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Abstract

Osteoarthritis (OA) patients suffer from joint pain during daily activities, which affects
more than 40% of people older than 70 years old. The intra-articular injection (IAI) with
drug delivery systems (DDSs) has been developed for OA treatment, which relieves pain
feeling for patients but is difficult to stay in the articular space sustainedly. As different
materials has been used as the drug carriers in the DDSs, considered to the nanometre-sized
cartilage pores on the surface, the present thesis aims to focus on the nanoparticles and
improve the nanoparticle-based solution lubrication via in vitro tribological measurement on

an artificial cartilage system.

In this thesis, an artificial cartilage model was fabricated by porous polydimethylsiloxane
(PDMS) coated with polyvinyl alcohol (PVA), which was applied as the substrate of the
lubrication system in this thesis. The porosity of artificial cartilage varies from 54.6 +
1.1% to 81.7 £ 0.7%, which is controlled by the sodium chloride fraction used in porous
PDMS preparation. In combination with sodium chloride fraction and curing agent ratio,
it is possible to control Young’s modulus and coefficient of friction (CoF). By increasing
the sodium chloride fraction or curing agent ratio of porous PDMS, it was found that the
Young’s modulus of porous PDMS decreases and the CoF of porous PDMS surface increases.
With the coating of PVA, the porous PDMS surface was modified to hydrophilic as fresh
cartilage, which increases the Young’s modulus and decreases the CoF of the models. The
structural, elastic, and tribological characteristics of the set of artificial scaffolds are aligned

with values for the different OA stages (stages 0 - 3) of degeneration of the cartilage tissues,



as defined by the International Cartilage Repair Society (ICRS).

Using the artificial cartilage models developed by PDMS coated with PVA, the nanopar-
ticle solution parameters were found to impact the lubrication behaviour. The CoF of the
nanoparticle solution was found to increase while the normal load increased, and the increase
of nanoparticle size increases the CoF on the PDMS coated with PVA, which was increased
from 0.042 £ 0.005 to 0.060 £+ 0.025 when the size increased from 152.40 nm to 256.00
nm. A critical concentration of nanoparticles was found with the lowest CoF. While the
nanoparticle concentration increases, the CoF of the nanoparticle solution decreases when

the concentration is lower than the critical concentration and increases when higher.

Synthesised nanogels provided more different choices of nanoparticles to be compared
in the present study. Compared to different types of nanogels, the nanogel prepared under
the condition of the microfluidic chip with 2 bars pressure showed the lowest CoF. Moreover,
the nanogel showed much higher efficiency than silica nanoparticles in reducing CoF of
poroelastic surface, including artificial models and human osteoarthritis cartilage. At the
concentration of 0.1 mg ml™!, the CoF of nanogels (AEL 04) on human cartilage varies from
0.005 to 0.008, and the CoF of silica nanoparticles (Aerosil 150) is from 0.007 to 0.013. In
addition, osteoarthritis articular cartilage mechanical properties were measured in this thesis
with a wide range of Young’s modulus and CoF; and the porous structure of cartilage were

exhibited in AFM and SEM images.

Overall, this thesis replicated the articular cartilage with porous polymer materials,
which fabricated a consistent artificial cartilage model with controllable mechanical proper-
ties. Moreover, the thesis studied the lubrication system of nanosized particles. The findings
advance the understanding of nanofluid tribological behaviour on the artificial cartilage and
confirm the better lubrication efficiency of nanogels and the best type of nanogel, which
provides guidance for the TAI formulation improvement and the drug carrier choice in future

work.
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Chapter One

Introduction

1.1 Motivation

Osteoarthritis (OA), the most typical form of arthritis, is considered as a multi-faceted
disease including cartilage and synovium [1, 2|. Most patients who suffer from OA start
from the age of 40 to 50, and over 40% of people older than 70 are suffering from the pain
of osteoarthritis [3, 4]. In fact, the tendency shows that the number of young OA patients
is increasing |3, 4]. Osteoarthritis impacts the movement of daily life, 80% of OA patients
are suffered from joint movement limitation, and 25% of patients cannot act in most usual
activities [5]. The morbidity and incidence of OA reported in 2017 were predicted at 3754.2
and 181.2 per hundred thousand people, which increased by 9.3% and 8.2% from the data in
1990 [6]. From the economic aspect, a model showed that a patient who suffered OA from 50
years old would reduce 62,383 pounds earning, and the government must pay 16,034 pounds
for the benefits system |7]. The cost of OA in some developed countries was estimated, which
are Spain ($1.2 billion, £2010 per patient per year), UK ($6.5 billion, £2010 per patient per
year), and US ($12.7 billion, $2007 per patient per year) [8-10]. In summary, the high

morbidity of OA disease caused a financial burden to the governments and patients.
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As osteoarthritis is divided into six stages from healthy to the most severe, different
treatment strategies are used accordingly. For early stages of OA, oral drugs are used to
relieve the pain, and the late-stage patients can only replace the joints by surgery. Even
though the immunity system attempts to repair the erosion by OA, the degeneration of
cartilage in OA disease is persistent [11]. In recent years, viscosupplementation has been
used for OA joint injection and decreases the pain feeling for patients. However, frequent
injection and temporary improvement cannot solve the OA, then the injection formulation
with the drug delivery system was introduced for targeted treatment. The drug carrier in the
system also meets the difficulty of clearance by the human immunity system. Therefore, the
behaviour of injection drug carriers is more focused on carrier targeting and drug release. In
fact, nanolubricant provides the chance for the drug delivery carriers that afford the lubricant

simultaneously, which relieves pain for patients.

With the progress of osteoarthritis, articular cartilage shows the degeneration in me-
chanical properties, and the surface of cartilage turns rougher with the fragment. In addition,
the OA cartilage turns to soft, which can not provide enough support and lubrication for the
joints, which causes the pain feeling to the patients. Besides the degeneration of osteoarthri-
tis, cartilage is always along with the degeneration of mechanical properties. Although the
injection of formulation has an evident effect on reducing the friction and releasing pain
feeling from patients, the carriers with the drug will be cleared by lymphatic and blood
vessels from hours to months [12]. Moreover, the drugs are unattainable to regenerate or
reverse cartilage from OA, which can only slow down the progression and relieve the pain.
Therefore, it is essential to maximise the efficiency of drug carriers in the drug delivery
system. Considering the function of particle lubrication, it can potentially decrease friction
by enhancing the lubricant effect of drug carrier particles. Therefore, the present project is
focused on studying the behaviour of nanolubricant effect on osteoarthritis treatment from

the aspect of lubrication.
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1.2 Aim and objectives

The aim of this thesis is to develop novel intra-articular injection formulations based on
suspensions of nanosized particulates, and demonstrate the benefits, in particular mechanical
properties, on both artificial and human osteoarthritis cartilage under different conditions.
There are four main objectives:

i) To fabricate the artificial cartilage system based on the polydimethylsiloxane (PDMS)
matrix.

ii) To modify porous PDMS surface by specific chemistry.

iii) To study the lubrication behaviour of silica nanoparticles on soft material in different
conditions.

iv) To study the lubrication efficiency of the specific types of nanoparticles.

To produce a uniform substrate system for lubrication analysis, the in wvitro artificial
system was considered to mimic different stages of OA articular cartilage. To achieve the
objective of establishing artificial cartilage system, polymer material PDMS with Polyvinyl
alcohol (PVA) coating film was used for constructing the three-dimensional scaffold. The
sub-objectives of establishing artificial cartilage are below:

- Construct porous PDMS structures using sodium chloride (NaCl) crystals with gradients
of curing agent (CA) ratio and sodium chloride fraction.

- Analyse the mechanical properties and tribological property with the change of variation,
which are porosity, Young’s modulus and coefficient of friction (CoF) .

- Apply the PVA film to the porous substrate surface, and confirm that the surface hy-
drophilicity has been modified to it as cartilage tissue.

- Identify the mechanical proprieties of PVA coated porous PDMS, and compare the change
from pure PDMS.
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Based on the artificial cartilage substrates, the silica nanoparticle and the nanogel par-
ticle are introduced for the lubrication test. To help solving the difficulty of injected drug
short stay, the ultimate target of this project is to increase the lubrication of OA drug-loaded
nanoparticles on the joint surface, which functions as lubricant. To achieve the second ob-
jective, the sub-objectives are shown as below:

- Measure the tribological coefficient of silica particles on the artificial cartilage models, al-
tering the conditions of measurement, including velocities, load, concentrations, and the size
of nanoparticles.

- Analyse the lubricity of nanogel and compare the CoF between different types of nanogel
and different concentrations.

- Compare the lubricity between nanogel and silica nanoparticles on osteoarthritis cartilage.

1.3 Background

1.3.1 Cartilage and Osteoarthritis

Joint is a contact of skeletons with a complex structure, which consists of joint capsule,
synovium component, tendon, ligament and menisci, and articular cartilage [13]. During the
joint supports on the movement of daily activities, the joint structure is damaged by the

injuries, which is associated with osteoarthritis.

Human cartilage is a multi-functional tissue supports movement by providing a smooth
surface with a low CoF [14], which contains 80% of water [15]. The primary cartilage content
in dry weight is collagen, in which has 90% - 95% of type II collagen [15]. Proteoglycan is the
secondary content in cartilage dry weight, which constructs the crosslinking chains inside the

tissue, where the aggrecan, decorin, biglycan and fibromodulin are mainly found [16]. The
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carboxyl and sulfate groups on cartilage provide highly water affinity by negatively charged,
which results in the hydrophilic cartilage surface. The low replication capacity of anaerobic
cells in chondrocytes limits the repairing potential for the OA cartilage [13]. The thickness
of articular cartilage usually has 3 - 4 mm, which is recognised as the superficial zone (10
- 20%), the middle zone (40 - 60%) and the deep zone (30%). The lubricin and hyaluronic
acid produced by chondrocytes and synovial cells provide lubricants for the articular surface

7).

Billions of people suffer from the osteoarthritis with pain and limitation of movement,
and the osteoarthritis also causes a burden to government benefit system. Known as a
long-term disease caused by “wear and tear”, the cartilage, synovial membrane, periarticular
tissues, and bones suffer from degeneration during the OA development. Moreover, chronic
pain, inflammation, and stiffness occur in OA patients, and OA is the most common reason
causing the disability amongst the old people [18]. Tt is challenging to avoid OA by well life
habits, because ageing, obesity, sports, and heredity are all the pathogenic factors of OA
disease [19-24].

Osteoarthritis is defined into six grades, from healthy (grade 0) to entirely damaged
(grade 6), and the grade 1 to grade 4 are associated to the degeneration of articular cartilage.
The thickness, morphology and mechanical properties are changed with the development of
OA. For instance, the articular cartilage turns to softer and loses the capacity to reduce the
CoF for joints. Once OA symptoms occur, low metabolic activity is the main reason causing
the failure of articular cartilage regeneration. The non-pharmacologic and pharmacologic
methods are introduced for OA treatment, from the oral medical treatment at the early
stage to the surgeries at the late stage [25]. For the early OA stages, pain relief and anti-
inflammatory drugs are used for emergencies, but the oral medicine is not able to regenerate
the cartilage or even retard the process of degeneration. However, the review of osteoarthritis

treatments shows that most treatments can slow down the degeneration and reduce the pain
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for the patients, even though the drugs such as sprifermin [26, 27| benefit joint structure
and function improvement, there is still no long-term pharmacological treatment for halting
or reversing OA progression [2]|. Moreover, the mechanical status of joint figures out that
regenerative or pharmacological treatment is difficult to recover the original biomechanical

pathways from degenerated cartilage [2].

To increase the efficiency of OA treatment, viscosupplementation and drug delivery
systems are raised in the OA treatment, which attempts to improve drug release efficiency.
The injection of the drug delivery system (DDS) has been confirmed to benefit pain relief
for patients and retain the degeneration of joints caused by OA disease. In fact, different
molecules, sizes and types of hyaluronic acid (HA) and other drug carriers are introduced for
the injection, but immunity system clearance of drugs and drug carriers result in the frequent
injection clinically, which is the difficulty that injection therapy still meets in recovering
cartilage from OA. Therefore, the present project is study to enhance the efficiency of the

injected nanoparticle formulation by increasing of the lubrication effect.

1.3.2 Artificial cartilage

In the progression of osteoarthritis, most of lesions are limited on the surface of joint
cartilage, and the loss of lubrication and support happen between the contact of cartilage.
Moreover, a variety of cartilage mechanical properties has been widely reported from previous
studies based on different specimens. In fact, the mechanical properties of cartilage differ
from specimens in a wide range and distribution, which means single specimen properties
are uncontrollable and unexpected. Therefore, it is necessary to develop a uniform in vivo

system providing a platform for the cartilage lubricating test.

The cartilage tissue has few cells without vessels, nerves, or lymph, so the scaffold has
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been widely built for cartilage repair. Natural and artificial materials have been widely
used for artificial cartilage replication. The hydrogel is structured by a three-dimensional
polymer crosslinked network similar to the cartilage matrix, but the artificial cartilage built
by hydrogel material has been reported to lack stiffness and strength [14]. Similarly, although
natural material such as chitosan, gelatine, silk fibroin and hyaluronic acid was reported with
good performance on cartilage repairing in vivo, the low load-bearing property requires a
kind of stiffer material for in vitro studies. Most scaffolds are focused on the in vivo implant
and regeneration of cartilage, however, this project is going to focus on the substrate that

mimics the osteoarthritis cartilage for in wvitro treatment.

PDMS has a long history in biomaterial replication applications. Due to the biocom-
patibility and biostability of PDMS, it is possible to use PDMS as an external substrate
and applied in the implantation field [28]. In previous studies of PDMS preparation, differ-
ent curing agent ratios changed the elastic modulus of PDMS, and the lower ratio used in
preparation made the softer PDMS. In addition, the porous structure is the basic scaffold
required for artificial cartilage replicating. The porous structure of cartilage has been widely
reported, and artificial cartilage scaffolds have been prepared, referring to the porous char-
acteristic. Although several porous structure preparation methods were used in the previous
work, the three-dimensional printing and the solvent-casting particulate leaching (SCPL)
technique were mainly used for the PDMS structure preparation. The SCPL method has
been catalogued to several different techniques, such as emulsion templating technique and
direct templating technique, and the pore-foaming agent used vary from distilled water to
the sugar cubic. In this project, the crystals mixture and leaching method was used for
porous structure preparation. The most essential advantage of SCPL are the procedure is
easily handled and the process without chemical reaction. Considering the low cost and easy
control of size and amount, sodium chloride was chosen as the filling for pore-foaming in this

study.
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1.3.3 Intra-articular injection formulation

OA is more complicated than physical damage on joints. Different treatment strate-
gies have been applied for curing OA. The oral medicine strategy is commonly used in OA
treatment, but side effects exist in oral treatment, including the risks of exposing the whole
patient’s system to the medicine. The intra-articular routine has been raised as the improve-
ment of the therapeutical strategy, in which the local treatment has been used in OA therapy
with the injection of cartilage OA area. For example, hydrocortisone has been attempted in
a clinic by Hollander et al. |29, 30]. Furthermore, some low-availability medicine used in oral
strategy can significantly affect the target treatment. On the other hand, rare complications
have been caused by injection operations, only bacterial infection, bleeding, allergic, and

nerve damage [31].

Therefore, viscosupplementation, which mainly consists of hyaluronic acid, was intro-
duced in OA treatment that the injection of viscosupplementation benefits anti-inflammation,
chondroprotection, analgesic and lubrication when injected into the joints. Based on the
viscosupplementation, the injection formulation with drug was raised for targeting treat-
ment. A wide choice of formulations and drug carriers, liposomes, nanoparticles, emulsions,
cationic carriers and hydrogels has been reported and studied for injection formulation [32,
33]. Amongst the formulations, nanoparticle shows the excellent designable property, which
provides the formulation potential as a nanolubricant in joints. Four kinds of effects play
the leading role in the nanoparticle lubrication process, which are rolling effect, protective
film effect, mending effect, and polishing effect. The rolling effect and protective film ef-
fect enhance the surface lubrication directly by rolling of nanoparticles and forming a film;
the mending effect and polishing effect amend the surface, with the nanoparticles filling
the surface, especially the grooves, and polishing the surface to reduce the roughness. The

nanoparticles in the injection formulation impact the nanolubricant behaviour. The size,
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shape, and concentration influence the tribological properties. One of the study reported
that the best nanoparticle size is 20 - 70 nm, while the spherical shape is the best nanopar-
ticle morphology, and the best concentration of nanoparticle to reduce the CoF is between

0.2 - 1.0% [34].

1.4 Thesis overview

Chapter 2: This chapter reviews the literature about cartilage, osteoarthritis, artificial
cartilage, injection formulation of osteoarthritis, and the relative theories and mechanisms

used in the project.

Chapter 3: This chapter systematically introduces the theory of techniques used in
this project. The sample preparation, solvent-casting particulate leaching technique, is
introduced. And chapter 3 explains the working principle of the mature instrument, in-
cluding atomic force microscopy, scanning electron microscope, X-ray microtomography,
Fourier-transform infrared spectroscopy and dynamic light scattering. Also, the Forceboard,
microtribometer and microindentation, which were partly self-designed, are introduced in

Chapter 3.

Chapter 4: Based on the studies of curing agent ratio for crosslinking PDMS matrix and
SCPL technique studies, a series of porous PDMS matrices were built as artificial cartilage
substrates, the matrix showed an excellent tendency of Young’s modulus and CoF. The
model confirmed that the mechanical properties were controllable by NaCl and curing agent
ratio added during preparation, the increasing of NaCl crystal ratio increased the porosity
and CoF and decreased Young’s modulus, and the reduction of curing agent ratio increased
the CoF and decreased the Young’s modulus. As the cartilage surface chemical property is

hydrophobic while dehydrated and hydrophilic while hydrated, the PVA film coating was
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used to modify the porous PDMS surface to hydrophilic, and the surface contact angle of
water decreased from hydrophobic to hydrophilic. As a result, the PDMS surface coated
with PVA film has a stiffer surface than the pure porous PDMS matrix, and the CoF of

PVA-coated PDMS decreased compared to pure porous PDMS.

Chapter 5: Based on the PVA-coated PDMS substrate, the Aerosil silica nanoparticles
were tested on the Porous PDMS coated with PVA substrates, and different conditions
were applied to the silica particles. The results of silica particle tests showed that the size,
concentration and load applied affected the CoF results. The smaller size and a lower load
showed a lower CoF, the rising concentration would decrease the CoF at first, and then the
CoF increased when the concentration reached higher to a value. This chapter shows the
lubrication behaviour of pure silica nanoparticles formulation and provides the influences of

different conditions for the particle formulations.

Chapter 6: Some OA cartilage specimens at the late stage were obtained for this project.
The surface morphology of cartilage captured the round shape pores on the surface and fi-
brous structure on the cut cross-section. A range of mechanical properties was obtained
from human cartilage, and the values provided the actual properties of late-stage OA car-
tilage, which could provide the reference for the artificial cartilage models. The Aerosil
silica nanoparticles and nanogels were applied to the lubrication behaviour tests. Four kinds
of nanogel have been characterised by size and morphology, and the nanogel tribological
characteristic was measured by AFM. Compared the nanogel with silica particles, nanogel
provided significantly better lubrication, and the nanogels had a much lower CoF on both

PVA-coated PDMS and cartilage samples.

Chapter 7: This chapter concludes the project results that the matrix of porous PDMS
with PVA coating exhibited the controllable mechanical properties for mimicking the human

osteoarthritis cartilage, and chapter 7 concludes the behaviour of nanogels on the porous
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polymer matrices and human cartilage, which reaches the aim of the present project. More-

over, this chapter presents my recommendation for future work.
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Chapter Two

Literature review

2.1 Joint and cartilage

2.1.1 Joint structure

Synovial joint consists of the bands of connective tissue ligaments. Joint capsule, syn-
ovium component, tendon, ligament and menisci, as well as articular cartilage, are the es-
sential parts of joints [13]. As the bearing load structure, human joints, especially knee and

hip joints, can sustain a ten times body weight load [35].

Joint capsule is an essential part of the synovial joints (Figure 2.1). The joint capsule
seals the joint as an isolated space, which provides a stable space by limiting the movement
of joints [36]. The typical synovial joint capsule consists of dense fibrous tissue. In the joint
cavity, the synovium produces the synovial fluid providing lubrication and nutrition to the
articular cartilage [37]. Moreover, part of the capsule is thicker to provide the fixation points

to the bone, and the capsule is attached firmly to the bone by fibrocartilaginous [13].

Synovium components are highly specialised mesenchymal cells and extracellular matrix
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(ECM) [13]. The synovium content has two types of synoviocytes: type A of synoviocytes
are produced from macrophages, which are responsible for the cleaning of fragment compo-
nents in the cavity; type B of synoviocytes are fibroblast-derived cells, which leads to the

hyaluronan and lubricin synthesis in the synovial fluid [13].

Tendon and ligament are also essential parts of joints. Dense and regular arranged
connective tissues form the tendons, which are the main bridges that connect the muscle
and bone and transfer the force from muscle to bone [37, 38|. Besides the primary function
of transferring force, the tendon has been reported to be responsible for the stability of
joints [13]. Alexander et al. [38] found that the biceps tendon reduced the translation in the
humeral head, and another study [39] showed that the peroneus longus tendon helped the
stability of the ankle joint. The ligament is defined as the dense bands that cross the joint
and connect to the bone [40], and the collagenous fibres, one component of ligament, provide
the function of the stability of normal range movement on the joint [38]. The ligament is
occupied by the collagen matrix, which accounts for 70% to 80% of the dry weight, and the

types of collagen is formed of approximately 90% type I and 10% type IIT [13].

muscle

+———— tendon

bone

. ligament

bone

Figure 2.1: Schematic diagram of joint structure [41].
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Meniscus used to be defined as an unnecessary component in the joint, which has been
recently found to be effective in joint stability, load distribution, shock absorption, and
lubrication [37]. When a pressure is applied on the meniscus, the synovial fluid will flow
from the meniscus to the joint cavity space and contribute to the surface lubrication [42].
When the meniscus is moved out from surgery, the contact area decreases by 50% to 70%,

which increases the contact stress and causes the degeneration of cartilage [42].

2.1.2 Cartilage

Articular cartilage is a soft tissue whose main component is water, accounting for 60 -
85% of the tissue. The fresh cartilage contains 15 - 22% of collagen, which includes types
I, II, IV, V, VI, IX, and XI [16, 35]. Amongst the collagen of cartilage, 90 - 95% of which
is type II [16, 35]. The dry cartilage weight contains 60% collagen, 25-35% proteoglycans
and 15 - 20% non-collagenous and glycoproteins proteins [43]. The thickness of cartilage is
usually 3 to 4 mm, as reported by Antons et al. [44] that the healthy articular cartilage
thickness varying from 1484.00 £ 75.23 nm to 3624.40 + 164.11 pm, and the average cell
numbered are in the range from 32.70 £ 7.53 to 47.20 £+ 10.51. The structure of articular
cartilage above the bone is divided into three or four zones (Figure 2.2), which are superficial
zone (10 - 20%), middle zone (40 - 60%) and deep zone (including calcified zone) (30%) [45,
46].

14
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Zones Articular surface

Superficial
tangential (10%-20%) —{ |

Middle (40%-60%)

Deep (30%)
Calcified cartilage — |

Subchondral bone

Figure 2.2: Schematic diagram of the articular cartilage layers [47].

The superficial zone is divided into two layers. The surface of cartilage is covered with
a fibrils sheet with little polysaccharide, and the deeper layer is contributed by flattened
ellipsoid-shaped chondrocytes, which helps the surface of cartilage parallel to the joint [43].
The content of the superficial zone has a high amount of collagen and a low amount of
proteoglycan, moreover, water and fibronectin highly exist in this zone [43, 48]. Furthermore,
the in vitro experiment reported that the superficial zone plays an essential role in the
compressive behaviour [49]. The middle zone has the highest content of proteoglycans, and
the fibres in the middle zone are bundled together. In addition, the direction of the fibres is
perpendicular to the cartilage surface [50]. The deep zone has the lowest content of cells and
water [45], which has the functions of protecting the joint to maintain the phenotype from
mechanical loading, storing the growth factors and cytokines for chondrocytes, controlling
the diffusion of kinds and concentrations of nutrients to chondrocytes, and acting like a signal

transducer for the cells [43, 51, 52].

Articular cartilage is a viscoelastic tissue overlying on the bone, and the cartilage tissue
is highly specialised in the joint [16]. It plays three crucial functions in the joint: i) providing

a smooth surface with low frictional gliding, ii) absorbing the shock in the joints, and iii)
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minimising the peak pressures on the subchondral bone [51|. The mechanical properties of
the healthy human articular have been reported in many studies. The coefficient of friction
(CoF) of cartilage showed value difference via different measurements and specimens, but
all the CoF values exhibited that the healthy cartilage has excellent lubrication behaviour
with low CoF values. A review by Forster and Fisher [53] concluded the CoF of cartilage. In
the hip function simulator machine under synovial fluid environment, the cartilage presented
the coefficient from the lowest of 0.001 to the highest 0.042, and the friction measurement
contacting cartilage with other material glass and metal showed the highest CoF value of
0.9 and the lowest CoF 0.014 [53]. The CoF values for the healthy knee and hip articular
cartilage are 0.005 - 0.02 and 0.01 - 0.04 respectively [54]. The friction between cartilage

and cartilage was measured as 0.36 [55].

The elastic modulus was reported to correlate to the depth of cartilage, the deep carti-
lage matrix is stiffer than the surface zone. The superficial zone layer was measured as 0.020
+ 0.003 MPa, and 6.44 + 1.02 MPa at the calcified zone [44]|. Besides the depth differences,
it can be observed that the Young’s modulus of cartilage in different joints area displays
negligibly mechanical properties difference, and the regions on the joint has been divided
into low weight bearing (LWB) and high weight bearing (HWB) [56]. Measured by nanoin-
dentation, the mean elastic modulus of LWB region showed as 9.81 £+ 8.88 MPa, which is
higher than the HWB (4.46 + 4.44 MPa), and the hardness calculated showed a similar
comparison that LWB cartilage was 0.317 + 0.397 MPa, while the HWB showed 0.317 +

0.397 MPa [56]. Hence, the Young’s modulus of cartilage has a wide range in different areas.

With the negatively charged groups found on the surface glycosaminoglycan (GAG)
chains providing high affinity for water, the surface of cartilage shows hydrophilic [13]. The
“smart surface” was found on the cartilage surface, that the wet surface of the cartilage
is hydrophilic, and the dry surface of the cartilage is hydrophobic. [57, 58]. The loss of

phospholipid overlay explains the change of surface chemical properties, and this influences
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the tribological characteristics of the cartilage [57-59|. The friction of cartilage was found
to increase with the air-dried [57, 58|. Besides the phospholipid, the negative charge on the

cartilage surface was reported to support the highly efficient natural joint lubrication [60].

