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Abstract

Prostheses, for example hips and knees, are used to relieve pain and restore function in degenerated
synovial joints. They are tribological devices and are susceptible to wear of the bearing surface which
can lead to early failure. Human synovial fluid (HSF) is produced to lubricate the joint, however in
tribological testing of implants 25%w/w Bovine Calf Serum (25BCS) is used as a screening fluid,
although the composition is different. The key questions addressed in this thesis are: the lubrication

and wear mechanisms similar? Is 25BCS an appropriate replacement for HSF in wear tests?

A ball-on disc CoCrMo wear test was developed to use small lubricant volumes suitable for HSF, which
was supplied by the Musculoskeletal Group at Imperial College. Post-test the wear was measured,
and surface deposits analysed to provide insights into lubrication mechanisms. Friction and wear of
HSF samples were compared to BCS and model fluids comprising of proteins (albumin and globulin),
lipids and hyaluronic acid. The wear depth for most HSF samples was significantly higher (up to 77%)
compared to 25BCS.

Deposited films were observed in and around the wear scar and the pattern was similar for all protein-
containing fluids including HSF. The deposits appeared to be viscous, insoluble and adherent to the
surface. Micro-IRRAS analysis showed they were formed of denatured proteins although in some
instance lipids were present. Analysis of the amide | band showed the protein secondary structure
was transformed to an increased native B-sheet content with some fibular B-sheet structures.

Thioflavin T (ThT) was used to confirm the presence of B-sheet amyloid fibrils.

The research showed that 25BCS isn’t an appropriate substitute for HSF. The lubrication and wear
mechanisms are similar, however 25BCS has a greater tendency to form high B-sheet content deposits

due to their chemical composition that protect surfaces from wearing.
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Chapter 1 Prosthetic Joints and Tribology

Summary

This chapter provides an introduction to the research project. It gives a brief overview of the evolution
of the modern hip prosthesis and outlines the tribological performance of past and present material
combinations. Wear of the bearing surfaces remains a limiting factor on implant life, despite nearly
half a decade of redesign. Severe wear was widely reported in some MoM hips leading to revision of
the joint, which has only partly been explained by edge loading or misalignment. However, some cases
have shown excellent survivorship particularly in young adult males. It was identified that minimal
work on the effect of SF chemistry on tribological performance had been carried out and suggested
that this could be a possible reason for increased wear in some patients. Finally, objectives for the

thesis were formalised.
1.1 General Introduction

In 2016 over 210,000 (1) joint replacement (hips, knees, shoulders, eloow and ankle) operations were
performed in the United Kingdom. In 2010, for the UK, it was estimated that the cost of hip and knee
replacements exceeded £850 million which represented a 66% increase from 2000 (2). The procedures
are used improve the living standards of a patient by restoring function and relieving pain in synovial
joints which have been damaged due to disease, trauma or infection. The replacement joints must
fulfil a number of requirements: have an extended operational life (~ 20 years), allow easy movement

and emulate natural gait as closely as possible.

Artificial joints are essentially tribological devices as the bearing surfaces articulate under load and as
such they are susceptible to the usual tribological problems of high friction, wear and corrosion. These
issues can cause early failure leading to revision surgery which accounted for over 7.1 % of procedures
in 2016 (1). Devices are gradually being implanted into younger patients increasing the performance

demand on the joint due to higher activity levels and longer operational life.

Implant procedures are routinely performed for the hips, knees, ankles, shoulders and elbows (Figure
1.1) ; the most common of which are the hips and knees totalling 48% and 50% (1) of recorded
procedures in the United Kingdom respectively since 2003. Osteoarthritis (OA) is the leading cause of

joint replacement surgery in the hips and knees accounting for 90% and 99% of procedures
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respectively (1). Hip and knee replacements represented 85% of the direct cost of OA (2). The primary

focus of the PhD research is hip joint tribology and the rest of the thesis will concentrate on this aspect.

a) b) c)
= 157:_ -
v

d) e) c.

e . h\

Figure 1.1 - Examples of artificial joints a) total hip b) hip resurfacing c) total knee d) total ankle e) total shoulder f) total
elbow.

The first generation of the modern total hip replacement (THR), the low friction arthroplasty, was
designed by Sir John Charnley in the early 1960’s and is identical in principle to the prosthesis used
today (3) (Figure 1.2a) (4). The joint used a metal (CoCrMo) femoral head and a thicker polyethylene
acetabular cup (MoP). The joint was thought to operate in the boundary lubrication regime, which
meant the bearing surfaces came into contact during articulation. To reduce the wear Charnley
advocated the use of a small femoral head, minimising the surface area in contact and consequently
the sliding distance (5). Although the joint was successfully used for over two decades the production
of polyethylene wear debris could cause osteolysis in the periprosthetic bone, which is a chronic
inflammatory response to a foreign body (6). Osteolysis is the destruction or disappearance of bone
tissue causing fixation failure and aseptic loosening (7). Additionally the use of a small femoral head

increased the risk of dislocation making the hip unsuitable for active patients (8).

Metal-on-Metal (MoM) replacements became popular in the 1990’s with the Birmingham Hip
Resurfacing (MoMug) prosthesis. This procedure removes diseased bone and cartilage from the joint,

the femoral head is capped with a metal covering and a metal shell is inserted into acetabular cup.
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The MoMg provides minimal bone loss, excellent stability, a wider range of motion and relative ease

of revision (7). A MoMug replacement can be seen in Figure 1.2b.

Initial success of the MoMur lead to a revival in the use of MoM in the THR prosthesis. Prior to
Charnley’s low friction arthroplasty, MoM implants were used regularly and considered successful
having a reported survival rate of 74% at 28 years. However in the 1970’s they grew unpopular due to
negative local effects caused by metal particles, this was only observed in patients with failed
prosthesis undergoing revision surgery and therefore was attributed to poor design and improper
implantation technique (3). In this new prosthesis (Figure 1.2c) large femoral components were used,
unlike conventional MoP devices, as this was thought to promote fluid film lubrication (EHL) that
reduced the wear (9). Similar to MoMug, larger heads increased stability and allowed a greater range
of movement (10). The wear rate of the MoM implants were initially estimated at 60 times less than
MoP implants as the metallic surfaces could be engineered to be smooth and hard (11). The increased
stability and reduced wear made both MoMur and MoM devices suitable for more demanding

patients.

Figure 1.2 - a) A radiograph of 26-year follow-up of first generation Charnley low friction arthroplasty (4) (with permission
form Elsevier) b) X-ray showing a Hip resurfacing (12) c) X-ray showing THR (12).

In 2008 it became clear from the NJR that that MoM bearings had a higher than expected revision rate
(1). Approximately 13% of resurfacing joints required revision 10 years after primary surgery
compared to less than 4% in MoP. Furthermore approximately 20% of MoM hip replacements
required revision 10-13 years after insertion (10). It was found that although wear rates were reduced
particles sizes were much smaller (~ 50 - 116 nm) than that produced in MoP bearings (0.1 — 8 um)
(13-15). This resulted in an increased total number of particles by more than two orders of magnitude.
The surface area of metal particles was larger giving a greater potential for corrosion and biological

activity leading to cell death and in excess adverse tissue reactions (16). Complications include
29



inflammatory pseudotumors, aseptic lymphocytic vasculitis associated lesion, metallosis and
osteolysis (10, 16). As a result there were 578 recalls of MoM components from six major
manufactures between 2002 — 2013 due to manufacturing defects (17). This led to over 28,000
lawsuits filed against companies who had made defective implants. To date over $6 billion has been

paid in law suit settlements. In 2018 over 14,000 hip cases were still pending (18).

As a result by 2016 implantation of MoM THR reduced to less than 0.1 % and MoM. accounts for ~

1% of all procedures (1).

In 2016 MoP prostheses account for 58% of hip replacements in the UK making them the most
common (1), however osteolysis remains the main cause of failure (1). Wear rates, have been
effectively reduced by using cross-linked (gamma radiation/thermal treatment) UHMWPE (Ultra High
Molecular Weight Polyethylene) (7). In 1998 this bearing surface (Ultra High Cross-Linked
Polyethylene; UHXLPE) was used clinically for the first time and initial follow ups and simulator tests
(10 — 22 years) have shown significantly reduced wear (19-21). However, the crystalline and
mechanical properties of UHMWPE were affected due to free radicals and polyethylene oxidation. A
second generation UHXLPE bearing addressed these issues using two different methods; sequential
annealing to saturate free radicals and the use of vitamin E as a free radical scavenger (7). Initial results

are promising however long-term clinical results are not yet available (22, 23).

Ceramics (Biolex®delta; Zirconia Toughened Alumina (ZTA)) are a promising alternative bearing
surface as they are bio-compatible, corrosion resistant (24) and debris is relatively inert in the body
(25). Compared to metal surfaces they have a greater resistance to scratching, lower friction
coefficient and better joint lubrication (7, 24). However the cost of operation and components is
significant compared to MoP and therefore only cost effective in younger patients (26). Ceramics are
brittle and catastrophic in vivo failure provides a serious concern (27). Chipping can occur on insertion
or as a result of dislocation that can lead to third body wear therefore high surgical precision is

required (28).

In 2016, 29% of hip replacements were CoP making them second most popular bearing couple (1).
Linear wear tests and hip simulator studies have shown a 50% reduction in wear when compared to
MoP (27, 29) and clinical studies have shown an 80% survivorship at 20 years (30). The use of UHXLPE

is a promising breakthrough; clinical and laboratory data have shown wear is reduced by 10-50% (7).

The CoC device has the best wear properties of any bearing couple with reported linear wear rates of
< 5 um/year in comparison to CoP with wear rates of < 100 um/year (27). A clinical study done at a 10

year follow up showed osteolysis was absent in all CoC devices and occurred in 26% of MoP cases (31).
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Despite these promising results CoC configuration does not come without complications; squeaking
noises, stripe wear, fracture (rare) and chipping during insertion. Complications are usually associated
with acetabular component malposition, smaller femoral heads, edge loading and non-adherence to

meticulous surgical technique (7).

Throughout the evolution of hip arthroplasty wear has been and still remains a major cause of failure.
Particularly apparent in some MoM devices, the poor performance has been attributed to
translational or rotational misalignment of the femoral head and acetabular cup resulting in edge
loading. This is when the contact area is displaced from the centre of the cup, when perfectly
concentric, to the rim. It has been reported that this can increase the wear and metal ion level by 10-

fold (16, 17, 32, 33)

Not all failures have been explained by this and it accepted that MoM THR works very well for younger
male patients. However a review by De Smet et al. (34) reported that of the 3313 MoMgur performed
by a single surgeon since 1998, the known revision rate was 1.5%. Additionally, 110 (44 males, 66
females, mean age 49.9 years) cases were studied in more detail, it was shown that there was no
difference in outcome between genders. A possible reason for this could be the synovial fluid (SF)

chemistry, which has not been widely studied.

The focus of the majority of implant tribology testing is the effect of implant design and material wear.
The effect of SF chemistry on implant wear is rarely studied. SF is the natural lubricant found in
articular joints. It is rarely available and only attainable in small quantities, certainly less than the large
volumes required for simulator tests. Therefore, the lubricant model most communally used is BCS
diluted concentration of 25% w/w (25BCS). It has been shown to have a similar total protein content
(18-21 mg/ml) when compared to healthy SF (H) (35-37). However, the overall chemical composition
is different (35-37). In addition diseased joints show large increases in total protein content not

mirrored by the model (37-41).

The chemical composition and physical properties of HSF varies between patients and healthy or
diseased fluids (37-41). The most abundant components of SF are proteins, particularly albumin and
y-globulin (y-G) and their relative and total concentration can vary widely depending on the fluid

pathology (37, 38, 40).

The vast majority of implant tribology testing uses BCS as the model SF lubricant: There are very few

instances of HSF being used.
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It is apparent from literature that the effect of SF chemistry on the lubrication and wear mechanisms,
particularly use of HSF, has been rarely studied for MoM devices. This highlights deficiencies in our

understanding of lubrication of prosthetic joints which raises the following questions:

e What is the effect of HSF composition on CoCrMo wear?
e Are some patients/diseases at a higher risk of implant failure though increased wear?

e Is 25BCS a suitable model lubricant to replace HSF?
1.2 Research Objectives

This thesis aims to develop an understanding of how both model and HSF lubricate artificial joints and
the associated wear mechanisms. The study combines friction and wear tests with optical and organic
chemical analysis in an attempt to replicate in vitro simulation of in vivo conditions and understand

the role of macromolecules in SF.
The specific objectives are to:

e Develop a small-scale wear test for CoCrMo materials with small volumes for use with both
model and HSF
e Investigate the effect of model and HSF on friction and wear of implant materials
e Investigate the fundamental mechanisms of SF lubrication:
o Analyse the chemical composition of wear deposits and untested fluids

o Examining deposited films on the wear scar surfaces
1.3 Thesis Outline

Chapter 2 begins by concentrating on the artificial hip joint. The current materials used for these
prostheses are outlined followed by the operational conditions. The second section looks at classical
tribology, specifically the lubrication and wear mechanisms. Thirdly, an anatomical description of the
synovial hip joint is given joint and the composition of both healthy and diseased joints is explained.
A detailed description of the most abundant macromolecules present in SF and those thought to be
important in the lubrication of artificial joints is reviewed. Finally, the tribology related problems, test

methods, model lubricants and lubrication and wear mechanisms are looked at.

A new bench top wear-test is developed for use with HSF in Chapter 3. It was important to replicate
physiological conditions in an artificial hip joint and to use only a small amount of fluid allowing use of
HSF. Initially tests were performed using 25BCS as the screening fluid to ensure that results were

robust and repeatable. Once the final test protocol was finalised Chapter 4 used model fluids to further
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investigate how the SF chemistry affected the wear of MoM artificial joint implants. Initially fluids
comprised albumin and y-G only, different total and specific protein concentrations were used to
replicate healthy and diseased HSF. The fluids were made more complex with the addition of

phospholipids and hyaluronic acid.

The residual deposited films were observed by use of optical and SEM imaging in Chapter 5 and the
wear scar mechanisms were investigated by use of white light interferometry. Chapter 6 used Micro-
IRRAS analysis to investigate the organic chemistry of the deposited films and compared this to the
untested fluids. Chapter 7 uses fluorescence microscopy to visualise the presence of high B-sheet

content deposits and compares the results to the AWD and the Micro-IRRAS spectra of the deposits.

In Chapter 8 the results from this work are discussed in terms of how they advance the current
understanding of how the SF chemistry, particularly the role of proteins and lipids, effects the
lubrication and wear mechanisms. The clinical relevance is discussed and if the of wear of MoM
implants can be predicted once the chemistry of the SF is known. In each section of this chapter future

work is considered. Finally, Chapter 9 draws conclusions of this study.
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Chapter 2: Tribology of Artificial Hips

Summary

In this chapter a review of the current literature is presented, providing context to this thesis. The
different materials and operating conditions of the THR and resurfacing prosthesis are reviewed
including the implant size, joint kinematics and physiological loads. Classical lubrication and wear
mechanisms are then reviewed. The structure of the articular hip joint and properties of the natural
lubricant, SF, are described. Lastly artificial joint tribology is reviewed outlining current lubrication and

wear mechanismes.
2.1 Introduction

This review provides context for thesis, it begins with background information on the materials and
operating conditions of the THR and hip resurfacing prosthesis. A brief overview of the different types
of materials, bearing couples used and prosthesis geometry are reported. The thesis focuses on the
MoM hip therefore the chemical composition and microstructure of the surgical grade CoCrMo alloy
(42, 43) is reviewed in more detail. A primary objective of the project was to develop a suitable MoM
material wear test. When designing a wear test, it is important to understand the in vivo operating
conditions so that they can be replicated. Therefore, the physiological motion, loads and pressures of

the most common types of activities are reviewed.

Classical tribological models of lubrication and wear are often applied to these complex biological
systems and therefore a brief overview of the Stribeck curve and the three lubrication regimes; i.e.
boundary, mixed and full film, are given. All four types of wear mechanism; abrasion, surface fatigue,

adhesion and tribo-chemical may occur in the prosthesis and are therefore reviewed.

The review then considers the properties of SF as this is the natural lubricant of healthy, diseased and
post-operative joints. The rheology is briefly discussed before concentrating on the chemical
composition. The main components of SF are: proteins, hyaluronic acid (HA), glycoproteins and lipids,

which are reviewed in more detail.

Finally, artificial hip tribology has been extensively studied throughout the years, therefore the
lubrication and wear mechanisms that have been reported are reviewed with regard to MoM

prostheses.
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The research project has focussed on CoCrMo alloy joints. However, it is recognised that the use of
this bearing couple has rapidly declined to ~ 1% in recent years due to the risk of early revision (1).
However, the reasons for this were not fully understood, although it was often attributed to the use
of large heads (44) and transition or rotational misalignment (16, 17, 32, 33). However, other studies
(34) have shown that MoM resurfacing and THR work well for younger male patients, and a possible

reason for this could be the SF chemistry.
2.2 THR: Materials and Operating Conditions

The hip joint has a ball on socket conformation, the loaded femoral head represents the ball, which
articulates within the acetabular cup that sits within the pelvis. For a THR the femoral head is removed
and replaced whilst a hip resurfacing procedure caps the femoral head with a metallic surface. The
prosthesis should restore the natural gait cycle as closely as possible and must be durable having in

vivo lifespans that, preferably, outlive the life of a patient.
2.2.1 Materials

A range of materials are used for the bearing surfaces in these devices including polymers (Ultra High
Molecular Weight Polyethylene; UHMWPE, Ultra Highly Cross-linked Polyethylene; UHXLPE), metal
alloys (Cobalt Chromium Molybdenum; CoCrMo) and ceramics (Biolex delta; zirconia toughened
alumina; ZTA). These materials must be resistant to wear and fatigue, biocompatible, corrosion
resistant, easily manufactured to high specifications and have an appropriate strength (45). The

material properties are outlined in in Table 2.1.

Table 2.1 - Material properties of hip joint materials (46).

Material E (GPa) v Ra (um)
CoCrMo 230 0.3 0.01-0.05
Biolex Delta 350 0.26 0.1-2
UHMWPE 0.5-1 0.4 0.001-0.005

The focus of this research is CoCrMo implants and only this material that will be discussed in more
detail. The family of CoCrMo alloys is used due to its superior hardness and wear resistance compared
to stainless steel which was used in earlier designs (47). Cast or wrought (with low carbon or high

carbon contents) CoCrMo alloys can be used and the properties are outlined in BS ISO 5832-4:2014
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(42) BS I1SO 5832-12:2007 and (43). The chemical composition of the implant must be in the range

outlined in Table 2.2.

Table 2.2 - Chemical composition of CoCrMo alloys (42, 43).

Mass fraction %

Element Low Carbon Alloy | High Carbon Alloy | Cast Alloy

(Wrought) (Wrought)
Chromium 26.00 -30.00 26.00-30.00 26.50-30.00
Molybdenum | 5.00 - 7.00 5.00-7.00 4.50-7.00
Iron 0.75 max 0.75 max 1.00 max
Manganese 1.00 max 1.00 max 1.00 max
Silicon 1.00 max 1.00 max 1.00 max
Carbon 0.14 max 0.15-0.35 0.35 max
Nickel 1.00 max 1.00 max 1.00 max
Nitrogen 0.25 max 0.25 max -
Cobalt balance balance balance

The microstructure of the implant is important as this can strongly influence the durability and physical

properties of the material; the standards for metallic implants outline a specification for this (43).

The high carbon content of the alloys produces a structure with a significant carbide distribution which
can be adjusted in the production or through thermochemical processing. A carbide is a chemical
compound whereby carbon is combined with a metallic compound. The carbides found in CoCrMo are
M23Cs (M: Cr, Co) and MeC (M: Mo, Cr) (48). The carbide phase has been determined to occupy
between 4 — 5 % of the field of view and have a large blocky morphology when observed using an
Scanning Electron Microscope (SEM) (49). The size of the carbides have been observed on an artificial
joint surface to be 2 — 3 um long, 10 — 30 um wide and protrude from the surface by ~ 100 nm (49).
The average hardness values of the carbides has been reported to be higher than that of the metal

matrix (48) and are outlined in Table 2.3.
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Table 2.3 - Hardness of CoCrMo alloys and carbide inclusions (48).

Material Hardness

CoCrMo 434 + 30 (HV0.05)
M,3Cs (M: Cr, Co) | 1170 + 1300 (HVO0.05)
MsC (M: Mo, Cr) | 518 + 11 (HV10)

It has been reported that the increase in carbides in the high-carbon alloys give a superior wear
performance, as a coarse carbide distribution gave better resistance against abrasion (50). Conversely
McMinn (51) attributed the high carbon alloy responsible for early failure in some MoMyugr
components. Other studies have found no difference in wear performance of high carbon alloys with

different microstructures (52-54).

The roughness (Ra) of the bearing surface of new CoCrMo implants has been reported to be about r,

=10 nm (55).
2.2.2 Bearing Couples

Bearing couples can consist of a combination of materials that can be further subcategorised as hard-
on-hard or hard-on-soft. Hard-on-hard devices are made of metals and/or ceramics (Metal-on-Metal;
MoM, Ceramic-on-Ceramic; CoC) whereas hard-on-soft (Metal-on-Polymer; MoP, Ceramic-on-
Polymer; CoP) devices uses a polymer articulating against a metal or ceramic. The material
combination chosen depends on the patient characteristics such as age, gender and size. A diagram

of types of bearing surface is given in Figure 2.1

Hip
Prothesis
Hard-on-Soft Hard-on-Hard
| ] | | ]
Metal-on- Ceramic-on- Metal-on- Metal-on-Metal Ceramic-on-
Polymer Polymer Metal Resurfacing Ceramic
(MoP) (CoP) (MoM) (MoM,z) (CoC)

Figure 2.1 - Types of hip prosthesis categorised by bearing type.
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2.2.3 Implant Size and Choice

Commonly used head diameter, Dy, and diametrical clearance, Cl, are outlined in Table 2.4 for
different material combinations. The cup thickness is important for MoP and CoP designs and can

range from 5-18 mm (46).

The primary choice of prosthetic implant size is the patient and their activity level. Large heads (Dn 2
36 mm) are favourable as studies have shown to have a greater range of motion, greater stability at

higher levels of function and reduced risk of dislocation in older patients (56).

A secondary consideration is the lubrication Hard-on-Soft joints are often predicted (57) to operate in
the boundary or mixed lubrication regime and therefore the articulating surfaces are susceptible to
wear. A small femoral head is used to minimise the contact area, sliding distance and wear (5, 58). On
the other hand, for Hard-on-Hard implants large femoral heads are used, as this is thought to promote
EHL lubrication. If the articulating joints are fully separated, as in EHL, it follows that wear would be

reduced (9).

Table 2.4 — Dy and Cl for different material combinations (46).

Head/Cup Dh (mm) Cl (um)
MoP 22.2-44 160-400
CoP 22.2-36 160-400
MoM 22.2-54 50-150
MoMug 42-62 50-300
CoC 22.2-44 20-100

2.2.4 Physiological Motion and Loads

The ball and socket conformation of the natural joint has a wide range of movement and it is important
that an artificial joint emulates this. The motion in a hip joint can be categorised as three general
movements, shown in Figure 2.2: flexion/extension, abduction/adduction and external/internal
rotation. Flexion/extension moves the thigh forwards and backwards, it is the main range of
movement when walking or running in a straight line. Abduction/adduction describes a sideways
motion, which forces the leg out away from the centre of the body and back towards the centre. Finally
external/internal rotation describes the movement of the thigh along its long axis outwards away from
the centre of the body and inwards towards the centre (59). The major direction of motion is

flexion/extension which is a bi-directional linear motion.
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abduction and adduction

flexion and extension

external and Internal rotation

Figure 2.2 — Types of motion experienced by the hip joint (adapted from (59)).

The range of movement varies for different activities and the contact forces can extend to many times
the body weight (BW). In her thesis Hadley (59) reviewed the literature of the kinematics of the most
common types of activity; data was taken from researchers reporting the loading and motion in gait
studies from several different activities. The results were also compared to other studies for

verification. The broadest range of motions was reported by Bergmann et al. (60-62).

Two different methods are used to evaluate the loading and motion over the gait cycle for an artificial
hip. The first implements modelling using force data plates on the ground and derivation of muscle
action across the joint. This method is easy to perform on a wide range of subjects; however, the
results can vary widely depending upon the model used. The second uses instrumented in vivo
implants, this method is more accurate but can only be performed on a limited number of subjects
(59). Comparisons of these techniques report discrepancies ranging from 10-23 % of the peak load,

which is a similar range to the cycle-cycle variation in a single patient (63, 64).

The contact loads are often reported in three axes, which is based on a coordinate system fixed to the

femoral head as shown in Figure 2.3 (59).
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Figure 2.3 — Coordinate system of the left femoral head (59).

Bergmann et al. (60) used instrumented implants to measure the load and a fixed camera system to
monitor markers placed on the body to analyse the motion. Results were averaged for four patients
at least 11 months post-surgery. Figure 2.4 shows the range of motion for each type of movement and

the loads along each axes as a percentage of BW during a walking gait cycle (adapted from) (59, 60).
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Figure 2.4 — Walking gait cycle a) Range of motion b) Loads experienced (adapted from (59, 60)).

It is generally accepted that during a walking gait cycle the load has a twin peak profile with the major
motion being flexion and extension (65). The kinematics have been shown to change significantly with

both age and walking velocity.

It was reported that a study using force plates to analyse the gait cycle that an increase in velocity

form 0.3 to 1.2 m/s increased the peak contact force from 3.5BW to 4BW and 5BW in patients aged
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60-80 years and 20-30 years respectively (66). Other studies have shown an increase in the hip contact
force from 4.9BW to 7.6BW with an increase in walking velocity from 1.5 to 2 m/s (67) and from
0.28BW to 4.8BW for a velocity increase of 0.27 to 1.35 m/s (61). The latter two studies did not detail

if differences were observed with the age of the patient.

Similarly, there was an increase in the range of hip flexion for an increase in velocity. Crowninshield et
al. (66) reported that an increase in velocity from 0.3 to 1.2 m/s increased the hip flexion from 20° to
30° and 40° for patients aged 60-80 years and 20-30 years respectively. Another study reported an

increase in hip flexion from 42° to 48° for an increase in velocity from 1.5 to 2 m/s (67).

As the velocity increases towards jogging, 2-3 m/s, the gait cycle is similar; however, certain
characteristics become more pronounced. During walking the twin peaks have a similar magnitude of
force, whereas during running the gait is dominated by a single peak controlled by the forces following
the heal strike. This occurs at the same time during the cycle as the first load peak in walking. Figure
2.5 shows the running gait cycle when jogging at 2.2 m/s on a treadmill where the loads were
measured by instrumented implants, the range of motion was not measured in this study. The peak
loads experienced in this cycle were at 5BW which was similar to a study by Van den Bogert et al. who

used force plates and found the peak contact load to be 5.2BW (68).

600
Resultant
F(X)
N |—F(@ A
< 400 = Y
o0 / IIII / ".
£ 300 — il
E: / J \
o o~ | — Ean)
— 200 / . ,u"l t._lll ““‘u—n\ / I'lr I."'.I '-—\_\
100 / II"'. _ A .IIII J II‘“-. 1""".
I T — --\‘-“ "\‘ /( / —
N\ N
0
-50 T .
05 1.0
Time (Sec)

Figure 2.5 — Running gait cycle (adapted from(61)).
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Table 2.5 summaries the peak loads and the range of motions experienced in the most common
activities (60-62). The range of motion for running was not reported in this study and therefore is not
included in the table, however other studies have reported a flexion and extension range of 36°/-12°

(67), calculated using simplified muscle models. The ISO standards is shown for reference (69).

Table 2.5 — The loads experienced and range of motion of an artificial hip for the most common activities (59-62).

Motion Peak Load Flexion (+) — | Abduction (+)— | External (+) —
(BW %) Extension (-) | Adduction (-) Internal Rotation (-)

standing 08-1

walking 23-76 27°/ -7° 80/ -9° 100/ -2°

running 5.0-5.2

assent 2.5-7.2 550/ -59 10°/ -5° 289/ 12°

descent 26-7.1 22°/-10° 11°/0° 20°/11°

sitting down 1.6 600/ 2° 189/ 8° 219/ 10°

standing up 1.8 65°/10° 180/ 5° 18°/8°

stumbling 8.7 - - -

ISO standard 3.4 259/-18° 70/ -4° 10°/-2°

If possible wear tests should be designed to simulate these loads and motions, which is done in hip
simulators for millions of cycles. The ISO standards (69) outlines the loads and range of motion that
should be tested in a hip joint simulator. It states a peak load of 3 kN is required which equates to
3.4BW for a man of average height with 28.8 BMI (Body Mass Index) (1, 70, 71), the average of patients
undergoing this type of surgery. The forgoing review has shown that this is not representative of the
worst case scenarios, particularly those that will be experienced in younger patients or at high

velocities.

Sliding speeds vary in the range of 2-49 mm/s dependent upon age (72, 73) and activity; it is also

dependent upon height, BW, fitness and terrain.
2.2.5 Physiological Pressures

Whilst it is interesting to understand what activities impart the greatest load and range of motion on
these prostheses, ultimately it is contact mechanics that dictate the tribology of the prosthesis.
Predicting the Hertzian pressure is complex as this is dependent upon characteristics of the entire
tribological system: load, material properties, prosthesis size, radial clearance, anatomical positioning
and fixation mechanisms/properties (74). Finite element analysis is used to model the full system (74-

78) along with more simplistic ball on plane models (79, 80), which are cheaper to compute. A
43



summary of the contact pressures and conditions in MoM joints reported in literature are outlined in

Table 2.6.
Table 2.6 — Peak contact pressures reported in literature (74-80).
Author Contact Pressure Details
Liu et al. (74) MoM: 47 MPa FE model

Besong et al. (75)

Yew et al. (76)

Liuetal. (77)

Liu et al. (78)

Mattei et al. (80)

Wang et al. (79)

(Dia—28 mm, Cl—120 um)
MoMug: 22 MPa

(Dia—50 mm, Cl —145 um)
MoM: 31 MPa

(Dia—28 mm, Cl— 60 pum)

MoM: 20 - 55 MPa
(Dia =35 mm, Cl =79 um)

MoM: 10 - 30 MPa
(Dia — 35 mm, Cl —varied)

MoM: 47 MPa
(Dia—28 mm Cl - 60 pm)

MoMugr: 20 MPa

(Dia —54.6 mm, Cl — 50 um)
MoM: ~50 MPa

(Dia—28 mm, Cl— 60 pm)
MoM: ~50 MPa

(Dia—28 mm, Cl— 60 pm)

Anatomically positioned

FE model

Anatomically positioned

Only half of cross section
modelled due to symmetry

FE model

Anatomically positioned
Increased with acetabular cup
thickness from 1.5 -4.5 mm

FE model

Anatomically positioned
Decrease in radial clearance
from 0.158 - 0.0395 mm
decrease the contact pressure
FE model

Anatomically positioned
Acetabular cup with a
UHMWPE backing

FE model

Anatomically positioned

Ball-on-plane model

Ball-on-plane model
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Finite element analysis maps the location of the maximum contact pressure, this is often found at the

edge (74, 76, 77) as illustrated in Figure 2.6 (74).
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Figure 2.6 — Contact pressure distribution (MPa) at bearing surfaces of a 50 mm diameter hip resurfacing prosthesis and a
28 mm diameter THR (74)

A fixed contact load is often used in these models, stated to be 4-5 BW (3000 — 3200 N) (74, 75);
however, Hadley et al. (59) suggests loads could be up to 8.7BW. Additionally the NJR reports the
average BMI of patients to be 28.8 (overweight) (1). From this the BW for a man of average height can
be calculated to be 88.2 kg (70, 71), which represents 3.4BW.

2.3 Classical Tribology

2.3.1 Lubrication Regimes

Current understanding of implant tribology is derived from classical lubrication knowledge which is
briefly reviewed in this section. A lubricant is an important element of many engineering systems
where its primary function is to form a separating film between the articulating surfaces which
optimises wear and friction. Depending on the lubricant properties and operating conditions the
mechanism of film formation may vary, and this is often summarised in the form of a Stribeck curve.

This is shown in Figure 2.7 where the coefficient of friction (CoF) is plotted against pv/Fy where p is
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the lubricant viscosity, v is the sliding speed of the surfaces and Fyis the normal force. Three regions
are shown on the Stribeck curve corresponding to the classical lubrication regimes associated with

engineering contacts: full film, mixed and boundary.

Full film lubrication occurs when the articulating surfaces are completely separated by a load carrying
film thus there is very little contact between surface asperities. Under these conditions friction is
mainly due to shearing of the lubricant film (81, 82). Hydrodynamic lubrication is a form of full fluid
lubrication, the articulating surfaces form a shallow wedge causing the relative motion to entrain
lubricant and force it to high pressures which are large enough to support external loads. The CoF is
influenced by the viscosity of the fluid, the sliding speed and the normal force. There is a drag force
associated with the entrained fluid which is dependent on the viscosity. The more viscous the fluid

or the higher the sliding speed the larger the drag force and the CoF increases. (83).

Mixed lubrication occurs when the fluid film has reduced due to decreasing speed or increasing load
pushing the articulating surfaces together. In the mixed regime the load is partially supported by a
fluid film however some of the surface asperities come into contact resulting in increased friction and

wear.

Boundary lubrication occurs when the hydrodynamic film thickness is negligible, so the surface
asperities come into contact. Under these conditions adsorbed or reacted lubricant additives play an

important role in determining friction and wear.

ganeae

Coefficient of Friction

Mixed . Full Film E

Boundary

-

(Lubricant Viscosity x Sliding Speed)/Normal Load

Figure 2.7 - a) Full film b) Mixed c) Boundary lubrication regimes.
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The lambda ratio, A, is the ratio of the calculated Elastohydrodynamic minimum film thickness, hmin,
to composite surface roughness (R.) as shown in Equation 1.1 (84). This dimensionless number can

give an indication of the lubrication regime shown in Table 2.7.

A= hmin
\/(Ra)zh_ead + (Ra)zcup

(1.1)

Table 2.7 — Lubrication regimes predicted by lambda ratio (85).

Lubrication regime

A<1 Boundary
1<A<3 | Mixed
3<A Full film

2.3.2  Wear Mechanisms

Wear is the damage of a solid body by deformation combined with progressive loss of material due to
relative motion with a solid, liquid or gaseous counter body (86-89). Sometimes wear mechanisms are
required for smooth operation for example facilitating running-in (3). However loss of material usually
has deleterious effects in most engineering systems loss of efficiency (89), durability and reliability
(87) with the potential for catastrophic failure. Wear debris can cause contamination of the lubricant,
prevention of normal function of the system or increased wear. In non-human applications this can
require maintenance and machine downtime, which whilst potentially costly (89) is trivial compared

to the consequences in biological applications.

Wear and failure of an artificial joint can be critical causing severe pain and reduction in mobility of a
patient often resulting in revision surgery (90). Wear debris can have catastrophic and irreversible
effects; polyethylene particles can cause osteolysis (91) bone loss and loosening of the prosthesis.

Although the estimated wear of a MoM joint is less than that of a MoP, the particle size is smaller

47



therefore many more particles are released. CoCrMo metallic particles have been linked to metallosis

(5) and necrosis (92) damaging periarticular bone and soft tissue.

There is no single mechanism that can be used to describe wear and often multiple mechanisms are
present in a system. They can be divided into two categories, those dominated by the mechanical

behaviour of the solids and those dominated by the chemical behaviour of the materials (86) (87).

Mechanical wear is due to a stress interactions which is a combination of loading and frictional forces

which can lead to abrasive wear and surface fatigue (Figure 2.8 adapted from (86) (87)).

a) - b) -

/\\\

Figure 2.8 - a) Abrasive wear b) Surface fatigue adapted from (86) (87).

Abrasive wear (Figure 2.8a) is the result of micro-ploughing, micro-cutting and micro-cracking (86). It
occurs during direct contact between two articulating interfaces when one has considerably harder
surface asperities or if hard particles are present in the contact. This can be further categorised into
two body or three body abrasion. In two body abrasion one of the articulating surfaces has harder
surface asperities or embedded particles (88). When in contact these are forced into the softer
surfaces causing plastic deformation, during articulating the harder material removes the softer
material (86). In three body abrasion hard particles are trapped in the contact between the two bodies
but are free the move with respect to the two surfaces (3). A schematic of these three mechanisms

are shown in Figure 2.9.
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Figure 2.9 — Two body abrasion a) Hard surface asperities b) Hard particles embedded into surface c) Third body abrasion
(adapted from (87)).
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Surface fatigue (Figure 2.8b) is the result of repeated stress cycles in a contact which leads to
microstructural changes (86). This manifests itself as crack formation, crack growth and particle
detachment causing generation of wear debris (88). This mechanism particularly takes effect in a
rolling contact; however, during sliding asperities also undergo cyclic stressing. The wear process only

starts after a prolonged number of cycles (86) (87).

a) b)
—

—

Figure 2.10 - a) Adhesion wear b) Tribo-chemical wear adapted from (86) (87).

