effect on lubrication is
investigated in this study by adhesion measurements. Under OA, the adhesion
increases either because the collagen network is disrupted [137] or the proteins are

broken down [72].

This chapter studies the lubrication properties of human osteoarthritic SFs and
correlates them with patient characteristics. The present study is based on 49 samples
collected during arthroplasty. As shown in Table 3.1, this study and the one published
by Galandakova et al. [311] investigated the largest number of osteoarthritic SF
samples so far. In this work, rheological and surface interactions (adhesion)
measurements were carried out. Adhesion measurements were carried out via Atomic
Force Microscopy (AFM) in a few samples as a supplementary method to evaluate the
effect of macromolecules adsorption on joints’ lubrication. Comparing the results from
those two techniques will shed light on the existence of correlations between bulk and

surface properties in the osteoarthritic joints from various patient groups.

This chapter aims to expand the current understanding of OA’s impact on the
lubrication properties of the joints in order to identify the requirements of a new
treatment for OA. The differences in the lubrication properties of the SF from various
patient groups indicate the patient characteristics leading to poor joints lubrication and
relate to the compositional changes in the osteoarthritic SF, which make people
susceptible to OA. The composition of the new treatment, the target lubrication regime
and the target patient group will be defined. The hypothesis is that OA acts differently

on patients with different physical and anatomical characteristics (e.g. age, obesity,
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fat), which are associated with the joints' mechanical properties. Although previous
studies have already reported the composition of osteoarthritic SFs in various patient
groups, very little is known about the effect of patient characteristics on SFs’ lubrication
properties. Identifying the different ways OA affects the lubrication of the joints in every
person assists in establishing targeted treatments based on individual characteristics.
In addition, the established pathological range of mechanical properties could be used

to develop new biomarkers for the diagnosis of OA.

3.2 Materials and methods

3.2.1 Materials

SF samples were acquired from forty-nine patients suffering from OA who
underwent total knee or hip replacement at The Royal Orthopedic Hospital in
Birmingham. SF was removed from the patient’s joint by the medical practitioner and
placed into a sterile test tube during the operation. Debris and cells were removed by
centrifugation, and the supernatants were frozen immediately at -80°C. The ethical
approval for examining those samples is in Appendix A1. Each SF was thawed at room
temperature (18-20°C) for thirty minutes before the testing. The samples were
categorised according to gender, age, the body part of which they were acquired, the
body weight, Body Mass Index (BMI), total fat levels, and Waist to Hip ratio (W: H)
circumference of the patient. Table 3.2 presents the range and average values of

patient characteristics.
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Table 3.2: Characteristics of patients / donors of synovial fluid suffering from OA.

Body Age Height Weight BMI Fat W: H

Gender

part ¥) (cm) (kg) (kg/m’) (%) ()
27F 29 knee 49-82 149-181 53.2-119.5 19.4-414 3.0-46.0 0.7-1.1

22M  19hip  (70.9+1.1) (166.5:1.2) (80.9+2.4) (29.1#0.8) (32.1+1.7) (0.940.0)

(average + standard error)
F: female, M: male

Phosphate-buffered saline (PBS) (Fisher Scientific, USA) was used as a
reference and solvent in the present work at a concentration of 0.01 M (1 x PBS). Its
selection is attributed to its wide application in biologic research. PBS’s osmolarity and
ion concentration are at the same level as those of the human body [313]. Furthermore,
it does not contain any SF components and, as such, it can be used as a reference

solution.

Silicone oil (Sigma-Aldrich, USA) was utilised to obstruct SF’s evaporation
throughout the rheological testing at 37°C. A small amount of silicone oil was placed
around the sample as a sealant, a standard technique for rheological tests without a
solvent trap [314]. It was confirmed experimentally that the silicone oil did not affect

the rheological properties of SF.

3.2.2 Methods

3.2.2.1 Rheological measurements of synovial fluids

Steady-state flow tests of SF were conducted on an ARES-G2 rheometer (TA
Instruments, USA). The sample and lower plate were heated at 37°C using an
advanced Peltier system, which transfers the heat through a non-contact mechanism.

The geometry used was a 20 mm 2° standard steel cone with a gap of 53 ym, chosen
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because it requires only 75 pl of the sample and provides good results for a wide range
of viscosities. The rheometer was first calibrated with a mixture of polysaccharides with
a known viscosity. SF samples were tested at least in duplicates. The results are

presented with the standard error associated with those measurements.

Viscosity was measured versus shear rate. The physiological range of shear
rates in the synovial joints is broad, starting from very low shear rates close to zero
and reaching 10%7 s [315, 316]. However, a smaller shear rate range was explored
here. The selected shear rate range was based on the rheometer’s sensitivity, the
chosen geometry, and the purpose of the study. In many SF samples, the rheometer
demonstrated the common issue of zero errors/drifts at shear rates below 2 s™'. That
fault is attributed to mechanical/electronic faults of the machine [271]. Therefore, 2 s™
was the lowest shear rate explored here. The highest shear rate explored was 100 s
'. SF is shear-thinning and, as such, with increasing shear rate, its viscosity becomes
very low and resembles Newtonian fluids [315]. At such high shear rates, there is no
differentiation between the SF samples. The study aims to compare the rheological
behaviour of the SFs and not to acquire the exact value of viscosities. A short shear
rate range across which the SFs maintain their rheological properties and the
rheometer works well was deemed appropriate. For completion, it needs to be

mentioned that twenty viscosity points were taken per decade.

The Power-law model was employed to calculate the Power-law/shear-thinning
index of the SFs (n). The definition of the model can be found in section 2.4.2.1 of the

methodology section.
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3.2.2.2 Surface interactions measurements of synovial fluids

Adhesion energy measurements were conducted on the Force Spectroscopy-
Contact mode of the AFM (JPK Instruments, Germany) using the SPM Control
Software (JPK Instruments, Germany). The measurements were carried out in PBS
between a SizN, cantilever with a spring constant of 0.27 N m™ and a resonance
frequency of 30 kHz (Windsor Scientific Ltd, UK) and the adsorbed SF layer on a
titanium substrate. The titanium substrate has been selected as one of the materials
currently used for joint implants [317]. The measurements were done at ambient
temperature (18-20°C) to prevent the evaporation associated with higher temperatures
of SF in an open environment. The applied normal load during the measurements was
6 nN. One hundred and fifty force curves were conducted for every sample. Each force
curve was acquired at a different surface point to ensure the surface was intact. The
adhesion energy was calculated from the adhesion peak area on the JPK Data
Processing Software (JPK Instruments, Germany). The measurement of SF’s
adhesion on AFM was challenging even with high spring constant cantilevers because
of its high viscosity. Therefore, the SF samples were tested 10, 100, 800 and 1500
times diluted in 1 x PBS solution. By diluting the SF samples multiple times, the amount
of the SF molecules adsorbed to the surface could be identified and differentiated.
Before the AFM measurements, 80 uL of diluted SF sample was placed on a clean,
dry titanium substrate and left to be absorbed for two hours at room temperature. Two
hours is the maximum time required for the SF adsorption to reach equilibrium on a
titanium substrate. That time has been found through Quartz crystal microbalance

(QCM ) tests. The adhesion energy was measured for ten SF samples. PBS was used

91



as a reference. Surfaces interaction measurements were contacted in PBS following

the same experimental conditions.
3.2.23 Statistical analysis

A basic statistical analysis of the data was implemented in Microsoft Excel. The
patients were split into six categories based on age, gender, BMI, fat %, W: H, and the
sample’s origin. For each category, two or three subcategories were formed (e.g.
males and females for gender). The average, minimum, maximum, standard deviation
and standard error values of each subcategory were calculated. Results were plotted
against patient characteristics (e.g. age) and fitted with the linear regression model.
The coefficient of determination (R?) and the probability value (P) were calculated. The
R? demonstrates the percentage of data fitted to the linear regression model. The
higher the R?, the better the fitting. The P is an indication of a significant statistical
difference between the data. When the P is less than 0.05, there is a significant
statistical difference. Following the regression analysis, two-sample assuming unequal
variances t-Tests were applied to find significant differences in the subcategories (e.g.
age 49-59 years, and age 60-69 years). Those tests provided the P between two

subcategories.

The high number of rheological data allowed advanced statistical analysis to be
performed. The viscosity and shear-thinning index data were further analysed using a
six-way Analysis of Variance (ANOVA) in the SPSS software package (IBM SPSS
Statistics, US). Six-way ANOVA provides the advantage of simultaneously comparing
all six variables (age, gender, BMI, fat %, W: H, and origin of the sample) and

evaluating their effect on the rheological properties. Another advantage is that it
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controls better than the t-Tests the type 1 error Rheological data from 31 patients were
analysed because there were missing information from some patient characteristics.
Viscosity data at 2, 10, 100 s and the shear-thinning index were used. Bonferroni Post
Hoc test was performed to investigate the influence of specific patient characteristics
on the SF rheological properties. ANOVA provided also the Partial Eta Squared (1;),
which indicates the percentage of the variance explained by a given independent

variable (small effect: n; < 0.06, medium effect: n; < 0.14, large effect: n; > 0.14).

3.3 Results and discussion

3.3.1 Rheological characterisation of synovial fluids

The SF samples presented a shear-thinning behaviour, confirming the previous
publications [76, 95, 141]. The decrease in the viscosity variation as shear increases
highlights the shear-thinning trend [95]. For example, the viscosity at 100 s ranges
from 0.006 to 0.076, a difference of only 0.07 Pa s, whereas at 2 s, there is a variation
of 0.55 Pa s. The shear-thinning index of the examined SF samples varies widely from
0.43 to 1. Table 3.3 presents the range and the averaged values of the shear-thinning
index for all the patient groups. All the samples are considered shear-thinning apart
from one corresponding to a female 76 years old overweight patient with hip OA. The
progression of OA is associated with the reduced shear-thinning extent in the SFs [141,
301, 318]; as such, that sample could have seriously degenerated. Three SFs showed
an almost Newtonian behaviour (n > 0.9), of which the common characteristics are the
high W: H ratio (W: H > 0.9) and the elevated age (over 70s). In contrast to the
Newtonian samples, no clear correlation was found among the patients whose

samples demonstrated the strongest shear-thinning behaviour (n: 0.4 - 0.5). Figure
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3.1 illustrates the viscosity of four indicative SF samples and the reference PBS. One
of those is very shear-thinning (n=0.475), one almost Newtonian (n=0.903) and two
moderate shear-thinning (n=0.772, 0.753).

Table 3.3: Shear-thinning index (n) of SF samples from various groups of patients
suffering from OA.

n(-)

Groups of Min-Max
patients (Average + standard error)
Vale 0.43-0.90
(0.71 £ 0.03)
Female o
(0.73 £0.03)
0.43-0.92
Knee OA (0.72 £ 0.03)
_ 0.45-1.00
Hip OA (0.72 +0.04)
. 0.42-0.85
Age: 49-59y (0.57 +0.08)
. 0.50 - 0.89
Age: 60-69 y (0.80 £0.03)
_ 0.45-1.00
Age: over 70 y (0.72 0.02)
) 0.45-0.93
Normal weight (0.69 + 0.05)
_ 0.43-1.00
Overweight (0.72 +0.04)
0.50-0.92
Obese (0.74 £ 0.03)
0.43-0.93
_ 0,
Fat 21-31% (0.72 £ 0.04)
0.45-0.92
0,

Fat over 31% (0.68 £ 0.04)
. 0.45-0.89
W: H 0.70-079 (0_71 + 0_10)
. 0.50 - 0.89
W: H 0.80-0-89 (0.72 £ 0.04)
. 0.43-0.92
W: H 0.90-1.10 (0.69 £ 0.03)
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Figure 3.1: Viscosity of four indicative SF samples from patients suffering from OA
and the reference PBS in relation to the shear rate. Circle: 57 yr, overweight, male,
knee OA, fat 28.3%, W: H 1.12. Square: 74 yr, overweight, female, knee OA, W: H
0.97. Rhombus: 71 yr, overweight, female, knee OA, fat 37.8%, W: H 0.91. Triangle:
76 yr, overweight, male, knee OA, fat 24.8%, W: H 0.93. The data are fitted with the
Power-law model. For every SF sample, the shear-thinning index (n) is presented.
Each data point is the average viscosity value of three repetitions of the same sample.
The error bars represent their standard error.

The Power-law model fitted well with the rheological behaviour of the present
samples (average R* 0.941 + 0.096). The model provided the shear-thinning indices
and a consistency equals to 0.206 + 0.03 Pa s. The Power-law is a commonly used
model for shear-thinning fluids, especially when there is a shear-thinning behaviour
across all tested shear rates [319]. The viscosity of the SF samples is modelled most
of the time using the Power-law model or modifications of it in the literature [320-322].
The Cross model has also been used for modelling the viscosity of SFs [302, 310].
However, it is not appropriate in this case because, in addition to the shear-thinning, it
considers a Newtonian element at zero and high shear rates [323], which have not
been observed in the present data. The use of the Carreau-Yasuda model has also

been suggested for SFs [324]. This model is used for viscosity behaviour similar to the
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Cross model but incorporates an additional exponent for the transient area from

Newtonian to shear-thinning.

The interactions between the HA and the SF proteins explain the SF shear-
thinning behaviour on the molecular level. At low shear rates, there are strong inter-
particle interactions between the anionic HA and the cationic proteins of SF, forming a
highly entangled network that causes resistance to flow and, as such high viscosity
[314]. More specifically, hydrogen bonds stabilise their interactions and strengthen the
rheological performance of the SF [308]. At high shear rates, those interactions
decrease due to molecular disentanglements like breakage of HA chains and HA-
protein aggregates [314], and the molecules align with the direction of the flow [275,
308]. As a result, the free space between the molecules increases and the viscosity

decreases [273].

The SFs in the present study cover a broad range of viscosity indicating a high
level of heterogeneity and suggesting OA acts in various ways in the population. For
example at 2 s ", the viscosity covered an area from 0.012 to 0.562 Pa s. The variation
in SF viscosity could be attributed to the different SF composition, such as the HA and
protein content or the different characteristics like the HA molecular weight [95]. SFs
viscosities are within the reported range for osteoarthritic samples 0.085-25 Pa s [95,
141, 153, 275]. However, a direct comparison with previous studies is not possible due
to the different instruments and methodologies used (Table 3.1). Mathieu et al. for
instance, reported a viscosity range 3.5 times smaller than the range found in this study
[308]. Since the variability of the SFs viscosity is significant, the more the tested

samples (49 samples versus 12), the wider the viscosity range. The higher temperature
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is probably another reason for the lower average viscosity of the SFs in the present
study. As reported, the viscosity of osteoarthritic SFs declines with temperature rise
[95]. 37°C was used during the measurements to simulate the human body
temperature instead of 25°C used by Mathieu et al. [308]. Although there is an overlap
between the reported ranges for non-osteoarthritic and osteoarthritic SFs, it has to be
pointed out that none of the tested SFs exceeded the 1 Pa s, which was found in
multiple studies as the lowest viscosity limit for non-osteoarthritic SFs (Table 3.1).
Therefore, it is likely that the SFs in the present study have degenerated. Based on
the literature, the reduced viscosity of the osteoarthritic SFs in consequence of the
decreased concentration and molecular weight of HA [105] or the increased content

and molecular weight of proteins [325, 326].

The effect of patients’ physical and anatomical characteristics on the viscosity
and the shear-thinning of their SFs is presented below. Although some statistically
significant correlations have been revealed, most of the correlations are weak, and
many outliers can be seen. The weak correlations could be attributed to the
heterogeneity of human samples and other unknown patient characteristics. The
samples were analysed based on the known characteristics of age, gender, BMI, fat
%, W: H, and sample’s origin. However, according to the literature, there are many
other factors inducing OA, like the duration of having OA, joint injuries, physical activity,
occupation, diet, metabolism and genetics, which might have affected the rheological

properties of the SFs [176].
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3.3.1.1 Effect of age

Age demonstrated the strongest correlation (P=0.039) with the rheological
properties of the SFs. A decreasing trend of viscosity with increasing age is shown in
Figure 3.2a. The SF viscosity of the young patients (49-59 yr) was the highest for all
the tested shear rates, suggesting that osteoarthritic SF loses its exceptional high
viscosity with age progression. More specifically, the average SF viscosity of the
patients in their sixties is 58% lower than the SF viscosity of the young patients. The
difference between the young patients and those in their sixties and the young patients
and those in their seventies is significant (P=0.034 and P=0.048 accordingly), in
contrast to the difference between patients in their sixties and seventies (P=0.12). With
the shear rate increase, the viscosity correlation with age is less important (P=0.058
at 10 s and P=0.067 at 100 s™'). That is an expectable result given the shear-thinning
nature of the SF. Similar to the viscosity, the shear-thinning extent of the SFs reduces
with age progression. Even if the correlation is statistically weak (P=0.546), the shear-
thinning index increases with age by 40%, as shown in Figure 3.2b. The 66.1% of the
shear-thinning index data are explained based on the age. The average shear-thinning
index for patients 60-69 years old is 29% higher than the patients 49-59 years old, and
a significant difference between those groups was found (P=0.024). The R? of the
regression line is low for the viscosity and shear-thinning data. This was expected
because of the high variability of the SF rheological data. Linear regression was used
to identify correlations and not to model the data. Significant trends (P<0.05) between

the rheological properties and the patient characteristics can still be identified reliably.
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Figure 3.2: SF (a) viscosity at 2 s™ and (b) shear-thinning index in relation to the age
of patients with OA. Each viscosity data point is the average of three repetitions of the
same sample. Each shear-thinning index data point was found using the Power-law
model on three repetitions of the same sample. The error bars were omitted for
presentation purposes. The R% P and the trendline were calculated using linear
regression analysis in Microsoft Excel.
3.3.1.1.1 Effect of Hyaluronic acid

Figure 3.2 indicates that SF loses its exceptional high viscosity and shear-
thinning properties with age progression. The diminished rheological attributes might

relate to the age-related reduction of HA concentration in the SF [133]. HA is critical

because it provides SF with its characteristic high viscosity and shear-thinning
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behaviour [26]. A similar negative trend with age has been found for the viscosity of
the healthy SF as well [153]. It is essential to note that all human tissues deteriorate
with ageing [327]. Alterations in the musculoskeletal system of older adults result in
the breakdown of AC, enhancing susceptibility to OA [328]. For example, the
subchondral bone develops bone marrow lesions [329], ligaments lose their capacity
to absorb compression load [330], and meniscus tears become ordinary with age

progression [331].
3.3.1.2 Effect of fat levels and Waist: Hip

It is crucial to consider the effect of fat levels and their distribution on the human
body on the rheology of the SF. The total fat percentage of the SF samples
demonstrated a similar but weaker correlation (P=0.613) with the viscosity (Figure
3.3a). The averaged SF viscosity from patients with fat 21-31% was at the same level
as the SF viscosity from those with fat more than 31% (0.17 £ 0.06 and 0.17 £ 0.04 Pa
s accordingly). SFs from patients with shallow fat levels (less than 15%) demonstrated
very low viscosity, possibly because the body does not operate physiologically under
such low abnormal fat levels. The fat-free muscle mass is unable to protect joints
against OA [332]. Deficient fat levels could induce OA similarly to high-fat levels.
Studies relate deficient fat levels to health issues like reduced muscular strength and

increased risk of death [333].

The W: H, associated with the risk of developing OA, is commonly used by
medical professionals as a measure of fat distribution. Figure 3.3c illustrates the
viscosity of the SFs regarding the W: H of the patients at 2 s™. Even if the correlation

of viscosity with W:H is weak (P=0.245), an increasing trend can be observed. The
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average SF viscosity of patients with W: H 0.7-0.79, 0-8-0.89, and 0.9-1.1 was found
0.12 £ 0.07, 013 £ 0.03, and 0.17 + 0.03 Pa s respectively. In other words, the more
fat is distributed around the waist, the higher the viscosity of the SF. It could be that
the waist withstands more mechanical stresses than the hips/knees because of the fat

accumulation around it, and therefore the hip/ knee SFs retain their viscosity.
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Figure 3.3: SF viscosity at 2 s and shear-thinning index in relation to the (a,b) fat and
the (c,d) W: H for patients with OA. Each viscosity data point is the average of three
repetitions of the same sample. Each shear-thinning index data point was found using
the Power-law model on three repetitions of the same sample. The error bars were
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omitted for presentation purposes. The R?, P and the trendline were calculated using
linear regression analysis in Microsoft Excel.

The shear-thinning index of the SFs from patients with fat levels over 31% is
5.9% lower than those with 21-31% fat (Figure 3.3b). Alike that, the shear-thinning of
patients with W: H 0.90-1.1 was found to decrease by 3.6% compared to those with
W: H 0.7-0.79 (Figure 3.3d). Despite statistically insignificant, those trends indicate
that elevated fat levels distributed around the waist (high W: H) induce inter-particle

interactions between the SF molecules, providing SF with shear-thinning behaviour.
3.3.1.3 Effect of obesity

Although no significant statistical difference was identified between viscosity
and obesity (BMI), the average SF viscosity from obese patients at 2 s™ was 38% lower
than the normal-weight and overweight patients’ viscosity, which were at the same
levels (0.15 £ 0.04 and 0.16 + 0.04) (Figure 3.4a). In addition to the viscosity, obesity
correlates with a statistical difference (P=0.026) to the shear-thinning index, explaining
70.2% of the data (Figure 3.4b). The average shear-thinning index of the SFs was
found to increase for the obese patients compared to the normal weight patients by
7%. As such, the shear-thinning behaviour of the SFs decreases with increasing BMI,
suggesting that the increased body weight weakens SF’s viscosity. It can be observed
that the BMI affects SF viscosity different than the fat (Figure 3.3), highlighting the
need to evaluate the effect of body fat distribution in combination with the BMI [159,
180, 334]. BMI is considered more representative than the total fat because it

incorporates the total fat, lean muscle, and bone mass [335].
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The above-mentioned results confirm clinical data suggesting that obesity
contributes to OA [165, 336]. Obesity causes mechanical overloading and alters joints
composition, structure and mechanics leading progressively to degeneration [337,
338]. The high levels of truncal adipokines measured in SF from obese patients confirm
the adverse effect of obesity on the SF [156, 167]. Adipokines contribute to the

development of diseases associated with obesity like OA [339].
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Figure 3.4: SF (a) viscosity at 2 s and (b) shear-thinning index as a function of the
weight status, the gender, and the origin of the sample of patients with OA. Each bar
represents the average value of all the patients of the group (Normal weight (NW)
N=11, Overweight (OW) N=21, Obese (OB) N=17, Male (M) N=22, Female (F) N=27,
Knee N=29, Hip N=19). The error bars represent the standard error of the viscosity of
the different SF samples within each group.