2.2 Osteoarthritis

2.2.1 Overview

Osteoarthritis (OA) is the most typical form of arthritis which is frequently shown in
old people [5, 11]. The data showed that 9.6% of men and 18% of women over 60, 80% of
people over the 70 are suffered from OA [61]. Two types of OA were introduced as primary
and secondary. The primary OA usually has undamaged ligaments and menisci, which is
caused by the unknown degeneration and the repetitive loading on the thinned articular
cartilage 62, 63|. The secondary OA is caused by injury, trauma or inflammatory factors
[62]. A mass of research has reported different initiation and aggravating factors, such as
age, injury, genetics, and obesity, which all could be related to the progression of OA [62].
However, no matter what factors were involved in the progression of OA from early stage to
late stage, the eventual characteristic of OA is usually defined as abrasion of cartilage, and
the end-stage OA always loses all cartilage with joint bone exposure [64, 65]. Therefore, OA
patients will suffer from the disease all their life once the OA occurs. On the other hand,
the large amount of OA patients and the chronicity of OA progression brought a burden to

governments on health care systems [62].
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2.2.2 Cartilage in osteoarthritis

Articular cartilage is a soft tissue that covers the surface of every joint bone. The
scaffold and boundary of articular cartilage reduces the stresses and provides the support for
joint loading, as well as a surface that bears the friction from activity actions [16]. During
the development of OA, cartilage shows the degeneration and loss the mechanism to support
activities. OA is considered as a long-term disease caused by “wear and tear”, and low
metabolic activity leads to the failure of articular cartilage to regenerate itself. The anaerobic
cells are the main content on the chondrocytes, and the limited cells contact provides a low
potential for cell replication, which contributes to the limitation of self-repair from OA injury
[13]. OA disease is accompanied by the degeneration of scaffold and the variations in the
mechanical properties, the pieces and particles stripped from worn joint cartilages float in

the gap between the bones, which causes further degeneration and inflammation.

STAGE OF KNEE OSTEOARTHRITIS
| Il ]} v

Doubtful Mild Moderate Severe
\ 1 |

& e O -
—_— - = — e
Figure 2.3: Schematic diagram of knee joint degeneration at different OA stages [66].

The International Cartilage Research Society (ICRS) divided OA into four grades from

grade 1 to grade 4 (Figure 2.3), and the Osteoarthritis Research Society International
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(OARSI) has introduced grade 5 and grade 6 into the OA assessment [67, 68]. Further-
more, grade 0 is used for the normal healthy cartilage, and the subchondral bone surface has
deformation at grade 6. Only grade 1 to grade 4 involve the deformation of articular carti-
lage, and the articular cartilage is worn out in grades 5 and 6, which is used for describing
the deformation of subchondral bone [67]. The definition of grade 0 to grade 4 are listed
below [67]:

i) The healthy cartilage at grade 0 has an undamaged surface, and the matrix and cells are
in typical architecture.

ii) Grade 1 articular cartilage also has an intact surface, but the matrix starts to show
oedema and abrasion, and some cells also show the death cluster.

iii) The cartilage surface at grade 2 starts to discontinue, and the erosion shows up at the
superficial surface zone. The cationic strain could reach one third depth of upper cartilage,
and cells are kept dead cluster, and hypertrophy.

iv) Grade 3 cartilage fissures showed in the vertical direction and deep to the middle zone
of cartilage, and the stain reaches 2/3 depth of the cartilage, cartilage domains adjacent to
fissures.

v) OA joints at grade 4 lose the superficial and middle zone of the matrix of cartilage.

The cartilage attempts to generate and increase the content of proteoglycans and col-
lagen, and tries to repair the degenerated tissue during the OA disease. However, the rate
of repair is lower than it of cells and matrix death and break, which results in the degener-
ation of cartilage. During the OA development, the proteoglycan synthesis decreases in the
matrix, which results in the load-bearing capacity decrease on OA joints [11]. At the bone
correlated stages, the grade 5 articular still has an intact subchondral bone surface, but the

surface is sclerotic bone. The grade 6 joint bone shows deformation and microfracture [67].

The mechanical properties of OA cartilage have been tested in many previous studies,

and the surface roughness, Young’s modulus and CoF are listed in the Table 2.1. As the
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essential mechanical properties of articular cartilage, the elastic modulus of articular cartilage
was commonly reported to decrease with the degeneration of OA disease, and the CoF showed

different tendencies in different studies.

ICRS grade Young’s modulus (MPa) Coefficient of Friction (-) Surface roughness (jpm)
Reference | Kleemann et al. [68] | Kumar et al. [69] | Ajdari et al. [69] | Lee et al. [70] | Ajdari et al. [69] | Lee et al. [70] | Ajdari et al. [69]
Grade 0 0.70 £ 0.10 - ~ 0.54 0.119 + 0.036 ~0.18 - 0.25 0.137 £ 0.250 ~ 0.7
Grade 1 0.50 £ 0.14 447 £1.23 ~ 0.36 0.151 £ 0.039 ~ 0.28 - 0.35 0.233 £ 0.550 ~ 1.7
Grade 2 0.37 £ 0.13 4.08 £ 0.64 ~ 0.28 0.158 £ 0.141 ~0.22 - 0.32 0.226 £ 0.550 ~ 2.2
Grade 3 0.28 £ 0.12 0.89 £ 0.37 ~ 0.16 0.409 £ 0.119 ~ 0.16 - 0.19 0.533 £ 0.200 ~ 3.2

Table 2.1: Mechanical and tribological properties of human cartilages suffering from OA

from stage 0 to 3 as defined by the International Cartilage Repair Society.

2.2.3 Osteoarthritis treatment

Known as a long-term disease caused by “wear and tear”, cartilage, synovial membrane,
periarticular tissues, and bones are all suffered from the degeneration. Chronic pain, inflam-
mation, stiffness exist in OA patients, which are the main causes of the disability amongst
the elderly [18]. Inflammation is introduced as the major factor causing OA [18, 22, 71-73|.
It causes the symptoms of OA, including pain, tissue swelling and stiffness [74]. Besides
the articular cartilage, the inflammation leads to thickening of the joint capsule. At the
same time, the tendons, bursae and the ligament show the low-grade inflammation [11]. The
remaining disease leads to the low-grade inflammation in the synovium, which causes patchy
chronic synovitis and synovial hypertrophy [11]. The initial damage of cartilage causes the
local inflammatory response, and the chronic wound was reported because of the repairing
attempted by the body [75|. Furthermore, further cartilage loss, mechanical derangement,
and overuse produce persistent injury, and this is recognised as the paradigm of inducing
factors for chronic inflammation [76]. Compared to the normal fluids, OA tissues noted

an increasing level of inflammatory protein contents |77, 78|. However, it is challenging to
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avoid OA through well life habits, ageing, obesity, sports, and heredity are all the pathogenic
factors of OA disease [19-24|. Once OA symptoms occur, low metabolic activity leads to
the failure of articular cartilage regeneration. In this case, total joint arthroplasty is the
most popular treatment for the end stage [25]. For the early OA stages, pain relief and
anti-inflammatory drugs are used for emergencies, but the present oral medicine is not able

to regenerate the cartilage or even retard the process of degeneration.

Dozens of treatment strategies have been used in OA therapy. These strategies are
divided into non-pharmacologic and pharmacologic methods [73|. About non-pharmacologic
methods, appropriate exercise, diet and surgery can alleviate OA symptoms. A piece of
research provided evidence that patients with scientific exercise programs got improved from
OA symptoms. The results revealed that patients with restricting caloric intake and exercise
had 24% physical improvement and 30.3% pain relief compared with those without diet and
exercise [79]. For the patients at the end OA stages, surgery should be the only treatment.
The surgical operations include joint lavage and debridement and total joint arthroplasty,
which help incapacitated patients to recover the function of movement [80]. Assistive de-
vices were also confirmed to be valuable in helping OA surgery patients’ recovery. It was
reported that 21 of 29 patients had less pain after joint replacement surgery with thera-
peutic knee taping in a study, and only 3/29 of the patients got pain relief without taping
[81]. The most common elective surgery for knee OA is the arthroscopic knee surgery, even
though the evidence shows this surgery method has a minimal benefit for all patients except
for knee locking patients who need meniscectomy [82-85]. Although a significant placebo
effect has been observed in the arthroscopic knee surgery, the substantial time costs and
potential harms still remain controversial [86, 87|. Pharmacologic treatments include topical
analgesics, acetaminophen and NSAIDs, hyaluronate injections, narcotic analgesics and Tra-
madol [73|. Topical analgesics are confirmed benefit to releasing the partial pain response.

Topical capsaicin works after three to four weeks from being used and has more pain relief
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efficiency than placebo [88]. A study on acetaminophen involved 5986 patients and 23 stud-
ies about NSAIDs confirmed these two types of medicine has the benefit efforts on OA pain
relief [89]. Hyaluronate injection prevents early OA stage patients from pain significant, but

it should be operated per 3 to 5 weeks and costs much [73].

In pharmacologic treatment method, the intra-articular injection takes full advantage of
drug availability, which avoids the disadvantages of loss during vessel transportation and sys-
temic toxicity [90]. However, the constant moving and undergoing of synovial fluid requires
the frequent injection of drugs, which increases the risks of infection, feeling uncomfortable,
and frequent doctor visits [90]. Therefore, the drug delivery system (DDS) has been intro-
duced as a potential therapy for OA disease [91]. Drug carriers was introduced in DDS,
which is used for embedding drug and targeting delivery to the tissue, such as cartilage
for the OA. Amongst drug carriers used, nanoparticle is one of the commonly used carrier,
which is chosen for the present project. The nanoparticle is commonly defined as a spherical
shape with a diameter between 10 to 1000 nm. The nanoparticle in the DDS provides the
possibility of delivering non or poor dissoluble drug molecules, proteins and nucleic acids
by cladding [91]. Some kinds of nanoparticles can pass through the barriers of cells and
extracellular matrix (ECM), the charged tissue surface, such as chondrocytes, and specific
biochemical moieties, such as the antibody, allowing the nanoparticle to be active in tar-
geting the drug release position [92]. The prolonged resistant duration in the joint is the
DDS efforts to date. To find the properties of nanoparticles behaviour in wvitro, different
kinds of nanoparticles were studied by animal model injection. One of the major findings is
that larger molecular particles showed longer sustaining in the joint [92-94|. In the work by
Mwangi et al. [94], besides the particle cleared speed, the enormous molecules (around 500
kDa) performed slower clearance in OA knees than it in healthy knees. And the carbon nan-
otube was found to improve the retention rate of nanoparticles [95]. Pradal and co-workers

found that the injection of HA slowed down the escape of nanoparticles from joints [96]. The
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thermo-responsive nanospheres provided anti-inflammatory and chondroprotective effects at
the same time, and the cold treatment enhance the duration of particles [97]. A significant
results showed by Bajpayee et al. [98] that much more cationic particles remained in the
joints than neutral particles, and the similar result showed in Morgen et al. study [99]. The
broad studies of nanoparticle injection confirm the potential of drug delivery application and

provide guidance for the nanoparticles used in this study.

Furthermore, from microscopic, genetic research has been widely used in retarding the
development of OA disease. The mouse model is commonly used in studies by targeting
editing specific genes in transgenic mice. It can show how these genes effected on OA tissue
by different pathways. In these studies, TGF-5 and the molecules downstream play an
essential role in OA pathogenesis. Besides, inflammation factors such as IL-1, TNF-«, and

nitric oxide might also be the disease eradication [72].

2.3 Artificial cartilage

2.3.1 Overview

Osteochondral grafting techniques have been developed much in the last decades, but
due to the lack of proper integration between the implant and the autogenous cartilage
tissue in the clinical repair process, the implant cannot form a whole with the damaged
subchondral bone, which results in weak therapeutic effect [100]. In recent years, artificial
cartilage scaffolds have been widely applied in cartilage defects repairing by orthopaedics,
and its good performance has attracted much attention. Porous scaffold has been applied
for artificial cartilage tissue engineering, the porous structure was usually constructed by

natrual material, such as HA, silk fibroin , chitosan, and gelatin, and synthesised material
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such as PVA| polycaprolactone (PCL), polylactic acid (PLA), poly(glycolic acid) (PGA),
and Polydimethylsiloxane (PDMS).

2.3.2 Cartilage tissue engineering

Cartilage tissue engineering aims to repair the degenerated articular cartilage covers
on the joints, which was introduced in the early 1990s [101]. The in wvitro constructed
scaffold successfully substitutes the functional tissue, and the tissue engineering scaffold
has the characteristics of biocompatibility and biodegradability, and the proper mechanical
properties and matrices construct the suitable scaffold for cellular differentiation and/or
maturation [102]. The essential materials for in vivo tissue engineering are cell, scaffold
and growth factor, where the cell responds to tissue synthesis, and the scaffold supports the
proper environment for tissue growth, and the growth factor assists and accelerates tissue

regeneration [103].

In the tissue engineering scaffold, the polymer material has been mainly formed to
hydrogels, sponges and fibrous meshes [104]. An excellent in vivo scaffold should control
the degradation, promote the cell and ECM growth, allow the nutrients and wastes to pass
through the scaffold, and provide mechanical integrity [104]. For the in vivo scaffold, the ma-
terials should be able to be degraded hydrolytically or enzymatically [105]. The mechanical

property requirements for the in vivo can be applied to the external scaffold establishment.

Materials that replicate the cartilage can be sorted into natural and artificial (Table
2.2). Natural materials include gelatin, chitosan [106, 107], silk fibroin [108, 109], hyaluronic
acid (HA) [110, 111] and some other proteins, the common challenges of natural scaffold are
the source dependent variation and non-load-bearing. Most of the natural scaffolds are soft

and delicate to tolerate the high load, and some materials such as collagen will be degener-
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ated rapidly which results in unstable mechanical properties [112|. Therefore, it is difficult
to use a natural matrix to replicate the joints in wvitro as the substrates, even though some
materials have good performance in cartilage repair in vivo. Most synthetic scaffolds use
polymer scaffolds, such as PVA, PCL, PLA, PGA, and PDMS. Highly load-bearing is the
most significant advantage of synthetic materials compared to natural materials. As an im-
plant platform, PLA, PGA and poly(lactic-co-glycolic acid) (PLGA) could fully degenerate,
but the degeneration products easily cause the inflammatory reaction between the joints to
exacerbate the OA disease at some point [113-115]. On the other hand, PDMS has a long
history of replicating tissue, especially in the implantation field, and biocompatibility and

biostability provide a broad application for PDMS [28].
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Material Young’s modulus Characteristic Reference

-Biopolymer’s biotoxicity

Gelatin <10 kPa -Biodegradability [116-118]

-Potential to induce cell migration

- Biocompatible
86.0 + 16.5 kPa (dry)
Chitosan - Biodegradability [119-121]
4.5 £ 1.4 kPa (wet)
- Non-toxicity

10 + 2 kPa (3% w/v) -Biocompatibility
Silk fibroin 122, 123]
50 &+ 5 kPa (5% w/v) -Biodegradability

-Tissue healing, expansion of
cell proliferation and migration
Hyaluronic Acid 8.84 £+ 0.11 kPa [124, 125]
-Angiogenesis

-Inflammatory response control

-Adsorption of proteins
-Non-toxic
PDMS (10:1 w/w) 2.13 £ 0.15 MPa -Biocompatible [126-128]
-Biocompatibility can be improved by

modification of hyaluronic acid

-By-products of hydrolysis are
520 — 560 kPa
PLA toxic to implanted cells [118, 129-131]
0.28 £ 0.04 GPa (spiral scaffold)
-Biodegradable

-Bioresorbability
-High mechanical strength
PCL ~7 MPa [132-134]

-Low swelling ratio

-Biocompatible

Table 2.2: Young’s modulus and characteristics of artificial cartilages constructed by different

materials.
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2.3.3 PDMS and PVA

PDMS is known as a polymer of organosilicon with the elastic property as rubber, and
has been used widely in biological and biomedical applications over the past few decades.
The characteristics of biocompatibility and low cost make it possible to use PDMS in this
tissue replication study [135]. By changing the mixing ratio of silicone elastomer and curing
agent before incubation, it can modify different mechanical properties of PDMS, such as
Young’s modulus. The study by Gupta et al. [136] established different ratios of PDMS
between the silicon with the crosslinking agent. With the weight ratios of 10:1, 15:1, 20:1,
25:1 and 30:1, the elastic modulus decreased from 1.50 MPa at 10:1 to the 0.50 MPa at 25:1,
similar to Wang’s work where the elastic modulus decreased from 3.59 + 0.11 MPa at 5:1
to 0.56 £ 0.021 MPa at 33:1 [137|. The heating temperature and heating time have been
reported to influence the mechanical properties of PDMS. The increase in the incubating
temperature decreased Young’s modulus of PDMS, and a linear correlation between temper-
ature against modulus showed from 25 °C to 200 °C [138, 139]. The ultimate tensile stress
did not change too much with the increasing heating duration [139]. Therefore, the charac-
teristic of different crosslinking agent ratios provides the idea to make a gradient of PDMS
to replicate mechanical properties as the degenerated OA cartilage. Besides the replicating
of mechanical properties of OA cartilage, in the present work, polyvinyl alcohols (PVA) was

used for improving the surface chemical property of PDMS matrices.

Polyvinyl alcohols (PVA) is a hydrophilic polymer with hydroxyl end groups, which
is insoluble in aliphatic and aromatic hydrocarbons, esters, ketones, and oils, and soluble
in water [140]. The hydrolysis step in PVA preparation can be controlled to affect the
final grade of PVA polymer, and additional thermal cycles can change the PVA solubility,
crystallinity, and chemical properties [141, 142|. As a high-molecular polymer, the molecular
weight of PVA has a wide range from 30,000 to 200,000. In the early 1930s, PVA has been
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used for wide fields, including industrial, commercial, medical and food applications [143].
With the characteristics of water solubility, biocompatibility, adhesive property, low toxicity,
and biodegradability, PVA has been widely involved in the biological field. These favourable
properties allow PVA to be recognised as a suitable candidate in tissue engineering. For
instance, PVA-based hydrogel applications have been applied to skin tissue, bone tissue,

cartilage tissue, cancer cells, vascular tissue, and other tissues [141].

The PVA film coating has been applied on different substrates for surface modification.
From the work by Trantidou et al. [144], PDMS surface was treated by O flow and PVA
solution at 110 °C for 15 minutes, then the surface chemical property of PDMS has been
reported to be modified from hydrophobic to hydrophilic. Then the PDMS surface contact
angles decreased from over 100 ° to 21.0 £ 3.2 °. With the similar method, porous PDMS
was also successfully coated with PVA film by Zhou et al. [145], the air plasma treated
porous PDMS was cycled immersed in PVA solution and dried, which is an easy handled

method that only requires a few techniques and steps for the PVA coating.

2.3.4 Porous PDMS structure

One of the critical basic parameters of tissue engineering is the porous structure [146,
147]. From previous cartilage tissue engineering, all scaffolds established the porous matrix
as the framework, no matter nature or polymer materials [147-151]. In addition, the cartilage
scaffold porosity reported to be similar to the bone layers [147]. With porous structure, the
poroelasticity of cartilage plays the essential role in load-bearing by fluid pressurization and
viscous drag of flow [152|, which has been proved to provide the viscoelasticity of cartilage

[153].

Porous PDMS has been introduced in various applications, including biomedical field,
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flexible conductors, sensors, oil/water separation appliances, and microfluidics [154]. In the
project of Liang et al., the sponge PDMS with Ag and Cu coating constructed a stable flexible
conjunction to light up the LED light [155]. In the work of Duan and co-workers [156], they
fabricated porous PDMS with conductive carbon nanotubes coating as a network, and the
structure conductivity showed 15 times higher than the aligned structure. A piece of research
[157] filled porous PDMS with single-layer carbon nanotubes, which has the potential of
applications in variable resistors, pressure sensors and ice-repelling electrodes. Another study
[138] used multi-walled of carbon nanotubes which could achieve robots wireless control.
The porous PDMS also showed the ability of oil absorption. With the hydrophobic surface,
PDMS could possess for oil/water separation and storage for the oil. For instance, Choi et
al. [158] constructed porous PDMS with selective absorption for the oil. In the biomedical
field, porous PDMS polymer can refill the DDS by syringe injection because of the enormous

interconnected internal spaces in the porous PDMS structure [154].

Porous PDMS scaffold has been widely applied in cartilage tissue engineering, and sev-
eral methods have been introduced for 3D PDMS structure preparation. The emulsion
templating technique is reported with the droplet injection system by Thurgood et al. [159],
where the droplets were injected by a microfluidic structure, and the inner sponge space
was connected by the uniform round pores. The direct templating technique used sugar
cubic model was used with unincubated PDMS under the vacuum pressure, the PDMS was
modelled by capillary infiltration into the sugar template, and the porous structure was ap-
proached by the leaching of sugar [160]. Three-dimensional printed porous PDMS showed
excellent load-bearing capacity and strain-reversible. The three-dimensional printed struc-
ture was neatly and controllable by the program, which has potential for tissue regeneration
applications [161]. The salt crystals mixture and leaching method was widely used in porous
PDMS preparation [162, 163]|. Furthermore, phase separation technique, gas foaming tech-

nique, freeze drying method, and several other methods were introduced for porous structure
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preparation [154, 164]. Compared with the methods used for porous structure preparation,
the salt filling and leaching method has the advantages of low cost and easy operation. The
salt choice can control the porous scaffold. The porosity of the structure increases by using
the smaller size of crystals, and the compressive modulus of the scaffold increases with the
larger size of crystals [163, 164]. In the study of porous Polyurethane (PU) made by salt
leaching, while the salt size increased from 212 nm to 531 nm increased the compression
modulus from 12 kPa to 27 kPa, and the porosity of porous PU decreased from 92% to
around 87% [165]. Another work by Zhang et al. [163] showed that when the size of salt
crystal increased from 181 pm to 459 pum, the porosity decreased from 85.5% to 79.9%. In
addition, the adding of crystal weight ratio increases the porosity and decreases the modulus

of the porous scaffold [163, 164].

2.4 Intra cartilage injection formulation

2.4.1 Overview

Intra-articular injection (IAI) formulation is now considered as a short-term treatment
for OA pain relief. For instance, the IA hyaluronic acid was reported efficiency to relieve
the OA knee joint up to 24 weeks [166]. Hence, drug delivery system is introduced for long-
term treatment [167]. With the beneficial of the drug carriers, drug can be delivered to the
targeted position of joint now. Furthermore, because of the efficiency of the nanolubrication
that nanoparticles are able to reduce the friction in the previous work, the present study

aim to improve the of drug carriers efficiency by enhancing the drug carriers lubrication.
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2.4.2 Injection formulation

The injection formulation for OA joints can be classified as nanoparticles, liposomes,
emulsions, cationic carriers and hydrogels. Large sized carriers in DDSs meet the challenges
of in vivo instability, low bioavailability, systemic side effects, low solubility, and slow absorp-
tion [32, 33]. Nanosized particles have the advantage of controlled specific targeting [32, 168|,
which reduces toxicity and improves efficiency. Liposomes are composed of the phospholipid
bilayer to a spherical shape [169], hence, the inside layer can be designed for hydrophilic
drugs and the space between the layers can be designed for encapsulate lipophilic drugs.
The liposomes have the advantages of being biocompatible, biodegradable, flexible and spe-
cific targeting to reduced the systemic side effect [169-172]. Emulsion-based formulations
are used for different applications, including topical and transdermal [173]. Moreover, the
oil phase, aqueous phase, surfactant, and cosurfactant are the main contents of the emulsion
formulation [174]. The emulsion keeps the solubilised form of drugs and is highly dissolvable
to both lipophilic and hydrophilic compounds [175]. The nanoemulsion and microemul-
sion were found to be more stable than traditional emulsion. The enormous emulsion (> 1
nm) has the disadvantage of easier sedimentation caused by high gravity, but smaller sized
emulsion droplet provides charge on the surface that can stabilise the emulsion to against
sedimentation by Brownian motion [176]. Therefore, the smaller sized emulsion of formula-
tion provides stabilisation of the joint injection. Because the cartilage surface is composed of
the negatively charged glycosaminoglycan (GAG) group within a complex collagen network,
the positively charged agent has a higher bonding force on the cartilage surface, which pro-
vides a longer retention time inside the tissue [177, 178]. In this case, the cartilage surface
performs as a drug reservoir rather than a drug barrier by binding on the cartilage surface

by the charged carriers [177].
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2.4.3 Viscosupplementation

Viscosupplementation consists of the exogenous HA injection into joints, which aims to
recover the mechanical properties of the synovial fluid. The HA is reported with the benefits
of anti-inflammation, chondroprotection, analgesic and decreasing friction [57|. The classifi-
cation of viscosupplementation is in the GAG group [179]. High molecular weight (HMW)
HA plays the functions as lubricant and shock absorber in the joints, which is benefited
by the high viscosity [180]. The native HA molecule weight in the articular fluid is 4 - 10
million Da, whose concentration is around 0.35 gram per 100 ml [181]. Because HA has a
short stay duration in joints, viscosupplementation can not benefit joints as the substitution
of synovial fluid in a long-term effect [182]. The clinical results showed that viscosupplemen-
tation’s effects are also attributed to the restoration of joint rheology, anti-inflammatory,
anti-nociceptive, synthesis of normalised endogenous HA, and chondroprotection [183]. The
HA supplement by viscosupplementation also reduces the pain-triggering molecules and in-
flammatory matrix metalloproteinases (MMP) [184, 185]. HA in different molecular weights
has been prepared for viscosupplementation. Low molecular weight (LMW) is prepared as
0.5 - 1.5 million Da, which is recognised as the maximum concentration that facilitates inter-
action with target synovial cells and reduces inflammation [186, 187|. Moreover, HMW HA
is prepared as 6 - 7 million Da and developed similarly to the native HA. Therefore, HMW
HA has higher efficiency than LMW HA in joints pain relief [181].

As the viscosupplementation formulation retains the more significant amount of fluid
in the joint cavity space, it provides a better anti-inflammatory activity and decreases the
prostaglandin E2 and bradykinin concentration [188-190|. The previous research showed
the high efficiency of viscosupplementation treatment on the ankle [185]. The injection of
HA to the OA hip joints showed an improvement in pain relief after three to six months

without significant side effects after the injection [191]. For the stage 4 OA patients who
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need total knee arthroplasty, the HA injection was reported that it could delay the necessary
total knee arthroplasty after 3.8 years [185|. Even though viscosupplementation is regarded
as a safe treatment for OA, there are 1 - 3% of patients show typical side effects after the
injection. The erythema, stiffness, soreness, and swelling will sustain one to two days with
mild symptoms. Some uncommon severe side effects, such as allergic reaction, bursitis, and
infection, should be noticed [192|. The operation in clinical viscosupplementation injection to
the joints, especially to the knee, is usually processed directly in the office, when 2 ml of HA
is injected to the joints capsule space. The injection to the local soft tissue as corticosteroid

would cause uncomfortable [185].

2.4.4 Nanolubricant

From previous work, nanoparticles added nanofluid showed the property of friction re-
duction [34]. The mechanical principles of nanoparticle reducing friction could be catalogued
into four types: rolling effect, protective film effect, mending effect, and polishing effect (Fig-
ure 2.4). The rolling effect and protective film effect enhance the lubricant directly. The
spherical nanoparticles roll on the surface to replace the direct sliding of two fixed surfaces.
The protective film effect of nanoparticles forms a nanoscaled film on the surface to reduce
wear and friction. The mending effect and polish effect are helping on the lubrication by
enhancing the surface. The mending mechanism shows the mass nanoparticles would fill into
the grooves on the surface and compensate for the loss of the surface. The polishing effect
will make stiff nanoparticles act as the abrasive to rub the surface, which decreases the CoF

by reducing the surface roughness [34].
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Figure 2.4: Schematic diagram of nanoparticle lubrication mechanisms between the frictional

surfaces [193].