Adhesive wear (Figure 2.10a) occurs in the contact interface when the adhesion between the two
bodies is stronger than that of the atomic bonds in one of the solid bodies causing resistance in relative
motion (88). Under compression and shearing plastic deformation takes place initiating a crack which
then propagates under tensile and shearing. When the crack fully runs across the interface the wear

particle is adhesively transferred to the opposing surface (87).

Tribo-chemical or corrosive wear (Figure 2.10b) occurs when one or both of the two surfaces
chemically react with the lubricant or environment (88). Chemical reaction products adhere to the
surface (87), this layer is then removed as the two surfaces pass before reformation of the chemical
layer occurs resulting in a continuous cycle of material loss (86, 88). Lubrication factors that contribute
to corrosive wear in hip joints include temperature (93), pH (94), SF composition (95), electrolytes (96)

and oxygen content (97).
2.4 SF Chemistry and Properties

The hip is a synovial joint which consists of a femoral head and acetabular cup covered in a layer of
articular cartilage creating a tough, elastic but smooth surface. The joint is enclosed by a stiff and
elastic fibrous tissue lined with a synovial membrane forming a capsule. The capsule contains a

biological lubricant, SF, produced by the body (39) a schematic of the joint is shown in Figure 2.11.
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During arthroplasty the synovial membrane is broken draining the SF out of the joint. After
implantation the membrane reattaches itself restoring the function and regenerating SF. Post-

implantation SF is called Periprosthetic Fluid (PP) (39).

Synovial
Membrane

Ligament and

: e——— Acetabular Cup
Joint Capsual

&————— Articular Cartilage

Py Synovial Fluid
Femur— = &

Femaoral Head

Figure 2.11- Schematic of hip joint. Adapted from (98).

SF is a dialysate of blood plasma filtered by the synovial membrane into the capsule. It comprises of
four main constituents: proteins (mainly albumin and y-G), hyaluronic acid (HA), glycoproteins and
phospho/lipids (99). The protein and lipid content of the SF is derived from the blood plasma,
although the filtration process reduces the concentration to nearly one third allowing only smaller
molecules to pass into the capsule (100). Hyaluronic acid and glycoproteins are produced by the cells
in the synovial membrane (98). Lubricin is a highly purified glycoprotein and is considered the primary
boundary lubricant of articular cartilage (101). Cytokines, collagen, enzymes, proteoglycans,
phospholipids and fibronectin are also present in small amounts in healthy SF and at elevated levels
in diseased joints (102). The composition (concentration and albumin/y-G (A/G) ratio) and pH of
healthy, OA, Rheumatoid Arthritis (RA) and PP SF is summarised in Table 2.8. Bovine calf serum
diluted to 25% w/w (25BCS) is the most commonly used screening fluid and therefore the chemical

composition is shown for reference.
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Table 2.8 - Healthy and diseased SF composition and pH (35, 37-41, 103, 104).

Albumin v-G A/G Lubricin Phospholipid | HA pH

Healthy (H) 7-18 0.5-24 2.9-36.0 | 0.05-0.35 | 0.13-0.15 0.35-4.22 | 7.3-74
Periprosthetic | 20-39 46-154 | 1.3-8.5 0.5-1 2.7-4.1 7.5-8.5
(PP)

Osteoarthritis | 17.8-18.5 | 12.9-13.4 | 1.3-14 0.05-0.35 | 0.26-0.98 1.06-3.48 | 7.4-8.1
(OA)

Rheumatoid 18.6-28.0 | 4.8-23.5 0.8-5.8 0.26-0.98 0.19-3.74 | 6.6-7.6
Arthritis (RA)

25BCS 8.75 5.5 1.6 0.80 0 7.0-8.1

SF has non-Newtonian flow properties; shear rates up to 10° s’ Healthy SF exhibits shear thinning

rheology where the viscosity decreases under strain (105). Figure 2.12a plots the upper and lower

boundaries of viscosity plotted against shear rate for H, OA and RA pathologies up to 103s (106). At

shear rates between ~5000 — 30,000 s viscosity has been reported to be within the Newtonian

regime (107). Other studies have shown shear rates of HSF to be rheopectic (Figure 2.12b), which is

defined as an increasing stress with a function of time at a constant shear rate, it was concluded that

this was due to protein aggregation (36). Previous work in our group have reported the appearance

of high viscosity phase in the inlet region which is attributed to protein aggregation in model SF (108-

112).
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Figure 2.12 —a) Upper and lower bounds of viscosity vs shear rate for H, OA and RA pathologies. Adapted from (39, 106) b)
Stress vs time for a shear rate of 0.05 s for BSA, bovine SF and model SF (18 mg/ml protein concentration A/G =1.6).
Adapted from (36).

Schurz et al. (106) reported that in OA and RA fluids the viscosity was significantly reduced when
compared to healthy SF. The viscosity at zero shear rate for H, OA and RA SF, was in the range of 1-
40, 0.1-1 and 0.004 — 0.07 Pa s. This was attributed to a decrease in the HA concentration and
molecular weight (39). Studies on primary and revision joint replacements are limited; however, they

indicate that PP fluids show further reductions in viscosity and HA concentration (113).
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2.4.1 Proteins

Proteins are highly complex macromolecules with unique three-dimensional arrangements. They are
the most abundant and functionally diverse molecules in a living system with almost every life function
dependent upon them (114). The proteins in SF are derived from an ultra-filtrate of blood plasma and

cells within the joint tissues.

The proteins present in SF have a low molecular weight (Albumin ~66.5 kDa (115), y-G ~ 150 kDa
(116)) any larger proteins are present in insignificant amounts as they have been filtered out as the
plasma crosses the synovial membrane (Fibrinogen ~340 kDa (117)). Albumin and y-G are present in

the highest concentrations making up 60-75 % and 15-19 % of the proteins in SF respectively (118).

Albumin is a simple flexible protein synthetized in the liver and comprises of 585 amino acids (119),
it has a molecular weight of 66.5 kDa (115). Literature reports that albumin takes different shapes
when in solution or crystals. In a solution the shape is described as ‘cigar-shaped form of an ellipsoidal
of revolution’ of dimensions 14 x 4nm. (120). The structure in crystals is heart shaped with dimensions
3x 3 x 8 nm as seen in Figure 2.13a (121). It was suggested by Peters et al. (120) that the difference
could be due to the flexibility of the protein allowing it to take different forms when tightly packed

into a crystal or free to flow in a solution.

Globulins are a group of proteins within SF which further divide into four subgroups ai, a, f andy —
G (39), the latter accounts for over half (98). The most significant subclass of y-G are
immunoglobulins, also known as antibodies, type G (IgG). I1gG is a large Y shaped molecule, with a
molecular weight of approximately 150 kDa. It consists of two sets of identical polypeptide chains
called the heavy and light chain weighing approximately 50 k Da and the other 25 k Da respectively.
They are bonded by disulphate bonds and are arranged as shown Figure 2.13b. The arms region of
the Y shape has a length of 8.9 nm and the upright region has a length of 7.7 nm and width of 4nm
(116).

53



al B

C-terminal

Figure 2.13 - a) Ribbon structure of albumin with the subdomains shown in different colours (adapted from (122)) b)

2.4.1.1 Protein Structure

Molecular structure of y-G (adapted from (98)).
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Amino acids are the building blocks of proteins and there are over 300 different types described in

nature however only 20 are commonly found in mammals. Each amino acid comprises of a carboxyl

group, amino group and a side chain all bonded to the a-carbon (114). The free amino end is called

the N-terminal whereas the free carboxyl end is called the C-terminal. A schematic structure of an

amino acid is shown in Figure 2.14. These singular amino acids, also named peptides, form

polypeptide chains where the carboxyl and amino groups are covalently bonded meaning neither are

available for chemical reactions. Therefore it is the side chain that interacts with other molecule and

dictates the physiochemical properties and hence the function of the protein such as the shape,

hydrophobicity, charge and

pH (102) (114).
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Figure 2.14 - Amino acid structure. Adapted from (114).
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Amino acids are joined together by covalent bonds to form polypeptides and the sequence in which
they are linked determines the three-dimensional shape. To best explain this, the molecule is analysed
in terms of four hierarchical groups of increasing complexity; primary, secondary, tertiary and

guaternary and a schematic is shown in Figure 2.15 (114, 123).

Primary Secondary Tertiary Quatemary
Structure Structure Structure Structure

Figure 2.15 — Schematic of the protein structure hierarchy. Adapted from (114).

The primary structure of a protein is the sequence that amino acids are bonded forming the backbone
of the molecule (123). Within the chain -C=0 and —N-H are polarized and therefore are able to form
hydrogen bonds (114). Other charged groups consist of ionized groups present in the side chain. Itis
therefore important to understand the primary structure as it is the interactions between these side
chains that will dictate how the protein will fold. Abnormalities in the sequence can cause improper

folding and loss of normal function which are the root of many genetic diseases (114).

Regions within the polypeptide backbone are organised into regular localised three-dimensional
arrangements due to the hydrogen bonding between —C=0 and —N-H. This is the secondary structure
of the protein (114, 123). Whilst a single hydrogen bond is intrinsically weak, the combined force of
multiple bonds acts to stabilise the structure. Common examples include the a-helix, B-sheet and B-

turn which are described in more detail below.

The a-helix has a spiral structure, the backbone is tightly packed into a coil stabilised by hydrogen
bonds (124, 125). These bonds lay parallel to the spiral and link every fourth amino acid ensuring all

but the first and last peptides are linked. The side chains of each amino acid extend outwards from
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the central core as not to interfere with each other sterically. Each turn of an a-helix contains 3.6

amino acids (124). A schematic of the structure is shown in Figure 2.16a (125).

Certain amino acids can disrupt the helical shape if either the side chain is not geometrically

compatible, or the amino acid is charged causing ionic bonds to form or repel each other.

B-Sheets are composed of two or more separate polypeptide chains, named B-strands, or segments
of a polypeptide chain folding back on itself. The surfaces of the sheets appear to be pleated and the
stabilising hydrogen bonding act perpendicularly to the backbone. The side chains are perpendicular

from the face of the sheet (126). A schematic of this secondary structure is shown in Figure 2.16b
(127).
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Figure 2.16 - a) a-helix b) B-sheet. (128)

B-sheets can be arranged in either an antiparallel or parallel arrangement (114, 123, 126). In the
antiparallel structure the N-terminal and the C-terminal of the B-strands alternate direction whereas
in the parallel structure they are orientated in the same direction (114, 123). Diagrams of these are
given in Figure 2.17 for both separate and folded peptides where the B-strands are represented as
broad arrows with the C-terminal is represented by the pointed end. The antiparallel B-sheet
arrangement is more stable and therefore more easily formed as the hydrogen bonds present are less

constrained and are in the preferred linear configuration (129).
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Figure 2.17 —8 -sheet configurations a) Antiparallel i) Separate ii) Folded, b) Parallel i) Separate ii) Folded. Adapted from
(114).

Whilst roughly a half of a globular protein are arranged into highly ordered structures the remainder
of the chain is described as loops and coils. They are not entirely random but have less structure than
the a-helix and B-sheet and are described as “unordered”. Loops connect the a-helix and B-sheet
conformations (114). A loop containing four amino acids is called a B-turn as they are usually found
connecting successive antiparallel B-sheets (Figure 2.17aii), reversing the direction of a polypeptide
chain, helping globular proteins from. They are stabilised by the formation of hydrogen and ionic

bonds (114).

Albumin and y-G are globular proteins, which are constructed by combining secondary structural
elements to produce specific patterns. This forms the core of the molecule connected by loops and
turns at the surface of the protein. In agueous solutions they are closely packed at the core of the
molecules. Hydrophobic side chains become hidden in the interior, whereas hydrophilic groups are

found on the surface (114).

The tertiary structure of a proteins is its 3-dimensional shape and describes how the polypeptide chain
(built from a pattern of secondary structures) fold and interact (130). It will bend and twist to achieve
maximum stability or the lowest energy state (114). Disulfide bonds, hydrophobic interactions,
hydrogen bonds and ionic interactions all act to stabilise the folding. These interactions occur between
the side chains and it is therefore the primary structure that is responsible for the three dimensional

structure (114). The quaternary structure is how each of the tertiary structures interact (114).

Proteins easily denature, whereby the secondary and tertiary structures unfold and become
disorganised without hydrolysis (i.e. without breakdown of covalent bonds) of the polypeptide
backbone. Denaturation can be caused by excessive heat, organic solvents, strong acid or bases,
detergents, shear forces or ions of heavy metals (114) (131, 132). Aggregation occurs due to non-

native interactions between misfolded proteins, they are often insoluble, precipitate from the solution
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and are metabolically stable (133). Denaturation is often reversible once the cause is removed

however the aggregation process is irreversible (134).

Denaturing and deposition of SF proteins could occur within the loaded contact and may contribute
to the lubrication process. It is one aspect of the SF lubrication mechanism which will be examined in
this thesis. Earlier work has suggested that denatured unfolded proteins are more readily absorbed

onto a surface which lead to an increase in CoF affecting the boundary lubrication properties (135).
2.4.2  Hyaluronic Acid

Hyaluronic acid is a polysaccharide produced by the synovial lining of the cells, it is polydisperse with
a healthy sample having a lower bound and median value molecular weight of 4 MDa and 6-7 MDa
respectively (100). It is thought that HA gives SF its characteristic viscosity and in diseased fluids
reductions in the MW and concentration results in a lower viscosity (106). The rheological behaviour

of SF is heavily influenced by HA (39).

HA concentration has been shown to be a function of age with the highest concentration occurring
in the 18-23 age group after which it decreases until the age of 30. Between the ages of 30-80 no
changes are observed in healthy joints. This means after the age of 23 the viscosity of the SF will also

decrease and this could negatively impact the lubrication and wear properties (136).

2.4.3 Glycoproteins

Glycoproteins are proteins with one or more carbohydrate groups attached (137). There are several
types of glycoprotein in SF however lubricin, LGP-1, was found to be the most significant. It is thought
to adsorb onto the articular cartilage acting as the boundary lubricant in SF (138). It has also been
shown that lubricin prevents excessive accumulation of proteins, cells and other components of the
SF at the joint surfaces as well as cartilage-cartilage integration (139). Decreased levels of lubricin are
associated with symptoms which relate to arthritic diseases such as joint malformation, decreased

joint lubrication and increased cartilage wear (139).

Lubricin is encoded by the gene PRG4 (140) and is composed of 41.5-44.3 % protein and 45.9-55.4 %
carbohydrate (141) and 9.2-13 % phospholipid (142). It has a molecular weight of 227 kDa and is
relatively monodisperse (138). This glycoprotein is secreted by cells in the synovial membrane and

chondrocytes in articular cartilage (140).

During joint arthroplasty the cartilage is removed reducing the amount of lubricin produced and

therefore it is not considered to contribute to the lubrication of artificial joints however this does not
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affect the concentration of glycoproteins from blood plasma dialysate such as alpha-1-acid
glycoprotein (AGP) and alpha-1-antitrypsin (A1AT) (143). Roba et al. (143) investigated how AGP,
A1AT and albumin influence the lubrication of a CoP joint. Results show that both glycoproteins
enhanced the lubrication by reducing the friction however albumin had the opposite effect. When a
mixture of albumin with AGP or A1AT was used the albumin dominated the behaviour giving a

response similar to that of pure albumin (143).

2.4.4 Lipids

In SF the lipid content is derived from the blood plasma; however, the concentration is much lower,
as the lipids cannot freely move into the synovial cavity (41, 143-145). Phospholipids account for

roughly 0.14-0.52 mg/ml (143) (41) of SF, of which 45 % are phosphatidylcholine (PC) (146).

The head of PC is hydrophilic and made of a chlorine, phosphate and glycerol; the tail is hydrophobic
and made of two fatty acid chains which may be saturated or unsaturated (contains one or more
double bonds between the carbon atoms) as shown in Figure 2.18. It is a zwitterionic lipid, meaning
that the hydrophilic head contains both a positive and negative electrical charge but the net charge

is neutral (98).

Polar Headgroup Non-Polar Tails
(Hydrophillic) (Hydrophobic)

Unsaturated bond
causes bend in tail

~ Phosphate |

Figure 2.18 - Diagram of typical phosphatidylcholine (PC). Adapted from (146).

Dipalmitoylphosphatidylcholine (DPPC) accounts for 45% of the total lipid content (147), is the most
surface active PC (148) and is also thought to contribute to the boundary lubrication of articular
cartilage (149). Only recently other PCs (saturated and unsaturated) have been considered (150).
Analysis carried out using high performance liquid chromatography (HPLC) identified specific lipid
molecules on articular cartilage (151, 152) and artificial joint surfaces (150). A summary of PC’s
detected on different surfaces is given in Table 3. They are primarily unsaturated and liquid at body

temperature and thus more readily absorbed.
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Table 3 - PC’s found on joint surfaces (150-152).

Lipid Cartilage (%) UHMWPE (%) Metallic (%)
PLPC (unsaturated) 30 28 24
DLPC 23 13 5.5
POPC (unsaturated) 17.5 33 27
SLPC (unsaturated) 16 27 28
DPPC (saturated) 8.3 11 15

There have been numerous studies carried out investigating phospholipids as boundary lubricants
(146, 153, 154). This was first proposed by Hardy and Butler (146); they suggested that
polysaccharides incorporated in the cartilage provide negative sites to attract hydrophilic zwitterionic
heads, hence orientating the hydrophobic fatty acid chains outwards towards the SF (146). However,
this is energetically unfavourable; when phospholipids are exposed to an agueous environment they
self- orientate into bilayers (Figure 2.19a). When exposed to water lipid bilayers are formed, weak
forces form between their hydrophobic tails protecting them from water and exposing the
hydrophilic head (155). This stable conformation exhibits low friction attributed to a layer of water
(153). It has been shown by AFM (156) and hip simulator tests (99) that the presence of a lipid bilayer
reduces the CoF. A low CoF at the joint surfaces are associated a single or several stable bilayer(s)

(156).

Alternate models suggest that these bilayers curve to from a sphere known as a vesicle which can
consist of one layer (unilamellar) or several (multilamellar) (155) (Figure 2.19) tightly packed layers
that adsorb onto the joint surface. These structures cause the system to have a low CoF due to

hydration lubrication of the head groups (153).
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Figure 2.19 - a) Bilayer b) Unilamellar vesicle. Adapted from (98).

2.5 Artificial Joint Tribology

2.5.1 Tribology Related Problems in Hip Joints

After the initial success of MoM implants it became clear from the NJR there was a higher than
expected revision rate and therefore by 2016 less than 0.1% and ~1% of procedures used MoM THR
and MoMgr respectively (1). Although the leading cause of MoM failure of THR was aseptic loosening,
due to wear of the bone over time (44), the production of harmful cobalt and chromium wear

debris/ions is a major concern (157) which can lead to cell death and adverse tissue reactions (16).

The linear wear rates of MoM bearing surfaces are reportedly low (157) and in a hip simulator
predicted to be up to ~100 fold less than for UHMWPE (158, 159). However, the CoCrMo debris was
typically 50 — 116 nm (13-15) in size and thus the number of wear particles increased compared to
UHMWPE which has a particle size in the range 0.1 — 8 um (13, 14, 157, 160). Due to the nm size both
ions and particles can be transported around the body in the lymphatic (161, 162) and possibly the
vascular system (163, 164). Cobalt and chromium debris/ions have been reported be the cause of local
tissue reactions (165). Limited evidence has reported toxicological responses in the following areas of
the body: blood, immune system, liver, kidney, respiratory system, nervous system, heart and vascular
system, musculoskeletal system, endocrine system, visual and auditory system, skin, reproductive

system (157).
2.5.2  Wear of Artificial Hip Joints: Tribology Test Methods

The wear of implant materials are usually evaluated in bench top and joint simulator tests (15, 48, 54,
55, 166-174). Bench-top tests (15, 48, 166-170) focus upon material response to rubbing rather than
the joint design factors. The tests have a simple geometric configuration, usually pin-on-disc (166-
168), pin-on-plate (15, 169) or pin/flat-on-sphere (48, 170), which simulates in vivo contact pressures.

The loading (usually constant) and kinematics (unidirectional/bidirectional sliding) are chosen to
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provide a simple simulation of implant contact conditions. Wear of the pin or ball after a certain sliding
distance and specific number of cycles (15, 48, 167-169) is usually evaluated by simple weight loss (15,
48, 167-169).

Hip joint simulators replicate the complex loading and kinematics experienced in a physiological gait
cycle and are used to evaluate the effect of implant design or material combinations (15, 48, 54, 55,
166-174).The standard I1SO 14242 specifies the range of movement, the transient load, speeds,
duration, sample configuration and environment required for testing the wear of hip prosthesis (69).
The test usually achieves millions of cycles before the cumulative wear is measured (54, 59, 171-174).
The measurement of wear on either the head or cup components is based on small changes in mass
(54, 59, 171-174) or white light interferometry (WLI) (175). This measurement can also be affected by
the environmental conditions over the lifetime of the test (54, 59, 171-174) and so often has poor
repeatability (59). The joint specimens are usually submerged in Bovine Calf Serum (BCS) which is
changed regularly during the test, typically every 5x105 cycles (174). Thus completing a 5 million-cycle

test requires very large amounts (~ 5litres) of fluid (54, 172).
2.5.3 Model Fluids for Tribology Tests

Human Synovial Fluid (HSF) is hard to procure and only attainable in small quantities; certainly much
less than is required in tribological testing (176). Additionally, ethics approval is required for collection
and laboratory work as well as a Bio-Hazard assessment for safe use. Due to these constraints HSF is
rarely used. Instead 25BCS is the most commonly used screening fluid (69) as it is readily available in
large volumes and relatively inexpensive making it suitable for use in joint simulators. BCS is different
from SF in two ways; firstly, it contains the larger molecules/proteins that would usually be filtered by
the synovial membrane, secondly molecules produced by the synovial membrane will be absent.
Studies have shown that lubrication of SF is not closely replicated by BCS (177-179) and variations are

observed between batches of BCS in both friction and wear studies (179).

The protein and lipid composition varies between patients and healthy and diseased joints (37-41,
103, 104). Whilst 25BCS has a similar total protein concentration as healthy SF the specific content is
different (35, 37, 39). Osteoarthritic (OA) and Periprosthetic (PP) SF tend to have a higher protein
concentration than both healthy SF and 25BCS; therefore, it is questionable that 25BCS is an

appropriate substitute lubricant for implant screening.

An alternative approach of using a known concentration of molecules in a physiological solution has

been adopted by several researches (36, 37, 98, 99, 111, 156, 180-184), as this allows a more
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systematic approach to studying the role of specific protein and lipid concentration. It could also allow
lubricants to be tailored to match patient’s SF profile to test susceptibility of wear for certain material

combinations.

A saline solution is the base of a model SF, it comprises of a salt or combination of salts dissolved in
deionised (DI) water to a concentration that is isotonic with tissue fluids or blood. The most basic
saline is made of sodium chloride (NaCl) only at a concentration of 154 mM (185). A change in the
ionic strength alters the concentration of ions in the solution and will therefore affect the charge on
proteins. A higher concentration will act to screen the charges, a lower concentration will cause the
charges to become more predominant (186). The distance over which the charge is felt is the Debye
Length, whose square is inversely proportional to the ionic strength (187). Changes in ionic charges
will effect interactions between molecules (proteins, lipids and HA), protein folding-unfolding and

aggregation (186).

In some cases researchers use a buffer which resists change in pH of pure water due to addition of an
acid or a base ensuring it remains constant through a test (188). The amino acids, that are the building
blocks of proteins, contain ionisable groups. Changes in pH can alter the charge carried affecting
molecule interactions and protein conformation. The ionic strength of these solutions are adjusted to
physiological levels using NaCl (188). Ringers solution is more complex, representing a more realistic
isotonic solution it comprises of NaCl, KCl and CaCl, whist sodium bicarbonate is used to balance the

pH (189).The range of ionic base solutions used in the literature is summarised in Table 2.9.

Table 2.9 — Buffer solutions used to make model SF.

Base pH lonic Strength (mM) | Reference
Distilled/DI Water 5.6-7 0 (111, 156)
Normal Saline 5.8-7.5 150-154 (99, 180, 181)
Phosphate Buffered Saline | 7.4 50-154 (36,37, 182)
HEPES Buffered Saline 7.4 4-10 (183, 184)
Tris Buffered Saline 7.2 154 (156)

Tris Buffer 7.2-8.1 15-33 (37, 156)
Ringers solution 6.4 157 (189)

Once the base solution is made macromolecules can be added to match HSF. Proteins are the most

abundant molecule and therefore the most important addition to the model fluid. The other main
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constituents DPPC, HA and glycoproteins are added into the model fluid in attempts to further

replicate native SF.
2.5.4 SF Lubrication Mechanisms of MoM hips
Three different lubrication mechanisms have been reported in literature:

1. EHL
2. Boundary lubrication

3. Protein aggregation

Evidence of these mechanisms comes from modelling, direct film measurement and analysis of

deposits on explanted/tested hip joints and are discussed in more detail below.
2.54.1 EHL

The predominant lubrication model for MoM hips is based on classical EHL theory for an iso-viscous
fluid (9, 84, 107, 190). In a series of papers Dowson and Jin (9, 84) modelled film thickness over the
gait cycle for a range of operating conditions and implant geometries. For varying Dy and Cl it was
calculated that this EHL condition was only satisfied for large diameter femoral heads with a small Cl
for Rahead= 10 nm and R, cup=5 nm (Figure 2.20a adapted from (84)). A more sophisticated model used
transient loads and speeds to replicate walking conditions to predict the film thickness and is shown
in Figure 2.20b (adapted from (9)) (Dx = 28 mm, Cl = 120 um). This predicts the minimum film thickness
to fluctuate throughout the cycle, in the range ~ 0.04 — 0.055 um and is slightly thicker than the

minimum film thickness for static mean conditions, which is shown for reference.
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Figure 2.20 — a) Lambda ratio for MoM hip joint prosthesis (Ra head= 10 nm and R, cup = 5 nm) for increasing Dy and Cl (84) b)
film thickness using transient loads and speeds. Adapted from (9).

The effect of start-up conditions on film thickness was investigated by Jalali et al. (72). It was predicted
that the load and speed did not have an effect on the predicted lubricant thickness and only 2-3 steps

were required to establish a steady cyclic variation of the predicted film thickness.

Supporting evidence for the EHL model has come mainly from friction measurements in pendulum

tests (191) and measuring surface separation in hip simulator wear tests (171, 192).

Vassiliou et al. (191) measured the friction before during and after wear testing in a hip joint simulator
for a MoMyg prosthesis. Initially joints operated in the boundary lubrication regime, however as the
number of wear cycles increased a classical Stribeck curve was formed. At 2, 3 and 5 x 10° cycles
friction results indicated an EHL film had formed for viscosities of 0.1 Pa s. The transition from

boundary to the EHL regime was attributed to diminishing surface asperities from running in wear.

Smith et al. (171) used a hip joint simulator to measure the wear (gravimetrically) and surface

separation (electrical resistivity) for MoM prosthesis subject to dynamic motion and loading cycles
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with 25BCS as the lubricant. Four different femoral head sizes were used: 16, 22.225, 28 and 36 mm.
Results showed that for the smaller head sizes (16 and 22.225 mm) surface separation was none
existent, indicating boundary lubrication. This correlated to the high mean wear rates (4.85 and 6.30
mm3/10° cycles respectively). For the 28 mm femoral head there was limited evidence of surface
separation suggesting that this prosthesis operated in the mixed lubrication regime and had a mean
wear rate of 1.62 mm?3/10°. Finally, the mean wear rate for the 36 mm femoral head was significantly
reduced to 0.07 mm3/10° and it was stated that the surfaces were separated for considerable parts of
each walking cycle. The surface separation is shown in Figure 2.21; (adapted from (171)), a potential
difference of 0 mV indicated components were in contact and increased to a maximum of 50 mV when
separated. A closer look at this figure shows that the surfaces are in contact for large periods of time
for the physiological walking cycle. Other studies have shown, for a 36 mm femoral head, that surface
separation was achieved (measured using electrical resistivity techniques) during the swing phase of

the gait cycle and at times under severe conditions in the stance phase for protein based fluids (192).
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Figure 2.21 — Changes in potential indicating surface separation for a 36 mm femoral head for a simplified and physiological
walking cycle. Adapted from (171).

A study by Scholes et al. (193) used a hip simulator to show that when using Carboxyl Methyl Cellulose
(CMC), CoC operated under EHL conditions whilst MoM and MoP joints operated in the mixed
lubrication regime. These findings correlated well with computational studies. However, when 25BCS
was used the full fluid regime in the CoC joint was inhibited due to protein adsorption. The adsorbed
protein layer appeared to reduce the friction in MoM joints but increase in CoC and MoP joints. The
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use of pooled HSF further decreased the CoF for a MoM and MoP contact, whilst for CoC little
difference was observed (194). It was concluded that the lubrication regime differed when a biological
lubricant was present, and therefore non-biological lubricants should not be relied upon in the design

of orthopaedic bearing surfaces (193, 194).

The EHL model appeared to predict performance and became the driver of MoM design. The influence
of model SF composition upon implant wear (particularly MoM), in both simulation tests and in vivo
is unclear and is rarely studied. In EHL regime lubricant film formation will not be affected by the
biochemical properties of SF, such as protein content. The lubricant film thickness is predicted to scale
with the high-shear rate viscosity of the fluid (9, 84) and the viscosity is fairly constant over the protein
concentration range (195). Therefore, protein concentration will have little effect on predicted EHL
film thickness and thus, by implication, wear. As discussed in Section 2.4, the viscosity is dependent
upon the HA (39). At shear rates between ~3000 — 5000 s it was shown that BCS and SF can be
considered Newtonian (107), these results were used in the calculations to predict an EHL lubrication
regime (9, 72, 84). However, these shear rates are not representative of physiological conditions (108)
where shear thinning prevails. The high shear forces break down HA which is able to recover when
the shear is reduced (38). Other studies have shown HA does not have a load bearing ability in the

physiological joint (150) and that it does not have a beneficial effect on reducing the wear (196-198).

When early failure of these MoM devices became apparent a study was performed it establish if larger
head sizes had an improved survival rates. Data from the NJR analysed, in a paper by Smith (44), 31,171
MoM stemmed prosthesis implanted between 2003 and 2011 (1). It was found that larger femoral
heads were associated with high revision rates, it was predicted for every 1 mm increase in head size
the risk of revision increased by 2% (44). This study contradicts all predicted calculated using the EHL

models and Stribeck curve A criterion (9, 72, 84).

The question should be asked whether this simple analysis, based on mineral oils, is transferable to
biological systems such as artificial joints? The Stribeck curve was developed for journal bearings
which operated under steady state loads and speeds; the lubricant was a simple Newtonian
hydrocarbon oil. However, an artificial joint is lubricated by a complex multiphase fluid that exhibits

shear-thinning operating under transient loads and speeds (39).
2.5.4.2 Boundary Lubrication

In contrast MoP hips are considered to operate in the boundary lubrication regime as the predicted

film thickness (~0.125 — 0.25 um (199)) is smaller than the surface roughness (1 um (190)). The
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articulating surfaces are in contact, therefore the wear is directly related to the sliding distance, thus

wear increases for an increase in head size (5, 58).

If the prosthesis operates in the boundary regime the changing protein and lipid content might have
an effect on wear (37). Proteins (albumin and y-G) and lipids are thought to adsorb at the implant
surfaces and act as boundary additives (146, 166, 200-203). Thus most studies of the effect of SF
chemistry on implant friction and wear have been for UHMWPE components (166, 177, 197, 201, 204,
205).

A study by Roba et al. (143) investigated the ability of glycoproteins alpha-1-acid glycoprotein (AGP)
and alpha-1-antitrypsin (A1AT), which are present in HSF, to absorb onto UHMWPE and Al;Os3 in the
presence of bovine serum albumin (BSA). Nanoscale Friction measurements were performed using an
AFM, and the deposits were analysed. Results showed that AGP and A1AT had superior lubrication
properties when compared to BSA which was attributed to their ability to adsorb via their hydrophobic
backbone leaving the hydrophilic carbohydrate chains exposed to the aqueous solution providing a
low-shear strength fluid film that lubricated the system. Additionally, the glycoprotein lubricin (LGP-
1) has been attributed to be the active lubricating molecule in SF and that it can perform this function
in the absence of other constituents. Lubricin binds to the surface and allows a layer of water at the

tissue surface (138).

Schwarz et al. (142) isolated lubricin from bovine SF and analysed the lipid content by thin-layer
chromatography phosphorus determination. Results revealed a phospholipid content of 11.1 + 1.7 %
and therefore it was proposed that it was the phospholipid responsible for the lubrication of the joints,
not lubricin. It is thought that these phospholipids act as a boundary layer and the reduction in friction
is due to the long hydrocarbon chains (203). Further studies have shown surface active phospholipids
present on retrieved implants and are thought to act as the boundary lubricant. They were found on
all bearing surfaces analysed including PE, stainless steel, CoCrMo, alumina, zirconia and titanium
(202). Another study identified substantial amounts of different 8 types of PC adsorbed onto retrieved
implants including SLPC, POPC, DPPC, PSPC, OSPC, DLPC and PLPC (150).

Conflicting results have been reported to whether this phospholipid containing boundary layer reduce
the friction and wear. A hip simulator study by Bell et al. showed that PC phospholipids diluted in
gelatine significantly reduced the wear of a UHMWPE/CoCrMo contact when compared to 25BCS
(154). A reduction of 99% in the CoF was reported when PC phospholipids where acting as a boundary
lubricant in comparison to dry sliding (146). On the other hand in a Trunfio-Sfarghio et al. (206)

reported that phospholipids increased the CoF for a reciprocating steel/steel and steel/PE contact.
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Phospholipids have been shown to readily adsorb to hydrophilic solids, which become hydrophobic
surface active in reducing the surface tension of water. The adsorbed monolayers have been reported

to reduce the CoF in the dry state under physiological loading by up to 99% (146).

Other studies have reported thick deposited films which are most often attributed to denatured
proteins (48, 112, 207-210). They are thought to act as a solid lubricant and be protect the articulating
surfaces from wear (170) of MoM implants. These have been found in both in vitro (48,112, 170, 208-
211)and vivo conditions (170). Parkes et al. showed that a higher pH (which is found with diseased
fluids) the rate of adsorption of proteins decreased and reduced the likelihood of protein aggregation

and agglomeration (98).

Pourzal et al. (212) presented experimental evidence of the formation of “graphitised” carbon films
which they suggested acted as the primary lubricant preventing wear and reducing friction. The
surface analysis was performed on a series of explanted metal-metal hips joints and graphitised

surface layers were found in 80% of the implants.
2.5.4.3  Protein Aggregation

Work in our group has identified an alternate type of lubrication mechanism based on protein-
aggregation effects (110-112, 200, 213). In this work film thickness measurements with BCS fluids and
solutions containing BSA and y-G were made for a glass/CoCrMo head contact under pure sliding.
Optical interferometry was implemented to measure the central film thickness and visualise the

contact zone.

During shear proteins are thought to aggregate to form viscous, insoluble gels which can be entrained
into the contact zone forming a separating film which reduces wear. The mechanism of shear
denaturing and deposition contributes to the formation of a compacted, solid protein film (up to 20
nm thick) in the rubbed contact, which continues to separate the surfaces when motion has stopped
(37, 108). This film is augmented by a much thicker, transient film that appeared to be a high-viscosity
gel which was sporadically entrained into the contact creating larger than expected lubricating films
(112). The type (albumin/y-G) and concentration of proteins is thought to determine viscous gel
formation and hence both lubricant film thickness/deposits and wear reduction (111, 200, 213). Figure
2.22 shows the interferogram of the contact zone showing the high viscosity inlet and bulk phase

(200).
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Inlet phase

Figure 2.22 - Sliding contact showing viscous inlet phase (200).

Other researchers have provided evidence to support this mechanism using a ball on disc tribometer
(198, 209, 214-217). Initial testing was performed by Vrbka and co-workers; instead of pure sliding,
experiments were performed under pure rolling and a Slide-Roll-Ratio (SRR) of 1.5 and -1.5.
Additionally, both glass/CoCrMo and glass/Al,O; were used. Thicker films were formed on CoCrMo in
comparison to Al,05 (215). It was shown that the film formation was dependent upon the wettability
of the rubbing surfaces, a chromium layer on the glass disc is hydrophobic which allows adsorption of
proteins and therefore thick lubricating films were produced in comparison to a hydrophilic silica layer

(216). Protein aggregation was not observed for a conformal contact in this set up (216).