103



3.3.1.4 Effect of gender

The average viscosity of SFs from female patients (0.13 + 0.03 Pa s) was found
lower than the male patients (0.15 £ 0.03 Pa s) by 14% (Figure 3.4a). Nonetheless,
the difference between them is not statistically significant (P=0.68). Similar to the
viscosity, the shear-thinning index was not statistically significant between genders
(Figure 3.4b). Women exhibited an average shear-thinning index 3.3% higher than
men (0.73 versus 0.71). The above data suggest that women SF is less viscous, less
shear-thinning, and therefore, less efficient lubricant than men’s SF. Although there is
no previous evidence about gender differences in the SF rheology, diminished SF
lubrication in women was expected because OA affects women more than men [340,
341]. Some compositional differences render women SF prone to OA. For example,
the miRNA content of extracellular vesicles in women SF is lower than in men,
highlighting reduced ability to innate the immune system [173]. Furthermore,
chondroitin sulphates, which provide resistance to AC compression, are decreased in

women than men SF [177].
3.3.1.5 Effect of sample origin

The last patient category is based on the origin of the SF sample. The tested
SFs were acquired either from a knee or a hip joint of a patient. Although there was no
statistical difference, the average SF viscosity from knees was higher than the hips for
all tested shear rates (Figure 3.4a). At 2 s the average viscosity of the SF samples
from the knees was 11% higher than hips. The higher viscosity of knee SFs could be
associated with the reported higher concentration of GAGs in knee joints [342]. HA is

the most important GAG of the SF, and its concentration is positively correlated to SF
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viscosity [105]. Furthermore, the mechanical stresses applied on the hips during daily
activities are higher (5.3-11.9 MPa [343]) than those applied on the knees (1-6 MPa
[344]) and, as such, hip SFs might degenerate. The SF shear-thinning indices from
patients suffering from knee OA and hip OA were at the same levels (0.72), indicating

no difference between the different types of joints (Figure 3.4b).
3.3.1.6 Further statistical analysis

ANOVA confirmed the above correlations of patient characteristics with SF
viscosity and shear-thinning. Levene’s Test of Equality of Error Variances revealed a
significant effect of P=0 on the viscosity and P=0.003 on the shear-thinning of the
independent variables (age, gender, BMI, fat levels, W: H, sample’s origin). The
relationship between viscosity/shear-thinning and the six variables was strong since
they explained 94.2% of the viscosity and 94.9% of the shear-thinning index data (R
0.942, R%: 0.949). Table 3.4 presents the statistically significant interactions of the
rheological properties with the patient groups at 2, 10 and 100 s, The same patient
groups (age, BMI) demonstrated statistically significant interactions across all tested
shear rates. Nevertheless, there is a small reduction in those interactions with
increasing shear rate, highlighted by the increase in the P and the decrease in the ;.
Fewer correlations were expected at high shear because of the SFs are shear-thinning.
An additional interaction with the sample origin was revealed in the case of the highest
shear rate of 100 s That differentiation between the viscosity of knee and hip joints
could be related to the actual behaviour of the joints under high shear rates activities
like running. Higher mechanical stresses are applied on the hips [343] than the knees

[344], and, as such, hip SFs viscosity might degenerate more. Bonferroni post hoc
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tests revealed that the age group of 49-59 years old patients demonstrated a
significantly different viscosity than the age group of the 60s and 70s. However, the
BMI subgroups demonstrating a significant difference in the viscosity and the shear-
thinning were not identified.

Table 3.4: Significant interactions of viscosity (n) and shear-thinning index (n) with

patient groups acquired by ANOVA. The probability (P) and the Partial Eta Squared
(np) are provided for each interaction.

Rheological -
properties Age BMI Sample origin
P=0.012, 72=0.77 _
- P=0.021,
nat2s” (P=0.008 49-59 yr-patients 60s, 22073 ]
np_ .

P=0.011 49-59 yr-patients 70s)
P=0.02, 72=0.73 _
. P=0.026
nat10s” (P=0.01 49-59 yr-patients 60s, n2=0.70 -
P=0.013 49-59 yr-patients 70s) P
P=0.041, 72=0.66

] P=0.032, P=0.039,
nat100s” (P=0.014 49-59 yr-patients 60s, n2=0.68 n2=0.53
P=0.014 49-59 yr-patients 70s) P P
n P=0.039, n2=0.66 P=0.026,
(P=0.024 49-59 yr-patients 60s) n%=0.70

Similar SF rheological properties were identified between subgroups. At the
shear rate of 2 s, male patients and knee OA patients demonstrated an average
viscosity of 0.147 + 0.027 Pa s and 0.146 + 0.029 Pa s accordingly. Female patients
(0.129 £ 0.027 Pa s), patients with hip OA (0.129 £ 0.035 Pa s), and those with W: H
0.7-0.79 (0.122 £ 0.076 Pa s) can be grouped concerning their viscosity levels. Another
group could be the normal-weight OA patients (0.159 £ 0.047 Pa s), the overweight
patients (0.156 + 0.039), and those with fat up to 31% (0.154 £ 0.050 Pa s). Similar SF
viscosity suggests a similar level of deterioration for those patients. In those cases,
clinicians could provide them with a common treatment strategy to alleviate OA

symptoms.
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3.3.2 Surface interactions of synovial fluids

Other than its rheological characteristics, surface interaction of SF at the
articulating interface is believed to play a major role towards its exceptional lubrication.
Adhesion energy measurements were carried out in a few samples as a supplementary
method to evaluate the effect of SF’'s macromolecules adsorption on joints’ lubrication.
The hypothesis is that the higher the SF viscosity, the more molecules adsorb to the

substrate and, as such, the lower the adhesion energy.

Even though AFM force curves cannot indicate the specific SF molecules
adsorbed onto the titanium surface, they can reveal the lubrication performance of the
tested SF samples. Understanding the competitive adsorption mechanism of SF
components is complex because any SF component may adsorb to the AC/implant’s
surface, and SF composition varies from person to person. Human serum albumin
(HSA), glycoproteins (lubricin, alpha-1-acid glycoprotein, alpha-1-antitrypsin), y-
globulin and HA-phospholipids (SAPLs) mixture adsorb onto joint’s implants materials
and create a protective film [345-347]. '-globulin, HSA and lubricin are the most
dominant boundary lubricants. Under competitive adsorption, HSA blocks lubricin,

while y-globulin displaces pre-adsorbed HSA and HA molecules [347].

SF samples were diluted to different magnitudes by PBS buffer to reduce their
viscosity, meeting the requirements for AFM experiments. The adhesion energy
required to withdraw the AFM cantilever tip from the titanium surface contained in SF
was calculated from the adhesion peak area of the AFM force curves as described in
section 2.1.6 of chapter 2. The protocol for investigating the surface adhesion energy

of SFs is a new method for studying SFs’ lubrication properties, which was developed
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during this study. Ten random SF samples were analysed and established a negative
correlation with viscosity as hypothesised. The limited number of tested SF samples is
related to the limited availability of samples provided by OA patients who underwent

total knee or hip replacement at The Royal Orthopedic Hospital in Birmingham.

The force curves demonstrated multiple detachment points (Figure 3.5b),
possibly due to the various adsorbed SF molecules. The detachment points and, as
such, the adhesion energy decreased with increasing dilution for all samples (Figure
3.5a). Upon dilution, the concentration of the SF components decreases proportionally,
and as a result, less adsorption occurs on the titanium surface. The adhesion energy
was found to decrease with an increasing dilution ratio for all samples, confirming that
fewer and fewer molecules adsorbed on the solid substrate. Similar to viscosity, wide
variability was identified in the adhesion energy. The average adhesion energy of the
ten-times diluted SFs varied from 7.7 to 105.6 10™'® J, whereas the reference PBS
demonstrated adhesion energy between 0.3 to 16.3 10™'® J under the same
experimental conditions. Moreover, every sample followed a different trend upon
further dilution, highlighting once more the heterogeneity of the SFs. In the following
sections, the behaviour of the adhesion energy is analysed based on the patient

characteristics.
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Figure 3.5: (a) Average adhesion energy of ten osteoarthritic SF samples as a function
of the dilution factor. Each bar represents the average value of ten SF samples at the
same dilution factor. The error bars represent their standard error. (b) Representative
force curve of a human osteoarthritic SF (green). The black curve is the force curve of

PBS. The measurements were performed between a silicon nitride cantilever and a
titanium substrate.

3.3.2.1 Effect of age

Figure 3.6 indicates that the adhesion energy elevates with patients’ age,
demonstrating a statistical significance of P=0.035, which is also correlated with the
viscosity results. In the older adults (above 80 yr), the adhesion energy increased by
172% compared to the young patients (49-59 yr) under 10-times dilution. That
outcome, combined with the fact that adhesion increases with OA progression [137],
highlights the degeneration of osteoarthritic SFs with increasing age. The increase in
adhesion could be attributed to the decreased adsorption of boundary lubricants. For
instance, lubricin forms a film on the AC, enhancing joints lubrication [345], but it
decreases with age progression [348]. Therefore, it is hypothesised that the tested

osteoarthritic SFs from older adults lack lubricin, resulting in decreased adsorption and
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consequently diminished lubricating properties (increased adhesion energy and CoF)
[105, 108]. The increase of cell-adhesion genes with advanced age has already been

seen in mices’ meniscus [349].
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Figure 3.6: Adhesion energy of ten SFs samples diluted ten times in PBS as a function
of the age for patients with OA. Each adhesion energy point is the average from one
hundred and fifty force curves made with the same sample. The error bars were

omitted for presentation purposes. The R?, P and the trendline were calculated using
linear regression analysis in Microsoft Excel.

3.3.2.2 Effect of obesity and Waist: Hip

Figure 3.7 and Figure 3.8 illustrate a significant correlation (P=0.052) of SF
adhesion energy with BMI. An increasing trend has been observed across all dilutions.
The average SF adhesion energy from obese patients was 234-673% higher than
normal-weight patients. Compositional changes in osteoarthritic SFs, like the reduced
presence of SAPLs on the AC surface, may account for alterations in lubrication
performance. The shorter hydrophobic chain length of surface-active SAPLs in

osteoarthritic SFs [350, 351] diminishes lubrication due to the reduced adsorption on
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the AC surface [352]. Moreover, obesity creates an inflammatory environment in the
joints [156], impelling an increase in cell-adhesion molecules like the E-selectin and
the Intercellular Adhesion Molecule 1 [353, 354]. Similar to BMI, the adhesion energy
increases as W: H increases. However, in that case, the correlation is not statistically

significant (P=0.315).
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Figure 3.7: Adhesion energy of ten SFs samples diluted ten times in PBS as a function
of patients’ BMI. Each adhesion energy point is the average from one hundred and fifty
force curves made with the same sample. The error bars were omitted for presentation
purposes. The R?, P and the trendline were calculated using linear regression analysis
in Microsoft Excel.
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Figure 3.8: Average adhesion energy for ten-times diluted osteoarthritic SF samples
as a function of the weight status, the gender and the origin of the sample. Each bar
represents the average adhesion energy of all the patients of each group (Normal
weight (NW) N=3, Overweight (OW) N=2, Obese (OB) N=5, Male (M) N=3, Female (F)
N=7, Knee OA N=5, Hip OA N=5). The error bars represent the standard error of the
adhesion energy of the different SF samples within each group.

3.3.2.3 Effect of gender

Women demonstrated 8-67% higher average adhesion energy than men across
all dilutions (Figure 3.8). As stated above, that result was anticipated, given that
females are more prone to OA than males [176], and high adhesion is associated with
increased degeneration [137]. It needs to be stressed out, though, that the number of
female samples (seven) was significantly higher than male samples (three), and

therefore, it is not safe to make any definitive conclusions.
3.3.24 Effect of sample origin

The average adhesion energy of knee SFs was higher than hip SFs by 55-75%

across all examined dilutions (Figure 3.8). For ten-times dilution, the adhesion energy
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of knee SFs was higher than hips by 58%. The P, in that case, was 0.02. The increased
mechanical stresses on the hips [343] compared to the knees [344] could explain that
result. Previous studies reported increased adhesion in low-load bearing joints
compared to high-load bearing joints [91]. AC from high-load bearing joints
demonstrates significantly lower adhesion than AC from low-load bearing joints,
possibly due to the increased surface concentration of boundary lubricants which
protect the joints from adhesion [91]. Indeed, lubricin, HA, and aggrecan concentration
is higher in high-load than low-load bearing joints [355, 356]. Furthermore, AC from
high-load bearing joints withstand increased compressive stiffness and decreased
permeability [357]. It needs to be mentioned that the same number of knee and hip SF

samples was examined here.

3.3.3 Correlations between rheological and surface properties of synovial fluids

The results presented above demonstrate that SF bulk (viscosity, shear-
thinning) and surface (adhesion energy) properties degenerate under OA compared to
healthy [137]. Although viscosity was measured on neat SF samples and adhesion
energy on ten-times diluted samples, a negative correlation was identified between
them. The patient groups, which demonstrated a reduction in viscosity demonstrated
a raise in the adhesion energy and vice versa. Figure 3.9 highlights that correlation by
comparing the adhesion energy from ten-times diluted samples and the viscosity of
the same neat SF samples. Despite the small number of samples presented here, they
strengthen the reliability of the overall results of this study. That comparison is only

meant to be used qualitatively because samples analysed at the different experimental
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conditions. ldeally, the testing should have been done using the same sample, this

was not feasible because of the different methodology requirements.
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Figure 3.9: Adhesion energy and viscosity of the same nine osteoarthritic SF samples.
Viscosity was measured on neat SF samples, whereas adhesion energy on ten-times
diluted samples. Each bar represents one SF sample. The error bars represent the
standard error of three repetitions for the viscosity and one hundred and fifty for the
adhesion energy of the same sample.

The adhesion energy could be associated with the CoF in the joints. In general,
adhesion affects the applied normal load and is positively correlated to the CoF [91,
358]. That correlation has been confirmed experimentally in the AC surface [91, 347,
359]. Adhesion affects the CoF of the AC significantly especially following long
equilibration times [360]. The exact level of CoF cannot be estimated here because
the adhesion energy was measured on diluted samples. However, the present data
could give an indication about the joints’ CoF behaviour without testing it. For example,
higher CoF is expected in knee rather than hip joints because knee samples exhibited
higher average adhesion. Additionally, the increase in adhesion could be related to
compositional alterations of the Extracellular matrix (ECM) and indicate a decrease in

“good” boundary lubricants like lubricin [63, 64] and y-globulin [128] or an increase in
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“bad” boundary lubricants like the HSA. Alpha-1-acid glycoprotein, alpha-1-antitrypsin,
lubricin, and y-globulin decrease the CoF thanks to the soft protective film they form
[345], whereas HSA increases the CoF due to its denaturation (orientation and

configuration) on the AC surface [345] and the blocking of lubricin adsorption [347].

3.4 Conclusions

This study confirmed the diminished lubrication in osteoarthritic joints under
boundary and hydrodynamic regimes and identified strong correlations of the SF
lubrication properties with patient characteristics. Bulk (rheology, shear-thinning index)
and surface (adhesion energy) lubrication properties were examined to cover all
lubrication conditions in the everyday operation of joints. Age is identified as the most
influential factor leading to SF degeneration and possibly inducing OA development.
SF’s viscosity decreases with age progression, while the Newtonian behaviour and
adhesion energy increase significantly. The reduced SF lubrication efficiency with
advanced age could be attributed to compositional changes such as the reduced
concentration of HA and the increased cell-adhesion genes. In addition to age, BMI
demonstrated a statistically significant interaction with SF’s lubrication properties. SF
viscosity from obese patients was significantly lower and less shear-thinning than the
normal-weight and overweight patients. Moreover, SF adhesion energy was found
significantly increased with BMI. The adverse effect of increased BMI on SF lubrication
properties could be explained by the compositional alterations induced by increased
mechanical stresses applied to obese joints, as stated in the literature [337, 338] and
the inflammatory environment, which promotes cell adhesion [353, 354]. The adhesion

energy results revealed an additional significant correlation with the sample origin. The
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adhesion energy of knee SFs was 58% higher than the hips. That observation could
be related to the increased concentration of boundary lubricants at low-bearing joints

like the knee [91].

Patients were sorted into three broad categories depending on their rheological
properties. Moreover, the pathological ranges of those properties were established for
each category. The first category includes males and patients with knee OA. The
second category consists of females, patients with hip OA and W: H 0.7-0.79. The third
category comprises normal-weight, overweight, and patients with fat levels up to 31%.
The SFs of those patients demonstrate a similar level of deterioration and, therefore,
a similar disease progression rate. Clinicians could utilise that data and provide the
patients with specific treatment approaches tailored to the lubrication requirements of
each patient group. Based on the established pathological ranges and the identified
correlations between the lubrication properties, clinicians could estimate other
lubrication properties without testing them, leading to faster and more efficient
diagnosis. For example, adhesion is positively correlated to CoF, which is the primary
source of pain for OA patients. SF’s lubrication properties could also be used in the
diagnosis of OA. SF’s viscosity has already been recognised as an accurate and

sensitive marker for detecting Periprosthetic Joint Infection [312].

No strong trends were established with the other physical characteristics
despite age and BMI. That outcome could be associated with the limitations of studying
human SF samples' properties. Such samples can only be collected post-mortem or
during arthroplasty. The SF samples used in this study were collected during

arthroplasty of patients suffering from OA. There was no control over the number of
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patients who needed to undergo surgery during the span of this study. The donors
were at the last stage of OA, and therefore, the results are relevant to the late OA, and
generalising them for the early stages of the disease requires additional research.
Furthermore, the minimal quantity of the SF samples restricted the number of
measurement repetitions. Having the same number of samples for each patient
category was not feasible because the donors were a live population. Female, obese,
elderly are more prone to OA, and as such, the number of donors for those groups was
higher than the rest. Finally, to achieve solid statistical correlations, all patients within
a group should have the same fixed characteristics and differ only at one variable at a
time. However, this is not possible with humans. For example, older people are, at the
same time, females or males. Finally, no healthy SF samples were available for this
project, and instead, literature data was used. The only possible source of healthy SFs

is from post mortem individuals, but such samples were unavailable for this study.

In summary, the present study confirmed the diminished lubrication in
osteoarthritic joints under boundary and hydrodynamic regimes. Advanced age (above
60 yr) and elevated BMI (above 30) were the dominant risk factors for OA progression.
Combining the experimental results with the literature suggests that the lack of HA in
osteoarthritic SFs is associated with reduced lubrication. As such, the requirements for
a new treatment for OA were identified. This study also categorised the patients into
groups based on their lubrication properties and provided the pathological ranges of
those properties. That knowledge enables clinicians to detect OA early and provide
patients with treatment tailored to their needs. Furthermore, a new method for
analysing the lubrication properties of diluted SFs using AFM has been developed,

which could be a promising approach for the future investigation of human SFs.
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4. NANOPARTICLES AS FRICTION MODIFIERS FOR
OSTEOARTHRITIC JOINTS

4.1 Introduction

Poor lubrication characterises the osteoarthritic joints under all lubrication
regimes, as reported in chapter 3 and in the literature [134]. Although the contact
between the articular cartilage (AC) surfaces in healthy joints demonstrates the lowest
coefficient of friction (CoF) in nature (CoF=0.001-0.03), the CoF increases significantly
under osteoarthritis (OA), resulting in joint damage and pain during physical
movements [134]. It has been proved that an increased CoF further accelerates the
AC degradation, which associates with OA progression [134]. Since there is no cure
for OA yet and the natural healing of the joints is insufficient [75], it is essential to

develop effective treatments for maintaining the lubrication of the joints [361].

Lubrication of the joints could be improved by direct injection of lubricants into
the diseased joints, a process called intra-articular injection (IAl) [189]. The current
formulations used in the Al treatment of OA aim primarily to restore the viscoelasticity
of the synovial fluid (SF) in the joints [181]. Nonetheless, thanks to their high viscosity,
they maintain simultaneously low CoF under high-velocity activities like running when
the AC surfaces are insulated by the formulation (hydrodynamic regime) [35].
However, the |Al formulations cannot minimise the CoF in low-velocity conditions like
walking (boundary regime) because the formulations are squeezed out of the joint, and
the AC surfaces come in direct contact [35]. Another drawback of IAl therapy is the
temporary pain relief caused by the diffusion of the small therapeutic compounds from

the joint via synovial capillaries [7, 190]. Hence, the therapeutic action cannot be
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sustained for long, requiring an increased number of |Als [191]. IAl therapy needs to
be improved to ensure the CoF in the joints remains low under all physiological

movements, and its therapeutic benefits last long [29, 63].

Unlike classic therapeutic compounds, which diffuse away, nanoparticles (NPs)
could adsorb on the AC surfaces and offer prolonged lubrication characteristics in the
joints. In the past twenty years, NPs have been successfully used as lubricant additives
for various applications like engine oils [56]. Research has recently focused on the
core-shell NPs, which demonstrate advanced lubrication performance owing to the
improved dispersibility/stability provided by the reinforcing fillers and enhanced surface
adsorption [362, 363]. NPs acting in combination with other systems like ionic liquids
and hydrogels demonstrate significant advantages [364, 365]. Hydrogels are
promising systems for minimising the CoF in the joints because they could replicate
the hydration lubrication offered to AC by SF macromolecules [85] and can be
optimised to remain longer at the AC surface [212]. The addition of NPs in hydrogels
improves even more, the lubrication. Several hydrogels made from charged polymer
brushes grafted onto silica NPs have been investigated and provided significant CoF

reduction [216-218].