The valuable kinds of nanoparticles were studied, such as metal, metal borate, metal
sulphide, metal carbonate, metal oxide, silicon dioxide, and carbon compound [194]. The
size of particles has been attempted from 2 nm to 120 nm [34]. The additive of nanopar-
ticles exhibits anti-wear and anti-friction properties during the nanolubrication [34]. The
characteristics of nanoparticles show the enhancement of lubrication, such as shape, size
and concentration [34]. For instance, palm oil methyl ester (POME) was widely added in
lubricants as an ester functional group additive [195]. Different concentrations of POME
were added in 3%, 5%, 7% and 10% in the study by Maleque et al. [196]. The study showed
that over 5% of POME improved the tribological properties and decreased the CoF even
under the higher load (up to 64 kg). The primary challenge of lubricant preparation is to
stabilise the particle suspension in the lubricant, because the long period of usage of unsta-
ble suspended lubricant would form the sediments and agglomerates [197]|. According to the
work by Anilkumar et al. [198], a kind of nanoparticles (megaHPGs) contented lubricant
acted as particulates in joints, and the particles are soft, in weight of millions molecular, and

exist as single particles. In addition, the lubricant in the study has the advantage of high
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water solubility, low intrinsic viscosity, and compactness [198]. And the lubricant showed
ability to decrease CoF between rigid and elastic materials [198]. Another lubricant intro-
duced by Lawson et al. [199] showed a 50% value decrease of bovine synovial fluid by adding

biocompatible nanoparticles.

Biodegradable nanoparticle-based nanolubricant has attracted the attention of study in
the past years. The additive can enhance the properties of lubricants, but some of the addi-
tives from vegetable oil impact the environment and human health. The nanoparticle size,
shape and concentration all impact the lubricant mechanical properties, especially tribologi-
cal properties. The best size of particles was reported from 20 nm to 70 nm, and the spherical
nanoparticles in concentration of 0.2 - 1.0 wt.% is the best condition for the nanoparticles
based nanolubricant [34, 200, 201|. For instance, the good performance of nanoadditives
contented CuQO, TiO,, or SiO enhanced the nanolubricant tribological behaviour [34, 200,
202]. The chemical modification to the nanoparticles improved the tribological properties of
lubricant, and the hybrid nanoparticles showed better performance than single kind particle-

based lubricant [203].

2.5 Contact mechanics

Hertzian model is the simplest model in AFM-based analysis for the indentation, which
assumes the tip as a hemispherical shape and disregards the adhesive forces [204]. In the
present project, the spherically colloidal probe was applied, which is comfort to the Hertz
model. In addition, the Hertzian model could be used on the microindentation measurement,

which used the tiny tip to indent the sample in the experiment.

The work of Hertz et al. is known as the beginning of classical contact mechanics [205].

Two spheres should contact at a point from theoretical, and the pressure should be infinite
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to both sides. But in reality, the elastic deformation creates a small contact area which lim-
its the considerable stress [206]. Therefore, Hertzian contact problems should obey several
assumptions [206]:

i) The elastic limit should be over the strains, and the strains are small.

ii) The surface of the sample is continuous, and the contact area should be much smaller
than the contacting bodies.

iii) Each sample should be able to be considered as an elastic half-space.

iv) The surface does not exist friction. Besides, the contact models violated the assump-

tions are usually called as non-Hertzian [206].

About the Hertzian contact, elastic bodies contact areas and indentation depths theory
was summarised by Zhu [206]. As shown in Figure 2.5, different contact surfaces indentation
mechanisms are calculated by different equations, the related situations and equations are

concluded below [206]:

(a) (b) (c)

(d)

F
" )

Figure 2.5: Schematic diagram of contact mechanics between elastic bodies [207]: (a) sphere
and elastic half-space; (b) two spheres; (c) two parallel cylinders; (d) two crossed cylinders;

(e) cylinder and elastic half-space; (f) conical indenter and elastic half-space.
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1) Contact between a sphere and an elastic half-space (Figure 2.5(a)):

% _ % % ((1 ;?1,01> + (1 ;;}2)) (21)
« 2 3

where the E;, E; are elastic moduli and vy, vy are the Poisson’s ratio of each contact ma-
terial respectively. The R is the radius of sphere. F and d are the load force applied and

deformation depth, and all the same in the following equations in this chapter.

2) Contact of two spheres(Figure 2.5(b)):

1 1 —U12 1 —U22
L 2.
1 11
oL 2.4
B (R1 + RQ) (2.4)
9«2 13
ST YL (2:5)

The maximum contact pressure P, is:

3F

2T * a2

Pras = (2.6)

where the E;, E5 are elastic moduli and vy, v are the Poisson’s ratio of each contact material
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respectively. Ri, Ry are the radius of two spheres, and the contact area radius ‘a’ is calculated

by the following equation:

_ 3F % R'Y?

B (2.7)

a

3) Contact between two parallel cylinders (Figure 2.5(c)):

—v2 —v9? 1/2
i= (T GEE ) (2.8)
W*L(R%_l'R%)

The maximum contact pressure P, is:

2F

Pmar:—
Txdx L

(2.9)

Eq, E5 are elastic moduli of two contact bodies, R; and Ry are the radii of two cylinders

section, L is the length of contact.
4) Contact between two crossed cylinders (Figure 2.5(d)):
This could be transformed to the sphere with R radius and an elastic plan.

5) Contact between a rigid cylinder and an elastic half-space (Figure 2.5(e)):

F=2R«Exd (2.10)

R is the radius of cylinder contact surface, and E is the modulus of elastic half-space

material.
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6) Contact between a rigid conical indenter and an elastic half-space (Figure 2.5(f)):

2K d?
F —

(1 —?) i tan(6) (2.11)

where 6 is the angle between the surface and conical indenter; E and v are the elastic modulus

and Poisson’s ratio of elastic half-space material.

In the present work, equations 1), 5), and 6) were used in AFM and mircoindentation
measurement, which are the elastic half-space contact with sphere, cylinder and conical

indenters. Moreover, the equations were applied for the modulus and adhesion calculation.
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Methodology

3.1 Solvent-casting particulate leaching technique

Of the several methods in preparing porous 3D structures, solvent-casting particulate
leaching (SCPL) method is demonstrated in a number of previous work, with a facial and
practical method that controls the pore size, porosity and internal connectivity [164, 165,
208, 209]. It has been demonstrated that SCPL methods can establish a 3D structure with
a wide range of mechanical properties by controlling the amount and size of pore-foaming
agents. For instance, while the size of the pores was larger than 200 pm, and the porosity
of the porous scaffold was higher than 90% [210, 211]. Furthermore, elastic modulus, inter-
connectivity, and coefficient of friction (CoF) of porous scaffold prepared by SCPL method
can be controlled by the pore-foaming agent as well. Because of the advantage of controllable
mechanical properties, the SCPL method is commonly used in the biomaterial field, such as

cartilage and bone tissue engineering [164, 212|.

The basic principle of the SCPL technique is mixing scaffold materials, by mixing size-
controlled solid particulates with the polymer materials homogeneously, and removing the

particulates in an appropriate solvent after the polymer scaffold is cured, it is possible to
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fabricate porous matrix (Figure 3.1). Finally, the sample is formed up with the pores,
which show as the shape and size of pore-forming agent. Based on the different properties
of solvents and pore-foaming agents, previous studies designed several kinds of methods to

establish porous scaffolds.

Elastomer Embedded crystals Porous PDMS scaffold
+ in PDMS
Curing Agent

+

=

Pouring in mold
and Curing Dissolution and Release
of the crystals

Figure 3.1: Schematic diagram of the protocol of preparation of the porous polydimethyl-
siloxane (PDMS) matrices and photograph of one sample of the foam-like PDMS obtained

at the end of the process.

In the present work, the size around 200 pm sodium chloride crystals were filled into the
mixture of silicone and curing agents solution, and the salt crystals were dissolved by water
after the PDMS was incubated to the solid. With the low fraction of sodium chloride, the
crystals were found sunk into the bottom of the container during the heating step. Moreover,
the low fraction showed undissolved salt crystals left inside the PDMS matrix, which is full
surrounded by PDMS, and the high salt fraction showed the even sample that the crystal
full filled in the PDMS matrix.
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3.2 Atomic force microscopy

3.2.1 Introduction

Atomic force microscopy (AFM) was invented by Binning, Quate and Gerber in 1986
[213]. AFM is able to measure most kinds of surfaces, such as glass, polymers, composites or
even biomaterials [214]. The AFM can measure the sample images by analysing the constant
probe-sample interaction, and measure the force through the function of their mutual sepa-
ration. Hence, AFM has been applied in different subjects, including chemistry, biology and
engineering. AFM is one kind of scanning probe microscope that can measure nanometre-
scale samples by a 1 nm to 20 nm diameter sharp tip [214-216]. Besides the morphology
scanning as microscopy, AFM can measure mechanical properties on a nanoscale, such as
friction, stiffness and adhesion force. Basically, AFM can measure the force interactions be-
tween the cantilever and sample. According to the variety of interactions, sorts of scanning
probe microscopes (SPM) were created, such as magnetic force microscope (MFM), dipping
force microscope (DFM), and friction force microscope (FFM) [217]. Contact mode and dy-
namic mode are operational modes based on the different contact measuring methods. The
limitation of the AFM scanning scale is about 150 x 150 micrometres [214], and the lateral

resolution and vertical resolution are limited to under 1.0 nm and 0.1 nm, respectively [214].

The cantilever is used for approaching the sample surface. Silicon, silicon dioxide and
silicon nitride are used for making cantilevers [218, 219|. Different shapes and flexible are
invented for different samples and conditions. For instance, triangle and beam shapes are in-
vented for cantilevers, and the tip for the approach is designed as the sphere, pyramid, arrow
and so on. With different types of cantilevers, AFM can detect the surface using different

forces such as van der Waals, mechanical contact, chemical bonding, capillary, electrostatic,
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and magnetic forces. For specific sample requirements, AFM could use for measuring under

vacuum, ambient phase and liquid phase but not requiring complex preparation.

3.2.2 Operational principle

The cantilever probes are flexible, which helps the cantilever displace along with the
atom force between the tip and sample. To detect the cantilever tip and sample by an
atom-forced distance, the cantilevers should be located close to 0.1 - 100 nm during the
measurement. In addition, there are attractive forces, van der Waals interaction, electrostatic

force, and chemical force can give a reaction between the cantilever tip and sample [220].

Figure 3.2 shows the essential components of AFM, which are a light source which emits
the laser, a nanosized cantilever probe, and a photodetector divided into four quadrants. The
laser reflection of the cantilever enables it to reflect on the piezoelectric actuator. The tip
approaches the sample by the connect piezo in Z-direction movement, and the piezo moves
to the selected values of X and Y when the tip touches the sample surface. The cantilever
tip bends to follow the shape of the sample surface. The vertical movement and lateral or
torsional bending drive the reflection of the laser, which will be detected on the quartered
photodetector. Four areas are divided on the photodetector (Figure 3.2) to determine the
movement and bending of cantilever tip. The vertical position of cantilever tip is determined
by the signal difference between I 4 II and III + IV, and the torsional bending of cantilever

is detected by the difference between I + IIT and II + IV.
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Figure 3.2: Schematic diagram of the operation principle of an AFM.

However, various operating modes are invented in the AFM technique, which depends
on the sample, environment, and purpose required of the experiment. For different modes,
AFM cantilever behaves in different as Figure 3.3 shows [221]. The contact mode is the
mode that cantilever probes direct contact with the surface permanently. The images are
brought by the repulsive short-range force between the probe and the sample. Two modes
can be operated in contact mode: i) constant force mode; ii) constant height mode. In the
constant force mode, a force (setpoint in the software) should be set as the expectation value
to be controlled as the force between the probe and surface. The force is approached by
systemically checking and adjusting the Z piezo. During the scanning of the constant height
mode, the Z piezo position is fixed, and the photodetector signal collected results in the
image of sample. Compared with these two contact modes, the constant force mode can be
used to scan on a much rougher surface than the constant height mode, and the constant

height mode produces images on a flatter surface faster than the constant force mode.
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Contact mode Tapping mode
- |
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Figure 3.3: Schematic diagram of different technique modes involved in AFM operation [221].

Tapping mode belongs to the dynamic mode, and the probe is in contact with the surface
at a constant frequency. Before the probe engagement, the desired setpoint should be set
for the scanning amplitude of oscillation. The amplitude of oscillation changes when the
probe contacts with the surface, and the Z piezo mechanism adjusts to maintain oscillation

amplitude.

Besides tapping mode, some other classifications of dynamic modes are used depending
on the manufacturer with an appropriate AFM. Non-contact is called “close-contact mode”,
which works in the force regime and obtains high-resolution images with small interaction
forces. When the amplitude is set to a considerable value (up to about 100 nm), the inter-
mittent contact mode can be applied for cantilevers under large amplitude and high forces.
Another imaging mode measures every pixel by force versus distance curves and moves the
cantilever laterally when the tip and surface are not in contact. This mode is called “jump-

VN1

ing mode”, “quantitative imaging mode (QITM)”, or “peak force mode”, which depends on

manufacturers [222].

As the voltage signal can respectively detect the vertical bending and horizontal torsion
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from (I + II) - (IIT + IV) and (I + III) - (IT + IV), the signal could be translated from
electrical signals to mechanical signals as force. The the normal deflections of cantilever can
be converted proportional to the normal load, and the friction force could be shown by the

torsional deflection of cantilever after removing the normal force [223].

Force (Deflection)
N

C

Z piezo translation
(Tip Movement)

— Approach — Retract

Figure 3.4: Schematic diagram of a force curve exhibiting the Z piezo translation versus

cantilever deflection.

The force between the probe and the surface can be measured by the sensitive detection
of AFM. As Figure 3.4 shows, at point A, there is no force because of the far distance of
the probe to the surface. The attractive force showed at point B while the probe is close to
the surface, and then it jumps to the contact force from the attractive force, which presents
the force of indentation to point C. During the withdrawal period, the contact deflection
decreases as the path of engagement. Because of the strong adhesive force between the
surface and cantilever tip, the cantilever adhesive contacts the surface until point E rather

than directly escaping from the surface at point D.
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3.2.3 AFM application in the project

Dimension 3100 AFM and multimode 3-HR AFM were used for surface image and force
measurement in the present project. The images were obtained by 0.08 N m~! and 0.32 N
m~! contact cantilevers with sharp tips, and the force measurement used cantilevers with
the colloidal tip. Because the PDMS matrix and cartilage are high density crosslinked, to
exhibit the matrix mechanical proprieties entirely, a 4 pm radius spherical borosilicate probe

1

was stuck on the 40 N m™" spring constant tipless cantilever. Compared with the classic

I cantilever with a borosilicate tip can against the

contact mode cantilever, the 40 N m™
adhesive of PDMS and cartilage surface. A similar probe was reported in the previous study
for cartilage force measurement as well [224]. In addition, the tribological measurement was

captured by multimode 3-HR AFM, which has the advantage on liquid-phase measurement

with only dozens of microlitres liquid.

3.3 Scanning electron microscope

3.3.1 Introduction

Scanning electron microscope (SEM) technique can effectively analyse the organic and
inorganic materials from nanometre to micrometre. The maximum magnification that SEM
could reach varies from 300,000 x to 1,000,000 x in some modern models [225|. The
energy-dispersive X-ray spectroscopy is usually built in SEM to provide qualitative and
semi-quantitative results, and the energy-dispersive X-ray spectroscopy provides the ability

to analyse the composition of elements in the sample.

There are three types of SEM, conventional SEM (CSEM), environmental SEM (ESEM)
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and low vacuum SEM (LVSEM). In CSEM, the electron beam interacts with the sample
under the high vacuum of 10 to 6 torr, and the low energy secondary electrons (SEs) will
be ejected from the surface of sample. The high vacuum circumstance causes dehydration
and cracking of some samples, such as concrete. The ESEM allows the electron beam and
specimen to interact at elevated pressures (0.2 to 20 torr), and the varied pressure can
decrease the hydration of the sample because the water minimum liquid maintenance is 4.6
torr. LVSEM is similar to the ESEM that LVSEM eliminates the requirement of coating and

surface charging. In addition, the pressure of LVSEM is from 0.2 to 2 torr [225].

3.3.2 Facility principle

In Figure 3.5, the diagram shows the internal structure and parts that compose the SEM.
The primary electrons are released from the machine, which provide energy to the specimen
surface to activate atomic electrons on the surface. The surface of the specimen releases the
SEs and other signals that SEM could collect, and the images are usually formed from the
analysis of SEs from each point. Therefore, the SEM requires the vacuum circumstance to
avoid eliminating the requirement of coating and traction of electrons with the gas molecules

[226].

48



Methodology

electron gun

electron beam
anode

<«

magnetic lens

backscattered
electron detector

\8 secondary
electron detector

2
specimen ‘ stage

Figure 3.5: Schematic diagram of the imaging principle of a SEM.

interact with a variety of signals, such as SEs, backscattered electrons (BSEs)

49

Figure 3.5 shows that the primary electrons are produced from an electron gun that
accelerates particles by heating or high energy (1 - 40 keV). The electron particles are re-
strained to a beam by magnetic field lenses in a vacuumed column, and the primary electron
beam will interact with the sample surface area. The accelerated electrons will scatter after
the first contact with the surface. The scattering of electrons is dependent on the concen-
tration and atom types on the sample and the energy of the beam. A higher sequence of the
atom and higher concentration will decrease the scattering of electrons, and the increased
beam acceleration will increase the scattering process. The high voltage applied to acceler-

ation will push the electrons farther into the sample. The incoming electronic specimen will

, visible light
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(cathodoluminescence — CL), and photons (X-rays used for elemental analysis). The images
are usually formed based on SEs, which are the most important in building morphology and
topography of samples. The BSEs are usually used for exhibiting the contrasts for a mul-
tiphase sample composition. The element analysis is according to different types of atoms
with their specific X-ray reflection wavelength. The non-destructive of characteristic allows

the element analysis can be repeated in SEM.

The sample of SEM should be fixed on a stage, and carbon or metal tape is usually used
for fixing the sample on the stage. The sample to be analysed should be electrically conduc-
tive, which can avoid the surface overcharging. The sample without electrically conductivity
should be sputter covered by a layer of carbon or metal, such as gold and platinum, which

allows the surface to reflect the electrons.

3.3.3 SEM application in the project

Model TM3030 and 7000F JEOL SEM were used for the measurement in the present
work. The SEM was applied to obtain sample (surface) morphology and used for verifying
the micro or nanoscale accessories in the experiment, such as cantilever tips. PDMS, silica
nanoparticle, and nanogel were generally operated with metal sputter coating and scanned
under different magnifications. Before usage, the cartilage samples were stored in liquid en-
vironment. To avoid the vapour damage of the SEM, cartilage samples were all dehydrated
at 70 °C in an oven before the metal coating. However, the model TM3030 cannot obtain
details of the surface when the magnification is over 10000 x, so TM3030 was used for cap-
turing PDMS and accessories in the research. 7000F JEOL was applied for the nanoparticles,
nanogel and cartilage morphology for capturing more details of samples, and the maximum

magnification is up to 30000 x.
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3.4 X-ray microtomography

3.4.1 Introduction

X-ray microtomography, also called micro-CT, can establish the 3D structure of the
material at a micrometre scale, including nontransparent materials [227, 228|. The internal
details of scaffolds can be shown by images with better than 1 pm resolution. The micro-
CT technique is non-destructive for many materials, and it is allowed to be operated to
scan samples under different conditions [229]. Even though the sample allowed for micro-
CT is typically minimal, X-ray microtomography can be used for scanning various types of

materials [230-233].

3.4.2 Facility principle

The principle of X-ray microtomography is X-ray absorption physics, which constructs
the three-dimensional structure by tomographic reconstructing two-dimensional projection
images mathematically [229]. As shown in Figure 3.6, the structure of electron-dense or
electron-poor sample can be observed by the contrast against the background [234]. The
tomography combines the images from the different orientations of the sample. When the
angular steps between each radiography are small enough, the software can construct the
appropriate 3D model by calculating attenuation coefficient value of every position [235].
There are three essential steps of X-ray microtomography: i) image acquisition, ii) back
projection and 2D slice reconstruction, and iii) 3D reconstruction. The raw tomographic
data is obtained by computerised tomography, and it will be output as the signal output or
sinograms from different angles. These images from different angles and directions can be

reconstructed to a 3D model by the software [229].
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Figure 3.6: Schematic diagram of the imaging principle of a micro-CT.

3.4.3 Experimental application

The X-ray microtomography was used for exhibiting and analysing the three-dimensional
structure of the porous PDMS in this study. Every section layer of PDMS was shown by the
analysis software, and the pore structure and the internal crossed structure could be clearly
observed. In addition, X-ray microtomography built three-dimensional models for porous
PDMS, so that the 3D models could be operated to check the internal structure from any an-
gle and layer. With the benefit of the micro-CT software, the porosity and interconnectivity

were automatically calculated according to the section layers.

3.5 Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was used to establish the chemical na-
ture of the samples, particularly the modified surface. The fundamental vibrations of func-
tional groups correlate to the infrared absorption bands, and the different infrared absorption

bands are used for group identification. Infrared detection usually cannot identify the sym-
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metric vibration, especially the centre symmetry molecule. This characteristic allows the
FTIR to detect all asymmetric vibrations from the molecule, especially the amino acids and

water, which are difficult to be detected from other techniques [236].

Fixed mirror |
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Figure 3.7: Schematic diagram of the principle of a FTIR [237].

The technique of the FTIR principle is based on the transitions between quantised
vibrational energy states (Figure 3.7). When the photon transfers from a lower energy
state to a higher energy state, infrared spectroscopy (IR) radiation will show up and can be
absorbed by FTIR. The molecular bonds occur in vibration when the photon is transferred
to a high energy state. The wavenumber and frequency have an extensive varying range.
Different molecular bonds have specific wavenumbers/frequencies that show IR absorption
peaks, similar to the fingerprint of functional groups. As shown in Figure 3.7, a typical FTIR
should be built with a source, sample cell, detector, amplifier, A /D converter, and computer.
The radiation passes through the interferometer to the detector, and the wavelength of
radiation passed through the sample usually ranges from 10000 to 100 cm~*. Then the
radiation absorbed is transferred to vibrational or rotational energy and detected by the

detector. The signal on the detector will be transferred to a digital signal by an A/D
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converter according to the Fourier Transform, and the result of the spectrum will be shown
in the range of 4000 to 400 cm™! [237]. The peak height is usually dependent on the amount
of chemical bonding. The more the energy state transformed, the higher the peak shows.
When interaction occurs between the bond, especially hydrogen bonding interaction, the
peak will show broader than usual. The present study applied FTIR to verify the PVA
coating on PDMS. The specific functional group between PDMS and PVA is -OH, which

benefited PVA-coated samples to show a strong and broad peak between 3550 - 3200 cm™*.

3.6 Dynamic light scattering

Dynamic light scattering (DLS) is the technique used for carrying out colloidal nanopar-
ticles size from solution. According to the scattered light of the laser passes through the
colloidal solution, differences in particles’ Brownian motion contribute to the DLS analysis.
The larger particles have slower motion than smaller particles, and the slower motion scat-
ters much light from large particles. The DLS technique also provides the aggregation of
nanoparticles through the set-up X-ray diffraction. The different varieties of aggregation will
be shown with density in the plotted result [237]. In the present work, the silica nanoparticle
size was detected by DLS, and the size distribution as normal distribution because of the
aggregation. As the DLS type used in this study cannot define the smallest size, the size

shown in the results corresponded to the peak values.
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3.7 Other Technique

3.7.1 Tribology

Forceboard and microtribometer are the equipment for friction coefficient measurement.
The basic principle is that the machines can record the horizontal direction force applied
on the detector. The detector of Forceboard is on the state plate, and the detector of
microtribometer is connected to the arm for the load applied. The CoF was automatically
given by Forceboard, and Forceboard records the force applied vertically and the CoF. The
CoF value measured by microtribometer is calculated manually based on the load weight
applied, friction values recorded and Newton’s Second Law. In all tribological measurement,

a 3 mm diametre borosilicate ball was used as the counterpart.

For the measurement of the PDMS matrix, a self-build model was applied for Forceboard
and microtribometer. First of all, a pure PDMS model was solidified in a petri dish, which
should be about 2 mm thicker than the sample. Then, the centre of the PDMS was cut out
by a cork-borer, which was also used for porous PDMS preparation, then the hole in the
PDMS model is suitable for the samples. The porous PDMS samples were pushed into the
hole of the PDMS model, and the liquid used for the experiment was filled in the hole of
the PDMS model. In Forceboard measurement, the PDMS model was moved out from the
petri dish because the detector of Forceboard is at the bottom of the model, and the PDMS
model adhered on the Forceboard sample stage. For cartilage measurement, the bottom of
cartilage was stuck on a petri dish by super glue, and then the cartilage was immersed under

the fluid level.
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3.7.2 Surface energy

The definition of contact angle is the angle of liquid at the three-phase boundary, the
angles are exactly at the intersection of gas, liquid and solid, and the three-phase could be
gas, liquid and liquid at some conditions [238]. When the droplet spreads on the substrate
surface, the liquid performed as good wettability on this surface, which shows the contact
angle lower than 50 °. On the other hand, the surface shows hydrophobic when the droplet
remains the shape and the contact angle is higher than 90 °. The droplet of water used 4 pl
for each contact angle test in this study. The contact angle images were captured by Contact
Angle Goniometer (Ossila, UK), and the angle measurement was analysed by the software

ImagelJ.

3.7.3 Microindentation

Microindentation setup used in this project is built with FH 5 force gauge (Sauter,
Germany) and LTS Long Travel Stage (Thorlabs, Inc., UK). A cone tip and a flat tip were
chosen to be screwed on the microindentation for different samples. The flat tip is a 1.5 mm
diameter round shape, and the cone tip has a 60° prong. The MATLAB code controls the
microindentation engagement and withdrawal, before the experiment operation, the speed
and maximum force detected are the essential parameters that should be input into the
code. The microindentation can record the moving distance and force applied on the tip,
the engagement of indentation tip following the configured speed until the maximum force.
The engagement will stop once the force value approaches the configured maximum value
and then withdraw at the same speed to the original position. The figure will be plotted as
moving distance against force, and the engagement and withdrawal are plotted in two lines.

According to the principle of contact mechanics described in Chapter 2.5, the modulus of
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samples can be analysed based on the engagement lines.
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Chapter Four

Fabrication of three dimensional porous

artificial cartilage based on PDMS

4.1 Introduction

During daily activity, the joint motion causes compressive, shear and tensile stresses on
cartilage, which is up to 20 MPa, and the cartilage can tolerate 10 - 40% compressive strains.
The excellent mechanical performance is benefited from the porous structure of cartilage.
In previous studies, cartilage exhibited flow-dependent poroelasticity [239, 240], which plays
an essential role in load-bearing, as well as fluid transport and lubrication [241, 242]. In
addition, the lubrication of cartilage was reported with low friction coefficients, which is

from 0.0005 to 0.04 with synovial fluid lubricating [239].

Osteoarthritis (OA) articular cartilage is degenerated from healthy cartilage tissue [239].
The international cartilage repair society (ICRS) defines degenerated OA cartilage into four
stages, the healthy articular cartilage is introduced as stage 0, and the cartilage is complete
worn at stage 4 [243, 244|. In addition, it has been reported that the physical mechanical

properties of OA cartilage were found to change along with the degeneration of tissue, such as
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stiffness, surface roughness and friction coefficient [68, 70, 245]. And the physical mechanical
properties are correlated to the progression of OA degeneration [68, 70, 245|. With the
development of OA, the structure of cartilage deteriorates integrally, which compromises
their ability to sustain the mechanical compression experienced by joints and results in
increased friction that accelerates the degeneration process [246]. As a result, cartilage’s
surface morphology, porosity, and mechanical properties span a broad range |68, 70, 247,
248]. The mechanical properties of different stages OA cartilage was reported in previous
work, the values were listed in Table 2.1. In the table, the Young’s modulus of cartilage
decreases as the OA progresses, and the surface roughens along with the exacerbation of the

OA disease.