The role of albumin and y-G in protein aggregation in the presence of each other was assessed using
the same ball on disc tribometer. Colorimetric interferometry was combined with fluorescent
microscopy to tag albumin or y-G; an Albumin/y-G (A/G) ratio of 2:1 was used which is representative
of healthy SF. It was found for a glass/CrCoMo contact that under pure rolling and positive sliding the
film thickness was formed predominantly due to albumin. Under negative sliding the film thickness
was strongly dependent upon sliding distance and at high speeds only the increase in film thickness
was due to y-G. Thick films in the inlet were attributed to aggregated proteins (209). For a
glass/ceramic contact the film thickness from protein aggregation was attributed to albumin for pure
rolling, positive sliding and negative sliding. However, y-G had a great affinity to adsorb onto the
rubbing surfaces. It was therefore suggested that y-G formed a thin boundary layer which allowed

thick albumin deposits to adsorb on top (217).
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Further tests used the colorimetric interferometry with a pendulum hip simulator joint (198, 214) to
allow the effects of real joint geometry and joint kinematics on film formation to be studied. It was
found that the measured film thickness was considerably higher that what is predicted from film
thickness estimations (9, 72, 84). This was attributed to protein aggregation and adsorption (214).
These results showed the most important geometrical parameter to enhance tribological performance
was the diametric clearance; a decrease from 318 to 40 um on a 28 mm head increased the film
thickness potentially protecting the surfaces. The femoral head diameter was not thought to be as

critical (198).
2.5.5 Wear Mechanisms of CoCrMo Interfaces

The motion of the joint can be defined as reciprocating sliding wear as the contact area is smaller than
the stroke length (170), therefore it is possible that all four major wear (abrasion, surface fatigue,

adhesion and tribochemical reactions mechanisms will contribute to surface damage (48).

Wear mechanisms are usually identified by imaging the wear surfaces post-test. The main form of
material loss is commonly attributed to abrasion due to the presence of grooves and scratches (52,
218, 219) and surface fatigue (48). However, understanding the initiating wear mechanism is

challenging as it this will not be visible from the wear surfaces post-test.

It is widely accepted that abrasion is likely to be induced from foreign particles such as fractured
carbides compacted wear debris or plastically deformed parts of the metal matrix (48). Wimmer et al.
(48) suggested that the initiating wear particle could be produced in one of two ways. The first is that
tribo-chemical reactions cause an oxide layer to form which begins to spall off once it has reached a
critical thickness. The second mechanism suggests that a wear particle is generated by cyclic contact
stresses. The interface between carbides inclusions and the metal matrix is weak (48) and therefore it
is possible generation of wear particles from the cyclic stress is mainly torn off protruding carbide

inclusions (48).

Further evidence of this was shown by Fan et al. (110, 112). The study used optical interferometry
with a CoCrMo femoral head/glass contact to measure the film thickness, the femoral head was
imaged prior to testing and revealed characteristic ‘blocky carbide’ structures across the surface.
Surface typography revealed that they protruded out of the surface by 80 — 100 nm and typical had
the dimensions 40 x 15 um. After articulation of the femoral head and glass disc, the wear scar on the
femoral head appeared smooth with almost complete loss of the carbide structures within a few

minutes of the start of sliding suggesting that they have been removed from the metallic surface.

71



Assuming that the normal loads are not carried by the fluid, the generated particles come into contact
with the articulating surfaces. Depending upon the particle size they may become dislodged into one
of the surfaces. Articulation causes adhesion as the particle cuts and ploughs into the counter-surface
creating scratches and grooves (48). Alternately the particles roll and cause surface fatigue by
indenting the surfaces (220). The carbides present in the CoCrMo matrix have a micro hardness of
1170 — 1300 HVo0s and 434 + 30 HVo0s respectively, therefore these hard torn off carbide fragments

accelerate the wear of the softer metal matrix (48).

A study by Chan et al. (52) reported that during the first 1 million cycles the wear rate was elevated
(run-in wear); this was followed by lower steady-state wear rate values. The accelerated run-in wear
was attributed to both abrasion and adhesion, it was suggested that the steady state region was

reached once a constant surface roughness was obtained.

Surfaces are protected from adhesion by tribochemical reactions that instantaneously cover the
CoCrMo surface with a thin metal-oxide film of around 10-30 nm (221, 222). It is possible that high
plastic deformation close to the surface could crack this oxide layer bringing about adhesion (221,
222), however a study by Wimmer et al. (48) reported no signs of adhesion despite the fact that the
system is a self-mating MoM contact. In addition several in vitro studies have reported a solid film
deposited on the surfaces which is thought to be due to denatured proteins that provides protection
against adhesion and hinders surface fatigue (48, 52, 112, 207-210). Importantly these deposits have

also been found in vivo (170).

In conclusion the loss of material in the MoM contact can usually be attributed to the mechanical wear
mechanisms: abrasion and surface fatigue. Simultaneously tribochemical reactions generated from
denatured proteins and/or oxide films have been reported to rigidly adhere to parts of the surface

thus helping to reduce the wear.
2.6 Conclusions

The foregoing review has explored the tribology of artificial hip joints; including implant design and
materials, gait and loading patterns and SF lubrication and wear. From the tribology perspective the

problem is extremely complex because of the following:

1. Hip joint gait: transient loading and speed patterns with cross shear motion.
2. Lubricant: periprosthetic fluid which has a complex rheology and chemistry containing

proteins, lipids and HA. Patient chemistry can vary depending on pathology.
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Wear of bearing surfaces: can determine implant life and the requirement for revision
operation.

Lubrication mechanisms: various film formation mechanisms have been suggested including
EHL, boundary and protein-aggregation.

The effect of patient SF chemistry on lubricant film formation and wear has not been
established.

Tribology test methods: usually use 25BCS as a screening fluid for wear tests, however this
has a different specific protein profile compared to HSF

HSF is rarely used as it is only available in small quantities.

Initially MoM hips appear to solve the problem of limited MoP implant life. The LHMoM joints were

predicted to operate in the full film A>3 regime (223) and thus experience minimal wear. However,

the very high failure rates have shown this prediction, which was based on classical EHL theory, to be

flawed. Despite this, for some patients, these joints have worked well and this might be explained by

the SF chemistry. The review has highlighted the need for more detailed understanding of the effect

of patient SF chemistry on film formation and implant wear and this is the focus of the research. Key

guestions in for project were:

A S

Is 25BCS an acceptable substitute for HSF in wear tests?

Are the lubrication and wear mechanisms the same for model and human SF?
Does SF chemistry (model, BCS, human) affect lubrication and wear?

What are the properties of lubricant films formed during wear tests?

Do some patient pathologies have an increased risk of wear and failure with CoCrMo?

To investigate these questions the research project comprised of the following:

Development of small-scale wear test for CoCrMo which used a very small fluid volume
suitable for HSF samples.

Measurement of CoCrMo friction and wear for a range of model and human SF samples
Examination of the surface deposits formed during wear tests using optical microscopy and
Scanning Electron Microscopy (SEM)

Analysis of the organic composition of deposited films using micro-IRRAS

Visualisation of protein denaturing during wear tests using ThT fluorescence.

73



Chapter 3 Development of a Small Scale
Wear Test

Summary

The aim of this Chapter was to develop a robust and reliable wear test for implant materials with HSF
using the High Frequency Reciprocating Rig (HFRR). The main requirement is that the test must use
low volumes of lubricant (~ 1-2 ml) as HSF is only available in small amounts. The test uses a ball-on-
disc configuration with a reciprocating motion. CoF was recorded throughout the test and average
depth and volume of the wear scars on the disc were evaluated afterwards using a WLI. During the
test development phase the effects of lubricant volume, protein concentration and the oxygen partial
pressure were investigated. BCS at varying concentrations is used as the lubricant and CoCrMo couples

are used as the test specimens.
3.1 Introduction

One of the problems hindering implant development is the lack of data on HSF wear with different
materials. HSF is rarely available and only attainable in small quantities certainly much less than
volumes required for joint simulator tests which typically require many litres of fluid over an extended
time period (~5 litres) (54, 172). Volumes used in pin-on-disc/plate wear tests require at least 10 ml
and in some cases as much as 250 ml (154, 166, 169), which is much lower but not close enough to
volumes required. Pin-on-disk/plate bench tests usually have a low Hertzian contact area compared
to stroke length which allows partial replenishment of the lubricant, if the contact area is similar to or
larger than the stroke length, starvation of the lubricant may occur (190). It was shown that contact

areas above a critical value resulted in starvation causing increased surface damage (224).

A small misalignment of as little as 0.5% in a pin-on-disk test for a hard on hard contact has been shown

to have increased predicted contact pressures that may lead to scatter in wear data (225).

To test HSF a bench test that uses low volumes of fluid is required, however when using low volumes
of fluid evaporation of test fluid is a concern (226) and therefore the test length should be minimised.
A short time period means that the distance travelled during articulation will be much shorter than

that reported in literature (15, 168, 227) and therefore the test should use a high frequency of
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articulation and a long stroke length as to maximise this. Additionally, it should have a high contact

area/stroke length ratio.

Cross-shear occurs in full hip joint motion (228) and can be replicated in hip simulators through
complex loading and gait patterns (59) but absent in the majority of bench tests which provide uni-
directional (pin-on-disk) (166-168) or bi-directional (pin-on-plate) (15, 169) motion. The importance

of cross-shear in determining the wear of UHMWPE is well known (229), but is unclear for MoM joints.

Hadley (59) in her review of MoM hip simulator studies noted that the wear rate measured in vitro
were often much lower than in vivo and suggested this was due to the continuous nature of the
simulator motion rather than active and inactive periods typical of human behaviour. The increase of
wear in vivo was attributed to the collapse of the EHL film at zero speed so that minimal surface
protection was present due to inactivity. In her PhD Hadley (59) reported the development of
simulator test profiles which incorporated a period of stance (stop-dwell-motion) under load which
was found to increase the wear due to a collapse of the EHL film. The HFRR introduces a “stop” for
each stroke and as such a collapse of the EHL film occurs before re-entering into the cavity and
potentially provides a more severe wear condition compared to continuous motion tests. This stop-
dwell-motion is present in bi-directional tests provided by the halt at each end of the stroke where

the speed returns to zero before changing direction.

The use of MoM implants has reduced to less than 0.1% since 2014 (1) due to due adverse tissue
reactions attributed to an increase in metal ions and wear debris. However, studies have shown that
some MoM prosthesis are extremely successful with a with a known revision rate of 1.5% since 1998
(34). In some cases misalignment of the femoral head and acetabular cup resulting in edge loading has
been reported (16, 32) as the cause; another possible reason for this could be the SF chemistry, which

has not been widely studied.

The test conditions in vitro should be matched to in vivo as closely as possible, some parameters such
as temperature are easily attainable where set-ups are heated to 37°C (230). The sliding speeds in a
hip joint varies from 2 - 49 mm/s (73), which can easily be replicated in a hip simulator (231), however
for bench tests this is more complex. For uni-directional sliding the speed during the test is constant
(apart from starting and stopping) (166-168) whereas bi-directional sliding varies from zero at turn
around to a maximum (15, 169) at the centre of the stroke length, therefore by carefully selecting the
stroke length and frequency the speed can cover the full range of speeds experienced in vivo. The
reported sliding speeds for hip simulators and bench top tests are in the range of 20 — 50 mm/s and

10— 100 mm/s respectively (232).
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The reported contact pressures in both hip simulators and bench tests using a CoCrMo-CoCrMo couple
are in the range 14 - 60 MPa and 2.4 — 370 MPa (169, 232). Contact pressures in vivo have been
extensively studied and vary dependent upon materials, for MoM prosthesis it has been reported in
the range 10 — 50 MPa (74, 78, 233, 234).

Table 3.1 summarises these physiological parameters.

Table 3.1 — Physiological conditions in a MoM hip joint.

Temperature ’ 37°C
Sliding Speed ‘ 2—-49 mm/s

Contact Pressure ‘ 10-50 MPa

Volumetric wear is most often measured by means of a simple gravimetric measurement in both hip
simulator (59, 171, 173, 174) and bench top tests (15, 48, 167-169). Alternate methods include

mapping the surface typography using WLI (175).

Cleaning and fluid transfer are an additional consideration for the design of a wear test with HSF. All
surfaces will have to follow protocol in accordance with ethics and health and safety and no sharps

can be used to transfer fluids.

The forgoing review has highlighted that there is no single test suitable for the testing of HSF.
Therefore, the overall aim of this chapter was to develop a reliable test to measure friction and wear
using small volumes of fluid (< 3ml), as this would allow for some repeat testing of samples from a
single patient. Physiological conditions should be replicated and procedures must use cleanable or

disposable materials and equipment to allow testing with human fluids.

3.2 Experimental Programme

The overall aim was to design a reliable test to measure the friction and wear of implant materials for
future use of HSF. The model SF BCS was used at a range of concentrations, although 25BCS is

implemented as the reference fluid. The objectives of this chapter are as follows:

1. Develop a simple bench tests to study friction and wear of implant materials. The test should:
a. Simulate physiological conditions of contact pressure, sliding speed, fluid
temperature.
b. Provide a high number of rubbing cycles in a short time period.

c. Use very small fluid volumes (<3 ml) without being affected by evaporation loss.
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d. The lubricant bath and specimen holder must be easy to clean/sterilise and be easy
to assemble to reduce health and safety issues when using human samples.
2. Investigate the effect of fluid volume and protein concentration on friction and wear of
CoCrMo couples.

3. Investigate the effect of the oxygen partial pressure in the lubricant.
3.3 Materials and Methods

3.3.1 The High Frequency Reciprocating Rig (HFRR)

A High Frequency Reciprocating Rig (HFRR), (PCS Instruments PLC; London) was used to measure the
friction and wear properties of model SF’s. As the fluid bath could be easily modified to use small
volumes of lubricant. A schematic of the experimental set up is shown in Figure 3.1. The upper
specimen consists of a CoCrMo ball oscillating against a stationary lower specimen (CoCrMo disc) using
an electromagnetic vibrator. The upper specimen is loaded via a dead weight and a test fluid is
injected into the lower specimen holder to lubricate the contact. The contact is subject to bidirectional
reciprocation but no cross-shear, which occurs in full hip joint motion (228). The frequency of
reciprocation and stroke length are controlled by a computer in the ranges 10-200 Hz and 20 pum — 2
mm respectively. A plate beneath the lower specimen can be used to heat the test up to 60 °C so that

tests can be performed at above ambient temperature.

Nitrogen In

‘ Load * Electromagnestic

(dead weight) Vibrator

- R e Ciprocating
Motion
Clear Box — (—
CoCrMo Ball —‘o O
Lubricant 44— —
CoCrMo Disc e Nylon Lower
Heated Plate 4+——— Sample Holder

Oxygen Out e - ._

Figure 3.1 - A schematic of the HFRR (left) and a photograph of the loaded ball and fluid bath (right).
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3.3.2 Material Selection

Metallic artificial joint materials made from Cobalt-28 Chromium-6 Molybdenum alloy (ASTM F75-
12). The standard outlines a comprehensive list of material properties including the composition which
comprises of Co (base), Cr (27-30 %), Mo (5 -7 %) and Ni (max 0.5%) (235). This alloy composition was
originally based upon Stellite®21 (236) which is readily available and therefore it was chosen for the
ball and disc test specimens due to the closeness in material composition. Stellite®21 is manufactured
(as cast) by Deloro Stellite and comprises of Co (base), Cr (26-29 %), Mo (4.5-6 %), C (0.20-0.35 %) and
Ni (2-3 %) (236). The surface roughness (Ra) of the disc and ball were measured by WLI to be 9.12 +
1.9 nm and 39.6 + 1.5 nm respectively. Important material properties of Cobalt-28 Chromium-6
Molybdenum and Stellite®21 are shown in Table 3.2. The microstructure on the disc is observed using

optical interferometry in Figure 3.2.

Table 3.2 — Young’s Modulus and Poisson’s Ratio of ASTM F75-12 and Stellite 21 (46, 50, 59, 236).

Cobalt-28 Chromium-6 | Stellite®21
Molybdenum
Young’s Modulus (GPa) | 230 250
Poisson’s Ratio, v 0.3 0.3
Hardness (HRC) 25-35 27 -40
Density (g/cm?3) 8.28 8.33

Figure 3.2 — Microstructure of Stellite 21 from disc specimen.

3.3.3 Test Fluids

BCS (Sigma Aldrich Poole, UK12133C sterile-filtered) was used as the reference test fluid. On receipt
the 500ml sample was divided into 7 ml aliquots and then refrozen and stored at -40°C. An aliquot
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was removed the day before testing, defrosted overnight in a refrigerator and then diluted with
Deionised (DI) water to the required (10, 25, 50 or 100%) concentration before testing. The pH of all

test fluids was 7.9.

3.3.4 Test Condition Considerations

In this section the contact pressure, speed of articulation, temperature and the partial pressure of

oxygen in the test set-up are matched as closely as possible to in vivo conditions.
3.3.4.1 Pressure and Contact Area

Using the original set up the Hertzian contact pressures are much higher than those experienced

physiologically.

It was important to match the contact pressure in the rig as closely as possible to what is experienced
in real life. Assuming a point contact the mean and max contact pressure can be calculated using
equation 3.2 and 3.3 respectively where F is the load and a is the semi contact width calculated using

equation 3.4 (46).

F
Pmean = W (3.2)
3
Pmax = Epmean (3.3)
3Fr*\ 1
= 3 3.4
¢ (4E* ) 3.4)

The relative radius, r’, and effective Young’s modulus, E*, can be calculated using equations 3.5 and

3.6. Bodies 1 and 2 have radius of curvature r; and r; and Young’s modulus E; and E.

1 1 1
— =4 (3.5)
r

— = + (3.6)
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For the case of a ball on flat, as in the experimental set up, the relative radius of curvature is that of
the curved body. For an artificial hip the convex (femoral head) surface is given a positive geometry

and concave (acetabular cup) a negative geometry.

The maximum contact pressure in a hip joint arises when the surfaces are least conformal, i.e. a small
femoral head with a large diametrical clearance (Cl). The contact pressures in a MoM range from 20 —

55 MPa (74-80).

The standard HFRR set up uses a 6 mm ball articulating against a flat disc, 19.05 mm balls were also
readily available. The lowest useable force was 1N, the mean and maximum pressure for these two

balls are shown in Table 3.3.

Table 3.3 - Mean and maximum contact pressures and the contact area for two ball sizes on a flat contact.

Ball diameter Pmean Prmax Contact area
(mm) (MPa) (MPa) (mm?)

6 467 700 2.1(26.1 um)
19.05 216 384 4.6 (38.4 um)

The increase in ball size reduced the mean Hertzian pressure from 467 MPa to 216 MPa, this is higher
than that experienced in the joint however the contact pressure will decrease as the contact area
increases due to wear. Additionally edge loading provides a severe case and contact pressures have

been reported to more than an order of magnitude higher (237).
3.3.4.2 Stroke Length, Frequency and Speed

The average sliding speed ranges form 2 — 49.0 mm/s (73). The sliding speed in the test setup is
dependent upon the frequency of articulation and the stroke length. It was important to keep the
stroke larger than the contact diameter to avoid starvation (190, 224) and therefore 1 mm was chosen.
A frequency of 20 Hz was chosen so the sliding speed varies from 0 (at the end of the stroke) to

approximately 40 mm/s.
3.3.4.3 Temperature

The temperature of the inside of the human body is 37°C (230) and proteins start to thermally
denature at temperatures above 40°C, (114). Therefore, the temperature during testing should be at

379C, but care should be taken to ensure it never exceeds 40°C.
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3.3.4.4  Partial Pressure of Oxygen

The oxygen pressure in the human body is % to % of the normal atmospheric pressure (238) and the
pressure in SF has extensively been reported in literature (239-241). The averages are summarised in

Table 3.4.
Table 3.4 - Oxygen partial pressure in HSF.

Average Oxygen Partial Pressure | % of atmospheric

in SF (mm Hg)

31.7 £20.0 (239) 19.3+12.6
29.4 +11.2 (240) 16.6+12.1
42.3+20.2 (241) 26.6+£12.7

Therefore, the HFRR rig was placed into a sealed box and nitrogen was purged into the box. As oxygen
is heavier than nitrogen a hole was cut at the bottom to allow oxygen to exit. Calculations were done
iteratively using equation 3.7 to obtain the pressure of oxygen each minute in a 20 minute purge. Here
pn is the partial pressure at n minutes, the atmospheric partial pressure of oxygen (159.6 Hg mm) was
used as po. V is the volume of the box and V is the volumetric flow rate.

V
Pn = Pn-1— (pn—l - V) (3.7)

Figure 3.3 shows the calculated partial pressure over time for three different flow rates (3, 5 and 7
L/min); the actual partial pressure was measured (GOX 100T Greisinger) for the flow rate 5 L/min. 5
L/min was initially chosen as this was a little below the desired range to account for losses. The oxygen
content in this environment was recorded over the 20 minutes and then converted to partial pressures
in Hg mm. For this flow rate the partial pressure did not decrease as quickly as the calculated values;
however, it fell within the desired range, therefore a flow rate of 5 L/min was chosen for the initial

purge followed by 1 L/min for the duration of the test.
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Figure 3.3 - Oxygen partial pressure over time for nitrogen purging.

3.3.5 Redesign of Ball and Fluid Holders

To accommodate the increased ball size a new upper specimen holder was required, and the machine

had to be rebalanced. Figure 3.4 shows the original and modified upper specimen holder.

Figure 3.4 - Left: modified lower specimen holder, Right: Original lower specimen holder.

Currently the volume of fluid required to immerse the contact is larger than the volumes of HSF that
can be collected from patients (< 3 ml). A new lower specimen holder was manufactured to reduce
the volume of the recess, it was made from Teflon to avoid metal contamination of the test fluid.
Figure 3.5 shows the original and modified sample holders. Both the new (left) and old (right)

specimen holder are shown in Figure 3.5.

82



Figure 3.5 - Left: Modified upper specimen holder Right: Original upper specimen holder.

3.3.6 Friction and Wear Tests

Before testing the metal specimens were cleaned in 1% detergent solution and rinsed (3 times) in
distilled water. The specimens were then stored under isopropanol. Just before testing they were
air-dried and cleaned in an oxygen plasma (Diener) which removes organic contamination and leaves

a hydrophilic surface (242).

The 19.05 mm CoCrMo ball was loaded and reciprocated against the disc to simulate joint articulation.
A frequency of 20Hz and stroke length of 1mm were used. A load of 1N was used, this gives a mean
Hertz pressure of 216 MPa. The test was run for 1 hour and were repeated a minimum of 3 tests per

condition.

The temperature was set at 35°C, 1.5°C below body temperature, this is because Teflon has a low heat
conductivity but high heat capacity causing a thermal lag triggering an overshoot of the fluid bath
temperature. The thermocouple in the Teflon block will not be the same temperature as the heating
thermal couple causing a temperature fluctuation of +1.5°C; therefore, the test temperature was
maintained below 37°C to avoid proteins denaturing from high temperatures. An additional
thermocouple was used to monitor the fluid temperature. Details of the test conditions are shown in

Table 3.5.
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Table 3.5 — HFRR test conditions.

Test Length (hr) 1 (+ 20 mins pre heat)
Number of Wear Cycles 72000

Ball and Disc specimen Material CoCrMo

Disc Dimensions (mm) Diameter — 10, Depth - 3
Ball Dimensions (mm) Diameter 19.05

Normal Load (g) 100

Mean Hertzian Pressure (M Pa) 216

Temperature (°C) 35

Pre-test flow rate (L/min) 5

Test flow rate (L/min) 1

The contact is immersed in a small volume (1-2ml) of SF. The depth of fluid above the sample was
approximately ~5 mm for the 2 ml volume. A lightweight cover placed over the fluid bath was used
to reduce evaporation during the test. The test device was housed in a plastic box which ensured a
stable temperature environment as one of the practical challenges was to establish an equilibrium
temperature without significant loss of the fluid through evaporation. The ball and disc were
assembled, and the fluid bath heated to the desired temperature. Once this was reached the test fluid
was introduced. The box was then purged with N, for 20 minutes to reduce the atmospheric oxygen
content to physiological levels (24 mm Hg, GOX 100T Greisinger) (239, 241). The disadvantage of this
method was that it extended the total test time and the continued flow of gas also contributed to

increased evaporation.

Friction was recorded throughout the test and the average CoF was obtained from the outputted data.
At the end of the test the samples were drained of excess fluid. The fluid pH was measured by narrow
range litmus paper (pH 6.5 — 10 VWR MColorHast) at the start and end of the test. This method was
chosen as it only requires a very small amount of fluid and there are no cleaning/decontamination

issues when using HSF.

3.3.7 Validation of Test Protocol

An initial series of tests were run to validate the test design; this included the effect of fluid volume,

the effect pf protein concentration and the effect of extended test time/N, purge.
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3.3.7.1 Effect of Fluid Volume

As HSF was only available in very small quantities (< 5 ml max) it was therefore advantageous to use
smaller volumes to allow for repeat tests, however it was unknown the effect of volume on friction
and wear. This was investigated using the reference lubricant 25BCS. Volumes were increased in 0.5

ml increments from 0.5-2ml and the friction and wear was recorded and compared.

3.3.7.2  Effect of Protein Concentration

The protein concentration in SF varies significantly between patients and is significantly higher in
diseased fluids than in healthy. Therefore, the effect of protein (BCS) concentration was investigated
by performing tests using both 1 and 2ml of 10%, 25%, 50% and 100% w/w BCS. The friction and wear

were recorded and compared.

3.3.7.3  Effect of Extended Test Time/N, Purge

The test procedure outlined above purges the test environment with nitrogen to reduce the oxygen
partial pressure. The disadvantage of this method was it extended the total test time and the
continued flow of gas also contributed to increase evaporation. The effect of this was investigated by
running tests without the purge but heating for the 20 minutes and omitting the 20 minute delay but

running the test once the fluid was introduced (Table 3.6). The friction and wear were recorded and

compared.
Table 3.6 — Test protocols for testing effect of evaporation during nitrogen purge.

40 minutes before test | 20 minutes before test During test

Nitrogen Heat to 35°C Purge Nitrogen @ 5L/min | Purge Nitrogen @ 1L/min
End: Introduce fluid Temperature @ 35°C Temperature @ 35°C

20 Minute hold | Heat to 35°C Temperature @ 35°C Temperature @ 35°C
End: Introduce fluid

Final Heat to 35°C Temperature @ 35°C

End: Introduce fluid

Once the test was complete both ball and disc were removed from the test set up and the remaining
fluid was retrieved and frozen for future analysis. The ball and disc were lightly rinsed with DI water
for 10 s to remove excess fluid. Once fully dried, surfaces were observed using a low power optical
microscope (Axioscope, Zeiss; Germany) connected to an Infinity 2 (Lumenera Corporation; Ottawa);

this will be reported in Chapter 5.
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3.3.8 Wear Scar Analysis

White light interferometry is a non-contact optical method for measuring 3-D-profiles of rough or
smooth surfaces (243). The light is collimated from the source and split into two beams by a beam
splitter; one that reflects off the object being measured and the second off a reference mirror. They
are then recombined at the beam splitter and are captured by a CCD camera. As the beams recombine
the matrix of point wavelengths will either interfere in either constructive or unconstructive manner
and each wavelength is assigned an intensity value. If the two beams have the same path length they
will interfere constructively and be assigned a high intensity value, having different path length means
a lower intensity value. Only the reference arm or the objective arm is moved relative to the beam
splitter, so interferences are formed pixel by pixel when the object depth is scanned. To determine
which object points are at the same height the images from the camera are compiled, analysed and

the topographical structure of the sample is digitalised

WLI was used to measure the depth of the wear scar formed on the disc during frictional tests. WLI
images were obtained using a Wyko NT9100 (Veeco; New York) with a 20x magnification objective.
On each disc multiple images were taken and stitched together to enable the full length of the wear
scar to be visualised an example of this is shown in Figure 3.6a. Two possible methods of wear analysis
were investigated. The first of which was the wear depth; readings at 30%, 50% and 70% along the
length of the scar were taken and averaged (Average Wear Depth, AWD). The section and locations of
these are also shown in Figure 3.6b. The second was taking the entire wear volume using analysis
directly from the software (Average Wear Volume; AWV). Before scans were performed any surface
deposits on the discs were removed by soaking in 2% detergent solution followed by rinsing with water

and isopropanol.
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Figure 3.6 —a) WLI contour map showing section line and regions AWD were measured b) Sectioned region of wear scar
and places where AWD is measured.
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3.3.9 Determining Test Repeatability

It is important that the test is repeatable as only small volumes of HSF are available and repeat testing
may not be possible. Therefore the repeatability of both AWD and AWV was assessed using the
Coefficient of Variation (CoV) (Eq 3.8) a ratio between the standard deviation, o, and the mean, g,
shown as a percentage (244).

o
CoV = — x 100 (3.8)
u

The CoV is a measure of the dispersion of data points about the mean. It is a dimensionless number,
independent of the unit in which it was measured, and therefore comparisons can be made between
data sets with different units and a large range of means. In this case it is used to assess the

repeatability of the test and investigate which measurement, AWD or AWV, is the most reliable (244).
3.4 Results

The aim of this chapter was to develop an extended wear test which only requires a small volume of
fluid. To validate this method a series of tests were run investigating the effect of different factors on

repeatability of the wear results.
3.4.1 Effect of Volume on CoF and AWD

Figure 3.7 shows example friction traces for 25 BCS at each volume. All volumes of BCS fluids gave a
low, stable friction traces over the test period, typically the COF was in the range p = 0.190-0.280.
Figure 3.8 shows the average friction for the four volumes investigated; although variation is small, a
clear increase in CoF is observed for increasing volume. The error bars show the standard deviation of

the results, which will be continued where possible throughout this thesis.
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WLI images of typical wear scars for each of the fluid volumes tested are given in Figure 3.9 and
examples of the wear scar width and length are shown in Figure 3.10 and Figure 3.11 respectively.
From 0.5-1.5 ml the wear scars become narrower (~ 160 to 50 um) and shallower (~-0.25 to -0.10 um)
however the 2ml wear is much wider (~ 240 um) and deeper (~ 0.65 um). This result is reflected in the
AWD and AWV measurements as seen in Figure 3.12. For volumes less than 1.5 ml wear was found to
decrease with increasing volume whereas the 2ml sample did not follow this trend and exhibited

unexpectedly large amounts of wear.
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Figure 3.9 - WLI wear scar images for a) 0.5, b) 1.0, ¢) 1.5 and d) 2 ml.
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The CoV for both AWD and AWV was calculated at each fluid volume and is shown in Figure 3.13. The
repeatability was poor at 0.5 ml having a CoV of 53% for both AWD and AWV however this decreased
significantly to 16% at 1.5 ml; 2ml again did not follow this trend and the CoV increased slightly. There
was no difference in the CoV of AWD and AWV at 0.5 and 1.5 ml; however, at 1 and 2 ml AWD

measurement was 5% more repeatable than AWV.
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Figure 3.13 - CoV of increasing fluid volumes.
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3.4.2 Effect of Protein (BCS) Concentration on COF and AWD

The effect of protein concentration was investigated by running a series of tests using 1 and 2 ml
volumes for a range of BCS concentrations (10, 25, 50, 100 wt %). Average CoF results are summarised
in Figure 3.14 for different BCS concentrations. At low BCS concentrations (10, 25 wt.%) CoF1m<CoFami

but for the higher concentrations (50 and 100 wt.%) CoF was similar for both volumes.

Typical WLI images are shown in Figure 3.15, for the 2ml tests the WLI images gradually become
thinner and narrower whereas there seems to be no correlation for the 1ml images, all wear scars are
similar, narrow and thin. AWD and AWV are plotted against BCS concentration for different fluid
volumes in Figure 3.16 and Figure 3.17 respectively. The wear results are similar for the high

concentrations tests (50, 100 wt.%) but diverge significantly at low concentrations (10, 25 wt.%).

These results are in line with the CoF values shown in Figure 3.14 assuming these can be used as an
indicator of wear, in this case higher average friction equates to higher wear. Generally, CoF cannot
be used as an indication of wear, particularly for very different chemical systems; however for these
BCS results there does appear to be a CoF/wear correlation. Indications are given on the AWD graph

for approximate range of protein concentration for healthy and diseased SF.
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Figure 3.14 — Summary of average friction values for different BCS concentrations, 1 and 2 ml fluid volumes. (with N2
Purge).
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Figure 3.16 - Average wear scar depth for BCS at different concentrations, 1 and 2 ml. Approximate protein concentration
ranges for "healthy" and "diseased" SF are indicated on the graph.

93



1.6E+05

1.4E+05

1.2E+05

1.0E+05

8.0E+04

6.0E+04

wear volume (pum?)

4.0E+04

2.0E+04

0.0E+00

1ml
T 2 ml
b
Healthy SF Diseased SF
| | I
L 1
0% 20% 40% 60% 80% 100%

BCS concentration

Figure 3.17- AWV for BCS at different concentrations, 1 and 2 ml. Approximate protein concentration ranges for "healthy"

and "diseased" SF are indicated on the graph.

The CoV is shown in Figure 3.18 for AWD and AWV at both 1 and 2 ml for increasing BCS

concentrations. For each concentration and volume, the CoV for AWD measurements are 2 — 12%

lower than AWV showing higher repeatability. 50BCS using 1 ml of fluid is the exception where the

CoV for AWV was 7% lower than AWD. The CoV for all concentrations at 2 ml is lower when compared

to 1 ml volumes, showing tests at 2ml have a better repeatability. Thus the AWD measurement using

2 ml shows the best repeatability with all CoV values less than 12%.
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Figure 3.18 - CoV of increasing BCS concentration at both 1 and 2 ml.
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3.4.3 Effect of Extended Test Time and N2 Purge on CoF and AWD

Evaporation of the test fluid appeared to influence the measured wear for some test fluids. Purging
nitrogen into the system could be contributing to evaporation due to the increased test period and
the continued flow of gas. Tests were performed to see if this had a significant effect and the three
protocols are outlined in Table 3.6. This will separate the effects of increased test length and the
continued gas flow on friction and wear, to see if evaporation is a factor. Tests were performed using

25BCS at a volume of 2ml.

Figure 3.19 compares results from these protocols. The “nitrogen” protocol gave a slightly higher AWD
however there was little difference in the AWV or CoF. Therefore, future tests (“Final” protocol) will
be started immediately after test fluid is added with no nitrogen purge to reduce the potential of

evaporation effects.
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Figure 3.19 - Effect of purge and preheat delay times on friction, AWD and AWV for 2 ml fluid tests 25 wt% BCS.

The CoV for AWD and AWV measurements were in the range of 8-11% for all three HFRR conditions
except the AWV of ‘Nitrogen’ which had lower repeatability with a CoV of 22%. There was little

difference seen in the CoV between AWD and AWV under the ‘Final’ and '20 min hold’ conditions.
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3.5 Discussion

The test rig was designed to give robust repeatable wear measurements of artificial joint materials
using a small volume of fluid under physiological conditions. As a low volume of fluid was used

evaporation was a concern; therefore, the test procedure was developed to address this.
3.5.1 Test Development

The test development and repeatability has been reported on the effects of different factors. These

were:

1. Effect of fluid volume
2. Effect of protein concentration

3. Effect of oxygen pp and heating time

3.5.1.1 Effect of Fluid Volume

To obtain measurable wear rates it was necessary to test for a large number of cycles, in this case
72,000. It was shown that for increasing fluid volumes the CoF also increases from p =0.222 — 0.248
although changes are small. The effect of the fluid volume on the wear was more complex, for 0.5 —
1.5 ml both AWD and AWV were low and, although changes were small, decreased with increasing
volume. Whereas the measured wear using 2 ml was elevated having an AWD and AWV 5.8 and 6.6
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times larger respectively than the wear at 1.5 ml, both measurements are reflected in the WLI images
and profiles. This result of greatest wear at the largest volume was not expected as at lower volumes

starvation/dry sliding is more likely to occur and hence increase the wear (190, 224).

The tests were run at body temperature, 37°C, which meant they are susceptible to fluid evaporation.
As each test was run for the same time period and at the same temperature it follows that the same
volume of lubricant will evaporate for each. This means that the species present in BCS, which have
been attributed to wear protection (111, 143, 150, 170, 200, 202, 208, 209, 224), will be at elevated
concentrations at lower volumes. Therefore, it was proposed at 2 ml volumes the BCS concentration
is lower, possibly below a critical value, and provides less protection leading to much higher but true
values of wear. Whereas at lower volumes (<1.5 ml) evaporation artificially increased the BCS content
resulting in anomalously low wear values. An increase in BCS concentration has been reported to

correlate with a decrease wear (177).
3.5.1.2  Effect of Protein Concentration

The effect of protein concentration on friction and wear was evaluated at both 1 and 2 ml volumes.
For the 2ml volume tests showed wear decreasing with increasing protein concentration levelling off
at >50BCS. For 1 ml volumes the wear was low and there did not appear to be any correlation with
protein concentration however at concentrations >50BCS wear was similar to 2 ml results. The CoF at
>50BCS concentrations were comparable for both 1 and 2 ml, whereas for concentrations less than

50BCS CoFim<CoFami.