The present work is based on the hypothesis that NPs reduce the CoF in the
joints. Although there are some proposed lubrication mechanisms for the NPs [9, 10],
the way they work under different tribosystems is not clear yet. To that end, the
lubrication efficiency of formulations with various viscosities and NPs types was tested
between material combinations, replicating the natural and the artificial joints. Although

the previous chapter identified the need to enhance HA in the osteoarthritic joints,
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simple low and high viscous solvents were used to understand NPs mechanisms
better. The selection of the contacting surfaces was based on the hypothesis that the
CoF of the tested tribosystems is affected by Young’s modulus. Therefore, substrates
with low (silicone elastomer (SE)), medium (Glass), and high (CoCr) Young’s modulus
were tested as opposed to elastic ultra-high molecular weight polyethylene (PE) balls
and stiff stainless steel balls. Each material combination corresponds to a different
stage of OA. The aim was to establish the effect NPs formulations have on the CoF of
materials resembling the joints and determine the conditions and, as such, the stage
of OA under which they work effectively. Silica and latex NPs were used as model
NPs. Their selection was based on the availability of NPs with the same particle size
and the fact that their mechanical properties represent extreme cases (Table 4.1). The
size of 200 nm was chosen for the NPs because it is within the range of the reported
surface roughness of the human AC (137-533 nm) [63, 196]. As such, those NPs will

not increase the surface roughness of the AC; instead, they can smoothen it.

4.2 Materials and methods

4.2.1 Materials

Silica (Sigma-Aldrich, UK) and latex (Agar Scientific, UK) were used as model
NPs (average size: 200 nm) because they were commercially available in many sizes
and covered a wide range of mechanical properties. Table 4.1 lists some mechanical
and physical properties used in the interpretation of the results. The differences in
Young’s modulus and the hardness between silica and latex NPs are substantial. The
low Young’s modulus of the latex NPs is expected to increase the contact area of the

tribopairs more than the silica NPs and, therefore, increase the CoF, based on the
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literature [366]. According to the literature, the hard silica NPs are expected to scratch
the tribopairs and increase the CoF compared to the soft latex NPs [367, 368]. The
NPs were diluted in two types of solvents; Phosphate-buffered saline (PBS) and a
mixture of polysaccharides. The mixture of polysaccharides was made from sodium
alginate and gellan gum based on the literature [369]. It is considered an alternative
artificial SF because its viscosity is at the same level as the actual SF; therefore, it will
be called artificial SF (ASF) [369]. The PBS (Fisher Scientific, USA) in a concentration

1 x PBS has comparable ion concentration and osmolarity to human body fluids [313].

Table 4.1: Mechanical and physical properties of silica and latex NPs.

. Young’s modulus Densit Hardness
Nanoparticles (GPa) (Kg m';; (MPa) References
Silica 66.3-85.0 2600 4500-9600 [370-373]
Latex 3.0-3.5 980-1040 143 [374-376]

4.2.2 Preparation of nanoparticle formulations

Formulations with four NPs concentrations (0.01%, 0.1%, 0.5%, 1% w/w) were
prepared each time. The exact amount of NPs was weighing in a scale for the silica
(powder form) or in a volumetric cylinder for the latex NPs (10% water suspension). A
summary of the tested formulations is given in Table 4.2. The next stage was the
magnetic stirring of the formulations until NPs were well dispersed, followed by
sonication for three hours, the addition of Sodium Dodecyl Sulfate (SDS) (Fisher
Scientific, USA) as a surfactant in a concentration of 0.5% w/v, and magnetic stirring
overnight. This procedure yielded a size of nanoparticles very similar to the nominal

size. All concentrations are expressed as % w/v.
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Table 4.2: Summary of tested nanoparticle formulations.

Formulations’ NPs* SDS PBS/ASF (balanced
abbreviations (0.01-1 % wiv) (0.5 % wiv) to 100 ml)
NPs N N
NPs/SDS \ \ \

* NPs: Silica, Latex

4.2.3 Surface morphology of substrates

The discs used for the friction tests (CoCr, SE, Glass) were imaged on the
Imaging-Intermittent Contact mode of the Atomic Force Microscope (AFM) (JPK
Instruments, Germany). The measurements were performed in ambient with an
Antimony doped Si cantilever with spring constant 42 N m™ and resonance frequency
320 kHz (Bruker Ltd, UK). The AFM cantilevers were cleaned before each test.
Cleaning with Ultraviolet light for ten minutes was the first step used to remove organic
contaminants. A ten-minute immersion of the cantilevers in 99% ethanol solution
followed, then a ten-minute immersion in High Performance Liquid Chromatography
(HPLC) water, and drying with Nitrogen. The AFM images of the specimens were

analysed, and their surface roughness was calculated using Gwyddion software.
4.2.4 Size and Zeta Potential measurements of nanoparticle formulations

A Zetasizer Nano ZS (Malvern Instruments, UK) consisting of a He-Ne laser
(633 nm) and an MPT-2 Titrator was used to characterise silica and latex NPs
formulations. All measurements were performed at 25°C. The refractive index and
absorption rate of silica and latex NPs was 1.45-0.01 and 1.59-0.01, respectively.
HPLC water (Fisher Scientific, USA) with a refractive index of 1.33 and viscosity of

0.8872 cP was used as the aqueous medium. A few millilitres of each aqueous
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suspension at 0.1% w/v were placed in a disposable polystyrene cuvette and fitted in
the Zetasizer. The particle size of the NPs formulations was expressed as Z-average
and their width distribution as polydispersity index (PDI). Each time a new sample cell
was used for the particle size and PDI measurements. Zeta Potential (ZP)
measurements were performed with the same machine. The cuvette for the ZP
measurements was rinsed with distilled water between the measurements and was
changed only when there was visible deterioration. All samples were tested in

triplicates.
4.2.5 Viscosity measurements of nanoparticle formulations

The rheometer ARES-G2 Rheometer (TA Instruments, USA) used in this study.
The rheometer was calibrated with a material of published viscosity [369]. The
measurement test was a steady-state shear flow between 2-100 s shear rates (for
consistency with Chapter 3) at a temperature of 37°C (physiological human body
temperature) [369]. The geometry used was selected based on the viscosity of the
suspension. When the formulation medium was the viscous ASF, a 20 mm 2° standard
steel cone geometry with 53 mm gap (TA Instruments, USA) was used, but when the
solvent was the low-viscosity PBS, a standard double concentric cylinder made from
aluminium with a gap of 500 um (TA Instruments, USA) was used. Concentric cylinders
geometries are suitable for the analysis of NPs formulations. Three repetitions of each
sample were carried out and the resulting standard error was calculated. The geometry
and the sample plate were rinsed between every measurement with SDS, ethanol, and

distilled water.
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4.2.6 Contact angle measurements of nanoparticle formulations

Contact angle measurements of the NPs formulations and the reference
solutions were performed using a Contact Angle Goniometer (Ossila, UK). Contact
angle measurements were conducted on the substrates (CoCr, SE, Glass). The
contact angle value presented below is the average of six separate areas of each
substrate. Ossila contact angle software was used for the video recording of the drops
and the data analysis. Three repetitions of each sample were carried out and the

resulting standard error was calculated.
4.2.7 Tribological measurements of nanoparticle formulations

Tribological measurements of silica and latex NPs formulations in PBS solution
or ASF were performed using the MTM (PCS Instruments, UK). MTM was chosen
because it provides automatic and accurate control of load and temperature, providing
repeatable and accurate results. Moreover, MTM enables a detailed examination of all
three lubrication regimes by producing continuous Stribeck curves. Various
combinations of specimens (configurations) were tested. The balls were either made
of steel or PE (PCS Instruments, UK). The discs were made of CoCr, Glass (PCS
Instruments, UK) or SE (Samco Silicone Products, UK). The specimens were chosen
because they enabled the screening of a wide range of Young's modulus and were
also available to be bought off the shelf. Figure 4.1 is a graphical abstract of the tested
ball-disc tribopairs. The measurements were conducted at 37°C. Pure sliding
conditions were applied (Slide-Roll-Ratio (SRR) = 200%) with the ball being stationary
and the disc sliding between 1 and 100 mm s™'. The maximum available by the MTM

force of 7 N was implemented from the ball to the disc to bring the lubrication regime
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as close as possible to the boundary, which is the target lubrication regime for the
therapeutic formulation under investigation. However, the type of the regime depends
primarily on the mechanical properties of the contacting materials and their initial
contact pressure. The initial contact pressure of the configurations (Table 4.4)
suggests that Steel-Glass and Steel-CoCr were expected to work mainly in the
boundary regime, whereas the rest under mixed lubrication. The Hersey number was
used in the results section to identify the lubrication regimes. The CoF was captured
against velocity increase in six continuous testing cycles. The average CoF of those

cycles and the associated standard error are presented against the sliding velocity.

Lubricant

Ball - Disc tribopairs

Steel - SE
Steel - CoCr
Disc Steel - Glass
SE PE - SE
CoCr PE - CoCr
Glass
PE - Glass

Figure 4.1: Graphical abstract of ball-disc tribopairs.

A new SE substrate was employed for each measurement, but all the other
specimens were reusable until significantly worn. The effect of specimens’ wear on the
CoF was monitored daily with a reference test, and when a statistical difference in the

CoF was seen, the substrates were changed. More specifically, the wear loss was
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acceptable until the reference (PBS) provided an average CoF of more than 10%,
different from the specimens’ first usage. Additionally, imaging of the substrates via
AFM was performed regularly to inspect them for wear loss. The potential contribution
of specimens’ wear has been mentioned in the conclusions. The cleaning process of
the specimens before each test includes Ultraviolet (UV) light treatment, 10 min of
sonication in ethanol and 10 min of sonication in distilled water. After the cleaning, the

specimens were dried with liquid Nitrogen.

4.2.8 Statistical analysis

The CoF results were studied using a Machine Learning Analysis (MLA) tool
developed specifically for this project in collaboration with the School of Computer
Science. MLA uses advanced algorithms not used by other statistical analysis tools
like ANOVA, enabling a more thorough and accurate analysis. The developed MLA
tool uses linear regression, support vector regression, random forest regression, multi
Linear Regression, Multi Lasso Regression, and Multi Polynomial Regression
algorithms, whereas ANOVA uses only linear regression. Additionally, MLA
determines the most impactful parameters by providing their statistical significance and
calculates correlation coefficients between them, whereas ANOVA only tests the
existence of a significant difference between the means of the parameters. Finally,
ANOVA cannot be used to analyse dynamic data because that would violate its
independence assumption (data isn't connected in any way). In this case, it is essential
to study the effect of the increasing sliding speed because the CoF does not always

follow the same pattern and is affected by other parameters.
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To determine the quality and, therefore, the reliability of each model, the
coefficient of determination (R?), the mean absolute error, and the root mean squared
error of each were displayed by the MLA tool. The closer the R? score is to 1, the closer
the predictive data were to the actual data. The error values indicate if the R? score
can be trusted. The lower the error values, the better the performance of the algorithm.
Also, the mean squared error of the CoF must be below the suggested error limit
(suggested error limit: 15% of the average CoF value). Correlation coefficients (CC)
were generated by the tool to identify the statistical importance of each parameter and
the correlations between them. The higher the CC, the more significant its impact. A
positive coefficient denotes a positive correlation and vice versa. In addition to the MLA
tool, factorial regression analysis was applied to the data in Mini Tab. The probability
value (P) was used to identify the statistically significant parameters. When the P is

less than 0.05, the parameter is considered statistically important.

4.3 Results and discussion

The choice of specimen used for the tribological investigation was mainly based
on Young’s modulus. The primary aim was to understand Young’s modulus effect on
the CoF when NP formulations are used as lubricants. Therefore, specimens covering
a wide range of Young’'s modulus were chosen. The selected specimens were also
made of materials for joint implants, so their tribological performance could relate to
the natural and artificial joints. The specimens were made of stainless steel, CoCr, PE,

SE, and glass, all materials used in joint implants [377-380].

The specimen combinations that relate to the natural joint conditions are

described below. The PE ball - SE disc combination replicates the AC-AC contact in a
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healthy joint. PE and SE are materials with low Young’s modulus like the healthy AC
(Table 4.3). SE is rough and porous and simulates, even more, the AC surface [381-
384]. It has even been used as a filler for the damaged AC in rat joints [377]. PE was
selected because of its high wear resistance and wide use in joint implants [378]. As
OA progresses, the AC in the joint starts to break down, and gaps are created, resulting
in AC-bone contact. A steel ball replaced the PE ball to replicate that condition.
Although the Young’s modulus of the steel ball is not at the same level as the bone
(Table 4.3), steel is closer to the bone than the PE in terms of hardness. At the final
stages of OA, AC is almost gone, resulting in bone-bone contact. In that case, the PE
ball has been replaced by a steel ball and the SE surface by a CoCr disc.

Table 4.3: Mechanical and morphological properties of specimen and real joint
contacts.

Young’s Surface Poisson
si:?'patz:; modulus 107 roughness ratio References
(GPa) (nm) ()
AC 2.6-5.6 72.0-114.4 0.40 [381-385]
Bone 11.1-15.3 - 0.30 [386, 387]
SE disc 6.9 94.3+21.0 0.50 [388]
Glass disc 75,000 15.0+6.0 0.24 [389]
CoCr disc 225,000 18.0£ 6.0 0.30 [390]
Steel ball 207,000 10.0 0.29 [388, 391]
PE ball 940 - 0.40 [390, 392]

The tribological conditions in the artificial joints were also investigated. One of
the most commonly used combinations of materials for joint implants is metal on metal,
thanks to their exceptional mechanical properties (high stiffness, high wear-resistant)
and low cost. Steel and CoCr were used for that scenario. Titanium could have also
been used, but CoCr was chosen because it is more wear-resistant [378]. In older
adults who are less active, ceramic on metal combinations are mainly used for the

implants. Ceramics offer the lowest possible wear combined with high strength,
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stiffness, and durability but are more fragile [393]. Glass was used to mitigate the
ceramic joint implants because MTM specimens made of ceramics were not available
to buy. Similar to ceramics, glass demonstrates high Young's modulus and high
hardness [394]. Metal on metal joint implants is not always the best choice due to
clinical complications reported in the literature [395]. Metals/ceramics on PE are other
commonly used combinations of implant materials that are preferable for older adults.

Those were examined using a PE ball against CoCr and Glass disc.

1.5.1 4.3.1 Substrates characterisation

Figure 4.2 presents the topography of the three substrates used for the
tribological tests. The images of the substrates included in the thesis were taken when
those substrates were deemed no longer acceptable for usage. Therefore, the CoCr
and Glass discs, which were used multiple times, were worn. The averaged mean
roughness (Ra), extracted based on AFM images of 100 x 100 ym size, is 18 £+ 6 nm
for the CoCr, 15 + 6 for the Glass, and 156 £ 39 nm for the SE. SE is significantly (88.5-
90.4%) rougher and more porous than the other two surfaces. The difference in the
surface roughness of CoCr and Glass is not clear because it depends on the selected

area and their wear (existence of scratches).
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0.00

Figure 4.2: Topography of MTM substrates. (a) CoCr, (b) Glass, and (c) SE. Images
acquired by JPK AFM and analysed with Gwyddion software.

Contact angle measurements revealed that Glass and CoCr substrates are
hydrophilic, whereas SE is hydrophobic (Figure 4.3). Also, glass is more hydrophilic
than CoCr. The SDS increased the hydrophilicity of all substrates but had a prominent
effect only on the SE. SDS would adsorb on the SE with its hydrocarbon tail on the
surface, exposing the polar head towards the water, rendering the substrate more
hydrophilic [396]. It needs to be mentioned that the UV treatment used to clean the

specimens has the additional advantage of increasing the hydrophilicity [397].
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Figure 4.3: Contact angle of pure PBS, pure ASF, and PBS/ASF in the presence of
SDS (0.5%) on the Glass, CoCr, and SE substrates. Each bar represents the average
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of three different samples tested on six different areas of each substrate. The error
bars represent their standard error.

4.3.2 Nanoparticle formulations characterisation

Figure 4.4 does not revealed any significant difference for the contact angle of
silica and latex NPs. Only in the case of ASF formulations on CoCr, silica NPs were

found more hydrophilic than latex.
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Figure 4.4: Contact angle of latex and silica NPs formulations on the Glass, CoCr, and
SE substrates. The formulations consisted of NPs (0.5%) and SDS (0.5%) in PBS and
ASF. Each bar represents the average of three different samples tested on six different
areas of each substrate. The error bars represent their standard error.

The averaged particle size of NPs in water was 197.6 nm for the latex and 371.3
nm for the silica (Figure 4.5a), suggesting there is aggregation in silica formulations.
The SDS reduced the particle size of silica to 290 nm but did not eliminate the
aggregation (nominal size 200 nm). Figure 4.5b indicates that latex NPs distributed

better than silica in any medium, with or without SDS. Latex provided only one peak
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with narrow distribution close to their expected size, whereas silica provided two
narrow peaks; one close to their expected size and the other at 3.7 nm, which is the
size of the free SDS molecules [398]. The agglomeration and polydispersity of the silica
formulations are possibly related to the powdery form of silica NPs. An important
increase in the particle size was noticed in ASF formulations (Figure 4.5a). The
agglomeration in ASF formulations could be attributed to the elevated viscosity of the
medium. The diffusion kinetics of the particles is hindered due to the high viscosity,
according to Stokes-Einstein equation [399]. The agglomeration in the suspension
could also result from the mechanical energy being insufficient to separate the NPs
because of the high viscosity. Although SDS decreased the average particle size of
the NPs significantly, it could not separate them to their nominal size. The final particle
size of latex and silica formulations in AS with SDS was 453.2 nm and 811.07 nm,
respectively. Moreover, all formulations were stable based on the high |ZP| (|ZP| > 25
mV) (Figure 4.5c). SDS increased the stability of the latex formulations because it
prevented NPs aggregation. Another observation is that ASF formulations
demonstrated higher ZP and, therefore, higher stability than the water formulations.
The elevated ZP could be due to the negatively charged polysaccharides ASF is made
[400, 401]. However, the formulations examined were made with PBS, not water.
Water was only used to conduct ZP measurements because PBS would affect the ZP
due to its ionic strength. PBS as a buffer demonstrates a pH of 7.4, whereas ASF is
expected to exhibit a pH lower than 7. ASF comprises sodium alginate gel with natural
pH 3-3.5 [402], gellan gum with natural pH 5.3 [403], and HPLC water with pH 7. In

negatively charged silica NPs when the pH increases, the absolute value of the ZP
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increases [404]. Similar but weaker behaviour has been reported for negatively

charged latex NPs [405].

1600

1200

800

Size (nm)

400

0.6

0.4

PDI (-)

0.2

Zeta Potential (mV)

-80

20 A

-40 -

-60 A

1 ™ Latex M Silica (a)
M Latex M Silica (b)
ot
|
I
1
e T
T
(c) ) M Latex M Silica

Npg /Wat:ps /s Neg, as Npg /s e

Figure 4.5: (a) Size, (b) PDI, and (c) Zeta Potential of formulations with latex and silica
NPs in water and ASF(AS). The concentration of NPs and SDS (S) was 0.5%. Each
bar represents the average of five repetitions of three different samples. The error bars

represent their standard error.
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The viscosity of the NPs formulations is attributed mainly to the viscosity of the
solvent (Figure 4.6). ASF viscosity is approximately 100 times higher than the PBS
(Figure 4.6). An additional increase with NPs concentration has been identified. The
viscosity increase is more evident in ASF rather than PBS formulations. Silica NPs
induced a greater increase in viscosity than latex. For instance, 1% of silica NPs
increased the viscosity of the ASF suspension by 174-838% across all the shear rates.
That increase could be attributed to silica aggregation (Figure 4.5a) and creation of
structures more resistant to flow than the individual NPs [406-408]. In contrast to silica,
latex ASF formulations behaved differently. The viscosity of ASF formulations
increased with latex concentrations up to 0.1% but decreased with concentrations
above that. Latex formulations contained additional water in their original formulation
(0.1% w/v) that inevitably reduced the viscosity, especially at high NPs concentrations.
Furthermore, latex NPs do not aggregate, and even if they were in powder form, they
were expected to provide viscosity lower than the silica. It needs to be mentioned that
before testing the samples, the viscosity of a reference was tested as a baseline.
Therefore, there is a small difference in references tested on a different day, like the

PBS in Figure 4.6.
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Figure 4.6: Viscosity of silica NPs in (a) ASF, (c) PBS, and latex NPs in (b) ASF, (d)
PBS. The concentration of NPs was 0.01%, 0.1%, 0.5%, and 1%. Formulations
contained NPs and SDS (0.5%). Each data point is the average viscosity of three
repetitions of the same sample. The error bars represent their standard error.

4.3.3 Coefficient of friction of nanoparticle formulations

4.3.3.1 Effect of pressure on the coefficient of friction

CoF behaviour depends primarily on the lubrication regime. Based on the

Hersey number equation (1.2), the lubrication regime, in that case, is only affected by
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the contact pressure because the same NPs formulations were tested under the same
velocities, and the contact pressure is the only parameter that differs. Table 4.4 lists
the initial contact pressure applied in each configuration, calculated using the Hertz
model [245]. The equations describing Hertz model can be found in section 2.3 of
Chapter 2.

Table 4.4: Initial contact area and pressure for six materials’ configurations based on
the Hertz model.

Configuration Contact area 10 (m? Contact pressure (MPa)
Steel-SE 4710 0.15
Steel-CoCr 7.82 89.56
Steel-Glass 13.05 53.63
PE-SE 4730 0.15
PE-CoCr 158 4.42
PE-Glass 159 4.38

Statistical analysis demonstrated that the Hersey number was the first or the
second most important parameter determining the CoF on all configurations. Figure
4.7 illustrates the CoF in relation to the Hersey number for the formulation consisting
of latex (0.1%) and SDS (0.5%) in PBS. That formulation was chosen as an example
because it has a medium concentration of NPs and its NPs do not aggregate. The
viscosity of that suspension is almost Newtonian (n=0.96); therefore, the same

viscosity of 7.1 10 Pa s was used to calculate the Hersey numbers.
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Figure 4.7: CoF against Hersey number for six material configurations using a
formulation of latex NPs (0.1%) and SDS (0.5%) in PBS. The coefficient of friction for
configurations with a steel ball is illustrated with filled symbols, whereas with a PE ball
with unfilled symbols. The same shape of symbols is used for configurations with the

same substrate. Each data point is the average CoF of six repetitions of the same
sample. The error bars represent their standard error.

