Imperial College

London

Imperial College London

Department of Materials

Hybrid Materials for Meniscus Replacement in the Knee

Yu Chien Lin

2

IMPERIAL S MATERIALS

S
EM&

Submitted for the degree of Doctor of Philosophy




Abstract

The meniscus is cartilage that not only prevents the bones in knee joints to grind
together but acts as a joint stabiliser. Many athletes and older people suffer from
meniscus tears and degeneration. Meniscal tear treatments have been through meniscal
suture or by partial meniscectomy (removal). These treatments may cause changes in
loading or decreased contact area and increased contact stress. Consequently, the
ultimate result is a total meniscectomy that potentially leads to osteoarthritis (OA).
These current surgical strategies have lower success rates in younger patients. There
are no successful artificial meniscus replacement devices for young patients, therefore,
new materials for meniscus replacement are required. Here, the aim was to develop a
novel biomimetic meniscus device made of a silica/polytetrahydrofuran (SiO2/polyTHF)
inorganic/organic hybrid material. The device is biomimetic in terms of its structural
design, mechanical properties, and integration with the host tissue. The device should
delay onset of OA. The hybrid has unique properties in that is a bouncy material which
has comparable mechanical properties to knee cartilage. Two pot hybrid synthesis was
used to synthesise the SiO2/polyTHF hybrid and casting mould was developed based
on the shrinkage factor of the hybrid. The hybrid synthesis modifications were
conducted by controlling compositions and drying processes. Biological fixation of the
hybrid meniscus was achieved by titanium anchors with gyroid porous architecture
which can provide initial mechanical fixation and secondary biological fixation on the
tibia. The architecture was designed using Solidworks and Rhinoceros software and
printed by the Additive Manufacturing technique of selective laser melting (SLM).
Mechanical testing of the device included compression, cyclic loading, shear strength

and long-term 90 days in-vitro mechanical testing, tribology against living bovine



cartilage, and cell studies. The results suggest that combination of hybrid and Ti gyroid
has potential to be meniscus implant due to comparable mechanical properties, low

friction coefficient, and non-cytotoxicity.
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1. Aims

1.1. Motivation

Joints serve many important functions, such as supporting movement, and the knee
is a combination of many components such as bone, ligaments, cartilage and fluid. The
articular cartilage and meniscus protect the bone surfaces between the femur and tibia.
There was an estimated 850,000 people in USA suffering from meniscus related
surgeries about two decades ago [1], but this number increased to approximately one
million just five years later, partly because sporting activities have become an
indispensable part of life [2]. Approximately 40% of sporting injuries are related to
knee injuries [3]. Common repair strategies try to preserve the meniscal tissue such as
sutures, staples, and anchors, which do not work well for degenerative tears. Fifty
percent of meniscal injury patients develop osteoarthritis (OA) within 10-20 years of
surgery [4, 5]. OA is degeneration of the articular cartilage after which bone contacts
bone, causing intense pain and loss of mobility. Irreparable meniscal lesions are usually
treated by partial or total meniscectomy. In these circumstances further treatment with
a meniscal substitute is necessary. Allograft (deceased donor) transplantation is the
currently best solution available for meniscal substitute, but the problems are related to
graft availability, size matching and secondary surgery. Moreover, meniscal allografts
are observed to shrink [6] and the initial condition of the allograft may deteriorate over
time [7]. Therefore, a promising material for meniscus replacement is an urgent unmet

need.

1.2 Hypothesis

Our hypothesis is that a new inorganic/ organic hybrid material moulded to a
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precise shape can be a revolutionary meniscus replacement device. The inorganic part
provides stiffness and strength, and the organic part provides elasticity. Hybrid
materials are based on the biomimetic concept of inorganic and organic networks
interacting at molecular scale [8]. The SiO>—poly(tetrahydrofluran) [“polyTHF”]
hybrid material is synthesized by a combination of sol-gel process and polymerization
of THF using 3-glycidoxypropyltrimethoxysilane (GPTMS) as a coupling agent [8],
which provides critical covalent bonding between the organic and inorganic networks.
The SiO2 matrix provides stiffness and the SiOz-polyTHF hybrid material is expected
to demonstrate good mechanical properties for meniscus replacement application. The
hybrid is a bouncy material and previous work showed it was possible to make low
friction coefficient surfaces that can minimise the damage caused by artificial material

to natural knee cartilage to preserve natural knee cartilage [9].

1.3 Fixation innovation

The meniscus has unusual anatomy for cartilage as it has a vascular region at the
external periphery and is avascular in the inner regions. The vascular region contributes
to the stabilization of menisci in knee joints as shown in Figure 1.1 [10]. The vascular
region is attached medially to the medial collateral ligament, laterally to the
meniscofemoral ligament and to the transverse ligaments and joint capsule (Figure 1.1
(a)). The transverse ligament connects both menisci, which are anchored to tibia bone
via the anterior and posterior horns[11]. Thus, an idea is to prepare two anchors to fix
hybrid meniscus to tibia bone via the similar location of anterior and posterior horns as
shown in Figure 1.1 (b). Furthermore, meniscus replacement material should be

designed to mimic the vascular and avascular regions in the structure.
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Figure 1.1 An optical image of a cross section of a meniscus: (a) Zone 1 is fully
vascularized; Zone 2 is at the border of the vascular area; and Zone 3 is within the
avascular area of the meniscus, adapted from [10]; F: femur; T: tibia; PCP: perimeniscal
capillary plexus. (b) 3D design of two biological anchors (grey) to fix the hybrid (brown)

meniscus device to the tibia bone via the location of anterior and posterior horns.

1.4 Aim of this project

The aim of this project was focused on the development of new hybrid synthetic
meniscus for knee cartilage replacement. There are several research objectives:

1.1. Synthesis of hybrid cylinders with suitable mechanical properties: Investigating
the effect of ratio of THF and GPTMS compositions (100:1 to 25:1 molar ratio)
and different drying methods (oven drying and freeze drying) on mechanical
properties; in compression cyclic loading, in dry and wet conditions.

1.2. Mould design based on the material properties and meniscus biomimetic structure.

1.3. Use of Rhinoceros and Solidworks software to design a gyroid structure for
Additive Manufacturing of the bone anchors, and 3D printing by selective laser

melting technique with design optimisation.
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1.4.

L.5.

1.6.

Hybrid synthesis and process optimisation for integration with the titanium
anchors.

Matching the tribological properties of the meniscus device with living knee
cartilage to test the friction coefficient between hybrid and knee cartilage.

To understand cell response on hybrid and gyroid scaffolds.
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Chapter 2
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2. Literature review
2.1 Meniscus

2.1.1 Introduction

The meniscus is a cushion structure made of cartilage that fits within the knee joint
between the tibia and the femur. The anatomy of the knee joint is shown in Figure 2.1
(a) [12]. There are two menisci inside each knee joint which are medial meniscus and
lateral meniscus. With the medial meniscus, the anterior and posterior “horns” are
separated from each other and from the anterior cruciate ligament (ACL). The medial
meniscus is crescent-shaped which covers 50% of the medial tibial plateau and
transmits approximately 50% of the total joint load of the knee medial compartment
thus protecting the articular cartilage from the excessive force [13]. The lateral
meniscus is more circular and covers 70% of the lateral tibial plateau and transmits
100% of lateral knee compartment [13]. They are providing joint congruity,
stabilisation, and lubrication for joint preservation. During weight-bearing activities,
the menisci dissipate axial loads and contain hoop stresses. The forces are transduced
throughout the knee meniscus as shown in Figure 2.1 (b). Although the lateral meniscus
transmits 100% of the lateral knee compartment, the medial meniscus is more
commonly injured because it is firmly attached to the tibia by the medial collateral
ligament and the joint capsule [14]. According to a medial meniscus tear report by
Smith and Barrett [15], more than 75% of medial meniscal tears by rupture of the ACL
occur in the peripheral posterior horn and are usually chronic tears. However, the total
axial loads applied in the joint were strongly dependent on bending degree and knee
flexion and health. Contact area between the articular cartilage of the femoral condyles
and the tibial plateau decreased 4% for each 30° of flexion and 85% more axial load is

applied in the joint while the knee is bent at 90° [12].
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Figure 2.1 (a) Anatomy of knee joint; (b) illustration of how the force is transduced
throughout the knee meniscus. The meniscus will transduce compressive loads to

circumferential tensile loads during movements. Adapted from [12].

Meniscus injury commonly occurs in human knee due to abnormal mechanical
force by exercise or degeneration by ageing. Historically, medial meniscal root tears
have been treated conservatively with nonsurgical treatment, suture, and partial
meniscectomy or meniscectomy [16, 17]. Moreover, meniscus deficiency and
meniscectomy have been shown significant cartilage degeneration to lead to
osteoarthritis (OA) [17, 18]. The biomechanical effects of total removal of the lateral
meniscus, with 50% decrease in the total contact area, result in a 235-335% increase in
peak local contact load [19]. Therefore, promising new biomaterials for meniscus

replacement are required.

2.1.2 The properties and structure of human meniscus

Human meniscus is highly hydrated, containing 72 wt% of water, 0.12 wt% of

DNA, 22 wt% of collagen (extracellular matrix, ECM), 0.8 wt% of glycosaminoglycan
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(GAG) and cells such as chondrocytes, microvascular endothelial cells,
fibrochondrocytes and so on [20, 21]. The above compositions vary depending on age,
injuries, and other pathological conditions [21]. In the dry weight of the meniscus,
collagen makes up the majority 75% organic matter and acts as the main fibrillar
component (99.4% of collagen and 0.6% of elastin [21]). Collagen types I, 11, III, V,
and VI have been found within the meniscus with varying quantities in each region and
regional variation as shown in Figure 2.2 [12]. Collagen type I is the most predominant
for >90% within the whole tissue [21] and in zone 1 collagen type I is approximately
80% with other collagen types present at less than 1% by dry weight. In zone 3, collagen
makes up 70% of the tissue and 60% belongs to collagen type II and 40% belongs to
collagen type I by dry weight [12]. Furthermore, zone 1 is a vascularized section and
has the intrinsic ability to heal itself as well as being surrounded circumferentially by
large nerve bundles and smaller nerves running radially [22]. Zone 2 is the mid-section
which has cells more fibroblast-like in appearance. Zone 3 region is located in the inner
section, which consists of smaller and rounder chondrocyte-like cells. Zone 2 and 3 are
avascular, have no innervation and most innervation are the horns of the menisci, which
are attached to bone through insertional ligaments. Normally all meniscus cells present
the same cellular morphology in terms of both size and shape with no regional
variations. However, the cells are modified themselves to adapt the certain environment
and functionalization. Zone 1 presents fibroblast-like cells with long cell extensions,
which facilitate communication with other cells and the ECM [23]. Zone 2 and 3 present
round fibrochondrocytes and chondrocyte-like cells, meanwhile, relative abundance of
collagen type II and aggrecan present in the inner region [24]. Cells present in
superficial zone of the meniscus have been shown to have a flattened, fusiform
morphology without cell extensions. These cells are possibly specific progenitor cells

with therapeutic and regenerative capabilities [25]. In summary, cells modify their
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phenotype and incorporate with ECM to adapt certain applications and environments

in terms of cell morphology, functionalization, and patterns of ECM.

The meniscus is attached to the tibia via coronary ligaments (Figure 2.3). The
meniscus attachment can be divided into three parts: the anterior end, posterior end, and
peripheral area. The anterior end is attached to the anterior intercondyloid fossa of the
tibia, in front of the ACL; the posterior end is fixed to the posterior intercondyloid fossa
of the tibia, between the attachments of the lateral meniscus and the posterior cruciate
ligament. The peripheral part is fused with the tibial collateral ligament in zone 1
(Figure 2.2). The points of attachment are widely separated at two endpoints and
peripheral areas which make the meniscus stable and less mobile on the tibia. Therefore,
the design of meniscus fixation is referred to as natural attachment. The artificial
meniscus is attached at two endpoints for structural stability and creates surface tunnels
on the peripheral area which allow peripheral tissues ingrowth to firm it on the tibia

plateau.

Zone 1

Cells of the
superficial zone

Vessels i roblastlike 30
o/ cells 000 Chondrocyte-like
Ly 1Y Qe cells
B U
» ’ v ~o

Figure 2.2 Schematic diagram of human meniscus showing regional variations in

vascularization and cell populations of the meniscus. Left: the top view of meniscus
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which consists of three regions from outer to inner zone which are zone 1, zone 2, and
zone 3. Right: Zone 1 is a vascularized section, zone 2 is in middle section which has
more fibroblast-like in appearance, and zone 3 region is located in inner section which

consists smaller and rounder chondrocyte like cells. Adapted from [12].

Figure 2.3 Photograph of human knee dissection made in Prof Andrew Amis’ group.
The lateral meniscus is attached on the tibia, whereas anterior and posterior ends attach
on anterior and posterior intercondyloid fossae of the tibia. The peripheral area is

attached by tibial collateral ligament.

The meniscus acts as a load distributor for knee preservation by converting vertical
compressive loads into horizontal hoop or circumferential stresses. The inner structure
of the natural meniscus is complex. Collagen exists at the nanoscale as fibres and
arranges in parallel to form collagen bundles of varying diameters in different directions

[26]. A schematic diagram of the internal structure of the human meniscus is shown in
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Figure 2.4. The surface is formed by random orientation collagen fibres approximately
10 um in thickness 35 nm in diameter. The lamellar layer is formed by collagen fibril
bundles approximately 150-200um in thickness which have radial direction in the
external circumference of the anterior and posterior segments and intersect at various
angles as a rhomboid in other segments. The central part is formed by circular collagen
fibre bundles with a diameter of 20-50 wum which perform a circumferential direction
in all segments of the meniscus. Furthermore, there are loosely arranged collagen fibrils
running in a centripetal direction between the circular fibre bundles in central part [26].
Meniscal load distribution is time dependent due to the exudation of water out from the
ECM. A small amount of GAG and or chains of proteoglycan aggregates in ECM these
hydrophilic proteoglycan macromolecules contribute water-retention and electrostatic-
repulsion properties. The exudation of water from GAGs improves compressive
stiffness and joint lubrication as water is forced into the ECM space [27]. The
mechanical properties of menisci are strongly dependent on their structure. For instance,
fibre-reinforced meniscus scaffolds were found to share axial compressive loads via
generation of circumferential tensile loads within the scaffold [28]. The meniscus resists
axial compression with an aggregate modulus of 100-150 kPa on either femoral or tibial
side at different locations of the human meniscus by cube shaped specimens [21]. The
tensile moduli were evaluated between circumferential and radial direction with whole
menisci, as shown in table 2.1. The circumferential tensile modulus is significantly
larger than the radial tensile modulus. Meanwhile, the surface of the meniscus is
constituted by random orientation and lamellar collagen, and those porous ingrowth by
the surrounding tissues to improve fixation of the meniscus. Thus, the structure of the
meniscus (collagen arrangement) is a crucial point in research of mechanical properties
and meniscus fixation for new material on meniscus replacement application. In this

study, the aim was to develop a synthetic meniscus with improved mechanical
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properties which match the way it deforms under load.

The surface layer

The lamellar layer

Figure 2.4 Schematic diagram of internal structure of human meniscus. There are three

layers of collagen fibres with certain patterns which are random orientation collagen on
surface layer, lamellar orientation collagen in lamellar layer, and parallel oriented

collagen fibre bundles in central main layer. Adapted from [26, 29].
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Table 2-1. The tensile moduli were evaluated between circumferential and radial

direction and varies between different locations in the meniscus.

Location Tensile modulus (MPa)

Medial meniscus: Tangential direction Radial direction
Anterior 159.62+£26.2  141.2456.7 106.21+£77.95 48.31+24.35
Central 228.8+51.4 116.4+£47.5  77.95£25.09 46.20+27.56
Posterior 294.1£90.4 108.4+42.9  82.36+22.23  32.55+11.27

Lateral meniscus:

Anterior 159.1+47.4 124.58+39.51 48.47+25.67
Central 228.8+51.4 91.37423.04  45.86+24.20
Posterior 294.1£90.4 143.73£38.91 29.85+12.77
Reference [30] [31] [32]

2.2 Meniscus repair and replacement

2.2.1 Meniscus lesions

For the mature meniscus, only a certain portion of the tissue receives blood supply
which is segmental and regional surrounding the peripheral tissues. The vessels
penetrate around 10 to 25 % of the width of the lateral meniscus and 10 to 30% of the
width of the medial meniscus as shown in Zone 1 in Figure 2.2 [12]. These vessel
distributions greatly determine the self-healing ability of the meniscus. Meniscus
lesions can be divided into two groups: degenerative and traumatic lesions. The
degenerative lesion is typical in older people, although this kind of lesion can occur in
all age groups [33]. A meniscus lesion is a common incidental finding on magnetic
resonance imaging (MRI) in both symptomatic and asymptomatic knees [34]. The
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degeneration of the meniscus can occur by repetition of micro-trauma, osteoarthritis,
diminished and vascularization [35, 36]. The characteristics of meniscus tissue vary
according to age, tear pattern, and pathological conditions. These include the water
content, cells, extracellular matrix, collagen, and adhesion glycoproteins [21]. The MRI
demonstrated degenerative meniscus including cavitation, softened tissue, fibrillation,

or complex tear patterns as shown in Figure 2.5.

Figure 2.5 Typical fibrillation of a degenerative meniscal lesion (a); complex tear
combining flap and horizontal tear (b); MRI lateral view of longitudinal medial
meniscus tear (red arrow) (c); final look after meniscectomy reducing the volume of

meniscal tissue (d). adapted from [37].

On the other hand, a traumatic meniscus tear is typically associated with an acute
event; from high energy impact to rupture of the meniscus tissue. The schematic
diagram of types of meniscus tears are shown in Figure 2.6. The most representative

patterns for traumatic tears are longitudinal, bucket-handle, flap tear, and radial tears.
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On the contrary, the most representative type of tear for the degenerative lesion is the
horizontal tear [38]. The meniscal root injuries are widely reported to be degenerative,
traumatic and frequently combined with acute arterial cruciate ligament rupture [39].
Untreated meniscal injuries can lead to the rapid development of osteoarthritis due to

meniscal extrusion and the loss of resistance to hoop stress [40].
g J b

Figure 2.6(A) Illustration of normal meniscus, and common types of meniscus tears:

D

(B) radial tear, (C) longitudinal tear, (D) horizontal flap, (E) vertical flap, (F) bucket
handle tear, (G) oblique/parrot beak lesion, (H) complex degenerative, (I) horizontal

tear, (J) root tears. Adapted from [37].