According to the porous characteristic of cartilage and the broad range of cartilage
mechanical properties, the three-dimensional porous scaffold was commonly used for estab-
lishing artificial cartilage. Natural and synthesised polymer materials have been reported to
build specific structures as artificial cartilage, such as silk protein hydrogels [249|, HA [124,
125|, PCL [132-134], PLA [118, 129-131] and PLGA [113]. The modulus values and charac-
teristics of porous scaffold constructed by these materials has been shown in the Table 2.2.
In fact, the mechanical properties of those porous scaffolds are not satisfactory enough to
replicate the mechanics of articular cartilage. For natural materials, such as chitosan [249],
collagen [250] and hyaluronic acid [251], were emphasised replicating the biocompatibility,
but limited on the strength of cartilage [252], which have less shear and compressive moduli
than cartilage tissue, even degenerated OA cartilage [68, 251|. Similarly, polyethylene glycol
(PEG) based scaffold was reported with low Young’s moduli around 40 kPa [253]. For syn-
thetic materials, improved mechanical properties have been presented, such as PCL scaffold
was reported Young’s modulus as 6.85 £+ 1.83 MPa, but the synthesised materials were less

suitable for use at a bio-interface [252, 254].

Polydimethylsiloxane (PDMS) is well-known as a non-crystalline polymer, it has been
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used in tissue engineering because of its excellent mechanical properties and biocompatibility
[255-257]. PDMS has excellent stability properties in aqueous media for replicating cartilage
friction tests in different solutions, and the general PDMS has similar compressive modulus
as cartilage [68, 69, 258|. Similar to the degeneration of OA cartilage mechanical properties,
adjusting crosslinking ratio in PDMS has been confirmed to control the elasticity of the
matrix [259-262]. PDMS had been used in studies to make porous scaffolds. For instance,
Zhang et al. [163] used SCPL method to prepare porous PDMS with the varying number
of salts (from 0.10 g ml™! to 0.30 g ml™!), size of salts (~181 pm to ~459 pm), and fusion
water per cent (0 wt.% to 7 wt.%), the results showed in a wide range of porosity from
~T72% to ~86%, and the range of compressive modulus was from 1.0 to 5.2 MPa. Similar
results were also reported in other porous scaffolds prepared SCPL method [249, 263-265],
therefore, porosity has been controlled by the method of SCPL, which varied the porosity
of the scaffold with changing pore-foaming agents. In addition, Khosla and co-workers [161,
258] have studied the friction of porous PDMS in water under the pressure of a glass probe,

which provides the idea for porous PDMS lubrication measurement.

The limitation of PDMS potential application is hydrophobic surface [266], where the
cartilage surface is hydrophilic [57, 58|. Therefore, several methods have been exploited to
modify the PDMS surface into hydrophilic [144, 267-269]. Most methods were reported to
start with oxygen plasma treatment, which can active the surface groups on PDMS [270,
271]. Exposure to oxygen plasma turns the formation of PDMS surface into an inorganic
silica-like surface layer [272, 273], and the oxidised chains are scissored to hydroxyl groups
on the PDMS surface [144]. The hydroxyl groups provide more potions for PDMS surface
treatment, especially polymers growth. One of the demonstrates of treated PDMS is further
operated with the atom transfer radical polymerization (ATRP) method and grown by the
synthesised polymer brushes on PDMS surface, which costs numerous chemicals and requires

complicate operations [274-276]. Besides ATRP method, PVA film is widely applied on
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PDMS surface treatment by film coating, which requires less operations and cost than the

polymer-brushes grafting [144, 266].

Poly-vinyl alcohol (PVA) is a synthetic linear polymer with the advantages of low en-
vironmental impact, reliable water solubility and biodegradability, which allowed PVA com-
monly used on bioplastic, food products and packaging systems [277-280]. Furthermore,
PVA presents hydrophilic because of the hydroxyl groups, and the PVA film coating has
been confirmed with the hydrophilic surface chemical property as well [144, 266, 281|. In a
work of PVA hydrogel for cartilage tissue replacement [282|, PVA was prepared as cryogels,
and the scaffold showed that PVA cryogels could approach the similar osmotic, physical and
frictional properties to the native cartilage. Overall, PVA has excellent potential for cartilage

replicating application and can be prepared simple and low cost.

An excellent shape memory of porous PDMS is demonstrated {163, 283|, which confirms
that PDMS, coupled with SCPL method, can offer a great opportunity to fabricate a series of
porous structure, replicating articular cartilage of different OA stages by adjusting porosity
and mechanical properties. As a systematic study, considering not only the porosity and
stiffness of a porous PDMS, but also the tribological properties, is required to mimic cartilage

of various stages of OA [283, 284].

In the present work, the system developed a suite of the proposal for preparing porous
PDMS. Controlling the fraction of pore-foaming agent and crosslinking in PDMS could ap-
proach a wide range of mechanical properties, such as surface morphology, porosity, stiffness
and friction, which achieved the substrate analogous to cartilage in different stages. Based on
the scaffold of porous PDMS, the PDMS matrices were modified by PVA for consisting the
surface chemical property to. Even though the modulus and CoF properties were enhanced
and decreased from the porous PDMS matrix, the tendency of porous structure mechanical

properties was still in accord with the porous PDMS.
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4.2 Materials and methods

4.2.1 Materials

Sylgard 184 silicone, sodium chloride, and polyvinyl alcohol (Mw = 89,000 - 98,000, 99%
hydrolysed) were purchased from Sigma-Aldrich (Dorset, UK). Phosphate-buffered saline
(PBS) tablets were purchased from Fisher Scientific (Loughborough, UK).

4.2.2 Preparation of porous PDMS scaffold

PDMS matrix was prepared by mixing Sylgard 184 silicone with the curing agent (CA)
came together. The sodium chloride crystals were added to the mixture and mixed well.
Then the mixture was put in the vacuum oven with 300 MPa negative pressure for 2 hours
to remove the bubbles produced in stirring, followed by 75 °C heating for 2 hours. After
the incubating, the PDMS resulted in solidification mixed with sodium chloride crystals.
However, the samples were prepared less than 4mm thick, and then the samples were cut
into a 12 mm diameter circular shape by a cork-borer [285, 286]. After that, the samples were
immersed in de-ionised water for 24 hours, and the sodium chloride crystals were dissolved
and leached out from the pieces. PDMS and CA weight proportions were prepared with five
different ratios, which were used: 5:1, 10:1, 15:1, 20:1, and 25:1 (w/w) to adjust the degree
of crosslinking, whilst the weight ratios of NaCl crystal and PDMS were kept according to
the following ratio to change the porosity of the prepared porous matrix: 1:1, 2:1, 4:1, 6:1,
and 8:1, which are expressed as 50%, 67%, 80%, 87%, and 89% respectively. According to
the PDMS ratios and NaCl ratios, the porous scaffolds were presented as ‘X - Y’, which X

is the ratio of PDMS with CA and Y is the percentage of sodium chloride.
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After locating the modulus needed from the porous PDMS matrix by controlling the
porosity of the structure. Referred to Young’s modulus of different stages of OA cartilage
from previous research, the artificial cartilage scaffold was chosen to replicate different OA
cartilage stages. Four NaCl fractions were chosen for the four stages of OA cartilage, which
were 3.5:1, 5:1, 6.3:1 and 7.5:1. Therefore, porous PDMS was prepared to 10:1 - 78%, 10:1 -
83%, 10:1 - 86% and 10:1 - 88% as substrate. These four series of porous PDMS substrates
were immersed in 10% hydrochloric acid (HCI) solution for 24 hours and washed by distilled
water for three times. The HCI treated substrates were immersed in 2 wt.% PVA solution
for 10 minutes and then dried under 60 °C, the PVA solution infiltration and dry steps were
cycled for three times. Lastly, the samples were incubated in a vacuum oven at 110 °C for 1

hour.

4.2.3 Microstructure characterisation

Porous PDMS scaffold properties were scanned by X-ray microtomography by Bruker
(Skyscan 1172, Coventry, UK), and the power was set as 70 kV voltage and 80 pA current.
The camera pixels set for structure section images were 14.88 pm. The software ‘CTvol’
was used to analyse porosities and interconnectivity. For all chosen sections, the region of
interest was set based on a round section with a 5.5 mm radius. To calculate the porosity ¢

the Equation 4.1 was used:

6(%) = (Viotat — VPDMS) « 100% (41)
‘/total

where Vppyrs is the volume of solid material, while V;.,; is the total volume of the region
of interest that is a cylinder of 0.3 mm thick with 5.5 mm of cross-section radius. Porous

PDMS surfaces were generated by a tabletop SEM (TM3030, HITACHI, UK) at a voltage
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of 15 kV and a magnification 400 x.

4.2.4 Surface morphology

The planar PDMS coated with PVA was used for film morphology test, the samples
were tested by AFM (Dimension 3100, Veeco, Cambridge, UK) and SEM (7000F, JEOL,
UK). The PNP-TR-Au (Nanoworld, UK) cantilever used for scanning PVA film, the 0.08 N

m~! was chosen. SEM parameters were at the voltage of 10 kV and 2000 x magnification.

4.2.5 Surface chemical groups

Fourier transform infrared spectroscopy (Nicolet 380, Thermo Fisher Scientific, UK)
detected the porous PVA coating on PDMS, the wavelength measured from 500 - 4000
cm~!. Planar PDMS, planar PDMS coated with PVA, 10:1 - 78%, 10:1 - 83%, 10:1 - 86%
porous PDMS coated with PVA and 10:1 - 78% porous PDMS were used for surface chemical

groups measurement.

4.2.6 Surface energy measurement

Planar samples were used for the surface energy measurement. 4 pl droplets were
dropped on PDMS, hydrochloric acid treated PDMS and PVA-coated PDMS. The contact
angles were captured by the machine Contact Angle Goniometer (Ossila, UK), and the angles

were analysed and calculated by ImageJ.
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4.2.7 Nanomechanical properties

Atomic force microscope with a Nanoscope Controller (Dimension 3100, Veeco, Cam-
bridge, UK) helped to obtain the force curves from porous PDMS. The 40 N m~! spring
constant tipless cantilever was used for indentation, and a borosilicate colloidal probe (Apex
Probes Ltd, UK) was glued on the tipless cantilever. The radius of colloidal probe was 4
nm, and the force applied on the samples was 1 pN. The Hertzian behaviour and spherical
probes used on the cantilever tips make it suitable to fit and calculate Young’s modulus of
the elastic samples with the Hertz model [287, 288|. The Young’s modulus was given by the
average of 100 force curves and calculated automatically by using Python nanoscope analysis

code, and the code used the following Equation 4.2.

F =—2—VRs2 (4.2)

where the E is Young’s modulus, F is the force applied on the samples, v is the Poisson’s
ratio of PDMS, which is 0.5 as reported [138|, R is the radius of colloidal probe, and the §

is the indentation depth, which was obtained from the Nanoscope package automatically.

The Young’s modulus of porous PDMS coated with PVA was obtained in nanoscale and
microscale indentation. The nanoscale indentation on PVA-coated PDMS used AFM, which
is same as porous PDMS. A self-built microindentation with a 1.5 mm diameter planar tip
was applied indentation on porous PDMS coated with PVA, and the maximum load set up

for the indentation was 1 N.
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4.2.8 Tribological measurement

A customer-built model [289] was used on the microtribometer (Longshore Systems
Engineering, UK) for tribological measurement. The test was carried out in distilled water.
A 3 mm diameter borosilicate ball applied 30 grams load on the porous PDMS. For each
sample, the glass ball slid 7 mm in length with 0.5 mm s~! velocity, and it repeated five
cycles. The static friction was discarded in the coefficient of friction (CoF) calculation.
The contact pressure during the tribometer measurement was 0.208 MPa. The PVA-coated
PDMS tribological property was tested by Forceboard single system (Industrial Dynamics,
Sweden) and tribometer. In Forceboard measurement, put the load of 0.5 + 0.2 N on
sliding, and the tribometer applied 30 g on the load. The contact pressure during the
Forceboard measurement was 0.354 4+ 0.142 MPa. Both Forceboard and tribometer used a

1

3 mm diameter borosilicate ball as the contact surface, the sliding velocity 0.5 mm s™, and

the sliding length of 7 mm was applied to both facilities.

4.3 Results

4.3.1 Porous PDMS

4.3.1.1 Morphology and 3D structure

Porosity was introduced to a series of PDMS mixtures of varied elastomer: CA ratios
using NaCl crystals. Upon mixing, the fraction of the NaCl crystals, alongside the rheological
properties of the PDMS mixture, determine the distribution of the NaCl crystals in the
matrix, which will become the voids in the final porous matrix. It can be observed that the

more NaCl included in the mixture, the greater porosity of the matrix. In previous studies,

66



Fabrication of three dimensional porous artificial cartilage based on PDMS

the pore sizes were found to be dependent on the size of the crystals [163, 283|. Therefore, in
the present study, the diameter of the crystals was kept constant at approximately 200 pm.
The viscosity of the PDMS was found to change as a function of the cross-linking agents [259]
- the weight ratio of elastomer was kept less than 25:1 since the PDMS-crystals mixtures
could not reach a steady porous solid state. It is estimated that each individual NaCl crystal
would experience a similar magnitude of the gravitational force of 0.170 nN, buoyance force
0.081 pN, and viscous force that is dependent on the viscosity of the surrounding medium,
around 0.720 pN. Sedimentation of NaCl crystals to the bottom half of the mixture was
observed for mixtures where a low fraction (50 and 67 wt.%) of NaCl was used, which was
driven by the overall force experienced at individual crystal levels. This resulted in a less
homogeneous distribution of pores across the PDMS matrix after being cured in the vacuum
oven for two hours. Therefore, all the scanning and test are based on the bottom 3 pm

thickness piece of every sample.

(a)

Figure 4.1: Three-dimensional structure of porous PDMS ((a) 5:1 - 67%; (b) 5:1 - 89%)
constructed by X-ray tomography. The white part is the PDMS content and the grey part

is the pores.

The three-dimensional scanning by X-ray microtomography shows similar morphology

as surface morphology scanning, which internal structure is pore structure, and the porous
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scaffold is constructed by thin crosslinked PDMS fibrils. The lower filling of sodium chloride

structure can be observed in large PDMS bulks connected, and the structure of 5:1 - 89%

are most connected as fibril rather than massive PDMS.

Elastomer : CA ratio

Fraction of NaCl (%)

Figure 4.2: Section layers scanned by micro-CT of porous PDMS matrices prepared in three

elastomer: CA ratios with additional salt in five different concentrations.

Three-dimensional structural information, including shape, size, geometry, and inter-
connectivity of pores, of all porous PDMS samples was established from the bottom side
of the matrices using X-ray tomography. Figure 4.2 lists all sections of different elastomer:
curing agent ratios and NaCl ratios, the sections of each sample are looks with similar ap-

pearance, so the Figure 4.2 only picked one from each sample. From Figure 4.2, it can be
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observed that the connectivity of PDMS is thinner when the sodium chloride ratio increased,

which was the same as what was observed from the three-dimensional structure.

NMUD10.7 x30 - NMUD8.1 x40

Figure 4.3: Surface SEM images of porous PDMS surface (Left: 5:1 - 67%; right: 5:1 - 89%).

In Figure 4.3, SEM surface scanning compares 5:1 - 67% and 5:1 - 89% of porous PDMS,
which has a significant difference in the surface morphology. For instance, when the NaCl
ratio is 67%, the surface is shown as planar with pores, which is from the contact of the
bottom of petri dishes during the preparation, and the holes were the sinking of sodium
chloride crystals. On the other hand, with the NaCl: PDMS ratio came to 89%, the sinking
of sodium chloride crystals was full filled the bottom of PDMS, which caused the surface
of 5:1 - 89% all showed the shape of sodium chloride. Even though the interior has fibrous
structure for both low and high NaCl fraction PDMS, it could be only observed that the
edge of where crystal leached out contributed fibrous structure on the surface in high NaCl

fraction PDMS, but not the low fraction porous PDMS.

Based on the X-ray microtomography model analysis, Figure 4.4(a) shows the porosity
which was calculated by the Equation 4.1. For each set of PDMS samples, the porosity keeps
constant with the changing of PDMS and CA ratio, and porosity is found to increase with
the increase of NaCl fraction. On the contrary, Figure 4.4(b) shows that the connectivity

decreases with the increase of NaCl fraction. The overall range of porosity covers from 55%
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Figure 4.4: (a) Porosity and (b) connectivity density of porous PDMS matrix as a function
of the concentration of NaCl in the same 3 porous matrices where the elastomer is mixed

with curing agent in ratios 5:1, 10:1 and 20:1.
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to 80% and inter-connectivity covers from 230.0 mm™ to 2297.5 mm 3, and the magnitude
by which porosity changed showed barely any dependence on the ratio between PDMS and
CA. Tt confirms that sodium chloride crystals are the primary element for the structure of

porosity.

Although porosity of cartilage is not included as a criterion for OA diagnosis because
no trend is drawn between porosity and OA stages, a diversity of porosity values has been
reported in the literature for cartilage affected by OA [68, 243, 248]. The porous PDMS
matrix developed can represent a broad range of porosity, from 63% to 81%. It is possible to
further increase the porosity by using NaCl crystals of reduced size with greater concentra-
tions, which was accomplished in several previous works where maximum porosity was up to
90% [163, 257]. In addition, the porous platform could facilitate the additional flux of poly-
meric and cellular substances [290], which is an essential factor for the ultimate application

of using artificial cartilage samples for in wvitro tests.

4.3.1.2 Young’s modulus

From previous PDMS elastomer studies, it is well established that increasing of concen-
tration of crosslinking agents would establish a stiffer PDMS elastomer [291, 292]. Combined
with SCPL methods, it approached to control the mechanical properties of porous PDMS
matrix. The Young’s modulus of porous PDMS was quantitatively measured by colloidal
AFM probes by the nanoindentation method. Figure 4.5(b) shows the values of Young’s
modulus by NaCl fraction and crosslinking agent ratios. Between the five series of PDMS
samples, it was found that increasing the concentration of CA can significantly improve the
Young’s modulus of PDMS, which is consistent with the literature. A similar effect can also

be accomplished by increasing the fraction of NaCl crystals used.
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Figure 4.5: (a)Force curves of some of porous PDMS samples in AFM force measurement.
(b)Young’s modulus as a function of the concentration of NaCl in five porous matrices where

the elastomer is mixed with curing agent in ratios 5:1, 10:1, 15:1, 20:1 and 25:1.

Figure 4.5(a) shows some force curves of porous PDMS. Figure 4.5(b) shows a significant

tendency that the Young’s modulus of porous PDMS decreases whilst the decreasing of
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curing agent. Compared to the same concentration of curing agent ratio of PDMS, it can
be seen that the increase of NaCl fraction decreases Young’s modulus. The most significant
Young’s modulus value in this set is 1.5 MPa, which is measured from sample 5:1 - 50%
with the highest CA concentration and most little NaCl fraction; and the lowest Young’s
modulus value from 25:1 - 87%, which has the lowest CA concentration and the highest
NaCl fraction in the series. These two extreme values and the tendency shown in the Figure
4.5(b) confirm the hypothesis based on previous studies [259-262, 293| that both porosity
and Young’s modulus were expected to be adjusted by the changing of CA and NaCl ratio in
the preparation. Therefore, these two parameters could have a synergistic effect to further
expand the range of coverage, which is broadly aligned with the values reported previously
using PDMS and other polymer-based materials [135, 254|. A result does not be claimed
in the Figure 4.5(b) is 25:1 - 89%, because a smooth indentation curve was difficult to be
captured by AFM. In fact, PDMS has been reported that the adhesive force is correlate
to the curing agent ratio. The less curing agent ratio in PDMS made the matrix much
sticky [294, 295], which is consistent in this work. At the same time, the increase of NaCl
fraction increases surface roughness. Even though it was reported that rougher surface
decreases elastic solid surface adhesion [296], the present work showed that the rougher
surface enhances the adhesion force. This could probably because that the indentation
behaviour expanded the rough PDMS surface to a smooth contact surface with sphere probe,
which resulted to a larger contact area [297, 298|. In addition, the deformation was found in
the AFM measurement that the modulus values kept decreasing from the first indentation
to the final indentation. It can be explained by the crosslinking structure being stretched at

an unobservable scale, which manifests as Young’s modulus decreasing each test.

Porous materials with controllable mechanical characteristics are highly desirable as
artificial cartilage: natural materials tested previously were too soft (low modulus) to sustain

any applied load [31, 252|, which is unsuitable for replicating human cartilage. The porous
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PDMS matrix fabricated in the present study covered a similar range of Young’s modulus
compared to cartilage [299-301], which offered exceptional mechanical properties. More
importantly, changing the crosslinking density and porosity can be used as an effective
platform to generate a series of artificial cartilage, replicating the deteriorated mechanical
integrity observed in the degenerated natural cartilage as the OA progresses [68, 70, 247,
248, 302].

4.3.1.3 Tribological properties

For the purpose of mimicking OA cartilage, a custom build microtribometer has been
used for testing porous PDMS tribological properties. Figure 4.6(a) shows an example of
porous PDMS frictional raw data, which are samples 5:1 - 50% and 20:1 - 50%. Figure 4.6(b)
shows the porous PDMS CoF at different concentration of curing agent and fraction of NaCl
crystal. The lowest friction coefficient of the series was obtained from 5:1 - 50%, with value
of 0.033 4+ 0.002; the CoF measured from 25:1 - 87% has the highest value of the series 0.133
4 0.010.
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Figure 4.6: (a) A frictional raw data example of model 5:1 - 50% and 20:1 - 50%. (b) CoF
as a function of the concentration of NaCl in five porous matrices where the elastomer is

mixed with curing agent in ratios 5:1, 10:1, 15:1, 20:1 and 25:1.

The concentration of curing agent and filling dependence is similar to the behaviour
of Young’s modulus, which could be confirmed by the well-established contact mechanics

[303, 304]. As the SEM images show in Figure 4.3, the surface morphology of sample 5:1 -
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89% has significant cubic holes due to the dissolved salt crystals. Oppositely, sample 5:1 -
67% is found with smooth surface with a few pores. Obviously, the contact surface area is

determined by the physical geometry of two objects.

The porous structure of cartilage and the hydrogel structures are described with the
poroelasticity model before, which considers the physicochemical interactions at the contact
interface, the deformation under compression, and the contribution of the interstitial fluid

upon the applied pressure [305-308].

The surface of OA cartilage suffered from the impact of the degeneration is unavoidable
and undeniable. The CoF and the surface roughness increase in a positive correlation.
Cartilage from late-stage patients has a surface rougher than patients suffering from early-
stage OA. The range of CoF is wide, which could be affected by the measuring duration,
loading configuration and solution measured. Here the suite of porous PDMS proved to be
able to reproduce the tendency of the change of surface properties with OA by using the two
influential factors: CA and NaCl concentration. Increasing the fraction of sodium chloride
and reducing the ratio of the curing agent could effectively replicate the degeneration of the

surface’s cartilage tissues.

Previous studies [308] shown that the tribological characteristics of porous matrix is
related to the equilibrium friction coefficient p.4, and the time-dependent fluid load fraction

F; with the Equation 4.3 below

j = fieq(1 — Fy) (4.3)

which suggests that a high fluid load fraction could effectively help to further reduce the

overall CoF', and vice versa. Péclet number, P., was used to evaluate the time 7 required to
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drain the liquid out of the contact region versus the actual contact time that is a/V, whereby
a is the contact radius and V is the sliding velocity [309]. An analytical model developed by
Moore and Burris [308] suggests that a large P, is essential for effective interstitial lubrication

that underpins the exceptional tribological properties of articular cartilage. The P, can be

defined as

where E, is the equilibrium compression modulus and k is permeability, respectively.

Furthermore, the fluid load fraction of the frictional force can be calculated upon the

calculated P,

P, V-.a
Fy= =V .
PoA1 V-a+FE. -k

(4.5)

In the present work, both sliding velocity (V) and contact pressure, consequently radius
of the contact area (a), were kept constant. A reduction in either compression modulus
(E¢q) or permeability (k) would result in an increase of the Péclet number and the fluid load
fraction, and subsequently a decreased CoF. However, when the present work attempted
to fit permeability against equilibrium friction coefficient, the permeability did not show
the reduction tendency as expected. The fitted equilibrium friction coefficient 1., is much
lower than the matrices friction coefficients obtained from experiment, which is contrary
to the physical mechanism that ., should higher than CoF. Even though the fitting force
the pe, is higher than p, the permeability could not reach to a well tendency. Hence, it

is essential to obtain the p., of porous PDMS for the mathematical fitting in future work.
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Furthermore, the permeability of a porous PDMS is able to be measured [310], which is
one of the important parameter of porous models. The permeability shows the fluid flow
rate through the medium, which is related to establish the extent of pore percolation and
tribological property in aqueous environment. Refer to the Equation 4.4 and 4.5, it is
essential to measure the permeability of porous PDMS in future work, which can help to

establish a mathematic model for artificial cartilage system tribological property.

4.3.2 Porous PDMS coated with PVA

4.3.2.1 Surface morphology and thickness

As the PDMS surface chemical property is hydrophobic and the aqueous cartilage sur-
face is hydrophilic, the PVA was introduced in this project for coating on the porous PDMS
matrix. PVA film coating on PDMS has been confirmed to modify the surface chemical
properties in previous studies [144, 266, 281]|. Therefore, AFM and SEM are used for cap-
turing the surface of planar PDMS coated with PVA. Figure 4.7 exhibits the images of SEM
and AFM, both images show the wrinkle on the surface. The distance of wavelength L =
4.81 £+ 0.70 pm. Compared to the porous PDMS substrate, the PVA shrinking film provides
a rougher pattern on the surface rather than the smooth surface form from solidified PDMS

and the NaCl crystals.
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Figure 4.7: Surface images of planar PDMS coated with PVA captured by (a) SEM and (b)

AFM (ambient).

The wave pattern of PVA film was caused by the high temperature (110 °C) heating in
the preparation, because the pure PDMS curing at the same temperature did not show any
wave pattern in the present work as a benchmark. A similar pattern was reported when the
PDMS was coated by Au/Ti film. As shown in Figure 4.8, both ordered and disordered wave
patterns were found by Whiteside et al. [311, 312| that the film bucked when the PDMS
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was heated to 110 °C and cooled, and the shrinking was explained due to the expanded of
PDMS and then the film coating contracted with the PDMS surface in different rate [311-
313]. In fact, when the deposition temperature is much higher than the experiment applied,
the mismatch of film expansion and substrate expansion will make residual thermal stresses

inevitably arises [314].
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Figure 4.8: Schematic diagram of (a) the preparation of PDMS coated by Au/Ti, and (b)

one of the surface film pattern exhibition [311].