The average CoF developed on the six configurations between 1 and 100 mm
s ranges from 0.05 to 0.59 for the six configurations (Table 4.5). The Steel-Glass,
Steel-CoCr configurations demonstrated the highest CoF. Those configurations
developed the highest pressures (53.63, 89.56 MPa), and hence, were operating
mainly in the boundary lubrication regime (Figure 4.7). Although their CCcot.vel is
negative (Table 4.5), many formulations, especially at low velocities (1-7 mm s™), were

operating in the boundary lubrication, in which the CoF remains stable.
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Table 4.5: Coefficient of friction and its correlation coefficient with sliding velocity for
six materials’ configurations.

Configuration AV%_)C oF C(g%’f'z")e'
PE-CoCr 5.30 £ 0.80 0.26
PE-Glass 6.20 £2.20 -0.08

PE-SE 12.20 £ 1.50 -8.57
Steel-SE 7.10+1.10 -4.03
Steel-CoCr 36.80 + 3.50 -7.26
Steel-Glass 59.10+4.70 -19.2

The lowest CoF developed on the PE-CoCr and PE-Glass configurations (Table
4.5). Some formulations of the PE-Glass were in the mixed lubrication, whereas most
had entered the hydrodynamic regime, as highlighted by the weak negative correlation
of CoF with sliding velocity (CCecotve: -0.08). PE-CoCr is the only configuration
demonstrating a positive CCcor.vel, highlighting that the dominant regime was the
hydrodynamic, which is characterised by a gradual increase in the CoF with increasing
velocity. The contact pressure of PE-CoCr and PE-Glass was 4.38 and 4.42 MPa
accordingly. Contact pressures were significantly lower than the configurations

operating in the boundary regime as expected.

The Steel-SE and PE-SE configurations developed the lowest pressure
between the tested configurations (0.15 MPa), and therefore, were expected to be
more progressed in the Stribeck curve (closer to the hydrodynamic regime) than the
PE-CoCr and PE-Glass. However, this did not happen (Figure 4.7), and most
formulations were operating in the mixed lubrication regime as suggested by their

negative CCcor.vel (Table 4.5). Only some formulations had entered the hydrodynamic
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lubrication at high velocities (over 33 mm s™), possibly because of the surface

properties of the contact materials, as discussed in the following section.
433.2 Effect of surface characteristics on the coefficient of friction

In the boundary and mixed regimes, surface characteristics affect the transition
from one regime to the other and, as such, the CoF. For example, the hydrophilicity of
the substrates has been proved essential. Figure 4.7 shows that the PE-CoCr and PE-
Glass configurations entered the hydrodynamic regime at lower velocities than the
Steel-SE and PE-SE despite the higher contact pressures. The greater hydrophilicity
of the Glass and CoCr substrates compared to the hydrophobic SE accelerated their
transition to the hydrodynamic regime because it promoted entrainment of the lubricant

[409].

The Young’s modulus of the specimen was also found to be an important
contributor to the CoF development. The PE-SE configuration demonstrated higher
CoF than the Steel-SE (Figure 4.7), which likely relates to the low Young’'s modulus
of the PE ball compared to the Steel ball (Table 4.3). The elastic PE ball compresses
on the substrate, increases the contact area of the system (Table 4.4), and therefore,
the CoF, based on the literature [366]. Following the same principle [366], the lower
Young’s modulus of Glass compared to the CoCr could be responsible for the higher
CoF developed in configurations in which it was used (e.g. CoF: Steel-Glass > Steel-
CoCr, PE-Glass > PE-CoCr) because the Glass asperities compress on the balls and

increase the contact area (Table 4.4).
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Another influential surface property is surface roughness. The higher CoF of
Steel-CoCr and Steel-Glass configurations compared to the Steel-SE could be
explained by the high surface roughness of the SE. NPs in materials with high surface
roughness decrease the contact area (contact made by peaks rather than the whole

surface) and, as such, the CoF of the system [409].

The configurations can be categorised into two groups regarding their average
CoF. The first group consists of PE-CoCr, PE-Glass, and Steel-SE configurations,
which provided CoF less than 0.1. The common characteristic of those configurations
is that they consist of a stiff (high Young’s modulus) and an elastic (low Young’s
modulus) surface material. The second group consists of the combinations PE-SE,
Steel-CoCr, and Steel-Glass, which consist of materials with similar Young’s modulus;
either two elastic materials (PE & SE) or two stiff surface materials (Glass & Steel,
Steel & CoCr). The CoF of the configurations in the second group lies above 0.1. The
combinations of stiff-elastic surfaces are associated with low CoF, which is unexpected
because it contradicts the literature [366]. Therefore, it is suggested that the lubricant
with its additives (NPs) is the dominant factor of those systems and not the Young’s
modulus of the specimens. The developed film thickness could assist in understanding
the tribological behaviour of those systems. Nevertheless, MTM did not have the
capability to measure it, and no theoretical equation exists that can be used to calculate

the film thickness under pure sliding conditions.

4.3.3.3 Effect of nanoparticle formulations on the coefficient of friction

The NPs formulations in this study provided a CoF reduction between 4.0% and

50.8% (Figure 4.8), a result consistent with the literature, suggesting an average CoF
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reduction of 40% [28]. The formulation provided the maximum CoF reduction
(difference from the PBS/ASF) is different for each configuration (Table 4.6). Different

NPs types, NPs concentrations and solvent viscosity were found optimum every time.
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M Silica PBS ™ Latex PBS
| =SilicaASF = Latex ASF i
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CoF reduction (%)
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Figure 4.8: Maximum reduction of the CoF achieved with silica and latex NPs
formulations in PBS and ASF for six contact material configurations. The missing bars
represent the cases when there was no reduction in the CoF. Each bar represents the
average CoF reduction of six repetitions of the same sample. The error bars represent
their standard error between the sliding velocities 1-100 mm s™.

Table 4.6: Optimum lubricant for various materials configurations.

Surface PE- PE- Steel- PE- Steel- Steel-
combination CoCr Glass SE SE CoCr Glass
. 0.5% 0.01% 0.1% 0.1% 1%
E‘f:::ﬂ latex silica silica silica ASF silica
ASF PBS ASF ASF ASF

PE-SE and Steel-SE were the only configurations in which CoF reduction was
achieved with all NPs formulations (Figure 4.8). That effect is attributed to the elevated
roughness of the SE compared to the other discs. As illustrated in Figure 4.9, NPs

smoothen the rough SE surface by filling up its valleys according to the polishing effect
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theory [10]. Those results confirm the hypothesis that NPs can be used as friction
modifiers in the joints because the SE has comparable surface roughness and Young’s
modulus to the AC (Table 4.3). Representative graphs of the effect of NPs formulations

to the CoF of the other four configurations can be seen in Figure A1-Appendix.

Figure 4.9: Suggested lubrication mechanism of NPs formulations on the surface of
the rough SE.

Figure 4.10 shows in more detail the CoF behaviour of the PE-SE and Steel-
SE configurations against sliding velocity. As described above, the Steel-SE
demonstrated a lower average CoF than the PE-SE. The solvent type was the most
significant parameter for the CoF of both configurations (Steel-SE: P=0.006-0.012, PE-
SE: P=0-0.01), with ASF providing the lowest CoF. Higher CoF reduction was achieved
with the PBS formulations on the PE-SE, whereas on the Steel-SE with the ASF
formulations. The CoF on the Steel-SE was not reducing at high velocities, but it was
stabilising, denoting that the system had entered the electrohydrodynamic regime, in
which the high viscosity of the ASF formulations is preferable. That behaviour is not
observed in the PE-SE configuration, in which the CoF was reducing with increasing
velocity (mixed lubrication regime). The CCeot.vel cOnfirm the above since it is more

negative in the PE-SE than the Steel-SE (Table 4.5).

The effect of NPs type on the CoF reduction is significantly different only on the
PE-SE configuration. The correlation coefficient of CoF with silica is negative (CCcor-

siica: -8.21 107), highlighting their contribution to CoF reduction, whereas it is positive
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for latex (CCeotiatex: 2.60 10*). That behaviour was seen on both solvents but is more
evident in the PBS. PBS formulations with silica NPs reduced the CoF by 17.6%-30.7%
and with latex NPs by 12.6%-21.1%. Silica and latex efficiency was not statistically
different (CCeotsiica: -4.53 107, CCeotatex: -8.37 107°) on the Steel-SE configuration.
Silica were more effective in PBS formulations (CoF reduction: silica 17.0-28.6 %, latex
7.7-20.9%), whereas latex were more effective in ASF formulations (CoF reduction:
silica 11.6-29.3%, Latex 16.8-36.8%). That result could be related to the fact that the
ZP of silica NPs increases significantly with an increase in the pH of the solvent [404]
in contrast to latex NPs, which demonstrate a weak correlation with the ZP [405]. As
described earlier, PBS exhibits higher pH than the ASF, and therefore, silica NPs
probably developed a higher ZP in PBS and were more effective as additives. Lastly,
NPs concentration was a significant parameter only in the Steel-SE configuration
(P=0.034), in which high concentration resulted in high CoF reduction. In the PE-SE
configuration, the CoF reduction was not significantly different for the different

concentrations (P=0.098-0.261).
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Figure 4.10: CoF against sliding velocity of the formulations 0.1% silica/latex NPs in
PBS/ASF between (a) a steel ball and a SE disc and (b) a PE ball and a SE disc. Each

data point is the average CoF of six repetitions of the same sample. The error bars
represent their standard error.

Effect of nanopatrticle type on the coefficient of friction

The type of NPs is statistically significant in determining the CoF of every
configuration apart from the Steel-SE (Figure 4.8). Silica formulations demonstrated
lower CoF values (Table 4.6) and higher reduction rates (Figure 4.8) than the latex in

most configurations. The maximum CoF reduction silica formulations achieved was
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50.8%, while latex formulations achieved only 36.8%. Silica formulations were
successful in the PE-Glass, PE-SE, and Steel-Glass configurations. It is speculated
that their efficiency could be attributed to their high viscosity (Figure 4.6). The PE-
Glass configuration was operating in the hydrodynamic regime, in which viscosity
dominates. The PE-SE configuration was operating in the mixed lubrication regime,
and therefore, the fact that silica formulations were more efficient than latex suggests
that the CoF was mainly affected by the lubricant's bulk properties (viscosity) and not
the surface’s properties. Nevertheless, silica formulations are also preferable in the
Steel-Glass, a configuration operating in the boundary regime. In that case, silica’s
excellent efficiency could be related to their large particle size, which speeds up the
separation of the contact surfaces and the transition to the following regime. Latex
formulations were successful in the PE-CoCr and Steel-CoCr configurations. In the
Steel-CoCr, which operates in the boundary regime, the efficiency of latex NPs could
be associated with their low hardness compared to the silica NPs (Table 4.1). NPs of
low hardness protect the opposing surfaces from scratches and reduce the CoF [367,
368]. However, latex is the optimum NPs type in the case of PE-CoCr as well, which

might relate to its excellent dispersion.

Effect of solvent viscosity on the coefficient of friction

The solvent’s viscosity is statistically significant in determining CoF level in
almost all configurations apart from the PE-Glass. Especially on the Steel-SE, Steel-
CoCr, and PE-SE configurations, solvent type is the most influential parameter. On
those configurations, the blank ASF and its formulations provided lower CoF than the

PBS and its formulations, respectively. ASF provided lower CoF than the PBS on those
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configurations probably because its high viscosity accelerated the transition to the
following regimes (Steel-CoCr: mixed, Steel/PE-SE: hydrodynamic), which are

characterised by lower CoF values.

Figure 4.8 shows that PBS formulations were more effective in reducing the
CoF than the ASF formulations in the PE-Glass, PE-SE and Steel-CoCr configurations.
The higher CoF reduction provided by the PBS formulations is likely attributed to better
NPs dispersion (Figure 4.5). It is suggested that NPs in PBS created a uniform
protective film, which reduced the CoF [10], whereas, in ASF, NPs aggregated,
increased the surface roughness, and therefore, the CoF [410, 411]. The significant
influence of NPs dispersion in the CoF of the Steel-CoCr and PE-SE configurations
was expectable because they were operating in the boundary and mixed regime, which
are affected by the surface characteristics. The improved performance of PBS
formulations could also be related to their increased pH compared to the ASF. As
mentioned earlier, in negatively charged silica and latex NPs when the pH increases,

the absolute value of the ZP increases [404, 405], providing a more stable formulation.

ASF formulations were more effective in reducing the CoF than the PBS
formulations in the Steel-SE, Steel-Glass, and PE-CoCr configurations. In Steel-SE
and Steel-Glass, the significant decrease in the CoF could be explained by the large
size of the NPs in the ASF. The large size might have contributed to the separation of
the contact surfaces and the faster transition to the following regime. In the Steel-SE,
PBS formulations were also effective in reducing the CoF but mainly under high sliding
velocities (Figure 4.10a). The efficiency of PBS formulations in high velocities could

be attributed to more efficient convective mass transfer of NPs. The CoF reduction in
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the PE-CoCr configuration could be associated with the high viscosity of the ASF
formulations compared to the PBS formulations (Figure 4.6). As mentioned above, the
PE-CoCr configuration operates in the beginning of the hydrodynamic regime, in which

a lubricant of high viscosity is required for separating the opposing surfaces [412].

Effect of nanoparticles concentration on the coefficient of friction

The maximum CoF reduction was given by NPs concentration of 0.5% in most
configurations. Itis hypothesized that above 0.5%, NPs form an uneven tribofilm, which
induces the roughness of the substrates, and as such, the CoF [410, 411]. In the PE-
CoCr and PE-Glass configurations, low NPs concentrations (0.01%, 0.1%) were
efficient, whereas concentrations above 0.1% increased the CoF. Possibly aggregates
larger than the surface roughness of the substrate created an uneven tribofilm, which
roughened the surface and increased the CoF [410, 411]. That effect was more evident
with silica NPs. Indeed, based on Figure 4.5, the average particle size of silica
formulations (ASF: 811.10 £ 9.77 nm, water: 290.83 + 2.02 nm) is considerably larger
than the surface roughness of the substrates (CoCr: 18 £ 6 nm, Glass: 15 + 6). Steel-
Glass was the only configuration in which the concentration of 1% provided the highest
CoF reduction. That outcome could be related to Steel-Glass operating under the
highest contact pressure and requires higher NPs concentrations to separate the
contact surfaces compared to the other configurations. The effect of NPs concentration
observed here is consistent with the literature suggesting that NPs concentrations less

than 1-2% w/w are considered effective in reducing the CoF [28, 368].

The concentration of NPs is statistically significant for all configurations apart

from the PE-SE (P=0.098-0.261) and Steel-CoCr (P=0.205-0.595). In those cases,
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there is no significant differentiation on the CoF provided from the different NPs
concentrations. All formulations apart from the 0.01% and 1% latex in ASF in the PE-
SE reduced the CoF. A possible explanation for the CoF increase in the case of 0.01%
is that NPs were not enough to cover the rough SE surface adequately to prevent
asperity contact, whereas the high concentration of 1% induced NPs aggregation and
resulted in increased surface roughness [410, 411]. In the Steel-SE and PE-glass
configurations, NPs concentration is statistically significant only at high velocities (10-
100 mm s™"). That result could be attributed to the decreased viscosity caused by the
increased temperature in high velocities. Steel-SE entered the hydrodynamic and PE-

glass the hydrodynamic regime at high velocities, which are governed by viscosity.
4.3.3.4 Future usage of Machine Learning Analysis tool

The CCs provided by the MLA tool were used to explain the effect of the NPs
formulations on the behaviour of the CoF on the different tribopairs. The CCcot.vel (Table
4.4) were used to identify the dominant lubrication regime, the CCcotsilicariatex (S€Ction
4.3.3.3), to understand the effect of the type of NPs in the CoF and the correlations of
CoF with the type of solvent to understand the effect of viscosity to the CoF reduction
(Section 4.3.3.3). Additionally, the MLA tool identified the optimum fitting of the CoF
data. Table 4.7 displays the algorithm that demonstrates the best fitting for each of the
six tribopairs, the algorithm’s R? score, and the algorithm’s mean squared error. The
CoF developed in Steel-SE and PE-SE configurations fitted best (highest R?, errors
lower than the suggested error limits) with the random forest algorithm, suggesting that
it fits well with the CoF in the mixed lubrication regime. The support vector regression

algorithm was the best fit for the PE-CoCr, and Steel-Glass configurations, whereas
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the linear regression algorithm performed best for the Steel-CoCr. Despite the best fit,
Steel-Glass and Steel-CoCr fitted well with all three algorithms. As such, the CoF in
the boundary lubrication could be fitted with any of those. The MLA tool could be used
in the future to predict and analyse the behaviour of similar tribosystems without the
need of performing actual lab experiments. For example, the CoF behaviour of
tribopairs operating in the mixed lubrication regime and demonstrating high surface
roughness can be predicted with the random forest algorithm of the MLA tool. The
users could amend the values of the parameters they wish to predict (e.qg.
concentration of NPs), and the program will use the developed model to calculate the
expected CoF. This feature is advantageous for making predictions and determining
how well the algorithms fit the data. The MLA tool is user-friendly and does not require
any prior knowledge in MLA. It runs on Windows, does not require any program to be
installed and allows the import/export of data in Microsoft Excel. More details about
the MLA tool can be found in Gan’s dissertation [413].

Table 4.7: Fitting parameters of the tribological behaviour of six contact surfaces
configurations (MLA).

. . Mean squared . 2 Suggested error
Configurations error (10.1) Algorithm R limit (10.1)
Support Vector
PE-CoCr 0.53+0.08 Regression 0.80 0.07
PE-Glass 0.62 £0.22 No fitting - -
PE-SE 1.22 £0.15 Random Forest 0.86 0.18
Steel-SE 0.71+0.11 Random Forest 0.64 0.1
Steel-CoCr 3.68+£0.35 Linear Regression 0.86 0.55
Support Vector
Steel-Glass 5911047 Regression 0.82 0.89
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4.4 Conclusions

NPs could be used to counterbalance the insufficient lubrication of the
osteoarthritic joints and meliorate patients’ pain. NPs formulations reduced the CoF of
systems, which resemble the contact surfaces of natural and artificial joints. Even
though reduction has been seen in various tested systems, those incorporating a rough
SE substrate demonstrated CoF reduction with all NPs formulations. On those
configurations, the CoF reduction is attributed to the polishing of the rough SE by
inserting NPs into its valleys, rendering the surface smoother and preventing direct
contact of the opposing surfaces. The SE has comparable surface roughness and
Young’'s modulus to the AC. As such, those results highlight the potential of NPs
formulations to minimise the CoF in real joints. A treatment utilising NPs formulations
could be beneficial at the beginning of the OA when there is AC-AC contact (PE-SE)
and at the early-OA when the AC starts to break down, and there is partial bone-AC
contact (Steel-SE). That is the ideal scenario because the delivery of those nano
lubricants to the joints could happen via IAl, a treatment method used only at the early
stages of OA. However, no correlation was found in the material configurations, which
exhibited increased CoF. The weak correlations might relate to the fact that the
specimens were reused multiple times. The wear loss of the specimens could have

affected the behaviour of the CoF.

The effect of NPs formulations on the average CoF and CoF reduction is
significant. NPs are capable of reducing the CoF when added to low and high viscosity
mediums. That result highlights their capacity to be used in viscous formulations and

enhance the diminished viscosity of osteoarthritic SFs found in chapter 3. PBS
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formulations achieved higher CoF reduction than ASF formulations, likely due to better
dispersion in PBS than ASF. However, ASF formulations displayed an average CoF
lower than the PBS formulations in most configurations, highlighting the prevalence of
high viscosity on the average CoF. Silica formulations demonstrated lower CoF values
and higher reduction rates than the latex in most configurations. The superiority of
silica formulations could be attributed to the high Young’s modulus, viscosity, and ZP
relative to latex. Last but equally important, a concentration of NPs of 0.5% was the

most efficient in most configurations.

Apart from the NPs formulations, the CoF is controlled by the mechanical and
surface properties of the tribopair. The level of CoF and its trend with increasing
velocity are primarily affected by the lubrication regime in which each system operates.
For example, ASF formulations achieved a higher CoF reduction percentage than the
PBS formulations on the Steel-SE and Steel-Glass configurations b probably because
its high viscosity accelerated the transition to the following regimes. In general, the
contact pressure was positively related to the CoF on the examined configurations. In
addition to the pressure, the CoF depends on the properties of the tribopair in the
boundary and mixed lubrication regimes. Young’'s modulus and surface roughness

were negatively correlated to the CoF, confirming the literature.

In a few words, this work highlights the potential of NPs incorporated in IAl
formulations to ameliorate the tribological characteristics of natural and artificial joints
and minimise the patients’ pain. Although CoF reduction was demonstrated in various

combinations of contact materials, it was more evident on rough substrates like the
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AC. Therefore, this approach could effectively treat the increased CoF in osteoarthritic

joints in early OA when AC is still present.

152



5. NANOPARTICLE FORMULATION FOR INTRA-ARTICULAR
TREATMENT OF OSTEOARTHRITIC JOINTS

51 Introduction

Loss of lubrication capacity is one of the most severe pathological changes in
osteoarthritic joints [63, 128]. Even from the early stages of osteoarthritis (OA), the
articular cartilage (AC) degrades, and the SF loses its viscoelasticity [6], disrupting the
lubrication mechanism of the joints and leading to an increased CoF [63, 128]. Joint
pain, stiffness, and eventually loss of mobility are the consequences of poor lubrication
[414]. Despite the severe symptoms, there are no therapeutic approaches competent
enough to treat the damage of the AC entirely or mitigate its degeneration. In the early
stages of OA, patients follow a pharmacological treatment, which is not always
effective [181] and is accompanied by gastrointestinal and cardiovascular side effects
[182, 191]. Replacement of the joints by artificial implants at the final stage of the

disease is currently the only effective therapeutic option [188].