It is clear that the wear and CoF is dependent upon both the volume and BCS concentration, and it is
suspected that low volumes/BCS concentration are susceptible to evaporation effects. When
evaporation does not have an effect (2ml) the wear decreases with increasing BCS concentration as
seen in previous studies (177). At 1 ml evaporation of the fluid elevates the protein concentration to
levels that can effectively protect the surfaces from wear. The role of proteins in forming a thicker and

more protective lubricant film has been reported in a number of papers (108, 110, 111, 166).

Initially the fluid film above the disc was 3.1 and 6.2 mm for 1 ml and 2 ml volumes respectively, it was
estimated that the 0.25 ml of fluid evaporated, this left a fluid film of 2.3 mm and 5.4 mm above the
disc for 1 ml and 2 ml of fluid respectively. The estimated protein concentration before and after

evaporation is shown in Table 3.7.
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Table 3.7 — Initial protein concentration and estimated protein concentration after evaporation of fluids.

Initial w/w % Total Protein Concentration (mg/ml)
BCS concentration | [nitial 1ml 2ml

10% 5.7 9.6 8.2

25% 18.0 24.0 20.6

50% 36.0 48.0 41.1
100% 72.0 96.0 82.3

3.5.1.3 Effect of Extended Test Time/N, Purge

Oxygen is present at lower partial pressures in SF (239, 241) than atmospheric conditions, therefore
initial tests were performed at physiological levels however this increased the overall test time and
provided a continuous flow of nitrogen therefore increased the possibility of evaporation. Results
showed that there was little difference in the friction or wear with the addition of nitrogen or

extended test time, and therefore this step was removed.
3.5.2 Determining Test Repeatability

This test set up was designed to measure wear of HSF, as this is only available in small quantities (~ <
3 ml) results must be highly accurate as repeat tests may not be possible for all samples. Wear in
prosthetic joints has been extensively examined, using 25BCS, in literature for both hip simulator (54,
59, 171-174) and pin-on-disk (166-168, 225, 245) tests however they often have very high confidence
intervals showing poor repeatability. In her thesis Hadley et al. used a new hip simulator which was
validated using standard walking conditions and a MoM prosthesis. Although these results agreed
with previous studies the 95% confidence limit was 73% and 66% of the average during the initial
‘bedding in’ and secondary ‘steady state’ phase respectively (59). Hip simulator studies are unsuitable
for investigating the composition of lubricant due to unrepeatability of these tests. A pin-on-disk
(UHMWPE on Stainless steel) test performed by Saikko et al. using BCS (~6-8.5% total protein
concentration) calculated the wear factor for two different pin geometries, the CoV ranged from 12-

53% (245).

Tests performed in this chapter showed for low volumes of fluid (< 1 ml) gave very low repeatability
with the CoV as high as 53%, however this decreased to ~20% at 2 ml. There did not appear to be a

correlation between repeatability and protein concentration; the test protocol did not seem to
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significantly affect the repeatability. The ‘final’ protocol which will be used for future wear tests
showed good repeatability with CoV of 8% for both AWD and AWV. Up to this point both AWD and
AWV have been measured for each sample, the CoV’s for the AWD were repeatedly lower than the
values for AWV showing higher repeatability. Therefore, in future experiments only the AWD will be

considered.
3.5.3 Final Test Protocol

A repeatable wear test has been developed using low volumes of fluid as required. The final test
conditions are shown in Table 3.8. The test is at physiological temperature (230) and speed (73). The
initial contact pressure, 216 MPa, is much higher than physiological conditions (74, 78, 233, 234)
however this is quickly reduced due to the increase in contact area as the ball wears. The contact
pressure at the end of the test, for 25BCS ‘final’ protocol, was calculated to be 23.7 + 2.3 MPa from
measuring the area of the wear scar on the ball (~30 mm?) which is in line with physiological
conditions. The sliding distance is 144 m whilst this much lower than that of typical bench top tests
which are in the range 25 — 1500 km (15, 168, 227) the length of this test is restricted due to
evaporation of the fluid. Additionally, the partial pressure of oxygen in the surrounding environment
was not at physiological conditions as this was found not to make a significant difference to the friction

and wear.

Table 3.8 — Final test protocol.

Test Length (hr) 1
Number of Wear Cycles 72000
Fluid Volume (ml) 2
Stroke length (mm) 1
Frequency of reciprocation (Hz) 20

Ball and Disc specimen Material CoCrMo

Ball Dimensions (mm)

Diameter 19.05

Normal Load (g) 100
Mean Hertzian Pressure (M Pa) 216
Temperature (°C) 35
Pre-test flow rate (L/min) 0
Test flow rate (L/min) 0
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3.6 Conclusion

A bench-test, which uses a small volume of fluid, has been successfully developed to measure wear of
CoCrMo specimens. The minimum fluid volume which can be used is 2ml, for volumes less than this
evaporation increases the effective protein concentration which affects both the wear and friction.
The wear of the disc decreased with increasing protein concentration levelling off at ~ 50BCS which is
approximately 28 mg/ml total protein concentration. The partial pressure of oxygen did not seem to
have much effect on wear measurements and therefore the test protocol was simplified to omit this
step. The AWD measurement was shown to have higher repeatability than AWV and therefore this

measurement will only be considered in future tests.
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Chapter 4: The Effect of Model and Human
SF on Friction and Wear

Summary

In this chapter the effect of model SF chemistry on friction and wear was investigated, implementing
the test design outlined in Chapter 3. Initially model fluids consisting of only proteins (albumin, »-G)
were tested. The overall protein concentration and (A/G) ratio were varied to replicate levels in mH,
mBCS, mOA and mPP SF. In later tests the effect of DPPC and HA addition to the protein solutions were
investigated to more closely simulate physiological SF. Finally tests with HSF were carried out and the

results compared to the model solutions.
4.1 Introduction

Synovial fluid is a complex mixture of macromolecules derived from blood plasma and partly produced
by the synovial membrane (100, 102), the concentration can vary significantly between patients and
is dependent upon pathology (37-41). Proteins (albumin and y-G), phospho/lipids and HA are the most
abundant molecules present (36-40, 246) and during articulation it is likely that some or all of these
species are involved in the lubrication process. However this has been rarely studied, particularly in
MoM joints, due to the belief they operate predominately in the EHL regime and the viscous nature
of HSF, and therefore film formation is not affected by the bio-chemical properties of SF (9, 84).
However, it was shown in Chapter 3 that reducing the concentration of BCS increased the wear for

reciprocating CoCrMo couples showing that SF chemistry has an effect.

BCS is the most commonly used model SF as it is readily available in large quantities and has been
shown to have a similar overall protein concentration when diluted to 25% w/w (~18-20 mg / ml) as
healthy SF (35-37). However, the protein concentration in OA and PP fluids is elevated, and the specific
content of albumin and y-G is not replicated by 25BCS. Furthermore, the lipid content is not specified
and HA is not present. Alternate model SF’s comprise of SF species dissolved in a buffer which can
control the pH and ionic strength of the solution (98, 109, 185). Proteins, lipids and HA can be added
individually or in a varying concentrations and combinations to systematically investigate the

tribological role of each species and how they interact.
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Necas et al. (247) investigated the effect of total and specific protein concentration using a Mini
Traction Machine (MTM) with a CoCrMo pair. Tests were run for 300 second periods and measured
the friction. It was concluded that the composition of model SF was not important as differences in
the CoF were minor; however, results from Chapter 3 showed that small changes in the CoF lead to

much larger differences in AWD, an additional aspect which should be studied for model SF’s.

One of the few studies using HSF to investigate the influence of lubricant composition on friction was
performed by Yao et al. (107). A pin-on-disk tribometer with a MoP pairing showed that HSF exhibited
the lowest friction (~0.013) followed by DI water (~0.015) and surprisingly 25BCS gave the highest
friction (~0.024). This direct comparison of HSF to 25BCS indicates fundamental differences in the

lubricants affects their tribological properties.

Recent work by our group (111, 200) and Brno University (208, 209) reported formation of thick
protein based films formed in sliding tests simulating hip function which is thought to contribute to
wear protection in artificial joints (170, 224). It was shown by Necas et al. (209) that the film is formed
from a combination of albumin and y-G and therefore a simple protein solution comprising of only
one constituent cannot provide information about the complex fluid behaviour. Wang et al. (177)
reported that the A/G ratio impacted prosthesis wear of MoP joints. Other studies have identified
glycoproteins (143) and phospholipids (150, 202) as the active friction and wear reducing species in
SF. The viscoelastic properties of SF are due to the HA content (136) and has been shown to reduce
the CoF (197) and potentially wear (227) for MoP couples. All authors agree that the lubrication and
wear mechanisms are complex and more than one species contributes. This review highlights three

points for future studies:

1. Model fluids should replicate the complex chemistry of SF to include proteins, lipids and HA
when investigating lubrication and wear mechanisms.
2. The specific role of each species and how they interact within in film formation is unknown.

3. Does 25BCS replicate HSF present in artificial joints? And are the missing species important?

A systematic study of the effect of model SF chemistry on friction and wear will be addressed in this
chapter and compared to HSF, using the test procedure developed in Chapter 3. Model fluids were
made to replicate protein concentrations of HSF for H, OA and PP pathologies; 25BCS is used as the
reference fluid and an additional model mBCS was developed to imitate this. Initially tests
concentrated on the protein concentration ensuring correct specific protein content, these gradually
became more complex with the addition of phospholipids and HA. Finally HSF was employed and

results compared to the model fluids.
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4.2 Experimental Programme

The overall aim of this chapter was to investigate the friction and wear of CoCrMo implant materials

using both model and human SF. More specifically to investigate the roles of proteins, lipids and HA

within the fluid and if the concentrations and interactions between these constituents affect the wear.

25BCS is used as a reference fluid. The objectives were the following:

1. The study the effect of SF constituents on friction and wear

e Proteins (albumin and y-G)
e Lipids (DPPC)
e HA

2. Toinvestigate the effects of HSF samples on friction and wear.

3. Compare model SF to HSF and investigate if 25BCS reference fluid gives comparative friction

and wear measurements.

4.3 Materials and Methods

The adapted HFRR and ‘final’ protocol developed in Chapter 3 was implemented. Test conditions are

outlined in Table 4.1.

Table 4.1 - HFRR test conditions.

Test Length (hr) 1
Number of Wear Cycles 72000
Frequency 20 Hz
Stroke Length 1 mm
Ball and Disc Specimen Material | CoCrMo

Disc Dimensions (mm)

Ball Dimensions (mm)

Normal Load (g)

Mean Hertzian Pressure (M Pa)

Temperature (°C)

Diameter — 10, Depth - 3
Diameter 19.05

100

216

35

Post-test both ball and disc specimens are removed and lightly rinsed for 10 s with DI water to remove

excess fluid. At this point the ball was retained for imaging and further analysis which is discussed in

103



Chapters 5 and 6. The disc was cleaned in order remove any residual film so that WLI analysis could
be performed. Discs were soaked in 2% Decon90 solution in an ultrasonic bath for 10 minutes, before
rinsing three times for 10s with distilled water. The specimens were then soaked in distilled water in
the ultrasonic bath for a further 10 minutes. Once complete specimens were rinsed with isopropanol

and air dried.

WLI is used to image the wear scar and to analyse the depth at 30%, 50% and 70% of its length and
friction was recorded throughout the test. The fluid pH was measured by narrow range litmus paper
(pH 6.5—10 VWR MColorHast and pH 5 —10 VWR MColorHast) at the start and end of the test. Friction
and wear results are reported in this chapter. Further examination (optical, SEM and Micro-IRRAS) of

surface films is reported in Chapters 5 and 6 respectively.
4.3.1 Test Fluids
4.3.1.1 Model Fluids

Proteins (albumin and y-G) are the most abundant constituent in HSF and therefore initial studies
investigated the concentration and specific A/G ratio. Bovine Serum Albumin (BSA; Sigma Aldrich,
A7906 >98% agarose gel electrophoresis) and y-G from bovine blood (y-G; Sigma Aldrich, G7516 297%
agarose gel electrophoresis) where dissolved by weight in saline solution at a physiological
concentration (154 mM). The specific protein concentration varies between healthy and diseased
fluids, neither of which is replicated by the most widely used screening fluid 25BCS. The protein
concentration of diseased and healthy fluids have been widely reported in literature and were
reviewed in Table 2.8 Section SF Chemistry and Properties, the median value of these ranges were

chosen to replicate mH, mBCS, mOA and mPP SF concentrations.

25BCS (Sigma Aldrich Poole, 12133C sterile-filtered) was used as the reference test fluid. On receipt
the 500ml sample was divided into 5 ml aliquots and then refrozen and stored at -32°C. An aliquot
was removed the day before testing, defrosted overnight in a refrigerator and then diluted using DI
water. A sample of 25BCS was also prepared by diluting 100BCS 1:3 with the saline solution. This is
not the usual procedure but allowed direct comparison of the results. A 154 mM saline solution was
also investigated to study the effect of ionic strength. A detailed list of NaCl and protein concentration

is given in Table 4.2.
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Table 4.2 —NaCl and protein concentration of model SF’s tested.

Solution | NaCl (mg/ml) | Protein Concentration (mg/ml) | A/G ratio
BSA v-G Total
A Saline 9 0 0 0 0
B 25BCS 0 ~8 ~10 ~18 ~0.8
C | 25salBCS 9 ~8 ~10 ~18 ~0.8
D mBCS 9 8 10 18 0.8
E mH 9 12 6 18 2
F mOA 9 18 12 30 1.5
G mPP 9 30 10 40 3

Additional tests were run using 0.5 mg/ml 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; Sigma
Aldrich, P4329 >99% TLC) to examine the effect of phospholipids on friction and wear. DPPC is fully
saturated with a gel-liquid transition temperature of 41°C (the temperature at which the lipid bilayer
melts from a gel into a liquid phase). The DPPC was dissolved directly into the 154mM saline solution
and incubated to 60°C for 30 minutes, vortexing at 3 rpm for 1 minute every 10 minutes. The solution
was then sonicated for 30 minutes in a 50°C water bath before being allowed to cool (98). Once the
solution was at room temperature BCS, BSA and y-G were added to the solutions to match the
concentration of solutions C-G in Table 4.2. The DPPC saline solution was also tested to see the effect

of lipids only. Table 4.3 outlines the NaCl, protein and DPPC concentration of tested solutions.

Table 4.3 — NaCl, protein and DPPC concentration.

NaCl Protein Concentration (mg/ml) | DPPC
Solution
(mg/ml) = BSA -G Total (mg/ml)
H | Saline + DPPC 9 0 0 0 0.5
I 25salBCS + DPPC | 9 ~8 ~10 ~18 0.5
J mBCS + DPPC 9 8 10 18 0.5
K | mH+ DPPC 9 12 6 18 0.5
L | mOA +DPPC 9 18 12 30 0.5
M | mPP + DPPC 9 30 10 40 0.5
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Testing was expanded further to include HA, whilst it is considered to give SF its characteristic
rheological properties. Hyaluronic acid sodium salt from Streptococcus equi (Sigma Aldrich, 53747
bacterial glycosaminoglycan polysaccharide) was used. For solutions N and O, HA was first dissolved
by weight into 154 mM saline solution gently stirred every 20 mins for 1 hr at room temperature, for
solution O to avoid shearing of proteins BSA and y-G were added in the correct concentration once
the HA had fully dissolved. For solution P DPPC was added first, as described earlier, followed by HA
and BSA and y-G. Only mBCS was tested here as this part of the test was to understand the effect HA

has on friction and wear.

Table 4.4 - NaCl, Protein, DPPC and HA concentrations.

NaCl Protein Concentration (mg/ml) DPPC HA
Solution
(mg/ml) BSA r-G Total | (mg/ml) | (mg/ml)
N Saline + HA 9 0 0 0 0.5 2
0] mBCS + HA 9 ~8 ~10 ~18 0.5 2
P mBCS+ DPPC+HA | 9 8 10 18 0.5 2

4.3.1.2 Human Fluids

HSFs have been collected in collaboration with Dr Matthew Jaggard (Imperial College MSk Lab). The
samples were collected either during surgical procedures or via needle aspiration from a range of
clinical arthroplasties, most commonly the knee joint. The SFs was placed in a sterile container and
stored at 4°C for no longer than 12 hours. The SF is mixed thoroughly to ensure homogeneity before
placed into a centrifuge which is run for 15 minutes at 10000 G to remove large debris and cellular
material. The sample is then divided into aliquots of ~1ml and frozen at -80°C before being transported
according to appropriate biosafety regulations to South Kensington Tribology laboratory. They are
frozen at-32°C until required for testing. All procedures from arrival at the Tribology Laboratory to
disposal must be in line with the Code of Practice and Biol form in Appendix 11.1 and 11.2

respectively.

The past and current medical history of all 43 patients were received including the pathology, age, sex
and ethnicity. This allowed the fluids to be further categorised for testing. Initially samples were
chosen where larger volumes were available (> 4 ml) so that repeat tests could be performed (041,
77, 135 and 145). Patients were then grouped based on age and disease for sample volumes > 2 ml,
the age group 60-69 with only OA had 4 samples (110, 113, 156 and 164) with volumes of 2 ml or more

and therefore chosen for testing. Table 4.5 outlines the gender, age, disease and the volume of fluid
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available for each patient. The chemical composition analysis is ongoing and therefore is not reported

in this thesis.
Table 4.5 - Gender, age and disease and volume of human samples
Sample | Gender | Age | Disease | Volume (ml) | # of tests
041 F 59 | OA,RA 4 2
077 M 69 | OA 4 2
110 M 64 | OA 2 1
113 F 61 | OA 2.5 1
135 - - - 6.5 3
145 F 78 | OARA 4 2
156 F 65 | OA 2.5 1
164 F 60 | OA 3 1
4.4 Results

The results are divided into four groups:

1. Effect of saline

2. Model SF’s
a. Effect of protein concentration with and without DPPC
b. Effect of HA

3. HSF

4. Effect of pH

Section 4.4.1 compares the CoF and AWD of 25BCS and 25salBCS to see the effect saline has in
comparison to DI water in a proteinaceous solution. The model SF section is subdivided; the first
details the effect of all model solutions (saline, 25salBCS, mBCS, mH, mOA and mPP) with and without
DPPC. These results are reported together to allow comparisons to be made. The second part of the
model SF section investigates the effect of HA and compares results to protein and DPPC solutions.

Finally Sections 4.4.3 and 4.4.4 reports the effect of HSF and pH on CoF and AWD respectively.
4.4.1 Effect of Saline on CoF and AWD

Figure 4.1 shows example friction traces comparing 25BCS and 25salBCS. Over the test period the
traces were low and stable, CoF’s for 25BCS and 25salBCS were in the range p = 0.197-0.284 and p =
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0.199-0.297 respectively. Figure 4.2 shows the average CoF and AWD for these two fluids. Increasing
the salt content increased the AWD from 0.59 to 0.75 um, which is expected as tribo-corrosion (248)

will increase material loss; this is mirrored in the CoF however, the difference is smaller.
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Figure 4.1 - Example CoF traces for 25% w/w BCS and 25% w/saline BCS.
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Figure 4.2 — Average CoF and AWD for 25% w/w BCS and 25% w/saline BCS.
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4.4.2 Model SF's on CoF and AWD

4.4.2.1  Effect of Protein Concentration With and Without DPPC

Figure 4.3 gives example friction traces comparing solutions with and without DPPC for mH and mPP

fluids to saline. Similar to 25BCS the model fluids with and without DPPC are low throughout the test

period with CoF ranging from p = 0.150 — 0.284 and W = 0.174-0.284 respectively. For saline the CoF

was initially high at u = 0.616 before dropping to pu = 0.254 after 900 s.

a)

Coefficient of Friction

Coefficient of Friction

0.7
~——saline
0.6 1 ——mH
~—mH + 0.5 mg/ml DPPC
0.5 1I
0.3
0.2 k\ulu(
0.1
0
0 600 1200 1800 2400 3000 3600
Time (s)
0.7
—— saline
0.6 ——mPP
05 ~—mPP + 0.5 mg/ml DPPC
0.4 \"'.W’?-\_\
Ay
0.3
- MM
0.2 i
01
0
0 600 1200 1800 2400 3000 3600
Time (s)

Figure 4.3 - Example CoF traces for model fluids with and without DPPC a) saline b) mH.
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Figure 4.4 and Figure 4.5 show the average CoF and AWD of saline, 25salBCS and the four model fluids
respectively. The average CoF is largest for saline with and without DPPC at p = 0.281 and 0.290
respectively this can be attributed to the initial high CoF at the beginning of the test. The CoF of
25salBCS is around p = 0.25 with and without DPPC whist all model fluids lie between p =0.20 —0.25.

The AWD was highest for saline, 1 um, which was to be expected as there were no proteins present
and tribo-corrosion is expected to cause material loss (248). The AWD with DPPC for 25salBCS, the
reference fluid, is comparable to mBCS with only a 0.008 um difference however without DPPC there
is a much larger difference of 0.135 um. The lowest AWD for a model fluid occurred for mPP + 0.5 mg/
ml| DPPC with a depth of 0.251 um and the highest was for mH with a depth of 0.907 um. The effect

of phospholipid addition is unclear.
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Figure 4.4 - Average Cof for all model fluids with and without DPPC.
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Figure 4.5 - AWD for all model fluids with and without DPPC.

The overall average CoF and AWD decreased with increasing protein content shown in Figure 4.6a and
b respectively. The addition of phospholipid on friction and wear was not straightforward. For some
fluids (saline, 25salBCS, mBCS and mOA) DPPC increased the AWD and slightly increased the average
CoF whereas for mH and mPP the AWD and CoF decreased with addition of DPPC.

The effect of A/G profile on average friction and wear is shown in Figure 4.6c and d respectively. For
an increasing A/G profile it is interesting to compare fluids with the same overall protein content but
different protein composition. The fluids mH and mBCS have the same total protein concentration
(18 mg/ml) but different A/G profile; for mH A/G = 2 and for mBCS A/G = 0.8. For solutions without
DPPC the wear is much larger for mH (0.907 um) compared to mBCS (0.611 um), this limited evidence
suggests that y-G provides superior wear protection. Again the effect of DPPC addition is complex but
could relate to the A/G ratio. For mBCS and mOA with a lower A/G of (0.8 and 1.5 respectively) the
DPPC increased the average CoF and AWD whereas for mH and mPP which have a high A/G ratio (2
and 3 respectively) addition of DPPC decreased the average CoF and AWD, although decreases are
small for mPP. From the limited evidence of this study it appears that DPPC inhibits the additional
wear protection of high y-G content fluids. The total protein content and A/G for each model fluid is

given for reference in Table 4.6.
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Figure 4.6 — a) Average CoF vs total protein content, b) AWD vs total protein content, c) Average CoF vs A/G, d) AWD vs
A/G.

Table 4.6 - Total protein concentration and A/G ratio of model SF's.

Saline | mBCS | mH | mOA | mPP
Total Protein (mg/ml) | O 18 18 | 30 40
A/G profile - 0.8 2 1.5 3

4.4.2.2 Effect of HA

Figure 4.7 gives example friction traces comparing saline, saline with DPPC and saline with HA as this
allows comparison of these species without the influence of the more abundant proteins. All three
friction traces have a high starting CoF in comparison to model fluids with proteins present (~u = 0.2
— 0.25). This was highest for only saline at p = 0.607 followed by saline with DPPC, u = 0.564, and
lowest for saline with HA where L =0.472. The CoF of saline and saline with DPPC decreases and levels
outat~ u=0.2-0.25 by 1200 s until the end of the test. For saline with HA the CoF drops quicker to
K = 0.323 within 100s but steadily increased to u = 0.408 at the end of the test. The CoF trace with
saline as the lubricant appears ‘smooth’ in comparison to saline + DPPC which has large fluctuations

in a small time period.
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Figure 4.7 — Example CoF traces for saline, saline + 0.5 mg/ml DPPC and saline + 2 mg/ml HA.

Figure 4.8 shows the average CoF and AWD for saline, saline with DPPC and saline with HA compared
to 25salBCS. The highest average CoF was for saline + 2 mg/ml HA at p = 0.355. There was little
difference in the CoF between saline and saline + 0.5 mg/ml DPPC with p = 0.281 and p = 0.290
respectively. These results were mirrored in the AWD, saline + 2 mg/ml HA had the highest wear at
1.2 um and saline and saline + 0.5 mg/ml DPPC had similar values at 1.0 um. All CoF and AWD were

larger than 25salBCS results.
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Figure 4.8 — a) Average CoF and b) AWD for saline, saline + 0.5 mg/ml DPPC and saline + 2 mg/ml HA.

Figure 4.9 compares the average CoF and AWD for mBCS, mBCS + DPPC, mBCS + HA and mBCS + DPPC
+ HA, the reference fluid 25salBCS is also shown. For all model fluids the average CoF (Figure 4.9a)
ranged from p = 0.217 - 0.257. The lowest value was for mBCS with no additional species and the
highest for mBCS + 0.5 mg/ml DPPC + 2 mg/ml HA. The CoF of the reference fluid, p = 0.249, 25salBCS
is comparable to mBCS + 2 mg/ml HA, pu = 0.248. The AWD (Figure 4.9b) ranges from 0.611 to 0.922
pum for the model fluids and is 0.746 um for 25salBCS. Similar to the average CoF the lowest AWD was
from the mBCS with no additional species and the highest from mBCS + 0.5 mg/ml DPPC + 2 mg/ml
HA.
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Figure 4.9 - a) Average CoF and b) AWD for 25salBCS, mBCS, mBCS + 0.5 mg/ml DPPC, mBCS + 2 mg/ml HA and mBCS + 0.5
mg/ml DPPC +2 mg/ml HA.

The average CoF was plotted against the AWD for all model fluids in Figure 4.10, showing a correlation
between the two. The AWD increased for increasing CoF. This is not too surprising as all the model

fluids are made using the same chemicals and therefore should correlate.
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Figure 4.10 — A plot of the CoF Vs AWD for all model fluids tested.

4.43 HSFon CoF and AWD

Figure 4.11 shows an example CoF trace for a human sample compared to the reference fluid 25BCS
(without saline). Both traces were low and stable throughout the duration of the test, for the human
sample shown is 135/3 the CoF gradually increases to an end value of p = 0.299; however, this is not
true for all HSF samples. The CoF for all human samples were in the range of u = 0.213 - 0.323

compared to u=0.224 —0.279 for 25BCS.
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Figure 4.11 - Example CoF trace for a HSF compared to 25BCS.

116



Figure 4.12 shows the average CoF for all HSF samples tested, results are fairly constant ranging from
p =0.241 - 0.268, this is comparable to 25BCS with p = 0.240. Figure 4.13 shows the AWD for all HSF
samples, values vary somewhat and range from 0.58 — 1.04 um. The AWD of 25BCS, 0.589 um is
comparable to only HSF41 and HSF113, for all other samples the AWD is > 0.8 um. The total and

specific protein content of the HSF samples is unknown and therefore this could be the cause.
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Figure 4.12 - Average CoF for HSF samples compared to reference fluid 25BCS.
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Figure 4.13 - AWD of HSF samples compared to reference fluid 25BCS.
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Figure 4.14 plots the average CoF against the AWD, for all HSF samples and model fluids. There does
not appear to be a correlation between the HSF samples however they are located in the centre of
the graph showing HSF results are repeatable and are comparable to the reference fluids which are
most commonly used for testing implants, 25BCS and 25salBCS. The variation in CoF is small in
comparison to the large spread in AWD results and therefore using CoF as an indication of wear is not

appropriate.
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Figure 4.14 - A plot of the average CoF Vs AWD for all model fluids and HSF.

4.4.4 Effect of pH on AWD

An increase in pH was recorded at the end of the test for each of the fluids. For all model fluids, with
and without DPPC, the pH increased from 6 to 6.5. For HSF and fluids containing BCS (with water,
saline and DPPC) this was more complex and the starting pH was different for each test. Figure 4.15
and Figure 4.16 shows a plot of the AWD vs the pH before and after the wear test respectively. Before
testing for all samples with BCS the starting pH was 7.9, for HSF the pH was within the range 7.7 — 8.5.
There was no correlation between the starting pH and AWD. After testing the pH for the BCS fluids
were lower than HSF, they were in the ranges 8.1 — 8.5 and 8.5 — 9.5 respectively. There was no
correlation between the post-test pH and the AWD. The starting pH for repeat samples of HSF was the

same; Table 4.7 shows the pathology and the pH of each fluid.
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Figure 4.15 - A plot of the AWD vs pH before testing.

Table 4.7 - Pathology and starting pH of HSF fluids.

Sample | Disease | Start pH
041 OA,RA | 83
077 OA 8.3
110 OA 8.3
113 OA 8.5
135 - 7.7
145 OA,RA | 85
156 OA 8.5
164 OA 8.3

8.6
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Figure 4.16 - A plot of the AWD vs the pH after testing.

Figure 4.17 shows a positive correlation between the AWD and the change in pH before and after
testing. For BCS samples with saline (25salBCS and 25salBCS + DPPC) the wear is marginally higher for

corresponding pH differentials compared to samples with no additional saline (25BCS and HSF).
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Figure 4.17 - A plot of the AWD vs change in pH before and after testing.
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4.5 Discussion

Model and human SF’s have been used in order to relate how the chemistry affects the friction and
wear of CoCrMo implants. Initially comparisons were made between 25BCS and 25salBCS to
understand the effect of saline on the reference fluid (25BCS). Secondly the total and specific protein
content was altered to replicate an array of pathologies, the CoF and AWD of these solutions were
reported with and without the addition of DPPC. Thirdly the effect of HA was investigated in the
solutions saline, mBCS and mBCS + DPPC. Fourthly the effect of HSF on CoF and AWD was investigated,
it was important to compare these physiological fluids to the model SF’s created. Finally, the effect of

pH on AWD was reported.
4.5.1 The Effect of Saline in 25BCS

25BCS is the most commonly used screening fluid used to assess the wear of artificial joints and
therefore is used as the reference in this thesis. As model fluids were made using physiological saline
the solution 25salBCS was compared to 25BCS, unsurprisingly this increased the friction and wear
which can be attributed to tribo-corrosive mechanisms. Corrosion occurs spontaneously with CoCrMo
as the free energy is less than zero (249). Metal ions are oxidised and spontaneously released into a
solution leaving the electrons behind, creating potential at the metal-solution interface, the size of
which is an indicator of the reactivity (249). Corrosion is accelerated in saline because the dislocated
ions (CI) increase the conductivity allowing more metal ions to pass into the solution (250). The ions
released form an oxide which act to protect the surface from further corrosion, however during
articular motion this layer is removed via abrasion allowing further corrosion to occur. This
combination of corrosion and abrasion has been reported to form a more severe condition increasing
the material loss the contact zone (232, 251, 252), in one study 20 — 30% of the material degradation

was attributed to corrosion related damage (238)
4.5.2 The Effect of Total and Specific Protein Concentration

A series of model SF solutions were tested for a range of protein concentrations. Overall both the
friction and measured wear decreased with increasing protein concentration (Figure 4.4 and Figure
4.5) which agrees with earlier results from our group (110, 112) and other studies reported in
literature (177, 198). The effect of the A/G ratio can be analysed by comparing mBCS and mH as they
have the same overall protein content but different A/G ratios. Our evidence is limited however CoF

and wear are reduced for increasing A/G ratio, suggesting that y-G is more effective in reducing wear
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of CoCrMo than BSA. y-G has been reported to dramatically reduce the wear (110, 111) and produce
thick deposited films (109, 198).

Walker et al. (196) tested a range of model fluids (BSA, y-G and HA in DI water and ringers solutions)
in a bench top test. The CoF was in the range 0.15 — 0.23; which is slightly lower than the reported

results.
4.5.3 The Effect of the Addition DPPC to Proteins

The effect of DPPC with no proteins had little effect on CoF and AWD, giving comparable results to
that of saline suggesting that DPPC does not have an effect by itself. The effect of DPPC with proteins
was more complex, for low A/G ratio (0.8, 1.5) wear increased but for higher A/G ratio (2.0, 3.0) wear
decreased for the same overall protein concentration (Figure 6b), suggesting that DPPC inhibits the
wear protection of high y-G content fluids. Other studies on phospholipids are conflicting, they have
been reported as a naturally occurring boundary lubricant (146, 150, 154, 202, 203). It was shown in
a joint simulator test PC phospholipids diluted in a gelatine solution gave significantly less wear when
compared to 25BCS and that increasing the phospholipid concentration reduced the wear (154)
however it could not be concluded whether it acts on the surface itself as a bilayer or in conjunction
with all or specific proteins (146, 203). On the other hand Trunfio-Sfarghio et al. (206) reported that
lipids increased the CoF for healthy, Steel-on-Steel and Steel-on-Polyethylene joints. Lipids adsorbed
onto a steel surface were quickly removed from the contact by tribological stresses. Furthermore, it

was shown that the addition of BSA and HA caused the CoF to increase further.
4.5.4 The Effect of the Addition of HA and DPPC to Proteins

The addition of HA to saline solution, mBCS and mBCS + DPPC increased both the friction and wear.
Similarly Walker et al. (196) showed that for articulation of CoCrMo alloys, individually HA had a higher
CoF than protein solutions and the addition of HA to y-G increased the CoF. For a CoCrMo pin on
UHMWPE disc test Gispert et al. (197) showed that a salt solution containing HA gave a higher CoF

than the salt solution alone.

Necas et al. (198) investigated the effect of SF composition (BSA, y-G, phospholipids and HA) on film
formation. Two model fluids were tested, model 1 had an A/G ratio of 2.5 and had a low phospholipid
and HA concentration whilst model 2 had an A/G ratio of 3 with a high phospholipid and HA
concentration. It was reported that under loaded but static conditions increasing the concentration of
phospholipids and HA reduced the film thickness of deposited films. Behaviour changed under

dynamic conditions, model 1 (A/G = 2.5, low HA and DPPC concentrations) the film was thin (~ 50— 70
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nm) and stable whereas model 2 (A/G = 3, high HA and DPPC concentrations) the film thickness
increased rapidly to 900 nm. The effect of the A/G ratio was not discussed and is hard to decouple the

roles of proteins, phospholipid and HA. Film thickness measurements of only HA were negligible.

Therefore, it can be concluded that in artificial joints HA does not have a lubrication function, this has
important consequence as visco-supplement injections for patients who have already undergone joint

replacements will be ineffective.
4.5.5 The Effect of HSF on Friction and Wear

The friction and wear of HSF samples varies between p = 0.241 — 0.268 and AWD 0.590 — 1.04 um
respectively. At the lower end of the scale results are comparable to 25BCS (HSF41 and HSF113) where
the corresponding friction and AWD values are pu = 0.240 and 0.589 um respectively. However, in
some cases the AWD could be up to 77% more than predicted by 25BCS and on average 44% larger.
For three quarters of the HSF specimens the AWD was over 0.2 um (37%) greater than 25BCS which
has huge implications on tribological testing of artificial joints as it is apparent that 25BCS does not

accurately replicate the AWD.

Few studies have previously tested the lubrication properties of HSF, one of which was published by
Walker et al. (196) who used a CoCrMo disc on CoCrMo ball. HSF results were compared to DI water,
Ringer’s, polyox, BSA, y-G, HA and y-G + HA solutions. The CoF of HSF was similar to y-G and lower
than that of Ringers solution and BSA, the wear of HSF was superior to that of Ringers solution but not
compared to other lubricants (196). Yao et al. (107) reported friction tests with a pin-on-disk
tribometer (MoP), the CoF of PP HSF was the lowest compared to DI water, varying concentrations of

BCS diluted with DI water and bovine SF.

Although high friction does not usually always result in higher wear, for the case of model fluids there
does appear to be a correlation perhaps as the same system with similar species in the lubricant is
used. When the HSF samples are overlaid onto this plot they fall close to 25BCS suggesting that this is

an appropriate lubricant.
456 The Effect of pH on Wear

The pH of all fluids increase during testing, the model fluids with and without DPPC changed from 6
before the wear test to 6.5 after the wear test. All BCS containing fluids had a starting pH of 7.9 the
same as specified in the certificate of analysis (253). The starting pH for HSF varied somewhat, the
lowest value was recorded for HSF135 was 7.7 where the pathology was unknown. All other samples

were in the range pH = 8.3 — 8.5, which is slightly higher than previously reported for OA (7.4 — 8.1)
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and RA (6.6 — 7.6) pathologies (104). After testing the pH for BCS containing fluids and HSF was
between 8.1 — 8.5 and 8.5 — 9.5 respectively. These values are higher than the reported pH of PP SF
which in the range 7.5 — 8.5 (104). In vivo the PP fluids show an increase in pH from diseased
pathologies (104), suggesting that the pH of HSF could increase in vivo due to artificial joint

articulation.