When the PDMS surface is exceptionally smooth and the temperature is lower than the

deposition temperature, the wave pattern will be ordered, and the equation below can be

used to estimate the film thickness [311].
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oy — Ll ]‘imenTD —0) (4.6)
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L ~ 4.36t( PPV ar 4.31H(=2)5 & 27.90¢ (4.8)
(Ep(1 —v7) p
En Ep am ap Vm Vp

707.9 MPa [315] | 6.9 MPa | 70 pm m~! °C~1 [316] | 310 pm m~! °C~! [317] | 0.45 [318] | 0.48 [311]

Table 4.1: Parameters required in Equation 4.6

The equi-biaxial compressive stress oy (MPa) of film was given by Equation 4.6 [319],
where T is the temperature used for film heating, and Tp (°C) is the deposition temperature
of PVA. E,, (MPa) and E, (MPa) are the Young’s moduli of PVA and PDMS, and a, and a,
(°C™1) are the PDMS and PVA film coefficients of the thermal expansion, v,,, and v, are the
Poisson’s ratios of PVA and PDMS. The equi-biaxial compressive film stress arises because
the thermal expansion coefficients of PDMS and (PVA) film has a considerable mismatch,
which is more than four times [311]. When the temperature is cooled down, the equi-biaxial
compressive stress will increase and the film started shrunk at the critical value which is
the critical compressive stress o+ (MPa) (Equation 4.7) [320]. The wavelength L (pm)
and the thickness of the film t (pm) are calculated based on the correlation between the
sinusoidal wave pattern and thickness in Equation 4.8 [320]. According to values required in
this study (Table 4.1), it can be calculated that the critical compressive stress og.;; is 11.28
MPa. According to the wavelength was measured that L = 4.81 + 0.70 pm, the PVA film

thickness t in this study can be calculated to 0.17 pm.
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The interferometer captured a similar pattern as Figure 4.9 shows, the order and disorder
wave patterns can be observed on the surface of planar PDMS coated with PVA. The surface

roughness of planar PDMS coated with PVA was calculated as S, = 0.32 £ 0.02 pm.

Figure 4.9: Interferometer image of the surface of planar PDMS coated with PVA in ambient.

4.3.2.2 Modified surface properties

To validate the PVA coating on the PDMS, planar and porous PDMS and PVA-coated
PDMS surface were characterised by FTIR. The wavenumber was detected from 500 cm™?
to 4000 cm™'. Figure 4.10(a) and (b) show the infrared spectrum curves of the samples.
All the samples had the characterised peaks of Si-CHs bonding at 789 cm™! and 1259 cm ™!
and Si-O-Si bonding at 1020 cm™!, which are the typical peaks of PDMS. Compared the
chemical structure diagram between PDMS and PVA, oxhydryl (-OH) is the specific end
group in PVA. According to the previous studies, the infrared spectrum curve of PVA shows

a broad peak at 3200 cm™!, which is the adsorption of hydrogen bond groups [321, 322].

Therefore, the peak at 3200 cm ™! can be used for validating the PVA coating on the PDMS.
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Figure 4.10: (a) FTIR optical of PDMS and PVA-coated PDMS matrices. (b) FTIR optical
of porous PDMS coated with PVA in different porosity.

Compared to the PVA-coated PDMS and pure PDMS, a weak and broad peak can be
observed in Figure 4.10(a) at around 3200 cm~* on PVA-coated samples, and it shows planar
lines at 3200 cm~! on pure porous PDMS samples. With the increase of sodium chloride
filling which grows the porosity of scaffold, the Figure 4.10(b) indicates the change of peaks
between planar and different types of porous PDMS coated with PVA. The peak at 3200
cm ™! weakens when the sodium chloride fraction of PVA-coated PDMS increases, especially
the sample 10:1 - 86%, which does not show a peak but a straight line around 3200 cm~!.

The similar appearance was observed in a FTIR work by Shi et al. [323] that the higher
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concentration of silica added as the pore-foaming agent, the lower height peaks showed for

the samples.

Figure 4.11 shows the surface energy comparison between the PDMS, PVA-coated
PDMS and HCl-treated PDMS, which were tested on the planar samples. As shown in
Figure 4.11, the PVA-coated PDMS shows a lower contact angle to the 10% hyaluronic acid
treated PDMS. Compared to the pure PDMS, the contact angle after HCI treated is de-
creased from 115.0 + 1.0 ° to 69.9 + 1.0 °, and the contact angle of PVA-coated PDMS is
59.6 + 2.8 °. Reported from previous PVA coating work [266], the surface contact angles
are similar to the present work, which is 71.5 °. Therefore, the surface chemical property of
porous PDMS has been changed from hydrophobic to hydrophilic by PVA coating, which is

same as the typical surface hydrophilicity of cartilage [57, 58|.
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Figure 4.11: Contact angles of distilled water on PDMS, PDMS coated by PVA, and HCI
treated PDMS.

4.3.2.3 Young’s modulus

The modulus of porous PDMS coated with PVA was measured by AFM and microin-

dentation. The AFM measurement procedure was same as the porous PDMS, and the
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microindentation was measured by a 1.5 mm diameter planar tip, the maximum force ap-
plied was 1.0 N. As shown in Figure 4.12, the AFM results show that the Young’s modulus
of PVA-coated PDMS matrices are from 5.04 + 1.48 MPa to 1.84 + 0.58 MPa, and the mi-
croindentation measured the modulus of matrices are from 0.28 £+ 0.01 MPa to 0.03 4 0.003
MPa. Both tests showed that PVA-coated PDMS has the same tendency as porous PDMS,
it can be observed that the increase of NaCl fraction in matrices decreases the modulus of

PVA-coated PDMS.
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Figure 4.12: Modulus as a function of the concentration of NaCl in matrices, and the com-
parison between PDMS and PVA-coated PDMS. (a) AFM force curves of porous PDMS
coated with PVA. (b) Young’s modulus measured by AFM; (c) modulus measured by mi-

croindentation.

The coating of PVA film provides enhancement on the PDMS surface. The modulus of
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PVA is much higher than the PDMS. The PVA Young’s modulus was reported as 707.9 MPa
[315], and the classic PDMS, with the curing agent ratio of 10:1, was reported as 2.61 MPa
[137]. From Figure 4.12, it can be observed that the modulus of PVA-coated PDMS has a
significant increase from the pure porous PDMS structure in both AFM and microindentation
results. Compared to the modulus value results from two facilities, there is a giant difference
between the same samples, and this was caused by the measurement method differences. In
the AFM measurement, the radius probe was 4 pm with the indentation depth of 1 - 3 pm,
while the microindentation measurement used a 6 mm radius flat tip, with the indentation
depth higher than 1 mm. As the thickness of the scaffold was 3 - 4 mm and the surface
diameter was 12 mm, the contact area and indentation depth in the AFM measurement were
not sufficient to represent the whole porous structure modulus. Furthermore, with the 0.044
pm PVA film, the AFM indentation was much more applied on the PVA film rather than
the scaffold. Therefore, the altering of PVA coating PDMS with porous PDMS modulus in

AFM measurement was larger than the microindentation.

4.3.2.4 Tribological properties

Tribological experiment of PVA coated porous PDMS was tested by Forceboard and
microtribometer, both facilities measurement were took place in ambient and water. As
shown in Figure 4.13, most of CoF results show a tendency with the change of NaCl fraction.
In both microtribometer and Forceboard aqueous tests, the 10:1 - 78% has the lowest CoF
values, which are 0.010 4+ 0.0002 and 0.924 4+ 0.137, respectively. The largest CoF is in the
ambient test of sample 10:1 - 88%, which has the CoF as 0.270 + 0.004 and 1.570 £ 0.726

in microtribometer and Forceboard test respectively.
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Figure 4.13: CoF as a function of the concentration of NaCl in PDMS and PVA-coated
PDMS, which was measured under the ambient and water. (a) Tribometer measurement
raw data of 10:1 - 67% porous PDMS (ambient and water) and 10:1 - 67% PDMS coated

with PVA (water); (b) CoF measured by Forceboard; (c¢) CoF measured by microtribometer.

Figure 4.13(a) shows some of raw data of tribometer measurement of porous PDMS
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and porous PDMS coated with PVA, which are 10:1 - 67% porous PDMS measured in
ambient and water, and 10:1 - 67% PDMS coated with PVA measured in water. In Figure
4.13(a), it could be obvious observed the difference of friction force between porous PDMS
and porous PDMS coated with PVA. Figure 4.13(b) displays the CoF of PVA-coated PDMS
and the porous PDMS measured by Forceboard, which illustrates the CoF of porous PDMS
is significantly higher before PVA film coated. The wettability of PVA film coated samples
have been changed from porous PDMS, which was reported to increase the surface adhesion
force [324-326]. Compared to the water and ambient tests, all aqueous CoF values are lower
than ambient, which is commonly reported that water is affected as the lubricant [327, 328|.
It can be observed that the planar PDMS coated with PVA in ambient is higher than the
planar PDMS, which is opposite to the other series of tests. This can be explained by the
wave pattern on the planar PDMS coated with PVA as Figure 4.7 shows, the pattern on
the matrix surface increases the surface roughness, and the surface roughness values was
confirmed positive correlated to the CoF values of the surface [329-332]. As shown in Figure
4.13(c), the microtribometer results show the same tendency as Forceboard results that the
CoF tested in water are lower than the ambient CoF values [311, 319]. The CoF of 10:1 -
78% PVA coated matrix is lower than 10:1 - 50% porous PDMS shown in Figure 4.6, 10:1 -
86% PVA coated matrix is lower than 10:1 - 80% porous PDMS shown in Figure 4.6, which

confirms that the PVA coating efficiently decreases the CoF of porous matrices.

4.4 Discussion

4.4.1 Porous PDMS

The thickness of porous PDMS has been controlled and limited to under 4 mm, which

followed the introduction of the SCPL method to easy leaching out the salt particles [165].
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From this work, the sodium chloride fraction under the 67% was still found particles left
in the matrices (Figure 4.14), which is undoubtedly surrounded by the PDMS elastomer.
Hence, the fraction of salt crystals should be controlled to higher than 67% in the further

work to leach out the particles entirely.

Figure 4.14: A section of 10:1 - 50% porous PDMS with an undissolved sodium chloride

crystal.

To replicate the OA cartilage, the fibril structure of interior PDMS is similar to the
articular cartilage. As the surface of healthy articular cartilage has no fibrous structure
explored, the low NaCl ratio matrix has an analogous surface to mimic the early stage of
OA cartilage, and the high NaCl ratio matrix surface, which explored the fibrous structure,

could be acquired to mimic the late-stage OA cartilage with surface degenerated.

As the SCPL preparation does not involve chemical reaction, the correlation between

the porosity and NaCl fraction should be calculated by the followed equation:
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Viotat — VPDMS Vinact
o(%) = x 100% = % 100%
= Viotal VNact + Vepurs
MmNaCl MNaCl
- mNacszaC"llPDMs x 100% = m pN(alcj“)m x 100% (4.9)
PNaCl PPDMS NaCl a NaCl
PNaCl PPDMS
0.965a
= ———F x 100
216 — 1.195q ~ 100%

where the my,c; and mppyss are the weight of sodium chloride and PDMS, pya.ci and
pppms are the density of sodium chloride and PDMS. And a is the fraction of NaCl in the
matrix, which was calculated by the average of 5:1, 10:1 and 20:1 scaffolds. By substituting
the fraction of NaCl and porosity measured from micro-CT, Figure 4.15(a) shows that the
porosity results did not fit with the Equation 4.9. This is because the measurement of
porosity chose the 0.3 mm in the bottom for the superficial zone porosity, which had direct
contact with the tribological measurement. From Figure 4.15(a), it could be noticed the
higher NaCl filled, the better porosity fitted to the equation, and the 89% samples can be
observed that crystals had fully filled the matrix and no sinking of NaCl. Therefore, it could
assume that the porosity measured in this study is for the surface and impacted by the
sedimentation, the lower fraction of NaCl in the matrix has a larger error than the principal
calculation. Therefore, a parameter C is introduced for neutralising the influence of particle
sinking, based on the principle of porosity calculation, a similar fitting is assumed as the

following equation:

0.965a

o8 = (5151195

+ O % (1—a)) x 100% (4.10)

By fitting to the porosity measured from porous PDMS, the parameter C was fitted as
0.480 + 0.043. As shown in Figure 4.15(b), the porosity of porous PDMS in this work is

better agreed to the Equation 4.10. Therefore, the equation 4.10 can be used for the further
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porous PDMS porosity prediction.
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Figure 4.15: Fitting curves of equations according to the porosity of the porous PDMS as a

function of NaCl fraction used in preparation. (a) Fitting curve fitted by Equation 4.9; (b)
fitting curve fitted by Equation 4.10.

It has been described the correlation of Young’s moduli with porosity in an equation
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[333-335):

E = cEy(1— ¢)" (4.11)

where E is the Young’s modulus of samples, Ej is the Young’s modulus of the materials
without pore, and ¢ is porosity, which was used to fit the experimental results of the present
work. The ¢ and n were reported that 0.1 < ¢ < 4 and n ~ 2 [333|. As the porosity is not
correlated with the curing agent ratio of PDMS, the porosity values used for the fitting are
averaged the results of 5:1, 10:1 and 20:1 (Table 4.2).

NaCl fraction (%) | Porosity (%)
50 55.19 £ 0.007
67 63.34 4+ 0.005
80 71.53 + 0.019
87 78.31 £ 0.002
89 79.66 £ 0.002

Table 4.2: Average porosity of different NaCl fractions calculated from the porosity results

of X-ray tomography.

Based on the equation 4.11, when ¢ = 1 and the n = 2, the equation is well fitted
to the results in present study, and the fitted Ey values are listed in Table 4.3. As Figure
4.16 appears, the model equation between Young’s modulus and porosity well described the

behaviour of different ratios of curing agent of PDMS.
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PDMS: CA | Eq (MPa)
5:1 8.24 + 0.85
101 | 7.13 + 0.23
151 |3.39 + 0.22
20:1 | 1.87 & 0.36
25:1 | 1.03 4 0.90

Table 4.3: Non-porous PDMS Young’s modulus of different CA ratios fitted by Equation

4.11.
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Figure 4.16: Young’s moduli and coefficients of friction of the porous PDMS matrix as a

function of porosity (scattered) and their best fits (dashed lines).

In previous studies, the Young’s modulus of poroelastic models was reported as strain
rate correlated [336, 337]. In the present work, the comparison was focused on the modulus
difference between different preparation parameters rather than the change of same model.

Therefore, this study used the unified measurement condition for all samples have kept
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reliable of comparison results.

According to the surface properties of OA cartilage in previous studies, the frictional
coefficients increase correspondingly with the increase of surface roughness [70, 338]. The
increase of porosity by adding NaCl has been shown to the link of surface roughness in SEM
images in Figure 4.3. As the relationship between CoF and porosity shown in Figure 4.6,
the increase of CoF corresponded with the increase in porosity. It has been concluded as an
equation from the previous study that CoF has an inverse correlation between contact areas
[339], which means the increasing of pores on the surface increases the CoF on PDMS, this

is the same as the tendency shown as the study results in this work.
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Figure 4.17: Cartography of the suite of porous PDMS (filled circles) prepared with different
Young’s modulus and CoF compared with the stages (S) of OA (open circles). The range
size of the filled circles is linked to the range of porosity from 55% to 80%, the smaller
diameter the lower the porosity. The groups of colours represent the 5 different elastomer to

CA ratios.

As the clinical observation on OA patients’ cartilage, the deteriorated progress of OA
disease usually along with the increasing of the CoF on friction sliding, and degenerated to
the softer tissue [70, 340], which is performed in measurement as lower Young’s modulus.
The mechanical properties variation tendency of OA progression is the same as the increase
of porosity for porous PDMS in this study. The Young’s modulus and CoF different stage
of OA cartilage has been plotted with the porous PDMS measured from the present work in
Figure 4.17. The standard deviations are smaller for the porous PDMS than for human OA

cartilage and allow a diversity of the properties of the structures within the same stage of
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OA, such as porosity.

The mechanical properties of different ICRS grades cartilage had been reported in mas-
sive of previous studies, which has been shown in the Table 2.1 and the absolute values
in these studies showed a wide range. According to the review literature about bio-tissue
mechanical measurement, the results showed two significant appearances that the values was
influenced by the specimens individual differences, and as well as the measurement methods
impacted the final results [287, 341, 342|. Therefore, for mimicking the different stages of
OA cartilage, the similar test methods results were chosen for this work. The Young’s mod-
ulus and CoF for cartilages of different OA stages and the porous PDMS samples prepared
in the present work are presented in Figure 4.17, as grey open circles and coloured circles
respectively. The standard deviations are smaller for the porous PDMS than for human OA
cartilage and allow a diversity of the properties of the structures within the same stage of
OA, such as porosity. The suite of PDMS provides a good range of Young’s modulus and
porosity to replicate the different stages of human OA and their diverse mechanical and
structural properties, despite that further improvement can be made to increase the CoF
that are for now lower than those presented by the real cartilages affected by OA [68, 70,
343]. This could be achieved by increasing the roughness of the surface and introducing a
positive gradient of CA concentration from the bulk to the top surface. The reported values
of Young’s modulus for cartilage are approximately 0.60 - 0.80 MPa, 0.50 + 0.14 MPa, 0.37
+ 0.13 MPa, and 0.28 £+ 0.12 MPa for stages 0 to stage 3, respectively [68|, which is well

within the range explored in the present work.

As the artificial cartilage scaffold with the purpose of replicating different stages of
OA cartilage, similar modulus porous PDMS was prepared according to the Equation 4.11.
With the standard PDMS curing agent ratio 10:1, the fractions of NaCl were calculated as
3.5:1, 5:1, 6.3:1 and 7.5:1, which were expressed as 10:1 - 78%, 10:1 - 83%, 10:1 - 86% and

10:1 - 88%. Considered the ‘smart’ surface that cartilage was hydrophobic in air-dried, the
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porous PDMS scaffold could be used for the ambient cartilage research substrate [57, 58|. On
the other hand, the cartilage hydrophilic surface property in the aqueous environment was

different from the PDMS surface, therefore, the surface modification scheme was proposed

with PVA film coated.

4.4.2 Porous PDMS coated with PVA

In Forceboard measurement, the wave pattern on the surface changed the surface rough-
ness, and increased the CoF of the planar PDMS coated with PVA because of the correlation
between the surface roughness and coefficient and friction [329-332|. Nevertheless, the CoF
tests of planar PVA-coated PDMS samples under the water were too low to be measured,
compared to the pure planar PDMS, it could be confirmed the wave pattern was removed
by water. In fact, a test was used for validating it is easy to remove the wave pattern from
PVA-coated PDMS in the aqueous environment. The planar PVA-coated PDMS was im-
mersed in the water for 5 minutes and then scanned the surface morphology by AFM, and
the results showed the surface was smooth flat. Therefore, the aqueous measurement can
ignore the influence of the wave pattern. On the other hand, the roughness of the wave

pattern of PVA coating film was much less than the high roughness of the porous structure.

Different temperature prepared PVA film were measured with contact angles in previous
study, and it was reported that the contact angle was depended on the baking temperature
[344], and the PVA film contact angles increased from 48 + 1 ° when the baking temperature
was 20 °C to the 66 + 2 ° when the baking temperature was 180 °C. Even though the PVA
film contact angle in this work was consistent with the range from the literature reported,
the PVA contact angle was reported as 58 £+ 2 ° at 135 °C, which is lower than the 59.6
+ 2.8° at 110 °C, therefore, some other factor affected the surface chemical property to the

PVA film. The surface roughness has been confirmed correlated to the contact angle [325],
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Wenzel et al. [326] and Cassie et al. [324] had concluded the equations for the affected from
the rougher surface. The conclusions claimed that the rougher surface would increase the

surface contact angle, which explains the higher contact angle value in this work.

The Young’s modulus against porosity equation has excellently fitted the porous PDMS.
Therefore, the present work is attempting to fit a equation to PVA coated matrices. The
porous PDMS used for comparison in this study was not excellently fitted by the Equation
4.11, but close enough, and the error is highly likely caused by the systematic error from
sample preparation and measurement. According to the Equation 4.10, the porosity of
the series of samples was calculated. When the fractions of NaCl were 78%, 83%, 86%
and 88%, the porosity of the superficial scaffolds are 71.86%, 76.74%, 80.01% and 82.37%,
respectively. Then, the fitting to the Equation is plotted in the Figure 4.18(a). Obviously,
it can be observed that the fitting with Equation 4.11 does not work on the PVA-coated
PDMS, which is predictable because the matrix was not a homogeneous material. By using
a parameter Ey’ to replace the Eg in the Equation 4.11, a well fitting curve is shown in Figure
4.18(b) when the Ey’ was calculated to 50.45 £+ 4.37 MPa. On the other hand, the Ey’ is the

equivalent Young’s modulus of the non-porous PVA-coated PDMS matrix in this study.
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Figure 4.18: Young’s modulus fitting attempts according to Equation 4.11 against porous

PVA-coated PDMS matrices. (a) Fitting curve fitted when Ey = 9.04 MPa; (b) fitting curve
fitted when Ey’ = 50.45 MPa.
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4.5 Summary

In the present work, the porous PDMS structure has a suitable mechanical property to
be considered as artificial OA cartilage, and it has the possibility of the platform for the in

vitro tests for OA treatment.

From the results, porous PDMS had two controllable variations in the preparation: con-
centrations of crosslinking and pore-foaming agent. The PDMS matrix reached porosity from
54.6 + 1.1% to 81.7 £ 0.7% upon increasing NaCl concentration. With the equation fitted
for porosity, it was controllable to prepare the expected porosity by adjusting the fraction of
NaCl. The Young’s modulus varying decreased from 1.50 + 0.03 MPa to 0.07 £+ 0.003 MPa
upon increasing the elastomer to curing agent ratio and sodium chloride fraction. Inversely,
the CoF of the porous PDMS matrix comes with an increase from 0.033 + 0.002 to 0.133
+ 0.001. By comparing with OA cartilage mechanical properties, the high concentration of
crosslinker and the low concentration of NaCl would be the suitable choices for mimicking

the early stage of OA cartilage.

To modify the porous PDMS surface from hydrophobic to hydrophilic, the porous PDMS
was successfully coated with the PVA film. The film thickness was calculated as 0.044
pm.  The film showed wave patterns on surface of PVA-coated PDMS, and this has an
impact on the ambient friction test, but not the aqueous. The surface of PDMS has been
modified to hydrophilic by PVA coating, which could better mimic cartilage tissue in the
liquid environment. Similar to the porous PDMS, the sodium chloride fraction could control
the CoF, and the modulus of PVA-coated PDMS. In this study, the PVA-coated PDMS
Young’s modulus was proved stiffer than the porous PDMS, resulting from 3.53 + 0.41
MPa to 1.84 + 0.58 MPa. And the CoF was measured from 0.010 4+ 0.0002 to 0.022 +

0.0006 by microtribometer test, and the Forceboard results show that the CoF of the porous
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PVA-coated PDMS was lower than the porous PDMS in both ambient and aqueous tests.
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Chapter Five

Lubrication efficiency of silica
nanoparticles based IAI formulation on

artificial cartilage

5.1 Introduction

The porous scaffold of cartilage provides poroelasticity property to the tissue, which
plays a role in load-bearing, lubrication and fluid transport [345]. Previous studies confirmed
that the synovial fluid behaves as the vehicle for transporting the lubricant molecules, such
as hyaluronic acid and lubricin [346, 347|. The viscosupplementation which is consists of
hyaluronic acid benefits to anti-inflammation, chondroprotection, analgesic and decreasing
lubrication. But, without the drug delivery system (DDS), the small molecules such as
analgesics, glucocorticoids, and hyaluronic acid were easy to be metabolised by synovial
fluid and extracellular matrix barrier [348|. For example, the half-life of methotrexate is
0.59 - 2.9 hours, ibuprofen is 1.9 hours, and diclofenac is 5.2 hours [12]. Therefore, for

osteoarthritis (OA) targeting treatment, drug delivery systems with drug carriers are applied
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in the research [12].

Biodegradable polymer or bilayered lipid are usually used as the materials of nanoparti-
cles. As cartilage has porous scaffold and the pore size on the cartilage surface was reported
as nanometre-scaled, nanoparticles are proposed for the drug delivery system, which has a
appropriate size to pass through the surface of cartilage and benefit the pharmacokinetics of
therapeutic agents [348]. Recently, nanoparticles were developed to enhance lubrication in
the joint, such as silica nanoparticles and liposomes [349-351]. Compared with traditional
lubricants, the nanoparticle based lubricant has unique advantages on aqueous lubrication,
and the rolling mechanism of colloidal nanoparticles on surface sliding reduces the friction

349, 352, 353].

According to the principle of nanoparticle lubrication, the nanofluid lubricants affect
the friction by four different effects: rolling effect, protective film effect, mending effect and
polishing effect [34, 354]. The rolling effect and protective film effect decrease the coefficient
of friction (CoF) directly from the particle’s mechanical behaviour. The mending effect and
polishing effect enhance the lubrication by modifying the substrate surface morphology [34].
In the rolling effect, the spherical nanoparticles are considered as load-bearing balls between
the gap of the surface. The rolling of spherical particles contributes to the sliding friction by
mixing sliding friction and rolling friction. Moreover, the bearing of nanoparticles should be
able to keep the shape and rigidity during friction, which requires low loading and shearing
surface [355]. The protective film effect usually constructs the protecting film on the surface
by the reaction of treated material additive [354] or tribosintered [202]; The film could
protect the wear of particles in lubricant [356] and reduce the expansion of surface cracks
[354]; The mending effect introduces the compensation of surface loss by the nanoparticles.
The nanoparticles fill the grooves and uneven area on the interacting surface to decrease
friction [357]. Moreover, the polishing effect was proven that the particles could fill out

the valleys on the surface, which is also referred to as “artificial smoothing”, decreasing the
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surface friction by decreasing the surface roughness [355].

According to the study by Peng et al. [353], SiO5 nanoparticles provided the lowest CoF
when the concentration between 0.1% to 1.0%. Another study [358] showed that the silicon
dioxide particles dispersed in coconut oil kept decreasing the CoF until the concentration of
SiO, increased to 1.25%. The hard nanoparticles plowed between the surface at the begin-
ning of test, then more spherical nanoparticles rolled into the contact area acted nanosized
ball bearing that reduced friction coefficient. Besides the concentration of nanoparticles in-
fluences the tribological properties, some other parameters of nanoparticles show the impact
to lubrication system, which includes the nanoparticle size, the shape of nanoparticles, the
nanostructure of particles, and the nanoparticle surface functionalisation [359]. A model of
nanoparticle contact with a rough surface was built in Ghaednia’s work [360]. The results
claimed that the higher concentration of nanoparticles, the smaller particles and the smooth
surface could decrease the CoF. The literature also reported the challenge of wear on the
surface caused by particles [360]. The nanoparticle-based DDS shows a positive effect on
lubrication [361, 362] by decreasing the CoF, which is beneficial for the OA treatment. In
past studies [361, 362|, nanoparticle lubrication tests were focused on the hard surface, which
is different from elastic surface as cartilage. Therefore, a porous elastic artificial cartilage ap-
plied in the present project is benefit to understand the lubrication behaviour on poroelastic

material.

A summary of nanofluid behaviour was concluded by Sharma et al. [363| that nanoparticle-
based fluids deformation are depends on the concentration of nanoparticle. Most nanofluid
performs Newtonian behaviour at low nanoparticle concentration that stress and strain rate
shows a linear correlation, and high concentrated nanofluid performs non-Newtonian be-
haviour. Moreover, at the same concentration, the nanofluid shows Newtonian behaviour at
low shear rate, which exhibits non-Newtonian behaviour at high shear rate. Therefore, the

present study have to validate if the rheology of nanoparticle solution rheological property
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changed when the concentration and sliding rate changed in the measurement.

This chapter studied the basic lubrication behaviour of silica particles on polydimethyl-
siloxane (PDMS) based substrates. According to the nanofluid properties reported that
influence the lubrication, the present work studied the influences of particle size, the normal
load applied, the sliding velocity, and the particle concentration. By excluding the impact of
viscosity influence, the parameters of nanoparticle changed in the study showed the influence

of the CoF on porous matrix.