Intra-articular injection (lAl) is an alternative treatment of early OA [189], in
which the delivery of the therapeutic compounds takes place directly into the diseased
joint via in-situ injections [190, 197]. IAl treatment is more successful than the standard
pharmacological treatment [190, 197] because it limits the side effects [190, 191, 197]
and increases drugs’ bioavailability [190, 191, 197]. However, current |Al formulations
offer short-term pain relief (maximum of six months) because the small drug molecules
diffuse away from the joint quickly [190]. Furthermore, current |Al supplements with
elevated viscosity like Hyaluronic acid (HA) restore SF’s viscoelasticity but cannot

counteract the increase of CoF in the boundary regime [29, 63], in which osteoarthritic
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joints have lost their lubrication capacity as revealed in Chapter 3. This chapter is
centred on the tribological improvement of the |Al formulations, and chapter 6 on the

simultaneous pharmacological and tribological advancement.

In the previous chapter, silica and latex NPs of 200 nm size were used as model
NPs to establish the proof of principle that NPs covering a wide range of mechanical
properties reduce the CoF of materials replicating the rough natural AC like the silicone
elastomer SE. This chapter is based on the hypothesis that biocompatible polymer
NPs of the same size (200 nm) exhibit the same lubrication effect. Polymer NPs are
promising systems for minimising joints damage and inflammation in many types of
arthritis [190, 415, 416]. A few studies have already demonstrated their capacity to
improve joints’ lubrication [201]. In this chapter, NPs manufactured from the polymers
Polymethylmethacrylate (PMMA), Polycaprolactone (PCL), and Polylactic acid (PLA)
were used. The selection of those polymers was based on their biocompatibility. In
addition, PCL and PLA are biodegradable and do not accumulate in the human body
[417, 418]. Their approval for use in |Al therapy is feasible since they have already
been approved for biomedical applications. The US Food and Drug Administration
(FDA) has authorised the use of PMMA in bone cement implants [419]. FDA has also
approved PLA as afiller for the repair of meniscus and bone implants and as a material
for artificial scaffolds, sutures and screws [417, 420]. PCL has been certified as FDA
approved for use in various medical applications, including sutures and scaffolds for
regeneration of AC [421, 422]. The mechanical and physical properties of the PMMA,

PCL, and PLA NPs are given in Table 5.1.
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Table 5.1: Mechanical/physical properties of PMMA, PCL, and PLA NPs.

Nanoparticles Young’s Contacf)t Densi!y Hardness References
modulus (GPa) angle (°) (Kg m™) (Shore D)
PMMA 2.03-3.01 77 1190 96 [423-427]
PCL 0.33-0.38 8017 1145 55 [428-432]
PLA 1.28-7.00 792 1252 76 + 0.5 [433-437]

In Chapter 4, it has been shown that model NPs reduce the CoF of SE when
added to high (artificial SF (ASF)) and low (PBS) viscosity mediums. Moving forward,
PBS was chosen as the solvent medium because it has a pH similar to SF [313], and
HA was added to enhance the viscosity of the osteoarthritic SF, which decreases with
OA progression, as concluded in chapter 3. The formulation under investigation aims
to improve the joints' CoF at the early OA when bone-AC contact occurs. To that end,

the CoF was evaluated between two surfaces that replicate the bone-AC contact.

5.2 Materials and methods

5.2.1 Synthesis of polymer nanoparticles

The polymer NPs were prepared at the Guangzhou University of Chinese
Medicine in China. PMMA (Shanghai Macklin Biochemical Co., Ltd., China), PCL
(Shanghai Yuanye Bio-Technology Co., Ltd., China), and PLA (Shandong Academy of
Pharmaceutical Sciences, China) were dissolved in Dichloromethane then added in
2% Polyvinyl alcohol (PVA) (Shanghai Aladdin Bio-Chem Technology Co., Ltd.,
China). The particle suspension was first homogenised (ATS Engineering Inc., China).
Solvent evaporation was followed by magnetic stirring the suspension to remove the
dichloromethane and centrifugation to remove the PVA. The remaining NPs were

resuspended in water by ultrasonic agitation and washed twice with water. The
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washings were centrifuged, and the NPs were resuspended in water. The suspensions

were freeze-dried, and the NPs in powder form were stored at 4°C until used.

5.2.2 Preparation of nanoparticle formulations

The required amount of NPs was weighed on a scale and added in Phosphate-
buffered saline (PBS) solution (Fisher Scientific, USA) with 0.1% w/v HA (Bloomage
Freda Biopharm Co., Ltd., China) and 0.5% w/v SDS (Fisher Scientific, USA).
Formulations of 0.01, 0.1, 0.5, and 1% w/v of NPs were made. NPs were made of
PMMA, PCL, and PLA. A summary of the formulations tested in this chapter is
presented in Table 5.2. The next stage was the magnetic stirring of the suspensions
until the NPs were visually dispersed, followed by three hours of ultrasonic agitation.

All concentrations are expressed as % wi/v.

Table 5.2: Summary of tested nanoparticle formulations.

Formulations’ NPs* SDS HA (bal:nBcséd to
abbreviations (0.5 % wiv) (0.5 % wiv) (0.1 % wiv) 100 ml)
NPs v v
NPs/SDS v v v
NPs/HA v v v
NPs/HA/SDS \ \ v Al

* NPs: PCL, PLA, PMMA

5.2.3 Tribological measurements of nanoparticle formulations

The CoF tests of the NPs formulations were performed with the tribometer MTM
(MTM2, PCS Instruments, UK) between a stainless steel ball of 19.05 mm diameter

(PCS Instruments, UK) and a silicone elastomer (SE) disc of 46 mm diameter (Samco
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Silicone Products, UK). The measurements were conducted for sliding velocities 1-100
mm s~ at 37°C. Conditions of pure sliding were applied (Slide-Roll-Ratio (SRR) =
200%). A new SE substrate was used for each measurement, whereas steel balls were
reusable. All specimens were cleaned before the friction tests following an Ultraviolet

light treatment and sonication in ethanol and distilled water.

5.2.4 Size and Zeta Potential measurements of nanoparticle formulations

Size and Zeta Potential (ZP) measurements were performed by a Zetasizer
consisting of a He-Ne laser (633 nm) (Nano ZS, Malvern Instruments, UK). All tests
were performed at 25°C. The refractive indices of PMMA, PCL, and PLA NPs were
1.49 [426], 1.50 [438], and 1.47 [439], respectively. The aqueous medium in which the
NPs were diluted was High Performance Liquid Chromatography (HPLC) water (Fisher
Scientific, USA) and had a refractive index of 1.33 and viscosity of 0.8872 cP. The
measurements were done in pure HPLC water, HPLC water with 0.01% HA, HPLC
water with 0.5% SDS and HPLC water with 0.01% HA and 0.05% SDS. A few millilitres
of 0.5% w/v suspension of NPs were placed in disposable polystyrene cuvette/zeta
cell and fitted in the Zetasizer. The size of the NPs formulations was expressed as Z-
average and their width distribution as polydispersity index (PDI). Each time a new
sample cell was used for the particle size and PDI measurements, whereas the cuvette
for the ZP measurements was reusable. The average values were calculated as the

average of three measurement circles.
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5.2.5 Imaging of substrates morphology

The SE discs used for the friction tests were imaged via Atomic Force
Microscope (AFM) on the Imaging-Intermittent Contact mode (Multimode AFM, Bruker
Ltd, UK). The measurements were conducted in the ambient with an Antimony doped
Si cantilever with spring constant: 42 N m™ and resonance frequency: 320 kHz (Bruker
Ltd, UK). Gwyddion software was used for the analysis of the images and the
calculation of their corresponding surface roughness. The ImagedJ software was used

for the calculation of the surface coverage of the NPs.
5.2.6 Viscosity measurements of nanoparticle formulations

Steady-state flow tests of the nano lubricants were conducted on a rheometer
(HR-1 Discovery Hybrid Rheometer, TA Instruments, USA). The geometry was a
standard double concentric cylinder made from aluminium with a gap of 500 ym (TA
Instruments, USA). The viscosity of the samples was evaluated at shear rates 2-100

s at a temperature of 37°C. All samples were tested in triplicates.

5.3 Results and discussion

5.3.1 Characterisation of nanoparticle formulations

The formulations consisted of NPs, SDS and HA. NPs had a target size of 200
nm, which has been proved in Chapter 4 successful. Their actual size was 200 + 2 nm
for PMMA, 224.8 £ 0.8 nm for PLA and 244.1 + 0.4 nm for PCL (Figure 5.1a). ZP

measurements revealed that the NPs were not charged (Figure 5.1c).
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Figure 5.1: (a) Size, (b) PDI, and (c) Zeta Potential of PMMA, PCL, and PLA NPs
(0.5%) in water, water/SDS (0.5%), water/HA (0.01%), and water/HA (0.01%)/SDS
(0.05%). Each bar represents the average of four repetitions of the same sample. The
error bars represent their standard error.
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SDS was added to the formulation in a concentration of 0.5% to reduce
aggregation and improve NPs stability [9]. A concentration of 0.5% is a commonly used
concentration for surfactants in all NPs-based formulations [440]. That concentration
was sufficient to create a protective layer for all NPs (Appendix A.3). Indeed, in some
cases like the pure PLA NPs in water, the addition of SDS decreased the average
particle size from 224.8 + 0.8 nm to 196.4 + 0.4 nm (Figure 5.1a), and the PDI from
0.24 to 0.13 (Figure 5.1b). Furthermore, SDS reduced the size of the particles to the

initial levels in the NPs/ HA formulation (Figure 5.1a).

HA was added to the formulation to improve SF’s viscoelasticity. HA has a
concentration of 0.1-0.4% [133] in the healthy SF, which decreases significantly with
OA progression. Four HA concentrations (0.01%, 0.05%, 0.1%, and 0.22%) were
tested in a PBS formulation consisting of 0.5% NPs (PLA) and 0.5% SDS. The
concentration of 0.5% for the NPs was the optimum for CoF reduction (Chapter 4). The
highest HA concentration examined (0.22%) represents the average concentration in
the SF of healthy human knee joints [133]. The formulation with 0.01% HA achieved
the greatest CoF reduction (19.99 + 1.28%). However, the concentration of 0.1% HA
was chosen because it resulted in the lowest average CoF (0.08 + 0.00) and had a
good CoF reduction rate (12.46 + 0.96%). Another reason for excluding the 0.01% is

that it was lower than the physiological concentration of HA in healthy SFs [133].

The synergistic action of HA and SDS resulted in a stable formulation. The ZP
of the final formulation was higher than 25 mV for all kinds of NPs (Figure 5.1c),
indicating a low tendency of agglomeration and consequently high stability. The HA

alone led NPs to aggregation (increased size) (Figure 5.1a) and increased PDI
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(Figure 5.1b). It is believed that NPs were trapped within HA’s bottlebrush structure
[441] and created NPs-HA conjugates because of the attractive depletion effect [442].
The hydrophobic domains of the HA (CH groups) [443] could have adsorbed at the
surface of the hydrophobic polymer NPs and turned the ZP of the system negative
(Figure 5.1c) because HA is negatively charged [443]. In that case, the size of the
NPs was approximately two times higher than their original size (Figure 5.1a),
indicating that aggregates were formed from two HA-conjugated NPs. It is suggested
that when SDS and HA were added to the formulation, SDS coated the NPs first
because it is more surface active than the HA [444]. The hydrophobic tail of the SDS
likely adsorbed at the surface of the hydrophobic polymer NPs [445, 446] and the
anionic head of SDS was positioned towards the aqueous phase, charging the whole
complex negatively (Figure 5.1c). It is also possible that the SDS formed complexes
with the HA in the bulk solution by hydrophobic bonding (SDS tail bonded with CH
groups of HA) [447]. As a result, it is expected that the SDS-coated NPs (Figure 5.1c)
and the HA-SDS complexes repelled each other since both were negatively charged.
Figure 5.2 is a schematic representation of the suggested interactions within the

formulation.
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Figure 5.2: Schematic representation of the microstructure and the interactions
between polymer NPs (red circles), HA, and SDS in the formulation.

The PCL/HA/SDS formulation was not as stable as the other suspensions. Its
average size and PDI remained high (Figure 5.1a and Figure 5.1b) even in the
presence of the SDS. Furthermore, it demonstrated the lowest ZP (Figure 5.1c). In
that case, the attractive depletion forces between the NPs should have been strong for
SDS to separate them. The stronger depletion interactions of PCL compared to PLA
and PMMA are attributed to its larger particle size that strengthens the depletion

interactions [448].
5.3.2 Effect of nanoparticle formulations on viscosity

The viscosity of the formulations was examined between 2 and 100 s™ under
37°C. Figure 5.3 illustrates that all samples, including the reference, behaved as
Newtonian. The viscosity of the formulations was fitted with the Power-law model (Eq.
2.14), and the Power-law indices (n) were above 0.97 (Table 5.3), confirming their
Newtonian nature. The viscosity of other polymer NPs formulations at low

concentrations and shear rates has been found Newtonian in the literature [449-451].
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The NPs formulations were semi-dilute (volume fraction: 0.004), which, based on the
literature, are Newtonian [408]. The detailed calculation of the volume fraction is in
Appendix A.3. The viscosity level of the formulations is mainly provided by the HA, a
component known for its high viscosity [441]. In fact, it was found that HA increased
the viscosity of the pure PBS by 522% (Figure A.2-Appendix). The shear-thinning
behaviour of the HA does not affect these formulations because at low concentrations
(0.1%) and low shear rates (2-100 s™), the base fluid (the Newtonian PBS) dominates

the rheological behaviour of HA solutions [452].
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Figure 5.3: Viscosity of PMMA, PCL, and PLA NPs formulations at 37°C. The
formulations consisted of NPs (0.5%)/HA (0.1%)/SDS (0.5%) in PBS. Each data point
represents the average viscosity of three repetitions of the same sample. The error
bars represent their standard error.

Table 5.3: Viscosity (n), consistency (m), Power-law index (n), and coefficient of
determination (RZ) of nanoparticle formulations and PBS.

. n m n R?
Formulations (mPa s) (mPa s) ) )
PBS 419 +0.03 4.50 0.97 0.97
PMMA 3.50 £ 0.01 3.60 0.99 0.92
PCL 3.80 £ 0.03 410 0.97 0.98
PLA 3.01£0.20 3.20 0.98 0.93
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All NPs/HA/SDS formulations demonstrated lower viscosity than the PBS alone
(Table 5.3). Although the difference between the NPs formulations and the PBS is
minimal (3.4-12.9 10™ mPa s), it was still unexpected. The viscosity reduction could be
attributed to the SDS. It was shown experimentally that 0.5% SDS reduced the
viscosity of the 0.1% HA/PBS solution up to 7.47%. It is hypothesised that the SDS
interacted with HA by hydrophobic bonding (SDS tail bonds with CH groups of HA)
[447] and made hydrophilic complexes. Those complexes enhanced the wettability of
the system by enabling the flow of PBS molecules and reduced the viscosity [447].
Additionally, such hydrophobic interactions between surfactants and polymers result
in conformational rearrangement, and therefore, size reduction of the polymer chain,
which leads to viscosity reduction [453]. Another reason for the reduced viscosity could
be the dispersion methods (magnetic stirring, sonication) used to reduce the PDI,
which inevitably increased the temperature of the samples and could have decreased
the viscosity. High temperatures break the attractive interparticle (between the NPs)
and intermolecular (between the NPs and the molecules of SDS) interactions

irreversibly, enabling the flow of the PBS molecules and decreasing the viscosity [454].

The viscosity of the different NPs suspensions were slightly different and
followed the row PCL > PMMA > PLA. That trend could be explained by the different
tendencies of the NPs to aggerate. NPs aggregates increase the active volume fraction
of NPs in a suspension and create structures more resistant to flow than the individual
NPs, increasing the viscosity consequently [406-408]. Indeed, the particle size of the
NPs suspensions in the final formulation (Figure 5.1a) follows the same row as the
viscosity (Figure 5.3). PCL with the largest average particle size of 435.6 £ 6.25

resulted in a formulation with the highest viscosity, and PLA with the smallest average
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particle size of 226.7 + 3.39 provided a formulation with the lowest viscosity. However,

the differences are at the level of mPa and are considered minor.
5.3.3 Effect of nanoparticle formulations on the coefficient of friction

The CoF was studied between a stainless steel ball and a SE disc. Those
materials replicate the natural bone-AC contact in a joint at the early stage of OA when
the AC starts to break down and the bone is revealed. The steel ball simulates the
bone due to its comparable hardness and the SE disc the elastic and rough AC. Those
properties can be found in Table 4.3 of chapter 4. The contact pressure between those
two specimens during the friction tests was 0.15 MPa, and their contact area 4710 10°
® m? based on the Hertz model [245]. The tests were conducted between 1-100 mm s
'(typical joint velocities during normal activities [26]) at 37°C (physiological body

temperature).

SDS acted also as a friction modifier, confirming the literature [10]. The CoF of
the system decreased for all tested velocities up to 28% with the addition of 0.5% SDS
in PBS (Figure 5.4a). Thanks to its amphiphilic nature, the SDS forms micelles [455],
which adsorb at the solid interfaces (electrostatic interactions with steel or hydrophobic
interactions with SE) and act as boundary lubricants [10]. The ability of SDS to adsorb

to steel surfaces and enhance lubrication has been already reported [456].

The addition of NPs on top of SDS, further decreased the CoF. A formulation of
0.5% PMMA NPs/0.5% SDS/PBS decreased the CoF up to 34% (Figure 5.4a). The
additional lubrication is attributed to the presence of NPs. Based on the polishing

lubrication mechanism, it is believed that NPs deposited at the valleys of the rough SE
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rendered the surface smoother, reduced its surface roughness, and moderated the
CoF [10]. However, the CoF increased for velocities higher than 10 mm s™(Figure
5.4a). It is probable that at high speeds under the extreme conditions of pure sliding,
the NPs initially placed at the valleys of the SE were removed, resulting in direct contact

of the specimens and increased CoF [457].
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the average CoF of six repetitions of the same sample. The error bars represent their
standard error.

Even if HA induced aggregation and increased the PDI (Figure 5.1), it reduced
the CoF up to 28% compared to the reference (Figure 5.4b). That reduction could be
attributed to HA's capability to increase viscoelasticity and shear-thinning extend [441].
As those increase, the film thickness of the fluid increases, resulting in less direct
contact of the asperities and lower CoF [391]. However, when NPs were added to the
HA solution, the CoF increased (Figure 5.4b). This could be a consequence of NPs
aggregation (Figure 5.1). Aggregates were larger than the valleys of the SE (Table 4.3)
and probably acted as contaminants. They induced abrasive wear, increased the

surface roughness of the SE and, as a result, increased the CoF [411].

SDS and HA in PBS acted synergistically and achieved a higher reduction than
each component separately (35% versus 28%) (Figure 5.4c). The high CoF decrease
is linked to the adsorption of the SDS micelles at the surface of the SE, and the
increased viscosity provided by the HA. Adding 0.5% PMMA NPs in the HA/SDS/PBS
solution provided the highest CoF reduction percentage of 41% (Figure 5.4c). The
NPs formulation was more effective at low velocities (up to 8 mm s™), presumably
because the NPs were removed from the substrate at high velocities, and the contact

area between the steel and the SE was increased.
5.3.4 Effect of nanoparticle formulations on substrates’ morphology

AFM verified the polishing effect as the main lubrication mechanism provided

by the developed formulation. The intact SE is a rough material (R5: 94.35 £ 21 nm —
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Figure 5.5a). The spherical SDS micelles can be seen on the left corner of the SE
surface after a friction test with SDS (0.5%)/PBS (Figure 5.5b). Even if SDS increased
the surface roughness slightly (R,: 105 + 37 nm-Figure 5.5b), it reduced the CoF by
28% (Figure 5.4a) by adsorbing at the surfaces and acting as boundary lubricants
[458]. NPs were adsorbed to the SE surface after a friction test with 0.5% PLA NPs in
PBS (Figure 5.5¢) and reduced the surface roughness slightly (89.79 + 38), confirming
the polishing effect mechanism [10]. NPs covered 15.41 £ 2.65% of the surface of the
SE on that image. The HA in the formulation (0.5% PLA/0.1% HA/0.5% SDS) covered
the largest part of the SE surface (Figure 5.5d) and made it significantly smoother (Rx:
65.16 = 27). The crystals of the dry HA covered most of the area (Figure 5.5d),
suggesting that HA created a film on the surface of the SE, which reduced the CoF.
However, other parts of the SE were not entirely covered with HA after a test with the
final formulation, and in those areas, the NPs adsorbed to the SE surface can be seen
(Figure 5.5e). In summary, the worn SE images in Figure 5.5 confirm the contribution
of the formulation components to its lubrication performance. The SDS micelles
adsorbed on the surface of SE and minimised the contact of the opposing surfaces,
the NPs turned the surface smoother by filling its valleys, and the HA created an
additional protective film, which covered the surface and reduced its roughness
significantly. Last but not least, it has to be mentioned that no wear track has been
observed on the surface of the used SE surfaces, additional proof of the lubricating

performance of the proposed formulation.
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Figure 5.5: AFM images of SE (a) clean, (b) used with SDS (c) used with PLA NPs,
(d) and (e) used with PLA NPs/HA/SDS. The concentration of NPs and SDS was 0.5%,
whereas the concentration of HA 0.1%. All formulations were based on PBS. The size
of the images is 400 ym?.