2.2.2 Meniscus repair and fixation

According to the limitation of meniscus self-healing ability, surgical and medical
advice are intended to preserve the original meniscus and extend implement medical

treatment. The International Society of Arthroscopy, Knee Surgery and Orthopaedic
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Sports Medicine (ISAKOS) reported a comprehensive classification of meniscal tears
that provides sufficient interobserver reliability for pooling of data from international
clinical trials designed to evaluate the outcomes of treatment for meniscal tears. The
classification is based on tear depth, rim width, radial location, central to the popliteal
hiatus, tear pattern and length, quality of the tissue, and existing meniscus tissues [41].
This classification index can suggest a proper treatment in clinical practice. As
aforementioned, the periphery is filled of blood supply and has self-healing potential.
Therefore, several biologic augmentation techniques have been developed, including
mechanical stimulation [42], marrow venting procedures [43], fibrin clots, platelet rich
plasma [44], and stem cell therapies [45]. These methods are applied on the high
vascular zones to promote neovascularisation. Although, these methods have some
excellent results clinically, they depend on the patient’s condition and are more suitable
for young patients. Meniscal repair is most often performed using arthroscopy. The
arthroscopic surgery is to investigate tear pattern and location and is useful for larger
tears where multiple sutures may be needed. The suture techniques include inside-out,
outside-in, and all-inside techniques (Figure 2.7). These suture techniques are utilized
in different types of tear for example the outside-in technique is often applied on the
anterior horn midportion tears and inside-out and all-inside techniques are often used
for posterior meniscal tears or larger tears [46, 47]. Outcomes of meniscal repair a based
on a number of factors and these suture treatments have an excellent capacity for
healing and setting of an acute peripheral tear, based on a recent study evaluating 80
patients (age range 18-49 years) with vertical longitudinal meniscal tears reported an
85% of healing rate at a mean of 51.2 months post-repair [48]. In a revision meniscus
repair study, 79% of patients had no pain and no mechanical symptoms six years post-
operation [49]. Again, these repair techniques are favourable for the high vascular zone

and even younger patients maybe facing a higher risk of failure of the revision meniscus
37



repair [49]. Consequently, meniscal injuries judged to be irreparable should undergo

partial or total meniscectomy in an attempt to save as much meniscal tissue as possible.

i X
viseluesh

Figure 2.7 Schematic diagrams of (a) surgical repair on a vertical longitudinal meniscal

tear using an inside-out repair with knots tied over the capsule, (b) all-inside anchor-
based construct, (c) all-inside knot-tying technique, and (d) a horizontal cleavage
meniscal tear using multiple all-inside circumferential compression sutures placed with
a self-retrieving suture-passing device followed by arthroscopic knot tying. The images
are adapted from [50] and the original images from Mayo Foundation for Medical

Education and Research.

2.2.3 Current meniscus replacement options

Current meniscus replacement materials are limited [51]. Some commercial
products have received the CE mark for use in Europe, such as the collagen meniscus
implant (CMI®, Stryker, USA), a polyurethane (PU) implant (Actifit®, Orteq Sports
Medicine Ltd., UK), and polycarbonate-urethane (PCU) the Meniscus Implant
(NUsurface®, Active Implants LLC, USA). However, the CMI received the first and
only US Food and Drug Administration (FDA) approval so far, in 2016. The CMI is

made of highly purified type I collagen fibres from purified bovine achilles tendon

38



supplemented with GAG [52]. The CMI implant was sutured by bioabsorbable wire to
the host meniscal remnant along the periphery. Long term survival rates are unknown.
Actifit and NUsurface are made by synthetic polymers. The Actifit implant is
polyurethane polymers consisting of biodegradable polyester segments combined with
semi-degradable stiff segments. An arthroscopy is used to position the implant, which
is then sutured to the remaining native meniscus using horizontal stitches and to the
meniscal wall using vertical stitches. [53]. There are unknown long-term effects of
treatment with the Actifit implant due to semi-degradable property [54]. The first
synthetic meniscus-like implant (NUsurface) was made by PCU, which is a non-
degradable material, and the initial results show that primary PCU meniscus
transplantation may protect, but not completely prevent articular cartilage degenerative
changes following meniscectomy [55]. The PCU meniscus was secured with a
tightening metal bolt by drilled tunnels on the tibia and sutured through ligaments. An
ideal meniscal graft would protect the articular cartilage, by preventing the progression
of OA, with good mechanical properties and biological response with surrounding
tissues [56]. Those commercial products were designed in porous structures or with

semi-degradable property which suggest insufficient mechanical strength and stability.

2.3 Hybrid materials

2.3.1 Definition of hybrid materials

Hybrid materials are a combination of inorganic and organic materials which
interact at the molecular level and behave as one material. This molecular level
integration behaves as a single phase compared with composites, which are usually two
separate phases. The phase separation can possibly form weak points. Hybrid materials

inherit properties from both parts with the inorganic part providing mechanical strength
39



and the organic part providing elasticity [58]. The sol-gel method can produce silica
under an ambient environment [59], growing a silica network by polymerization of [59]
hydrolyzed tetraalkyl orthosilicates (sol) precursors to form SiO2 networks (Figure 2.8).
Hybrid materials can be prepared by dissolving polymer precursors into the sol. Both
inorganic and organic parts can be formed through simultaneous polymerization of the
organic monomer and the sol-gel precursors. This process can enable the formation of

covalent bonds or other weak chemical bonding between the networks [60].
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Figure 2.8 Schematic of the sol-gel process that includes the hydrolysis tetraalkyl
orthosilicates and their subsequent condensation to produce 3D SiO2 networks as gels.

Adapted from [61].

2.3.2 Classification of hybrid materials

There are different macromolecular structures and phase connectivity methods in
hybrids [60]. The categories of hybrid material can be based on these properties as four
classes. Class I and II hybrids are formed using polymer produced ex-situ, whereas for
Class III and IV hybrids the polymer is formed simultaneously with the sol-gel process.
In Class I and III hybrids, interactions between inorganic and organic components are
with weak bonds such as hydrogen bonding, van der Waals or electrostatic forces [59].
In Class II hybrid materials, the inorganic building blocks are covalently bonded to the
organic polymer, which demonstrate a strong structure stability and controlled

biodegradation. The polymer is introduced into the sol ready-formed. Class IV hybrids
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go a step further than Class II in that the polymerization of the polymer occurs in the

same pot as the inorganic polymerization [60].

Class II and IV hybrids have strong interactions between inorganic and organic
components at the molecular level, resulting in non-degradable or controlled congruent
degradation and the possibility for tailorable mechanical properties [62]. Our
silica/polyTHF hybrid is Class IV. The schematic chemical structure of silica/polymer
Class IT or IV hybrid material is shown in Figure 2.9 [63]. The interpenetrating networks
of inorganic and organic components are indistinguishable structure above the
nanoscale. The polymer is mechanically entrapped in the silica network during
condensation. Covalent bonding between the components can be achieved using a
coupling agent molecule, a short chain molecule that contains organic moiety on one
side and three alkoxysilane groups on the other side which can be used to link the silica
and the polymer. Polymers containing nucleophilic groups, such as -OH, -COOH or —
NH> groups, can be used to react with a coupling agent. Alternatively, a polymer can
be used (or synthesized) that already contains silane bonds incorporated with sol, the
terminal groups hydrolysed to form silanol groups, which can condense with other
silanol groups from hydrolysed sol and bonding the silica network [64]. A coupling
agent used in this research is 3-glycidoxypropyltrimethoxysilane (GPTMS), which has
an epoxy ring on one end that is susceptible to nucleophilic attack and three
methoxysilane groups on the other end of the molecule [65]. GPTMS was also
previously used for natural polymer hybrids such as gelatin and gives the ability to
tailor both mechanical properties and dissolution properties [66]. Methacrylate based
polymers can be synthesized with 3-trimethoxysilyl propyl methacrylate (MPMA) units
that present pendent siloxane groups that can partake in the silica sol-gel reaction. This

kind of coupling agent can potentially improve the physical properties of hybrids [67].
41



O\/Si/\ O\S‘/
OH '~
5 Ho HO
0 HO o]
\ Lo d
0-Si-0—Si”~ ~§j—0H
/ \ |
] 0 o
\ /

e o P Vo0
—S Sl —Si~ Organic - polymer
Ho=R — “po=Si

\
OH 9 /O Inorganic - silica

| | ~OH Covalent crosslinks
/\/ OH HO

Figure 2.9 Schematic of the chemical structure of silica/polymer hybrid material.

Adapted from [63].

2.3.3 SiOxpolyTHF based hybrids

A novel self-healing Class IV hybrid material was reported by Tallia et al. [8].
Unique properties were generated by combination of intermolecular forces between two
organic components which demonstrate London forces and dipole-dipole interactions
between the polymer and silica networks [68]. The hybrids were synthesized by in situ
cationic ring-opening polymerization (CROP) within the sol-gel process, creating
silica/poly(tetrahydrofuran)/poly(€-caprolactone), SiO»/polyTHF/PCL hybrids [8].
PCL-diol was first oxidized by TEMPO oxidation to synthesize PCL-diCOOH, which
provided —COOH groups that were then utilized for reaction with GPTMS in
tetrahydrofuran (THF). The nucleophilic groups opened the epoxy ring on the GPTMS,
but the GPTMS also acted as an initiator for the polymerization of THF solvent (in situ

CROP), producing polyTHF. The polyTHF acts as a second organic phase to form a
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unique tri-component hybrid material in the presence of a catalyst (BF3OEtz) [8]. The
schematic of the CROP reaction is shown in Figure 2.10. Firstly, BF3-OEt, catalyst
opens the epoxy ring on the GPTMS at step 1. The THF nucleophilic groups attack the
GPTMS epoxy ring and initiate CROP at step II and chain elongation at steps III-1V.
Finally, a covalent bond forms between polyTHF and GPTMS. GPTMS is covalently
bonded with polyTHF, which is ready to form hybrid by interaction with sol-gel silica
as shown in Figure 2.7. The research results suggest biodegradable SiO»/ polyTHF/PCL
hybrids are suitable for cartilage regeneration material due to elastomeric bouncy
behaviour, controllable mechanical strength, and cell recognition [8]. Furthermore, the
hybrids showed elastomeric deformation under tension and the ability to recover the
initial shape when the load was released, until fracture. As organic content increased
from 2.5 wt% to 39 wt%, true strain to failure decreased from 25.5 + 3.3% to 2.4 +
1.5% and true stress to failure increased from 0.12 + 0.05 MPa to 1.42 + 0.47 MPa [8].
Our hypothesis is that a non-degradable version of the hybrid, i.e. SiO2/polyTHF, is

potentially suitable material for a meniscus replacement application.
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Figure 2.10 The schematic diagram the CROP reaction of THF, using GPTMS as an

initiator, adapted from [8].

2.4 Chemistry/structure/property relationships of hybrids

2.4.1 Silica based hybrid applications

Silica-based hybrids can be made with different polymers, which will need
different coupling agents, for applications in multiple fields. For example, N-[3-
(trimethoxysilyl)propyl]ethylenediamine (TSD) can be used as a coupling agent for
combining TEOS and Fe304 magnetic nanoparticles as a magnetic hybrid [69]. Many
different organosilanes were reported as potential coupling agents such as trifunctional
organosilane methyltrimethoxysilane (MTMS) [70], 3-aminopropyltrimethoxysilane

(APTMS) [71], (3- isocyanatopropyl)triethoxysilane (ICPTS) [72], (3-
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aminopropyl)triethoxysilane (APTES) [73], (3-mercaptopropyl)trimethoxysilane
(MPTMS) [74], and (3-glycidoxypropyl)trimethoxysilane (GPTMS) and these
coupling agents are conducted widely applications such as anticorrosive coating [71,

75], electrolyte [70], drug delivery, bioimaging [76] and other applications.

2.4.2 SiOxpolyTHF/PCL hybrid application

This study focuses on SiO2/polyTHF/PCL hybrids first reported by Tallia et al.
[77]. Modern high tech glassy materials are needed to fulfil the complex engineering
design criteria for novel applications, but they are usually brittle and have no self-
healing ability. This advanced material system not only provides unprecedented
mechanical properties, including bouncy elasticity, degradability but also has the
intrinsic ability to self-heal autonomously [8]. The self-healing property of hybrids have
been shown in Figure 2.11 (a). Images of Si0-CL530 to Si70-CL530 (PCL-diol (Mn =
530 Da)) demonstrate excellent self-healing 5 seconds after the creation of defects. A
similar result was reported by Fan et al. in 2021 [78]. The surface morphologies of the
self-healing process have been observed by scanning electron microscopy (SEM) as
shown in Figure 2.11 (b-d). The SEM images captured a clear healing process by
bringing together two fractured surfaces. This process is similar to natural tissue
repairing. This ability can potentially be useful for smart glass application. Meanwhile,
this hybrid is 3D printable without any additional binders which can be conveniently
3D printed as a designed scaffold. The 3D scaffold can provide a certain structure for
tissue engineering applications. The SiOy/polyTHF hybrids are theoretically
nondegradable, however, the PCL brings degradability in this material system. To sum
up, SiOo/polyTHF/PCL hybrids demonstrate excellent self-healing properties,

controllable mechanical properties, structure and degradation ability which are suitable
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as a multifunctional materials and potential for cartilage regeneration and tissue

engineering applications.
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144
.
O
o

Sie0-CL Si70-CL Si80-CL Si90-CL

Figure 2.11 (a) Optical microscope images of SiO2/polyTHF/PCL hybrids of the five
hybrid compositions from Si0-CL530 to Si90-CL530 before creation of a defect (top)
and after self-healing at RT (bottom). Images for Si0-CL530, Si60-CL530 and Si70-
CL530 were taken after 5 s from defect creation; images for Si80-CL530 and Si90-
CL530 (Si(wt%)-CL530 refers to TEOS (Si)/PCL-diCOOH (CL (Mn = 530 Da)), when
0% Si-100% CL is present (Si0-CL) and 60% Si-40% CL is present (Si60-CL)) were
taken after 24 h from defect creation. Scale bar = 500 pm and (b—d) SEM images of a
defect created on a Si0-CL sample. From b-d images show the bridging effect along the
fractured surfaces during the self-healing process. The margins of the defects are visible
in (b) and a magnification of the bridging is reported in (c); this behaviour was
confirmed also on other areas of the sample (d). Scale bars: 50 pm in (b); 10 um in (c

and d) images adapted from [8].
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2.4.3 Non-degradable SiOxpolyTHF hybrids

There are very few reports on the SiO2/polyTHF hybrid system, most of which are
to make the hydrolysis TEOS and mix with polyTHF for thin film or surface coating
applications [79, 80]. However, our SiO2/polyTHF hybrid system is synthesised by two-
pot synthesis and forms a covalently bonded SiO2/polyTHF hybrid system as a bulk
specimen. The synthesis technique is similar to that reported by Tallia et al. but without
PCL [8]. This covalent bonding can provide strong chemical interaction and make the
bulk structure non-degradable. Various studies on the mechanical properties of a new
Si0,/PolyTHF hybrid with outstanding elastic mechanical properties were performed
by previous MSc students Seyed Ataollah Naghavi, Manishankar Chellappan, and Enric
Juan Alcocer under the supervision of Dr. Gloria Young and Dr. Francesca Tallia. This
material has good elasticity, can bounce and demonstrates excellent mechanical
properties. Meanwhile, the non-degradable property can make it a potential candidate

for cartilage replacement.

2.5 Additive manufacturing

2.5.1 3D printing technique

Additive manufacturing (AM) technologies are well known as 3D printing
techniques or additive layer manufacturing which are capable for fabricating materials
with complex free form geometries and overcoming certain technical issues over
conventional manufacturing techniques. AM processes can be classified into seven
classes: vat polymerisation, material extrusion, sheet lamination, powder bed fusion,

material jetting, binder jetting and directed energy deposition, respectively. Each AM
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process has been developed due to its different working mechanisms for specific
materials in polymers, ceramics, and metals. Polymers are generally matched low
melting point and chemically modifiable properties which are suitable for vat
photopolymerisation and material extrusion technique. Vat photopolymerisation uses
liquid photopolymer in a vat and selectively cures it by light activated polymerisation.
Material extrusion dispenses materials through heated nozzles and fuses material
together. Ceramics are intrinsically brittle, have higher sintering temperature, and have
low fracture toughness compared with metals which make it difficult to manufacture a
high quality, defect-free object. Although conventional manufacturing processes can be
built, the parts of designed geometry and dimension, high process temperature and low
ductility require long and expensive later processes such as secondary heat treatment.
Binder jetting AM can be properly used for manufacturing near designed shape
structures for ceramic scaffolds [82, 83]. However, it is limited properties in binder
properties used in the process. The selective laser melting (SLM) technique has recently

gained popularity due to its ability to produce high melting point ceramic or metal.

2.5.2 Selective laser melting technique

Advanced materials offer unique properties for high-tech applications. However,
these unique properties also cause a certain level of inconvenience in manufacturing
such as high melting point, exceptional mechanical strength, thermal resistance and
chemical stability [84]. The SLM technique was designed to use a high-power density
laser focused on the metallic or ceramic powders to melt them together and the SLM
process (Figure 2.12). Figure 2.12 (a) demonstrates the SLM process (AM250 metal
powder bed fusion system, Renishaw plc., UK) which applied 40W focused high-power

density laser with 50um point distance and 110 ps exposure time to melt 10-45 pm
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commercial pure titanium (CP-Ti) (Widnes, UK) powder in the powder bed following
the designed pattern. Once the pattern has been scanned and melted, a scraper covers
the sintered best with a new layer of powder ready for the next scan, as shown in Figure

2.12 (b).

Powder bed

Figure 2.12 SLM process (a) is shown laser impinging on the centre powder bed where
the power is melted together. The left powder bed (b) is supplying new power and
covered new layer of powder by a scraper coming from the left bed to the centre bed

for next laser scanning.

The working mechanism of SLM technique is based on digital design software
such as AutoCAD and Rhinoceros 6.0 (Robert McNeel & Assoicates, USA) to design

of the built part and slice a 3D objective into 2D layer. The laser system will be applied
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following the designed pattern layer by layer. The laser has a very short exposure time
(about 110 ps) which strongly limits fusion area, and the scanning depth is typically
less than 100 um. Thus, it is the limit of the size of the powder and needs to be prepared
beforehand. The centre powder bed stage will lift down once the laser pattern has been
finished and the left powder supply bed stage will lift up a certain height then covers a
new layer of powder by the powder delivery system. The quality of printing object
strongly depends on the quality (purity, shape, particle size, particle size distribution,
and printing environment) of powder also the working power on the laser and the

powder bed stage.

2.6 Gyroid structure

Porous materials have been investigated for bone integration applications and titanium
is a popular candidate material. It has been used in various porous forms, from shot
opened to those produced by Additive Manufacturing (AM) methods, such as
selective laser melting (SLM). CP-Ti tends to be produced as a bone implant scaffold.
The gyroid is an interconnected porous structure that is recently designed as a bone
implant scaffold due to controllable porosity and open pores. We hypothesis a gyroid
structure to provide enhanced mechanical properties and integration with the hybrid

structure.