5.2 Materials and methods

5.2.1 Silica nanoparticle suspension

Fumed silica nanoparticles were purchased from Lawrence Industries, Ltd., UK. Three
kinds of silica nanoparticle Aerosil 90, Aerosil 150 and Aerosil 380 were chosen for this project.
Phosphate buffered saline (PBS) tablets were ordered from Fisher Scientific (Loughborough,
UK). Planar and 10:1 - 83% porous PDMS coated with PVA were used as tribological mea-
surement substrate. Silica nanoparticle Aerosil 150 particles was dissolved to 8 concentrations
by PBS solution, which were 0.01%, 0.1%, 0.5%, 1.0%, 1.5%, 2.5%, 3.0% and 5.0%. In the

meanwhile, silica nanoparticle Aerosil 90 and 380 were prepared to 1.0% by PBS buffer.

5.2.2 Particle characteristics

Particle appearance was measured by SEM (7000F, JEOL, UK). The powder of Aerosil
silica nanoparticles were poured evenly on carbon dioxide tape, and the SEM images were

captured at 10 kV voltage and 1000 x magnification. The size of Aerosil particles was
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measured by DLS (Zetasizer, Malvern Panalytical, UK). Three types of Aerosil particles
were dissolved in deionised water to 100 ppm, the solution was sonicated for 15 minutes at
room temperature, then 10 ml of each type of Aerosil silica nanoparticle were extracted to
DLS tests. The particle size was calculated by DLS software automatically according to the

distribution curves.

5.2.3 'Tribological measurement

The sample of 10:1 - 83% porous PDMS coated with PVA was used for all microtri-
bometer measurement. In self-built tribometer measurement, 3 mm diameter glass ball was
used, and the sliding length was 8 mm for all tests [289]. The experiment conditions of

tribometer and nanofluid system were varied, the test conditions are shown in Table 5.1.
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Test | Load Velocity Concentration of nanoparticle
30 g and
1 0.5 mm s ! 1% of Aerosil 150
50 g

0.1 mm s~ ! 0.5 mms !,

2 30 g 1 mm Sflj 2 mm Sfl 1% of Aerosil 150

I

10 mm s~ ! and 20 mm s !

0.01%, 0.1%,
0.5%, 1.0%,
3 30 g 0.5 mm s~
2.5% and 5.0% of
Aerosil 150
1% of Aerosil 90, Aerosil 150
4 30 g 0.5 mm s~

and Aerosil 380

Table 5.1: Experimental conditions of each set of tribological measurement.

In AFM tribological measurement, 4 pm borosilicate sphere probe were applied on
cantilever. The concentrations of 0.1%, 0.5%, 1.0%, 1.5% and 3.0% of silica nanoparticle
(Aerosil 150) solution were in use on the AFM friction measurement, and 10 pl of each
solution were added between cantilever and substrate. The AFM tribological measurement
increased load from 0 nN to 2000 nN - 2500 nN in each test. The concentration 0.0%, 0.5%,
and 1.0% sliding distance was 3 pm, and concentration 1.5% and 3.0% sliding distance was

1 pm.
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5.2.4 Rheology

The nanoparticles of Aerosil 150 were diluted to 0.01%, 0.1%, 0.5%, 1.0%, 2.5% and
5.0% in PBS buffer. For each test, 0.4 ml of solution was extracted to the HR-1 Discovery

1

Hybrid Rheometer (TA instrument, UK), and the shear rate was sped up from 200 s~ to

1500 s,

5.3 Results and discussion

5.3.1 Morphology of silica particles

Aerosil silica nanoparticles were spread on the tape before the SEM test, environmental
SEM was applied for silica particles morphology capturing. Figure 5.1 shows the morphology

of nanoparticles of Aerosil 90, 150 and 380.
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(c)
Figure 5.1: SEM images of three types of silica nanoparticles. (a) Aerosil 90; (b) Aerosil
150; (c) Aerosil 380.
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As shown in Figure 5.1, the agglomerating behaviour is observed between the particles,
which is due to the adhesion of particles and the weak forces between each particle [364].
Hence, it is unable to distinguish any single nanoparticle in SEM images and compare the size
of nanoparticles. Therefore, the DLS was used for measuring the size of silica nanoparticles.
Figure 5.2 shows the results of the nanoparticle size of Aerosil 90, 150 and 380, which
were resulted as 256.00 + 4.82 nm, 215.06 + 2.12 nm and 152.00 4+ 1.86 nm, respectively.
However, according to literature results [365-367|, the average silica nanoparticle sizes were
much smaller than the size results shown in Figure 5.2, the average sizes of Aerosil 90, 150
and 380 were reported as 20 nm, 14 nm and 7 nm (Table 5.2). Even though the results
showed the significant difference, the sizes of three types of particles were in the same order

that Aerosil 90 was more considerable than Aerosil 150 than Aerosil 380.

250

200

=
w
o

Diameter (nm)

=
o
o

50

Aerosil 90 Aerosil 150 Aerosil 380

Figure 5.2: Three types of nanoparticle size measured by DLS.

Particle type Aerosil 90 Aerosil 150 | Aerosil 380

Size 20 nm [366, 367| | 14 nm [367| | 7 nm [365]

Table 5.2: Three types of nanoparticle size reported in literature.

The difference between DLS result and literature could be caused by the aggregation
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of nanoparticles. The nanoparticles showed dynamic aggregation behaviour, and it has
been observed with dynamic formed and broke apart [368]. The van der Waals force, the
electrostatic interactions and the capillarity due to liquid bridging play essential roles in the
particles aggregation [368, 369]. According to the interfacial force boundary layer theory
[370, 371], the colloidal nanoparticles were affected by the random Brownian diffusion and
interaction energy at the same time. For the much smaller scale, the random kinetic energy

leads to the behaviour of aggregation [369].

5.3.2 Tribological property

For studying nanoparticle microscaled tribological behaviour, silica nanoparticles of
Aerosil 150 were prepared as 1.0%, 2.5% and 5.0% for the initial measurement. The compar-
ison of CoF values was tested with a 3 mm diameter spherical glass ball on porous PDMS

and PDMS coated with PVA (10:1 - 83%), which results are shown in Figure 5.3.

0.101 =1 PVA-coated PDMS
=1 PDMS

0.08 1

0.06 1

il

0.02+

Coefficient of Friction (-)

0.00

0% 1% 2.5%
Concentration of Aerosil 150

Figure 5.3: CoF as a function of the concentration of nanoparticles (1.0%, 2.5%, and 5.0%

of Aerosil 150) on porous PDMS and PVA-coated PDMS.
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Figure 5.3 shows that pure PDMS matrices have higher CoF than PVA-coated PDMS,
which shows the same tribological behaviour as previous work in Chapter 4. Compared
with the CoF of different concentrations in the same series, Figure 5.3 shows that when
the concentration of nanoparticles is equal to and higher than 1.0%, the CoF of both porous
PDMS and PVA-coated PDMS were higher than the CoF without particles added. However,
this is contrary to what was observed in most of the previous studies that the nanofluids
should provide a decreasing behaviour for lubrication (359, 372|. In this case, the present

work introduced 0.01%, 0.1%, 0.5% as supplement, the result is shown in Figure 5.4.

0.081 —+— PDMS
—4— PVA-coated PDMS }

0.071 H |
0.06

0.05 1

Coefficient of Friction (-)

-0~

0.04 1

0.031

0.0 0.5 1.0 15 2.0 25
Concentration of Aerosil 150 (%)
Figure 5.4: CoF as a function of the concentration of nanoparticles (0.01%, 0.1%, 0.5%, 1%,

and 2.5% of Aerosil 150) on porous PDMS and PVA-coated PDMS.

The supplement of a low nanoparticle concentration solution was measured at the same
substrates and conditions. The Figure 5.4 shows that both porous PDMS and PVA friction
coefficient significantly decreased while the nanoparticles were added to the solution, even
at 0.01% of concentration. Then the decrease of CoF is not significant as the first-time
nanoparticles were added. The CoF decrease rate slowed down from 0.1% to 0.5%. In

both porous PDMS and PVA-coated PDMS measurements, the CoF increased after the
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concentration came to higher than 0.5%.

In addition, five concentrations between 0.1 mg ml~! to 3.0 mg ml~! were measured by
AFM in nanoscale (Figure 5.5). The measurement took place on the planar PDMS coated
with PVA, which can eliminate the influence of roughness and porous surface of substrates.
Similarly, with the increase of nanoparticle concentrations, the CoF shows a decreasing
tendency at the primary adding, and then the CoF values increase after the concentration

reaches 1.0%.
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Figure 5.5: (a) Raw data of AFM friction force measurement on planar PDMS coated with

PVA, the maximum load applied is 2500 nN. (b) CoF values calculated from the raw data.

Usually, in the models of particle lubrication from previous work, nanoparticles are
described that the increase of nanoparticle concentration can decrease the CoF. In the present

study, the contribution of nanoparticles to lubrication shows under a specific concentration,
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and the concentration higher than the specific value could be observed with negative effect
on lubrication. In fact, a study showed the same tendency of particle concentration against
friction coefficient as the present work [373|. Therefore, although the critical concentration
points were different because of the different types of solvent and substrate used, the CoF
tendency of colloidal nanoparticles lubrication can be confirmed as decrease at first and

following with increase.

Based on the four effects of CoF, the rising concentration engaged the more particles
attached to the surface and provided the rolling movement, which could benefit the sliding
[372, 374]. However, when the concentration came to the limitation concentration, the
surface would fully occupy the space area of the surface, after the collapse full filled by
nanoparticles, the stack of particles would pile over the surface, even where it used to be
smooth, the excess of particles on the surface created the rougher surface after the collapse
filled, which explained the rising of CoF with further adding of nanoparticles. Although
the microtribometer substrate was porous PDMS and AFM used planar PDMS, both CoF
results showed a critical concentration with the lowest CoF, which means the full occupation
of nanoparticle on the surface could occur on both planar and porous scaffold. Considered
that the OA cartilage has a porous surface and porous scaffold, therefore, the concentration
of nanoparticles for the OA injection should not only consider the quantity demanded by
the drug delivery systems. In addition, it is worth testing the best concentration that best
contributes to the cartilage lubrication, which could decrease the CoF and relieve the pain

from OA patients’ joints.

To study the size effect of the particle solution lubrication, 1.0% of three kinds of
nanoparticles were applied in the measurement. The results and the CoF against size are

shown in Figure 5.6.
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Figure 5.6: (a) CoF as a function of the types of silica nanoparticle in porous PDMS and

porous PVA-coated PDMS. (b) The silica nanoparticle size against the CoF on porous PDMS

and porous PDMS coated with PVA.

By adding 1.0% of nanoparticles of Aerosil 90, 150 and 380, the CoF was higher than

the pure PBS as solvent. The porous PDMS shows higher CoF than PVA-coated PDMS,

which was consistent with what was observed in the previous results. In the meanwhile,
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the CoF shows the correlation with particle size, which is shown in Figure 5.6 that the
larger sized nanoparticle shows higher CoF. According to a model of particles, lubrication
was the same as what was reported in the previous study [360]. When the nanoparticles
were not fully covered the contact surface at the same concentration, numbers of smaller
nanoparticles distributed between the contact area are more than larger nanoparticles. At
the same time, the volume per cent increases, and more particles could be suspended in the
lubrication system, which played a better rolling effect with smaller actual contact areas
[360]. Moreover, smaller particles have a better mending effect on filling in the fissure and
grooves on the rough surface. Therefore, the smaller particle size should be able to decrease

the CoF of the lubrication.

The load applied is vital for cartilage, which supports the body in the joints. The 30
g load applied in the present work was increased to 50 g and repeated on the 10:1 - 83%
porous PDMS coated with PVA. The results are shown in Figure 5.7. It is significant that

the higher normal load applied on the PDMS matrices results in higher CokF.

Normal Load
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= 0.101
=)
: -
‘G 0.081
= e
Q
o 4
£ 0.06
[
o
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Figure 5.7: CoF as a function of the load applied on porous PDMS and porous PVA-coated
PDMS, different types and concentrations of silica nanoparticle of Aerosil 150 were applied

in the tests.
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The reduced Young’s modulus E,,,; is calculated by the equation below:

1 _3 1—’012 1—1)22

= + 5.1
Etotal 4( El E2 ) ( )

where the v; and vy were the Poisson’s ratio of the glass ball and PDMS, and E; and E,
were the Young’s modulus of the glass ball and PDMS. From the fundamental borosilicate
parameters and PDMS parameters, the Poisson’s ratio of glass is 0.2 [375], the Poisson’s
ratio of PDMS is 0.5 [138], E; and E, were reported as 64 GPa [375] and 2.8 MPa. Hence,

the reduced Young’s modulus in the present work was 4.98 MPa.

Contact area radius r and contact area A could be expressed as

RF
r=y 5.2
Etotal ( )
A=mx*r? (5.3)

where the R was the radius of the glass ball applied on the porous PDMS, which was 1.5
mm. The F is the normal load applied on the sample, as the load applied was 30 g and 50 g,
and the normal load was 0.294 N and 0.490 N. Therefore, the approximate contact pressure
P should be

F
P== (5.4)

Figure 5.8(a) shows that the correlation between the contact area and the normal load

based on the present work. The increase of normal load will increase the contact area between
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the tip and sample. For example, the 10:1 - 77% porous PDMS contact area increases from
6.24 x 107" m? to 8.78 x 107" m? when the load raised from 30 g to 50 g, and the contact
pressure of 50 g increased from 0.47 MPa at 30 g to 0.56 MPa. By increasing the load applied
on the samples, the contact pressure increases in the present work even though the contact
area increased. The contact pressure is increased 19.1% when the weight increased from 30
g to 50 g. In fact, a similar situation has been reported that the higher load increased the

CoF on an uncoated and a hydrogel coated PDMS surface [376].
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Figure 5.8: The models of (a) contact area and (b) contact pressure on the surface against the
normal load applied on the 10:1 - 83% porous PDMS matrix according to the microtribometer

measurement in the present work.

According to the equations above, a correlation diagram can be drawn for the 10:1 -
83% porous PDMS used in the present work, as Figure 5.8(b) shows. It could be seen in the

present model that with the increase of the normal load on the spherical glass, the higher
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contact pressure would apply on the substrate. Based on the basic lubrication knowledge,
the higher contact pressure would cause a higher CoF at low sliding speed. Moreover, at
a high velocity, the lubrication mode could be turned from the hydrodynamic mode to the

boundary mode, which could increase the lubrication of the samples [377].

Figure 5.9 shows the CoF as a function of the sliding velocity. PBS buffer, silica nanopar-
ticles of Aerosil 90, Aerosil 150, and Aerosil 380 were used in the tests. The velocities applied
in the tests were 0.1 mm s~ !, 0.5 mm s~!, 1.0 mm s=*, 2.0 mm s, 10.0 mm s~! and 20.0
mm s~ . As shown in Figure 5.9, the increase of sliding velocity decreases the CoF rapidly.
The sliding speed against CoF was reported the negative correlation on different substrate,
included rigidity material such as steel [378] and aluminium [379], polymer materials such as
poly(methyl methacrylate) (PMMA) and low-density polyethylene (LDPE) [377|. Accord-
ing to the lubrication behaviour described by the Stribeck curve, the increased speed turned
the friction from boundary lubrication to mix lubrication to the hydrodynamic lubrication.
The friction will be shifted from direct contact to the hydrodynamic pressure. During the
hydrodynamic state, a layer of the film will be created to separate the surface contact, which

performed as decreased the CoF [380, 381].
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Figure 5.9: CoF as a function of the sliding speed on porous PDMS and porous PVA-coated
PDMS, which includes PBS buffer, 1.0% of Aerosil 90, 1.0% of Aerosil 150, and 1.0% of
Aerosil 380.

According to previous studies of nanofluid lubricants, two properties of nanoparticle-
based lubricants influenced the CoF on the substrate, which are viscosity and surface physical

effects.

The Stribeck curve x-axis is the Hersey number which is described as nN /P, where the
71 is the fluid viscosity, N is the fluid entrainment speed, and P is the normal load applied
on the per unit length of contact. In addition, the viscosity of fluid was reported correlated
with the velocity and the concentration of fluid, therefore, to convince the influence of the
velocity and normal load influence of coefficient, the viscosity should be excluded from the

lubrication system.

In this case, a supplement work of rheology of solutions was measured by increasing the
shear rate from 200 s~! to 1500 s™!, six concentrations of nanoparticle of Aerosil 150 were

used in rheology measurement.
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Figure 5.10: Rheology curves of silica nanoparticle (Aerosil 150) at different concentrations.
(a) Rheology curves of 2.5% and 5.0% of Aerosil 150; (b) Rheology curves of PBS buffer,
0.01%, 0.1%, 0.5%, 0.01%, 1.0%, and 2.5% of Aerosil 150.

Figure 5.10 shows the rheological curves of silica nanoparticle of Aerosil 150. At 200

s~!, the PBS curve shows the lowest viscosity at 1.51 cP, and the concentration of 5.0%
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shows the highest viscosity, which is 53.05 c¢P. At 1500 s~!, the highest viscosity is at the
curve of concentration of 5.0% as 526.62 cP. The change of viscosity values is too low to
influence the nanoparticle tribological behaviour. From a previous study, the viscosity of
less than 50 c¢P would be concluded as low viscosity solution [382]. In addition, when the
normal load applied was 30g in the present work and assume the shear rate at 1500 s~!,
the biggest Hersey number is 1.68 x 107* at 5%, where the lowest Hersey number is 4.8
x 1076 at PBS buffer. The order of magnitudes of Hersey number is too low to influence
the lubrication behaviour. Therefore, the viscosity of fluid used in the present project could
be ignored as low viscosity solution, and the conclusions of the influence of concentration,
normal load, and velocity of silica nanoparticle lubricant could be convinced based on the

variation changed in the tests.

The study by Zheng et al. [383] showed the HA-based nanospheres grafted with 2-
methacryloyloxyethyl phosphocholine (MPC), the friction of nanoparticles was tested on the
silicon wafer. Compared with distilled water, HA and HA-MPC nanoparticles, the CoF
decreased from 0.10 (water) to 0.03 (HA-MPC). The study of concentration of solution
showed the increase of nanoparticle ratio of solution decreased the CoF [383]. The CoF
increased while the sliding frequency increased from 1 Hz to 4 Hz, which was explained
by the shear-thinning of the HA backbone in nanoparticles. The increase of load showed
the much stabilised CoF values with 10 minutes duration. Another study by Rudge et al.
[384] showed the CoF on PDMS by lubricated with microparticles, the work studied in the
ambient environment, which presented the influence of particles of lubrication directly. The
study changed the sliding velocity, particle size, normal load applied, and surface coverage in
the lubrication system. According to the study by Rudge et al., there were four conclusions
as the results. i) The increase of normal load on the particles increased CoF, ii) the increase
of surface coverage of nanoparticles decreased CoF, iii) the increase of sliding speed showed

the increase of CoF, and iv) the increase of particle size increased the contact radius and
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resulted in the decrease of friction. These conclusions are consistent with the results in the

present work.

Based on the previous studies, it could be convinced that in the particle lubricating sys-
tem, the increase of particle size could increase the contact radius and area on the substrate,
which decreased the CoF of the system. And the increase of load increased the CoF, which
increased the contact pressure calculated and presented by Figure 5.7 and Figure 5.8. Even
though most of studies showed that the increase of sliding speed increased the CoF in their
lubrication system, the Stribeck curve could explain that the lubrication system in Zheng et
al. [383] was the hydrodynamic lubrication that the sliding speed had a positive correlation
with the CoF.

The increase of particle coverage shows the decrease of CoF to the lubrication, which
exhibits the surface influence of surface contact effects with particle rolling. With the increase
of particle coverage on the surface, a friction model with dry particles correlated CoF with

the coverage film and substrate surface. The equation showed as below [385]:

u=X % U film + (1 - X) * Usurface (55)

where the X is the percentage of surface covered with particles, uyy, and ugy fece CoF of
substrate without particle covered. Moreover, the rolling and film effects has been described
that the particles film decrease the CoF from the original surface, the increase of particle on
the surface could explain the decrease of surface CoF. The pore size of the porous PDMS
substrate in the present work was about 200 pm in diameter, and the diameter of aggregated
nanoparticles could only approach hundreds of nanometres. As the solution was sonicated
before the tribological test, the sufficient liquid used in the tests should evenly disperse

the nanoparticles inside the pores and on the surface. Therefore, the surface coverage of
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nanoparticles could affect the lubrication system with the rolling and film protective effects

on the surface of porous PDMS.

5.4 Summary

The silica nanoparticles were measured on the porous PDMS and PVA-coated PDMS.
After excluding the influence of viscosity of the nanofluid, the conclusion could be sum-
marised based on the results of the CoF measured. The CoF on the porous structure has
been confirmed to be influenced by the particle size, concentration of nanoparticles, slid-
ing speed, and the load applied on the substrate. The concentration was observed with
the optimum concentration, which provided the lowest CoF'. In the present study, the silica
nanoparticles of Aerosil 150 showed the best concentration at 0.5% at the microscaled lu-
brication system and 1.0% at the nanoscaled. With the size of nanoparticles decreased from
256.00 + 4.82 nm to 152.00 + 1.86 nm, the CoF of PVA-coated porous PDMS substrate
decreased from 0.59 4+ 0.02 to 0.41 + 0.005, which showed the smaller particle size has lower
CoF than larger particles. By increasing the normal load from 0.294 N to 0.490 N, the
higher load applied on the surface increased the contact pressure and increased the CoF.
By increasing the sliding velocity from 0.1 mm s to 20.0 mm s™!, the increase of sliding
velocity decreased the CoF of the substrate. The silica particle system provided the method
to discover the best conditions for the different intra-articular injection formulations for the
OA drug delivery treatment, which would provide good lubrication with the drug-loaded

delivery systems.
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Chapter Six

Development of nanogel based lubricant
function as IAI formulation on OA

cartilage

6.1 Introduction

Intra-articular injection (IAI) is one of the method used clinically to relieve the pain of
osteoarthritis (OA) joints, which is developed from intra-articular steroid injections [386]. As
the intra-articular space between the healthy cartilage is filled by the synovial membrane and
synovial fluid [387, 388|, intra-articular injection of high-dose viscosupplements was devel-
oped from TAT as a physical intervention [386]. Besides viscosupplements, the glucocorticoids,
non-steroidal anti-inflammatory drugs, and selective COX-2 enzyme inhibitors [389] are also
the popular drugs for OA injection. However, the exposed drugs show the disadvantages of
short retention and adverse reactions [389]. To increase drug retention capacity and reduce
adverse reactions, the drug delivery system (DDS) was developed with slow release effect

[389-391], which solved the problem of rapid clearance with suspension and binding of drug
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carriers (390, 392|. According to the previous DDSs studies, drugs residence time in the joint
is determined by the size: the macromolecules carriers (>10 kDa) usually escaped through
lymphatic vessels within months, and the fastest carriers (<10 kDa) could be cleaned in
hours by blood vessels [393]. Furthermore, the release of drug amount was usually limited
by the particles, and it was less than required for the OA treatment. Therefore, multiple
injections were required in the DDSs therapy. The drug carrier performance in DDS is af-
fected by lots of factors, such as size, shape, surface charge, hydrophobicity, roughness, and
rigidity of drug carriers [394|. Therefore, different types and methodology were applied for
the development of DDS drug carriers. For instance, hydrogel, microparticles and nanopar-
ticles functionalised with polymer brushes grafted were used for the delivery system [395],
and the surface of carriers was attempted to be coated with different groups, such as -NHj,

-COOH and -SH [394].

Amongst the carrier used in DDS, nanoparticle is one of the most common used DDS
for TAI, which has the advantage of safety, easy modification, and the function of sustained-
release [390]. On the other hand, biodegradable materials have been applied for injection
studies, because of the better drug released applications than traditional medicine. For ex-
ample, hydrogel particle (or nanogel) is a type of crosslinked polymer which was widely used
for in vivo injection [12, 396]. The nanogel is formed by three-dimensional architecture, and
the network of nanogel provides excellent capacity for holding a large amount of water [397].
In the drug-loaded systems, the effective water content of nanogel provides similar water
contents with biological tissue approximate 70% or higher, hence the hydrogel particles have
decent biocompatible property for in vivo applications [398|. Furthermore, nanogel scaffolds
can afford drugs up to 50% of its weight, which is much higher than other nanoparticles [399].
Compared with other delivery carriers, nanogel presents the advantages of respond for the
external stimuli, including swelling, permeability, viscoelasticity, and hydrophobicity [400].

Due to the specific physicochemical structure, nanogel can be designed with other specific
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characteristics. By controlling the crosslinking pore size, density and degradation kinetics,
nanogel can be a controllable material for the drug delivery system [401]. For instance, i)
the deformability enhances the binding and retention capacity of nanogel in tissue, ii) the
nanogel crosslinked structure has potential to prolong the circulation time by enhancing the
stability, iii) highly hydrophilic interior network of hydrogel has potential to protect hy-
drophilic compounds with bio-macromolecule drug or small-molecule, and iv) modular drug
loading and release profile can significant improve efficiency of drug loading, which reduces

the drug toxicity and side effects at the same time [400].

Based on the traditional chemical and physical synthesis pathways to synthesised nanogel,
a recent work by Emanuele et al. [402] used the method of microfluidics in synthesis, which
is able to accurately control the nanogel during at the microscale by mixing and physical pro-
cesses. In addition, the microfluidic synthesis technology can customise the nanosystem in
surface properties, payload delivery, release profile, polydispersity, and size [403]. The most
prolonged drug release profile has been delayed to approximate to 300 hours, which was usu-
ally reported as lower than 100 hours. With the open-source tool development and machine
learning technique, the nanogel can be designed under a microfluidic platform without ex-
pertise and resources [402]. Moreover, including the advantages of nanogel and microfluidics
technique, the nanogels has the potential for encapsulation of proteins cells, or antibodies
with size-controlled. In this way, the hyaluronic acid (HA) based nanogel synthesised by

microfluid technique was introduced in the present work.

Besides the wide range of mechanical properties of OA cartilage, the pore size of healthy
and OA cartilage was reported. For adult healthy cartilage tissue, the average pore size
within the extracellular matrix (ECM) is around 6.0 nm [16, 404-406|, and another study
about unhealthy cartilage pore size resulted in 10.71 £+ 6.45 nm [407]. In addition, the
early-stage OA cartilage has been reported with increased porosity [408-410]. In a piece of

research by Wen et al. [411], the fibrous structure was shown in all regions of cartilage, and
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AFM captured individual collagen fibrils from articular cartilage [411]|. Hence, it is validated
that healthy cartilage was content with tight fibrils and OA cartilage composed of loosely
collagen fibrils. The fibrous structure was also captured in the studies by Ghosh et al. [247]

and Hughes et al. [412], in which AFM images showed the fibrils on the surface.

As the study in chapter 5 showed that the silica nanoparticle solutions improved the
lubrication behaviour of porous structures, more variety of nanogel nanoparticles were intro-
duced in the present work to develop the tribological influence factors by different types of
nanoparticles. This chapter studied on how different types of nanogels affect the lubrication
behaviour, and the study compared the friction effects on the polymer substrate and human
cartilage tissue. Moreover, human OA articular cartilage was collected in this project, this
chapter exhibited the morphology of cartilage surface and measured the mechanical and

tribological properties of cartilage tissue.