5.3.5 Effect of nanoparticles concentration on the coefficient of friction

Friction tests with three NPs concentrations of 0.1%, 0.5%, and 1% were carried
out at the same configuration (steel ball-SE). NPs were added in the HA (0.1%)/SDS
(0.5%) PBS formulation. PMMA, PCL, and PLA NPs, which had a similar particle size
(approximately 200 nm) and comparable densities (Table 5.1), demonstrated similar
behaviour. The effect of PLA concentration on the CoF is presented below as a
representative example (Figure 5.6a). The formulation with NPs in a concentration of

0.1% provided a weak CoF reduction (8.5%) and demonstrated similar behaviour to
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the PBS. Both PBS and the 0.1% NPs formulation exhibited a steep reduction
indicative of the mixed lubrication regime. The formulations with NPs concentration
0.5% and 1% decreased the CoF significantly by 22.5% and 26.6%, respectively. The
difference between their CoF behaviour is not significant at low velocities (below 10
mm 3'1). The proposed lubrication mechanism is represented in Figure 5.6b. It is
believed that a concentration of 0.5% NPs was sufficient to fill the valleys of the rough
SE and decrease the CoF. At a concentration of 1% NPs, the excessive NPs deposited
on the top of the previously deposited NPs and created an additional protective film.
At high velocities, NPs are removed from the surface, and therefore, the highest
concentration of 1% is preferable. The CoF of formulations with NPs concentrations
0.5% and 1% decreased very slowly, highlighting that the system was operating at the
beggining of the hydrodynamic regime. The thick film of NPs might have pushed apart

the contact surfaces and resulted in faster progression to the hydrodynamic regime.
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Figure 5.6: (a) Effect of NPs concentration (0.1%, 0.5%, 1%) on the CoF developed
between a steel ball and a SE substrate. Each data point is the average CoF of six
repetitions of the same sample. The error bars represent their standard error. (b)
Schematic representation of the suggested lubrication mechanism. The formulations
were consisted of PLA NPs/HA (0.1%)/ SDS (0.5%) in PBS.
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5.3.6 Effect of nanoparticle type on the coefficient of friction

The optimum composition of the formulation in terms of the CoF reduction
performance is NPs (1%)/HA (0.1%)/SDS (0.5%) in PBS. However, because of the
limited availability of the NPs, a concentration of 0.5% was used in the following tests
instead of 1%. Formulations with PMMA, PCL, and PLA NPs were used as lubricants
for the friction tests between a steel ball and a SE substrate. Figure 5.7 presents the
frictional behaviour of the PMMA, PCL, and PLA NPs formulations as a function of the
Hersey number. Hersey numbers were calculated incorporating the viscosity () from

Table 5.3 on the equation (1.2).

0.14 1

] § ¢ PBS
— ] ¢ ¢ PMMA
501 g “ “Pia
% '#ﬁ ++H§ ¢ +
S 0.1 A
. N
£0os ] Fe i I
Joor) T LY
Y- N —
8.0E-10 8.0E-09 8.0E-08

Hersey number (-)
Figure 5.7: CoF of PMMA, PCL, and PLA NPs formulations between a steel ball and
a SE substrate as a function of Hersey number. The formulations were consisted of

NPs (0.5%)/HA (0.1%) /SDS (0.5%) in PBS. Each data point is the average CoF of six
repetitions of the same sample. The error bars represent their standard error.

All NPs formulations reduced the CoF up to 8 mm s™ (Hersey number: 6.4-8.9
10"°) compared to PBS alone (Figure 5.7). The CoF reduction denotes the entrainment

of the lubricants and the development of a protective film between the ball and the disc
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[450]. At high velocities (above 8 mm s'1), the CoF of PMMA and PCL formulations
was higher or at the same levels with PBS (Figure 5.7), probably because NPs were
removed from the surface because of the high speeds [457]. Another possibility is that
the viscosity, and therefore, the film thickness was getting decreased because of the

high shear rates/increased temperatures; hence the CoF was increased [459].

Based on the Stribeck curve, it is suggested that PMMA and PLA formulations
were on the mixed lubrication regime because their CoF was decreasing with
increasing Hersey number (Figure 5.7). It is speculated that PCL formulation was
operating at the beginning of the hydrodynamic regime because it demonstrated an
almost constant CoF as a function of Hersey number. Since PCL formulation
demonstrated slightly higher viscosity than the other NPs suspensions, the speed that
it needs to float is less; hence the opposing surfaces were pushed apart earlier, and it
reached first the hydrodynamic regime [388]. Apart from the PCL suspension, the
reference solution (PBS) also entered the hydrodynamic regime at the tested velocities
(Figure 5.7). In that case, the absence of NPs resulted in a quicker separation of the
opposing surfaces and hence quicker initiation of the hydrodynamic regime compared

to the NPs suspensions.

Figure 5.8 presents the average reduction in the CoF provided by the different
NPs formulations. The reduction rate is given for four selected sliding velocities up to
8 mm s™'. Up to that point, all formulations demonstrated a CoF lower than the PBS.
The CoF reduction rate decreased with increasing velocity for all formulations probably
because the formulations were transitioning from the mixed to the hydrodynamic

regime. That outcome highlights the effectiveness of the developed formulation to
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reduce the CoF at the beginning of joints motion (low sliding speed). Different NPs
formulations provided different CoF reduction rates. The average decrease was 10.67
+ 1.38 % for PMMA, 14.22 + 1.61% for PCL, and 15.17 + 2.06% for PLA. The PLA
formulation was the most effective, especially at low speeds, providing a maximum
reduction of 24.29%. In addition to that, the PLA suspension provided the lowest CoF
compared to the other formulations for the whole range of velocities (Figure 5.7). It is
believed that the lowest decrease in the CoF provided by the PCL formulation is
attributed to the fact that it entered the hydrodynamic region, in which the CoF is stable
(Figure 5.7) and that it exhibited high aggregation of NPs. PLA and PMMA
formulations were operating in the mixed lubrication regime, in which the surface
characteristics and rheology of the lubricant shape the tribological profile [391]. PLA’s
hardness, which is 21% smaller than PMMA (Table 5.1), could be the reason for the
higher CoF reduction rate. Hard NPs scratch the opposing surface, induce abrasive
wear and increase the CoF [367, 368]. The fact that the PLA formulation with the lowest
viscosity demonstrated the lowest CoF indicates that the CoF was mainly affected by

the characteristics of the opposing surfaces in this system.
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5.4 Conclusions

OA is untreatable at the early stages and I|Al therapy is currently the most
effective treatment. In this chapter, a NPs formulation for the IAl treatment of the poor
tribological performance of osteoarthritic joints was developed. The formulation
consisted of polymer NPs, HA, and SDS dispersed in PBS. The NPs incorporated in
the formulation were made of PMMA, PCL, and PLA polymers. Those materials were
chosen thanks to their biocompatibility and their wide application in medicine. The
composition of the formulation was optimised to provide the joints with desirable CoF,
viscosity, and stability for their normal operation under all lubrication regimes. The CoF
was measured between a steel ball and a SE disc, which replicate the bone-AC contact

at the early OA when the AC is partially removed.
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The NPs formulations reduced the CoF under conditions that replicate the
sliding of the joints at the beginning of their movement (low sliding velocities) when the
other IAl formulations are not effective. NPs proved excellent lubricant additives,
thanks to their capacity to adsorb on rough surfaces and polish them. HA provided the
desired viscosity for restorating SF’s lost viscoelasticity, and SDS enhanced the
stability of the formulation. All three polymer NPs were proved capable to reduce the
CoF. PLA provided the highest CoF reduction rate, suggesting that soft (low hardness)
NPs are the most efficient frictional additives. Polymer NPs like those used in this study
could also be used as drug delivery systems and provide the joints with additional
therapeutic action (e.g. pain and inflammation suppression), as shown in the following

chapter.

176



6. DUAL FUNCTIONAL FORMULATION FOR INTRA-ARTICULAR
TREATMENT IN EARLY OSTEOARTHRITIS

6.1 Introduction

Intra-articular injection (lAl) treatment is commonly used at the early stage of
osteoarthritis (OA) to alleviate pain in patients with minimal radiographic signs of
articular cartilage (AC) damage [460]. 1Al is more effective than conventional drug
treatments because it increases drug absorption and limits side effects [181, 191].
Despite those benefits, the ability of the current |Al formulations to mitigate the
progression of OA is minimal [461] because of the diffusion of the drugs via synovial
capillaries [7], resulting in short retention times (1-4 h) in the joint cavity [462] and also
their inability to address the increased CoF developed in the osteoarthritic joints [29,
63]. Even though viscous IAl formulations like Hyaluronic acid (HA) hydrogels improve
joint’s lubrication in the hydrodynamic and mixed lubrication regimes, they are
ineffective in the boundary lubrication regime because HA alone is not a boundary

lubricant and squeezes out of the joint under loading [29].

New |Al formulations are required to improve joints’ lubrication and prolong
drugs release. Various systems have been proposed to ameliorate the tribology of the
articulating surfaces. For instance, Polyvinylpyrrolidone in bovine serum or deionized
water is an excellent boundary lubricant with demonstrated capacity to reduce the CoF
up to 50% [463]. Similarly, lubricin, a natural boundary lubricant of the joint [108],
reduced the CoF of explants under inflammatory conditions by 33% [464]. In this work,
colloidal systems are employed, which are excellent lubricant additives capable of

reducing the CoF and wear of AC surfaces [9, 10, 56]. For example, nanodiamonds in
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a simulated body fluid reduced the CoF three times by developing a carbon film on the
surface of an implant [465]. NPs could also increase the retention time of the drugs
from hours to weeks and control their release [190]. Several studies have
demonstrated increased retention time of drugs delivered by NPs under OA conditions,
attributed to NPs capacity to adsorb on the AC surfaces and prevent diffusion [190,
198, 203, 466, 467]. Polymer NPs specifically are excellent candidates because, in
addition to the increased retention time, they exhibit low levels of immunogenicity [235],
have successfully treated pain, inflammation [195, 468], and the elevated CoF of

osteoarthritic joints [201].

In the last decade, a few NPs-based systems demonstrating both prolonged
drug release and improved tribological characteristics for osteoarthritic joints have
been developed (Table 1.1). Most of them consisted of cytotoxic drug-loaded (DL)
mesoporous silica NPs grafted with charged polymer brushes [216, 218, 219] or DL-
micro/nano gels grafted with polymer brushes [220, 469]. The biocompatible
Polymethylmethacrylate (PMMA), Polycaprolactone (PCL), and Polylactic acid (PLA)
[418-421] were used to make the NPs in the present study. PCL especially is
characterised by a slow degradation rate (2-3 years) and could achieve the desirable
long-term delivery of drugs in the intra-articular cavity [421, 422]. Celecoxib was
incorporated into the NPs as a model drug: it is an approved therapeutic agent for OA,
which relieves pain and reduces inflammation [470]. Celecoxib demonstrates disease-
modifying effects thanks to its chondroprotective function and the inhibition of bone
destruction [471]. It is also associated with low gastrointestinal incidents compared to

other nonsteroidal anti-inflammatory drugs (NSAIDs) [470].
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The aim of this chapter is to evaluate the feasibility of the NPs formulation
regarding its lubrication capacity, drug release, and biocompatibility. The developed
NPs-based formulation reduced the CoF of interfaces replicating the bone-AC contact
in previous chapters. The hypothesis of the present chapter is that the NPs formulation
loaded with a drug exhibits similar lubrication benefits on natural AC tissue and
prolonged drug release. Previously reported systems were evaluated mainly on
implant materials, which do not adequately replicate the complex AC surface, but the
effectiveness of the present formulation was tested on osteoarthritic human and
healthy animal AC explants. In addition, the cytotoxicity and the drug-release profile of

the formulation were tested in-vitro.

6.2 Methodology

6.2.1 Synthesis of polymer nanoparticles

The NPs were synthesised by Piaopiao Pan at the Guangzhou University of
Chinese Medicine in China. A modified combined homogenization/ solvent evaporation
method was used. The polymers used were PMMA (Shanghai Macklin Biochemical
Co., Ltd., China), PCL (Shanghai Yuanye Bio-Technology Co., Ltd., China), and PLA
(Shandong Academy of Pharmaceutical Sciences, China). Polymer (50 mg) was
dissolved in dichloromethane (10 ml) and added in 2% Polyvinyl alcohol (PVA)
(Shanghai Aladdin Bio-Chem Technology Co., Ltd., China). For the synthesis of the
DL-NPs, the drug Celecoxib (5 mg) was dissolved to an organic phase added and to
the PVA solution. The suspension was first homogenised (ATS Engineering Inc.,
China). Solvent evaporation was followed by magnetic stirring to remove the

dichloromethane and centrifugation to remove the PVA (13,000 rpm for 25 minutes,
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4°C). The remaining NPs were re-suspended in water by ultrasonic agitation for 60 s
and washed twice with water. The washings were centrifuged at 13,000 rpm for 20
minutes at 4°C and the pellet was re-suspended in water by 2 hours sonication. The
NPs suspensions were freeze-dried for 37 hours, and the NPs in powder form were

stored at 4°C until used.

6.2.2 Preparation of nanoparticle formulations

The preparation of the formulations started with weighing the exact amount of
NPs (dry powder form), Sodium Dodecyl Sulphate (SDS) (Fisher Scientific, USA) and
HA (Bloomage Freda Biopharm Co., Ltd., China) on a scale and adding them in a
Phosphate Buffered Saline (PBS) solution (Fisher Scientific, USA). The formulations
prepared in this chapter were NPs (0.5% w/v)/SDS (0.5% w/v)/HA (0.1% w/v). A
summary of the tested formulations is given in Table 6.1.The next stage was the
magnetic agitation of the formulations until the HA was dissolved, followed by three-
hour ultrasonic agitation for the dispersion of the NPs. All concentrations are expressed

as % wiv.

Table 6.1: Summary of tested nanoparticle formulations.

Formulations’ NPs* SDS HA (bal:nBcséd to
abbreviations (0.5 % wiv) (0.5 % wiv) (0.1 % wiv) 100 ml)
NPs v v
NPs/SDS v v v
NPs/HA V v v
NPs/HA/SDS \ V v \

* NPs: PCL, PLA, PMMA, DL-PCL, DL-PLA, DL-PMMA
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6.2.3 Size and Zeta Potential measurements of nanoparticle formulations

Size and Zeta Potential (ZP) of the formulations were measured by a Zetasizer
consisting of a He-Ne laser (633 nm) (Nano ZS, Malvern Instruments, UK) at 25°C.
The refractive indices of PMMA, PCL, and PLA NPs were 1.49 [426], 1.50 [438], and
1.47 [439], respectively. High-Performance Liquid Chromatography (HPLC) water
(Fisher Scientific, USA) with a refractive index of 1.33 and viscosity of 0.8872 cP was
used as the aqueous medium. The formulations were diluted ten times to enable the
conduction of Dynamic Light Scattering (DLS) measurements. The final composition
was NPs (0.05%)/HA (0.01%)/SDS (0.05%). A few millilitres of the NPs formulation
were placed in disposable polystyrene cuvette/zeta cell and fitted in the Zetasizer. The

average values were calculated as the average of three measurement circles.

6.2.4 Generation of animal cartilage explants

AC explants were collected from healthy porcine knee joints grown at a farm of
the University of Nottingham. The pigs were slaughtered at the University of
Nottingham by a professional slaughter. The AC explants were removed and

transported to the University of Birmingham, where they were immediately tested.

6.2.5 Generation of human cartilage explants and primary cells

AC explants were removed from patients who underdid total knee or hip
replacement surgery due to OA at the Royal Orthopaedic Hospital, Birmingham.
Femoral condyles and tibial plateau from osteoarthritic knees and femoral neck from
osteoarthritic hips were collected peri-operatively and transported to the University of

Birmingham. The AC was scraped from the subchondral bone utilising a scalpel and
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immediately froze in liquid Nitrogen before being stored at -80°C. Each sample was
defrosted 30 min before its examination for subsequent analysis, and AC explant discs
(10 mm diameter) were generated using a cork borer. The AC explant discs were then
immediately tested or placed in PBS to prevent dehydration. Consent was obtained

from all patients. The ethical approval for examining those samples is in Appendix A1.

Fawzeyah Alnajjar conducted primary cells isolation at the Institute of
Inflammation and Ageing at the University of Birmingham. A portion of AC tissue was
kept unfrozen and was digested in filter-sterilised collagenase IIA (2 mg/ml; Sigma
Aldrich, Gillingham, UK) for 5 hours at 37°C. Afterwards, the AC was filtered by
weathering a 40 uym cell strainer (BD Biosciences, Oxford, UK). Primary chondrocytes
were collected from the filtrate after centrifugation and were suspended in growth
media (DMEM supplemented with 10% FCS, penicillin (100 U/ml), streptomycin (100
pug/ml), L-glutamine (2 mM), non-essential amino acids (5%vV/v; all Life Technologies,
Paisley, UK) and amphotericin (2ug/ml; Sigma Aldrich, Gillingham, UK) under 37°C

and 5% CO,to grow to 70-80% confluence before being utilised in subsequent studies.

6.2.6 Tribological measurements of nanoparticle formulations

The tribological tests of the AC explants were performed with the High-
Frequency Reciprocating Rig (HFRR) (PCS Instruments, UK), a ball-on-disc
tribometer. The HFRR was used instead of the Mini-Traction Machine (MTM) because
the size of the AC explants is significantly smaller than the size of the disc required by
the MTM. MTM works only with 46 mm diameter and 3 mm thickness circular discs.
Instead, in HFRR, the CoF was measured between an AC explant of 10 mm diameter

thickness less than 3 mm and a 6 mm stainless steel ball (PCS Instruments, UK). The
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explant was glued to a steel disc to meet the required thickness. The AC explant then
was placed in the sample holder and fixed via screws. The setup used is shown in
Figure 6.1. The sample holder was filled with 2 ml of PBS (reference solution) or a
NPs formulation. The steel balls and discs were reusable; they were cleaned before
each test following a UV-Ozone treatment and sonication in ethanol and distilled water.
The measurements were conducted at 37°C (normal human body temperature), under
the constant normal load of 1.96 N. That load was chosen to protect the AC explant
from irreversible damage even though it resulted in lower pressure than the normal
pressure in joints (0.14 MPa versus 1-6 MPa [472]). The sliding velocity was chosen
to be 2.5 mm s™" because it represents the boundary lubrication in joints [262]. The
velocity was achieved with a stroke length of 0.25 mm, and a frequency of 10 Hz. The

CoF was calculated as the average of the whole stroke for 30 min.

Figure 6.1: HFRR setup for testing human and animal AC explants. (a) AC disc
generated using a cork borer, (b) AC disc fixed on a steel disc, (c) AC fixed in the
sample holder.

6.2.7 Surface adsorption of nanoparticle formulations

The surface adsorption of the NPs was evaluated on a self-assembled

monolayer (SAM) of (3-Mercaptopropyl) trimethoxysilane (Merck, Germany) using a
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QCM (openQCM, Novaetech, ltaly). The trimethoxysilane monolayer was used to
replicate the chemistry of the silicone elastomer (SE), which mimics the mechanical
properties of the AC [391]. The SAM was prepared by David Burgess on a gold-coated
QCM crystal (Novaetech, Italy) operating at 10 MHz. The crystal was immersed in an
ethanolic solution of the thiol (1 mM) for 24 hours. It was subsequently placed in a
clean petri dish and backfilled with dry nitrogen until used (within 24 hours). The crystal
was cleaned with UV-Ozone treatment before the formation of the SAM. Additional

Information about the SAM can be found in Appendix A4.

The SAM-coated QCM sensor was placed in the QCM holder. The system was
first rinsed with PBS and then with a formulation of 0.1% DL-NPs in PBS. When the
dynamic adsorption had reached equilibrium (stable frequency), it was rinsed again
with PBS. A peristaltic pump (Ismatec, Germany) connected with the QCM controlled
the flow at 0.35 ml/min. The total adsorbed mass was evaluated based on Sauerbrey’s

equation for rigid and thin films [473]:

AM = —] Af (6.1)

where AM is mass change (g cm'z), Afis frequency change (Hz), and J is the nominal
sensitivity constant of the crystal, which was equal to 4.42 x10° g Hz"' cm™ for the
specific crystal [474]. The nominal area of the used crystal was 0.2043 + 0.009 cm?
[474]. The rigid layer developed by NPs in PBS was studied via QCM to understand

NPs adsorption kinetics. The viscoelastic film developed by the complete formulation

was evaluated via AFM to understand its effect on the surface roughness of the AC.
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6.2.8 Imaging of sensors and cartilage explants

The adsorption of the NPs onto the QCM sensors and the topography of human
osteoarthritic AC explants was investigated via Atomic Force Microscope (AFM)
imaging. The samples (QCM sensors, AC explants) were imaged on the AFM Imaging-
Intermittent Contact mode using a NanoWizard Il (JPK Instruments Ltd, Germany) at
a controlled temperature environment (17°C). The QCM sensors were imaged in
ambient, whereas the AC explants in PBS. The measurements were carried out with
SisN4 cantilevers with a spring constant of 42 N m™ and a resonance frequency of 320
kHz (Bruker Ltd, UK). The Gwyddion 2.59 software was used to process the acquired

images and calculate their corresponding surface roughness.

The topography of the AC explants was also examined via interferometry
(MicroXAM, KLA Tencor, UK). Three areas of approximately 10* um? were imaged
before and after 30 min treatment with the NPs formulations at a magnification of 20x.
Mapvue AE ver 2.27 software was used for imaging and calculating the surface

roughness of those areas.
6.2.9 Surface properties of nanoparticle film

The surface properties of the NPs films were investigated using the Force
Spectroscopy Contact mode of a JPK AFM (Nanowizard IlI, Germany). The
experiments were conducted at controlled temperature (17°C) in liquid (PBS or NPs
formulations). Force measurements were performed with stainless steel colloidal
probes, which were prepared by attaching individual stainless steel particles of 27-31

pm size (Micro technology, UK) using a two-part epoxy glue (Araldite) onto tipless AFM
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cantilevers (All-in-One-Al-Tipless, Budget Sensors, UK) with a spring constant of 7.4
N m™ and a resonance frequency of 150 kHz. Force curves were collected at six
different regions of each sample, applying forces between 40 and 280 nN. The velocity
of the cantilever was 2 pm s™. The adhesion energy and Young’s modulus were
calculated by the JPK Data Processing 4.2 software incorporating the Hertz model and

the stainless steel particle’s actual diameter acquired by SEM imaging.
6.2.10 In-vitro cytotoxicity evaluation of nanoparticle formulations

A standard Microtubules (MTS) array was used to evaluate the in-vitro
cytotoxicity of the NPs formulations on primary human osteoarthritic chondrocytes and
fibroblasts. The cells were seeded into 96-well plates at a density of 6,000 cells per
well for 24 hours. Cells were then exposed to various formulations and were incubated
under 37°C and 5% CO; for either one or five days. On the day of the test, 20 pl of the
MTS reagent Thaw Cell Titer 96AQ (Promega, USA) was added per well, and the cells
were incubated for two hours. Afterwards, their absorbance at 490 nm was examined
with a microplate reader (Synergy HT, BioTek Instruments, USA). The number of cells

was quantified from the absorbance values based on a reference curve.