2.6.1 Introduction of gyroid structure

The gyroid is a structure composed by a periodic minimal surface without self-
intersection which was first published by Alan Schoen in 1970 [85]. His study
mentioned how any connected graph may be embedded in an orientable surface in order

to form the vertices and edges of a map. However, Schoen did not provide proof of
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embeddedness in his research. Two decades later, GroBe-Brauckmann et al. [86] proved
that gyroid is a triply periodic minimal surface in the associated family of the Schwarz
P- and D- surface. Although the gyroid refers to the family of the Schwarz P surface,
the gyroid exists in several families that preserve various symmetries of the surface.
Similarly, these minimal surfaces appear in triply periodic minimal surfaces. Therefore,

the gyroid surface can be trigonometrically approximated by the following equation:

sin (x) cos(y) + sin(y) cos(z) + sin(z) cos(x) = 0 Equation 2.6.1.1

Because of these studies, we can simply use this equation to define the surface we
need. The traditional casting techniques are not competent to prepare this infinite
interconnected open porous structure. This structure can be produced using AM
techniques such as SLM printing. This technique can print a complex structure directly
from computer-aided design (CAD) design. (Figure 2.13) Figure 2.13 (a) and (b)
demonstrate the united surface of the gyroid before and after render, showing the
curvature on the rendered surface. The structure of the unit surface design can provide
a very magnificent level of structural freedom. The porosity of the gyroid can be
controlled by different connected angles and curvatures along the unite cell as well as
the density determination is based on the thickness of unite surface. A whole gyroid
structure is built by stacking different symmetry axes and the first layer of stack as
shown in Figure 2.13 (c). Each layer of patterned gyroid surface must stack by a certain
angle and orientation that can be consequently assembled as a gyroid unit cell as shown
in Figure 2.13 (d). We can simply mirror gyroid unit cells to build an infinite
interconnected gyroid. Triply periodic minimal surface demonstrates such unique
geometry without self-intersection that provides biomorphic geometry as a platform to

mimic the interconnected structure and controllable porosity of natural bones. The open
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channels are interconnected and by controlling density, porosity and mechanical

properties can potentially be similar to cortical bone and trabecular bone.

(b)

Figure 2.13 The gyroid structure designed by CAD software. (a) the unit surface of
gyroid design, (b) the rendered gyroid unit surface, (c) assembly gyroid unit cell by
patterning gyroid unit surface and stack with adjusting symmetry axis and (d) the gyroid
unit cell. The infinite interconnected gyroid can be built by mirroring the gyroid unit

cell in (d).

2.6.2 Application of gyroid structure
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Gyroid structure is composed of triply periodic minimal surfaces to create a unique

type of open-cell porous structure that can be mathematically defined as

sin(x) cos(y) + sin(y) cos(z) + sin(z) cos(x) = C Equation 2.6.2.1

where C is a constant to represent the overall geometry of the surface. While C =0 is
represented the overall geometry of the structure is composed of a surface with two
sides that split equally in 3D space into two domains to create two symmetric
interconnected networks with the same volume as the simple gyroid as mentioned in
the above section. On the other hand, while C # 0, the geometry of the surface is
changed. The surface has been changed by different values of C, which can create
unique porous distribution and different kinds of interconnected regular geometry in
the gyroid. These changes have been used in applications such as electron transport,
catalysis, other mechanical applications [87, 88]. Gyroid scaffolds have been made and
used widely in many fields, for example, a biodegradable implant made of poly(L-
lactide) (PLA) [89, 90] and other metal implants such as titanium and alloys [91]. In
this section, we focus on the titanium and titanium alloys gyroid scaffold mechanical
properties for bone applications. Titanium-based materials have been used in bone
repair due to their excellent biocompatibility, chemical inertness and high corrosion
resistance. Dense Ti-6Al-4V implants fail to match the modulus of bone compared with
human bone modulus from 1.5-30 GPa to Ti-6Al1-4V of about 110 GPa, causing bone
resorption due to the stress shielding effect [92, 93]. Gyroid structure is a promising
alternative to decrease the stiffness of dense titanium-based materials and make it as
tailorable to match the modulus of the bone. In terms of conventional porous material
which can tune the mechanical properties by filling space with materials, the gyroid

structure can control its mechanical properties by thickening the gyroid surface [94].
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This surface thickening can change the porosity and according to previous studies
suggest the porous gyroid structure exhibit a comparable porosity with trabecular bone
and cortical bone. Meanwhile, the modulus of titanium-based scaffolds can be
controlled in a similar range to trabecular bone and cortical bone [95]. The comparison
of compressive strengths of different fabrication methods to titanium-based gyroid
scaffold as well as the compressive strengths of the trabecular bone and cortical bone
are listed in Table 2.2. The porosity of scaffolds can be manipulated from 5% up to 95
% which are covering the porosity ranges from cortical to trabecular bone. Similarly,
the compressive strengths of titanium-based scaffolds can be controlled from 5.4 MPa
to 206 MPa. Titanium alloy is a very stiff material. However, the advanced AM
technique means titanium alloy can be designed into a gyroid structure. This structure
provides high flexibility of mechanical manipulation which allows titanium alloy
suitable for bone tissue engineering application. Meanwhile, the 3D porous structure
creates a favourable geometry for cell attachment and suggests a potential benefit for

bone ingrowth and regeneration [96].
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Table 2-2 Comparison of compressive strengths and moduli of porous CP-Ti and Ti

alloy made by different fabrication methods compared to trabecular bone and cortical

bone.
No. and Pore size ) Compressive ~ Modulus
) Porosity (%) Method ref
material (um) strength (MPa) (GPa)
Ti-6A1-4V
1 250 10.9 206 0.134 SLM [97]
300 11 173 0.126 SLM
350 11.3 163 0.113 SLM
400 11.2 156 0.11 SLM
bulk 0 1450 1.061 SLM
5 560-1600 20.95 6.50+£1.62 - 0.13£0.02 SIM [95]
81.30+2.60 1.25+0.04
560-160 5-10 1342 - 1481 17.45-19.14 SLM
3 286.0+12.3 70.99+93 22.44+0.46 10.60+0.28 SLM [98]
3722+234 71.00+93 18.44+0.39 8.77£0.52 SLM
471.6+14.5 7721+7.0 1343+0.24 7.80 £0.23 SLM
558.4+232 8886+82 11.23+0.31 5.60 £0.36 SLM
4 1300 75.66+0.31 47.45+1.34 1.91+0.12 EBM [99]
1280 83.97+0.14 14.62+0.34 0.45£0.02 EBM
5 1470 - 1500 85 54+0.1 131+3 EBM [100]
Cp-Ti
1 1240 £ 0.1 68.7 51.6+2.0 2.67+0.16 SLM [101]
1660 + 0.1 73.3 449+0.9 0.04 SLM
1910+ 0.1 72.4 533+1.2 1.46 =0.03 SLM
Trabecular
bone
0.1-16 0.05-0.50 [97]
up to 90 0.8-11.6 0.22-0.712 [102]
Cortical
bone
130 - 200 7-30 [97]
5-10 10-222 7.7-21.8 [102]
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2.7 Summary and objectives

In biomedical applications, many reasons lead to composite materials failure,
including inhomogeneities in their structure that result in weak interfaces between the
components of the composites. Hybrid materials have the excellent structural integrity
to overcome these problems. Hybrid materials have inorganic and organic networks
interacting at the molecular level that produce unique mechanical properties. There is
no current satisfactory solution to the problem of whole meniscus replacement which
has not completely prevented cartilage degenerative changes following meniscectomy
due to insufficient mechanical strength. In this study, an artificial meniscus is made
using a hybrid material. The bottleneck of the artificial meniscus application is based
on a lack of sufficient mechanical properties and reliable fixation techniques. The
mechanical properties will be optimised by controlling hybrid compositions of THF:
GPTMS ratios and comparing the mechanical properties such as compressive strength,
cyclic testing, and tribological properties with living cartilage tissues. A specially
designed titanium scaffold with a gyroid pore structure is incorporated with hybrid to
investigate the initial stage of joining the two materials. This study is expected to
provide stability for the hybrid meniscus in the early stage of implantation and
mechanical pivot on fixation. To should be noted that, the biggest challenge in hybrid
and titanium composite scaffold is the significant shrinkage of hybrid. Therefore, the
optimisation techniques have been studied in this study in terms of controlling hybrid
compositions and the manufacturing method in the drying process. Meanwhile, the
systemic evaluations have been used in this study in structure/mould/scaftfold design,
material/chemical characterisations, mechanical tests before and after 90 days in-vitro

tests, cell studies, and tribology tests to again bovine cartilage.
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Chapter 3: Characterisation Techniques
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3. Characterisation techniques

3.1 Composition characterisation

The general material characterisations and methods are described in this section and
some specific methods and specific operation parameters will be mentioned in each

chapter.

3.1.1 TGA/DSC

Thermogravimetric analysis (TGA)/ differential scanning calorimetry (DSC) (Netzsch
Jupiter STA 449C with Proteus software) techniques are commonly used to determine
the thermal properties of material. TGA analysis records the mass change of a sample
under heating over the time and is used to determine the organic : inorganic ratio of the
hybrid. DSC measurement detects the difference in the amount of heat required to
increase the temperature of a sample and reference while TGA is running which can
provide endothermic/exothermic of composite over the temperature. Thus, hybrid
samples were prepared for analysis after drying and grinded in a pestle and mortar and
collected 10-15 mg of hybrid powder was added to a platinum crucible. The TGA
analysis was conducted from 20 to 800 °C with 10 °C min' heating rate. The
temperature raises up then the organic part of the hybrid is burnt out leaving the silica

and quote silica weight percentage as the inorganic content in the hybrid.

3.1.2 FTIR

Fourier Transform Infrared Spectroscopy (FTIR) (Thermo Scientific Nicolet iS10)

was used to evaluate the chemical structure of hybrid materials with an absorbance
58



module with 32 scans within a measurement and scan range from 400 to 4000 cm™'.

3.1.3 Solution state NMR

Solution state NMR is recording proton resonances due to the tumbling of molecules in
the liquid state, which means the magnetic field at the nucleus is constantly changing
and so most interactions are averaged out, chemical shift peaks can give information
about atoms bonded directly to protons which can be used to identify functional groups.
Proton ('H) NMR spectroscopy was used to confirm the formation of PolyTHF and the
opening of the GPTMS epoxide ring before and after mixing with BF3; - OEt; catalyst,
which together indicates the formation of a polymer network. 'H NMR was carried out
in CDCl3 solvent at 400 MHz. Samples of GPTMS/THF solution were taken for NMR
before and after the bubble formation and collected one drop into CDCL3 to terminate
the reaction from each time points before the solution became too viscous to collect.
The analysis was done before the addition of the TEOS solution to confirm the synthesis
of PolyTHF polymer and to study the relation between increase in molecular weight
and bubble formation. Also, to verify which time point is more suitable for the addition

of TEOS for hybrid fabrication.

3.1.4 Degradation test (PBS degradation study) and ICP studies

In order to understand the behaviours of hybrids before and after PBS degradation study
in wet condition, 1 cm diameter and 1 cm of height cylinder Si0,-PolyTHF hybrids
were immersed in PBS for the in-vitro dissolution. Dissolution vessels were placed in
an incubating orbital shaker held at 37°C, agitated at 120 rpm. The sample weights were

recorded after 60°C oven drying overnight and recorded dried weights for 0, 1, 7, 14,
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60, and 90 days. The soaked PBS solutions were collected and ready for the elemental
concentration measurements using a Thermo Scientific iCAP 6300 Duo inductively
coupled plasma-optical emission spectrometer (ICP-OES) with an autosampler. ICP-
OES gives the accurate element concentration in the dissolution solution. The plasma
flame is created by argon gas and electromagnetic field and the dissolution solution
feed into nebuliser then solution droplets are transferred to the plasma flame. Solutions
were atomised under the plasma due to the collision with electrons and charged particles
in the plasma. Thus, electrons in atomised solution are excited and emit a radiation with
specific wavelength are detected by the optical emission spectroscopy. Sample
concentrations are compared with the intensity of the standard solution. Silicon
standards were prepared from 0 to 40 ppm. If sample concentrations were higher than
40 ppm they were diluted 10 times prior to the measurement to prevent possible

precipitation in the chamber and further contamination.

3.2 Mechanical property testing

3.2.1 Compression testing

Uniaxial compression was performed using Zwick/Roell testing machine 10 kN
load cell at 0.1 mm/ min compression rate under 9 N of preload to failure for
compression testing. The compression testing representative curve is shown as a stress-
strain curve which can record a material’s response to stress. The engineering stress and

strain can be calculated by Equations 3.1 and 3.2.

Applied force (F)
Crossectional area (A)

Engineering stress, o, = Equation 3.1
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Displacement(Al)

Engineering strain, €, =
9 9 * 7€ Inital length (Ig)

Equation 3.2

3.2.2 Shear testing

The shear testing of the interface between the Ti and hybrid was performed by
Zwick/Roell testing machine 10 kN load cell at 0.1 mm/ min shear rate under 9 N of
preload to failure. A shear testing rig was designed by Solidworks that is suitable for
10-18 mm diameter cylinder samples and the screw size is M4*20mm as shown in
Figure 3.1. Shear force was applied by a one-sided cutting blade (as shown in Figure
3.1 (a)) which has 1 mm of blade width to the base of the bracket (as shown in Figure
3.1 (b)) parallel to the hybrid and titanium gyroid scaffold interface (as shown in Figure
3.1 (c)). Shear bond strength can be calculated using Equation 3.1 where A is the cross-
sectional area calculated by “the length of sample X1 mm of blade width”. The strain

was recorded sample diameter as initial length and calculate using Equation 3.2.

Figure 3.1 Universal shear testing rig designed by Solidworks. (a) top component is
designed as a one-sided cutting blade with 1 mm of blade width and (b) bottom
component is designed suitable for 10-18mm diameter of cylinder sample and the screw

size is M4*20mm. Both top and bottom components have pin hold for the fixation on
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the machine. (c) is computer numerical control (CNC) manufactured universal shear

testing rig.

3.2.3 Cyclic testing in dry and wet conditions

Cyclic loading tests were performed using the same cyclic uniaxial compression mode
by Zwick/Roell testing machine 10 kN load cell. The samples were preloaded under 9
N of preload and compression displacement was dependent on the 20% of failure strain
obtained from compression testing and the cyclic rate was set as 1 Hz. For example, the
compression failure strain is at 100 mm which compression path is 20% of 100 mm and
times two as one cycle that path is 40 mm per cycle. One compressive cycle per second
can be calculated as 40 mm x 60 s= 2400 mm per minute. The cyclic testing was
performed as received hybrid cylinder for 10* cycles. In order to understand the sample
reliability in wet condition, the hybrid cylinders were soaked into PBS for 1, 14, 30, 60,
and 90 days and samples were placed in an incubating orbital shaker held at 37°C,
agitated at 120 rpm. Cyclic testing was performed at each time point on the soaked

sample directly with PBS without other treatments.

3.2.4 Digital image correlation (DIC)

Digital image correlation (DIC) is an optical technique to track displacements and
strains in 2D measurements. This technique is kind of dynamic mechanical analysis
which is used a camera to record displacements and strains changes in images during
uniaxial compression application. The images were recorded the surface pattern all the

time throughout the dynamic mechanical analysis. The GOM Correlate 2018 software
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was used to recognise the initial surface pattern and correlated it with the loaded pattern
to determine the relative displacement of the sample pattern. The software compared
the surface pattern which can be used to produce maps of the principal strain and
calculate the percentage of strain and the displacement distribution. In order to obtain
good quality images, the surface pattern should be high in contrast with the original
surface such as a black marker on a white surface and a unique pattern label which
allows a good correlation between unloaded and loaded surface determination. An ink
pattern was drawn by hand on the surface of the hybrid using a blue marker to create a
speckle pattern to emphasise the contrast between the surface and the pattern. A Canon
750D camera with EF-S 60 mm macro lens and 34 mm extension tubes was used, to
further increase the magnification. The exposure time was 1/60 s, aperture £/ 5.6 and
ISO 800. The camera was set up parallelly to the uniaxial compression machine and
protected by a screen from the testing rig. The compression rate is 1 mm/minute and
photos were taken every 2 seconds during compression tests and testing was paused
every 1 mm of displacement in order to briefly refocus the camera. ImageJ software
was used to post-processed displacement photos in order to minimise other unnecessary
backgrounds by cropping and stacking images. GOM correlate 2018 software was used
to process the processed photos to create the surface correlation in terms of deformation

pattern, distribution, and percentage of stain in a specific point.

3.3 Material observations

3.3.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is used to observe surface morphological
information in this study. The SEM source generates a high-energy electron beam to

bombard the surface of the sample to scatter or release several types of electrons such
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as secondary electrons, Auger electrons, backscattered electrons, characteristic X-ray,
etc. These electrons or signals can provide information about topography. A Zeiss
Auriga Focused ion beam SEM (FIB-SEM) equipped with an EDS detector was used
at 5 kV in inlens mode, with a working distance of 5-7 mm. Samples were prepared for
SEM by mounting on aluminium stubs with carbon tape followed by coating with 10
nm of gold twice (Q150T sputter coated, Quorum Technologies, UK) to prevent
charging of the sample. SEM was used to observe the surface of the hybrid and to image

the fracture surface pattern of the hybrid.

3.3.2  X-ray micro-computer tomography (uCT)

X-ray micro-computer tomography (u#CT) is a non-destructive X-ray
microtomography scanning technique utilizing X-rays to see inside an object, slice by
slice covering 360° to build up a 3D structure of an object. The uCT detector captures
a series of 2D planar X-ray images. These slices can be reconstructed into 3D models
which can apply on a small object with high resolutions. The image quality is strongly
affected by the material. The working principle of #CT is that X-rays are generated and
transmitted through the sample and recorded by the detector. However, there are some
operational challenges in this study. Hybrid and titanium composite samples have
significant density differences which affects the X-ray attenuation. This density
difference may cause lower resolution and unable to clearly identify the material

interface.

3.4 In-vitro testing

3.4.1 MTT assay for cytotoxicity
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Cytotoxicity is a key index to determine if a biomaterial is suitable for in-vivo
applications. Samples were prepared according to the ISO 10993-5 standard in order to
determine any potential cytotoxicity of hybrids and scaffolds. Their dissolution
products were co-cultured with Sarcoma osteogenic (Saos-2) human osteosarcoma cell
line into 96-well plates (Corning, Thermoscience, UK) for cell viability assay. A
concentration of 5 x 10* cells/mL of Saos-2 cells was left to grow and attach in the basal
alpha-minimum essential media (a-MEM) in 96-well plates for 24 h. The relationship
between cell viability with dissolution products of hybrids and scaffolds was
investigated using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) cell viability assays, which evaluated the activity of mitochondrial enzymes.
The dissolution product of hybrids and hybrid and titanium gyroid composites were
prepared in basal media. Sterilization was performed in 70% of ethanol for 30 minutes
and samples were washed several times using culture media to prevent ethanol
contamination. Samples were placed in an incubator shaker at 37°C, 120 rpm for 72
hours to obtain dissolution media. The dissolution product contained media was filtered
through a 0.2 pm syringe filter to sterilise and removed samples from the media, 10%
foetal bovine serum (FBS) (v/v), 100 U/mL penicillin and 100 mg/mL streptomycin
were supplemented [103, 104]. Separately, the culture media was removed from the
Saos-2 cell line and replaced by dissolution media in an incubator shaker at 37°C, 120
rpm for 24 hours, the dissolution media was removed and cells were incubated with
MTT solution (1 mg/mL in serum-free a-MEM) for 3 h. The resulting formazan
derivatives were dissolved with dimethyl sulfoxide DMSO for 20 min and the optical
density was determined spectrophotometrically at 570 nm using a microplate reader
(Spec-traMax M2e, Molecular device). Cell metabolic activity was determined in three
independent experiments in six replicates (n = 6). Cells cultured under the basal o -

MEM were used as the positive control.
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3.4.2 Cell attachment

In order to observe the cell attachment on the samples. Saos-2 cells were used for
cell attachment evaluation. Samples were cut into 1 cm square size and were washed
using DI water for 10 seconds for three times and soaked into 70% of ethanol for 30
minutes for sterilisation. The sterilised samples were washed in fresh a-MEM with 100
U/mL penicillin and100 mg/mL streptomycin for three times. As prepared samples were
placed into a 24-well plate (Corning, Thermoscience, UK) and concentrated Saos-2
cells were seeded to grow and attach directly on the surface of the sample in the
incubator for 30 minutes at 37°C, 5% CO; and 21% O for initial stabilisation. After 30
minutes stabilisation, culture media was added to 5 x 10* cells/mL concentration and
the samples were left in the incubator for 3 days. Samples were collected at day 3 and
soaked into formalin waiting for the surface observation. The surface observation used
SEM technique. To get high resolution images, samples should be pre-treated. Cells
were fixed on the surface of samples using the gradient ethanol drying method. Samples
were soaked into 50, 70, 90, and 98% of ethanol for 10 minutes, respectively. The
ethanol-soaked samples were removed from 98% of ethanol and left in the fume hood
and covered by tissue for air dry. The dried samples were observed the surface

morphology using SEM and the rest of the steps were mentioned in Section 3.3.1.
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Chapter 4
Mould design and scaffold design
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4. Mould and gyroid design
4.1. Introduction of mould design

4.1.1.  Mould design and challenge

The aim of this chapter was to understand the basic properties of the SiO»-
PolyTHF hybrid materials before and after casting in a mould designed to give the
hybrid the shape of a meniscus. SiO;-PolyTHF hybrid materials were originally
synthesised and cast using cylindrical moulds, in order to create monoliths to
understand the properties of hybrid in a simple shape. Then, more complex moulds
were used to produce a meniscus. with a crescent shape (from the top-view). The shape
of the meniscus in cross-section is triangular, thinner inside (avascular region) and
thicker outside (vascularised region).