6.2 Materials and methods

6.2.1 Materials

Human OA cartilage samples were collected from patients undergoing joint replacement
surgery at the Royal Orthopaedic Hospital Birmingham (NRES 16/SS-0172), and processed
at the Institute of Inflammation and Ageing (Queen Elisabeth hospital, Birmingham, UK).
Dulbecco’s Modified Eagle Medium (DMEM) was purchased from Sigma-Aldrich (Dorset,
UK). Four types of nanogel samples were provided by the Emanuele Mauria’s research group.
Phosphate-buffered saline (PBS) tablets were purchased from Fisher Scientific (Loughbor-

ough, UK). Hyaluronic acid was purchased from Bloomage Freda Biopharm CO., LTD.
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6.2.2 Preparation of nanogel solution

The preparation method of nanogel used in the present work is shown in Figure 6.1,
which is particularly explained in a previous work [413]. The nanogel was synthesised based
on HA and linear polyethyleneimine (LPEI) . The coupling agents N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC) and nhydroxysuccinimide (NHS) were added into
the HA solutions, and the LPEI solution was diluted in HCl. The dichloromethane (DCM)
was added to the activated HA solution to be sonicated. Then, the LPEI solution was added
into the system followed with sonication and emulsion. The nanogel sample was collected
by freeze-dried after the evaporation of organic solvent, which was sponge-like solid. Based
on the synthesis condition differences, the nanogels were named from AEL 01 to AEL 04,
and the differences of nanogel preparation conditions were listed in the Table 6.1. The
sponge-like nanogel solid was diluted to 3.0 mg ml~! by distilled water and stored at 4 °C

for preparation.

sonication

<
D 8- ﬁ
§ 4

activated HA first W/O emulsion addition of PEI solution
in water

S mixed emulsion
h 4
ToNaC H
s

DCM evaporation

nanogels

Figure 6.1: Schematic diagram of synthesis procedure of nanogels through the mixed emul-

sion/evaporation technique (MEET) [413].
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Name Type of nanogels (synthesise conditions)
AEL 01 Nanoprecipitation
AEL 02 Chip at 0 bar (NGs in microfluidic chip without pressure)
AEL 03 Chip at 2 bars (NGs in microfluidic chip with pressure)
AEL 04 | Mixed emulsion MEET (mixed emulsion/evaporation technique) without further purification

Table 6.1: Synthesis condition differences of four types of nanogel.

6.2.3 Preparation of human OA cartilage

All cartilage samples were collected from the hip bone, the cartilage was cut from the
bone by scalpels, and the cartilage pieces were stored in DMEM (Sigma-Aldrich, Dorset,
UK) at 4 °C. The cartilage pieces were washed by immersed in PBS buffer before usage. The

information details of cartilage sample donators are listed in the Table 6.2 below:
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Sample Code | Gender | Age | BMI
MFX 412 F 66 | 34.57
MFX 416 F 73 | 31.60
MFX 417 M 71 | 24.51
MFX 418 F 60 | 23.30
MFX 420 F 76 | 21.14
MFX 421 M 69 | 34.14
MFX 422 F 73 | 30.04
MFX 423 M 81 | 33.95
MFX 430 F 76 | 23.15
MFX 437 F 72 | 24.92
MFX 438 F 75 | 19.78
MFX 439 M 63 | 33.99
MFX 440 M 68 | 32.53

MFX-RHH 048 M 62 | 30.50

Table 6.2: Donor description including gender, age, and body mass index (BMI) of the

patients.

6.2.4 Cartilage morphology

Cartilage sample pieces were heated in the oven at 70 °C for 24 hours for dehydration
after being washed with PBS buffer. A small flat area would be cut from dried cartilage.
The cartilage measurement used the Dimension 3100 AFM with a Nanoscope III controller
(Veeco Instruments Inc., Cambridge, UK), and the field-emission SEM (XL 30 ESEM-FEG,
FEI, Oregon, USA). For the SEM measurement, cartilage pieces were stuck on a carbon
dioxide tape and coated with sputter platinum before SEM scanning. The images were
captured at 10.0 kV voltages and 500 x to 10000 x magnitude. The pore size calculation
was based on the 3000x magnitude images, and the fibril calculation was based on 10000 x

magnitude images. In AFM measurement, 0.32 N m~! contact mode cantilever was used for
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images captured, and the scan size was from 5 x 5 pm to 10 x 10 pm.

6.2.5 Cartilage modulus

The Young’s modulus of cartilage was measured by the indentation under the customer-
build microindentation. The cartilage immersed in the PBS buffer in the microindenter
sample cells, a 60 ° cone tip applied force from 0 to 0.5 N on the cartilage at the speed of
0.1 mm s—!. Each patients’ cartilage used three pieces in the measurement. The calculation

of Young’s modulus was followed by the Equation 2.11.

6.2.6 Nanogel morphology

The nanogel solution was diluted to the concentration required before experiment, then

the solution was sonicated for 10 minutes at 25 °C.

Nanogel morphology was carried out using the same AFM and SEM facilities as cartilage
samples. In AFM measurement, 2 pl of each type of nanogel solution was dropped on the
Thermo polysine slides (Thermo Fisher Scientific, Waltham, MA). After the solution was air-
dried on the slides, 0.08 N m™! contact mode cantilever was used to record the morphology of
nanogels, the scanned size was varied from 5 x 5 pm to 30 x 30 pm. In SEM measurement,
2 pl nanogel solution were dropped on the mica and air-dried at room temperature. The
mica with dried nanogel was coated with sputter platinum before SEM scanning. The SEM
was scanned under the SE (secondary electrons) detection mode at 10.0 kV voltage and
magnitude was varied from 3000 x to 25000 x. The software Gwyddion was used for AFM

image analysis, and the software ImageJ was used for SEM particle size measurement.
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6.2.7 Tribological measurement of PVA-coated PDMS

The planar polydimethylsiloxane (PDMS) coated with PVA friction was measured on
the Multimode Nanoscope III AFM (Veeco, CA), nanogel solution was diluted to 3.0 mg

Land 1.5 mg ml™! in distilled water. 10 pl of nanogel solution was dropped on a 10

ml~
x 10 mm PVA-coated PDMS as substrate, the measurement started after the AFM signal
was stable. 40 N m~! cantilever glued with a 4 pm radius colloidal probe and applied the
force from 0 nN to 2000 - 2500 nN on the PDMS coated with PVA, the highest force applied
varied depends on the cantilever calibration discrepancy. The sliding length was 1 pm to 3
pm depending on the stability of voltage values, and the sliding velocity was 0.5 mm s~!.

PBS and HA (preparation corresponded concentration) were measured in the same condition

as the benchmark.

6.2.8 'Tribological measurement of cartilage

Cartilage tribology was measured by the microtribometer [289] and Multimode AFM,
three pieces of cartilage of the same code were used for the measurement. In microtribometer
measurement, the cartilage pieces were glued on plastic petri dishes and immersed in PBS
buffer. 30 g load was applied with a 3 mm diameter glass ball on the cartilage. The glass ball
slid 10 mm length at the speed of 0.5 mm s~!. The AFM tribological measurement used 40
N m™! cantilever with a 4 pm radius borosilicate tip. PBS buffer, 0.1 mg ml~! AEL 04 and
0.1 mg ml~! Aerosil 150 were used as lubricant in the AFM measurement. All parameters

applied were same as nanogel AFM tribological measurement.
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6.3 Results and discussion

6.3.1 OA cartilage surface morphology

Human OA cartilage was collected from the joint replacement surgery and processed by
the Institute of Inflammation and Ageing. The collected cartilage was stored in the DMEM
at 4 °C. For AFM measurement, the cartilage was dried after being washed by PBS. Contact
mode cantilever (0.32 N m~!) was applied on surface morphology measurement. The height

image and 3D morphology image are shown in Figure 6.2.

In Figure 6.2(a), different layers can be observed on the cartilage surface, the left part
of image shows a long line with shadow, which could be told as the broken of one piece
of cartilage layer, similar layers edge structure can be observed on the top-middle of the
image as well. Although the pore structure was widely reported exist in cartilage, the
present AFM work did not capture any pore morphology on the surface. Lots of fragment
pieces were observed in AFM images, such as the bottom of Figure 6.2(a) and mid-right
of Figure 6.2(b), the fragments are distributed or gathered on the surface. Considered
to the compositions of cartilage, the pieces can be considered as the broken cartilage and
polysaccharide substance. According to the AFM images captured in the previous studies
[247, 414], the porous structure was difficult to be observed in AFM images. The surface
of cartilage usually showed as rough and irregular surface but unbroken, in which layers
structure were challenging to be exhibited on the surface either. It was highly like the
fragments suspended in the aqueous by the moving of the cantilever. Therefore, the dried
cartilage AFM images sacrificed the aggrecan fibril details on the surface but showed more
details about the fragments’ morphology [415]. In Figure 6.2(c), the 3D image shows that

the cartilage surface was out of flatness, the planar surface can not be captured from any
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part of planar surface. Quantitatively, the root mean square height S, of cartilage surface is
0.157 4 0.032 pm, which illustrates that the surface roughness of cartilage is rougher than a
smooth and planar surface. The roughen surface of OA cartilage was widely reported, such
as a similar AFM study by Lee et al. [70] captured with a larger scale showed the stage 3 of
OA articular cartilage R, is 0.533 £ 0.200 pm.
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Figure 6.2: AFM images of human OA cartilage captured in ambient. a) Surface of sample

MFX 412; b) Surface of sample MFX 416; ¢) 3D image of sample MFX 416.
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Before SEM tests, the cartilage specimens were fully dehydrated and coated by platinum.
Environmental SEM was used for capturing cartilage surface, and the result images are
shown in Figure 6.3. It is well established that cartilage is constructed by the crosslinked
collagen, which forms to the highly porous structure [248, 416, 417|. In Figure 6.3(a), the
pore structure can be observed clearly on the cartilage surface. The pores are in a wide
range of sizes and distributed evenly on the surface rather than gathering in any specific
area of cartilage. In the study by Simon et al. [418|, the unworn and worn cartilage was
measured under the SEM and ESEM, the healthy cartilage surface showed smooth and planar
morphology, and a few numbers of small pores and small particles could be observed on the
surface, which was the evidence of sub-surface chondrocyte collapse was the fixation results
could be seen. In worn cartilage images, more pores were shown on the surface than healthy
cartilage, and the pore size was larger than the healthy cartilage surface [418]. Although
the pores were observable in SEM images, the structure of the pore could not be observed

in AFM images, which is same as what has been captured in the present work.

Figure 6.3(b) captured the edge of cartilage specimen, which is the cut section of carti-
lage. The fibrous structure can be easily captured in most of section part in the present SEM
study, which exhibited and proved the crosslinking structure of cartilage. Furthermore, the
surface of cartilage show cracks due to the high voltage electron beams as Figure 6.3(c). The
cracking process displayed the structure of the fibrils with breaking continuously, and the
pore structure could be observed formed by the fibrils under the valley. This can also prove
that the pore structure is not only existed on the surface of the cartilage tissue, but also the
whole structure. One of the typical phenomena of cartilage degeneration in OA progression
has been reported [419]. Some images show that the cartilage surface has fragment pieces

attached. The surface became rougher and broke into pieces, and the shape of the surface
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was shown as scales, which was observed as Figure 6.2 and Figure 6.3 shown. In a previous
study, similar fragment pieces were found on early OA cartilage SEM as well, such as the
study by Desrochers et al. [420], the fragments could be observed evenly distributed on the

cartilage surface, and pore structure could be observed as well.

The fibrous structures could be significantly observed in Figure 6.3(b), especially the cut
section showing the stretched-out fibrils. The cut-off section shows the cartilage layers of the
scaffold, which was observed in mouse cartilage and was described as sheet-like [412]. The
randomly orientated collagen fibrils established the territorial matrix, and the interterritorial
matrix has a parallel with the layers of the territorial matrix. Even though the fibril has

orientated direction, it was challenging to find an overall direction as orientation [412].
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SEI 10.0kV  X3.000 WD 9.4mm Tpum

SEI 10.0kV ~ X8500 WD 7.7

Figure 6.3: SEM images of human OA cartilage. (a) Surface of sample MFX 416; (b) cut-
edge of sample MFX 440; (c) crack torn exhibited on the cartilage surface during the SEM
images test on MFX 418.
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In SEM images, two different characteristics of pores were observed on the cartilage
surface, which is shown in Figure 6.4. The tiny pores usually display a circular shape (Figure
6.4(a)), and the surface around the tiny pores usually looks flat and relatively smooth. The
large pores usually show an irregular shape (Figure 6.4(b)), and it is challenging to observe
the planar surface surrounding the large pores, the irregular pores were usually one closely

next. In fact, these two types of pore existed in the same sample in different areas, such as

MFX 438 and MFX 440.
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10.0kV ~ X3.000 WD 9.imm 1pm

10.0kV X150 WD 10.4mm  100pm

Figure 6.4: Two types of pores morphology observed on human cartilage in SEM images: (a)

the small pores on the surface of MFX 438, (b) the large pores on the surface of MFX 438.

The sizes for two different pores are displayed in Figure 6.5(a) and (b). The small pore
sizes are from 0.267 4+ 0.138 um to 1.691 4+ 0.866 pm, and the mean average size of the small
pore is 0.947 + 0.556 pm; the large pore size are from 2.510 4+ 0.849 pm to 83.986 + 32.493
pm, and the mean average size of the large pore is 25.208 nm. The wide difference between the

pore size values illustrates that these are two different kinds of tissue construct. Compared to
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the cartilage SEM images in previous studies, the pore size was usually reported from several
to dozens of nanometres. The morphology exhibited in other research is similar to tiny pores
on the cartilage surface. On the healthy cartilage, the sub-surface chondrocyte collapse of
the thin amorphous surface layer causes the healthy cartilage to show a similar shape [418].
Therefore, the smaller pores could be suggested as the pore construct of cartilage tissue. As
the range of pores was from hundreds of nanometres to around 1.5 pm, the nanoparticle
whose size is smaller than one micrometre is better to be introduced for the drug delivery
to the cartilage interior. Even though the scales and cracks were observed on the early OA
cartilage surface, the morphology of pores was in regular shape and not as shown in Figure
6.4(b). There are two ideas of the large pore formation. Because the cartilage was fully
dried before the SEM test for the vacuum environment, the wrinkle could be observably
after the dehydration, The large pore might be the vein of wrinkles and assumed as the
pores. Another possibility is that pores of this size can only be observed at the end-stage
cartilage, which was the sample collected in the present work. Moreover, Figure 6.5(c) shows
the cartilage fibril width, which is in a small range. The thinnest was MFX 430 at 0.065
+ 0.025 pm, and the most expansive fibril was MFX-RHH 048 at 0.107 4+ 0.022 pum [411].
Fibril structure might have the potential for further cartilage study, which is beyond the

scope of the expectation of the current project.
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Figure 6.5: OA cartilage pores size and fibril width measured from SEM images. (a) Size of

small pore on cartilage surface; (b) size of large pore on cartilage surface; (¢) Width of fibril

of cartilage.
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6.3.2 Mechanical properties of OA cartilage

To measure the Young’s modulus of human OA cartilage, the cartilage specimen was
indented by a 60 ° cone tip under the microindentation. The calculation of cartilage Young’s
modulus was referred to the Equation 2.11. The cartilage was immersed in the PBS buffer
during the test. Figure 6.6(a) shows the Young’s modulus of cartilage, which is distributed
in a wide range. The lowest modulus value is 0.019 4+ 0.001 MPa measured from MFX 416,
and the highest modulus 0.124 £+ 0.009 MPa was measured from MFX 417. Compared to
the results in Chapter 4, the modulus of PVA-coated PDMS obtained on the microscale
was from 0.028 4+ 0.004 MPa to 0.140 + 0.008 MPa, although the cartilage obtained in the
present study was from the late-stage patients, the planar PVA-coated PDMS provided the
modulus of 0.278 £ 0.012 MPa, which has the room to increase the modulus of porous PDMS
coated with PVA to mimic the early-stage OA cartilage. Hence, the model established in

this project has an available range of stiffness for replicating OA cartilage.
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Figure 6.6: (a) Young’s modulus and (b) CoF values of each code of human cartilage sample.

The friction measurement of OA cartilage was obtained by a microtribometer with a 3
mm diameter spherical glass ball, and the cartilage was immersed in PBS during the test.

Similar to the modulus results, cartilage samples presented a wide range of CoF. The highest
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CoF 0.065 + 0.009 was measured from MFX 416, and 0.016 £ 0.003 is the lowest CoF value
measured from MFX 440. The value of cartilage CoF is lower than what was reported
(Table 2.1) [69, 70], which should be caused by the different contact area and materials.
The porous PDMS coated with PVA was measured at aqueous by microtribometer under
the same conditions in Chapter 4, and the CoF value was from 0.010 £+ 0.001 to 0.023 +
0.001. As the porous PDMS was established to replicate the early-stage OA cartilage, which
has lower CoF than the late-stage cartilage in the present work, the tribological property of
artificial cartilage in the present study can be consistent with the artificial matrices made in

the present work.

150



Development of nanogel based lubricant function as TAI formulation on OA cartilage

e Engagement ° ° //
0.51 e Withdrawal ‘/
,/
) ,/ // °
0.4 S R
/ /’
° V4 / b
— / 7’
Z0.31 S e o
3 * 7 e °
o e , °
£ v 7 ®
0.2 1
0.1
0.01
0.0 0.2 0.4 0.6 0.8 1.0
Distance (mm)
(a)
0.104 ¢ Engagement ® ®
e Withdrawal °
° V4 /'.
0.081 / e
/l /7 o
/ // °
o ’
2 0.06 / i
8 /,o ,/ o.
st 7 °
b /, (] /, o®
0.041 / L7 et
// o. s o'..
// ® ‘::O..
0.02 1 Zg0° 5
' ° s 2®
YA
‘“‘Qto".—.’”
0.00{ esa&E=—""
0.0 01 0.2 03 0.4 05

Distance (mm)

(b)
Figure 6.7: Raw data of micromanipulator indentation on cartilage MFX 412: (a) maximum

force at 0.5 N; (b) maximum force at 0.1 N.

In the cartilage microindentation tests, the approach and withdrawal curves showed
differences. For instance, Figure 6.7 shows two raw data of MFX 412 when the maximum

forces were 0.5 N (Figure 6.7(a)) and 0.1 N (Figure 6.7(b)), the fitting curves was fitted from
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Equation 2.11. In Figure 6.7(a), the Young’s modulus measured from withdrawal was higher
than the engagement curve, which means that cartilage tissue lost the poroelastic scaffold
and resilience property after the indentation. The collagen and protein in cartilage had
already run off during the OA disease in vivo, and the crosslinked fibrils could not support
the springback for the tissue structure. However, even if the maximum load decreased to 0.1
N, the loss of poroelastic can still be observed obviously in Figure 6.7(b), the modulus was
increased from 0.131 4+ 0.003 MPa to 0.422 + 0.02 MPa. The viscoelasticity of early OA
cartilage was detected by AFM in the study by Desrochers et al. [224], the 40 N m~! glass
probe applied 1, 2 and 5 pN load indentation with high frequency, and the instantaneous
moduli were decreased generally with the progress of indentation. In a study by Desrochers
et al., the cartilage modulus decreased from 0.9 MPa to 0.7 MPa and confirmed that the
OA cartilage increased viscous behaviour [224]. The pressure of the tribological test might
compress the structure and polish the surface by sliding on the loosened cartilage, which

smooths the surface and shows a lower CoF than the actual value.
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Figure 6.8: (a) Cartilage modulus against the CoF, each point shows one type of cartilage
sample. (b) Linear fitting curve correlates the modulus and CoF of cartilage in the present
study. (c) Linear fitting curve correlates the modulus and CoF of cartilage in the present

study without MFX 416.
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Combined with Young’s modulus and CoF, the mechanical properties of cartilage col-
lected in this work have been defined in the range as Figure 6.8(a) shows. The Young’s
moduli of end-stage cartilage are from 0.019 £ 0.0023 MPa (MFX 416) to 0.124 £+ 0.024
MPa (MFX 417), and the CoF values are from 0.016 £+ 0.002 (MFX 440) to 0.065 + 0.001
(MFX 416). Human OA cartilage Young’s modulus was reported in lots of studies, the late-
stage OA cartilage Young’s modulus was reported in the range of 0.16 to 0.89 MPa [68, 69,
421], and the coefficient of friction (CoF) was consistent as reported OA cartilage CoF from
0.160 to 0.409 [69, 70]. Figure 6.8(b) shows the correlation between the Young’s modulus
against CoF, which does not present any linear relation. The positive linear relation can be
observed when MFX416 is removed, which consists with the previous studies. As in previous
studies, it is difficult to show the OA cartilage mechanical property correlation tendency be-
cause the individual specimen result is unexpected. Therefore, more specimens are required
in future work to study the correlation between modulus and CoF. A theory introduced
by Bowden and Tabor [422| shows that the surface increased the adhesive force with the
increase of contact area. And a study on PDMS [423] showed that the frictional property of
viscoelastic model has a strong dependence on elastic modulus, and viscoelastic dissipation
and adhesive dissipation are the primary mechanisms of friction difference. Therefore it is

essential to study the influence of adhesive frictional force in the future work.

According to the previous studies, it was well-known that the degeneration of carti-
lage during OA process correlated to the patients’ gender, age, and obesity [12, 424-426].
Therefore, the study pretends to link the mechanical properties measured with the patients’

details, and the results are presented in Table 6.3, Figure 6.9 and Table 6.4.

Coeflicient of friction | Young’s modulus (MPa)

Male 0.029 + 0.014 0.068 £+ 0.042

Female 0.046 £ 0.019 0.051 £ 0.024

Table 6.3: Young’s modulus and CoF of human cartilage of different genders.
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As reported, females are easier to suffer from OA and show worse situations. The results
in this project confirmed this point as Table 6.3 shows, the mean average CoF of the male is
0.029 + 0.014 and mean average Young’s modulus was 0.068 £+ 0.042 MPa, and the female
mean average CoF is 0.046 4+ 0.019 and mean average Young’s modulus is 0.051 £ 0.024
MPa. As the OA cartilage degeneration would cause lower Young’s modulus and higher
CoF, the lower Young’s modulus and higher CoF value of female cartilage show that female

patients have worse OA symptom than male patients.
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Figure 6.9: Attempts of correlation between BMI or age to the mechanical properties of OA

cartilage. a) BMI — CoF; b) Age — CoF; ¢) BMI — Modulus; d) Age — Modulus; ) BMI*Age
— CoF; f) BMI*Age — Modulus.

Moreover, the older and overweight patients showed severer cartilage degeneration. Ac-

cording to the information provided, the present work attempted to correlate by plotting all

data results, as shown in Figure 6.9(a) - (d).
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cant analysis of Figure 6.9(a) to (d). Therefore, no matter obesity or age did not show any
significant tendency with the increase in age or obesity based on the data collected in this
work. Even though the influence combined weight and age by multiplying the age by BMI
values, the tendency still did not show up with the CoF or Young’s modulus (Figure 6.9 (e)
and (f)).

Therefore, the present work sorted out the age as over and under 70 years old, and
BMI as normal weight (BMI < 30) and overweight (BMI > 30). As Table 6.4 shows, the
cartilage from over 70 years old patients shows worse mechanical properties, which has a
higher mean average CoF and lower mean average Young’s modulus [12]. Regarding the
obesity influences, Young’s modulus showed that the overweight patients’ cartilage have a
lower mean average modulus than normal-weight patients’ cartilage, which convinced that
obesity gave rise to degenerated cartilage. The CoF shows that the normal-weight specimens
had higher values, which is opposite to expectation. Therefore, the hypothesis is that the
overload of the joint applied more pressure on the cartilage, and the high compression on
the degenerated OA cartilage tissue “polish” the surface, which finally exhibited a smoother

surface than specimens from normal-weight patients.

Coeflicient of friction (-) | Young’s modulus (MPa)
Overweight 0.033 £ 0.020 0.053 £ 0.030
Normal weight 0.038 £ 0.019 0.060 £ 0.035
Over 70 years old 0.041 4+ 0.024 0.055 4+ 0.034
Under 70 years old 0.029 £ 0.001 0.059 £ 0.030

Table 6.4: Young’s modulus and CoF of human cartilage of four groups, which are overweight,

normal weight, over 70 years old, and under 70 years old.
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6.3.3 Nanogel morphology

To show the shape and characteristics of nanogels, the sponge-like nanogel was dissolved
by distilled water. Then the solution was dropped on the Thermo polysine slides and air-
dried before the measurement. The morphology scanning of AFM used 0.08 N m™! contact

mode cantilever, and SEM measurement was pictured under the SE detection mode.

Figure 6.10 displays the morphology of nanogel particles, which are distributed on the
glass slides, and the large light spots on images show the morphology of nanogels. Besides
spherical particles of most nanogels, some rod-like and ellipse shape nanogels can also be
observed. Compared the size between the four types of nanogel, significant size differences
can be observed, especially between AEL 01 and AEL 04. Actually, not only between the
different types of nanogels, the size differences could also be observed among the nanogels
which belonged to the same type. Such as Figure 6.10(a) shows, a much more significant
particle and two tinier light spots. Besides the significant points observed, more minor
inconspicuous light spots could be observed on the image background, which is highly like
the stain of unreacted residual from preparation. Because the samples were difficult to
filter, the stain could be LPEI, PEI-Cy5, and the incomplete synthetic HA gels [413, 427].
The synthesis process showed that the nanogel polymers were combined crosslinked polymer
chains, and the chains were combined by the reactive groups bonding or the electrostatic
interactions. Although the process could not guarantee that all polymer chains participated
in the reaction, once some of the gels were only combined by a few chains, they could be

shown as small pieces in the sample.

158



Development of nanogel based lubricant function as TAI formulation on OA cartilage

() (d)

Figure 6.10: AFM images of four types of nanogel measured in ambient: (a) AEL 01; (b)
AEL 02; (¢) AEL 03; (d) AEL 04.

Figure 6.11 shows the AFM phase images of nanogel particles, which presents the edge
of particles better than height images. As shown in Figure 6.11(a), the nanogel was shown
with the clear round edge of one nanogel particle, which is easy to be measured the size
of particles. In Figure 6.11(b), the overlap of nanogel can be easily observed, two or three
nanogel particles were not successfully isolated from each other, which also caused difficulty

for the size measurement.
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Figure 6.11: AFM phase images of (a) AEL 01 and (b) AEL 03.
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Figure 6.12 shows the nanogel SEM images, which presents the much clear geometry
of nanogel. Except AEL 01, nanogel AEL 02, 03, and 04 show the regular circular shape
in SEM images. In Figure 6.12(a), the AEL 01 nanogel particles show the irregular shape,

because the AFM images (Figure 6.10(a)) showed that the hydrated nanogel were in the
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circular shape, it is highly possible that the high vacuum procedure of SEM test preparation
shrunk the surface and shape of AEL 01. In addition, dozens of the AEL 01 and AEL 03
particles show the aggregation behaviour in SEM images, which was not clear observed in
AFM images, and several of nanogel particles also show the aggregation behaviour in AEL

04.
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Figure 6.12: SEM images of four types of nanogel: (a) AEL 01; (b) AEL 02; (¢) AEL 03;
(d) AEL 04.

The nanogel sizes were measured by software Gwyddion and ImageJ for AFM and SEM
images, respectively, and the results are listed in Table 6.5. In addition, the DLS data mea-

sured by Emanuele et al. [428] is also listed in Table 6.5 for comparison. In the present work,
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SEM and AFM were operated under vacuum and ambient circumstances. Hence the nanogel
would be more dehydrated than the stretch structure in aqueous circumstances. Moreover,
the SEM facility applied vacuum pressure in the measurement, which could exacerbate the
dehydration of nanogel particles. The size of particles measured according to the SEM and
AFM images (Table 6.5) show that the sizes measured from SEM images are smaller than the
size measured from AFM images. It could be compared that four types of nanogels showed
various water losses from normal pressure to the vacuum, possibly caused by the internal

crosslinking structure differences.