There was a positive correlation between the change of pH during testing and the AWD (Figure 4.17).
The study of tribo-corrosion is very important and the metal ion concentration, pH and the ionic
strength all have an effect (254). It is known that corrosion is a major concern between fretting of the
at the head neck interface (254-257), however the contribution to wear of the load bearing surfaces
is unclear (238). In this study it has been shown that the wear increases for an increased ionic strength
(AWD: 25BCS — 0.589 um, 25salBCS — 0.746 um). A larger AWD, therefore an increased metal
debris/ion concentration, correlated with a large change in pH for the HSF and BCS fluids. In this case
the question remains to what the cause is and what is the effect. Corrosion products of CoCrMo in an
aqueous environment include Co Il hydroxide, Cr Il oxide, Cr Il hydroxide (258). Co Il hydroxide is
soluble within the pH range ~5 — 7 whereas Cr Il oxide and Cr Ill hydroxide require strong acid and
bases to dissolve (258). There is limited evidence to fully understand this mechanism and is beyond

the scope of this study.

4.6 Conclusions

The chapter has explored the effect of model SF composition and HSF on CrCoMo friction and wear in

a simple bench test. The conclusions are as follows:

e Measured wear of CoCrMo couples decreases with protein content in model SF.

e HSF samples gave up to 77% higher wear than the accepted screening fluid 25BCS.

e Increasing the A/G ratio increases the wear suggesting y-G has superior wear-reducing
properties

e The effect of phospholipid addition is more complex; wear is reduced for high A/G ratio but
increased for low A/G ratios.

o HAitself is not an effective lubricant in artificial joints

e The size of AWD was proportional to an increase in sample pH, before and after the wear test.
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Chapter 5: Optical Imaging of Wear Scars

Summary

In this chapter the rubbed surfaces and residual films on the ball and disc were examined by optical,
SEM and WLI techniques. A low power microscope was used to obtain an overall image of the wear
scar and surrounding deposits. An SEM was used to image deposits in and around the wear scar at a
higher magnification. The surface roughness and topography of untested and tested surfaces was
investigated using WLI images. The pattern of deposits were similar for all fluids: model, BCS and
human SF. They showed amorphous rainbow deposits formed at either side of the wear scar for both
the ball and the disc. On the ball black particulate deposits were also observed beyond the rainbow
films, whist on the disc they were scattered around the wear scar. Analysis of the WLl images identified

abrasion to be the dominate wear mechanism.
5.1 Introduction

Formation of adherent organic deposits on both CoCrMo and UHMWPE implant surfaces has been
reported extensively in the literature for tests on hip simulators (198), bench top tests (48, 112, 143,
207-210) and importantly explanted joints (150, 170, 211, 212). They have been observed using both

low power microscopes and SEM imaging.

Most commonly these deposits have been attributed to proteins, and are reported to be thick and
adherent (48, 112, 207-210). Wimmer et al. (170) suggested they ‘...act as solid lubricant and have a
beneficial effect on the wear behaviour of the MOM articulation.” Other studies have identified
glycoproteins as the active wear reducing component (143), this was attributed to the presence of
hydrophilic carbohydrate chains forming a low-shear strength fluid layer upon adsorption.
Additionally phospholipids have also been reported to be present in the adsorbed film and in some
cases thought to be the active wear and friction reducing species (150, 202). On the other hand

Pourzal et al. (212) suggested the primary lubricating film comprised of a “graphitised” carbon film.

In each of these reports it is suggested that solid, residual layers are formed on the rubbing surfaces
and reduce the wear. They act to hinder surface fatigue and prevent adhesion for both metals and
UHMWPE (48, 143, 150, 170, 202, 211, 224). In vivo these deposited films have been found at the

boundary of the articulating contact region as seen in Figure 5.1 (170).
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Figure 5.1 - Macroscopic visible deposited films on a explanted prosthesis a) Femoral head b) Acetabular cup c) microscopic
image of rainbow interference fringes at transition zone on the femoral head in (a). (170).

SEM imaging is often used to give information about the surface morphology of biological films (259)
however it is seldom applied to the study of films on artificial joint surfaces. Biischer et al. (218)
identified a globular tribolayer however the analysis was not detailed enough to provide more detailed
information. Therefore, this powerful imaging tool could be used to provide information about the

morphology and formation of deposited films.

SEM images are also used to examine wear scar surfaces (48, 170, 218) and to distinguish between
mechanisms that are purely mechanical and are a combination of chemical and mechanical. Research
into implant wear has concentrated on understanding the factors that control wear, such as material
properties, bearing design and manufacturing (29, 52, 171, 173, 218, 219, 232) and very few studies
have focussed on the fundamental wear mechanisms (48, 170, 211). Further improvements in wear
performance will only be possible if the underlying mechanisms and the contribution of SF chemistry

are fully understood.

The test described in Chapter 3 uses reciprocating sliding motion and therefore all the major wear
mechanisms (adhesion, abrasion, surface fatigue and tribochemical reactions) may act together (48).
Grooves and scratches are easily identifiable and therefore abrasion is most commonly reported as
the acting mechanism (52, 218, 219), whilst this is correctly attributed to the main form of material

loss little research has concentrated on the initiating factors.

Wimmer et al. (48) suggested that the initial wear particle could be produced by one of two ways. The
first assumes that an oxide layer is generated via tribochemical reactions which begins to spall off once
it reaches a critical thickness. In the second, a wear particle is generated by cyclic contact stresses
which is small enough to completely oxidise once torn off the main body. It is assumed that the normal

loads are not carried by the fluid and therefore the particles act as the interfacial media. Depending
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upon the particles size it may become stuck or dislodged on/in one surface causing abrasion (scratches

or grooves) or act as rolling particles resulting in surface fatigue (indentations) (220).

The work in this chapter examines residual film formation and wear scar appearance for the test

specimens from Chapters 3 and 4. The following questions were addressed:

1. Do SF organic deposits form on the articulating surfaces? If so, do they contribute to the
lubrication process?

2. |If surface films are formed are they similar for model, BCS and HSF?

3. Canthe morphology of the films be imaged and observed?

4. What wear mechanisms are present/dominant?
5.2 Experimental Programme

There were two aims of this of this chapter, the first was to observe and evaluate the residual films in
and around the wear scar for both model, BCS and human SF. The second aim was to examine the

wear scar on the disc to identify the acting wear mechanisms. The objectives were as follows:

1. Understand the effect of SF constituents on the residual deposited films using an optical
microscope.
e Proteins (BSA and y-G)
e Lipids (DPPC)
e HA
2. Observe the shape and morphology of residual deposited films using SEM
3. Observe and analyse the wear scar appearance on the disc to identify acting wear

mechanisms using a WLI.

5.3 Materials and Methods

5.3.1 Optical Microscopy

After completion of HFRR tests both ball and disc were removed. The ball and disc were rinsed with
DI water for 10 s and air dried before observation under an optical microscope. Care was taken to
remove excess fluid but not to disturb the residual films. Once fully dried, surfaces were observed
using a low power microscope (Axioscope, Zeiss; Germany) connected to an Infinity 2 (Lumenera

Corporation; Ottawa).
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5.3.1.1  Wear Volume on Ball

The wear volume on the ball was calculated by measuring the approximate diameter of the wear scar
from the optical images. Equation 5.1 was used to measure the volume lost, V, where R is the ball
radius and h the maximum wear depth which can be calculated using equation 5.2. The radius of the

wear scar is r (260).

h
V = mh? (R —~ §) (5.1)
h=R— yR?— r2 (5.2)

5.3.2 Scanning Electron Microscope (SEM)

Surfaces were observed using a scanning electron microscope (SEM; JCM-6000 NeoScope, JEOL USA

Inc.) to achieve high definition detailed images of the surfaces.

To image surface residual films, surfaces were gold coated using a JEOL Smart coater (JEOL USA inc) in
order to prevent deposits from charging. Specimens were placed into the sputter chamber at a

distance of 20 mm. Once evacuated, specimens are coated for 1 minute achieving a 5 nm thickness.
5.3.3  Wear Scar Analysis

In order to identify wear mechanisms the residual film was removed. Discs were soaked in 2% Decon90
solution in an ultrasonic bath for 10 minutes, before rinsing three times for 10s with distilled water.
The specimens were then soaked in distilled water in the ultrasonic bath for a further 10 minutes.

Once complete specimens were rinsed with isopropanol and air dried.

White light interferometry was used to image the surface topography. The surface roughness, r,
measurement was taken directly from the imaging programme ‘Vision’. Measurements from the
surfaces of untested samples were taken as well as areas inside and outside the wear scar outlined by

the white boxes in Figure 5.2.
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Figure 5.2 - An example wear scar showing the areas inside and outside the wear scar used to measure surface roughness.

5.4 Results: Optical Microscopy

Images of the wear scars and surrounding areas were taken for of the ball and disc specimens for each
test performed. The images shown are representative of the wear scar and residual film for each fluid

sample.

Figure 5.3 shows the wear scars located at the centre of the images surrounded by surface deposits
formed during rubbing. The majority of the deposits occur at either end of the stroke, although a halo
is often seen around the whole scar. On the ball there are two distinct regions which have been named
the ‘rainbow’ and ‘black’ regions. The rainbow regions are at either end of the wear scar where the
film appears to be transparent, smooth and amorphous. Interference colours are observed (261)

suggesting a thickness of 0.1-1um, beyond the rainbow films black particulate deposits are observed.

On the disc small rainbow regions are located at the end of the wear scars and dispersed black deposits
are scattered across the surface. Residual films are more abundant on the balls and therefore the
results will focus on these images. All the deposits were highly adherent once removed from the
supernatant fluid and dried. Figure 5.4 shows an expanded region of an mBCS image which illustrates
the rainbow and black regions. Deposits are insoluble, appear viscous and are stongly adhered to the

surface.
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Figure 5.4 — Close up of deposits from mBCS fluid at the end of the stroke.

5.4.1 Effect of Increasing BCS Concentration

Figure 5.5 shows the wear scar and residual films on the balls for increasing BCS concentration,
rainbow and black regions are present in all images. Both rainbow and black deposits are least
abundant for 10BCS, the rainbow region is predominantly blue suggesting a thin film and the black
regions are far from the wear scar. As the BCS concentration increases the rainbow region shows a
higher number of interference fringes suggesting a thicker film and the black deposits become larger,

for 100BCS the black film extends to fully surround the wear scar.

130



The calculated wear scar volume from the ball is shown in Figure 5.6. The volume decreases for
increasing protein concentration following the same trends as shown in section 3.4.2, therefore these

calculations will not be performed for other images in this chapter.

0.2 mm i i 0.2 mm

0.2 mm 0.2 mm

Figure 5.5 — Images of wear scars on balls for 2 ml BCS a) 10BCS b) 25BCS c) 50BCS d) 100BCS.
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Figure 5.6 — Wear scar volume on ball vs BCS concertation.
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5.4.2 Effect of the Addition of Saline

Figure 5.7 compares the wear scars of 25BCS and 25salBCS to see the effect of saline on the formation
of the residual film. The most obvious observation is that the black deposit for 25salBCS is smaller and
thinner. On the other hand, the rainbow film is smaller on the 25BCS sample than the 25salBCS sample

however differences are minimal.

0.2 mm 0.2 mm

Figure 5.7 — Images of wear scar on balls for a) 2ml 25BCS and b) 2 ml 25salBCS.

5.4.3 Effect of Protein Concentration

Wear scar images from the ball for model fluids; saline, 25salBCS, mBCS, mH, mOA and mPP with and

without DPPC are shown in Figure 5.8.

For all solutions containing proteins (Figure 5.8 b-f) distinct rainbow regions at either side of the wear
scar were present in similar quantities whilst the black deposits generally appear to increase for
increasing protein concentration. The rainbow region is not present for the solutions containing DPPC

alone; therefore, it suggests that it is predominately protein based.

The amount of black deposits appears to be linked to the protein concentration. For example, the
lubricants 25salBCS, mBCS and mH, had the lowest total protein concentration (18 mg/ml) and the
black deposits in these images (Figure 5.8 bi, ci and di) appear to be the least abundant. The sample
mOA had a protein concentration of 30 mg/ml and in these images (Figure 5.8 e i) where the amount
of black deposits appears to have increased. The sample with the largest amount of black deposits is
mPP (Figure 5.8 fi) with a total protein concentration of 40 mg/ml and have begun to extend around

the side of the wear scar.
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The fluids mBCS and mH without DPPC (Figure 5.8 ciand d i) have the same total protein concentration
however they have an A/G ratio of 0.8 and 2 respectively. A larger amount of black deposits on either
side of the wear scar can be observed for mBCS compared to mH, where these deposits are barely

visible. Although evidence is limited this suggests the deposits could be due to y-G rather than BSA.
5.4.4 The Effect DPPC

The images for saline with and without DPPC (Figure 5.8 a ii & ii respectively) show predominately
black deposits. The wear scar itself is blackened in comparison to the wear scars of the proteinaceous
model fluids. Cobalt oxides are black in appearance and therefore it is possible that the blackened

wear scar is due to formation of a thin cobalt oxide layer (249).

By comparing samples with and without the addition of DPPC (Figure 5.8 a-f i (no DPPC) to a-fii (DPPC))
it is possible to see how DPPC affects the formation of deposits, the behaviour is complex and DPPC
appears to inhibit the amount of black deposits formed for 25salBCS, mBCS and mOA. However, the

amount of black deposits appears to increase for mH and mPP.
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0.2 mm
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Figure 5.8 - Images of wear scar on balls with and without DPPC present a) i) Saline ii) Saline + DPPC b) i) 25BCS w/saline ii)
25BCS w/saline + DPPC c) i) mBCS ii) mBCS + DPPC d) i) mH ii) mH + DPPC e) i) mOA ii) mOA + DPPC f) | mPP ii) mPP + DPPC.

5.4.5 Effect of HA

Figure 5.9 shows images of the wear scar on ball for HA, mBCS + HA and mBCS + HA + DPPC. For HA
only the wear scar is blackened similar to that of saline and only DPPC suggesting that an oxide layer
is present and therefore corrosion may be playing a role. No rainbow or black regions are observed
however there is darker patches at either end of the wear scar. For mBCS + HA and mBCS + HA + DPPC

the deposits have similar rainbow regions either side of the wear scar and reduced black deposits.
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Figure 5.9 a) HA b) mBCS + HA c) mBCS + HA + DPPC.

5.4.6 HSF

Similar rainbow films were observed for the HSF samples; however, the black deposits appeared to
differ compared to the model samples. Differences were also observed between tests that gave high
and low wear. Figure 5.10 shows the wear scar and residual film for two samples HSF113 (low wear)
and HSF156 (high wear). For the low wear sample (Figure 5.10 a) a thin dark film is present at either
side of the rainbow film, Figure 5.10 a ii shows the end of the residual film where small amounts of
thicker black deposits are located. Figure 5.10 b shows the film deposits from a high wear sample, the
residual film either side of the rainbow film covers a smaller area and is in two distinct patches which

have interference fringes.
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Figure 5.10 — Wear scar and surface deposits on a) HSF 113 (low wear) i) Central ii) Side b) HSF 156 (high wear) i) Central ii)
Side.

5.4.7 Roll Formation

The formation of ‘rolls’” were observed on the ball and inside the wear scar on the disc and is shown
in Figure 5.11. These were observed for mBCS, mOA and mPP without DPPC, where the y-G content
was larger than 10 mg/ml. The lengths of the rolls are in the range 5 — 62 um, measured from the

optical images.
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Figure 5.11 —Roll formation inside wear scars a) mBCS i) Ball ii) Disc b) mOA i) Ball ii) Disc c) mPP i) Ball ii) Disc.

Roll like deposits were also observed for HSF041 and HSF113 samples, both of which had similar AWD
to 25BCS, Figure 5.12 shows these rolls inside the disc wear scar and are located within the circles.

The rolls are much shorter in length and are in the range ~1 — 14 um and are less abundant than those

observed in the model fluids.
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Figure 5.12 - Disc scars with roll formation of low AWD specimens a) HSFO41 b) HSF113.

5.5 Results: SEM imaging

5.5.1 Deposited Films

An example of an SEM image of a black deposit from a ball tested with 25BCS is shown in Figure 5.13
and it has a fine fibrous, porous structure. Figure 5.13a is at a lower magnification and shows fibril like
structures within the deposit, whereas at a higher magnification (Figure 5.13 b) they are not as easily
identifiable. At a higher magnification it can be seen that these deposits have a densely matted

structure.
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Figure 5.13 — Black deposits on ball from 25BCS a) x1000 b) x6000.

SEM images from black deposits at the end of the disc scar for 25BCS are shown in Figure 5.14 and are
shown at a higher magnification (x3000) in Figure 5.15. Some deposits are agglomerated rope-like
fibres (Figure 5.15a), whilst others are single fibres and aligned perpendicular to the sliding direction

(Figure 5.15b) similar to deposits seen the model fluids in section Roll Formation.

Sliding direction -f——

Fig 5.14a
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Figure 5.14 — Black deposits on disc at end of wear scars from 25BCS.
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Figure 5.15 — Black deposits at the end of the wear scar for 25BCS a) Agglomerated fibres b) Singular fibres.

Additional evidence in this study shows that the material passes through the contact: Figure 5.16

shows single fibrils 3.9 um within the wear scar for 25BCS.

Sliding direction -———

10 pm

High-vac: SEl PC-std. 15kV x 3000 22/06/2018 000110

Figure 5.16 — Fibril deposits inside the wear scar for 25BCS.

These rope structures were also observed for HSF samples. Figure 5.17 shows low (x250) and high

(x4000) magnification SEM images of remaining deposits in the centre of the wear scar for HSF110.
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Figure 5.17 — Deposits inside the wear scar on the disc for HSF110 a) x250 b) x4000.

5.6 Results: Wear Scar Analysis

White light interferometry was used to image the surface topography and analyse the roughness of

untested discs, unworn areas located outside the wear scar and surface inside the wear scar.

Figure 5.18 shows that the surface of the disc prior to testing is characterised by ‘blocky’ carbides of
~0.1 um in height (Figure 5.18a), this is typical of as-cast CoCrMo alloys (49). Figure 5.19 shows the
surface topography of the ball which has a rougher appearance. The asperities are between 0.10 —

0.15 pm in height and 5 —20 um wide.
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Figure 5.18 — Surface topography of an untested disc a) 3-D image b) Graphical profile.
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Figure 5.19 - Surface topography of an untested ball a) 3-D image b) Graphical profile.

Figure 5.20 gives examples of the surface topography from the centre of the disc wear scar for 25BCS,
saline and HSF164. Figure 5.20 ai - ci give a 3-D visualisation showing that each sample exhibits
scratches and grooves parallel the sliding direction, the difference in colour represents the AWD.
Figure 5.20 a ii — c ii shows the width and depth of the groves and scratches, which are around 5 - 15

um wide which is similar in size to the asperities on the ball which are likely to be causing the abrasion.
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Figure 5.20 —Example of surface topography of the disc wear scar a) 3-D image b) Graphical profile for i) 25BCS ii) Saline iii)
HSF164.

Inside the wear scars deep pits were often present as shown in Figure 5.21 which shows examples for

25BCS and HSF110. The depth of the pits are shown in Figure 5.21b and are in the range 0.72 -1.19

um.
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Figure 5.21 - Example of plucked carbide from the disc wear scar a) 3-D image b) Graphical profile for a) 25BCS b) HSF110.

The surface roughness, r,, of the unworn surface was r,=9.1 £ 1.9 nm this is compared to the unworn
areas outside the wear scar which would have been in contact with the lubricating fluids for samples
25BCS, saline and HSF samples in Figure 5.22. There is little difference in the surface roughness of the
untested sample and the unworn regions for the 25BCS samples. However, there was an increase in
the r, when the surface was in contact with both saline and the HSF samples. This was most

pronounced for saline suggesting that surface corrosion had occurred.

The surface roughness from inside the wear scars for all samples analysed exhibited a large increase
when compared to the untested surfaces which is illustrated in Figure 5.22. The saline samples have
the largest surface roughness at r, = 122.2 + 23.1 nm which is unsurprising as tribo-corrosion will play
a role (238). On average inside the wear scar the HSF samples have a surface roughness r, = 90.1 +

24.5 nm and 25BCS r, =59.1 £ 10.0 nm.
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Figure 5.22 — Surface roughness (rq) of an untested disc, unworn and worn areas of the disc samples 25BCS, Saline and HSF
samples.

5.7 Discussion

Optical and SEM imaging methods were used to examine the pattern of lubricant deposits formed
during the wear tests. Surface topography both in and outside the rubbed region was analysed by
WLI. The aims were to provide relate these observations to SF chemistry and measured wear, and to
provide insights into lubrication and wear mechanisms. Firstly, the effect of increasing the BCS
concentration was analysed before looking at the effect of the total and specific protein concentration
with and without DPPC and HA. Finally, surface film patterns from HSF samples were examined and

divided into high and low wear classifications.
5.7.1 Optical and SEM Imaging

At the end of the HFRR test deposited films were observed in and around the wear scar on both the
ball and disc specimens. Similar patterns of amorphous rainbow films and black dispersed particles
were observed for all protein-containing fluids including BCS, model and, importantly HSF samples.
These were insoluble, appeared viscous and strongly adhered to the surface. These films were not
observed for the saline, DPPC and HA fluids suggesting they are primarily proteins. High viscosity

deposits have been reported to form at the inlet and was attributed to aggregated proteins (112).
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The similarity of the model and HSF patterns suggested the fundamental lubrication mechanisms were
alike. However, differences were observed in the extent of the deposits depending on the protein

content, presence of DPPC and ionic strength of the solution.

Overall the amount of rainbow and black deposits appeared to increase for increasing BCS and total
protein concentration. It was shown in Chapter 3 that for increasing BCS/protein concentration the
wear decreased which suggests film formation contributes to wear prevention. This observation
agrees with previous results from our group (110, 112, 200) and a number of other studies (48, 170,

177,198, 211).

As well as total protein content the composition (A/G ratio) also affected film pattern and AWD. mBCS
and mH have the same total protein content (18 mg/ml) but different specific protein content (A/G =
0.8 and 2 respectively). Limited evidence indicates that the black deposits are greater for mBCS which
has a lower A/G ratio and therefore a higher y-G content and exhibited a lower AWD. These findings
indicate that these black deposits are more likely to form when y-G is present. y-G has been reported
to reduce wear in other studies (110, 111) and at a low A/G ratios (262). In addition y-G preferentially

absorbs onto a chromium surface at a faster rate when compared to BSA (98).

25BCS is the most common reference fluid, however model fluids tested in Chapter 4 were made using
saline with a known ionic strength. It is of interest to compare residual films from 25BCS and 25salBCS
to understand how saline affects the residual films. Whilst the change of rainbow deposits was
negligible the thickness and volume of black deposits decreased, which can be related to the higher
wear seen in 25salBCS. The reduction in surface deposits agrees with Parkes et al. (98) where it was
shown that an increase in ionic strength decreased the absorption rate of BSA. 25salBCS (Figure 5.8
bi) and mBCS (Figure 5.8 ci) have the same total and specific protein content as well as ionic strength
however 25salBCS contains additional constituents such as phospholipids and HA because it is derived
from bovine blood (39, 253). The black deposits have a different appearance, 25salBCS is fine and
dispersed whilst for mBCS the deposits appear thick and concentrated at the end of the rainbow
deposits. The AWD for 25salBCS was larger than mBCS by 32 nm, which indicates that other
constituents are playing a role in the formation of the residual film. A comparison of residual films
formed with and without DPPC (Figure 5.8) at first glance appears complex. The amount of black
deposits visually observed decreases for 25salBCS, mBCS and mOA but increases for mH and mPP with
the addition of DPPC. However, when compared to the A/G ratio and AWD the relationship becomes
clearer. The model fluids 25salBCS, mBCS and mOA have a low A/G ratio (0.8, 0.8 and 1.5 respectively;

high percentage of y-G) and the AWD increases with the addition of DPPC. Conversely the model fluids
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mH and mPP have a high A/G ratio (2 and 3 respectively; low percentage of y-G) and the AWD

decreases with addition of DPPC.

A study by Parkes et al. (98) measured the adsorbed mass of proteins and lipids adsorbed onto a silica
surface using a quartz micro balance. Proteins present were BSA and y-G (A/G = 4.2; low percentage
v-G), the lipid was DPPC. It was reported that the addition of DPPC increased the mass adsorbed by
145% showing the increase in adsorbed film for a protein/lipid mix at low y-G concentration. It was
concluded that both proteins and DPPC was adsorbed on the silica surface. Other studies have shown
for static adsorption 14% less BSA and 81% less y-G adsorbed onto a PC lipid compared to a silica

surface (263). Evidence of lipid deposits has also been reported for films on explanted joints (150).

In the context of the results presented this suggests that DPPC inhibited the ability of both BSA and y-
G to absorb onto the rubbing surfaces, however this has a greater effect on y-G. It is likely that for all
fluids the black deposit comprises of both proteins and DPPC however at low A/G ratios the amount
is reduced as less y-G can adsorb. At a high A/G ratio the deposited film increases as DPPC only
marginally decreases the amount of proteins that can be adsorbed so the resultant deposit of proteins

and DPPC is greater than the protein only deposit.

The rainbow and black deposit patterns were observed for all the HSF samples. For analysis the
samples were divided into two categories; high and low wear. The AWD for two of the samples
(HSF041 and HSF113) was comparable to 25BCS and therefore defined as low wear. The AWD for the
additional six samples was over 37% greater than 25BCS and therefore defined as high wear (HSF077,
HSF110, HSF135, HSF145, HSF156 and HSF164), examples for each are given in Figure 5.10. Again, the

extent of the black deposits particularly inside the wear scar appear to scale with the measured wear.

As discussed in Chapter 4 for samples with high AWD the change in pH was greater (stronger base).
Observations from this chapter suggested that the high AWD is associated with small amounts of black
deposits. It is known that a higher pH can alter the charge of amino acids in the proteins, increasing
the repulsion between the surface and protein (264-266) which has been reported to cause 40 % less

v-G to be adsorbed onto a silica surface at a pH of 8.1 compared to 7.4 (98).

Further information about the structure of these deposits were investigated using SEM imagining. Roll
like deposits were observed on both ball and disc in model fluids mBCS, mOA and mPP all with a y-G
content greater than 10 mg/ml. These rolls were also observed for the low wear human samples
HSF041 and HSF113, comparatively they were less abundant and can only be seen on the disc. The
length of the rolls were in the range of 5-62 um and 1-14 um for the model and human samples

respectively. No fibular deposits were observed when DPPC was present.
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Murakami et al. (262) reported similar adsorbed fibular films as a result of articulation using a PVA-
glass interface. Evidence of fibrils was shown for solutions of single protein solutions of BSA and y-G
and mixtures in A/G ratios of 0.5 and 1. It was stated when the A/G = 0.5 the deposits were more
strongly adsorbed, and the fibular aggregates were more abundant compared to the solution with
A/G = 1. Additionally, rolling motion of isolated fibular formations was observed at the same speed of

articulation.

Fibular like deposits were identified at the end and inside the wear scar, the fibres appear to be aligned
perpendicularly to the sliding direction in 25BCS. Other coiled rope-like structures were identified for
25BCS and HSF110. As these deposits were identified in protein only solutions in mBCS, mPP it follows
that these are formed of proteins. In the literature denatured proteins are described as having fibril
structures some of which twist around each other to form insoluble supercoiled rope-like structures
(267-271). SEM images for partially denatured whey protein (mixture of globular proteins) showed a

similar fibular structure (272)
5.7.2 WL Analysis of Test Surfaces

The surface roughness (Ra) of the untested disc and ball surfaces was 9.12 + 1.9 and 39.6 + 1.5 nm
respectively. WLI images also showed the presence of carbides which are typical of as-cast CoCrMo
alloys (49, 112, 169). It is reported that these carbides are hard in nature and have a high chromium,
molybdenum and carbon content when compared to the metal matrix phase. The carbides in the
unworn sample had a height of ~0.1 um, the size of carbides from unworn femoral heads are
approximately 0.08 —0.10 um in height (49, 112) and have upper surface dimensions of approximately
50 x 20 um (112).

The roughness of the untested surface was r,=9.1 + 1,9 nm which is consistent with the surface finish
in most commercial hip replacements (55). This was compared to roughness of regions of the CoCrMo
discs which were unworn but were in contact with the test fluid. Little difference was seen for the
25BCS samples however there was an increase in surface roughness of the saline and interestingly the
HSF samples. This was most pronounced for the saline solution with a r, = 16.9 = 1.1 nm, which is
unsurprising as saline will corrode the CoCrMo surface (273). The r, of the HSF samples increased to

11.7 + 3.0 nm which could possibly be due to tribo corrosion reactions with proteins (95).

WLI imaging of the wear surfaces showed the average surface roughness (r.) increased significantly
compared to the untested sample. Saline had the roughest wear scar (122.2 + 23.1 nm) followed by

HSF (90.1 + 24.5 nm) and 25BCS (59.1 + 10.0 nm), which scales with the result from outside the wear
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scar. Haley et al. (59) measured the surface roughness of implants before and after testing in a hip
simulator. The roughness of the untested surface was ro= 6.7 £ 2.3 nm which increased to a maximum
atra=27.4 £ 7.2 nm at 1 million walking gait cycles, after which the surfaces began to smooth and at
2 million cycles r,=19.8 + 2.9 nm. Additional tests were run with a 10s dwell between each cycle, this
resulted in a higher roughness which is more representative of the wear test performed in this thesis
the ball comes to a stop at the end of each stoke on turn around. The roughness after 0.6 million
walking cycles with a 10s dwell was r,=35.9 £ 16.3 nm in comparison to r,= 17.5 £ 1.9 nm after 0.5

million cycles with no dwell period.

Deep pits were also present which had a depth in the range 0.72 —1.19 um this has been attributed to
carbides being partially torn out (48). As the articulating surfaces were made of the same materials
and thus had identical microstructures, the two equally hard protruding carbides were cyclically
loaded against each other which caused cracking, fracture and partial-pull out (112). It is most likely
that these hard fractured carbides in the contact are the initiating cause of abrasive wear in the softer,

more vulnerable metal matrix (48, 49, 112)

Imaging of the surface topography in the wear scars revealed that the most obvious wear mechanism
present is abrasion due to the multiple scratches or grooves in the wear scar (218); due to the sub

mechanisms micro-ploughing and micro-cutting.
5.7.3 Lubricating Mechanisms

An important observation is that for the BSC, model and human SF exhibit the same pattern of
lubricant deposits, the rainbow deposits are located either end of the wear scar beyond which is black
particulate. This further illustrates that these black deposits may inhibit wear which is repeatedly

reported in literature (48, 110, 112, 170, 177, 198, 200, 211).

The formation of thick deposits at either end of the wear scar suggests that high viscosity material is
formed during sliding, it collects in the inlet region (110-112, 200) and is deposited at the turn-round.
The formation of solid (48, 274) or high viscosity (112) deposits has been widely reported and these
are thought to contribute to increased surface separation (108) and wear reduction (48). A number of
studies also identified these tribochemical reaction layers as an acting wear mechanism to protect the
rubbing surfaced (48). These are often attributed to denatured proteins that adhere rigidly to the

surfaces preventing adhesion and reducing wear (48) (218).

Fibular like deposits were observed in and around the wear scar in some model and HSF samples.

Banquy et al. (147) sheared human, bovine and equine SF between two mica surfaces at a pressure of
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20 MPa. Fibular deposits were identified to act as roller bearings to separate rubbing surfaces. It was
suggested that above a critical speed (~ 40 nm/s) proteins and biopolymers initially aggregate to form
a homogeneous gel. Further shearing causes these gels to break up and form discrete particles,
become elongated and provide surface separation. They continually grow as the gel and SF adsorb

onto the particle as it rolls.

5.8 Conclusions

In this chapter the wear surfaces were examined by optical microscope, SEM and WLI. The conclusions

are as follows:

Substantial residual films are deposited in and around the wear scar, these are mainly

observed on the ball.

e Deposits for both model and human samples were very similar and included two distinct
regions; black and rainbow.

e Lower wear was associated with greater rainbow/black deposits suggesting this material is
present in the contact zone and contributes to surface protection.

e Fibular like deposits were observed in and around the wear scar for high y-G model fluids
without the presence of DPPC and for low wear HSF samples.

e SEM images verified the presence of fibular deposits and identified intertwined fibrils to form
supercoiled rope like structures inside the wear scar on the ball and disc for both 25BCS and
HSF.

e Abrasion were identified as the dominant wear mechanisms for material loss.

e There was an increase in surface roughness inside the wear scar.
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Chapter 6: Micro IRRAS Examination of
Wear Scar Deposits

Summary

In this chapter Micro-IRRAS was implemented to examine the organic chemical composition of surface
deposits formed in and around the wear scars as shown in Chapter 5. Analysis of deposits on the ball
was carried out for all model and human fluids tested in Chapter 4. FTIR spectra were taken from both
‘rainbow’ and ‘black’ regions and compared to untested fluids. The spectra showed these deposits
were predominately proteins with an increased native [-sheet (N-8) content compared to the untested
fluid. In some cases, lipids were found to be associated with the deposits. The HSF deposits were
shown to have broadly similar protein structure, although in most cases the N-f3 content was less, and

lipids were often present.
6.1 Introduction

Identification of the composition and distribution of films formed during in vitro and in vivo testing
could provide insights into the role of SF species in the lubrication and wear process. The model SF
fluids used in this study contained various mixtures of proteins and phospholipids as these have been

identified as components in anti-wear films formed on implant surfaces for BCS and HSF.

There have been a number of studies reporting film formation on CoCrMo surfaces from hip simulator
(198), bench top tests (48, 112, 207-210) and explanted specimens (150, 170, 211, 212). Generally two
different types of film have been reported; these are proteins or glycoproteins (48, 112, 143, 198, 207-
209) and phospholipids (150, 202, 210). The lipid layers are usually considered to be classical
boundary films, typically a few nanometres thick, of molecules adsorbed at the implant surfaces (150,

210).

Proteins and glycoproteins have been reported to form thick and adherent films on implant surfaces
in bench-test, hip simulator and explanted joints (48, 110, 112, 170, 200, 207-209). These deposits
have been identified as denatured proteins and are considered to act as solid boundary films, which
protect the sliding surfaces and reduce wear (48). In earlier work proteins were thought to denature

due to the higher temperatures that are generated within the contact zone during rubbing particularly
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in MoP joints (275). More recent studies in the Tribology Group have suggested that shear also

contributes to protein denaturing and phase separation (112, 200)

In the case of phospholipids several studies have suggested they act as boundary lubricants, forming
bi-layer films, for biological and artificial surfaces (150, 202). Hills and co-workers (150) analysed
surface material from a series of MoP implants using a specific solvent extraction method to remove
the phospholipids. The results showed eight different types of phosphatidylcholines to be present

with the unsaturated (DPPC) molecules the most predominant (150).

FTIR is a particularly powerful tool for the identification of organic films as the position and intensity
of absorption bands provides information on the chemical composition, molecular structure and
bonding interactions (276). The IR molecular fingerprints of proteins (277-280) and lipids (281, 282)
have been reported extensively in literature. FTIR can also be used to detect changes in diseased and

damaged biological tissue (283-287) and to diagnose diseases, for instance arthritis in SF (288-291).

The aim of this chapter was to identify the organic composition of the surface deposited films formed
during wear tests and to examine whether there is significant difference to the untested fluids.
Additionally, it will be investigated if any biomarkers are present in HSF IR spectra that indicate high

wear for MoM implants.
6.1.1 FTIR Theory

Molecular bonds and groups of atoms naturally vibrate at frequencies that fall within the infrared
spectrum. Therefore, functional groups absorb IR at their resonant frequencies which gives rise to
characteristic absorption bands. A normal mode of vibration is infrared active if there is a change in
the dipole moment of the bond during the course of vibration. Thus, symmetrical vibrations are usually
not detectable or have very low absorbance. Strong IR absorptions are observed for groups with
permanent dipoles, for example carboxyl groups in polypeptide backbones. The vibrational frequency
can be modelled (Equation 6.9) (292) using the harmonic oscillator model where a bond is represented
by two-point masses of molecules or functional groups (m1 and m2) connected by a spring of stiffness
k. This shows that the vibrational frequency is dependent upon the bond strength (i.e single, double
or triple bond) and mass of molecules or functional groups. The frequencies are also sensitive to the
group environment, electronegativity of neighbouring atoms or groups and presence of hydrogen

bonding (292) (277).
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Micro IRRAS is a sampling technique which allows FTIR analysis from small areas (10-100 um diameter)
of thin films (100-800 nm) supported on a reflective metal surface. An IR beam is focussed onto the
film and then reflected at the metal surface before being refocussed onto a detector; effectively the
IR radiation is transmitted through the sample twice. The equipment combines a Perkin Elmer

Multiscope IR microscope coupled to a Spectrum One FTIR spectrometer.