The objectives were to evaluate the hybrid shrinkage during drying and how it was
affected by THF:GPTMS ratios. Hybrid materials have significant shrinkage during the
aging and drying processes, which is a challenge for the mould casting process. The
high shrinkage rate will not only increase uncertainty in the mould design but also cause
shape deformation during the synthesis. The deformation is more likely to cause serious
consequences such as material rupture and the designed structure cannot be formed.
Therefore, the simple cylindrical hybrid was used to test the shrinkage rate of the
hybrids based on changing different THF:GPTMS ratios to obtain shrinkage factors.
The largest shrinkage composition was used for C-shaped menisci mould casting. The
largest shrinkage composition can better fit mould design and gives more freedom for
further adjustment. The comparison of two menisci moulds was evaluated in
compression mechanical property and strain distribution and mechanical behaviour

using digital image correlation technique.
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4.2. Methods

4.2.1. Hybrid synthesis

The silica/polytetrahydrofuran (SiO2/PolyTHF) hybrid synthesis was using two-
pot synthesis that synthesis modified from previous research by Tallia et al. [105] and
Dr. Gloria Young [106] in our group. The schematic experimental steps for synthesising
hybrid material is shown in Figure 4.1. The inorganic SiO> was prepared by hydrolysis
reaction from tetraethoxysilane (TEOS) in a sealed acidic environment. Separately, the
organic solution was prepared by mixing THF and (3-glycidoxypropyl)
trimethoxysilane (GPTMS), afterward, boron trifluoride diethyl etherate (BF3EtO;) was
added to the THF-GPTMS solution to catalyse the polymerization in a water bath at
20°C. The inorganic solution was dropwise added into organic solution at 400 rpm until
bubbles appeared, then the inorganic solution was mixed with organic solution and the
hybrid solution was mixed for 10 minutes and stabilise for 10 minutes, then poured into
a cylindrical mould which has 15 mm of diameter and 25 mm of height. The mould was
sealed carefully in a perfluoroalkoxy (PFA) beaker and placed in at 40°C oven for aging
for seven days and then either freeze drying (FD) was performed with a further seven
days oven drying (OD) or only a further seven days OD (more detail synthesis
optimisation in chapter 5). The effect of the ratio of THF: GPTMS on mechanical
properties and shrinkage factors was investigated. According to Dr. Gloria Young
unpublished results[106], 0:1 of TEOS: GPTMS ratio was too soft and 30:1 was too
brittle. Thus, the 2.5:1 of TEOS:GPTMS ratio was chosen in this study. The synthesis
was performed in OD and FD drying methods with molar ratios THF:GPTMS of 25:1,
50:1, 75:1, and 100:1, respectively. The hybrids were named as 250D, 25FD, 500D,

50FD, 750D, 75FD, 1000D, and 100FD.
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Figure 4.1 The experimental flow chart of in situ cationic ring opening polymerisation
(CROP) synthesised SiO2/PolyTHF monolithic hybrid with different compositions and

different drying processes.

4.2.2.  Mould casting

The preliminary design of a meniscus mould was designed and fabricated by CNC
machine and was optimised in this project. The CNC machine was applied for
fabricating a PTFE mould for hybrid meniscus casting although there were some
limitations of the CNC machine such as it can only move in the three axes x, y and z-
axis directions. Shrinkage happened in aging and drying processes. The preliminary
studies were performed by 1000D hybrids. So, the aim here was to investigate how are

the hybrid shrinkage to the mechanical properties and further mould optimisation.

Polytetrafluoroethylene (PTFE) was chosen for the mould material as it does not

react with the hybrid solution. The meniscus shapes were designed in Solidworks into
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two sections of the mould (top and bottom) and were fabricated using a CNC machine
as shown in Figure 4.2 (a) and (b). The hybrid solution was left without stirring to allow
the small bubbles to travel to and burst on the surface. Meanwhile, the moulds were
tightened by multiple G-clamps to form a fixed mould for hybrid casting. The solution
was poured into the mould via the 8 mm hole located on the top section as shown in
Figure 4.2 (b) and (c). Then, mechanical force was applied to remove any bubbles
trapped within hybrid solution. The mould parts were sealed by aluminium tape to
prevent sudden evaporation of the solvent and placed at 40 °C oven for three days
ageing and open a small hold on aluminium tape for three days that allow the solution

drying completely.

Figure 4.2 The images of PTFE mould for meniscus casting are (a) bottom and (b) top

sections. (¢) The moulds parts are tightened by 3 G-clamps. (Diameter of mould is 9cm)

4.2.3. Compression testing

Mechanical properties of hybrid meniscus are crucial parameters which act as knee
stabiliser and preserve surrounding tissue. A specially produced curved platen was
developed by our group for mechanical testing of the meniscus in order to apply a

uniform load to the inner curvature of the hybrid meniscus (Figure 4.3). The platen was
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designed with a same inner radius of meniscus mould using a CNC machine.
Compression tests were performed in a dry condition without lubricant. The systematic
study over a range to hybrid compositions will be investigated in this study. This testing

rig was used to test optimised meniscus hybrid materials and DIC measurement.

() (b) (c) (d)

Figure 4.3 The images of (a) side view of curved steel platen, (b) side view of platen
with synthetic meniscus, and (c, d) top view of platen and sample. Courtesy of S.A.

Naghavi thesis [107].

4.2.4.  Digital Image Correlation (DIC) measurement

To understand the effects of deformation and strain on hybrid structure, the Digital
Image Correlation (DIC) technique was used as a direct measure of strain in the sample.
DIC is an optical method that employs tracking and image registration techniques for
accurate 2D and 3D measurements of changes in images. This method is often used to
measure displacement and strains; compares strain gauges and extensometers; gathers
the fine details of deformation during mechanical tests. The GOM Correlate 2018
software was used to recognise the initial surface pattern and correlated with the loaded

pattern to determine the relative displacement of the sample surface pattern.
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The cross-sectional area of the sample in contact with the platen of the
compression rig was measured and an image captured every second of the cyclic test
with an automatic shutter release. The schematic of the compression rig setup is shown

in Figure 4.4.

Front Views Side View

Applied
Force Applied Force Applied

Platen

(b)
Figure 4.4 Schematic diagrams of compression rig setup (a) before applying force, (b)
after applying force, and (c) side view with LED light for image quality improvement.

Adapted from S.A. Naghavi unpublished research in our group [107].

4.2.5.  uCT and shrinkage measurement

Shrinkage factor determination is based on the measurement results to compare
with computational results. The samples produced with hybrid material were imaged
using a laboratory-based pCT system (ZEISS Xradia 510 Versa). The X-ray source was
operated at 70 kV and 75 pA during the imaging. Captured projections were
reconstructed using filtered back projection algorithm resulting in an 3D image matrix
of 250 x 256 x 252 with isotropic voxel size of 19.3 pm. Hybrid samples within the 3D
images were segmented to distinguish signals and noises using random forest voxel

classifier (a machine learning algorithm) implemented using Ilastik software [108].
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Each 3D image contained three samples with the same material composition. Each
sample within the 3D images were labelled, and volume of those samples (V) were
calculated using 3D imageJ suite plugin of ImageJ software [109, 110]. The volume of
the mould (V,) used to produce sample is 4417 mm?>. The shrinkage of each sample was

calculated as Equation 4.1,

Shrinkage = 2=~ Equation 4.1

0

4.3. Results and discussion

4.3.1.  uCT and shrinkage characterisation

The mixed two-pot sol was cast in PTFE cylindrical moulds with 15 mm of
diameter and 25 mm height. The dried cylinder hybrids are shown in Figure 4.5. The
concave top surfaces were caused by solvent evaporating during synthesis and were
removed with sandpaper. To determine the shrinkage factor of samples, sample volumes
were measured by the digital vernier callipers and from pnCT images for computational
script calculation (Table 4.1). The measured volume shrinkages were about 78.44% up
to 87.00% for all samples, which were similar to the values obtained with pCT of
77.38% up to 87.37%, for different THF:GPTMS ratio. The computational volume
shrinkage has higher accuracy compared with measurement result as it can avoid some
man-made measurement errors caused by the shrunk surfaces. To note that the results
of measurement in different dimensions show that the shrinkage in the diameter of the
cylinder was lower than the height shrinkage. That is due to evaporation rate being
higher than aging rate during aging process. The higher THF ratio of 100:1 produced
significant shrinkage compared lower THF ratio samples. Meanwhile, different drying

processes had less effect on the shrinkage. The uCT scan images were reconstructed
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using ImageJ software and reconstructed images are shown in Figure 4.6. Figure 4.6
(a-d) shows that the hybrids have close to cylindrical shape without obvious necking
and deformation in samples 250D to 50 FD. The samples 250D to SOFD were treated
by sandpaper to remove uneven edges. In Figure 4.6 (e-f), the upper surfaces were
curved and the samples were too soft to grind. The most obvious shrinkage shows in
Figure 4.6(g and h) for 1000D and 100FD, which had significant reduction in height
compared with other cylindrical hybrids. The volume shrinkages were not hugely
different compared with two measurements; the dimensional shrinkage can clearly
demonstrate shrinkage in height from 54.72% down to 30.96%. The 1000D sample
was chosen for menisci shaped mould optimisation due to highest volume shrinkage

based on the computational script calculation results.

Figure 4.5 Photograph of synthesised hybrid cylinders after drying.
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Table 4-1 The volume shrinkage and dimension of shrinkage as measured by calipers

and from uCT imaging (computational).

Volume shrinkage (%) 250D 25FD 500D 50FD
Measurement 82.02+1.23 82.01+0.69 78.44+0.20 79.51+0.14
Computational 81.23+£0.73 80.85+1.52 77.38+1.25 80.50£1.20

750D 75FD 1000D 100ED
Measurement 81.94+0.50 30.06+1.28 87.00+£0.74 86.72+0.51
Computational 79.11+0.38 78.21+0.18 87.37+3.18 85.67+1.31
Dimensional
shrinkage (%) 250D 25FD 500D 50FD
Height 47761321 492912 29 52.8710.50 54.72+1.09
Diameter 61.3510.06 60.42+0.49 62.2610.43 62.7710.47
750D 75FD 1000D 100ED
Height 50.52+2.35 46.8510.40 36.4013 40 30.9610.99

Diameter 62.81£0.60 62.09+0.64 59.91+4.00 65.50£0.80
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Figure 4.6 uCT scans that illustrate the shape of (a) 250D, (b)25FD, (¢) 500D, (d)

50FD, (¢)750D, (f)75FD, (g) 1000D, and (h) 100FD.

4.3.2. Shrinkage factor of C-shaped meniscus hybrid

In the case of SiO2/PolyTHF hybrid, the PolyTHF is a majority component in the
hybrid synthesis. The THF has two important roles in hybrid synthesis: monomer and
solvent. The PolyTHF is crosslinked THF by 3-glycidoxypropyltrimethoxysilane

(GPTMS) coupling agent in 100 to 1 molar ratio. Uncrosslinked THF solvent can be
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removed by oven evaporation. Removal of solvent and polymerisation result in
significant shrinkage while drying. Thus, the shrinkage factor of hybrid should be
evaluated for meniscus mould optimisation. The shrinkage factor was evaluated by a
C-shaped meniscus mould in terms of measuring the sizes of hybrid material before and
after the mould casting. The shrinkage factor of hybrid material can be measured in
several dimensions from A to E as shown in Figure 4.7. and values are listed in table
4.2. The average results suggest a shrinkage factor in different dimensions of
approximately 0.6. This information is crucial for the meniscus mould design which the

dimension of the final product can be anticipated following this factor.

Figure 4.7 A schematic diagram of meniscus showing dimensions measured A to E (a)

top view and (b) side view.

Table 4-2 The shrinkage factors of hybrid materials (1-5) in different dimension from

A to E as shown in Figure 4.7.

Sample (cm) mould 1 2 3 4 5 Shrinkage factor
A 6 365 33 3.8 3.8 35 0.60
B 3 1.9 1.8 1.75 1.7 1.7 0.59
C 2 1.2 1.2 1.2 1.2 1.2 0.60
D 1 055 06 055 06 055 0.57
E 1.4 0.9 0.9 0.9 0.9 0.9 0.64

4.3.3. Optimisation of meniscus mould
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The meniscus mould design is based on two aspects. The shrinkage factor of the
hybrid material can be used for anticipating the size of final product from the mould
casting. The size and shape of natural meniscus can be used to design a biomimetic
structure. The sizes of human medial and lateral menisci have significant individual
differences. Though both menisci have a similar crescent shape, lateral menisci have
been reported more circular in shape and cover a larger portion of the tibial plateau (75-
939% laterally) in comparison to medial menisci (51-74% medially). Lateral menisci are
approximately 32.4 mm to 35.7 mm length and 26.6 mm to 29.3 mm width [12].
According to this information, an optimised meniscus mould is designed by a
Solidworks software as shown in Figure 4.8. The Figure 4.8 (a) shows a horseshoe
shaped mould with 60 mm length and 58 mm width. Figure 4.8 (b) shows the thickness,
width, and curvature of meniscus, respectively. Those values are based on the shrinkage
factor of hybrid, dimensions of natural meniscus, and additional experimental
requirements. For example, the extra thickness of mould can be preserved for further

fixation design.

(a) p

58

Figure 4.8 The optimised meniscus mould design (a) top view and (b) side view (units

in mm).
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The designed mould was manufactured using computer numerical control
machining on 100 mm diameter of PTFE bulk as shown in Figure 4.9 (a). The left
mould is the C-shaped mould which has a top and a bottom mould. The C-shaped mould
cast hybrid is in Figure 4.9 (b) and detail casting method mentioned in chapter 4.2.2.
Although the manufacturing process was trying to avoid bubbles formation, defects can
still clearly be seen caused by the bubbles. These defects could be a potential risk in the
application which are easy to become weak points on the structure of hybrid. On the
contrary, the optimised menisci mould casted hybrid demonstrated smooth surface and
structure integrity., although there is some shrinkage at the bottom. This shrinkage
behaviour happened in the cylindrical hybrid synthesis. In order to further understand
the optimisation of hybrid mould, the compressive strength test and DIC dynamic
mechanical property test were used to compare the performances between two moulds

cast hybrids.

Figure 4.9 (a) Two types of hybrid meniscus moulds, (b) hybrid meniscus cast using

the left mould, and (¢) is hybrid meniscus cast with an improved (right) mould.
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4.3.4. Mechanical properties of hybrid meniscus

To compare two mould cast hybrid menisci, a compression test was used for
mechanical strength evaluation on menisci produced using old and new moulds, as
shown in Figure 4.9. The compression test was performed using curved steel platen as
shown in Figure 4.3. Hybrid menisci were set up along the curved platen and 9 N of
preload was applied with 1 mm/min compressive rate. The hybrid meniscus cast with
the first (Figure 9a, left) demonstrated serious damage while the compression test and
the damaged parts focused on the surrounding region (Figure 10 (a)). The load at failure
was ~4000 N standard force with 3.5 mm of displacement. By comparing with new
mould cast hybrid meniscus, the new designed meniscus maintained meniscus shape
without significant damaged on the bulk structure and presented a good surface for the
cartilage contact area. Furthermore, the load at failure was ~10 kN with 3 mm of
displacement. This result suggests that the hybrid meniscus cast in the new mould had
higher mechanical strength and better structural integration under compression. The
new mould simplified the step of the synthesis processes and reduced the air bubble
formation, resulting in a significant improvement in mechanical properties and hybrid
integration. In order to understand more about the new mould cast hybrid meniscus
behaviours under compression, dynamic mechanical analysis (DMA) was used. Optical
images were captured from time 0 to failure with 2 images per second shooting rate

(Figure 4.10).
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Figure 4.10 Compression testing (a) photograph of the hybrid meniscus cast in the
orginal mould after compression testing and (b) compression test graph; compression
test on (c¢) photograph of the hybrid meniscus cast in the improved mould after

compression testing and (d) the compression test graph.

The DMA results demonstrated the hybrid meniscus deformation behaviour which
was clear to observe with the contact mainly on the curve region. This is similar to
natural meniscus behaviour where the inner meniscus bears higher compressive stress
compared with peripheral region. The hybrid meniscus experienced a certain amount
of deformation before failure but the images were not able to quantify the deformation.
DIC was used to quantify the percentage of hybrid meniscus deformation as shown in
Figure 4.11 based on the surface pattern changed. The surface pattern was made before

the test using an ink pattern on the surface. This deformation of the pattern can be used

82



to represent the deformation and force distribution. The deformation patterns have been

recorded from time O to the sample no longer to recorded.

Figure 4.11 DIC results were captured in optical photographs using a canon 750D
camera with EF-S 60 mm macro lens and 34 mm extension tubes which demonstrate
hybrid meniscus deformation by the time as shown in (a) Os, (b) 10s, (c) 30s, (d) 40s,
(e) 50s, and (f) 55s. (An ink pattern was drawn by hand on the surface of the hybrid
using a blue marker to create a speckle pattern to emphasise the contrast between the

surface and the pattern.)