6.3 Results and discussion

6.3.1 Surface roughness of human cartilage explants

Figure 6.2 illustrates the topography of one human AC explant at different area
sizes, captured by AFM. The AC was rough as expected based on the literature. The
average surface roughness of the AC explant is 42, 64, 291, and 350 nm for an area

of 4, 25, 2.5 10°, and 10* ym?, respectively. The increase in the surface roughness with
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increasing testing area, attributed to the increasing presence of surface features, has
been reported for the AC [384]. The AC surface roughness found here is comparable
with other AFM studies on the AC. For instance, the surface roughness over an area
of 2.5 10° um? was 291 nm, which falls within the reported range (137-533 nm) [63,
196]. The surface roughness of the AC depends on the measurement technique [384].
As such, the roughness of human AC explants was also tested with interferometry and
found 1.19 £ 0.11 pym, confirming previous investigations of AC with interferometry
[475]. Nevertheless, comparing the surface roughness of disparate joint specimens is
not recommended because they demonstrate significant heterogeneity (Chapter 3).
Moreover, the explants used here were affected during their removal from the joint.
Features created by the medical blade are shown on their surface in Figure 6.2c and
Figure 6.2d. The damage of the surface of the explants increased the surface
roughness and might have increased the effectiveness of the NPs formulations in
decreasing the CoF. NPs formulations were also tested on intact AC explants from

pigs to confirm their effectiveness and were proven effective.
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Figure 6.2: AFM topographies of the same human osteoarthritic AC explant at various
sizes. (a) 4, (b) 25, (c) 2.5 10°, and (d) 10* ym?.

6.3.2 Effect of formulation on the stability

The formulation used in this chapter was NPs (0.5%)/HA (0.1%)/SDS (0.5%) in
PBS. The formulation was investigated and optimised in Chapter 5 to provide the

highest CoF reduction capacity, physiological viscosity for the normal operation of the
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joints, and good stability. NPs were either blank or loaded with the drug Celecoxib and
had a similar size (about 200 nm). They were expected to smoothen the rough AC
surface as they did with the SE (Chapter 5) because their size of 200 nm was within

the surface roughness of the AC (42.09-350.5 nm), as shown in Figure 6.2.

The size, polydispersity (PDI), and ZP of the blank and DL-NPs formulations
exhibited similar results as presented in Figure 6.3. Their particle size was similar to
their size in the water (Chapter 5), indicating no significant aggregation. The lack of
aggregation and the low PDI (lower than 0.5) denote good dispersion of NPs and
stability. The ZP of the formulations ranged from 29.9-54.6 mV, an additional indication
of their excellent stability. Based on the literature, ZP higher than 25-30 mV for water-
based NPs suspensions highlights a low tendency of agglomeration [292, 293]. It is
worth noting that PCL formulations were not as stable as the others. Their average
size and PDI were higher than the PMMA and PLA suspensions, and their ZP was the
lowest. As discussed in Chapter 5, this is probably attributed to the larger particle size

of PCL, which strengthens the depletion interactions.
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Figure 6.3: (a) Size, (b) PDI, and (c) Zeta Potential of formulations with blank and
drug-loaded PMMA, PCL, and PLA NPs. The filled bars represent the blank and the
non-filled bars the DL-NPs. Each bar represents the average of five repetitions of three
different samples. The error bars represent their standard error.
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6.3.3 Effect of nanoparticle formulation on the coefficient of friction of cartilage

Evaluating the effect of the formulation’s components on the AC achieved via
tribological tests on porcine AC against a steel ball. The tested formulations consisted
of NPs only, NPs with SDS (0.5%), NPs with HA (0.1%), and NPs with HA (0.1%) and
SDS (0.5%). On all of them, blank PLA NPs were used at a concentration of 0.5%.
Alike in the SE, all formulations apart from the PLA/HA reduced the CoF (Figure 6.4).
In the case of PLA/HA, the absence of SDS caused NPs aggregation (Chapter 5),
which increased the surface roughness and consequently the CoF [411]. Although the
HA slightly diminished the formulation’s Ilubrication efficiency (CoF reduction:
PLA/SDS: 17%, PLA/HA/SDS: 12%), it was included in the final formulation because

of its capacity to improve SF’s viscoelasticity.
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Figure 6.4: Effect of formulation’s components on the CoF of porcine AC against a
stainless steel ball. The formulations investigated consisted of PLA NPs (0.5%), PLA
NPs (0.5%)/SDS (0.5%), PLA NPs (0.5%)/HA (0.1%), and PLA NPs (0.5%)/HA (0.1%)/
SDS (0.5%) in PBS. The percentages on the top of the bars represent the reduction of
the CoF. Each bar represents the average CoF of a single sample at different time
points within 30 minutes. The error bars symbolise their standard error.
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The influence of blank NPs and DL-NPs on the CoF of human osteoarthritic AC

was evaluated with a formulation of NPs (0.5%)/HA (0.1%)/SDS (0.5%) in PBS with

three kinds of polymer NPs (PMMA, PCL, PLA). The reduction in the CoF when PBS

was replaced by the formulations is shown in Figure 6.5. The average CoF of human

osteoarthritic AC explants with PBS as a lubricant was 0.31 + 0.01, a value consistent

with the literature [262]. A significant reduction of 12-46% in the CoF can be seen upon

introducing the formulations (Figure 6.5). It can be concluded that loading the NPs

with the drug did not affect their CoF since both blank and DL-formulations reduced

the CoF to a similar extent. The exceptional lubrication demonstrated by the NPs

formulations exceeds the performance of most of the systems developed so far to treat

OA [216, 464, 469]. The excellent tribological performance is mainly attributed to the

NPs, which are known lubricant additives [9, 10, 56]. It is believed that NPs lubrication

mechanism is the polishing effect [10], as discussed in Chapter 5.
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Figure 6.5: CoF of human osteoarthritic AC against a stainless steel ball with (a) blank
and (b) DL-PMMA, DL-PCL, and DL-PLA NPs formulations as lubricants. The
formulations consisted of NPs (0.5%) /HA (0.1%)/SDS (0.5%) in PBS. The
percentages on the top of the bars represent the reduction rate of the CoF. Each bar
represents the average CoF of a single sample at different time points within 30
minutes. The error bars symbolise their standard error.

Formulations with different polymer NPs provided different reduction rates to
the CoF of the AC despite their identical composition (Figure 6.5). PMMA formulations
were the most effective, providing a CoF reduction of 46% (blank NPs) and 32% (drug-

loaded). PLA suspensions followed, providing a CoF reduction of 16% with blank NPs
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and 23% with DL-NPs. PCL formulations were the least effective, likely because of the
PCL NPs aggregation (Figure 6.3). The particle size of the aggregated PCL NPs
(Blank: 435.60 + 6.25 nm, DL: 380.4 + 6.44 nm) was larger than the AC surface
roughness (350 nm), resulting in a non-uniform film, which probably increased AC’s
surface roughness and consequently the CoF [410]. PMMA superiority in CoF
reduction is probably attributed to its highest surface adsorption, as discussed in the

following section.

6.3.4 Surface adsorption characteristics of nanoparticle formulations

QCM results indicated that NPs not only adsorbed on the trimethoxysilane-
functionalised crystal but also remained on it after rinsing with PBS, as shown in a
representative QCM curve (Figure 6.6). As such, the lubrication performance of the
formulations is highly likely associated with the quantity of NPs adsorbed on the AC
surface. NPs form strong lubricious films with lower resistance to shear than the
substrates and reduce the CoF [476]. Therefore, NPs probably adhered to the AC
surface and were not cleared from it as it happens with the current |Al analgesics [7].
That is a significant advantage compared to other reported systems for OA treatment,
which incorporate functionalised NPs with polymer brushes [216, 218, 219]. Polymer
brushes-coated NPs are expected to demonstrate low adsorption at the AC surface
due to steric repulsion between them and prevent the formation of a thick protective
film capable of reducing AC’s surface roughness. Polymer brush-coated surfaces are

known for their resistance to adsorption [477, 478].
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Figure 6.6: Representative QCM adsorption curve of a formulation consisting of 0.1%
PMMA NPs in PBS on a (3-Mercaptopropyl) trimethoxysilane-functionalised QCM
sensor. The force curve of a single measurement is presented here for presentation
purposes.

The adsorbed mass of the DL-PMMA, DL-PCL, and DL-PLA formulations on
the trimethoxysilane-functionalised QCM crystals is presented in Table 6.2 and
compared with the reduction those formulations provided to the CoF. The surface
adsorption of the DL-NPs follows the same order with the CoF reduction. DL-PMMA
NPs adsorbed in the highest amount on the SAM-functionalised QCM crystal and
demonstrated the highest CoF reduction, followed by PLA and then PCL. The more
the adsorption of NPs on the QCM electrode, the better their lubrication efficiency [476,
479, 480]. Furthermore, high adsorption might relate to uniformity, which results in

suppressed adhesive forces, smoother sliding motion and higher CoF reduction [479].
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Table 6.2: Adsorbed mass of DL-PCL, DL-PLA, and DL-PMMA NPs formulations on a
(3-Mercaptopropyl) trimethoxysilane-functionalised QCM sensor and CoF reduction on
human osteoarthritic AC explants.

Nanoparticles DL-PCL DL-PLA DL-PMMA
Adsorbed mass (ng) 200+2 650+10 93920
CoF reduction (%) 12 23 32

AFM images confirmed the adsorption of NPs on the QCM sensors. Figure 6.7
shows representative images of a clean SAM-coated sensor and sensors used with
DL-PLA, DL-PCL and DL-PMMA. NPs can be seen on the surface of the used QCM
crystals, suggesting strong NPs adsorption. The amount of the adsorbed NPs
presented in Figure 6.7 is consistent with the QCM results (Table 6.2). PMMA NPs
adsorbed in the highest amount on the SAM-coated QCM sensors followed by PLA
and PCL. Moreover, PMMA NPs, which provided the best lubrication performance,
were the most uniform distributed NPs on the QCM sensor. Incomplete surface
coverage results in increased surface roughness and increased CoF reduction [479].
Therefore, there is a strong correlation between CoF reduction, the quantity of
adsorbed NPs, and homogenous NPs adsorption, which should be considered during

the development of the formulations.
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Figure 6.7: AFM images of (3-Mercaptopropyl) trimethoxysilane-functionalised QCM
sensors (a) clean, (b) used with a DL-PCL NPs formulation (c) used with a DL-PLA
NOs formulation, and (d) used with a DL-PMMA NPs formulation. The size of the
images is 100 pm?.

6.3.5 Effect of nanoparticle formulation on cartilage’s surface characteristics

The NPs formulations reduced the average surface roughness of AC explants

from 1.05 + 0.20 ym to 0.64 + 0.16 um, a reduction of 39%. Figure 6.8 compares the
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roughness of the same AC explant before (Figure 6.8a) and after (Figure 6.8b) the
treatment with a PCL NPs formulation. In that representative case, the surface
roughness decreased from 1.25 ym to 0.45 ym. The surface roughness reduction
provided by the NPs formulations is consistent with other studies [481-483] and

strengthens the hypothesis of the polishing lubrication mechanism.

Figure 6.8: Interferometer images of human osteoarthritic ACs (a) intact with surface
roughness 1.25 ym, and (b) treated with a NPs formulation with surface roughness
0.45 ym. The NPs formulation consisted of PCL NPs (0.5%)/SDS (0.5%)//HA (0.1%)
in PBS. The size of both images is 10* ym.

The NPs formulations minimised the adhesion and reduced the stiffness of the
AC surface. The AFM force curves of AC in PBS were sharp with a small adhesion
peak, whereas in NPs formulations were smooth with no adhesion peak. Figure 6.9
presents a characteristic force curve of an AC explant in PBS and NPs formulation.
The absence of adhesion is associated with a uniform layer of NPs [479, 484]. The
adhesion reduction is additional evidence of CoF reduction because adhesion and CoF
are positively correlated [479, 485]. Furthermore, the AC explants demonstrated a

suppressed Young’'s modulus (stiffness) over a range of indentation loads when
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treated with NPs formulations. The reduced Young’s modulus is attributed to the
protective film made by NPs on the AC surface [486]. NPs have probably been
incorporated into the elastic and porous AC's surface, making it more elastic and
facilitating lubrication. The more elastic the surface, the higher the deformation and the
fluid entrapment resulting in higher CoF reduction [487]. An increase of the Young’s
modulus was seen on measurements conducted on a flat surface (silicon wafer),
confirming that the polishing lubrication mechanism only works on rough substrates.
Table 6.3 shows the decrease of AC Young’s modulus after treatment with blank and
DL-NPs formulations. PMMA NPs provided the highest reduction on Young’s modulus,
followed by PLA and PCL. Overall, PMMA NPs formed the most elastic and uniform

film, as suggested by their surface adsorption characteristics (paragraph 6.3.4).
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Figure 6.9: Representative force curve of a human osteoarthritic AC explant in PBS
(black) and NPs formulation (blue). The force curves were created with a stainless
steel colloidal probe. The force curve of a single measurement is presented here for
presentation purposes.
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Table 6.3: Reduction of human osteoarthritic AC explants Young’s modulus with blank
and drug-loaded (DL) PCL, PLA, and PMMA NPs formulations. Formulations consisted
of NPs (0.5%)/HA (0.1%)/0.5% SDS (0.5%) in PBS.

Young’s modulus reduction (%) PCL PLA PMMA

Blank NPs 24 78 84
DL-NPs 50 58 61

6.3.6 Cytotoxicity of nanoparticle formulations

The toxicity of each component of the formulation (Figure 6.10a), as well as the
toxicity of the formulation with different DL-NPs (PCL, PLA, and PMMA) (Figure
6.10b), were tested on primary human osteoarthritic synovial chondrocytes. As
illustrated in Figure 6.10a, the number of cells increased with time from the first day of
incubation when there was no SDS in the system (pure PBS, NPs/PBS, and
NPs/HA/PBS), indicating cell proliferation. Cell proliferation relates to physiological
conditions [219, 472, 488] and highlights the safety of the NPs and the HA for the cells.
Moreover, cells number was not significantly different from the first to the fifth day of
incubation, highlighting stable formulation toxicity. Nevertheless, chondrocytes
reduced in the presence of the surfactant SDS. The SDS was toxic for the cells,
inducing a reduction of 32-54% on their number within five days. Surfactants are known
for their adverse health effects, including cell death, cell membrane damage, and local
irritations [489]. The SDS alters the biomechanical characteristics of the extracellular
matrix (ECM) (reduces Glycosaminoglycans (GAGSs), increases collagen, degradation
rate), resulting in decreased cell viability [490, 491]. The HA was compatible with the
chondrocytes (Figure 6.10a) as expected because HA is a natural component of the
joints. The polymer NPs were proved biocompatible. The addition of the PLA NPs in

PBS increased the number of cells by 27-80% after one day and 18-61% after five
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days (Figure 6.10a), confirming their biocompatibility. Several studies proved in vitro

and in vivo the safety of PLA [417, 492], PCL [493], and PMMA .[494, 495)].
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Figure 6.10: Cytotoxicity of chondrocytes after one and five days of incubation with (a)
different components of the formulation, and (b) NPs formulations with different types
of DL-NPs. The filled bars represent the average number of cells after one day and the
stripped patterned bars after five days of incubation. The formulation on (b) consisted
of DL-NPs (0.5%)/HA(H) (0.1%)/SDS(S) (0.5%) in PBS. DL- PCL, DL-PLA, and DL-
PMMA NPs were used. The error bars represent the standard error from three wells
seeded with the same sample.
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The complete NPs formulation exhibited excellent biocompatibility (Figure
6.10b). After one day of incubation, a reduction of 13-18% on the number of the cells
was observed, and there was no additional reduction with time (reduction after five
days 11-18%). PMMA formulations were proved the most biocompatible, providing
average cell viability of 88%, whereas PLA and PCL provided viability of 83% and 82%
accordingly. PMMA incomplete drug release profile could explain their excellent
biocompatibility. As shown in Figure A.3-Appendix, only 47% of Celecoxib was
released from PMMA after five days, in contrast to PLA and PCL, which provided a
drug release of 84% and 82% accordingly. Celecoxib is a cytotoxic drug [496-498],
therefore, its increased release is related to increased cytotoxicity. Other than that, the
three DL-NPs formulations did not provide significantly different cytotoxicity behaviour
because they had similar size and surface charge, which influence cytotoxicity [499].
The low cytotoxicity of the formulations was also confirmed in fibroblasts (Figure A.4-

Appendix).

6.3.7 In-vitro drug release from the nanoparticle formulations

Celecoxib-loaded-NPs demonstrated a sustained drug release compared to the
free Celecoxib (Figure A.3-Appendix). PLA and PCL NPs released 80.4% and 83.6%
of Celecoxib within 9 days. PMMA NPs demonstrated the lowest release rate (48%)
because they are more hydrophilic than the others and exhibit low diffusivity (because
of their low mobility) [418, 500, 501]. The sustained drug release is attributed to the
polymer NPs, which are effective drug delivery systems [195, 468] and the HA, which

may have acted as a physical barrier entrapping the drug inside the SDS-coated NPs.
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The capacity of HA to extend the retention time of drugs has been previously reported

[285, 502, 503].

Compared to previous studies, a significant improvement in the drug release has
been reached by formulations with the DL-NPs PCL, PLA, and PMMA, indicating their
suitability for OA treatment. NPs coated with polymer brushes achieved a 74.5%-
87.5% release of aspirin [218, 220] and 59.8% release of diclofenac sodium [219]
within 72 h. Chitosan microspheres loaded with brucine demonstrated 80% release
within 5 days [504]. In-vitro release of Celecoxib from a liposome/solid lipid NPs
formulation demonstrated a drug release of 87.5% within 72 h [285] and 95% within 7
days [505]. The NPs formulation developed in this study achieved 83.6% release of
Celecoxib within 9 days. However, other carriers developed to treat OA reported a
better drug release profile. For example, a click-cross-linked small intestine
submucosa drug delivery system released 95% of methotrexate in 40 days [488].
Moreover, a scaffold of poly(lactic-co-glycolic acid) NPs with HA hydrogel delivered
65% of kartogenin in 60 days, and its release was kept increasing [467]. More
information about the in-vitro drug release profile and the methodology used can be
found in the Appendix A4. Piaopiao Pan has carried out the experimental work at the

Guangzhou University of Chinese Medicine in China.

6.4 Conclusions

In the present chapter, the dual capacity of the developed drug-loaded
nanoparticles formulation to improve the joint's tribological characteristics and prolong
the release of anti-inflammatory drugs has been successfully demonstrated. The

formulation consisted of the biocompatible polymer nanoparticles (PMMA, PCL, PLA)
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loaded with the drug Celecoxib, which reduces pain and inflammation, the surfactant
SDS, which stabilizes the formulation, and HA, which enhanced the lost viscosity of

the osteoarthritic SF.

The formulation reduced the CoF of osteoarthritic human and healthy animal
AC tissue, highlighting its capacity to be used at any stage of OA. The effect of such a
NPs formulation on human AC has not been demonstrated so far. The improved
lubrication performance is correlated to the adsorption of NPs on the AC. NPs
adsorbed at the valleys of the AC and formed elastic protective films at its surface,
which reduced the surface roughness and eventually minimised the adhesion and the
CoF. The more NPs were deposited to the surface and the more uniform their
distribution, the better the lubrication, suggesting that fine control on the attraction
between the NPs and the target surface could be an essential designing parameter for

any future work.

Besides the improved lubrication performance, the developed formulation
demonstrated a sustained release profile of Celecoxib up to 9 days, attributed to the
use of the NPs as drug delivery systems and the additional barrier provided by the HA.
Last but not least, the formulation was found to possess excellent biocompatibility,
providing 82-86% viability to synovial chondrocytes after five days of incubation,
highlighting a vast potential for clinical application. Additionally, the formulation
possessed excellent biocompatibility with synovial chondrocytes, highlighting a
considerable potential for clinical application. The SDS is the only toxic component of

the formulation, but biopolymers can replace it in the future.
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The developed formulation is a promising system for any future design for the
IAl treatment of OA. The lubrication improvement in the healthy and osteoarthritic AC
explants demonstrates its capacity to be used at any stage of OA. It could be an
alternative to the conventional HA formulations for |Al treatment of osteoarthritic joints
at the early OA and offer additional lubrication improvement. In any case, it is
anticipated to have long-lasting therapeutic effects, improve the quality of patients’ life,

and delay surgical interventions.
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7. CONCLUSIONS AND FUTURE PERSPECTIVES

7.1 Conclusions

A series of formulations based on biocompatible nanoparticles (NPs) were
developed to treat lubrication loss in joints under osteoarthritis (OA). First, the
requirements for the new treatment were identified by studying the impact of OA on
joints’ lubrication. To that end, Synovial fluid (SF) lubrication of patients with OA was
studied via rheological (viscosity, shear-thinning index) and surface interaction
measurements (adhesion energy) to cover all lubrication conditions in the everyday
operation of joints. SF’s diminished lubrication in osteoarthritic joints under all
lubrication regimes was confirmed. Patients were categorised into groups based on
their physical/anatomical characteristics. Age and obesity were the most critical factors
leading to SF degeneration. As age and BMI (Body Mass Index) increase, SF viscosity
and shear-thinning decrease, while adhesion energy increases. The rheological
degeneration of the osteoarthritic SF was associated with compositional alterations
such as the reduced concentration of Hyaluronic acid (HA), while the increase in

adhesion could be attributed to the inflammatory environment caused by OA.