The Multiscope IR microscope uses Cassegrain collection optics for high performance infrared micro
spectroscopy this is combined with a video viewer for optical microscopy. The IR and visual systems
use the same Cassegrain system and therefore both focal points are at the remote aperture. The video
viewer is used to focus onto the sample and located though a 100 um aperture, which can then be
switched to IR mode to record a spectrum. This means when the sample position is adjusted to focus
the visible image the sample is correctly positioned for collecting IR spectra. The system can operate
in both reflectance and transmittance, however in this chapter only reflectance is used and therefore

only the theory of this will be discussed.

Figure 6.1 shows the path of the visible beam for viewing the sample in reflectance and the infrared
beam for collecting spectra. When viewing the sample (Figure 6.1a) relay mirror M1 receives light
from an illuminator and directs it down one side of cassegrain C1 to the sample. C1 collects light from
the sample and sends it upwards through the remote aperture towards the video viewer. When in this

mode the IR are blocked from reaching the sample.

The path of the IR beam (Figure 6.1b) differs slightly when collecting a spectrum. An IR beam is
directed to M1 from mirror M2. Similar to the viewing set up the beam is directed down one side of
the cassegrain the incident radiation is passed through the thin film which is then reflected off the
metallic surface onto the other side of the C1 and through the remote aperture. An additional mirror
is now in place to block the beam reaching the optical microscope and onto the Cassegrain C2. The

beam travels through the Cassegrain C2 to focus on the MCT detector that collects the radiation.
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Figure 6.1 —a) Path of visible beam for viewing a sample in reflectance b) Path of infrared beam for collecting spectra in
reflectance. Adapted from (293)

When the radiation is passed through the sample, the wavelengths absorbed are dependent upon
which molecules are present, and the rest is transmitted. Therefore, at the detector the IR beam no
longer contains specific wavelengths of radiation which represents a molecular ‘fingerprint’ of the
sample. The detector output is converted to interpretable spectra using the Fourier Transform. The

energy is recorded as a function of frequency (cm™) or wavelength.
6.1.2 Infrared Spectroscopy of SF's and Components
6.1.2.1  Synovial Fluid

FTIR has been used extensively to study SF composition (288, 289) (290, 291) (284). Attempts to find
biomarkers of OA (288, 289, 291) and RA (290, 291) SF have been made over the years. It was

concluded that spectra can be used to differentiate between healthy and arthritic SF (288-291).

In the reported literature (288-291) spectra were taken from dried films onto a CaF, window to avoid
the intense water bands obscuring the organic component peaks (288-291) near 1645 cm™ (277). A

similar approach has been adopted in the current work.
6.1.2.2 Proteins

The infrared absorption spectrum of proteins is dominated by bonds on the polypeptide backbone of
the amino acid structure. The amide | peak is the most intense peak in the range of 1600 - 1700 cm™
and arises mainly due to the C=0 (~80%) stretching vibration (278) with contributions from the out of

phase CN stretching vibration (277). The amide Il peak is a combination of the NH bending (~60%) and
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CN stretching vibration (~40%) absorbing frequencies in the range of 1510 — 1580 cm™ (278, 279)
(277).

Amide | and Il vibrations are hardly affected by the nature of the side chain however peak position is
affected by the secondary structure of the backbone (277-280). Secondary structures present in a
protein can be identified by the peak position of the amide bands. It is reported that the Native (N-B)
and Fibril B-sheet (F-B) structures can be distinguished by a difference in wavenumber (k) (294). Table

6.1 outlines the frequency ranges for the different assignments.

Table 6.1 - Secondary structures associated with amide | and Il peaks combined from (277, 278, 294-303).

Secondary Structure Wave Number Band

Range (cm™)

Amide |

Turns and bends 1700 - 1660

o — helix/random coil 1660 - 1645
N-B 1700 - 1680
(native, antiparallel) 1648 - 1630
F-B 1630-1611

(fibril, parallel)

Amide A (~3270-3310 cm™) and B (3030 — 3100 cm™) represent NH stretching vibrations. The
frequency depends upon the strength of the hydrogen bond (277). However, this can be masked by
the OH stretch (3700-3100 cm™) which is a strong and broad peak attributed to residual water (304).

The 3100-2800 cm™ range is the alkyl stretch region which contains four main peaks CHs (Vasym), CH2
(Vasym), CH3 (Vsym) and CH, (vsym) which are present in proteins (305) and other organic components

including lipids. Table 6.2 outlines the approximate band positions of each of these peaks (279).
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Table 6.2 - Approximate band assignment for lipids (279).

Assignment = Wavenumber (cm™)

CH3 (Vasym) 2959 - 2951
CH3 (Vasym) 2930 - 2928
CH3 (Veym) 2874

CH2 (Veym) 2854 - 2850

6.1.2.3 Lipids

Lipid are a heterogeneous group of organic molecules (114) composed of fatty acids which have a
hydrocarbon tail that terminates in a carboxylic acid group (Figure 6.2) (114). Phospholipids are a
subcategory of lipids and contain additional phosphate and chlorine groups as shown in Figure 6.3
(279, 306). They are a known constituent of BCS (41) and HSF (39) and therefore DPPC was added to

some of the model fluids in Chapter 4.

Non-polar tail

AL
o ™

/ ‘ \/\/\/\/\/\/\/\/
o Hydrocarbon tail
Carboxylic acid

Figure 6.2 — Structure of a fatty acid. Adapted from (114).

Polar headgroup
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Figure 6.3 - Structure of DPPC. Adapted from (279, 306).
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Two distinct regions dominate the FTIR spectra of lipids, the first of which is in the region 3100-2800
cm™ and contains four peaks due to CH3 (Vasym), CH2 (Vasym), CH3 (Vsym) @and CH: (v sym) vibration modes
from the alkyl chain (282). These provide very similar absorption frequencies to proteins, the only
clear difference can be seen in the CH; (vasym) Where lipids have a characteristic absorbance at 2916 —
2922 cm® compared to 2928 — 2930 cm™ (279, 306). The bands are also much narrower which is

characteristic of an ordered all-trans alkyl chain (279).

The second spectral region can be found below 1800 cm™ and is a result of vibrations in the polar
head group. Within this region the most intense peak is usually due to an ester stretch (C=0) at 1735-
1750 cm™ (281). These bonds can be seen in Figure 6.3. The wavenumber ranges for these vibrations

are summarised in Table 6.3.

Table 6.3 — Approximate band assignment for lipids (279, 306).

Assignment | Wavenumber (cm™)

CH3 (Vasym) 2959 - 2951
CH3 (Vasym) 2922 - 2916
CH3 (Vsym) 2874

CH3 (Vsym) 2853 - 2850
C=0 (stretch) | 1733 -1730

FTIR spectra can provide information on the structure and organisation of bio membranes and lipid
assemblies (306). The vibration frequency depends upon the physical state of the chains and therefore
measurements of the CH, (v asym) peak position and half band width can be used to probe the
structure of the lipid films (279). The ester carbonyl stretching band is also sensitive to hydrogen

bonding (279).
6.2 Experimental Programme

The overall aim of this chapter was to examine the composition of untested fluids and deposited films

formed as a result of the wear tests using Micro-IRRAS spectroscopy. The objectives were as follows:

1. To study changes in the Micro-IRRAS spectra of untested fluids due to changes in constituents
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e Saline
e Proteins (BSA and y-G)
e Lipids (DPPC)
2. To analyse and compare Micro-IRRAS spectra of the untested samples for BCS, model and
human SF’s.
3. To analyse and compare Micro-IRRAS spectra of deposited films for the BCS, model and

human SF’s.
6.3 Materials and Methods

Micro-IRRAS was used to analyse two types of surface films; fresh untested fluid and wear surface
deposits. For the untested fluids it was necessary to remove excess water from the samples to avoid
the problems of intense bands at 1645 cm™ obscuring the Amide | peak (277). To analyse the fresh
fluids (untested 25BCS, model and human fluids) a small amount was retained before testing and 10
ul pipetted onto a clean CoCrMo ball and left to air-dry for 24hrs. The other advantage of this method

was it allowed direct comparison with the dried surface deposits formed during the wear tests.

Additional, single constituent solutions of BSA, y-G and DPPC were made and analysis of these
untested fluids was performed in order to understand the characteristics of simple fluids before
progressing to the more complicated BCS, model and human SF. BSA and y-G were tested at a
concentration of 12 mg/ml (12Alb) and 6 mg/ml (6Glob) respectively in order to replicate the
concentrations in mH. The untested DPPC was used at a concentration of 0.5 mg/ml as this was the

concentration used in all model solutions

The untested spectra were compared to those from the wear deposits on the ball. As outlined in
Chapter 5 once the ball was removed from the wear test it was lightly rinsed with DI water and allowed
to air dry for 24hrs. Spectra from both the black and rainbow regions were obtained from the tested

balls.

The Micro-IRRAS sampling method is shown in Figure 6.4. A Perkin Elmer Multiscope Infrared
Microscope coupled to a Spectrum One FTIR was used to take Micro-IRRAS spectra from a small area
of the films. The sample diameter was 100 um, 100 scans were taken and the resulting spectrum was
baseline corrected, smoothed (13 point) and normalised (to absorbance 0.1 at 1650 cm™) using the
standard Perkin Elmer software. The Amide | band was used as the normalisation standard. Peaks
were found via deconvolution (Bessel, y = 2, smoothed 65%). The background spectrum was 200 scans

using a clean gold disc.
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Figure 6.4 - Micro-IRRAS analysis of organics deposits on the ball.

Initially untested fluids were analysed and compared, starting with the single components: BSA, y-G
and DPPC; followed by the screening fluids 25BCS and 25salBCS and finally the model fluids (with and
without DPPC). Secondly spectra from tested samples were taken from both the black and rainbow
regions, the films within the wear scar were too thin to provide good quality spectra and have not
been included. Lastly spectra from both the tested films and untested fluids were compared. The same
process was performed for HSF. Residual wear test films of DPPC and HA alone were too thin to obtain

spectra and therefore are not reported.

Typical spectra from untested and tested films are shown in Figure 6.5. The two regions of interest are
highlighted by the dashed boxes. The region 1450 — 1750/1800 cm™ is the amide | and Il band region
which provides information on the secondary structure of proteins. The region 2800 — 3000 cm™
represents the CH stretch region which can give information about the alkyl chain structure and the

presence of non-protein species. Further analysis in this chapter will only report these two regions.
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Figure 6.5 — A typical spectra from the residual films with the regions 1750-1450 cm™ and 3000 — 2800 cm™ outlined.

6.4 Results: Untested Fluid Reference Spectra

6.4.1 Model Fluid Components: BSA, y-G and DPPC

Thin film IR spectra from the untested fluids of 12Alb and 6Glob in the 1750-1450 cm™* wavenumber
range are shown in Figure 6.6 where the amide | and Il bands are labelled. The deconvolution spectra
are also plotted for each sample and the overlapping peaks are labelled. It can be clearly seen that
12Alb and 6Glob have different peak locations, the strongest peak for 12Alb was at 1651 cm™
representing an a-helix/random coil secondary structure (277, 278), shoulder peaks were located at
1666, 1659, 1642 and 1632 cm™. The strongest peak for 6Glob was at 1642 cm™ representing a N-B
secondary structure (277, 278) with shoulder peaks at 1659, 1651 and 1632 cm™.

Similar to the amide | peak, the amide Il peak of 6Glob appeared to be located at a slightly lower
wavenumber however deconvolution of these peaks revealed that the strongest peak was located at
1539 cm for both 12Alb and 6Glob with overlapping peaks at 1557, 1548, 1530 and 1520 cm™.
Literature relating the amide Il peak to secondary structure is limited and a peak at 1539 cm™ did not
relate to any structures (277, 278) and therefore no assignments were made for the amide Il band.
Table 6.4 summarises the amide | and Il results. In all further analyses the amide Il bands are not

reported but will be shown in Appendix 11.3.
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Figure 6.6 - Micro-IRRAS analysis comparing the untested fluids of 12Alb and 6Glob in the range 1750-1450 cm.,

Table 6.4 - Summary of IR peaks from deconvolution and secondary structure assignment untested fluids of 12Alb and
6Glob in the range 1750 - 1450 cm. (Bold type represents most intense peak).

Wavenumber (cm™?) | Assighment

Peaks | 12Alb 6Glob

Untested | Untested

Amide | | 1668 turns and bends
1660 1659 a-helix/random coil
1652 1652 a-helix/random coil
1641 1642 N-B
1632 1632 N-B

Amide Il | 1557 1557
1548 1549
1539 1539
1531 1532
1520 1520

Spectra comparing 12Alb and 6Glob in the region 3000 — 2800 cm™ are shown in Figure 6.7. As
expected four peaks are observed at 2957, 2933, 2870 and 2854 cm™ representing CHs (Vasym), CHa
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(Vasym), CH3 (vsym) and CH2 (vsym) respectively. Both CH3 (Vasym) and CHs (vsym) have a higher intensity
compared to CH; (Vasym) and CH; (vsym) and the CH, (vsym) peak is barely visible for the sample 12Alb.
Overall 12Alb has a higher intensity than 6Glob, which could be due to the fact that the molarity of
12Alb (180 uM) is 450% greater than 6Glob (40 uM). Peak positions are shown in Table 6.5.
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Figure 6.7 - Micro-IRRAS analysis comparing the untested fluids of 12Alb and 6Glob in the range 3000-2800 cm.,

Table 6.5 - Summary of IR peaks from deconvolution for untested 12Alb and 6Glob for 3000 - 2800 cm™. (Bold type
represents the most intense CH,/CHs peak).

Wavenumber (cm™)
Peaks

12Alb 6Glob

CHs (Vagym) | 2961 2962

CHZ (Vasym) 2932 2931
CHs (Vsym) 2872 2874
CHZ (Vsym) 2854
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An untested sample of DPPC was analysed to identify absorbance peaks in the C=0 stretch and alkyl
stretch region Figure 6.8 shows a spectrum in the 1800-1450 cm™ range, the C=0 stretch is clearly

identifiable at 1733cm™ (the spectral range was increased to 1800 cm™ to include this peak).
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Figure 6.8 - Micro-IRRAS analysis of the untested film 0.5 mg/ml DPPC in the range 1800-1450 cm™.

Figure 6.9 shows the alkyl stretch region, it is interesting to compare this to 12Alb and 6Glob. There
are two distinct differences, the most obvious change is the relative intensity of peaks. For the protein
only solutions both of the CH3 (Vasym) and CHs (veym) have the highest intensity, however for the DPPC

solution CH3 (Vasym) and CH; (vsym) have the highest intensity.

The second difference is a shift in the wavenumber of the CH; (Vasym) peak from ~2932 cm™ to ~2916
cmtand CH; (Vsym) from ~2854 cm™ to ~2849 cm™. In addition, the DPPC bands in the 3000-2800 region
C-H stretch are relatively narrow, both of these changes indicate a highly ordered all-trans alkyl chain

(307). Table 6.6 summarises the peak positions in the alkyl stretch region.
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Figure 6.9 - Micro-IRRAS analysis of the untested film 0.5 mg/ml DPPC in the range 3000-2800 cm™.

Table 6.6 - Summary of IR peaks from deconvolution for untested 0.5 mg/ml DPPC. (Bold type represents the most intense

CH/CH; peak).
Wavenumber
Peaks (cm™)
25salBCS
Cc=0 1733
CH3 (Vasym) 2958
CH2 (Vasym) 2916
CHs (Vsym) 2871
CH2 (Vsym) 2849

6.4.2 25BCS and 25salBCS

Spectra from untested films of 25BCS and 25salBCS in the region of 1750-1450 cm™ are shown in Figure
6.10 where the amide | and Il bands are almost identical, which is expected as they have the same

specific and total protein content.

Deconvolution of these bands reveal that amide | band comprises of overlapping peaks with the

strongest peak at 1641 cm?, indicative of a N-B secondary structure. Shoulders are present at 1659,
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1651 and 1632 cm™ which can be assigned to the secondary structures a-helix/random coil and N-B

respectively. Table 6.7 summarises these results.
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Figure 6.10 - Micro-IRRAS analysis of untested films comparing 25BCS and 25salBCS in the range 1750-1450 cm™L,

Table 6.7 - Summary of IR peaks for untested 25BCS and 25salBCS for 1750-1450 cm™. (Bold type represents most intense
peak).

Wavenumber (cm™) | Assignment

Peaks
25BCS | 25salBCS
Amide | | 1659 1659 a-helix/random coil
1651 1651 a-helix/random coil
1641 1641 N-B
1632 | 1632 N-B

Figure 6.11 compares 25BCS and 25salBCS spectra in the region 3000 — 2800 cm, four distinct peaks
are present at 2957, 2933, 2870 and 2851 cm™ representing CHs (Vasym), CH2 (Vasym), CH3 (Vsym) and CH3
(Vsym). Spectral deconvolution reveals an additional peak which appears as a shoulder at 2917 cm™ in
the CH; (vasym) region which indicative of a highly ordered all-trans alkyl chain (307). This is possibly
due to fatty acids which is unsurprising as they are present in BCS (308); however, the concentration
is unknown. Peak positions for 25salBCS are very similar to 25BCS and are within £ 1 cm™ when

compared to 25BCS, these are summarised in Table 6.8.
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It is apparent that the CHs (Vasym) and CH; (vasym) peaks for 25salBCS are more intense than 25BCS,
which could be due to 25salBCS having a higher ionic strength than 25BCS. However, the peak

intensities for CH3 and CH; (vsym) are relatively similar for 25BCS and 25salBCS.
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Figure 6.11 - Micro-IRRAS analysis of untested films comparing 25BCS and 25salBCS in the range 3000 - 2800 cm™.

Table 6.8 - Summary of IR peaks from deconvolution for untested 25BCS and 25salBCS for 3000 - 2800 cm. (Bold type
represents the most intense CH,/CHs peak).

Wavenumber (cm™?)
Peaks

25BCS | 25salBCS

CH3 (Vasym) 2957 2957

CH2 (Vasym) | 2932 2931

2917 2917
CHs (veym) | 2870 2870
CHz (Veym) | 2851 2851

6.4.3 Model Fluids without DPPC

Spectra from untested films for model fluids mBCS, mH, mOA and mPP are compared in Figure 6.12,

peak positions are not marked as they are too close together. Deconvolution shows the same four
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overlapping peaks in these model fluids that were found in 12Alb, 6Glob and the BCS solutions (25BCS
and 25salBCS). The deconvoluted peak positions of the amide | band for mBCS, mH, mOA and mPP are

summarised in Table 6.9, 25salBCS is shown for comparison.
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Figure 6.12 - Micro-IRRAS analysis of untested films comparing mBCS, mH, mOA and mPP in the range 1750-1450 cm,

Table 6.9 - Summary of IR peaks from deconvolution and secondary structure assignment for untested 25salBCS, mBCS, mH,
mOA and mPP for 1750 - 1450 cm™. (Bold type represents most intense peak).

Wavenumber (cm™?) Assignment
Peaks
25salBCS | mBCS | mH mOA | mPP
Amide | | 1659 1659 | 1655 | 1659 | 1659 | a-helix/random coil
1651 1651 | 1647 | 1650 | 1651 | a-helix/random coil
1641 1641 | 1640 | 1643 | 1642 | N-B
1632 1632 | 1631 | 1632 | 1632 | N-B
A/G 0.8 0.8 2 1.5 3

The peak position for the amide | band for the different fluids varies over the wavenumber range 1640-
1651 cm™ and appears to scale with A/G ratio as shown in Figure 6.13. For fluids with a high y-G
content (25salBCS, mBCS and mOA) the peaks with the highest intensity were assigned a N-B
secondary structure at ~1640 cm™ (277, 278). Whereas the fluids with a high BSA percentage (mH and
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mPP) had peaks with the highest intensity, assigned to an a-helix/ random coil configuration at ~1650

cm™ (277, 278).
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Figure 6.13 - Amide | peak position vs A/G ratio.

It is interesting to compare the most intense peak position of 25salBCS and mBCS as they have the

same specific and total protein concentration. This was identical for the amide | band.

Figure 6.14 shows the spectra for the alkyl stretch region comparing model fluids mBCS, mH, mOA and
mPP. The peak positions for mBCS were 2961, 2934, 2874 cm™ for CH3 (Vasym), CH2 (Vasym) and CHs (Vsym)
respectively. A shoulder in the CH; (vasym) peak at 2917 cm™ was observed for the sample mPP
suggesting that some highly ordered trans alkyl chains are present. This sample has the highest BSA
content and it has been reported that sometimes fatty acids can be detected in BSA, but are only
present in low quantities (309). No obvious peak was present for the CH, (vsym), it is probable that it
was too small to detect. The peak positions for each model fluid are very similar; however, when

compared to 25salBCS are slightly elevated, this is summarised in Table 6.10.

There is a drop in the total intensity of the fluids mBCS and mOA in the alkyl stretch region. For all

fluids the CHs peaks have a higher relative absorbance than the CH;, peaks.
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Figure 6.14 - Micro-IRRAS analysis of untested fluids comparing mBCS, mH, mOA and mPP in the range 3000 - 2800 cm™.

Table 6.10 - Summary of IR peaks positions from deconvolution for untested 25salBCS, mBCS, mH, mOA and mPP for 3000 -
2800 cm’™, (Bold type represents the most intense CH,/CHs peak).

Wavenumber (cm?)

Peaks
25salBCS | mBCS | mH mOA | mPP
CH3 (Vasym) | 2957 2961 | 2959 | 2961 | 2959
CH3 (Vasym) | 2931 2934 | 2933 | 2934 | 2932
2917 2917
CHs (veym) | 2870 2874 2872 2872 2871

CH; (Vsym) 2852

A/G 0.8 0.8 2 1.5 3

6.4.4 Model Fluids with DPPC

Spectra for 25salBCS and model fluids with DPPC show two distinct differences from spectra of these
fluids without the addition of DPPC, an example is shown in Figure 6.15 for mBCS with and without
DPPC. Table 6.11 summarises the peaks positions of C=0 stretch and deconvoluted amide | band for
25salBCS and all model fluids with DPPC. The first difference is the presence of an additional peak at
~1735 cm™ due to the C=0 stretch from the DPPC ester group (279). The second difference is a shift
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in both amide | and Il bands to higher wavenumbers. For the amide | band deconvolution revealed the
same four overlapping peaks identified in the solutions without DPPC were present, however the most
intense peak was at ~1659 cm™, an a-helix/random coil conformation (277, 278). This compared to
the model fluids without DPPC which were in the range 1641-1651 cm™ an N-B/a-helix/random coil
conformation (277, 278).
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Figure 6.15 - Micro-IRRAS analysis of untested films comparing mBCS and mBCS + DPPC in the range 1750-1450 cm™.,

Table 6.11 - Summary of IR peaks from deconvolution and secondary structure assignment for untested 25salBCS + DPPC,
mBCS + DPPC, mH + DPPC, mOA + DPPC and mPP + DPPC for 1750 - 1450 cm™. (Bold type represents most intense peak).

Wavenumber (cm?)

Peaks 25salBCS | mBCS | mH mOA mPP Assignment
+DPPC | +DPPC  +DPPC | + DPPC | + DPPC

Ester 1735 1735 1735 1737 1737 C=0

Amide | | 1659 1658 1658 1658 1659 a-helix/random coil
1650 1649 1649 1649 1651 a-helix/random coil
1641 1641 1640 1642 1642 N-B
1632 1631 1632 1632 1632 N-B

A/G 0.8 0.8 2 1.5 3
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The alkyl stretch region for the untested fluid mOA + DPPC is compared to mOA in Figure 6.16. The

positions of each CH peak for all model fluids with DPPC are summarised in .

Table 6.12 and compared to the DPPC-only spectra and mOA. The graph shows the usual
wavenumbers, common in both the DPPC and model fluids, at 2958, 2872 and 2849 cm representing
CH3 (Vasym), CH3 (Vsym) and CH2 (vsym) respectively plus a doublet peak for CH; (Vasym) at 2932 and 2916

cm™.

The model fluids with DPPC have increased CH peak intensities compared to model fluids without
DPPC this is unsurprising as the presence of DPPC contributes additional alkyl chains and the spectra
are normalised to the amide | peak, therefore relative to the fluids without DPPC more alkyl chains
will be present. Additionally, the appearance peaks at 2916 and 2849 cm™ provides further evidence

of the highly ordered all-trans alkyl chains that are characteristic of lipids (307).

There were also relative peak height changes for model fluids with and without DPPC. For fluids with
DPPC the CHs and CH; bonds have peaks of similar height for both the asymmetric and symmetric
stretch whereas in fluids without DPPC the CH; bonds are dominant. This is a particularly noticeable
change for the CH; (vsym) peak which cannot be seen in the model fluids without DPPC. This relative

change in peak height provides additional evidence of the presence of DPPC.
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Figure 6.16 - Micro-IRRAS analysis of untested films comparing mBCS and mBCS + DPPC in the range 3000 - 2800 cm™.
172



Table 6.12 - Summary of IR peaks from deconvolution for untested 25salBCS, mBCS and mBCS + DPPC for 3000 - 2800 cm™.
(Bold type represents the most intense CH,/CHs peak).

Wavenumber (cm?)

Peaks DPPC | mOA | 25salBCS | mBCS | mH mOA mPP
+DPPC | +DPPC | + DPPC | + DPPC | + DPPC

CHs (Vasym) | 2956 | 2961 | 2960 2959 2958 2958 2958

CH2 (Vasym) 2934 | 2932 2928 2930 2930 2932

2916 2916 2916 2917 2916 2917

CHs (veym) | 2872 | 2872 | 2873* 2872 2872 2872 2871

CHa2 (veym) | 2850 2848 2849 2849 2849 2849

6.5 Results: Spectra from Wear Scar Deposits

In this section Micro-IRRAS analysis of the surface deposits formed in the wear tests is compared to

the untested fluid reference spectra.

6.5.1 25BCS and 25BCSsal

Figure 6.17 compares spectra of both the black and rainbow deposited films to the untested fluid for

25BCS, the deconvoluted spectra is also shown for the black deposit. It can clearly be seen that both

the rainbow and black films are almost identical. The most intense peak has shifted to 1632 cm™

representing an N-B structure from 1641 cm™ (a-helix/random coil). For the untested samples

shoulder peaks are located at 1659, 1650, 1643 and 1612 cm™ which represent a-helix/random coil,

N-B and F-B structures respectively and can be seen in the deconvoluted spectra. Wavenumbers of

the overlapping peaks for both 25BCS and 25salBCS are shown in Table 6.13.
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Figure 6.17 - Micro-IRRAS analysis of tested films comparing 25BCS black &rainbow deposits in the range 1800-1450 cmL.

Table 6.13 - Summary of IR peaks from deconvolution and secondary structure assignment for tested black and rainbow
deposits for BCS fluids in the region 1800 - 1450 cm. (Bold type represents most intense peak, ¥ denotes a weak peak).

Wavenumber (cm™)
Peaks Assignment
25BCS | 25salBCS

Amide |
Black | 1659 1658 a-helix/random coil

1650 1650 a-helix/random coil
1643 | 1642 N-B
1632 1632 N-B
1612 % | 1612% F-B

Rainbow | 1659 1658 a-helix/random coil
1651 1650 a-helix/random coil
1643 1643 N-B
1632 1633 N-B
1613"% | 1612 " F-B

A/G 0.8 0.8
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Figure 6.18 compares spectra in the alkyl stretch region for 25BCS, spectra for both the black and

rainbow deposits are shown with spectra from the untested fluid. The peak positions for both the

black and rainbow deposits were almost identical to the untested fluid and are summarised in Table

6.14 for the black and rainbow deposits (both 25BCS and 25salBCS). Peak positions of the rainbow and

black films are identical, in the amide and CH stretch region, and therefore tables detailing this will

not be included in this chapter but can be found in Appendix 11.3.
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Figure 6.18 - Micro-IRRAS analysis comparing spectra from untested fluids to both black and rainbow tested deposits for

25BCS in the range 3000 - 2800 cm™.
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Table 6.14 - Summary of IR peaks from deconvolution of spectra for black and rainbow deposits from the BCS samples for
3000 - 2800 cm™. (Bold type represents the most intense CH,/CHs peak, no bold indicates similar peak heights).

Wavenumber (cm™?)
Peaks

25 BCS | 25salBCS

CH3; (Vasym)
Black | 2960
Rainbow | 2961 2960
CH; (Vasym)
Black | 2928
Rainbow | 2928 2929
CH3 (Veym)
Black | 2870
Rainbow | 2871 2870
CH; (Vsym)
Black | 2848
Rainbow | 2847 2849

6.5.2 Model Fluids without DPPC

Figure 6.19 compares IR spectra from the untested fluid and to both the black and rainbow residual
deposits for mOA in the range 1800 -1450 cm™. The deposit spectra show that the amide I and Il bands
had noticeably broadened shifted to lower wavenumbers compared to the untested fluid reference
spectrum. Each of the model fluids shifted from a higher wavenumber (range: 1641 — 1651 cm™®) to
~1632 cm™® (N-B). Deconvolution reveals that the same four over-lapping peaks were present
(untested 25BCSsal: 1659, 1651, 1641, 1632) as identified in the untested fluids. However, an
additional peak was identified at 1612 cm™ which is representative of F-f3 (277, 278), this was present
in all deposit spectra however was weak for both of the BCS fluids. The wavenumbers of the
overlapping peaks within the amide | band are summarised in Table 6.15 for the black and rainbow
deposited films. The peak positions of the rainbow spectra and amide Il band are shown in Appendix

11.3.
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Figure 6.19 - Micro-IRRAS analysis comparing spectra from untested fluids to both black and rainbow deposits for mOA in
the range 1800-1450 cm™.

Table 6.15 - Summary of IR peaks from deconvolution and secondary structure assignment for tested black deposits for
model fluids in the region 1800 - 1450 cm™.,

Wavenumber (cm™)
Peaks Assignment
25BCS | mBCS | mH | mOA | mPP

Amide |
Black | 1659 1659 | 1659 | 1659 | 1659 | a-helix/random coil
1650 | 1651 | 1650 | 1650 | 1650% | a-helix/random coil
1643 | 1641 | 1642 | 1642 | 1643 | N-B
1632 | 1632 | 1632 | 1632 | 1633 | N-B
1612% | 1613 | 1612 | 1613 4 1613 | F-B

A/G 0.8 0.8 2 1.5 3

Figure 6.20 compares spectra in the alkyl stretch region for the wear test deposits (black and rainbow
films) and untested fluids for the model fluid mOA. The positions of the CH peaks for all the model

fluids (without DPPC) are summarised Table 6.16 for the black deposits. The remainder of this chapter
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will not show the peak positions of the rainbow deposits in the tables as they are identical the black

deposits but are reported in Appendix 11.3.

The peak positions were very similar to that of the untested fluid at ~2960, ~2930, ~2870 and ~2850

cm™ representing CHs (Vasym), CH2 (Vasym), CH3 (Vsym) and CH: (vsym) respectively.

Differences are observed in the CH stretch peak intensities: rainbow deposits > black deposits >

untested. The relative peak height between the CH; and CH, peaks is unchanged.
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Figure 6.20- Micro-IRRAS analysis comparing spectra from untested fluids to both black and rainbow tested deposits for
mOA in the range 3000 - 2800 cm™.,

Table 6.16 - Summary of IR peaks from deconvolution of spectra for black deposits from the model samples for 3000 - 2800
cml, (Bold type represents the most intense CH,/CH3 peak, no bold indicates similar peak heights).

Wavenumber (cm?)

Peaks
25BCS | mBCS | mH mOA | mPP
CHs (Vasym) | 2959 2959 | 2959 | 2960 | 2960
CH> (Vasym | 2930 2928 | 2929 | 2928 | 2929
CHs (veym | 2872 2870 | 2871 | 2871 | 2872
CHz (veym | 2851 2850 | 2850 | 2850 | 2850
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6.5.3 Model Fluids with DPPC

The shape and position of the amide | and Il bands were almost identical for all the BCS and model
fluids with DPPC, however the lipid peak at ~1735 cm™ was present only in the black deposits. Figure

6.21 shows an example of the spectra from the rainbow and black deposits for mBCS + DPPC.

Figure 6.22 compares spectra from the black deposits to the untested films for mBCS + DPPC and mPP
+ DPPC. It is apparent that similarly to the fluids without DPPC there was a shift in the Amide | peak
position to a lower wavenumber. However, across the samples the position of the most intense peak
varied: for fluids with a low A/G ratio (25BCS, 25salBCS, mBCS and mOA) 1641 cm™ was dominant. A
peak at 1612 cm™, which is characteristic of F-B was weak (277, 278). Whereas for fluids with a high
A/G ratio (mH and mOA) the most intense band was at 1632 cm™ and the peak at 1612 cm™ was
relatively larger. This suggests that the presence of DPPC is impeding the formation of N-B and F-

(277, 278). This slight difference in peak position can be observed in Figure 6.22.

Deconvolution of these spectra also reveals that five overlapping peaks were present in the deposits
(~1659, ~1648, ~1640, ~1632 and ~1612 cm™) as for the model fluids (no DPPC) as summarised in
Table 6.17 for the amide | black deposits.
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Figure 6.21 - Micro-IRRAS analysis of wear deposits comparing mBCS + DPPC black and rainbow deposits in the range 1800 -
1450 cm™.
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Figure 6.22 - Micro-IRRAS analysis comparing tested films and untested fluids of mBCS + DPPC and mPP + DPPC of 1800-
1450 cm™.

Table 6.17 - Summary of IR peaks from deconvolution and secondary structure assignment for model fluids + DPPC for the
black deposits in the range 1800 - 1450 cm™.(Bold type represents most intense peak, * denotes a weak peak).

Wavenumber (cm?)

Peaks | 25salBCS | mBCS | mH mOA | mPP Assignment
+DPPC | +DPPC | +DPPC  +DPPC  +DPPC

Ester
Black | 1735 1735 1734 1735 1735 Cc=0
Amide |
Black | 1659 1659 1658 1657 1658 a-helix/random coil
1651 1651 1648 1648 1651 a-helix/random coil
1641 1641 1640 1640 1642 N-B
1632 1631 1630 1631 1632 N-B
1612% 1611% | 1612 1612 | 1611 F-B
A/G 0.8 0.8 2 1.5 3
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Figure 6.23 compares the CH stretch spectra for the untested fluid mBCS + DPPC and black/rainbow
wear deposits. Deconvolution confirms that the peak positions are at ~2960, ~2870 and ~2850 cm™
for the peaks CHs (Vasym), CH3 (Vsym) and CHz (vsym) respectively. Whilst for CH; (vasym) @ doublet peak at
~2930 and ~2916 cm™ representing both proteins and lipids was present. A summary of peak positions
of the black deposits are shown in Table 6.18 for each of the model fluids and 25salBCS with additional

DPPC.

Differences were seen when comparing relative peak intensities in this region. Spectra for untested
and rainbow very similar with a slight increase in ~ 2920 cm™ CH, (vasym) peak for the rainbow deposits.
Large differences were seen for the black deposits with an overall increase in peak intensities relative
to the amide | and a dramatic increase in ~ 2920 cm™ CH; (Vasym) and ~ 2850 cm™ CH; (Vsym). This was
observed for all model and BCS fluids tested with additional DPPC, the A/G ratio did not appear to
affect this region of the spectra. This confirms the observations from the Amide | region analysis that

the lipids are associated with the black dispersed deposits rather than the rainbow films.
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Figure 6.23- Micro-IRRAS analysis comparing spectra from untested fluids to black and rainbow deposits for mBCS + DPPC in
the range 3000 - 2800 cm™.
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Table 6.18 - Summary of IR peaks from deconvolution for tested model fluids with DPPC for the black deposits in the range
3000 - 2800 cm™. (Bold type represents the most intense CH,/CHs peak, no bold indicates similar peak heights).

Wavenumber (cm?)

Peaks DPPC | 25salBCS | mBCS mH mOA mPP
+ DPPC + DPPC | + DPPC | + DPPC + DPPC

CH3 (Vasym) | 2958 | 2957 2959 2960 2959 2958
CH2 (Vasym) 2928 2927 2928 2929 2930

2018 | 2917 2916 2917 2917 2916
CHs (vsym) | 2871 | 2871 2870 2870 2870 2872
CHz (vsym) | 2850 | 2850 2849 2851 2852 2850

6.6 Results: HSF Samples

6.6.1 HSF: Untested Samples

Spectra of the amide | and Il band region for example HSF samples are compared to 25BCS in Figure
6.24. HSF110 is representative of all other samples not shown on the graph and shows a clear
difference in peak position compared to 25BCS. Deconvolution of the amide | band indicates five
overlapping peaks at 1666, 1658, 1649, 1641 and 1631cm™ representing the secondary protein
structures turns and bends, a-helix/random coil, a-helix/random coil, N-B and N-B respectively (277,
278). For all of these cases the most intense peak was at 1659 cm™, which is assigned to the a-
helix/random coil configuration. In addition, the peak at 1666 cm™ was not present in 25BCS. Turns
and bends are associated with the N-B, which has an anti-parallel structure, the bends and turns

reverse the direction of the polypeptide chain so that intra-molecular bonds are formed (277, 294).