The DIC images show zero deformation in Figure 4.12 (a). The colour distribution
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demonstrates the deformation pattern in the inner side suggest compressed state.
However, the peripheral region suggests a slight stretch behaviour. At the beginning of
the experiment, the samples were deformed following the stress applied direction, but
after the applied pressure increased to a certain position, the samples began to move,
and the test was no longer accurate. The proposed solution is discussed in the chapter

4.4.
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Figure 4.12 Dynamic mechanical test results were analysed using digital image
correlation (DIC) technique which demonstrate hybrid meniscus deformation by the

time as shown (a) Os, (b) 10s, (c¢) 20s, and (d) 30s.
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4.3.5. Conclusions

In this chapter, a hybrid meniscus device was successfully synthesised by mould
casting. Hybrid cylinder and hybrid meniscus shrinkage factors have been evaluated
using uCT and measurement methods. These factors were used in conjunction with
natural meniscus size for new mould design. The new hybrid meniscus mould produced
a device with higher compressive strength and better structure integrity compared with
the original castings. The deformation pattern suggested similar deformation
distribution with natural meniscus. However, an unexpected sample movement
happened while DMA analysis. The fixation mechanism is required and discussed in

the next chapter.

4.4. Introduction of gyroid scaffold design

This chapter proposes a solution for the fixation of the moulded meniscus and
completed a preliminary design for the further material combination. The solution
proposed here is based on bioinspiration of the fixation mechanism of the natural
meniscus, which is fixed by the peripheral muscles and the anterior and posterior
cruciate ligaments (Chapter 2). The design is a combination with hybrid meniscus and
porous titanium anchors. The hybrid meniscus can be used to replace the natural
meniscus while the titanium anchors are designed with a gyroid structure. This anchor
does not only provided an initial fixation but also the secondary biological fixation.
Thus, this chapter is focused on the titanium gyroid structure design and manufacturing
and an in-vitro cell viability test to prove that the combination of hybrid and titanium

gyroid materials can be used in the further biomaterial application.
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4.5. Methods

4.5.1. Solidworks gyroid scaffold design

Gyroid structure is a triply periodic minimal surface in the associated family of
the Schwarz P- and D- surface described in Chapter 2.5.1. The gyroid design is founded
on a star-shape simple surface and 8 of these simple surfaces are joined in one simple
unit as shown in Figure 4.13 (a). The unit is established on 6 connecting points and 6
curve points which points location can be labelled using point coordinates (X,y,z). The
6 connecting points are located in (1,0,0), (1,1,0), (0,1,0), (1,0,1), (0,0,1), and (0,1,1)
also the 6 curve points are located in (2/3,0,1/2), (1,1/2,1/3), (1/2,2/3,0), (1/3, 1, 1/2),
(0,1/2,2/3), (1/2,1/3,1). These 6 connecting points are used to connect near connecting
points which has fixed position and orate as whole unit. On the other hand, the 6 curve
points can be used to control the curvature based on changing the location, which is
mentioned with underline value in curve points location that range can be changed from
~0 up to 1/2. The structure porosity and pore size can be controlled by thickening the
simple surface as shown in Figure 4.13 (b). In order to use the gyroid structure as a
scaffold, the unit cells need to be patterned and built up to certain size (in Figure 4.13

(c)) then shaping as a cylinder scaffold (in Figure 4.13 (d))
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Figure 4.13 Gyroid structure designed by Solidworks software: (a) a single unit of
gyroid structure which is stacked by eight star repeating units by certain angle rotation
joined at specific angles; (b) demonstrates different wall thickness which can be used
for controlling density and pore size; (c) patterning gyroid to build up 3D scaffold, and

(d) cylindrical gyroid.

4.5.2. Rhinoceros gyroid design

Rhinoceros (Robert McNeel & Associates) is a design software which supports a
Grasshopper function, which can install numerous plugins that can be used to build a
3D structure based on the mathematical function. The function boxes for building
gyroid structure are shown in Figure 4.14. The gyroid structure can be simplified as one

equation (Equation 2.5.1.1 and 2.5.2.1) and built up in 10 steps. Steps 1 is to input the
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equation of gyroid to define the fundamental feature and the steps 2 and 3 are giving
function and setting the range for x, y, and z values for mesh creation needed to create
a simple unit of gyroid then step 4 uses Laplace smooth (using Laplace operator for
imaging sharpening) and thicken function to create thicker surfaces with continuous
joins. Step 5 is used to pattern the simple unit of gyroid as different sizes of cube. The
Box function is a provided signal for the first cube size and the ArrBox function
duplicates the number of cubes and joins them by WbJoin function, which signals the
next shaping function. Another signal also comes from step 6 volume setting which
provides information about the wall thickness and moves to step 7. Step 7 is the
combining of information from step 5, 6 and the Brep function to create a scaffold shape
in Rhinoceros that defines the scaffold bulk shape, such as cylinder. Step 8 is the final
mesh smoothing to join everything as an interconnected volume and bake function
(assembly) the scaffold in step 9. Rhinoceros is fast and can precisely create a scaffold
in a complex architecture using multiple function and mathematic equation. Due to the
structure is built by the calculation result of equation and lots of smooth and join

functions which can create an excellent scaffold.
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Figure 4.14 Rhinoceros is a software to design gyroid which is based on mathematic

function.
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4.6. Results and discussion

4.1.1. Solidworks gyroid scaffold

The Solidworks designed gyroid scaffold can be manufactured using SLM
technique and the printed scaffold as shown in Figure 4.15. The manufacture details
have been mentioned in chapter 2.5.2. The Solidworks gyroid scaffolds were first made
with Stainless Steel 316L powder (Carpenter Additive Ltd.), spherical powder of
particle size range 10-45 pum. The optical images show 3D printed gyroid scaffolds
which demonstrate excellent printability and remain designed structure and porous.
However, there is a disadvantage shown in the Solidworks design that is the join
interface. This disadvantage is not particularly obvious when the thickness of the gyroid
wall is thinner. But, when the thickness of the gyroid wall was increased, a small gap
formed at the join interface and is likely to reduce mechanical strength. Therefore,

Rhinoceros software was used for improved gyroid design to avoid this disadvantage.

i mmmqnu I

1.-25003 4o [ slo | sjo | 100 | 120 | "

Figure 4.15 Optical images of Solidworks-designed gyroid stainless steel scaffold

manufactured using SLM technique in different orientations.
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4.1.2. Rhinoceros gyroid scaffold

The Rhinoceros-designed gyroid scaffold printed in CP-Ti by SLM are shown in
Figure 4.16. Rhinoceros used various functions to avoid structure mismatch also the
equation and defined parameter provide accurate printing route for the SLM machine.

Thus, there is no obvious gaps on the interface and joining interface shown in Figure

4.16.

b

Figure 4.16 Rhinoceros-designed gyroid scaffolds printed using SLM technique using
titanium material which demonstrate a great structure integration without any visible

mismatch at joins. (Size of scaffold is 16 mm)

4.1.3. Selective laser melting manufacturing
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The selective laser melting (SLM) technique and experimental methods were
described in Chapter 2.6.2. The post-treatment of SLM are shown in Figure 4.17. The
manufacturing mechanism of SLM is used laser to sinter scaffold layer by layer. Figure
4.17 (a) shows a scaffold covered by metal powder bed and Figure 4.17 (b) shows
removal of the excess powder using brush and vacuum cleaner. In order to obtain a flat
scaffold (Figure 4.17 (c and d)), a wire electrical discharge machine used a tiny copper
wire as a blade to saw off samples from the manufacturing substrate. This machine can
accurately cut the sample to obtain a flat surface. The flat surface can provide consistent

conditions for further material manufacturing and synthesis.

Figure 4.17 The post-treatment of printed scaffolds (a) after SLM printing samples are
covered by metal powder; (b) the metal powder was removed; (c) a wire electrical
discharge machine, and (d) sample and sample stage fixed on the wire electrical

discharge machine for cutting along the sample substrate.

4.7. Conclusions

Gyroid scaffolds were successfully designed using Solidworks and Rhinoceros
and the design optimisation has bone using multiple plugins and mathematic equation.

SLM manufacturing was successfully used to make gyroid structure CP-Ti scaffolds,
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when they were designed in Rhinocerous software, which can be a possible solution for
hybrid meniscus fixation. Gyroid can provide the possible solution for hybrid meniscus
fixation and the further study on join hybrid and gyroid scaffold is required and the

hybrid and gyroid scaffold synthesis and evaluation is mentioned in chapter 6.
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5. A comprehensive study of hybrid material and optimisation

5.1. Introduction

Hybrid materials are distinguished from other traditional composite materials in that
the inorganic and organic networks interact at the molecular scale. Hybrids co-networks
can be bonded using coupling agents [111, 112], inheriting the advantages from
inorganic and organic moieties simultaneously [113]. Therefore, inorganic and organic

hybrid has received attention and want to find out more applications on this material.

Cracks are common issues during the silica-based hybrid synthesis, especially
happen during the drying process. This is the main reason why the application of hybrid
has tended to be as devices of small dimensions, such as coatings [121]. There are
several possible reactions that cause crack formation during the hybrid synthesis. For
example, phase separation of solvent and reactant, sol-gel transition, and gelation
processes. Phase separation can be aftfected by solvent polarity, wherein reactants could
have different mixability in different solvents. Organic content plays an important role
for regulating phase separation rate. For instance, a higher organic concentration can
slow phase separation which can provide a better homogeneous polymerisation
environment. Therefore, gelation would be dominated in the initial polymerisation step
rather than phase separation [119]. If the organic concentration is decreased, phase
separation proceeds faster resulting in more inorganic (silica skeleton) network
formation, as seen for triblock copolymer surfactants [124, 125] and
hexadecyltrimethylammonium bromide that have been employed to suppress phase
separation [117]. Other factors include gelation temperature and catalyst concentration.

Tallia et al. [105] discovered a combination of sol-gel and an in sifu cationic ring

opening polymerisation (CROP) to synthesise silica/poly(tetrahydrofuran)/poly(e-
95



caprolactone) (SiO2/PolyTHF/PCL-diCOOH) hybrid materials which demonstrated
excellent mechanical properties, elastomeric behaviour and intrinsic autonomous self-
healing ability. This combination of sol-gel and in-situ CROP synthesis technique
brings huge benefit for crack-free synthesis. GPTMS was used as coupling agent to
bridge inorganic (hydrolysed TEOS as SiOz) and organic (PolyTHF) moieties. The
siloxane groups of GPTMS were used to connect with silica sol (hydrolysed TEOS)
[126] and the epoxide ring of the GPTMS also acted as an initiator for THF

polymerisation, resulting in in situ CROP to PolyTHF [105].

Here, a comprehensive study focused on how to synthesise crack-free large
monolithic hybrids and improve reproducibility, and to investigate its properties over
90 days in-vitro test. Different drying processes were evaluated to observe the phase

separation, surface and fracture surface morphologies and systematic mechanical tests.

5.2. Materials and methods

5.2.1. Materials

All chemicals were purchased from Sigma Aldrich (Dorset, UK). Tetrahydrofuran
(THF), (3-glycidoxypropyl) trimethoxysilane (GPTMS), boron trifluoride-diethyl ether

(BF3 - OEt), tetraethylorthosilicate (TEOS), HCI, phosphate buffered saline (PBS)

solution were used directly without further purification.

5.2.2. Hybrid synthesis

Two-pot synthesis was used to prepare SiO2-PolyTHF hybrids following the
96



method outlined in Dr. Gloria Young’s thesis[106]. The synthesis is based on controlling
molar ratios of organic component which are listed in Table 5.1. The inorganic pot was
prepared 1 hour before the organic pot. The inorganic pot was prepared by hydrolysis
of TEOS in 1 M HCI and deionised water with 1:3 vol% ratio, stirring at 400 rpm for
at least 1 hour. During mixing of the inorganic solution, the solution went from phase
separation to a homogeneous clear solution. The organic pot was THF mixed with
GPTMS at 400 rpm for at least 15 minutes with molar ratios THF:GPTMS of 25:1, 50:1,
75:1, and 100:1 in a sealed PFA beaker. This mixing is to make sure the organic solution
mixes properly before the next reaction. The in-situ CROP of THF monomer was
initiated by the addition of BF3 - OEt; catalyst. The polymerisation was observed by
visible bubbles formation after few minutes of mixing. Subsequently, the hydrolysed
TEOS solution was added dropwise into the organic pot for continued stirring at 400
rpm for a minimum of 10 minutes and then left to stand without stirring for 10 minutes
to allow bubbles escaped from the solution. The mixing times were recorded as part of

optimisation as the in-situ CROP was quenched when the TEOS solution was added.

Table 5-1 Hybrid synthesis reagent quantities where A refers to the moles of GPTMS
and B refers to the moles of TEOS. The organic ratios was controlled by the

THF/GPTMS ratio which are from 25:1 to 100:1.

Reagent Molar ratio

GPTMS A

BF3 - OEt, 0.25A

THF 25A,50A, 75A, 100A
TEOS B=25A

H,0 C=3A+4B

HCI (1M) 1/3 volume of C
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PTFE moulds were used for cylinder hybrid preparation. The inorganic and
organic solutions were poured into the moulds which were 15 mm in diameter and 25
mm in height. The mould were placed and sealed inside poly(methyl pentene) (PMP)
pots, double sealed by Parafilm and placed in an oven at 40 °C for 7 days. The first 7
days was the ageing time, which ensures the polymerisation and prevents THF
evaporation possible. At day 7, two different drying processes were applied. For oven
drying samples, lids were opened gradually over a period of rest 7 days to prevent
sudden evaporation of THF and then the samples were allowed to dry in open moulds
and ready to do further tests. The alternative drying method was freeze-drying, where
samples were put into a -80 °C freezer for at least 4 hours to freeze samples and then
the lid was opened for freeze-drying (CoolSafe 4-15L Freeze Dryers, LaboGene, UK)
at -93 °C overnight. After freeze-drying process, the freeze-dried samples were allowed
to reach room temperature and placed back to the 40 °C oven, the rest of steps are the
same with oven drying condition. Samples are named as molecular ratio of
THF:GPTMS and the drying methods which are 250D, 25FD, 500D, 50FD, 750D,

75FD, 1000D, and 100FD.

5.2.3. Solution state NMR

Proton nuclear magnetic resonance (NMR) spectroscopy was used to confirm the
formation of PolyTHF and the opening of the GPTMS epoxide ring before and after
mixed with BF3 - OEt, catalyst, which together indicate the formation of a polymer
network. '"H NMR was carried out in CDCls solvent at 400 MHz. Samples of
GPTMS/THF solution were taken for NMR before and after the bubble formation and
collected one drop into CDCL3 to terminate the reaction from each time points before

the solution becoming too viscus to collect. The analysis was done before the addition
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of the TEOS solution to confirm the synthesis of PolyTHF polymer and to study the
relation between increase in molecular weight and bubble formation. Also, to verify

which time point is more suitable for the addition of TEOS for hybrid fabrication.

5.2.4.  uCT and shrinkage factor determination

Shrinkage factor determination was based on the measurement results to compare with
computational results. The samples produced with hybrid material were imaged using
a laboratory-based pCT system (ZEISS Xradia 510 Versa). The X-ray source was
operated at 70 kV and 75 pA during the imaging. Captured projections were
reconstructed using filtered back projection algorithm resulting in an 3D image matrix
of 250 x 256 x 252 with isotropic voxel size of 19.3 um. Hybrid samples within the 3D
images were segmented using random forest voxel classifier (a machine learning
algorithm) implemented using Ilastik software [108]. Each material composition was
scanned three repetitions. Each sample within the 3D images were labelled, and volume
of those samples (V) were calculated using 3D imageJ suite plugin of ImageJ software
[109, 110]. The volume of the mould (Vo) used to produce sample is 4417.86 mm?>. The

shrinkage of each sample was calculated as Equation 5.1,

VoV

Shrinkage = Equation 5.1

0

5.2.5. Characterisation techniques

The inorganic content was measured using Thermogravimetric analysis (TGA) on
on Netzsch Jupiter STA 449C with Proteus software. Hybrid samples were prepared for

analysis after drying and grinded in a pestle and mortar was collected 10-15 mg of
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hybrid powder and added to a platinum crucible. The TGA analysis was conducted from
20 °C to 800 °C with 10 °C min™! heating rate. The temperature rises (exothermic) when
the organic part of hybrid is burnt out leaving the silica and quote silica weight
percentage as the inorganic content in the hybrid. Fourier Transform Infrared
Spectroscopy (FTIR) (Thermo Scientific Nicolet iS10) was used to evaluate the
chemical structure of hybrid materials with an absorbance module with 32 scans and
scan range from 400 to 4000 cm™'. Uniaxial compression and cyclic loading tests were
performed using Zwick/Roell testing machine 10 kN load cell at 0.1 mm/ min
compression rate to failure for compression test and 20% of deformation to failure for
cyclic loading test. For long-term sample stability testing, all samples were soaked into
PBS for 0, 1,7, 14, 60 and 90 days, respectively and recorded cyclic loading test at every
time points. All mechanical testing were performed under 9 N preload. A Zeiss Auriga
FIB-SEM equipped with an EDS detector was used at 5 kV in inlens mode, with
working distance of 5-10 mm. Samples were prepared for SEM by mounting on
aluminium stubs with carbon tape followed by coating with 10 nm of gold twice

(Q150T sputter coated, Quorum Technologies, UK) to prevent charging of the sample.

5.2.6. Dissolution study and ICP

In order to understand the behaviours of hybrids before and after in wet conditions,
S10,-PolyTHF hybrids were immersed in PBS for in-vitro dissolution. For detail
experiment method has been mentioned in chapter 3.1.4. The soaked PBS solutions
were collected and ready for the elemental concentrations measure. The concentration
measurement was conducted using a Thermo Scientific iCAP 6300 Duo inductively

coupled plasma-optical emission spectrometer (ICP-OES) with an auto sampler.
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5.3. Results and discussion

5.3.1. Systematic optimisation of hybrid synthesis

The hybrid synthesis is using two-pot synthesis method. Once the two pot are
mixed a gelation reaction forms a highly viscosity hybrid solution. However, before
mixing, there will be some reactions in both pots: hydrolysis in the inorganic pot, which
is relatively stable and consistent; in-situ CROP of organic moiety in the organic pot,
making mixing time critical. Due to presence of PolyTHF in the material, THF could
not be used as a solvent for any measurement technique. Thus, the solution state NMR
was used to focus on the organic part to know the molecular weight formation during
in-situ CROP at different time points. The solution state NMR data are shown in Figure
5.1. The spectrum in Figure 5.1 (a) is from the organic pot which contained THF and
GPTMS without added catalyst. The labelling represents the proton resonances at

specific site of GPTMS chemical structure (inset).
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Figure 5.1 Solution '"H NMR data of (a) mixing THF and GPTMS for 15 minutes
without added BF3 - OEt; catalyst with the GPTMS chemical structure labelled the

representative proton resonance sites to the NMR peaks (inset); (b) is the result of

mixed THF and GPTMS after adding the BF3 - OEt, catalyst for 3 minutes and 45
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seconds. The molecular weight calculations were calculated using integration of the
area under the GPTMS characteristic peak at 0.58 ppm and PolyTHF characteristic peak

at 1.54 ppm.