Nanoparticle (NPs) formulations made of the model NPs silica and latex were
explored as a potential treatment for the coefficient of friction (CoF) rise in osteoarthritic
joints. Various contact surfaces covering a wide range of mechanical properties were
investigated to determine how NPs work to reduce the CoF of the joints. The contact
surfaces were made of implant materials, resembling natural and artificial joints. The
different combinations of the contact surfaces corresponded to different stages of OA

and indicated at which stage of the disease this treatment could be successful. The
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lubrication regime in which each contact surface operates determines the influence of
NPs size, solvent’s viscosity, and surface properties (e.g. Young’s modulus, surface
roughness) in the CoF reduction. For instance, high viscosity is preferential in the
hydrodynamic regime, whereas surface properties are dominant in boundary and
mixed lubrication regimes. The surface roughness of the materials in contact was
identified as the most critical factor. NPs formulations were always found effective in
reducing the CoF of the rough silicone elastomer (SE). In that case, NPs lubrication
mechanism is the polishing effect. More specifically, NPs smoothen SE by inserting
into its valleys. Since SE resembles the rough and porous articular cartilage (AC), a
treatment utilising NPs formulations could be beneficial when AC is still present in the

joint at the beginning of the OA.

The delivery of NPs formulations to the joints could take place via intra-articular
injection (lAl), the most effective treatment at the early stages of OA. NPs formulations
aimed to substitute the available IAl supplements, which do not improve the CoF under
low-velocity movements of the joints. NPs formulations were developed and tested
between the rough SE and a steel ball, which replicate the AC-bone contact at the
initial phase of OA when the AC is partially removed. The formulation consisted of
biocompatible NPs, HA, and Sodium Dodecyl Sulphate (SDS) in Phosphate Buffer
Saline (PBS). Biocompatible NPs made of Polymethylmethacrylate (PMMA),
Polycaprolactone (PCL), and Polylactic acid (PLA) were chosen thanks to their
biocompatibility and wide application in medicine (e.g. effective drug delivery systems).
The decrease of HA’s physiological concentration has been associated with SF’s
viscosity loss from the analysis of osteoarthritic SFs lubrication properties. Therefore,

HA was added to the formulation to restore SF’s viscosity. SDS was used to enhance
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the stability of the formulation. The concentration of the formulation’s components was
optimised to provide maximum CoF reduction. All three biocompatible NPs reduced
the CoF, thanks to their capacity to adsorb on the rough SE surfaces and polish them.
The softest NPs (PLA) provided the highest CoF reduction rate in the uniform SE

surface, highlighting the significant impact of hardness on the CoF.

Apart from being excellent lubricant additives, NPs also prolonged the retention
time of drugs provided via IAl to the joints. The dual capacity of formulations made of
polymer NPs loaded with an anti-inflammatory painkiller (Celecoxib) has been
successfully demonstrated. Alike blank NPs, drug-loaded (DL) NPs confirmed their
capacity to reduce the CoF. This time the lubrication was evaluated on osteoarthritic
human and healthy animal AC explants, demonstrating the suitability of this approach
for any stage of OA progression (any stage of AC degeneration). The CoF reduction
is mainly associated with the quantity of the adsorbed NPs on the AC surface and the
development of an elastic protective layer of NPs, which reduces the surface
roughness and eventually the CoF. Moreover, the DL-NPs acted as delivery systems
for the non-soluble drug and prolonged its release from a couple of hours to at least
nine days. The sustained drug release profile is assigned to the improved
stability/solubility of the drug provided by the NPs and the physical barrier provided to
the NPs by their coating with HA. Furthermore, DL-NPs formulations provided excellent

biocompatibility to human synovial chondrocytes.

In summary, an innovative approach was used for developing a treatment for
the diminished lubrication of osteoarthritic joints. Developing an NPs-based treatment

that offers simultaneous pharmacological and lubrication benefits is a new approach
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introduced in 2014 and reported only by a few publications. NPs-based formulations
were developed, which could replace the current IAl supplements for the early-OA
treatment. The formulations provided high CoF reduction on human AC, cell viability
and prolonged drug release, highlighting a considerable potential for clinical
application. The NPs formulation is a platform ready to be used; its proof of principle
has already been established in human AC. It is the first time the effectiveness of such
a system has been established on natural human osteoarthritic AC. Similar NPs-based
systems have only been tested on implant materials, which do not adequately mitigate
the complex tribological behaviour of the AC. The advantages of the developed
formulation compared to other reported systems like the polymer-brush-coated NPs
are the prolonged drug release and the long-lasting lubrication attributed to the
capacity of the NPs to adsorb to the AC surface and remain there even after the
physiological squeezing of the solvent out of the joint. In addition to that, this study
employed biocompatible and biodegradable polymer NPs instead of the toxic polymer-

brush coated silica NPs used in most of the previously reported studies.

Besides the treatment for OA, this study developed a new method for analysing
the lubrication properties of diluted SFs using Atomic Force Microscopy (AFM), which
could be a promising approach for the future investigation of human SFs. Last but not
least, new knowledge on the lubrication mechanism of NPs has been gained by
conducting a comprehensive study on various contact materials and formulations.
Based on that knowledge, a Machine Learning Analysis tool has been developed,
which could be used in the future to predict and analyse the tribological behaviour of
similar tribosystems lubricated by NPs without the need of performing actual lab

experiments.
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7.2 Recommendations for future work

This part of the thesis provides suggestions for the continuation of the present
work. The suggestions aim to improve the experimental methodology used in this

thesis and advance the developed formulation for animal and clinical testing.

Understanding further the lubrication in osteoarthritic joints by analysing more
SF and AC tissues could be proved helpful. For instance, understanding better the
range of AC surface roughness is essential for selecting the appropriate size of NPs.
Also, testing the effect of the NPs formulation on the whole boundary lubrication region
would provide a comprehensive understanding of the formulation’s efficacy. In this
thesis, because of the limited availability of the AC samples, tribological measurements
were conducted only at one velocity. Moreover, samples from patients with early OA
need to be tested, considering that the developed formulation is suggested as a
treatment for them. This project used samples from patients with late OA, and
therefore, those were deteriorated and not representative of the joints at the beginning

of the disease.

In case natural tissues are not available, a careful selection of specimens for
further tribological testing is essential to simulate the joints reliably. The first
experimental chapters of this thesis were mainly focused on establishing NPs’ proof of
principle as lubricant additives by investigating the effect of mechanical properties (e.g.
Young’s modulus, surface roughness) on the CoF. Although contacting surfaces made
of implant materials were chosen, their surface and mechanical properties were not
identical to the human joints. For future investigations, selecting contact surfaces with

properties identical to the joints is highly recommended to ensure the outcome of the
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testing is indicative of the natural joints’ behaviour. Moreover, it is important that the
specimens are only used once to ensure their surface has not been affected and the
results can be trusted. Selecting a tribometer capable of measuring the developed film
thickness is also suggested because it will assist in better understanding the effect of

the NPs formulations on the tribological behaviour of those systems.

Further optimisation of the formulation is also suggested. Cytotoxicity tests
revealed the toxicity of the SDS to the cells. Therefore, the substitution of SDS with a
non-toxic surfactant is necessary. Biopolymers like proteins or polysaccharides could
be a good alternative. Polysaccharides could also be used to improve the
viscoelasticity of the formulation. Although the stability of the NPs formulations was
tested via size and Zeta Potential (ZP) measurements, it has not been observed over
time, which is essential for the formulation’s efficacy, especially in the case of
commercialisation. Therefore, stability tests over time are recommended. Furthermore,
modification of NPs surfaces needs to be considered to maximise their adsorption to
the AC. Charging NPs surfaces would manipulate particle-AC interactions, increase

NPs’ adsorption, and, as shown in this thesis, increase CoF reduction.

The next step of this work could be the in-vivo evaluation of the therapeutic
effect of the formulation. Tests could be applied on animals (e.g. rats) with an induced
OA model. Following IAl treatment with the NPs formulation, an imaging technique like
the X-Ray radiography can be employed to evaluate alterations in joint morphology
(e.g. joint space width, osteophytes volume). Furthermore, histological evaluations
could be utilised to identify signs of OA like erosions, and surface discontinuity, while

immunohistochemical evaluations can quantify inflammation and Glycosaminoglycans
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(GAGs) levels. Moreover, evaluating the drug release profile in-vivo is necessary to
confirm the benefits of the NPs to the retention time. Those results will provide a good
understanding of the formulation’s therapeutic effect against OA and bring it closer to

testing on humans.

Finally, developing measurement protocols for the mechanical properties of
biological samples is challenging. Biological samples demonstrate wide variability in
their properties, and as a result, measurement methods may work for some but not for
all. The small quantity of the biological samples in combination with the large quantities
required by conventional techniques limits the possible number of repetitions, and
therefore, the reliability of the measurements. Therefore, the selection of specific
methods, which require a small sample quantity and demonstrate high measurement

sensitivity like the Atomic Force Microscopy (AFM), is suggested.
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APPENDIX

This chapter provides data and calculations to help the reader understand
further the claims made in the experimental chapters. Additionally, in A1 the ethical

approval for examining human samples can be found.

A.1 Ethical declaration

The East of Scotland Research Ethics Service REC 2 has approved the
examination of synovial fluid and articular cartilage samples from patients who
underwent total arthroplasty for research purposes. The study took place at The Royal
Orthopedic Hospital in Birmingham, UK. Each human sample was given a code to

protect patients’ identities. The ethical approval can be found below.
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FoSRES | NHS

SCOTLAND

Research Ethics Service

East of Scotland Research Ethics Service (EoSRES) REC 2
Tayside Medical Sciences Centre (TASC)
Residency Block C, Level 3
Ninewells Hospital & Medical School
George Pirie Way
Dundee DD19SY

Dr Simon W Jones Date: 12 August 2014
Senior L Your Ref:
enior Lecturer Our Ref: LRI4/ES/1044
University of Birmingham Enquiries to: Mrs Lorraine Reilly
4 i R Direct Line: 01382 383878
School of Immunity and Infection, MRC-ARUK s e e

Musculoskeletal Ageing Research

New Queen Elizabeth Hospital Research Laboratories
Mindelsohn Way

Edgbaston, Birmingham

B152TT

Dear Dr Jones

Study Title: Metabolic Mediators of Inflammation and their role in
patholgical Joint Tissue Cross-Talk that Drives
Osteoarthritis

REC reference: 14/ES/1044

IRAS project ID: 158458

Thank you for your email of 08 August 2014, responding to the Committee’s request for further
information on the above research and submitting revised documentation.

The further information has been considered on behalf of the Committee by the Vice-Chair and
Committee member.

We plan to publish your research summary wording for the above study on the HRA website,
together with your contact details. Publication will be no earlier than three months from the date of
this opinion letter. Should you wish to provide a substitute contact point, require further
information, or wish to make a request to postpone publication, please contact the REC Manager,
Mrs Lorraine Reilly, eosres.tayside@nhs.net.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the above
research on the basis described in the application form, protocol and supporting documentation as
revised, subject to the conditions specified below.

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of the
study.

You should notify the REC in writing once all conditions have been met (except for site
approvals from host organisations) and provide copies of any revised documentation with
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A.2 Supplementary data to Chapter 4

Effect of nanoparticle formulations on various contacting surfaces

Figure A.1 demonstrates that when contacting surfaces with low surface
roughness were used (Glass, CoCr), nanoparticle (NPs) formulations were not always
reducing the coefficient of friction (CoF). The formulations were either based on

artificial synovial fluid (ASF) or phosphate-buffered saline (PBS).
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Figure A.1: CoF against sliding velocity of 0.1% silica/latex NPs formulations in
PBS/ASF between (a) a steel ball and a CoCr disc, (b) a steel ball and a glass disc,
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(c) a polyethylene (PE) ball and a CoCr disc, and (d). (c) a PE ball and a glass disc.
Each data point is the average CoF of six repetitions of the same sample. The error
bars represent their standard error.

A.3 Supplementary data to Chapter 5

Coverage of the nanoparticles from surfactant molecules

The coverage of NPs from SDS (Sodium dodecyl sulphate) molecules was
calculated for the highest tested concentration of NPs (1% w/v) and the largest type of

NPs, the Polycaprolactone (PCL). The assumptions made for the calculations are:

Packing fraction of SDS heads is 100% because of their small size

e SDS molecules form a monolayer film around the NPs because they repel each
other due to their anionic heads

e All NPs are equally covered with SDS

e NPs and SDS molecules are considered spherical

e The size of the SDS heads is the size of a micelle (e.g. average diameter: 3.75
nm)

¢ NPs size significantly larger (244 nm) than the size of SDS (3.75 nm)

e 15 ml of sample

The equations used to calculate NPs coverage by SDS are presented below.

The volume occupied by one spherical particle/molecule is defined as:

Ve=zmnrd (A1)
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where © = 3.14, and r: radius of the molecules (m). The surface area occupied by one

particle/molecule is defined as:
A=4mr? (A.2)

where m = 3.14, and r: radius of the molecules (m). The number of a species (NPs,
SDS molecule) in the suspension can be calculated as:

M

N =
pV

(A.3)

where M: total mass of a species (g), p: density of a species (kg m™), and V: volume

of one particle or molecule (m?).

The total mass of the PCL (MpcL) in 15ml of suspension with 1% w/v PCL is 0.15 g.
The volume of one PCL NP was found 7.61 10™"° cm® using the equation (A.1) and its

radius rpc =122 nm.

The number of PCL NPs in 15ml suspension was found Npc = 1.72 10" using the
equation (A.3), the total mass of PCL Mpc.=0.15 g, the density of ppc = 1.145 g cm™,

and the volume of one PCL NP Vpc =.7.61 107"° cm?®.

The surface area covered by all the PCL NPs was found Apc = 32170.51 cm? by
multiplying the equation (A.2) with the number of the PCL NPs Npc = 1.72 10" and

utilising the radius of PCL NPs rpc =122 nm.

The surface area covered by one SDS molecule was found Asps= 4.42 10™*® cm? using

the equation (A.2) and the radius of SDS rgps= 1.875 nm.
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The number of the SDS molecules needed to cover the surface of all PCL NPs was
evaluated by dividing the surface area covered by all the PCL NPs Apci = 32170.51
cm? with the surface area covered by one SDS molecule Asps= 4.42 107 cm?. The

SDS molecules needed to be were found 7.28 10°.
The total mass of SDS (Msps) in 15ml of suspension with 0.5% w/v SDS is 0.075 g.

The volume of one SDS molecule was found 2.76 10%° cm?® using the equation (A.1)

and the radius of the PCL rsps= 1.875 nm.

The number of SDS molecules that exist in the suspension was found 2.70 10 using
the equation (A.3), the total mass of SDS Msps= 0.075 g, the density of psps= 1.0051

g cm>[506], and the volume of one SDS molecule Vsps=.2.76 10%° cm?.

The number of the SDS molecules exist in the suspension (2.70 10'®) was found larger
than the number of the SDS molecules needed to cover the surface of all PCL NPs
(7.28 10"). Therefore, 0.5% w/v of SDS is sufficient and, as such, all other kinds and

concentrations of NPs.

Volume fraction of nanoparticles in formulation

The volume fraction (¢) is the percentage of the volume concentration (¢),

which is defined as:

¢ = . A4
(1= 100) #» + (755 Pw) A

where w: weight concentration (0.5%), and pw,p: density of water, particles (kg m?)

[507]. The volume fraction of the NPs formulations was calculated using the density of
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the NPs in Table 5.1 and the density of the water (p,=1190 kg m'3). The volume

fractions of the NPs formulations are presented in Table A.1.

Table A.1: Volume fraction of Polymethylmethacrylate (PMMA), Polycaprolactone
(PCL), and Polylactic acid (PLA) nanoparticle suspensions.

NPs formulations PMMA PCL PLA
@ 107 (%) 4.2 44 40

Effect of formulation’s components on viscosity

Figure A.2 shows that hyaluronic acid (HA) significantly increased the viscosity
of the Phosphate-buffered saline (PBS) formulations by approximately 522%, whereas

the SDS effect on viscosity is minimal.
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Figure A.2: Effect of SDS (0.5%) and HA (0.1%) on the viscosity of PBS at 37°C. Each

data point is the average viscosity value of three repetitions of the same sample. The
error bars represent their standard error.
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Fitting of nanoparticle formulations frictional behaviour

The frictional behaviour of the NPs formulations in the Steel-SE tribopair fitted
well (R% 0.90-0.96) with the random forest algorithm. As described in chapter 4, the
random forest algorithm fits well the frictional behaviour of the Steel-SE configuration.
The R? and the Correlation Coefficients between the CoF and the sliding velocity
(CCecotver) for each formulation are presented in Table A.2. The negative CCecofvel
values represent the slope of the curves and denote the negative correlation of the
CoF with the sliding velocity. The more negative the CCcor.vel, the steeper the decrease
of CoF. As such, PBS demonstrated the steepest decrease in CoF, followed by PLA,
PMMA and PCL formulations. The CoF in the PCL formulation was almost stable with
the sliding velocity, as confirmed by the weak CCcotvel. The small CoF reduction
provided by the PCL formulation could be ascribed to its aggregation within the
suspension (Figure 5.1a and 5.1b). The size of the PCL NPs (435.60 + 6.25 nm) was
notably larger than the surface roughness of the SE (94.35 + 21 nm), and when those
deposited to the surface, they could have increased its surface roughness and inhibited
the flow of the lubricant [410].

Table A.2: Fitting of the tribological performance of the PMMA, PCL, and PLA
nanoparticle formulations with the random forest algorithm.

Formulation R (-) CCeofvel 107 (-)
PBS 0.96 1.5
PMMA 0.90 0.7
PCL 0.90 0.6
PLA 0.95 0.8
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A.4  Supplementary data to Chapter 6

SAM characterisation

David Burgess carried out SAM characterisation. The SAM was characterised
using ellipsometry (alpha-SE, J.A. Woollam, USA) and a goniometer (Contact Angle
Goniometer, Ossila, UK). The SAM was tested fresh after its preparation, after
Hydrochloric acid treatment, and after cleaning. The Hydrochloric acid treatment
included ten minutes’ immersion of the SAM in HCI (0.5 M) to hydrolyse the methoxide
groups leaving the surface more hydrophilic. Cleaning of the SAM was done with UV-

Ozone treatment. The characterisation of the SAM is summarised in Table A.3.

Table A.3: Contact angle and thickness of the self-assembled monolayer.

Ellipsometric layer

Treatment Contact angle (°) thickness (nm)
Fresh 66 + 1 0.28 £ 0.11
Hydrochloric acid 56 + 3 _
treated
Cleaned - 0.82 +0.09

The fresh SAM was hydrophobic (66 + 1°) as expected because of the presence
of ester and methyl groups. The layer thickness of 0.28 £ 0.11 nm was in the expected
range because the alkyl chains/ molecules were most likely not in an organised ‘stood
up’ arrangement due to the short-chain length [508]. Following the treatment with HCI,
the surface of SAM became more hydrophilic (56 + 3°) because of the presence of
hydroxyl groups. Although only a small proportion of the ester groups were expected
to be hydrolysed due to the short reaction time (reaction requires a few hours), the
increased hydrophilicity is evidence of the existance of the silane monolayer. Finally,

according to the ellipsometry data, the cleaning procedure failed to remove the silane
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layer. The layer became thicker (0.82 + 0.09 nm versus 0.28 + 0.11 nm), probably due

to a cross-linking reaction.

In-vitro drug release evaluation

Piaopiao Pan (Guangzhou University of Chinese Medicine in China) performed
the in-vitro drug release evaluation of the NPs in a shaker (60 rpm, 37°C). Free
Celecoxib and drug-loaded (DL) NPs were placed into a dialysis bag (molecular weight
cutoff, 8000-14000), which contained 1 mL 0.1% w/v HA. Afterwards, the dialysis bag
was placed into a 15 ml tube containing 10 ml PBS with 0.5% w/v SDS release medium
at 37°C. After a fixed time, medium (0.5 ml) was removed and substituted by PBS
solution (0.5 ml). The quantity of the Celecoxib, which was released was measured by

High Performance Liquid Chromatography (HPLC) (Thermo Scientific, America).

Figure A.3 displays the release profiles of the free Celecoxib and Celecoxib-
loaded NPs. The accumulated Celecoxib without a carrier demonstrated a rapid and
almost complete release (94.6%) within 2 h, confirming the literature [505]. The burst
release is typical for the active compounds administrated in the joint cavity with no
delivery system [462]. Celecoxib-loaded-NPs exhibited a rapid release within 24 h, and
a slower and more stable release was followed. The biphasic drug release behaviour
is related to the release of the drug from the surface (burst effect) and the core (slower
release) of the NPs, respectively and is common when NPs are the drug delivery
system [418]. The Celecoxib-loaded-NPs demonstrated sustained-release compared
to the free Celecoxib (Figure A.1). It is believed that the HA acts as a physical barrier
entrapping the drug inside the SDS-coated NPs. HA conjugates extend the retention

time for NPs delivery systems as reported multiple times before [285, 502, 503]. When
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PLA and PCL were used as nanocarriers, 76.8% and 78.1% of Celecoxib was released
within 24 h and 80.4% and 83.6% within 9 days, respectively, demonstrated a
sustained-release effect. However, when PMMA NPs were employed, only 48% of
Celecoxib was released in 9 days, indicating a low drug-release rate. The incomplete
drug-release of the PMMA has been previously reported and related to its high
hydrophobicity and low diffusivity [418]. PMMA hydrophilicity diminishes its swollen
capacity and induces its dissolution/degradation in the presence of water [500].
Besides, the low mobility chains limit the available for the diffusion volume of the drug

within the PMMA and thus, resulting in low drug diffusivity [501].
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Figure A.3: Cumulative release profile of free Celecoxib, Celecoxib-loaded PCL, PLA,
and PMMA NPs. Each data point represents the average drug release of three different
samples taken from the same dialysis bag. The error bars represent their standard
error.
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Cytotoxicity of nanoparticle formulations on fibroblasts

The cytotoxicity of nanoparticles was tested on fibroblasts (Figure A.4) and

demonstrated similar results to the synovial chondrocytes (Figure 6.10).
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Figure A.4: Cytotoxicity of fibroblasts after five days of incubation with (a) different
components of the formulation, and (b) formulations with different types of DL-NPs.
The formulations in (b) consisted of DL-NPs (0.5%)/HA(H) (0.1%)/SDS(S) (0.5%) in
PBS. DL-PCL, DL-PLA, and DL-PMMA NPs were used. Each bar represents the
average number of live cells from three wells seeded with the same sample. The error
bars represent their standard error.
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