The spectra from two samples HSF77 and HSF113 shown in Figure 6.24 deviated from the norm
(HSF110). For HSF77 a large shoulder was observed containing overlapping peaks 1650 and 1641 cm-
! indicating the sample contained a slightly different protein composition. The spectra for sample
HSF113 had a very similar peak position compared to 25BCS. Deconvolution of this data showed that
the amide | peak contained only four overlapping peaks at 1658, 1650, 1642 and 1632 cm
representing the secondary structures a-helix/random coil, a-helix/random coil, N-B and N-B

respectively (277, 278). With the most intense peak is at 1642 cm™, N-B, the same as 25BCS.
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Table 6.19 summarises the location of all overlapping peaks in the amide | band found from

deconvolution for all the human samples, 25BCS is shown for comparison.
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Figure 6.24 - Micro-IRRAS analysis of untested fluids 25BCS, HSF77, HSF110 and HSF113 in the range 1800-1450 cm™.

Table 6.19 - Summary of IR peaks from deconvolution and secondary structure assignment for all untested HSF fluids and
25BCS in the range 1800 - 1450 cm™. (Bold type represents most intense peak, ¥ denotes a weak peak).

Wavenumber (cm?) Assignment
Peaks | 25BCS | HSF HSF HSF HSF HSF HSF HSF HSF
041 077 110 113 135 145 156 164
Amide 1667 | 1666 | 1666 1666 | 1666 | 1666 1667% | turns and bends
I | 1659 1659 | 1659 | 1658 | 1658 | 1659 | 1661 1658 1658 | a-helix/random coil
1651 1650 | 1650 | 1649 | 1650 | 1650 | 1649 1649 1650 | a-helix/random coil
1641 1642 | 1642 | 1641 | 1642 | 1642 | 1642 1642 1643 N-B
1632 1633 | 1632 | 1631 | 1632 | 1632 | 1632" | 1632% | 1632 N-B

Figure 6.25 compares the spectra of the alkyl stretch region for the fluids HSF77, HSF110, HSF113 and

25BCS. The peak positions of the HSF fluids are at ~2960, ~2930, ~2870 and ~2850 cm™ representing

CH3 (Vasym), CH2 (Vasym), CH3 (Vsym) and CH; (vsym) respectively. A shoulder at ~2916 cm™ was not observed
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in any of the HSF samples indicating lipids were not present in detectable concentrations in the bulk

fluid. Table 6.20 summarises peak positions in the alkyl stretch region for all HSF samples, 25BCS is

shown for reference.

The overall CH peak intensities for 25BCS were significantly larger than the HSF samples.
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Figure 6.25 - Micro-IRRAS analysis comparing untested fluids 25BCS, HSF 77, HSF110 and HSF 113 in the range 3000 - 2800

cml,

Table 6.20 - Summary of IR peaks from deconvolution for all untested HSF fluids in the range 3000 - 2800 cm™. (Bold type
represents the strongest peak).

Wavenumber (cm™?)

Peaks
25BCS | 041 | 077 | 110 | 113 135 145 156 | 164
CH3 (Vasym) 2957 | 2963 | 2961 | 2961 | 2961 | 2961 | 2960 | 2960 | 2960
CH2 (Vasym) 2932 | 2930 | 2933 | 2935 | 2933 | 2930 | 2933 | 2935 | 1930
2917
CH3 (Vsym) 2870 | 2873 | 2873 | 2873 | 2873 | 2872 | 2872 | 2872 | 2873
CH3 (Vsym) 2851 | 2854 | 2854 | 2854 | 2854 | 2854 | 2854 | 2854 | 2853
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6.6.2 HSF: Wear Test Deposits

Figure 6.26 and Figure 6.27 show example IR spectra from black and rainbow wear deposits for HSF41
and HSF164. In all the HSF samples examined the amide | and Il bands shifted to a lower wavenumber
compared to the untested fluid spectra. Typical amide | main peak changes were from 1660 to < 1650

cm™

For HSF41 a C=0 peak at 1735 cm™ is also present in both the black and rainbow deposits whereas
this is only present in the black deposits for HSF110, HSF156 and HSF164 and not observed for all other
HSF samples. The peaks at ~ 1730 cm™ were not observed in the untested fluid spectra. A summary
of the positions of the overlapping peaks in the amide | band obtained from deconvolution of the

spectra from the black deposits is given in Table 6.21.

Analysis of these HSF wear-test deposits was more complex than for the model fluids. For the black
deposits the most intense peaks were at 1632 cm™ (N-B) for HSF113, 1643 cm™ (N-B) for HSF41 and
HSF77, ~1650 cm™ (a-helix / random coil) for HSF110, HSF135, HSF156 and HSF164 and lastly 1659
cm™? (a-helix/random coil) for HSF 145. For comparison the strongest peak for 25BCS was located at
1632 cm similar to HSF113 (277, 278). The rainbow deposits differed only for HSF 41 as seen in Figure
6.26 where the strongest peak was located at 1631 cm™ (N-B) (277, 278).

For some samples, HSF41, HSF113, HSF 156 and HSF164 five overlapping peaks were identified at
~1659, ~1651, ~1643, ~1631 and ~1612 cm™ assigned to a-helix/random coil, a-helix/random coil, N-
B, N-B and F-B structures respectively (277, 278). For all other samples the N-B peak at ~1612 cm™ was

not present.
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Figure 6.27 - Micro-IRRAS analysis comparing the untested fluid, black and rainbow deposits from HSF164 in the range
1800-1450 cm™.,
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Table 6.21 - Summary of IR peaks from deconvolution and secondary structure assignment for all tested HSF samples in the
range 1800 - 1450 cm. (Bold type represents most intense peak, ¥ denotes a weak peak).

Wavenumber (cm™)

Peaks Assignment

25BS | 041 077 110 113 135 145 156 164

Ester 1735 1735 1735 1737 | C=0

Amide | 1659 | 1659 | 1660 | 1657 | 1660 | 1658 | 1659 | 1659 | 1658 | a-helix/random coil
1650 | 1651 | 1651 | 1649 | 1651 | 1650 | 1651% 1651 | 1649  a-helix/random coil
1643 | 1643 | 1643 | 1641 1642 1639 | 1642 | 1642 1642 N-B
1632 | 1631 | 1632 | 1631% | 1632 | 1630 | 1630 | 1632 | 1633 | N-B
1612% | 1612% 1612 1612% | 1612% | F-B

The alkyl stretch region is for HSF41 shown in Figure 6.28. The peak positions for of the rainbow

deposits are similar to that of the untested fluid at ~2960, ~2930, ~2870 and ~2850 cm representing

CH3 (Vasym), CH2 (Vasym), CHs (Vsym) and CH; (vsym) respectively. However, for the black deposits the CH,

(Vasym) Was at ~2916 cm™. Table 6.22 summarises the exact position for each of the four peaks of all

HSF black deposits.

The overall peak intensity is higher for the tested fluids when normalised to the amide | band. The

relative peak heights of CH; (Vasym) and CH; (veym) were increased for the black deposits.
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Figure 6.28 - Micro-IRRAS analysis comparing spectra from untested fluids to both black and rainbow tested deposits for
HSF41 in the range 3000 - 2800 cm™,
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Table 6.22 - Summary of IR peaks from deconvolution for all tested HSF samples for the black deposits in the range 3000 -
2800 cm™. (Bold type represents the most intense CH>/CHs peak, no bold indicates similar peak heights).

Wavenumber (cm?)
Peaks

25BS | 041 | 077 | 110 | 113 | 135 | 145 | 156 | 164

CHs (Vasym) | 2959 | 2960 | 2961 | 2960 | 2960 | 2959 | 2960 | 2959 | 2958

CHZ (Vasym) 2932
2917 | 2916 | 2917 | 2916 | 2917 | 2920 | 2916 | 2918 | 2919

CHs (vsym) | 2872 | 2871 | 2870 | 2870 | 2870 | 2871 | 2870 | 2871 | 2870

CHz (vsym) | 2851 | 2850 | 2850 | 2851 | 2850 | 2851 | 2850 | 2851 | 2851

6.7 Discussion

6.7.1 Summary of Results

In this chapter dried untested fluids and residual deposits formed in the wear tests were examined by

Micro-IRRAS. Two spectral regions were analysed corresponding to the amide | and Il bands (1800 —

1450 cm™?) and alkyl (CH) stretch (3000 — 2800 cm?). Initially spectra of untested single constituent

solutions 12Alb, 6Glob and 0.5 mg/ml DPPC were examined to understand characteristics of each. This

was followed by analysis of the untested fluids for BCS solutions and model solutions with and without

DPPC. Surface deposits formed during the wear tests were analysed and compared to the untested

fluids for BCS, model and HSF samples. The results are summarised below:

1. Untested fluids:

Distinct difference in band position between 12Alb (a-helix/random coil; 1652 cm™) and
6Glob (N-B; 1642 cm™).

DPPC can be identified by peaks at ~ 1735 cm™ (C=0), 2916 cm™ (CH; (Vasym)) and ~ 2872
cm™ (CHz (Vsym)).

Addition of saline did not alter the band position.

Addition of DPPC shifted the amide | band position to a higher wavenumber (without
DPPC: range 1641-1651 cm™, N-B/ a-helix/random coil; with DPPC ~1658 cm™® a-
helix/random coil).

HSF fluids generally have a higher amide | peak position (~1659 cm?, a-helix/random coil).

2. Deposited films:
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e The amide | band position shifted to a lower wavenumber when compared to the untested
samples.

e Addition of saline did not alter the amide | band position.

e No difference was seen in the amide | band position of the black and rainbow deposits.

e DPPC was only present in the black deposits. Occasionally characteristic lipid peaks were
seen in samples where DPPC had not been added, this was attributed to the fatty acids
present in BSA.

e Presence of DPPC in high y-G content fluids hinders ability to form N- and F-B.

6.7.2 Amide | Peak Position and Protein Secondary Structure

One of the key outcomes of the micro-IRRAS analysis is the identification of protein secondary
structures from the amide | peak positions. It is worthwhile at this point to examine this aspect in

more detail.

The amide | band position can be used to identify the protein secondary structure. Each secondary
structure has a different geometry (turns and bends, a-helix/random coil, N-B, F-B) which dictates the
length, direction and hence strength of hydrogen bonds involving amide C=0 and NH groups (278).
This gives characteristic electron densities resulting in distinctive absorption frequencies. The stronger
the hydrogen bonding the lower the electron density and the lower the frequency of the absorption
bands (277). Hydrogen bonds in the turns and bends followed by the a-helix/random coil structure
are the longest and weakest and therefore these amide | bands absorb at the highest frequency
(~1650 cm™). N-B have a conformation which allows shorter and stronger bonds and hence have a
characteristic absorption at lower wavenumber (~ 1640 cm™) compared to the a-helix/random coil
structure. F-B consist of long extended chains where intramolecular bonding is not possible however
strong bonds between neighbouring chains (intermolecular) are formed due to their close alignment

thus giving rise to a low IR absorption frequency (<1630 cm™) (278).
6.7.3 Comparison of Untested BCS, Model and HSF Fluids

The peak position of the amide | band of the untested single protein solutions 12Alb and 6Glob varied.
These bands were deconvoluted and revealed a number of overlapping peaks in the Amide | region.
The most intense peak for 12Alb and 6Glob was at 1651 cm™ (a-helix/random coil) and 1642 cm™ (N-
B) respectively. A study by Kaiden et al. (310) reported absorption bands from dried films of BSA at
1658 cm representing an a-helix/random coil structure. A study by Sharma et al. (311) reported an

absorption band at 1640 cm for y-G from bovine which was assigned to an N-B structure. Literature
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reports that roughly 50% of globular proteins such as BSA and y-G are unordered (114), of the ordered

structure 50% of BSA is an a-helix and 40% of y-G is a N-3 (310) which is in agreement with results.

The position of the most intense peak in the amide | band envelope varies for the untested model
fluids mBCS, mH, mOA and mPP which appears to scale the A/G ratio as shown in Figure 6.13. When
considering the peak positions of the single protein solutions, 12Alb and 6Glob, the results agree. The
sample mBCS has the highest proportion of y-G and the lowest peak position of model samples tested
at 1641 cm™ (N-B) followed by mOA at 1643 cm™ (N-B) and mH at 1647 (a-helix/random coil) cm™.
The sample (mPP) with the highest proportion of BSA had the main amide | peak at 1651 cm™ (a-
helix/random coil) which was closest to the 12Alb solution. The proteins y-G and BSA have a molecular
weight of 150kDa (116) and 66.5 kDa (115) respectively and it is therefore it follows that y-G has more

of an effect on the position of the amide | band compared to BSA.

Addition of DPPC to the BCS and model solutions shifted the amide | and Il bands towards a higher
wavenumber. The most intense overlapping peak in the amide | band for each case was at ~ 1658 cm-
1 an a-helix/random coil conformation. Lipid-protein interactions occur in plasma fluids and can result

in an increase in the helical component which is supported by the current FTIR results (312).

The amide | band for the HSF untested samples was usually located at 1659 cm™ representing an a-
helix/random coil secondary structure (277, 278), which is similar to the model fluids with DPPC and

therefore this higher wavenumber could correlate with the presence of lipids (312).

Each peak had the same shape excluding HSF77 which had a large shoulder containing over lapping
peaks 1650 and 1641 cm™ indicating the sample contained a slightly different protein composition.
The only exception was sample HSF113 where the most intense peak was located at 1642 cm™
representing a N-f3 secondary structure and was similar in shape to the spectra of 25BCS, the reference
fluid (277, 278). It is interesting to note that this sample, HSF113, exhibited low wear which was also
comparable to 25BCS. The higher frequency recorded for almost all the HSF samples was probably due

to the effect of lipids on protein structure noted for the model fluids.
6.7.4 Wear Test Deposits

Micro-IRRAS analysis was carried out for all test deposits and where possible spectra were taken from
both black and rainbow regions and compared to spectra from the untested fluids. These films were
described in Chapter 5 and appeared to have different structures; as dispersed particulates/fibrils

(black) and insoluble amorphous films (rainbow).
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For all fluids the deposited spectra displayed a shift in the main amide | band (compared to the
untested fluid) to a lower wavenumber, representing a change from a predominately o-
helical/random coil to an N—f3 structure with an additional peak representing an F- structure. For the
untested model and BCS fluids the most intense peak was in the range 1641 - 1651 cm™ this shifted
to ~1632 cm™ (277, 278) for samples without DPPC. For post-test films an additional peak at ~1612

cm® was present which is often attributed to a F-B structure (277, 278).

For the BCS and model fluids with DPPC the shape and position of the amide | and Il bands of spectra
from the black and rainbow deposits were almost identical, however the lipid peak at ~1735 cm™ was
present only in the black deposits. The peak was more intense (relative to amide | absorbance) than
in the untested fluid spectra and suggests that lipids are involved in the denaturing/aggregation

process. The resulting B structure proteins have effectively scavenged this molecule.

The position of the amide | band of the BCS and model fluids with DPPC was related to the A/G ratio.
For samples with a low A/G ratio (high y-G content; 25salBCS, mBCS and mOA) the peak was located
at ~1641 cm™ (N-B) whilst for samples with a high A/G ratio (low y-G content; mH and mPP) the peak
was located at ~1631 cm™ N-B (277, 278). Additionally peaks at 1612 cm™ (F-B) were present in all
deposited films however these were weak for the low A/G ratio samples (277, 278). Therefore, this
suggested that lipids have a greater effect of preserving the a-helix/random coil structure of y-G. This
can be related to wear, for a low A/G ratio (high y-G content) a-helix/random coil structure is
preserved by the lipids, inhibiting the formation of N-f and F-B, which is related to an increase in wear.

These results are summarised in Figure 6.22.

Table 6.23 — Model fluids, A/G ration, major amide | peak position with and without DPPC and AAWD.

Major Amide | Peak

Position (cm™) A AWD (nm)

Model Fluids | A/G ratio - I No With]

DPPC —DPPC

DPPC DPPC

25salBCS 0.8 1632 1641 -41
mBCS 0.8 1632 1641 -168
mOA 1.5 1632 1640 -119
mH 2 1632 1630 130
mPP 3 1633 1632 35
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The main differences observed in the alkyl stretch region for the BCS and model samples with
additional DPPC was the increase in intensity of the CH; (Vasym) and CHz (veym) peaks at 2916 and
2850cm™ respectively. Additionally these peaks had a reduced Full Width Half Maxima (FWHM)
suggesting that the lipids present formed highly ordered all-trans alkyl chains in the deposited films at
increased concentration in the black deposits (307). This increase in peak intensity was only observed
in the black deposits and little change was seen for the rainbow deposits when compared to the
untested fluid. This can be related to the amide band region where the spectra only showed the
presence of lipids in the black deposits, providing further evidence that these regions may be

scavenging lipids.

Analysis of the wear deposits for the HSF samples was more complex. The main conclusion is that,
similarly to BCS and model fluids, the position of the most intense amide | peak of the deposits shifted

to a lower wavenumber.

The most intense overlapping peak in sample HSF135 was located at the highest wavenumber, 1659
cm™ an a-helix/random coil structure, samples HSF110, HSF135, HSF156 and HSF164 were assigned
the same secondary structure although the most intense peak was located at a lower wavenumber
(~1649 cm™) (277, 278). The most intense peak for two of the samples, HSF041 and HSFO77, was
located at 1643 cm™ representing a N-B secondary structure. The only sample to show the same
characteristics as 25BCS with the most intense peak located at 1632 cm™, a N-B, was sample HSF113
(277, 278). A peak at ~1612 cm™ showing the presence of F-B was only present in samples HSF041,
HSF113, HSF156 and HSF164.

The peak at ~¥1733 cm™ assigned to the C=0 /lipid which was not detected in the untested fluids was
apparent in both black and rainbow deposits for HSF41, in only the black deposits for HSF110, HSF156
and HSF164 and not observed for all other samples. There did not appear to be a correlation with the

presence of the C=0 peak with the position of the amide | band.

In the alkyl chain region, the bands from the black deposit narrowed, intensified and shifted from
~2930 cm™ to 2917 cm™ for the CH; (Vasym) peak and from 2854 to 2850 cm™ for the CH; (vsym) peak
indicating that highly ordered all-trans alkyl chains and hence lipids are present to some extent in the

deposited films.
6.7.4.1 F-8 secondary structure

The F-B structure is of particular interest as it has a parallel B-sheet structure which are characteristic

of aggregated proteins (277, 278, 294-303). The most common aggregate is the amyloid fibre which
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appear to be highly ordered and rope like (313), this analysis does not explicitly provide evidence of

its presence and therefore further experimental work will be reported in Chapter 7.
6.7.4.2  Summary of Wear Deposit Analysis

The main changes that are observed between the untested and tested fluids is the shift of the amide
| band to a lower wavenumber suggesting the formation of N-f with the presence of F-B. This occurs
for high y-G content fluids without DPPC, however the presence of DPPC appears to inhibit N-f
formation with high y-G content fluids. The development of N-B with the presence of F-B is less

common for HSF samples.

The alkyl stretch region, which is often ignored, has provided important information in the analysis of
these deposited films. The shift of the CH; (Vasym) from 2930 cm™ to 2916 cm™ and the presence of the
CH2 (Vsym) at 2850cm™ indicated the presence of lipids. The intensity of these peaks increased and HBW
decreased indicating that they were highly ordered all-trans alkyl chain (279). Lipids were also be
identified using the ester peak (C=0) at ~1735 cm™. These where characteristic of both the model
fluids with DPPC and the HSF fluids in the black deposits only, suggesting that this region scavenges

lipids.
6.7.5 Effect of Amide | Position on AWD

For all wear deposits the wavenumber of the major peak amide | peak decreased compared to the
untested fluids. It is therefore interesting to see if the wear deposit amide | position can be related to
the AWD. The AWD is plotted against the major amide | peak position for BCS (no DPPC) and model
fluids (no DPPC) in Figure 6.29 where no correlation is seen. The same is done for model fluids (+ DPPC)
and HSF (contain lipids) in Figure 6.30 where the AWD increases for increasing peak wavenumber.
Therefore, the presence of N-f and F-B in the deposited films is associated with low wear for fluids

containing DPPC or lipids.

The HSF fluids tested have OA pathologies therefore should theoretically have an A/G ratio of ~1.5.
Analysis from the model fluids suggested that DPPC/lipids inhibited the formation of N- f and F-B in
high y-G fluids which could also fit with results from the HSF fluids. However, the chemical composition
of the HSF fluids is unknown and therefore further analysis should be performed to better understand

this correlation. Unfortunately, this outside the scope of this thesis.
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6.8 Conclusions

Untested fluids:

Proteins secondary structure can be classified using the amide | and Il bands, however it is
only the amide | band that is useful.

The alkyl stretch region and the appearance of a carbonyl (ester) peak was used together to
identify the presence of lipids.

The position of the amide | band, and hence secondary structure depended upon the specific
protein content

The secondary structure of all model fluids shifted towards an a-helix/random coil
conformation in the presence of a lipid.

The HSF secondary protein structure was usually mainly a-helix/random coil compared to N-

B for 25BCS indicating a fundamentally different protein composition.

Wear deposits:

Both rainbow and black residual deposits were predominately proteins

The amide | band of residual deposits shifted towards a N-B / F-B strand conformation for all
samples tested.

In model fluids DPPC appeared to inhibit the formation of N-B / F-B in model fluids.

In HSF lipids were found in some of the films and possibly inhibited N-B/F-B formation,
therefore lipids could play an important role in the denaturing process.

F —B and therefore potentially amyloids fibrils were present in the deposited films for all model
fluids and some HSF samples

A low wavenumber amide | peak position was associated with lower wear.
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Chapter 7: Fluorescence Imaging

Summary

In this chapter the protein structure of the wear deposits was investigated further using fluorescent
dye (Thioflavin-T (ThT)) specific to aggregated F-. Model and human SF samples were doped with
ThT and wear tests were performed using the protocol devised in Chapter 3. The wear scars were
imaged optically using visible light as in Chapter 5, however fluorescence microscopy imaging was also
carried out. Finally, as in Chapter 6 Micro-IRRAS was performed to analyse the chemical composition

of untested fluids and residual deposited films.
7.1 Introduction

Thick, organic deposits on implant surfaces have been reported for simulator and explant hip joints
(143, 170, 212, 224). These deposits have been identified as denatured proteins (170, 224) and are

considered to act as solid boundary films which act to protect the sliding surfaces and reduce wear.

A number of causes of protein-denaturing in tribology have been suggested including thermal effects
(224, 275), high pressure (275) and shearing (213, 314). In our optical interferometry work (112) we
have observed protein aggregation occurs very rapidly at the onset of sliding and suggest that shear

alone can induce denaturing and the formation of insoluble structures.

In Chapter 6 Micro-IRRAS identified that the deposits formed on the rubbing surfaces during wear
tests had a higher N-B content compared to the native untested fluids and contained denatured
aggregated proteins F-B. The a-helix/unordered protein secondary structures of the untested fluids
appeared to transform to an increased N-B/F-B composition. However, further supporting evidence

is required to define the nature of these denatured/aggregated (F-B) protein films.

Aggregation of proteins is a common occurrence in nature and can be due to thermal, chemical or
shear effects caused by changes in the non-covalent bond interactions. There are three main types of
protein aggregate: amorphous, oligomers and amyloid fibrils. Amyloid fibres are highly ordered, rope-
like structures (269) and are the most thermodynamically stable (313). Amorphous aggregates are
disordered (315) and are the most commonly occurring aggregate (313), both form insoluble deposits

(315). On the other hand oligomers are soluble and are formed of two or more polypeptide chains
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connected by non-covalent bonds (316) they often precede amyloid fibrils (313). A schematic of the

three types of aggregate is shown in Figure 7.1 (313).

Protein deposits reported in Chapter 6 appeared to have a have high N-B content with the presence
of F-f} structure which is associated with amyloid fibrils. Aggregates of protein monomers assemble
to form fibrils with a high content of B-sheet of defined dimensions, which are called amyloids (317).
Amyloids have been known to form from many different proteins, but most commonly originate from
an N-B secondary structure in a characteristic cross-B conformation (318). A Cross-p sheet structure is
where a B-sheet polypeptide chain arranged parallel to the fibril axis with their consistent B-stands

perpendicular to the fibril axis (319).

Amyloid plaques (aggregates) are primarily comprised of the amyloid B-peptide (AB) ~ 38-42 residues
long (296). AB can exist as a soluble small monomer or larger oligomers and insoluble fibres as shown
in Figure 7.1 (296). It is now widely considered that AP oligomers are more toxic than A fibres and
therefore play a direct role in the amyloid pathogenesis (320). Cerf et al. (296) used ATR-FTIR to
distinguish between AR oligomers and fibrils. It was found that AP oligomers had an anti-parallel -
sheet structure and therefore had two distinct peaks at 1695 and 1630 cm™ whereas the fibrils have

a highly stable parallel B-sheet structure with a strong peak at 1630 cm™.

el

Q)
— —
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protein metastable \ i l

~ Fibrillar

Figure 7.1 - Schematic illustration of protein aggregation. Adapted from (313).
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Alongside FTIR analysis a standard way of identifying fibrils is the use of Thioflavin-T (ThT), which is a
fluorescent dye reported to be specific to B-sheet rich structures such as amyloid (321). ThT has the
ability to distinguish AP structures from the precursor protein, monomer and non-amyloid fibril
amorphous aggregates (317). Visualisation of B-sheet rich/amyloid aggregates has been extensively
reported in the literature, both in vivo and in vitro, to detect these structures in a wide range of

research areas from Alzheimer’s (322) to barnacle glue (298).

The aim of this chapter is to further investigate the nature of the deposited film, whether this consists
of amyloid fibrils and if their production can be related to the wear and patient SF chemistry. To do
this the untested fluids must be first doped with ThT and bench top wear tests performed. Wear
surface deposits can then be imaged to determine whether amyloid/B-sheet rich structures are

present, their secondary structures also investigated using Micro-IRRAS.
7.2 Fluorescence Imaging of Amyloids

7.2.1 Theory

A fluorescence method which is specific to amyloid fibrils will be used. A fluorophore is a molecule
that absorbs energy, a photon, at a specific wavelength of light and re-emits at a different, but specific,
wavelength. The amount of energy and wavelength of the emitted light is dependent upon the
fluorophore and its chemical environment (323). It is a fast, simple and inexpensive method to identify

and measure chemical constituents in a solution.

Fluorescence can be broken down into three steps, absorption, internal conversion and emission
which are outlined below and depicted schematically in Figure 7.2, a simplified Jablonski diagram (323,

324).

Absorption: Photons are absorbed by the fluorophore molecules causing electrons to move from their

ground state, S, to an excited state S, (n>1)

Internal Conversion: The electrons return from their excited state S, to the lowest excited state S; by
dissipating part of its energy to the surrounding environment. This state lasts for a finite period of

time, typically nanoseconds.

Emission: Electrons will return form their excited stare S; to return to its ground state Sp via emission
of a photon on energy generating florescence. The energy of emitted photon is less than the absorbed
photon due to energy lost during internal conversion, energy dissipated in the medium as heat and

transfer of energy to neighbouring molecules.
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Figure 7.2 - Joblonski diagram showing three stages of fluorescence. Adapted from (98).

The energy of a photon is related to the wavelength using Plank’s equation (Eq 7.10) (324) where E is
the energy, c is the speed of light (3x108 m/s), h is the Planck’s constant (6.63x103*kg/s) and A is the
wavelength. The difference between the absorbed and emitted wavelength is known as the Stokes

shift, emission will always be at a lower energy therefore higher wavelength (323).

E=hy=— (7.10)

This change in wavelength allows the light generated from emission to be separated from the light
required to excite the molecule. In the current system the fluorophore Thioflavin-T is used; it brightly
fluoresces at the excitation and emission maxima 450 and 482 nm respectively (325). A royal blue LED
illuminator is passed through the excitation filter which transmits light in the wavelength range 425-
448 nm. A dichromatic mirror, placed at 45°to the light path, reflects shorter wavelengths of excitation
to the specimen and passes longer the wavelengths from the emission towards the barrier filter. The
barrier filter only transmits light in the range 455-500 nm to the camera, wavelengths from the
illuminator are blocked. A schematic of the filter cube is shown in Figure 7.3 and the transmission

wavelengths of the excitation and barrier filters and the dichroic mirror used are shown in Figure 7.3b.
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Figure 7.3 —a) A Schematic of a filter cube b) Transmission wavelengths of the excitation and barrier filters used. Adapted
from (326)

7.2.2 ThT Fluorescence

Thioflavin-T is widely reported in literature to exhibit enhanced fluorescence when bound to cross -
sheet and amyloid fibrils (321, 327). It displays a dramatic shift of excitation maximum (385 to 450
nm) and the emission (445 to 482 nm) (325) resulting in ~120% increase in energy emitted. The
increase in fluorescence is due to the protein binding to the dye. The exact mechanism of ThT binding
is unclear, however experimental data and quantum mechanical predictions suggest that ThT behaves
as a ‘molecular rotator’ and the increase in fluorescence arises from the selective immobilisation of a
subset of ThT conformers (328). For free ThT, when in solution, a low energy barrier allows free
rotation of the shared carbon bond between the two aromatic rings of the molecule (329). The
molecular structure of ThT is shown in Figure 7.4a and the planes of rotation about the shared carbon
bond is shown in Figure 7.4b. Minimal fluorescence is observed when the molecule is free to rotate in
a solution as the energy from the photon is dissipated by the molecule in rotation, the excited state is
preserved when rotation is immobilised. It is thought that amyloid fibres and potentially N-B present
a ThT-binding site that sterically “locks” the molecules resulting to a large increase in ThT fluorescence.
Cross B-sheet structures are common in amyloid fibres, and it is therefore accepted that these surfaces
provide the binding site (329).The binding of ThT to the aggregated amyloid peptides occurs within
seconds (321).

Despite its wide spread use as an amyloid stain, it is the cross B- sheet structures, which can also be
present in some non- amyloid B-sheets, that act as a binding site (329) it was stated by LeVine (321)
that ‘It is likely that both the B-sheet and the aggregated state provide the environment to stabilize

the long wavelengths of the ThT fluorescent complex, regardless of the identity of the participating
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peptides.” Meaning that ThT is likely to bind to both amyloid fibres and high N-B content proteins.

Additionally ThT fluorescence increases with increasing viscosity (330).

a) b)
CH3 Cr
N CHs
\ N
S 'CH,

Figure 7.4 —a) Molecular structure of ThT (327) b) The two planes of rotation about the shared carbon bond (329).

7.3 Experimental Programme

The overall aim of this chapter was to investigate the possibility of amyloid fibrils occurring in the
residual deposits and if they are beneficial or detrimental to wear. More specifically to investigate if
particular SF chemistries are more prone to the formation of aggregated strands/amyloid fibres and if

these can be identified in untested HSF samples. The objectives were as following:

1. To perform wear tests with ThT doped model and HSF samples.
e Ensure the presence of ThT does not affect the wear.
e Further understand the roles of albumin, y-G and DPPC.
2. Optically observe residual deposited films
e Visible light microscope
e Using a fluorescent microscope specific to ThT
3. Use Micro-IRRAS analysis to identify the secondary structure of proteins.
e Observe differences in the amide | band between different untested fluids.

e Analyse differences in the amide | band between untested fluids and deposited films.
7.4 Materials and Methods

The following test procedures were implemented in this chapter to investigate the aggregation of
proteins which are outlined in the following sections. In this Chapter each test fluid is ThT-doped in

order to fluorescently image high N-B content proteins/amyloid fibril.
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7.4.1 HFRR Bench Top Wear Test

The adapted HFRR and ‘final’ protocol developed in Chapter 3 was implemented. WLI was used to
image the wear scar and to analyse the depth at 30%, 50% and 70% of its length and friction was

recorded throughout the test.

7.4.2 Optical and Fluorescent Imaging

As in Chapter 5, post-test the ball was lightly rinsed with DI with water for 10 s in order to remove
excess fluid and air dried. Care was taken to remove excess fluid but not to disturb the residual film.
Once dried, surfaces were observed using a low power microscope (Axioscope, Zeiss; Germany)
connected to an Infinity 2 (Lumenera Corporation; Ottawa). In addition, fluorescent imaging was
carried out. A Navitar fluorescent microscope with an Olympus filter cube set (Chroma (435/480nm)
49001 - ET — ECFP) and mid-blue LED (all supplied by Close Ups Ltd, UK) was used with a CCD camera
(Grasshopper3, Pointgrey, Canada). For each sample images were taken using both optical setups so

that comparisons could be made and high N-B content/amyloids residual films could be identified.

Prior to each wear test each of 10 pl of the untested sample was pipetted onto a glass slide and a
cover slip placed on top to ensure it did not dry. The untested samples were imaged under the

fluorescence microscope to investigate if high N-B content/amyloid fibrils were present.

7.4.3  Micro-IRRAS Analysis

Micro-IRRAS analysis was performed to obtain information on the chemical composition of both the

untested fluids and tested samples using the same methods as outlined in Chapter 6.

7.4.4 Test Fluids

Four model solutions were tested using BCS (Sigma Aldrich, 12133C), BSA (Sigma Aldrich, A7906) and
v-G (Sigma Aldrich, G7516) and 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; Sigma Aldrich,
P4329). ThT (Sigma Aldrich, T3516) was used as obtained. The test solutions are summarised in Table
1.
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Table 7.1 - Model fluids with ThT.

Solution Constituents

A | ThT 375 uM ThT
B | 25BCS + ThT 25BCS

375 uM ThT

C | 25salBCS + DPPC + ThT | 25BCS
154 mM NaCl
0.5 mg/ml DPPC

375 uM ThT

D | 12Alb + ThT 12 mg/ml BSA
375 uM ThT
E | 6Glob+ ThT 6 mg/mly-G
375 uM ThT

For solution A ThT (375 uM) was dissolved in DI water by weight and gently stirred at room
temperature. For solution B; an initial solution of 500 uM ThT was prepared, this was then combined
with 100BCS in a 3:1 ratio to achieve 25BCS with ThT at a concentration of 375 uM. Solution C was
made by dissolving NaCl by weight in DI water at a physiological concentration of 154 mM. DPPC saline
solution was then prepared by the method outlined in Chapter 4. Once at room temperature ThT was
dissolved into the solution to a concentration of 500 uM, which was then combined with 100BCS in a
3:1 ratio. For the single protein solutions (D and E) 9 mg/ml saline was dissolved into a 375 uM ThT

saline solution before the addition of the proteins by weight.

Human samples tested are listed in Table 7.2, in Chapter 4 samples were grouped based on age and
disease for sample volumes = 2 ml. The age group 70-79 with only OA had four available samples (105,
108, 128 and 163) and therefore chosen for testing as this was the closest category to the samples

used in Chapter 4.
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Table 7.2 - Gender, age and disease and volume of human samples.

Sample | Gender | Age | Disease | Volume (ml) | # of tests

F | 105 M 88 | OA 2 1
G | 108 F 76 | OA 2 1
H | 128 F 76 | OA 2 1
J | 163 M 78 | OA 2 1

Human samples were doped with ThT to achieve a concentration of 375 uM. To do this ThT was initially
dissolved in DI water by weight to achieve a concentration of 3750 uM. The HSF samples were then
combined in a 9:1 ratio with the ThT solution to achieve the same ThT concentration that was used in

the model samples.

7.5 Results

7.5.1 Wear

The AWD of each of the model and human fluids tested is shown in Figure 7.5. The ThT solution gave
an AWD of 0.73 um which is less than what was measured for the other non-protein/lipid/HA solutions
and saline. However, this is unsurprising as tribo-corrosion will increase wear for the saline solutions

(232, 251, 252).

The addition of ThT to 25BCS and 25salBCS causes a 7% and 3% increase in the AWD of respectively,
giving values of 0.63 and 0.77 um. Showing that the effect on the wear from the addition of ThT is

minimal.

The AWD of 12Alb was 1.10 um whereas the AWD for 6Glob was 20% lower at 0.89 um despite 12Alb
having double the protein concentration of 6Glob and 450% greater molarity (6Glob 40 uM and 12Alb

180 uM) providing further evidence that y-G is more effective at reducing the wear than BSA.