In '"H NMR spectroscopy, the area under each resonance signal is proportional to
the molar concentration of the protons being analysed [127]. The molecular weight (M)

can be calculated using following Equation 5.2:

Mn = IGPTMS + N X MWTHF Equation 5.2

Where Igprvs is the molecular weight of GPTMS initiator and N is number of repeating
unites of THF and Mwrnr is the molecular weight of THF. Figure 5.1 (b) is the result
of mixed THF and GPTMS after adding the BF3 - OEt; catalyst for 3 minutes and 45
seconds. In order to calculate the molecular weight of organic, the peak at 6 =0.58 ppm
was selected as the GPTMS identical peak and calculate the peak area as end group to
compare with the first THF representative peak at 6 = 1.54 ppm. So, the repeating unit

of THF can be calculated as Equation 5.3 [127, 128]:

Peak area of repeating units _ Peak area of end groups

Equation 5.3

Number of protons in repeating units ~ Number of protons in end groups

Once the number of repeating units were obtained, based on Equation 5.3, The
results can be used in Equation 5.2 to obtain the final molecular weight. The calculation
results suggested the number of repeating units in the chains after 3 minutes and 45
seconds polymerisation was 921 and the molecular weight was 66649 g/mol. MW is

plotted against Time in Figure 5.2. The time point for this experiment starts from 0
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seconds to 5 minutes after the catalyst was added and the whole solution appears
completely clean and transparent at beginning. As time reaches 2 minutes and 20
seconds, small bubbles begin to form and more and more by the time, after 3 minutes
and 10 seconds, the number of bubbles has filled the entire solution until after 5 minutes
the solution with incredibly viscosity and unable to do the sample collection. The best
mixing two-pot timing was really short from the bubble formation to highly viscous

solution formation.
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Figure 5.2 Molecular weight determination of organic moiety by recording time points
for adding BF; - OEt; catalyst to initiate the in-situ CROP for (a) 0:00, (b) 2:20, (c)
2:45, (d) 3:10, (e) 3:30, () 3:45, and (g) 5:00 (minutes: seconds). The solution was too
viscous to do the test after 5 minutes mixing. The Mw data against time points is shown

in (h).
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In order to fully understand the factors of hybrid synthesis, the time at which the
pots were mixed was recorded (Figure 5.3) along with photographs of sample
morphology. The synthesis optimisation was based on the mixing time and the
composition of THF:GPTMS molecular ratio which are from 100:1 to 25:1. The
recorded results suggest high success rate in the lower THF:GPTMS ratios of 50:1 and
25:1. The success synthesis is shown as homogeneous cylindrical shape hybrid; the
unsuccess synthesis is shown as irregular semi-cylindrical shape and hollow cylinders.
Refer to the table below, the temperature and humidity do not suggest significant impact
in the optimisation. The combination of bubble observation and polymerisation time
point are quite reliable to determine the two-pot mixing time point for the hybrid

synthesis due to high successful rate at THF:GPTMS ratio at 50:1 and 25:1.
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Batch/sample 100:1 75:1 50:1 25:1 TEMP('C) Humidity(%)

1 >60:00 8 >60:008 740 O NAQ 195 31
2 1700 A 800 Q 430 Q 2150 212 29
3 1700 A 730 Q 41 Q 215 215 31
4 >60:00 $8 >60:0038 345 O Na 215 34
5 >60:00 88 >60:008 330 O NA 217 32
6 >60:00 $8 >60:00 & >60:00$ Na 219 28
7 >60:00 38 >60:00 ¥ 430 O nNa 21.9 31
8 1700 A 730 O 415 O 2000 220 30
9 35:00 A 1030 A 445 O Na 223 33
10 >60:00 98 1000 O 315 O 1360 238 29
11 >60:00 38 30:00 A 4350 A 1300 238 34
12 >60:00 88 >60:008 330 O 2300 238 30
13 >60:00 8 >60:008 330 O Na 245 29
14 >60:00 88 >60:00 8 >60:008  Na 257 30
15 >60:00 38 NA 26.5 31
16 >60:00 $ 125Q 272 33

Figure 5.3 The polymer optimisation recorded for 16 batches of hybrid synthesis for
different THF:GPTMS ratios, the two-pot mixing time point (mm:ss), and
representative photographs of samples. The black circle represents homogeneous
cylindrical shape hybrid; the black triangle irregular semi-cylindrical shape; and the
black X represents formation of hollow cylinders which formed when no bubble
formation occurred after added BF3 - OEt, catalyst in organic pot and mixed two-pot

after 60 minutes. (Hybrid diameter is 1.2 cm and NA is not applicable)

The mixed two-pot solutions were cast in PTFE cylindrical moulds of 15 mm
diameter and 25 mm height. To understand the shrinkage factor of samples, the dried

samples were measured by the digital vernier calipers and pCT for computational
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measurement and the results have been listed in table 5.2. The measured volume
shrinkages are about 78.4% up to 87.0% for all samples compared with computational
volume shrinkage of about 77.3% up to 87.3% based on different THF:GPTMS ratio.
The computational volume shrinkage has higher accuracy compared with measurement
result. However, the results suggest there is not much difference. To note that the results
of measurements in different dimensions show that the shrinkage in the diameter of the
cylinder was lower than the height shrinkage. The higher THF ratio at 100:1
demonstrates significant shrinkage compared with lower THF ratio samples. THF is
acting as solvent and polymer. If the higher amount of THF is applied during the hybrid
synthesis which can decrease the polymerisation rate and consequently increase
evaporation during ageing process before forming a cylinder. Meanwhile, different

drying processes have less effect on the shrinkage.

Table 5-2 The shrinkage behaviours of hybrid monoliths were evaluated and compared
using pCT and Vernier calliper measurement. The dimensional shrinkages were

measured by Vernier callipers.

Sample 250D 25FD 500D S0FD 750D 75FD 1000D 100FD
Volume
shrinkage (%)
Measurement ~ 82.011.2 82.010.7 78.410.2 79.510.1 81.910.50 80.111.3 87.010.7 86.710.5
Computational ~ 81.210.7 80.8%1.5 77.4%12 80.5+1.2 79.110.4 78.240.2 873132 85.6%1.3

Dimensional
shrinkage (%)
Hight 477432 493123 52.9+0.5 547111 50.512.3 46.810.4 36.413.4 30.911.0
Diameter 61.310.1 60.410.5 62.2+0.4 62.710.4 62.810.6 62.110.6 59.914.0 65.510.8

5.3.2. Hybrid chemical and thermal analysis

TGA is an ideal characterisation technique for determination of the

inorganic:organic ratio in the hybrids (Figure 5.4). As heating stared in TGA, initially
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only a few percent of the weight loss occurred, due to residual moisture evaporation
around 100 °C and then weight began to drop drastically up to 180 °C, until the weight
loss tended to ease after 350 °C, due to burn out of the organic components. The silica
content can be obtained as 250D (31.7%), 25FD (31.2%), 500D (18.0%), S0FD
(17.1%), 750D (13.1%), 75FD (15.3%), 1000D (12.4%), and 100FD (13.8%),

respectively.
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Figure 5.4 TGA analysis for quantitative analysis of the inorganic and organic
compositions in SiO2-PolyTHF hybrids by comparing oven drying (OD) and freeze
drying (FD) samples. The samples named by the molecular ratio of THF:GPTMS (as 1)
and the drying methods which are 250D, 25FD, 500D, 50FD, 750D, 75FD, 1000D,

and 100FD.
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The chemical analysis of hybrids has been evaluated by FTIR. The FTIR results are
shown in Figure 5.5. All spectra showed similar absorption position. The absorption of
the Si-O-Si symmetric vibration at around 800 cm™ and the Si-OH stretch at around
960-980 cm increased as the THF:GPTMS ratio increased. There was also an
absorption shift from 1079 cm™ to 1042 cm™, the absorption shift contributed more
oxygen-containing dimers incorporated into a single dimer from H-Si-O-Si-H to H-Si-

0O-Si(O)-H [129, 130] which suggested in the lower THF contained sample.
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Figure 5.5 FTIR spectra of SiO2-PolyTHF hybrids with different compositions and
oven drying (OD) and freeze drying (FD) methods. The samples named by the
molecular ratio of THF:GPTMS (as 1) and the drying methods which are 250D, 25FD,

500D, 50FD, 750D, 75FD, 1000D, and 100FD.

5.3.3. Hybrid characterisation
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The mechanical property is one of crucial properties of monolithic hybrids.
Compression testing was conducted in vertical direction on the cylindrical hybrids. The
representative stress-strain curves are shown in Figure 5.6. Figure 5.6 (a) shows oven
drying results and the figure 5.6 (b) shows freeze drying results. The higher silica
samples had higher compressive strength. The 250D and 25FD samples deformed
when stress is applied, and cracks occurred while reached the maximum stress. Finally,
the samples were squeezed. The 500D and 50FD samples demonstrated greater
deformation and cracks occurred while the maximum stress is applied. For the lower
silica samples, the samples collapsed when the stress reached the maximum. The trend
of stress and strain is shown in Figure 5.7 (a) and (b), which shows that the compressive
strength decreased as the amount of silica content decreased. Also, FD samples of the
composition had lower compressive strength than the corresponding OD. In terms of
strain, the samples with the highest and lowest silica content that were FD showed
reduced strain to failure. The 500D and 50FD samples have a better balance between
compressive strength and strain, they have higher strength and behave highest

deformation tolerance simultaneously.
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Figure 5.6 Representative curves for stress-strain behaviour of the hybrid cylinders

following; (a) oven drying (OD); (b) freeze drying (FD). The samples named by the
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molecular ratio of THF:GPTMS (as 1) and the drying methods which are 250D, 25FD,

500D, 50FD, 750D, 75FD, 1000D, and 100FD.
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Figure 5.7 (a) Stress and (b) strain at fracture for hybrids the same THF:GPTMS ratio
but different drying methods. The samples named by the molecular ratio of

THF:GPTMS (as 1) and the drying methods (Oven drying (OD) and freeze drying (FD))

which are 250D, 25FD, 500D, 50FD, 750D, 75FD, 1000D, and 100FD.

The surface morphology and inner structure of crack-free hybrid monoliths was
imaged using SEM (Figure 5.8). The SEM images illustrated the surface morphology
of all samples were approximately flat without obvious cracks and defects. The FD
samples had irregular island-like phase separation. In order to analyse these phase
separations, the inner structure of hybrid materials was observed. SEM was used to

image the fracture surfaces from the compression test samples.
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Figure 5.8 SEM images of Si02-PolyTHF hybrid surface morphology: (a) 250D, (b) is

25FD; (c) 500D; (d) S0FD; (e) 750D; (f) 75FD; (g) 1000D; (h) 100FD.

The SEM images of fracture surface are shown in Figure 5.9. When observing the
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fracture surface, no obvious structural cracks were found in all samples. Fracture
patterns formed on the high silica content sample surfaces and they were more dense
on the FD sample surfaces. Many island-like lump phase separations appeared on the
fracture surface of the FD samples but were less present on the OD samples. The EDS
technique has been used for the composition analysis. Since the SiO2-PolyTHF hybrid
has only silica and PolyTHF, the EDS analysis focused on silicon composition of 500D

and 50FD samples as shown is Figure 5.10.
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Figure 5.9 SEM images of SiO>-PolyTHF hybrid fracture surface after compression test
to failure: (a) 250D; (b) 25FD; (c¢) 500D; (d) S0FD; (e) 750D; (f) 75FD; (g) 1000D;

(h) 100FD.

The EDS analyses were focused on the flat fracture surface and the island-like

phase separation. The flat surface had a strong silicon signal compared with the island-
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like phase separations, which indicated the phase separation had higher organic content
rather than being higher inorganic phase separation. That phase separation is due to OD
and FD samples were prepared in different drying processes. OD samples were kept in
the 37 °C oven throughout all aging and drying processes which is relatively stable.
THF in in-situ CROP acted as a reactant and solvent simultaneously [105], GPTMS is
used not only as initiator of polymerisation of PolyTHF but also the coupling agent
between inorganic and organic moieties. The strong covalent bonds were formed
between GPTMS with SiO2 while mixing two-pot solution, thus reducing or preventing
silica phase separation. On the other hand, FD sample were aging at 37 °C oven for 7
days then moved to -80 °C freezer to cooling sample before -93 °C FD process. This
cooling stage may potentially cause nucleation on unreacted or semi-reacted THF and
consequently observed the organic rich phase separation in the SEM images. These
phase separations become potential weakening points in the structure as resulting in the

compression tests.
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Spectrum 1

Spectrum 2

Figure 5.10 (a) SEM image of the surface of 500D sample and (b) EDS with spectrum
1 focused on the flat surface and the spectrum 2 focused on precipitation; (¢) SEM
image of 50FD sample and (d) EDS (d) analysis with spectral and 4 focused on the flat

surface and spectra 2 and 3 focused on the precipitations.

5.3.4. Hybrid dissolution and long-term use study

The stability of hybrid monolith was evaluated in-vitro. The degradation and
mechanical cyclic tests were tested before and after SBF immersion and cyclic tests
were performed under wet condition compared with day 0 dry condition. Weight loss
was recorded before and after soaking in SBF for 90 days and the results have been
shown in Figure 5.11. Full data of the tests have been listed in table 5.3. For high silica

content samples nearly 2.7% of weight was lost on the first day, and the weight loss
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decreased to about 0.5% after 7 days, and the weight loss was further reduced by less
than 0.1%. However, the lower silica content sample lost less than 0.1% of weight loss
over 7 days. That is because the higher density of incompletely reacted silica was at the
surface of the hybrid and was flushed away when soaked into SBF. While the in-vitro
test data is shown the weight loss tend to stable after 14 days test. The weight loss is

reduced less than 0.1% in each composition.
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Figure 5.11 The degradation study recorded the weight loss before and after soaking
S10,-PolyTHF hybrids in PBS in an incubating orbital shaker held at 37°C, agitated at
120 rpm for 1, 7, 14, 30, 60, and 90 days. The samples named by the molecular ratio of

THF:GPTMS (as 1) and the drying methods (Oven drying (OD) and freeze drying (FD))

which are 250D, 25FD, 500D, 50FD, 750D, 75FD, 1000D, and 100FD.
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Table 5-3 The full data of weight loss of hybrids for 90 days in-vitro test. The samples
named by the molecular ratio of THF:GPTMS (as 1) and the drying methods (Oven
drying (OD) and freeze drying (FD)) which are 250D, 25FD, 500D, 50FD, 750D,

75FD, 1000D, and 100FD.

Weight (%) +

Day 250D 25FD 500D 50FD
0 100 100 100 100
97.34 0.35 97.31 0.09 98.16 0.10 97.98 0.19
7 96.34 0.36 96.70 0.08 97.66 0.07 97.37 0.26
14 96.65 0.41 96.39 0.09 97.54 0.08 97.26 0.23
30 96.52 0.45 96.35 0.09 97.46 0.09 97.19 0.20
60 96.42 0.46 96.22 0.08 97.37 0.10 97.05 0.22
90 96.31 0.67 95.98 0.11 97.26 0.08 96.91 0.21
Day 750D 75FD 1000D 100FD
0 100 100 100 100
98.38 0.11 98.75 0.04 98.75 0.20 98.69 0.08
7 98.03 0.14 98.45 0.18 98.31 0.14 98.31 0.43
14 97.92 0.12 98.36 0.19 98.21 0.15 98.28 0.16
30 97.83 0.15 98.28 0.23 98.13 0.09 98.11 0.18
60 97.75 0.11 98.16 0.24 98.06 0.04 98.10 0.16
90 97.63 0.06 98.05 0.23 97.98 0.07 97.99 0.18

The dissolution ICP suggested a similar trend in Figure 5.12. Higher silica content
and FD samples produced higher silicon release in the ICP results. The 25FD sample
showed 128 ppm of silicon released after the first 14 days and the cumulative release
only increased by 67 ppm in the remaining experiment. On the contrary, the 1000D
sample showed about 42 ppm of silicon released at first 14 days and 21 ppm released
after 90 days study. These results suggested significant release at initial stage and tend
to be less degradation behaviour at long-term study. The full data of dissolution study

is listed in table 5.4.
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Figure 5.12 The dissolution study of SiO2-PolyTHF hybrids soaked in PBS and placed
in an incubating orbital shaker held at 37°C, agitated at 120 rpm for 1, 7, 14, 30, 90 and

90 days.

Table 5-4 The full data of ICP of hybrids for 90 days in-vitro test.

Ppm+

Day 250D 25FD 500D 50FD

1 31.60 0.71 35.57 1.92 29.25 2.57 28.56 3.96
7 90.01 5.46 108.38 7.761 81.06 3.58 86.49 6.63
14 104.70 2.29 128.32 3.33 93.86 0.59 99.07 0.86
30 121.77 2.53 154.48 3.59 113.15 0.63 117.03 1.62
60 137.87 1.34 170.58 1.344 123.69 0.26 127.41 0.34
90 153.33 2.15 195.02 3.20 138.78 0.41 142.39 0.13
Day 750D 75ED 1000D 100ED

1 20.48 0.52 20.55 0.50 15.42 2.68 15.81 1.45
7 50.43 2.57 53.16 1.15 36.94 3.37 38.11 1.65
14 58.79 0.60 61.70 0.29 42.03 0.98 44.34 0.61
30 69.29 1.67 74.43 0.33 51.19 0.83 55.95 1.49
60 78.58 4.24 84.20 3.50 56.34 0.82 60.32 0.59
90 90.39 2.38 96.44 2.08 63.58 1.58 67.58 0.50
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Cyclic compression testing was carried out on cylindrical hybrids before and after
soaking in PBS for 90 days. The samples experienced 1000 cycles in compression
before being soaked in PBS and 100 cycles at each time point after 1, 7, 14, 30, 60 and
90 days soaking and were tested in wet condition. The cyclic test results of OD samples
and FD samples are shown in Figures 5.13 and 5.14. The cyclic curve was regular at
day 0 which has no significant curve deformation while applying cyclic stress and the
appearance of the material did not change even after 1000 cycle compression loading
in OD and FD samples. Although, the FD samples demonstrated lower compression
strength, the cyclic patterns remained compact and regular in elastic deformation
behaviour after 90 days soaking tests. At the lower THF contained samples, the cyclic
stress increased after 90 days soaking test that increasing caused by PBS uptake in the
hybrid. The lower THF contained samples have relatively higher SiO2 which provides
more hydrophilic behaviour due to the presence of the silanol (Si-OH) groups on the
surface of the hybrid. The cyclic test results demonstrated the stress decreased by the
testing time. The cyclic test results indicated that the Si02-PolyTHF hybrid monoliths
have good reliability on the cyclic behaviour. There is no significant change in the
response to cyclic compression stress even after thousands of cycles of cyclic
compression and after PBS soaking for 90 days. The SiO2-PolyTHF hybrid monolith
exhibits excellent structural integrity and good mechanical reliability which brings
many potential applications to the field of biomaterials such as cartilage replacement,

joint defect filler, and intervertebral disc replacement.
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Figure 5.13 Cyclic compression testing of SiO2-PolyTHF hybrids before and after

soaking in PBS for 90 days: (a) 250D, (b) 500D, (c) 750D, and (d) 1000D samples.

Every 10 cycles of 10* are shown. The samples named by the molecular ratio of

THF:GPTMS (as 1) and the drying method (Oven drying (OD)) which are 250D, 500D,

750D, and 1000D.
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Figure 5.14 Cyclic compression tests of SiO2-PolyTHF hybrids before and after soaking
in PBS for 90 days: (a) 25FD, (b) 50FD, (c) 75FD, and (d) 100FD samples. Every 10
cycles of 10* are shown. The samples named by the molecular ratio of THF:GPTMS
(as 1) and the drying method (freeze drying (FD)) which are 25FD, 50FD, 75FD, and

100FD.