Average size (nm) | AFM | SEM | DLS (measured by Emanuele et al.[428])
AEL 01 191.2 | 168.3 224.0
AEL 02 494.5 | 360.5 188.0
AEL 03 438.8 | 149.1 92.4
AEL 04 752.0 | 736.7 228.6

Table 6.5: Nanogel particle size measured according to AFM and SEM images, and the

nanogel size measured by DLS by Emanuele et al. [428].

Even though the nanogel solution had been sonicated before being dropped on the
substrate, the SEM images clearly show the particle of nanogels were aggregated after the
air-dried, hundreds of particles aggregated in AEL 01 and AEL 03 images, and a few numbers
of particles combined in AEL 04. The typical Marangoni effect could occur on the colloidal
particles: the crosslinked polymer chains would spread according to the surface gradient,
and the mass of particles would be driven by the Marangoni effect, which would finally
cause the aggregation of nanoparticles during the deposition procedure of sample preparation
[413, 428|. Furthermore, the aggregation phenomenon has been observed in AFM tests as
well. Although nanogels were usually difficult to be uniformly distributed on the glass sides,

the distribution of nanogels would usually be detected in some concentrated areas rather
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than uniformly distributed. The same concentrated behaviour was observed in the SEM

measurement as Figure 6.12 exhibits.

The AFM measurement shows that AEL 01 had the smallest size at 191.2 + 28.4 nm,
and AEL 03 shows the smallest in SEM image measurement at 149.1 4+ 8.3 nm. Both images
consistently show that AEL 04 has the most significant size with 752.0 £ 21.0 in AFM
images and 736.6 + 23.1 in SEM images. Moreover, the DLS measurement by Emanuele et
al. [428] showed the size of these four nanogels in the aqueous (Table 6.5). Therefore, the
size obtained from DLS showed a much lower value than AFM and SEM, which is abnormal

because the hydration would cause the particle size to be more significant.

Because the AFM, SEM and DLS results show in the same order of magnitude, two
possibilities could explain the abnormal results. As the Marangoni effect was described and
the combination was observed in SEM measurement, although the AFM and SEM could
be observed in the single particle, it could not exclude that some particles combined and
shaped similar to a single particle. In addition, the size calculated based on AFM and SEM
images only chose 15 samples for each measurement, which was not representative for the
massive number of nanogels. Moreover, as the lubrication was measured under the aqueous

environment, the size comparison for further analysis should be better using the DLS results,

which rank the size as AEL 04 >AEL 01 >AEL 02 >AEL 03.

6.3.4 Lubricant comparison

To compare nanogel and silica nanoparticles, the friction measurement was tested by
AFM at nanoscale, which was limited by the amount of nanogel solution volume. The 4 pm
radius colloidal probe with 40 N m~! cantilever was applied for the load applying. 10 pl of

nanogel solution was added as the lubricant between the cantilever tip and substrate, which
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was planar PDMS coated with PVA for all tests. In addition, PBS buffer and equivalent
concentration HA solution were used as benchmark [413]. Figure 6.13 exhibits the raw data of
the nanogel lubrication, Figure 6.13(a) presents raw data of 3.0 mg ml~! nanogel solutions
and Figure 6.13(b) presents concentration at 1.5 mg ml~!. With increased tendency, the
slope of increased lines can be considered as the CoF of the PVA-coated PDMS lubricated

by nanogel solutions, and the CoF comparison is shown in Figure 6.13(c).

Figure 6.13 shows that the CoF of HA is lower than pure water lubrication. Compared to
the nanogels, it is evident that the nanogel plays a better lubricant on the PVA-coated PDMS
than HA solution, which was consistent with the therapy studies of hydrogel for OA joints
[429]. In principle, HA solution decreased the CoF by increasing the fluid viscosity [430].
Based on the thick viscosity of hydrogel fluid, the nanogel particles affect the lubrication
system by rolling and protective effects, which explains the further decrease of CoF than

pure HA lubricant.
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Figure 6.13: AFM tribological measurement results of nanogels on planar PDMS coated
with PVA, the maximum load applied is 2800 nN. (a) Raw data of friction as a function of
the normal load with the lubricants of water, HA (2.8 mg ml™'), and four types of nanogels
(3.0 mg ml™'); (b) Raw data of friction as a function of the normal load with the lubricants
of water, HA (1.4 mg ml™!) and four types of nanogels (1.5 mg ml™'); (c) CoF of water, HA

and four types of nanogels.
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Using AFM to measure the CoF for the four types of nanogels clearly shows the lubricant
capacity of these particles. In both 1.5 mg ml™! and 3.0 mg ml™! measurement, the AEL
03 shows the best lubrication with the lowest CoF, which is 0.010 at 1.5 mg ml~! and 0.019
at 3.0 mg ml~t. Moreover, AEL 04 shows the highest CoF at both concentrations, which is

0.040 at 1.5 mg ml~! and 0.043 at 3.0 mg ml™*.

Figure 6.14 shows the correlation between the CoF of nanogel against the size of nanogel
particles (based on DLS results). According to the silica nanoparticles measurement in
Chapter 5, the nanoparticle CoF would increase with nanoparticle size. In Figure 6.14,
it can be observed that the tendency of nanogel against particle size was similar to silica
nanoparticles, but the tendency was not ideally consistent with the expectation. Different
from silica particles, nanogel was made in different conditions in this study. Besides the
influence of size, the modulus, contact pressure and end groups could also be impacted by
the lubrication system. In the discussion of nanogel and nanoparticles, the deformation of
nanogels would improve lubrication. As the AEL 02 - 04 were increased, the CoF from 1.5
mg ml™! to 3.0 mg ml™!, one of the predictions was that the deposition of nanogels had
covered the surface and began to pile up with the deformation. In this way, the AEL 01

with a larger size should have the same conditions as piled particles.
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Figure 6.14: Nanogel size (measured by DLS) against CoF of 1.5 mg ml™! and 3.0 mg ml™!
nanogel on planar PDMS coated with PVA.

Figure 6.15 shows the lubrication comparison of silica nanoparticles and nanogels solu-
tions. The test conditions and parameters were same as the study for nanogel comparison.
Figure 6.15(a) and (b) exhibit the raw data at 3.0 mg ml~! and 1.5 mg ml™', respectively.
Figure 6.15(c) shows the comparison of CoF at two concentrations. Compared to nanogel
with silica particles, it was significant that the silica particle had much higher friction coeffi-
cient values than nanogel. For example, at the concentration of 1.5 mg ml™!, silica nanopar-
ticle Aerosil 150 decreased CoF from 0.140 to 0.114 while AEL 04 decreased CoF value from
0.140 to 0.040 at the same conditions. However, AEL 04 showed the highest CoF among the
nanogel lubricant, and the lowest CoF decreased to 0.010 by AEL 03, which means nanogels
could provide much better lubrication than silica nanoparticles on soft material. Moreover,
the nanoparticles of Aerosil 150 increased the CoF at 3.0 mg ml™'. From the lubricant
studies on silica particles in Chapter 5, the shear thinning nanoparticle fluids showed the
CoF decreased at the beginning of adding, and then the CoF increased after concentration

came to higher than critical concentration. According to the silica nanoparticles (Aerosil
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150) concentration research by AFM in Chapter 5, the best concentration of nanoparticle
of Aerosil 150 as lubricant was detected at 1.0 mg ml™!, and the lowest CoF showed on the
planar PDMS coated with PVA was 0.071, which is still higher than the CoF of AEL 04 at
1.5 mg ml~!. Furthermore, the CoF of nanogel at the concentration lower than 1.0 mg ml™!
was difficult to be authentically recorded, because the voltage values were too low to show,
which means the nanogel could decrease the CoF to a much lower value. In conclusion, the
nanogel provides much better lubrication than silica particles on soft materials. Compared
the CoF between 1.5 mg ml~! and 3.0 mg ml~!, the AEL 01 and AEL 02 show the opposite
level at two concentrations. As Chapter 5 confirmed, the CoF decreased and then increased
with the rising of concentration, and a limitation of concentration existed to provide the
lowest lubrication. The situation could explain that the AEL 01 concentration for the lowest

CoF was higher than 3.0 mg ml=!.
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Figure 6.15: AFM tribological measurement results of nanogels and silica nanoparticles on
planar PDMS coated with PVA, the maximum load applied is 2600 nN. (a) Raw data of
friction as a function of the normal load with the lubricants of water, silica nanoparticles
(Aerosil 90 and Aerosil 150), and nanogels (AEL 03 and AEL 04) at 3.0 mg ml™'; (b)
Raw data of friction as a function of the normal load with the lubricants of water, silica
nanoparticles (Aerosil 150), and nanogels (AEL 03 and AEL 04) at 1.5 mg ml™%; (¢) CoF of

water, silica nanoparticles (Aerosil 90 and Aerosil 150) and nanogels (AEL 03 and AEL 04).
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From the previous AFM friction tests on cartilage, the microscale boundary lubrication
without interstitial fluid pressurization would not be affected by the biphasic lubrication
mechanisms [431, 432]. Therefore, the cartilage nanoscaled friction measurement was applied
on the multimode AFM. silica nanoparticle Aerosil 150 and nanogel AEL 04 were chosen
for the lubrication behaviour comparison, and PBS buffer was used as control. The nanogel
AEL 04 and silica nanoparticle Aerosil 150 were diluted to 0.1 mg ml~! for the tests. Three
cartilage samples had been successfully recorded the CoF for two particles. Figure 6.16(a),
(b), and(c) show the raw data of PBS, silica particles, and nanogels on cartilage from three
different patients, and Figure 6.16(d) compares the CoF values of each raw data. Compared
to the PBS bulffer, all three tests showed that nanogel and silica particles decreased CoF for
cartilage surface, and nanogel has better tribological behaviour than silica nanoparticles as
the lubricant. PBS buffer lubricated on the cartilage surface shows the CoF from 0.018 to
0.036, which is in the CoF results range of the microtribometer. After adding particles as
the lubricant, the CoF of AEL 04 on cartilage is from 0.06 to 0.09, and the CoF of silica
nanoparticles Aerosil 150 on cartilage is from 0.08 to 0.16. The CoF for different samples
has a significant value difference. For instance, the CoF value of PBS on MFX 430 is two
times of MFX 437, and the CoF values of nanogel AEL 04 on MFX 430 and 434 are higher
than the CoF value of nanoparticles of Aerosil 150 on MFX 437. Although the cartilage
samples were collected and prepared by the same methods, the individual sample difference

is incalculable, and it is more important to compare the values on the same sample.
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Figure 6.16: AFM tribological measurement results of nanogels (AEL 04) and silica nanopar-
ticles (Aerosil 150) on human OA cartilage samples, the maximum load applied is 2300 nN.
(a) Friction raw data of MFX 430; (b) friction raw data of sample of MFX 434; (c) friction
raw data of sample of MFX 437; (d) CoF of silica nanoparticles (Aerosil 150) and nanogels
(AEL 04) on the samples of MFX 430, MFX 434, and MFX 437.

With higher concentrations of nanogels and nanoparticles, it was challenging to be
recorded the signals from the multimode AFM. The CoF values presented on the cartilage
in AFM tests could be observed to be extremely low. The highest value obtained in the
AEL 04 test on cartilage was 0.009, which was lower than the best lubricant AEL 03 CoF
value on PVA-coated PDMS surface, which was 0.010, which verifies that even the late-stage
OA cartilage still provides a well-performed surface on tribology. In addition, the nanogel
used in the present work was reported as slightly negative charged [428]. On the negatively
charged cartilage surface, the attachment of nanogel particles should be worse than the
neutral particles but still showed excellent performance for the cartilage surface lubricating.

Therefore, the nanogel has the potential to be more lubricated with a positive charge on the

171



Development of nanogel based lubricant function as IAI formulation on OA cartilage

particle surface.

Particle type Young’s modulus

Silica nanoparticle 5.5 - 88.7 GPa [433, 434]

polymer grafted nanoparticle 0.14 - 6.9 GPa [434]

Nanogel 3 kPa - 13 MPa [435-438|

Table 6.6: Young’s modulus of different types of nanoparticles.

According to Figure 6.15(c) and 6.16(d), it is significant that the nanogels provided much
better tribological properties in the lubricant system than silica nanoparticles on PVA-coated
PDMS and cartilage tissue that nanogels decreased more CoF. The hydrogel crosslinked with
polymer chains would usually be considered an elastic material. Hence, the compression
on the nanogel polymer network in hydrogel would be considered with elastic behaviour.
The modulus would decrease with less combination of polymer chains. The less elastic
modulus nanogel would be softer, and the same compression on softer nanogel could have
more deformation than stiffer particles, and then the contact areas would be more extensive.
According to the classical physics equations, increasing the contact area will decrease the
contact pressure, which would benefit the lubrication system and decrease the CoF. As
the silica nanoparticles are usually considered as rigid material [439, 440], which has stiffer
mechanical properties than nanogel (Table 6.6), even though the size of AEL 04 was more
considerable than Aerosil 150, the increase of contact area improves the lubrication system
of nanogel solutions. Similarly, the polymer grafted particle has modulus from 0.14 MPa
to 6.90 MPa, which is stiffer than nanogel and hardly deformed under pressure. Therefore,
besides the suitable size of nanogel, the excellent deformability during the friction decreased
much more than other stiff nanoparticles, which has a high potential as a carrier for the drug

delivery system.
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6.4 Summary

In the present study, the cartilage surface morphology and mechanical properties were
measured, and the work compared the nanogels with silica nanoparticles on polymer and
biotissue substrates. The cartilage surface morphology was captured by SEM and AFM. The
porous and multilayer structure were observed in SEM images. Furthermore, the fibrous
structure was observed at the edge of cut-off sections. The pore size of OA cartilage was
from 0.267 4+ 0.137 to 1.691 + 0.866 pm, and the width of fibril was from 0.065 4 0.025 to
0.437 + 0.143 pm. The mechanical properties of cartilage were obtained, which provided the
mechanical values range of late-stage OA cartilage. The CoF of cartilage varied from 0.016
+ 0.003 to 0.065 £ 0.009, and the Young’s modulus was in the range of 0.019 + 0.001 MPa
to 0.124 £ 0.009 MPa.

The nanogels have been proven as a better lubricant for cartilage than silica nanopar-
ticles. Four types of nanogel made under different conditions have been studied for the
function of lubricating on planar PDMS coated by PVA. Compared to the lubrication on
the PVA-coated PDMS, the HA-based nanogels showed better lubrication than pure HA,
which benefited from the effects of spherical particles. The rolling effect provides rolling
friction with nanogel particles. Compared with the four types of nanogels, AEL04 showed
the highest CoF on the substrate, and AEL 03 showed the lowest CoF. The CoF of AEL 04
was 0.040 at 1.5 mg ml~! and 0.043 at 3.0 mg ml~!, and the values of AEL 03 was 0.010
at 1.5 mg ml~! and 0.019 at 3.0 mg ml~!. Similar to silica nanoparticles, the reduction
of nanogel size decreased the CoF. Even though the silica nanoparticle and nanogel were
both at the nanoscale, the lower modulus of nanogel provides a larger contact area and less
contact pressure during the lubrication, which benefits the reduction of the CoF of the tribo-
logical system. Therefore, compared to the nanogel and silica particles’ lubrication efficiency

on PVA-coated PDMS and the cartilage, it could be confirmed that the nanogels provided
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better lubrication than silica particles on both polymer substrate and biotissue. Moreover,
the negatively charged nanogel used in the present work should be able to be improved
to a positive charge to enhance the binding with the cartilage surface, which is negatively

charged.
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Chapter Seven

Conclusion and future work

7.1 Conclusion

The present thesis establishes a series of the porous polymeric matrix that can mimic
articular cartilage degenerated in different stages of osteoarthritis (OA) with improved consis-
tent mechanical properties. Based on the porous polymer scaffold, the present work studied
the parameters that influence the lubrication of nanoparticle-based fluids. The results show
that the tribological behaviour of nanoparticles is affected by particle size, normal load ap-
plied, sliding velocity and particle concentration. Furthermore, four types of hydrogel-based
nanogel are introduced in this thesis to study the lubricant behaviour and to compare to
the silica nanoparticles. The nanogel shows better lubrication efficiency than silica nanopar-
ticles on elastic materials, including polydimethylsiloxane (PDMS) based artificial cartilage
and human OA cartilage. In the OA articular cartilage from patients, the present study
exhibits the surface morphology of cartilage and measured the range of human OA cartilage

mechanical properties of Young’s modulus and coefficient of friction (CoF).
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7.1.1 Artificial cartilage

An in vitro artificial system is prepared by porous PDMS with polyvinyl alcohol (PVA)
coating to mimic OA cartilage in different stages. The artificial scaffold has controllable
mechanical properties, which are controlled by the curing agent ratio and sodium chloride

fraction in porous PDMS.

With the reduction of curing agent ratio, the porous PDMS shows decreased Young’s
modulus and increased CoF. By increasing sodium chloride fraction of porous PDMS scaffold,
the scaffold comes with decreased Young’s modulus from 1.50 + 0.03 MPa to 0.07 4+ 0.003
MPa and increased CoF from 0.033 4+ 0.002 to 0.133 £ 0.001. Moreover, the porosity of
porous PDMS scaffold increases with the increase of NaCl fraction as well, which varies from
54.6 + 1.1% to 81.7 £ 0.7%. The sinking of sodium chloride are observed when the low
fraction of NaCl. Therefore, the porosity can not be calculated by the physical properties
of PDMS and NaCl. For predicting the porosity of the bottom layers of the scaffold, a
mathematic model is used for calculating the porosity, based on the bottom porosity results
obtained from the present work. Similarly, another mathematic model shows the relationship

between Young’s modulus and porosity.

To replicate the articular cartilage surface chemical property, the surface of PDMS is
modified to hydrophilic with a thin film coating by PVA. A wave pattern is captured on
the surface of planar PDMS coated with PVA, which is explained by the expanding and
different speeds of contracting. Moreover, the PVA film thickness is calculated according
to the correlation between film thickness and wavelength, which is results in 0.17 pm. At
the same time, the PVA layer changes the physical properties of the porous PDMS. As the
PVA has a higher modulus than PDMS, the porous scaffold with PVA coating shows stiffer

property than pure porous PDMS. The Young’s modulus of porous PDMS coated with PVA
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varies from 3.53 4+ 0.41 MPa to 1.84 + 0.58 MPa. In addition, the hydroxyl groups on PVA
combined with the water-based solution by hydrogen bonds, resulting in the porous PDMS

coated with PVA having the lower friction coefficient than porous PDMS matrices, which
resulting from 0.010 £ 0.0002 to 0.022 4 0.0006.

7.1.2 Silica nanoparticles-based lubricant

Silica nanoparticle-based nanofluids were applied to the tribological measurement on
the porous polymer scaffolds in the present study. Without the impact of the viscosity
of nanofluid, different conditions of silica nanoparticle-based fluid show the influence on the
lubrication systems, which includes nanoparticle size, concentration of nanoparticles, normal

load applied and sliding velocity.

The increase in nanoparticle size shows the increase of the CoF. The CoF increases from
0.042 + 0.005 to 0.060 + 0.025 on PVA-coated PDMS when the size increased from 152.40
nm to 256.00 nm. While the normal load applied on the porous matrix increases from 30 g
to 50 g, the CoF of all the lubricants increases. With the sliding velocity increase, the CoF
of the lubrication system rapidly decreases during low velocity and then slightly increases
at the concentration of 5%, which could be explained by the Stribeck curve. There is a
critical concentration of nanoparticle-based lubricant. The CoF of the lubrication system
reduces when the concentration of nanofluid increases lower than the critical concentration,
and then the CoF increases with the increase of particle concentration. This trend has
been confirmed in both nano and microscaled measurements, that Aerosil 150 shows the
lowest CoF 0.035 £ 0.005 at 0.5% in microtribometer measurement and 0.071 at 1.0 mg
ml~! in AFM measurement. The critical concentration can be explained by the fact that
nanoparticles are fully piled on the surface when the concentration is over the critical value,

and the piled nanoparticles increase the CoF by increasing the surface roughness.
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The parameters of silica particles play essential parts in lubrication on the porous poly-
mer matrices. The application could help further study drug delivery systems on the porous
OA cartilage tissue, and the results are beneficial to adjusting the parameter of nanoparticles

to decrease the lubrication at the same time as drug release.

7.1.3 Human cartilage

AFM and SEM showed the surface morphology of human cartilage. The SEM images
show the pore structure on the surface, in which tiny pores shows circular and regular edges
with diameters varies from 0.267 + 0.138 pm to 1.691 £+ 0.866 ym. AFM and SEM images
of the cartilage surface show small fragments distribution, which is highly possible broken
during the degeneration of OA. The fibrous structure can be significantly observed on the
cut-off section of cartilage SEM images. Moreover, the cartilage shows the multi-layers
structure on the section with the fibres stretched out from the edge of each layer. Moreover,
the cartilage surface was torn into cracks in SEM measurement, which shows the internal

fibrils broken rapidly.

The mechanical and frictional properties of human OA cartilage are measured in the
present work. The Young’s modulus and the CoF of human cartilage are results from 0.019
+ 0.001 MPa to 0.124 4+ 0.009 MPa and from 0.016 £ 0.003 to 0.065 4 0.009, respectively.
During the mechanical property measurements, the curves of cartilage indentation tests show
that the withdrawal of indentation results in a lower modulus than engagement, which is
explained by the loss of structural strength after the pressure. By classifying the results
according to the patients’ information, the comparison of Young’s modulus and CoF shows
that females older than 70 and overweight patients’ cartilage show worse mechanical prop-
erties in lower Young’s modulus and higher CoF. The overweight cartilage showed a lower

coefficient, which might be because of the higher load “polished” cartilage surface.
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7.1.4 Nanogel lubricant

Four types of nanogel synthesised by hydrogel were introduced in the present work. The
nanogels show circular shapes in AFM images, most of which show irregular morphology in
SEM images because of the dehydration. Furthermore, the aggregation can be observed in
both AFM and SEM images, and the size of nanogels measured based on the images are
compared with DLS results, which show that the DLS results are more convincing as the

natural nanogel size.

Compared to the CoF of nanogels on the planar PDMS coated with PVA, the particles
prepared by microfluid chip at 2 bars (AEL 03) shows the best tribological behaviour with
CoF of 0.010 at 1.5 mg ml~! and 0.019 at 3.0 mg ml~! on planar PDMS coated with PVA.
On the other hand, the nanogel synthesised by mixed emulsion/evaporation technique (AEL
04) shows the worse performance as a lubricant, which CoF on planar PVA-coated PDMS
0.040 at 1.5 mg ml™' and 0.043 at 3.0 mg ml™*. The results of CoF between nanogels
can be correlated to the size of the nanogel that the smaller particles show a lower CoF.
Although AEL 04 shows the highest CoF amongst nanogels, compared to AEL0O4 and silica
nanoparticles in planar PVA-coated PDMS measurement, nanogels show much lower CoF
than silica nanoparticles. In the tribological measurement on cartilage, silica nanoparticles
decreased the CoF than PBS buffer, which confirms that the nanoparticles are effective in
the cartilage surface lubrication system. At the same time, nanogel shows a much significant
lower CoF than silica nanoparticles, the nanogel presented better effectiveness in decreasing
the friction on the cartilage surface. The CoF of nanogels (AELO4) on human cartilage varies
from 0.005 to 0.008 and the CoF of silica nanoparticles (Aerosil 150) is from 0.007 to 0.013.
The softer nanogels show more deformation than the silica nanoparticles, which might be
the reason that nanogels decrease the CoF by increasing the contact area under the same

conditions.
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7.2 Future work

This thesis established a porous artificial system to mimic OA cartilage in different
stages, and developed the efficiency of lubrication system based on silica nanoparticles and
nanogels. However, some considerable steps could be taken in future work to establish better

artificial structure and to enhance the lubrication efficiency of nanoparticles.

The present work attempted to measure the porosity of cartilage via X-ray tomogra-
phy, the less density is a challenging to show the cartilage porosity clearly. Some previous
results reported the cartilage or OA cartilage porosity, but the range was too wide to be
convinced as the OA cartilage structure. Therefore, the future work needs to focus on the
OA porosity, which was helpful for the artificial cartilage to precisely mimic the cartilage’s
porosity in different stages. The cartilage mechanical properties against the OA influence
factors contact could not be concluded by the scatter plots but by the classified tables, which
meant that more cartilage should be measured, to show the significant correlation between
the mechanical properties and OA disease influence factors. As the pore size of cartilage was
measured as nanosized, the pore-foaming agent of sodium chloride can be considered to be

replaced by any nanosized soluble agent, which can better mimic OA cartilage physically.

It was difficult to locate the tip of the cantilever to the position of the particles, therefore,
the modulus result was failed to be obtained based on the methodology in the present study.
Without the modulus results of nanogel particles, it is unable to correlate the CoF with the
stiffness of nanogel and build a mathematic model. Hence, it is essential in the future work
to obtain the stiffness mechanical property to benefit the further choice and improvement

on the nanogel particles.

Lastly, most of the present work develops the lubrication system based on the studies

of mechanical properties. However, the cartilage surface is reported with negatively charged
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glycosaminoglycan (GAG) groups within a complex collagen network, which is not replicated
by the present artificial system. Therefore, it could be improved in future work to coat the
negatively charged chemicals on the scaffold to mimic GAG groups. Based on the negatively
charged surface, differently charged nanogels can be applied to study the charge influence of

nanoparticles on the porous artificial cartilage.
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Appendix One

Appendix

A.1 AFM code template

pip install nanoforce

pip install numpy

pip install plotly

pip install scipy

pip install easygui

from nanoforce import AFM
expt = AFM()

expt.run()

expt l.nanoscope params|)

expt l.set def sens(100)
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expt 2.set_spr_const(0.32)

expt_ l.nanoscope read|()

expt_ l.plot_raw(1)

expt _1.baseline()

expt_ 1.baseline(start pos = 0.5, end pos = 0.7)
expt_ 1.contact()

expt_1.plot_ adjusted(10)

expt_3.plot_ curves()

expt_ 1.delete curve()
expt_1.calc_adhesion(plot_hist = True)

expt_ l.calc_modulus(poisson_ratio = 0.4, indenter radius = 20 * 10e-9)
expt_ 2.calc_modulus(plot_hist = True)

expt 1.plot_adhesion modulus()

expt_ l.save data(’filename’)
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A.2 Donators information

sample Code Sample L/R? SEX AGE Height | Weight BMI Waist Hip
Type (cm) (kg) (em) | (cm)
MFX412 Hip R F 66 157 85 34.57 99 129
MFX416 Hip R F 73 164 85 31.60 86 118
MFX417 Hip R M 71 169 70 24.51 88 97
MFX418 Hip L F 60 166 64 23.30 82 95
MFX420 Hip R F 76 155 51 21.14 77 86
MFX421 Hip L M 69 172 101 34.14 118 119
MFX422 Hip L F 73 158 75 30.04 96 114
MFX423 Hip R M 81 163 90 33.95 104 109
MFX430 Hip L F 76 161 60 23.15 92 100
MFX437 Hip R F 72 159 63 24.92 89 101
MFX438 Hip L F 75 159 50 19.78 67 91
MFX439 Hip R M 63 179 109 33.99 126 118
MFX440 Hip R M 68 170 94 32.53 128 110
MFX_RHHO048 Hip M 62 178 97 30.50 100 105

Figure A.1: Donor information of osteoarthritis patients.
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A.3 Cartilage AFM images
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Figure A.2: AFM images of cartilage MFX 412.
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Figure A.3: AFM images of cartilage MFX 416.
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A.4 Cartilage SEM images

Figure A.4: SEM images of cartilage MFX 418.
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Figure A.6: SEM images of cartilage MFX 440.
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