The compression study results suggest a similar behaviour in Section 5.3.3 on each
OD and FD samples as shown in Figure 5.15. Hybrids with lower organic amount
demonstrated higher compressive strength in two drying methods. The results of the
two methods are consistent, which means that the performance of this material after
long-term use is very consistent, and it can be used as a preliminary result to prove

long-term stable application.
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Figure 5.15 The representative compression curves for hybrids after 90 immersion in
PBS (a) oven drying (OD) (b) freeze drying (FD). The samples named by the molecular
ratio of THF:GPTMS (as 1) and the drying methods which are 250D, 25FD, 500D,

50FD, 750D, 75FD, 1000D, and 100FD.

5.4. Conclusions

This research conducted a comprehensive study on SiO2-PolyTHF hybrid monolith
synthesis by investigating the effect of organic: inorganic ratios and two different
drying processes. This hybrid material inherited both advantages from inorganic and
organic moieties which increased the mechanical strength and ductility with higher
silica content according to the combination of inorganic and organic moieties. OD
method suggested better material stability in mechanical testing and less phase

separation in SEM results.
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6. Hybrid and gyroid scaffold for meniscus replacement

6.1. Introduction

Total knee replacement (TKR) is one of the most common musculoskeletal
surgical procedures in the world which conducts over 1 million operations annually
[131]. According to statistical results, the prevalence of total TKR in the total US
population since 1980 to 2021. During the 30 years data suggest the prevalence grown
from less than 1% to 10.4%. Although the average age of patients is about 65 years old
[135], trends show that there is more and more younger patients having the procedure,
with the lifetime risk of revision of approximately 35% for men and 20% for women
compared with older than 65 years old patients, for whom the revision rate is less than
15% for men and 7% for women [136]. The reasons for revision surgery are very
depending on the conditions of the patient, but the most comment happened on the
artificial implant are implant loosening, infection, unknown pain, and instability [137].
The reasons for significant problem that can caused by implants generating subsequent
migration of wear particles. These particles may consequently change implant stability

and cause some biological response [138].

Although, there are several types of TKR device, Ultra-high molecular weight
polyethylene (UHMWPE) is the most common used friction pair on metal-on-
UHMWPE combination. Therefore, many researches have tried to modify the functions
of UHMWPE to reduce the friction and improve the wear properties of UHMWPE such
as nanoparticle reinforcement [139], macromolecular cross-linking [140], increasing
the degree of crystallinity [141], and bearing coating [142]. These modifications have
tried to lower friction to prevent wear particle formation and also for improving wear

life.
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This study aims to develop a new device for meniscus replacement for younger
patients allowing preservation of natural tissue, delaying the need for a TKR, which
removes all surrounding tissue. Key objectives are: creating a bearing surface for the
opposing articular cartilage, such that the material/ cartilage coefficient is low,
minimising friction and damage to the articulating surface; development of a fixation
method for the synthetic meniscus through AM of porous Ti scaffolds that can be
integrated with the hybrid. In order to prepare the hybrid and gyroid scaffold with good
integrity, different compositions and preparation methods were discussed in this chapter.
A titanium gyroid scaffold is made by selective laser melting (SLM) technique which
is acting as bone anchors for mechanical fixation of hybrid on the implant site and the

gyroid scaffold is acting as biological fixation simultaneously.

6.2. Materials and Methods

6.2.1. Fabrication of Ti gyroids

The gyroid structures used in this study were designed in Rhinoceros 6.0 (Robert
McNeel & Associates), with a cylindrical shape (16 mm diameter, 10 mm height)
according to the equation: cos(x)sin(y)+ cos(y)sin(z)+ cos(z)sin(x)=0, with a 4 mm
unit cell and nominal porosity of 80%. These were sliced into build layers every 50 um
using Rhinoceros, and these layers were converted to a laser scan path using the custom-
built Imperial College Lattice Slicer. Gyroid samples were fabricated using an AM250
metal powder bed fusion system (Renishaw plc., UK) using commercial titanium (CP-
Ti) powder supplied by Carpenter Additive (Widnes, UK). Laser power of 50 W was
used, with 50 pm point distance and 110 ps exposure time. Samples were built onto a

CP-Ti build plate and were removed after manufacturing by wire-cut electrical
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discharge machining, resulting in a final height of 8.5-9.0 mm. Before further
processing Ti gyroids were cleaned ultrasonically in ethanol to remove loose powder.
The Rhinoceros designed gyroid scaffold and the manufacturing technique also the

structural observation method have been shown in Figure 6.1.

Figure 6.1 (a) Rhinoceros-designed gyroid scaffold; (b) Ti scaffolds printed using SLM

(c) child volume of a SLM printed gyroid scaffold imaged using pCT. (Gyroid scaffold

is 16 mm)

6.2.2. Hybrid and gyroid scaffold preparation

Si02-PolyTHF hybrid was prepared using two-pot synthesis and detail synthesis
method mentioned in chapter 5.2.2 [106]. Following optimisation of the process in
Chapter 5, the ratio of GTPMS was set as 1 for each composition. The molar ratios of
THF, BF; - OEt;, TEOS, and deionised water are 50, 0.25, 2.5, and 13, respectively.
The inorganic pot was hydrolysed TEOS using deionised water and 1 M of HCI 1:3
vol% ratio in a sealed beaker stirring at 400 rpm for at least 1 hour. The organic pot was
mixed THF with GPTMS at 400 rpm for at least 15 minutes and the polymerisation was
initiated by adding BF; - OEt; catalyst for 3-6 minutes. The inorganic pot was mixed

with organic pot while the organic pot observed clear bubbles for 10 minutes and left
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to stand without stirring for 10 minutes.

On the other hand, the gyroid was immersed in acetone and ethanol solution for
ultrasonic cleaning for 5 minutes each and dried using an air gun. The dried gyroid
scaffold was placed in a 15 mm diameter and 30 mm high cylinder mould. After 10
minutes stabilisation, hybrid solution was directly added into mould along the mould
wall which allow solution wicking into scaffold. The moulds were sealed in
poly(methyl pentene) (PMP) pots and double sealed by parafilm and were placed in an
oven at 40 °C for aging 7 days. At day 7, samples were moved to -80 °C freezer for at
least 4 hours to freeze samples and opened the lid then moved to freeze-dry (FD) at -93
°C overnight. Samples were then moved to oven drying for another 7 days and ready
for further experiments. Oven-dry (OD) samples were directly dried in the oven without

FD steps after 7days aging.

6.2.3. Micro computed tomography for inner gyroid scaffold measurement

SLM technique is an AM method to build up 3D scaffold based on software
designed file. The gyroid structure is designed using Rhinoceros. In order to observe
the inner structure of gyroid scaffold after manufacturing. A laboratory-based micro
computed tomography (LCT) system (ZEISS Xradia 510 Versa) was used for imaging
the structure. The X-ray source was operated at 80 kV and 10 A during the imaging.
800 captured projections were reconstructed using filtered back projection algorithm
resulting in an 3D image matrix of 250 x 256 x 252 with isotropic voxel size of 193
pm. Samples within the 3D images were segmented using random forest voxel
classifier (a machine learning algorithm) implemented using Ilastik software [108]. 800

segmented images were reconstructed using ImagelJ software to build up a 3D image.
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The porosity was calculated using 3D ImagelJ suite plugin to compare with design file

and strut size is measured using ImageJ to measure 300 pore sizes from pCT images.

6.2.4. Scanning electron microscopy (SEM)

A Zeiss Auriga FIB-SEM equipped with an EDS detector was used at 5 kV in
inlens mode, with working distance of 5-7 mm. Hybrid/ gyroid constructs were cut
using an IsoMet® 5000 Linear Precision Saw (BUEHLER USA) with 3500 rpm blade
speed and 1.2 mm/min feed rate as shown in Figure 6.2. Figure 6.2 (a) and (b)
demonstrated sample clamped on the sample stage and applied water cooling and ready
for cutting. Figure 6.2 (c and d) demonstrated cutting and the final cut sample. The
sectioned piece was for SEM. Samples mounted on aluminium stubs sticked on carbon
tape followed by coating with 10 nm of gold twice (Q150T sputter coated, Quorum
Technologies, UK) to prevent charging of the sample. SEM was used to observe the
inner and cross-section of the hybrid and gyroid and trying to observe the interaction

and wicking performance of hybrid and gyroid interface.
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Figure 6.2 Hybrid and gyroid constructs were sectioned using an IsoMet® 5000 Linear
Precision Saw. (a) sample clamped on the sample stage and (b) applied cooling water,

(c) cutting, and (d) cut sample with flat sample.

6.2.5. Mechanical properties

Uniaxial compression was performed using Zwick/Roell testing machine 10 kN load
cell at 0.1 mm/ min compression rate under 9 N of preload to failure for compression
testing. The compression testing is to evaluate deformation tolerance ability while

normal force applied.

Shear testing was performed by Zwick/Roell testing machine 10 kN load cell at 0.1
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mm/ min shear rate under 9 N of preload to failure. A bespoke universal shear testing
rig was designed using Solidworks (Appendix S1) that is suitable for 10-18 mm
diameter of cylinder sample and the screw size is M4*20mm as shown in Figure 6.3.
Shear force was applied by a one-sided cutting blade which has 1 mm of blade width
to the base of the bracket and parallel to the hybrid and titanium gyroid scaffold

interface [149]. This test is to understand the shear ability of hybrid and gyroid interface.

o

N
Figure 6.3 Shear test apparatus using our bespoke universal shear test rig: (a) before

shear test and (b) after shear test.

Cyclic loading tests was performed using the same cyclic uniaxial compression
mode by Zwick/Roell testing machine 10 kN load cell. The samples were preloaded
under 9 N and compression path was dependent on the 20% of failure strain obtained
from compression testing and the cyclic rate was calculated as one compressive cycle

per second. The cyclic testing was performed as received hybrid cylinder for 10* cycles.
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In order to understand the sample reliability in wet conditions, the hybrid cylinders
were soaked in PBS for 1, 14, 30, 60, and 90 days and samples were placed in an
incubating orbital shaker held at 37°C, agitated at 120 rpm. Cyclic testing was
performed at each time point on soaked sample directly with PBS without other

treatments.

6.2.6. Tribology test

In order to understand the friction behaviours of samples against knee
cartilage as potential knee replacement device, knee cartilage was harvested from stifle
joints of bovine calves obtained from a local abattoir within 6 h of slaughter and kept
at 4°C until dissection. The bovine knee is shown in Figure 6.4 (a). Cartilages were
removed from the medial and lateral femoral condyles as shown in Figure 6.4 (b). 8
mm biopsy punch was used for shaping cartilage as shown in Figure 6.4 (c). Removed
cartilage (Figure 6.4 (d)) was stored in sterile PBS with 100 pg/mL penicillin and kept

in 4°C until tribology test.
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Figure 6.4 Cartilage dissection: (a) the bovine cartilage was removed surrounding
tissues; (b) cutting cartilage from the femoral condyle; (c) using biopsy punch to
remove 8 mm of cartilage disc; and (d) harvested knee cartilage and ready for tribology

test.

The schematic diagram of tribology test setup has been shown in Figure 6.5. Self-
design tribology rigs were designed using Solidworks (Appendix S2) on top and bottom
rigs. The top rig was used to clamp hybrid and gyroid scaffold with two screws from x
and y direction which hybrid faces down to contact with knee cartilage. The bottom
specimen tray had an 8 mm diameter and 1 mm depth hole in the central site for
cartilage positioning, fixed using super glue. This bottom tray had a 2 mm high wall
which can apply small amount of lubrication. The tribology test was conducted under
linear reciprocating motion along Y-axis with a stroke length of 5 mm at 1 Hz and giving

an average speed of 10 mm/s for 600 cycles test using the Bio-Tribology Machine
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(BTM) (PCS Instruments, UK). All tests were conducted under a deadweight load of 1
N and PBS was applied as lubrication. The significant difference between the samples
was validated using a one-way Analysis of Variance (ANOVA) at 95%confidence
interval with a p-value<0.05. The surface roughness of cartilages and samples were
investigated using olympus OLS 5000 LEXT confocal microscope (Olympus

corporation, UK) with a magnification of 10x.

Figure 6.5 The purpose built Bio-Tribology Machine (BTM) was used to conduct

tribology test for hybrid to against bovine cartilage, the linear motion was controlled by
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linear variable displacement transducers (LVDT) and motor. The friction force was

recorded and the friction coefficient calculated.

6.2.7. Cell studies

The cytotoxicity test was performed using 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT) cell viability assays and detail steps mentioned in
pervious study [150], which evaluated the activity of mitochondrial enzymes, in
accordance to the ISO 10993-5 standard - Biological evaluation of medical devices.
The Saos-2 human osteosarcoma cells display several human osteoblastic features
which were chosen for all studies at a concentration of 5 x 10* cells/mL. The dissolution
product of hybrids or hybrid and titanium gyroid constructs were prepared in basal
media. B/C is blank and control for only a-minimum essential medium (a-MEM), non-
toxic negative control was medical grade polyethylene (PE), toxic positive control was
polyurethane (PU) containing 0.1% zinc diethyldithiocarbamate (ZDEC), titanium
gyroid scaffold is labelled as Ti, hybrid is labelled as Hyb, and Hybrid and gyroid

construct is labelled as Ti-Hyb in the MTT study.

In order to observe the cell attachment behaviour on the samples. Samples were
cut into 1 cm square size and washed using deionised water for 10 seconds three times.
Hybrids and hybrid and gyroid scaffolds were placed in 70% of ethanol for 30 minutes
for sterilisation and washed several times using culture media to prevent ethanol
contamination. The sterilised samples were washed in fresh a-MEM with 100 U/mL
penicillin and 100 mg/mL streptomycin three times. As prepared samples were placed
into a 24-well plate (Corning, Thermoscience, UK) and concentrated Saos-2 cells were

seeded to grow and attach directly on the surface of sample in incubator for 30 minutes
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at 37°C, 5% CO; and 21% O; for 30 minutes initial stabilisation. After 30 minutes
stabilisation, culture media was added to dilute the cell concentration to 5 x 10* cells/mL
then moved to incubator for 3 days. SEM was used to do surface observation. Cells
were fixed on the surface of samples using gradient ethanol drying method. Samples
were soaked into 50, 70, 90, and 98% of ethanol for 10 minutes and left in fume hood
for air dry, respectively. The dried samples were observed the surface morphology using

SEM and the rest of steps were mentioned in Chapter 3.4.2.

Alkaline phosphatase assay (ALP) was used to evaluate osteoblast activity by
testing expression of ALP, a by-product of osteoblast, an indicator of osteoblastic
activity. Saos-2 cells were cultured on titanium gyroid scaffolds and hybrids for 3, 7,
10, 14 and 21 days, supernatant was collected and alkaline phosphatase (ALP) activity
was measured using a colourimetric p-nitrophenyl phosphate (pNPP) assay kit (Abcam,
ab83369) following manufacturer instructions. Samples were reacted with 5 mM pNPP
solution for 60 min at 25 °C. The reaction was stopped with Stop Solution provided in
the kit and output was determined using a microplate reader at optical density 405 nm.
pNPP standard curve was determined by reacting assay buffer containing 0, 4, 8, 12, 16

and 20 nmol with SmM pNPP and ALP enzyme.

6.3. Results and discussion

6.3.1. The hybrid and gyroid scaffold optimisation

. The hybrid and gyroid scaffold optimisations are based on the drying methods

and the composition of hybrid which is demonstrated in Figure 6.6.
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Reaction time Humidity

TEOS:GPTMS:THF:BF:OEf,  Ovendry Freeze dry mmss)  EMPCC) g
_ 6

2.5:1:100:2 (a)% (b) % >60:00 23.6 31
25:0.5:50:1 (c) % (d) % >60:00 236 31
2.5:2:50:1 (c) % (H % 2:45 236 31
2.5:1:50:1 (2% (h O 2:34 23.6 31

Figure 6.6 The optimisation of hybrid and gyroid scaffold integration. The (a-h) in left
are the synthesis results and the (a-h) in right table are corresponding to the left image
results. Red X means failure synthesis and red O is success synthesis. (Gyroid scaffold

diameter is 16 mm)

Hybrid is a bouncy material compared with titanium gyroid scaffold also hybrid
has significant shrinkage as mentioned in Chapter 4.3.1. The shrinkage was about 80%
in volume which brings huge challenge for their integration, especially, since the
titanium gyroid scaffold has no shrinkage. This significant shrinkage difference
produced internal stresses for crack propagation. Figure 6.6 (a-d) demonstrate
incomplete shapes and uneven shrinkage and the table lists the synthesis conditions.
Figure 6.6 (e-g) demonstrates crack formation. Figure 6.6 (h) is the optimised
composition for hybrid and gyroid scaffold synthesis. Further optimisation is shown in
Figure 6.7 is based on hybrid thickness and the THF:GPTMS ratio. The ratio of

TEOS:GPTMS:THF: BF; - OEt; was 2.5:1:50:1. Further synthesis optimisation was
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needed. The left images suggested the optimised hybrid thickness was about 4 mm.
However, thickness less than 4 mm was insufficient for further mechanical tests. If the
thickness was higher than 4 mm risk of cracking was high on the edge of hybrid. The
right images suggested the optimised hybrid THF:GPTMS ratio was 50:1. If the ratio
was higher than 50:1, polymerisation may not complete. If the ratio was lower than
50:1, the polymerisation was too fast to let bubbles escape from the hybrid. If they
remain, they will significantly reduce the mechanical properties of hybrid. Thus, the
best hybrid condition in this study is based on the ratio of TEOS:GPTMS:THF: BF3 -

OEt1s 2.5:1:50:1 with 4 mm thickness.

AN

Hybrid THF : GPTMS
Thickness 50
4mm

vV

Figure 6.7 The optimisation of hybrid and gyroid scaffold based on the thickness and

THF:GPTMS ratio.

6.3.2.  uCT for hybrid and gyroid structure observation
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The pCT images of hybrid and gyroid scaffold internal structure were analysed
using Ilastik software shown in Figure 6.8. Figure 6.8 (a-c) shows 2D slices in the Z, Y,
and X directions, with hybrid in pink, gyroid in blue, and empty space in yellow. The
light grey colour is hybrid and white colour is gyroid. Due to difference in attenuation
of the materials (Figure 6.8 (d)), there is still some black line pattern artefacts, as shown
in Figure 6.8 (a-c) [151, 152]. Ilastik software was used to distinguish hybrid, gyroid,
and empty spaces from the images to minimise interferences as shown in Figure 6.9 (a).
The porosity of gyroid scaffold was calculated using ImagelJ script plugin as shown in
Figure 6.9 (b). The porosity was 72.26% compared with Rhinoceros designed porosity
of about 79.81% which has about 7.55% difference between designed and
manufacturing object. This difference commonly caused while the SLM manufacturing.
The SLM manufacturing uses high power laser to melt CP-Ti powder and fuse Ti
powder together. Thus, laser focus change can affect final printing object by changing
plate height, spot size, energy density at melt pool [153]. Overall printing quality is
good and there is no obvious discontinuous parts or damage in the scaffold. The pore
size distribution is shown in Figure 6.9 (c) and the average channel width was about

1.35+0.21 mm.
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Figure 6.8 nCT images of hybrid and gyroid scaffold using Ilastik software to
distinguish hybrid, gyroid, and empty spaces which are (a) Z, (b) Y, (c) X views of uCT
images, and (d) 3D reconstructed hybrid and gyroid scaffold. (Pink area is defined as

hybrid, blue area as gyroid, and yellow area is empty space) (Scale bar is 1.5 mm)
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Cal_porosity.py
[ 1 from ij import 1J,ImagePlus,Imagestack

fr o import FileSaver
import os

from ij.measure import ResultsTable

table = ResultsTable
imp =1J.openImage(“C:/Users/victo/OneDrive/Desktop/croppedTi/CroppedTi3. tif
imp. show

stack = imp.getImagestack()
for im in (1, imp.getNSlices()+1)

for pix in pixels
if pix
pores = pores
else:
metal = metal + 1
porosity = (float(pores)/(pores+metal))*10@

printipores
print{metal
print{porosity)

Run Batch persistent
d Aug 11 1€:31:
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Figure 6.9 puCT image analysis: (a) optimised scaffold thresholding using Ilastik
software, (b) using ImageJ script to calculate porosity of scaffold based on the pCT
images, and (c) channel width distribution calculated using ImageJ to calculate 300

pores. (Scale bar is 1.5 mm)

6.3.3. SEM for hybrid and gyroid scaffold interface observation

UCT is a non-destructive visualisation method for internal structure observation.
However, the resolution is not high enough for the interface observation. SEM
technique is used to determine how well the hybrid has penetrated and integrated into
the porous Ti, particularly interface observation at micrometre scale. Figure 6.10 (a)
shows the edge of hybrid and gyroid scaffold which has only gyroid scaffold. Individual

Ti particles have beem fused together in SLM manufacturing. The line pattern is shown
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on the titanium surface which is caused by saw while cutting process. Figure 6.10 (b)
shows the location of the hybrid and gyroid scaffold of the SEM images which are
including titanium only, internal hybrid and gyroid interface, and outer interface. Figure
6.10 (c) has hybrid and gyroid central area. The cracks around the titanium are caused
by cutting as shown in every area. The hybrid did not fully fill the gyroid pores, leaving
many irregular cavities. However, there are some good interconnected interfaces
displayed in some areas. The synthesis process used capillary action to make hybrid
solution fill into the scaffold autonomously instead of applying any other external
pressures to force the hybrid solution wicking in the gyroid scaffold. On the contrary,
the peripheral area suggested good hybrid and gyroid scaffold interface. The two
materials blended very well even though some small pores were incompletely filled. It

is still demonstrated good interaction between interfaces, such as wetting.

Figure 6.10 SEM images of hybrid and gyroid scaffold join surfaces (a) gyroid Ti

scaffold only; (b) location of SEM images (SEM specimen stub with 12.5 mm
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diameter.); (c) inner region of hybrid integration into the Ti scaffold; (d) outer region

of hybrid integration into the Ti scaffold.

6.3.4. Mechanical properties of hybrid and gyroid scaffold

Knee meniscus is responsible for very complex biomechanical properties in the
knee joints, including distribution of the force across the knee, withstand different
forces in different directions, protection of the underlying cartilage, lubrication of the
cartilage surfaces, and joint stability [154]. Unconfined compression test is a common
test method for meniscus. According to Joshi et al., compressive biomechanical testing
results from human menisci, showed the aggregate modulus of human menisci to be
about 0.22 MPa [155]. There are many reports focused on the human meniscus
compressive testing which are 0.01 to 1.7 MPa with 3 to 20% of strain in compressive
modulus by many different conditions [156-159]. The hybrid and gyroid scaffold
demonstrated higher compressive strength than previous reports in compression test as
shown in Figure 6.11. The average compressive stress was 5.21 + 1.67 MPa and the
minimum strain tolerance is about 20% of strain as shown in the compression pattern.
This result suggests hybrid and gyroid scaffold has sufficient compressive strength for

meniscus replacement.
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Figure 6.11 Compression tests of hybrid and gyroid scaffold with 9 N preload and 1

mm/min compressive rate.

Another important biomechanical property is shear stress of meniscus. Tuijthof et
al.’s previous studies reported human meniscal shear stress in total 31 measurements.
The measurements were performed using hollow tubes with a 0.125 and 0.15 mm
cutting edge also 33 and 37 N as starting force. The minimum and maximum shear
stresses are 4.7 to 9.3 MPa [160]. The shear testing results are shown in Figure 6.12.
The shear strength of hybrid and gyroid scaffold interface was 6.39 + 0.96 MPa and the

minimum strain tolerance was about 9% of strain as shown in the shear pattern.
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Figure 6.12 Shear test of hybrid and gyroid scaffold interface with 9 N preload and 1

mm/min shear rate.

In order to understand the reliability for the hybrid and gyroid scaffold in-vitro in
the wet condition which is conducted cyclic loading tests on the same scaffold for
soaking in PBS and performed 10* cycles cyclic test for day 0, 1, 7, 14, 30, 60, and 90,
respectively. The cyclic test results have been shown in Figure 6.13. The cyclic loading
patterns demonstrated similar response and no effect under PBS condition for 90 days
test. This result indicates that hybrid and gyroid has good mechanical stability in-vitro

over 10* cycles cyclic test.
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Figure 6.13 Cyclic test of hybrid scaffold for 90 days in-vitro stability evaluation. Every

100 cycles of 10* are shown.
6.3.5. Tribology test of hybrid and gyroid scaffold against cartilage

Wear debris cause significant problems for joint replacements, such as
inflammation, osteolysis, and implant loosening [162]. Lower friction coefficient can
minimise the generation of wear particles and improving bearing surface life [163]. The
friction coefficient patterns of different materials against knee cartilage have been
shown in Figure 6.14. And the average friction coefficients of sample sliding on
cartilages at 5 cycle and 600 cycle have been shown in Figure 6.15. Figure 6.14 (a)
demonstrated cartilage against cartilage which is has consistent friction pattern and the
average friction coefficients at 5 and 600 cycle are 0.106 + 0.066 and 0.101 + 0.067.
Figure 6.15 (b) shows hybrid against cartilage friction pattern. The pattern suggests the

friction coefficient increased at initial stage and stabilise after 100 cycles. Thus, the
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average friction coefficients at 5 and 600 cycle were 0.133 £ 0.062 and 0.109 + 0.006.
Figure 6.15 (c¢) demonstrated UHMWPE against cartilage friction pattern. The pattern
suggests the average friction coefficient increased at initial stage and stabilise after 400
cycles. The average friction coefficients at 5 and 600 cycle are 0.473 £ 0.019 and 0.776
+0.017. According to Maksimkin et al. the coefficients of friction for UHMWPE based
samples are higher than adult dog cartilage of Bullmastiff breed in distilled water
medium at all times [143]. The friction coefficient of knee cartilage ranged from 0.055
to 0.026 compared with UHMWPE which was 0.12 to 0.087. UHMWPE has about
218% to 334% higher friction coefficient than dog knee cartilage before and after 4 km
run test [143]. According to Chan et al., UHMWPE friction coefficient against bovine
knee cartilages in PBS for 60 minutes test were 0.391 + 0.012 and the steady-state
friction coefficients of near 60 minutes was about 0.46 [144]. In the natural joint, the
friction coefficient of articular cartilage with synovial fluid is 0.01. However, the
synovial fluid is not fully regenerated. The friction coefficient 0.1 is relatively low in
the articular cartilage material [ 145]. In terms of hybrid and gyroid scaffold, the average
friction coefficient at 5 and 600 cycle were about 0.133 + 0.062 and 0.109 + 0.006,
about 125% to 107% higher than bovine knee cartilage. As patients undergoing knee
arthroplasties tend to be younger and high-mobility [146], for artificial knee cartilage
replacement, lower frication is not only reduced wear particle formation also decreased
unwanted stress generation to damage peripheral tissues and cartilage to preserve
natural cartilage [164, 165].

An ideal meniscus replacement should not damage intact surrounding natural knee
cartilage. Tribology test is interacting surface measurement to reveal the effect of
contact motion to the surfaces. Hybrid and gyroid scaffold demonstrated a similar
average friction coefficient with bovine knee cartilage. It is crucial for the hybrid and

gyroid scaffolds to have the potential to be a meniscus replacement implant.
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Figure 6.14 Friction coefficients of different materials sliding against knee cartilage

versus time of sliding (a) cartilage against cartilage, (b) hybrid against cartilage, and (c)

UHMWPE against cartilage using PBS as lubrication.
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Figure 6.15 Average friction coefficients of tribology test results at 5 cycles and 600
cycles using PBS as lubrication: (a) cartilage against cartilage, (b) hybrid against

cartilage, and (c) UHMWPE against cartilage.

6.3.6. Surface morphologies and roughness of samples

Surface conditions are important for the surface mechanical property evaluations.
The surface morphologies of cartilage, hybrid, UHMWPE before and after tribology
test are shown in Figure 6.16. Images suggested no significant difference before and
after tribology test for all samples. The obvious hill-like surface features can be seen in
the bovine knee cartilage as shown in Figure 6.16 (a) and (b). The hybrid surfaces were

flat without obvious different in Figure 6.16 (c¢) and (d). The UHMWPE were flat
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surfaces but there are some line patterns present in Figure 6.16 (e) and (f). Knee
cartilage has different levels of surface feature such as higher curvature compared with
hybrid and UHMWPE. Therefore, the hybrid and UHMWPE samples can be considered
as non-migrating contact during tribology test. This non-migrating contact caused
insufficient lubrication replenishment while the sliding test. This is the reason for

increasing in the friction coefficient during tribology test [9, 144].

Figure 6.16 Surface roughness observations performed using confocal microscope. (a)
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cartilage surface before testing; (b) cartilage surface after tribology testing cartilage
against cartilage; (c) hybrid surface before testing; (d) hybrid surfaces after tribology
test hybrid against cartilage; (¢) UHMWPE surface before testing; (f) UHMWPE

surface after tribology test by UHMWPE against cartilage.

The surface roughness of cartilage, hybrid, and UHMWPE are shown in Figure
6.17 before and after the tribology test. The knee cartilages were harvested from
different places, angles, stress-bearing parts at the same knee. Therefore, the surface
roughness distributions of bovine knee cartilage are relatively large compared with
artificial materials as shown in Figure 6.17 (a). There are not significantly different in

the surface roughness changed shown in the roughness results in Figure 6.17 (b) and

(©).
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Figure 6.17 Surface roughness of tribology samples (a) before and after cartilage
against cartilage in tribology test, (b) surface roughness changed by hybrids against
cartilages, and (c) surface roughness changed by UHMWPE against cartilage in

tribology test.

6.3.7. Cytotoxicity of hybrid and gyroid scaffold

The cell viability results are shown in Figure 6.18. The B/C is set as 100% of cell
viability; PE is positive control also PU is negative control. Samples demonstrated high
cell viabilities which are higher than 92.25% in the lowest sample as shown in 100%
of Ti-Hyb sample. The extract solution passes the MTT test for non-cytotoxicity
according to the ISO standard which cell viability greater than 70%. Thus, the hybrid

and gyroid scaffolds have non-cytotoxicity that is potential to be used as implant
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Figure 6.18 Cell viability test for all samples were performed using MTT cell viability
assay. Saos-2 human osteosarcoma cells were co-cultured with sample media for 24
hours and measured cell viability. (B/C is blank and control, PU is used for non-toxic
negative control, PU is used for toxic positive control, Ti is used titanium gyroid

scaffold, Hyb is used hybrid scaffold, and Ti-Hyb is used hybrid and gyroid scaffold).

6.3.8. Cell attachment of hybrid and gyroid scaffold

Hybrid and gyroid scaffolds are designed to be the meniscus replacement implant.
The hybrid surface has comparable mechanical properties to against cartilage with
minimise damage in order to preserve natural cartilage as much as possible. On the
other hand, the gyroid scaffold is designed as fixation mechanism at initial mechanical

fixation also secondary biological fixation. Inner meniscus is bearing high compression
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stress and shear strains which can lead to chondrocyte death and not suitable for cell
survival [166]. On the contrary, the gyroid scaffold should allow cell attachment which
can improve potential biological fixation. The SEM images demonstrated cell
attachment behaviours on hybrid and gyroid surface as shown in Figure 6.19. Figure
6.19 (a) and (b) show Saos-2 cells attached on the titanium without any treatment. It is
clear to observe filopodia and lamellipodia on the surface of titanium [167]. Filopodia
act anchor cells to the surrounding materials which can promote lamellipodia formation
and extension while cell migration on the materials [168]. The lamellipodia can wrap
surrounding material materials and to robust cell adhesion on the material surface that
is an key evident for the cell attachment and beginning of biological responses [169].
In the case of hybrid surface as shown in Figure 6.19 (c) and (d), the cell filopodia and
lamellipodia are not clear to observe, and the cell tend to be flat indicating lower activity

for cell spreading compared with titanium gyroid scaffold.
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Figure 6.19 SEM images of Saos-2 cell attachment (a) and (b) are cell attached on the

titanium surface and (c) and (d) are cell attached on the hybrid surface.

6.3.9.  ALP activity of hybrid and gyroid scaffold

ALP activity assay was performed to determine osteogenic differentiation after 21
days of culture with samples. Enhanced ALP activity may lead to faster bone maturation
around the implant, probably inducing better osseointegration [170]. The titanium
gyroid scaffold is designed not only initial mechanical fixation also secondary
biological fixation. Therefore, the ALP activity results delivered information for the
gyroid scaffold as knee anchor application. The ALP results are shown in Figure 6.20.
ALP activity of cells on the gyroid scaffold increased after 3 days culture and reached
a maximum at day 10 and decreased after that. This occurred due to the Saos-2 cell

migration and differentiation increased expression of ALP activity and decreased
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because Saos-2 differentiated into mature osteoblasts [171]. On the contrary, ALP
activity of cells cultured on hybrids suggested a slow increase, remaining low ALP
activity for 21 days. The SEM images suggested clear filopodia and lamellipodia of cell
spreading and migration on the surface of titanium. Furthermore, the 3D gyroid scaffold
also supplied multiscale topographies. These factors potentially supported cell
migration and stimulate cell differentiation to increase ALP activity [172, 173]. ALP
activity results indicated that gyroid scaffold is suitable for Saos-2 cell to differentiate
into mature osteoblasts that is potential to use for secondary biological fixation

applications.
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Figure 6.20 ALP activity test of titanium gyroid scaffold and hybrid for 21 days.

6.4. Conclusions
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Hybrid and gyroid scaffolds have been successfully designed and manufactured.
The scaffold optimisation was focused on the hybrid composition, manufacturing
parameters, and synthesis conditions. pnCT was used to observe the inner structure of
gyroid scaffold. Although, there are small scale differences between designed porosity
and manufactured scaffold. The structural integration of the hybrid and the Ti was high
without visible defects and broken pieces in the internal scaffold. However, the SEM
images shown a low interaction between hybrid and gyroid in internal structure. The
outer interface illustrated better interaction due to wicking of the hybrid sol. The
scaffold demonstrated comparable mechanical properties to human meniscus and the
tribology results indicated similar friction coefficient with bovine knee cartilage.
Furthermore, the friction coefficient of hybrid and gyroid scaffold was significantly
lower than UHMWPE. In terms of cell studies, higher than 90% cell viability was
shown in each sample condition. The cell attachment and ALP expression was enhanced
on the Ti gyroid scaffold, indicating it is suitable for secondary biological fixation of a
hybrid meniscus implant. Based on research results, hybrid and gyroid scaffold can be

potentially used for meniscus replacement application.
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Chapter 7

Thesis conclusions and future work
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7. Thesis conclusions and future work

7.1. Thesis conclusions

The objective of this thesis was to design and prepare a meniscus replacement
device using SiO2-PolyTHF hybrid. The hybrid has unique mechanical properties
which can minimise the damage to opposing articular cartilage surfaces. The research
started based on the biomimetic structural hybrid meniscus. But there were some
problems such as high shrinkage during hybrid synthesis and fixation mechanism for
the hybrid meniscus on the testing rig and further application. In order to solve these
problems, uCT and SLM techniques were used to conduct shrinkage factors
measurement and providing new solution of 3D printed anchor for fixation mechanism

and biological fixation.

The mould optimisation and titanium gyroid scaffold design and SLM technique
were used for scaffold preparation. The next step was comprehensive study of the
process variables to enable optimised hybrid synthesis. The hybrid was designed to
combine with gyroid scaffold, therefore the hybrid optimisation was needed in terms of
synthesis, performance in different environment and more understanding on the
reliability and reproducibility in material preparation and the potential join parameters
with hybrid and gyroid scaffold. Multiple syntheses were done based on controlling
compositions, drying methods and other environmental conditions. The solution state
NMR was used to determine the chemical reaction and material characterisation
techniques were used to evaluate composition, chemical bonding, mechanical

properties, material morphologies and long term used reliability.

The final objective was to combine hybrid and gyroid to produce a prototype
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meniscus. More than 50 times syntheses were performed during the hybrid and gyroid
scaffold optimisation. Finally, the hybrid and gyroid scaffolds were made and
conducted with series of material testing. The pCT and SEM were used to observe the
internal structure and surface morphology of scaffold. The compression, cyclic, and
shear test were provided the information of scaffold strength for meniscus replacement
application. The tribology test was used to evaluate the friction coefficient compared
with bovine knee cartilage which suggested a similar friction coefficient of hybrid to
bovine knee cartilage. Furthermore, cell viability, cell attachment and ALP test
demonstrated high cell viability, cell attached on gyroid scaffold better than hybrid
surface, and higher ALP activity on gyroid scaffold. The proof of concept about our
original design that hybrid for acting as meniscus replacement with low friction
coefficient to prevent damaging knee cartilage and gyroid acting as anchor for
biological fixation due to good biological responses. Hybrid and gyroid scaffold has

potential that can be used for meniscus replacement.

7.2. Future work

SiO2-PolyTHF hybrid is a relatively new material, so different material
combinations and compositions can be tested. The CP-Ti scaffold could be optimised
with different porosity and architecture and chemical functionalisation to further
suitable for hybrid and gyroid integration, manufacturing parameter optimisation, and

biological responses.

For the hybrid, a further functionalisation is needed for more complex biological
tissue replacement. The two-pot synthesis is combined organic and inorganic material

as hybrid which brings more possibility for the functionalisation. More studies are
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needed for the hybrid synthesis and optimisation for hybrid and gyroid scaffold
manufacturing in order to prepare better scaffolds for meniscus replacement such as
adding some bioactive component at the edge of hybrid meniscus to biomimetic the
peripheral area of the meniscus. For the hybrid and gyroid scaffold, further treatment
for material mismatch is needed for instant applying vacuum environment in the hybrid
solution wicking to force the solution enter hybrid scaffold with higher density to
improve material joining properties. The gyroid scaffold should be designed in
multifunctional application to provide better join surface to hybrid and biological

fixation anchor also fit the mould for whole device manufacturing.
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Figure S 1. Solidworks 2D drawing views of shear testing moulds (a) bottom

component, (b) sample holder mechanism, and (¢) top cutting component. (Unit is mm)
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holder and (b) bottom cartilage holder. (Unit is mm)
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