The HSF samples doped with ThT are compared to HSF164 which gave AWD of 1.04 um, the largest of
all previous HSF wear tests. Two of the HSF doped samples, HSF128 and HSF163, exhibited an AWD
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slightly greater than this at 1.08 and 1.06 um. The AWD of the third sample, HSF108, was reduced at
0.24 um. This is a 62% reduction in AWD compared to 25BCS + ThT and 78% compared to HSF128.
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Figure 7.5 — AWD for the model and HSF samples.

7.5.2 Optical and Fluorescent Imaging of Wear Scar Deposits

All untested samples showed similar images and therefore only 25BCS and HSF128 are shown as an
example in Figure 7.6. Both images are black with no obvious fluorescent particles indicating that
amyloids/high N-B aggregates are not present in the untested fluid. The HSF samples have a dull blue
background in comparison to the black of the model fluids. This was attributed to the high viscosity of

HSF samples (330).
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Figure 7.6 - Optical Images taken with fluorescence set up of untested fluids a) 25BCS and b) HSF128.

Figure 7.7 shows the optical images of the wear scars and residual deposits formed on the balls under

the visible and fluorescence microscopes.

Figure 7.7 ai and ii show the wear scar as a result of a ThT only solution. It can be seen that there are
thin films deposited either side of the wear scar however the corresponding fluorescence image is
very faint. This shows that residual films or the wear debris as a result of the ThT does not fluoresce

by itself.

It can be seen that the bright blue regions around the wear scar in the fluorescent images (b-j i)
correspond to the black deposits and are indicative of high N-B content proteins/ amyloid fibres. This
is particularly noticeable for 25BCS, 25salBCS, 12Alb and 6Glob, the only HSF sample that these bright
blue deposits are visible for is HSF108 which exhibited the lowest wear of all samples tested. For the
HSF samples 128 and 163 the thin dark films appear to fluoresce to a lesser extent, with some possible

bright fibular structures within the films which are circled in Figure 7.7 hi and ji.

Bright blue fibular deposits can also be seen inside the wear scar for 25BCS, 25salBCS, 12Alb, 6Globand

HSF163, providing further evidence that these aggregated proteins pass through the contact.

The rainbow deposits close to the wear scar are clearly visible in the samples with a larger number of
interference fringes, this is unsurprising as this indicates a larger film thickness. These films fluoresce
bright blue indicating N-B rich proteins or amyloid fibres, these were brightest for 25salBCS, 12Alb,
6Glob and HSF108. The samples 25BCS HSF128 and HSF163 fluoresce faintly however this corresponds

to a thin film as seen by the small number of interference fringes in the optical images.
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Figure 7.7 - Optical Images taken with i) Navitar set up ii) Zeiss Axioscope for a)ThT b) 25BCS, c) 25salBCS + DPPC d) 12Alb
e) 6Glob f) HSF105 g) HSF108 h) HSF128 j) HSF163.

For the HSF samples thick black deposits were only observed for samples HSF105 and HSF108 and are
shown in Figure 7.8. For sample HSF105 the thick black deposit is brighter than the surrounding

208



residual film however it does not fluoresce as brightly as the model fluids. On the other hand, for

HSF108 the thick black deposit is bright blue, suggesting a high N-B content/amyloid fibres.

S 0.2mm § :

Figure 7.8 - Optical Images of black deposits taken with i) Navitar set up ii) Zeiss Axioscope for a) HSF105 b) HSF108.

7.5.3  Micro-IRRAS Analysis

Spectra in the range 1800-1450 cm™ and 3000-2800 cm™ showing the amide | and Il bands and the
alkyl chain region are shown in Figure 7.9. These compare the untested fluids and tested films of 25BCS
and 25BCS + ThT. It was shown in Chapter 6 that the difference in the black and rainbow deposits was
minimal and therefore only the spectra from the black deposits are shown. It can be seen that the
addition of ThT does not change the position of the amide | or Il band for the untested films or the
tested deposits. Table 7.3 summarises the overlapping peaks from spectral deconvolution of the

amide | band only as it is this peak which is used to identify the secondary structure.

For the untested fluids the same four overlapping peaks were present in 25BCS + ThT compared to

25BCS at 1659, 1651, 1641, 1632 cm™ representing the secondary structures a-helix/random coil, a-
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helix/random coil, N-B and N-B respectively, the strongest peak for both samples was located at 1641
cm™. For the tested black deposits, main peak had shifted to 1632 cm™. The same five overlapping
peaks were present in 25BCS + ThT compared to 25BCS. This comprised of the four in the untested
fluids with the addition of a peak at 1612 cm™ which represented F-B. For both samples the amide Il

peak becomes broader.
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Figure 7.9 - Micro-IRRAS analysis comparing the untested fluids and tested films of 25BCS and 25BCS + ThT in the range
1800-1450 cm™.,

Table 7.3 - Summary of IR peaks from deconvolution and secondary structure assignment for untested fluids and tested
black deposits of 25BCS and 25BCS + ThT in the range 1800 - 1450 cm™. (bold most intense peak, ¥ denotes a weak peak).

Wavenumber (cm™) Secondary

Peaks | 25BCS 25BCS + ThT | 25BCS | 25BCS + ThT | Structure

Untested | Untested Black Black

Amide | @ 1659 1659 1659 1659 a-helix/random coil
1651 1651 1650 1652 a-helix/random coil

1641 1641 1643 1643 N-B

1632 1632 1632 1632 N-B

1612 % | 1612 F-B
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From Figure 7.10 it can clearly be seen that there is a difference in the peak position of the untested
fluids of 12Alb and 6Glob. Table 7.4 summarises the overlapping peaks at 1659, 1651, 1641, 1632 cm"
! found in all untested fluids and tested films. The strongest overlapping peak in the untested samples
for 12Alb + ThT and 6Glob + ThT were at 1652 cm™ (a-helix/random coil) and 1643 ¢cm™ (N-B)

respectively.

For the wear test deposits, the main Amide | band shifted to a lower wavenumber and the five
common overlapping peaks were present at ~1660, 1652, ~1642, ~1631 and 1612 cm™ The most
intense peak for 12Alb + ThT shifted from 1652 cm™ (untested) to 1642 cm™ for the black deposits (N-
B). For 6Glob + ThT the main Amide | band shifted from 1643 cm™ (untested; N-B) to 1632 cm™ (N-B)
for the black deposits. The peak at 1612 cm™ representing F-B was present for 6Glob + ThT but weak
for 12Alb + ThT.
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Figure 7.10 - Micro-IRRAS analysis comparing the untested fluids and tested films of 12Alb + ThT and 6Glob + ThT in the
range 1800-1450 cm™.
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Table 7.4 - Summary of IR peaks from deconvolution and secondary structure assignment untested fluids and tested black
deposits of 25BCS and 25BCS + ThT in the range 1800 - 1450 cm. (bold represents strongest peak, ¥ denotes a weak peak).

Wavenumber (cm?) Secondary

Peaks | 12Alb 6Glob 12Alb | 6Glob | Structure

Untested | Untested | Black | Black

Amide | | 1668 Turns and bends
1660 1659 1660 | 1659 | a-helix/random cail
1652 1652 1652 | 1652 | a-helix/random cail
1641 1642 1642 | 1641 | N-B
1632 1632 1631 | 1632 | N-B

1612% | 1612 | F-B

Spectra from the untested HSF + ThT fluids are shown in Figure 7.11, 25BCS + ThT is shown for
comparison. It can be seen that the peak positions of the amide | band for HSF105 + ThT, HSF128 +
ThT and HSF163 + ThT are very similar at ~ 1660 cm™. The Amide | peak position of HSF108 + ThT and

25BCS + ThT are similar but at a lower wavenumber ~ 1642 cm™.

A summary of the deconvoluted peak positions is shown in Table 7.5. HSF105 + ThT, HSF128 + ThT and
HSF163 + ThT have peaks at 1666, ~1660, 1650, ~1642, 1632 cm™* with the strongest at 1660 cm™ (a-
helix/random coil). 25BCS + ThT and HSF 108 + ThT have peaks ~1660, 1650, ~1642, 1632 cm™* with
the strongest at ~1642 cm™ (N-B). The strongest peaks are indicated in bold. The shift to a lower

wavenumber of these two samples is also evident in the amide Il band.
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Figure 7.11 - Micro-IRRAS analysis comparing the untested fluids of 25BCS, HSF105, HSF108, HSF128 and HSF 163 with ThT
the range 1800-1450 cm™.

Table 7.5 - Summary of IR peaks and secondary structure assignment untested fluids of 25BCS + ThT, HSF105 + ThT, HSF108
+ ThT, HSF128 + ThT and HSF163 + ThT in the range 1800 - 1450 cm™. (bold strongest peak).

Wavenumber (cm™) Assignment

Peaks | 25BCS | HSF 105 | HSF108 | HSF128 | HSF163
+ThT | +ThT +ThT +ThT +ThT

Amide | 1666 1666 1666 Turns and bends
1659 | 1660 1660 1659 1658 a-helix/random coil
1651 | 1650 1651 1650 1650 a-helix/random coil
1641 1642 1642 1641 1643 N-B
1632 1632 1632 1632 1632 N-B

-

Figures 12-14 compare spectra of the untested fluids and black test deposits for HSF105 + ThT, HSF108
+ ThT and HSF 163 + ThT respectively, a summary of the positions of the deconvoluted peaks and

secondary structure assignment is given in Table 7.6.
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As for previous results all spectra from the test deposits exhibit a shift in the Amide | peak position to
a lower wavenumber when compared to their untested counterpart. The position of the strongest
peak varied for HSF105 + ThT, HSF128 + ThT and HSF163 + ThT the peak was located at 1641 cm™
whilst for HSF108 + ThT it was at 1632 cm™?, which is comparable to 25BCS + ThT.

The peaks common in all four HSF and BCS samples for black test-deposits are present at 1660, 1651,
1642, 1632 cm™ representing the secondary structures a-helix/random coil, a-helix/random coil, N-B
and N-B. For 25BCS + ThT and HSF108 + ThT an additional peak is present at 1612 cm™ representing F-
B. In each case, the FWHM of the HSF samples broadened. The shift to a lower wavenumber and
increase in FWHM is also exhibited in the amide Il band. In Figure 7.14 a strong lipid C=0 peak can be
seen at 1740 cm™ for HSF163 in the spectra from the black deposit only, this was not observed in the

untested fluid.
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Figure 7.12 - Micro-IRRAS comparing untested fluids and tested films of HSF105 with ThT the range 1800-1450 cm™.
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Figure 7.13 - Micro-IRRAS comparing the untested fluids and tested films of HSF108 with ThT the range 1800-1450 cm™.
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Figure 7.14 -Micro-IRRAS comparing the untested fluids and tested films of HSF163 with ThT the range 1800-1450 cm,
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Table 7.6 - Summary of IR peaks and secondary structure assignment for untested fluids of 25BCS + ThT, HSF105 + ThT,
HSF108 + ThT, HSF128 + ThT and HSF163 + ThT in the range 1800 - 1450 cm™. (bold: strongest peaks, * denotes a weak
peak).

Wavenumber (cm™) Assignment

Peaks | 25BCS | HSF 105 | HSF108 | HSF128 | HSF163
+ThT | +ThT +ThT +ThT +ThT

Amide | | 1659 | 1660 1659 1660 1660 a-helix/random coil
1650 | 1651 1639 1650 1652 a-helix/random coil
1643 | 1642 1640 1641 1642 N-B
1632 | 1632 1632 1632 1632 N-B
1612 % 1612 F-B

7.6 Discussion

Model and human SF’s have been doped with ThT and used in the bench top wear test developed in
Chapter 3. Initially the AWD of all model and human SF’s tested were compared, 25BCS and 25salBCS
+ DPPC was shown as references and to see the effect of the addition of ThT. The next phase of this
chapter included optical imaging of the ball wear scars as performed in Chapter 5, however the
addition of ThT allowed fluorescent imaging of N-B rich/ amyloid deposits. Finally, Micro-IRRAS
analysis was performed on the untested fluids and deposited films, to investigate the secondary

structure of the proteins present.
7.6.1 AWD Measurements

A series of selected model SF were tested and compared to HSF samples from patients in the age
range 76 — 88 all with OA. These samples were doped with ThT and the results compared to the ThT

solution alone.

AWD of the ThT only sample was 0.73 um which was less than measured for saline at 1.01 um,
suggesting ThT does not contribute to excessive wear of the CoCrMo surfaces. This is unsurprising as

tribo-corrosion will be expected to contribute to wear for the saline solution (251).

Comparing the AWD of 25BCS + ThT to 25BCS was of interest as 25BCS is used as the reference in this
thesis. It can be seen that the addition of ThT had minimal effect on the AWD increasing by 7% from
0.59 to 0.63 um. This result is echoed by the 3% increase in AWD as a result of the addition of ThT to

25salBCS + DPPC. It can therefore be concluded that the addition of ThT to the test fluids does not
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have a significant impact on the AWD. This is unsurprising as it is known that ThT does not alter the

structure and therefore the function of a protein (331).

The model fluids 12Alb and 6Glob were tested to see if either single protein increased AWD, the
concentration of each fluid was based upon the concentrations used in mH. The fluid 12Alb gave an
AWD of 1.10 um compared to 0.89 um for 6Glob. This is of interest as the AWD of a BSA only solution
gave 23% more wear despite having double the total protein concentration and 4.5 times the molar
concentration indicating that y-G is more effective in reducing wear of CoCrMo than BSA. This is
consistent with results reported in Chapter 4 and literature which reported dramatically reduced wear

of CoCrMo samples (110, 111, 177, 262) and produce thick films (109, 198, 332)

Four HSF samples were tested HSF105, HSF108, HSF128 and HSF163; two of these (HSF128 and
HSF163) gave a very high AWD of 1.08 and 1.06 um respectively. The AWD of sample HSF105 was 0.85
pm although this is less than HSF128 and HSF163 it is still represents a 31% increase on 25BCS and is

within the high wear range 0.80 — 1.04 um reported in Chapter 4.

The AWD of sample HSF108 was significantly smaller than all HSF samples at 0.243 um, this
represented a 58% decrease in AWD from 25BCS. The model solution mPP an mPP + DPPC with a total

protein concentration of 40 mg/ml gave an AWD in a similar range 0.25 — 0.29 pum.
7.6.2  Optical Imaging

The ThT images of untested fluids were dark with no bright fluorescence indicating that no amyloid
fibrils were present. The HSF images appeared to be dark blue, whilst the model fluids appeared black
suggesting that the HSF bulk fluids increased overall fluorescence, this was thought to be due to the

effect of increased viscosity (330).

Figure 7.7 and Figure 7.8 compare images from the visible light and fluorescent microscopes for model
and human SF fluids, showing the deposited films in and around the wear scar. The visible light image
for ThT gave a similar wear scar for as saline, there was no evidence of rainbow deposits however
black deposits either side of the wear scar, possibly wear debris, was present at either side. The images
taken under the fluorescent microscope did not show significant amounts of ThT fluorescence and are

representative of a ‘background’ reference image.

Fluorescent images were obtained for surface deposits with both model and human SF samples. For
the model samples the background fluorescence was particularly intense, and potentially masked the

details of individual fibular formation. The increase in background fluorescence is likely due to the

217



increase in viscosity of the fluid (330) whilst the bright fibrils indicate the presence of high N-B/

amyloid deposits (329).

In samples HSF128 and HSF163 the background fluorescence is less intense and fibular structures can
be seen (which are circled in Figure 7.7 hi and ji). In the case of HSF105 the fluorescence is weak in
and around the wear scar, and the bright blue area which corresponds to a black deposit can be seen
further away from the wear scar. In some cases bright fluorescent “coil” deposits are seen in the wear
scar possibly indicating entangled fibres forming a rope structure as shown in the SEM images in

Chapter 5.

ThT fluorescence is reported to be specific to cross f—sheet fibrils and insensitive to N-f domains (331,
333). LeVine in an early paper (333) showed for a range of native proteins (p, af) including serum
albumin did not induce fluorescence and concluded “only the multimeric fibrillary forms of the [-sheet
polymers, not p-sheet monomers or oligomers, fluoresce with ThT”. He also suggested the
requirement was for “stacked cross [-pleated sheet structures” which was why the f—sheet domains
in native proteins did not fluoresce. Similarly Malmos et al. (331) stated that “ThT with amyloid fibrils
is highly specific. Neither amorphous aggregates nor soluble proteins in folded, unfolded, or partially

folded states enhance ThT fluorescence”.

Although it is widely accepted that ThT binds specifically to high N-B content deposits/amyloid fibrils
caution has to be taken as this dye also used to indicate high viscosity solvents (330). Thus two
interpretations of the fluorescence response are possible, and complimentary, the rubbing proteins
denature and form, high viscosity (112), N-B/F-p aggregates. A key question is whether the associated
fluorescence is due to amyloid fibrils or high viscosity effects. Evidence of amyloid fibrils is examined

using Micro-IRRAS analysis in the next section.
7.6.3  Micro-IRRAS Analysis

In this chapter only the amide region, 1800-1450 cm™ is presented as it is the amide | peak that has
been extensively reported in literature to provide information about the secondary structure of the
proteins present. When comparing the untested fluids and tested films of the amide Il band, it shifts

to a lower wavenumber and becomes broader as was observed in Chapter 6.

Spectra in the region 1800-1450 cm™ was presented comparing the samples 25BCS and 25BCS + ThT.
Spectra of untested fluids were very similar for both 25BCS and 25BCS + ThT, which was also true for
the tested films; the amide | peaks contained the same overlapping peaks for each fluid. The Amide |
primary peaks were at 1641 cm™ (N-B) for both of the untested fluids and 1632 cm™ (N-B) for the
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tested films, indicating that the addition of ThT did not impact the secondary structure of the proteins.

It is accepted in literature that ThT does not alter the structure of a protein (331).

Analysis of the untested fluids 12Alb and 6Glob showed that the strongest peaks were at 1652 cm™
and 1643 cm™ which is assigned to a-helix/random coil and N-B structures respectively. These results
are in agreement with literature which report that the main component of the ordered structure of
BSA was 50% a-helix (310). For globular proteins, such as y-G, roughly 50% are unordered (114); 40%
of the ordered structure of y-G is a N- (310).

The spectra of the tested films exhibited a shift in amide | peak position to a lower wavenumber for
both 12Alb and 6Glob. The strongest peak for 12Alb (1642 cm™) now represented a N-B structure

whilst 6Glob (1632 cm™) represented a N-B structure.

Untested fluid spectra of HSF108 was very similar to that of 25BCS with the strongest peaks at 1642
cm? (y-G) representative of an N-B structure whilst for HSF105, HSF128 and HSF163 the strongest
peak was located at 1660 cm™ indicative of an a-helix/random coil structure. As for all other model
and human samples the tested films exhibited a shift to a lower wavenumber compared to their
untested counterparts. For HSF105 and HSF163 a broad peak indicated that three strong peaks for a-
helix/random coil and N-p secondary structures. For HSF105, HSF128 and HSF163 the strongest peak
indicated a N-B structure whist for 25BCS and HSF108 the strongest peak was located at 1632 cm'
indicating a N-B. Peaks at 1612 cm™ were present in 25BCS and HSF108 representing F-B (B-aggregated

strands).

It is clear that during rubbing the proteins denature to form N-B/F-B secondary structures for both
model and human SF. By doping these samples with ThT it was possible to visualise N-B rich and
possible amyloid deposits. The question remains to whether these deposits are N- or amyloid fibril

deposits.

Several studies (294, 296, 297, 302) have reported using Amide | IR bands to distinguish between N-
proteins and the aggregated oligomer and insoluble fibril structures. Zandomeneghi et al. (294) in their
review of the literature reported broad spectral ranges for the Amide | band of 1643-1630 cm™ for the

N-B proteins and 1630-1611 cm™ for amyloid fibrils.

Cerf et al. (296) reported amyloid fibrils had a parallel 3-sheet conformation which was associated
with a strong band at 1630 cm™. The soluble oligomeric form with an antiparallel B-sheet structure
had IR bands in the Amide | region at ~ 1630 cm™ (strong) and a much weaker component at 1695 cm

1 Ami et al. Ami, (297) reported similar results in their study of amyloid fibrils in tissue of patients
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affected by systemic light chain (LC) amyloidosis. In initial tests in vitro fibrils were prepared and the
FTIR spectra compared to purified LC protein obtained from patient tissue. They assigned Amide |
peaks at ~1691 and ~ 1636 cm™ in the purified sample to N-B protein. In addition, minor peaks at
1652 cm™® where assigned to a-helix/random coil structures. For the in vitro amyloid F-B fibril the
main Amide | peak shifted to a lower wavenumber, typically at 1629 cm™. Analysis of ex vivo amyloid
fibres from heart tissue also showed the main Amide | peak at ~ 1630 cm™. They concluded “the ~
1630 cm™ band can be considered a marker of amyloid aggregates in tissues” (296). Other studies
(298, 300) have shown fibril Amide | bands absorbing at lower wavenumber ~ 1620-1612 cm™. Zou et
al. (300) in their study of hen egg white lysosome aggregation suggested anti-parallel B-sheet
oligomers had two characteristic peaks at ~1614 cm™ and 1686 cm™. The parallel B-sheet fibril
structure had peaks at ~1618 cm™. A second peak at 1660-1670 cm™ normally associated with this

structure was not observed because of the sampling method.

In summary for the deposits from the tested samples 6Glob, 25BCS and HSF108 shifted to a lower
wavenumber at ~1632 cm™. In comparison 12Alb, HSF105, HSF128 and HSF163 shifted to ~1641 cm®,
however deconvolution of this data showed shoulder peaks at ~1632 cm™. Amide | peak shoulders at
~1612 cm™ were present in samples 12Alb, 6Glob, 25BCS and HSF108. For all spectra no peak at ~1690

cmis observed although it is not often found (296, 297).

These results suggest that the BCS solutions (with a known high y-G content) and y-G forms deposits
with a greater parallel B-sheet content. Most of the HSF samples (excluding HSF108) form films with
some parallel B-sheet content but the main component is N-f§ protein. The ThT results support this
conclusion and also indicate amyloid fibril content. However due to some of the uncertainties of

assigning amyloid structures in literature (321) this remains a tentative conclusion.

The presence of parallel B-sheet deposits can be related to the wear value. For example, 6Glob had
half the total protein content with nearly 20% of the molarity of 12Alb however the AWD for this
sample was 19% less than for 12Alb. Both the ThT fluorescent imaging and associated IR spectra
indicate far greater parallel B-sheet deposit formation for 6Glob compared to 12Alb. HSF108 also
formed significant amounts of parallel 3-sheet wear deposits; the AWD for this sample was 78% less

than HSF128 which had arguably the lowest deposited film N-/F-f content.
7.7 Conclusions

e Wear increased by small but insignificant increments with the addition of ThT
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A solution containing only y-G proteins had superior wear properties compared to BSA despite
having a lower total protein content.

Imaging using ThT showed that the wear deposits were brightly fluorescent for the model
fluids, but this reduced somewhat for the HSF samples. Confirming the deposits were N-f rich
and contained amyloid fibres.

The ThT also confirmed the high viscosity of the deposits with an increase in background
fluorescence.

Micro-FTIR analysis showed that a parallel B-sheet structure corresponded to the brighter
deposited films 25BCS, 6Glob and HSF108. All other films contained predominately N-B-sheet
with some parallel B-sheet (F-B) structure.

The presence of parallel B-sheet structure (F-B) indicates a reduction in wear and is possible

related to the y-G content.
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Chapter 8: General Discussion, Future
Work and Conclusions

Summary

In this chapter the main findings of the research are reviewed and the implications for implant tribology
and SF chemistry are discussed. Areas of research for the future are outlined. Firstly, the wear test is
critically looked at and potential changes to improve the simulation of physiological conditions are
considered. The possibility of using other material combinations is also discussed. SF lubrication
mechanisms reported in this work are reviewed and the clinical implications discussed. Further
experimental work to look more closely at the f—sheet lubrication mechanism in natural joints and
with model fluids is also considered. The clinical implications of the results and further research to link
wear and HSF chemistry through the collaboration with the Musculoskeletal Group is discussed. Finally,

conclusions are drawn on this thesis
8.1 CoCrMo Wear Test

8.1.1 Matching Physiological Conditions

Initial work was done to match test conditions as closely as possible to that of a MoM hip joint. The
articulation velocity is reported to be transient and in the region 2 — 49 mm/s (72, 73). The test profile
used a frequency of 1 Hz and a stroke length of 1 mm which meant the sliding speed varied from O -
40 mm/s within the range of in vivo conditions. Tests were run for 1 hr which meant the sliding
distance on the ball was 144 m much lower than that for typical bench top tests which are usually in

the region 25 — 1500 km (15, 168, 227).

Due to the Teflon fluid bath a thermal lag was induced in the set up meaning the temperature was
unstable and fluctuated by roughly 3°C, therefore tests were run a little below body temperature at

35°C to ensure the proteins in the fluid did not thermally denature (15, 168, 334)

The mean contact pressures were reduced from 467 to 216 MPa by increasing the diameter of the ball
from 6 to 19.05 mm. This is still somewhat larger than calculated in vivo pressures in a MoM bearing
couple, 20 — 50 MPa (74-80), however is comparable to pressures caused by edge loading (237). Initial
wear will decrease the contact pressure very rapidly. The final contact pressure can be calculated by
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measuring the diameter of the wear scar, for 25BCS the average value was calculated to be pmean =

23.7 £ 2.3 MPa which is in the physiological range.

The partial pressure of oxygen in SF is much lower than atmospheric conditions (239, 241), therefore
this was reduced to in vivo conditions, however this was found not to have an effect on the AWD. The
extended test time and continuous flow of nitrogen increased the possibility of fluid evaporation and

therefore this condition was not used.
8.1.2 Test Repeatability

It was important that tests were robust as in many cases < 3 ml of HSF was available and therefore
repeats were not possible. Often hip simulator (54, 59, 171-174) and pin-on-disk (166-168, 225, 245)

tests have very poor repeatability.

The repeatability of the current test protocol was determined using the CoV which is a measure of the
dispersion of data points about the mean (244). It was shown that tests were more repeatable for
higher volumes of fluid, but this was not affected by the protein concentration. For tests using 2 ml of
BCS the CoV of the AWD ranged from 2 — 12 %. It was concluded that these tests had acceptable

repeatability and therefore can be used to obtain meaningful results from single samples.
8.1.3 Future Work

Future work should initially concentrate on reducing the contact pressure as presently this is larger
than the in vivo operating conditions. There are two ways in which this could be done. One option
could be to further increase the size of the ball, all though this may sound simple, calculations show
that to reduce the contact pressure to 50 MPa the ball diameter must be increased to 170.7 mm which
would not be feasible in this set up. The second option would be to reduce the load, calculations show
that reducing this to 0.25 N using a ball diameter of 19.05 mm would reduce the contact pressure to
136 MPa which is still too large. Therefore, both of these methods should be done in tandem, Figure
8.1 plots the mean contact pressures against the ball diameter for a range of loads. The maximum in
vivo contact pressure, 50 MPa, is shown for reference. The ball diameter for when each load curve
reaches 50 MPa is marked, which shows if the load is reduced to 0.1 N a ball diameter of 54 mm is

required which could be implemented if a hemisphere was used.
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Figure 8.1 - Mean contact pressure vs ball diameter for a range of loads.

There is little room to increase significantly the sliding distance to match that used in other wear tests
(25 — 1500 km (15, 168, 227)). Using the current conditions (1 mm stroke length at 20Hz) the test
would have to be run for 173 hours to reach a distance of 25 km which would be impossible due to

fluid evaporation.

Further testing could be performed to investigate the wear of different implant material combinations
such as CoC, MoP and MoP. The most obvious selection would be MoP or CoP as these are the most
commonly implanted bearing couple in the UK (1). However, historically cross-shear has been
important in determining the wear of UHMWPE which is not possible in the current test. Under linear
motion the molecules orientate along the direction of sliding leading to significant strain hardening
resulting in an increased wear resistance (229). Advances in the production and manufacturing of
HXLPE mean that it has become the gold standard in MoP and CoP arthroplasty. Studies have shown
that cross-shear of HXLPE does not significantly increase the wear (335) and therefore could be used
in this test set-up. There are no obvious problems with a testing a CoC couple in this rig. Additionally,
tests could be performed using surgical grade CoCrMo and compared to the results reported in this

thesis using Stellite®21.

Preliminary tests were performed using a MoC bearing couple, which has been considered for hip
arthroplasty (336), with 25BCS. Initial tests performed showed that a slight increase in the CoF and
significant increase in the AWD as shown in Figure 8.2 and providing evidence that this would be a

high risk replacement for MoM arthroplasty.
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Figure 8.2 - CoF and AWD of MoM and MoC bearing couples for 25BCS.

8.2 Clinical Implications

It was shown that the AWD is larger when the contact is lubricated with HSF compared to 25BCS,
which is the most commonly used screening fluid. The evidence from this research suggests that the
formation of B-sheet deposits is linked to lower wear and this can be related to the chemical
composition of the fluid, which includes the protein profile (concentration and A/G ratio) and the
presence of phospholipids. BCS has an A/G ratio of 0.8 whereas OA HSF (corresponding to samples
used in this work) is reported to have an A/G ratio of 1.5, due to a lower y-G content (37). It is also
reported that phospho/lipids are present at a higher concentration in OA HSF (41) compared to 25BCS
(35). From this work it is suggested that lipids are important in the lubrication mechanism as they

inhibit the formation of intermolecular bonded parallel B-sheets and possibly amyloid fibrils.

SF is a filtration of blood plasma which permeates through the synovial membrane into the synovial
capsule (99). In a human knee it has been reported that the pore size of the capsule is 8.6 and 20 nm
for healthy and 8.5 and 36 nm OA for large and small pore respectively (337). Whereas BCS is
produced by centrifuging bovine blood to remove blood cells before filtration with a pore size of 200
nm (308). Therefore, BCS fluids have much larger molecules present which could a key factor in

contributing to B-sheet formation and the low wear produced by BCS fluids.
8.2.1 Development of SF Implant Risk Analysis

One of the objectives identified in the research collaboration with the Musculoskeletal Group was to

investigate chemical composition and the effect on CoCrMo wear. The original intention was to
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analyse the chemical composition (proteins and phospho/lipids) of each patient fluid so that it could
be related to the wear tests. The ultimate aim was to identify an implant risk biomarker for patient SF.
Unfortunately, it was not possible to achieve this before submission of the thesis however it is hoped

this will be possible in the near future.

However, some information can be gained on the chemical composition from the FTIR spectra of the
untested fluids, which gives evidence on the secondary structure of proteins and the presence of
phospho/lipids, although these are usually below the detection threshold. Accordingly, phospho/lipids
were not detected in the untested HSF samples, however in some cases they were associated with the

wear deposits.

The relationship between protein secondary structure in the untested fluid and wear is explored in

Figure 8.3, the AWD is plotted against amide | band position where no clear correlation is seen.

There is a distinction between samples without phospho/lipids (BCS and model) and with
phospho/lipids (+ DPPC and HSF). The amide | peak position for the untested model and BCS samples
vary between 1641 — 1652 cm?, by simply adding DPPC to model fluids the amide | band shifts too
chemical composition ~1659 cm™ (a-helix/random coil) which is in line with the majority of HSF

samples, suggesting that 25BCS + DPPC may be a better screening fluid substitute.

Even though the amide | peak of the model and BCS fluid with additional DPPC matches with HSF the
AWD is still underestimated on average by 44% and in the worst case by 77%. This result should be

considered when measuring the wear rate in hip simulators and bench top tests.
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Figure 8.3 - Amide | peak position of untested samples vs AWD for HSF samples.
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8.2.2 Future Work

Future work will be carried out in collaboration with the Musculoskeletal Group at St Mary’s Hospital
to develop the SF analysis and wear profiling. More information on patient SF chemistry is needed to
fully interpret the results presented in this thesis. Two different methods are required to identify both
proteins and smaller molecules such as phospho/lipids. Polyacrylamide gel Electrophoresis (PAGE)
analysis is an analytical method used to identify the total and specific protein concentration within a
solution by separation in a gel. This method has been used numerous times in literature on HSF
samples (338, 339). NMR analysis can be used to identify small molecules such as phospho/lipids and
this has been carried out by the Musculoskeletal Group. The molecules can be identified using
information from literature and databases such as the Human Metabolite Database (340). The
ultimate aim would be to identify patients at risk of increased wear, for this a large cohort of patients
with similar pathologies would be required. It is hoped that funding for this study will be obtained in

the near future.

8.3 Lubrication and Wear Mechanisms

Similar and distinct patterns of insoluble deposits were found on the rubbing surfaces for all protein
containing fluids, suggesting that the same fundamental lubrication mechanism prevails. The
abundance of the deposit was dependent upon the lubricant chemistry. Additionally, evidence of
deposits remaining inside the rubbed region was obtained via optical and SEM imaging suggesting
they play a role in lubricating film formation. The formation of N-B/F-B rich films was associated with

low wear.

Micro-IRRAS analysis of the deposited films revealed that they were mainly proteins, although under
some conditions lipids also appeared to be present. The analysis focussed on the amide | band which
provides information on the secondary structure of the proteins. For all SF (model, BCS, HSF) samples
the wear test deposits showed an increase in N-B proteins compared to the untested fluids. This was
shown by a decrease in the wavenumber of the major amide | peak from ~ 1650cm™ (a-helical) to

~<1630 cm™ (N-B).

The peak position is related to the strength of hydrogen bonding which is specific to secondary

structure (278). The bonds in a a-helix are long and weak due to the helical structure (278, 341, 342)
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whereas the geometric shape N-B structure is flatter and therefore allows intramolecular hydrogen
bonding to occur (278, 341, 342). Denatured proteins are misfolded and consist of long extended

chains allowing strong hydrogen bonding to occur between neighbouring chains (278).
8.3.1 Evidence on Explanted Joints

Prior to work performed in this thesis, two explanted modular hip joints (FH1 and FH2) were provided
by lan Clarke and Michelle Burgette from the DARF Loma Linda Centre. The femoral heads were

analysed under visible light microscopy and Micro-IRRAS analysis by Dr Philippa Cann.

Images showed evidence of gelatinous, rainbow and black deposits and are shown in Figure 8.4
alongside their location on the femoral head. The whole femoral head shown was not an explanted
prosthesis, but from a hip simulator study at DARF, it exhibited identical deposit patterns and is

therefore used as an example. The red circle represents the area Micro-IRRAS were taken.

100 pum
«~—>

FH1/rainbow

FH1/black

Figure 8.4 — a) Photograph of femoral head from DARF simulator study with rain bow films and black particulate b) zoomed
in rainbow deposit from FH1 c) Zoomed in black deposit from FH1 d) Zoomed in gel deposit from FH2.
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Micro-IRRAS analysis was performed on these three regions and spectra of the amide and CH stretch
region are shown in Figure 8.5 and Figure 8.6 respectively. Deconvolution was performed on each
spectra as described in Chapter 6. Results showed for each spectra that the major overlapping peak in
each case was located at ~1651 cm™ (a-helix/random coil) with overlapping peaks at 1658 cm™ (a-
helix/random coil), 1641 cm™ (N-B), 1633 cm™ (N-B) and 1613 cm™ (F-B). There is little definition
between the amide bands in spectra of samples from the FH1 head suggesting that other chemical
species may be present. Additionally for prosthesis FH1 it could be argued, from a peak at 1735 cm™?,

that a lipid is present in the black and rainbow films (277, 278, 294-303).

Analysis of the CH stretch shows that the film FH2/gel is predominately proteinaceous as the peaks
are located at 2960, 2934 and 2873 cm™ representing the peaks CHs (Vasym), CH2 (Vasym) and CH3 (Vsym)
respectively. For the FH1/rainbow and FH1/black deposits the CH; (vasym) peak shifted to ~2916 cm™?
and a peak at 2850 cm™ representing CH; (vsym) became more intense (279). The deposit FH1/rainbow
had a shoulder at 2931 cm™ indicating that lipids were present in a lower concentration compared to

FH1/black.

These results are is comparable to the deposits formed in the HFRR wear test with HSF samples. The
main amide | peak was located at ~1651 cm™ and N-B and F-B was present. The black film in the CH

stretch showed characteristics of a lipid.
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Figure 8.5 — Spectra from micro-IRRAS analysis in the region 1450 — 1800 cm™ black, rainbow and gel films.
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Figure 8.6 - Spectra from micro-IRRAS analysis in the region 2800 — 3000 cm™ black, rainbow and gel films.

8.3.2 Amyloid Fibres?

In some cases deposits had a fibular structure, and these were observed inside and outside the wear
scar. SEM imaging revealed that thicker deposits found inside the wear scar appeared to be entangled
fibrils. Deposits with this type of structure are often linked to amyloid fibres which have been

described to “..twist around each other to form a supercoiled rope-like structure.” (269).

Micro-IRRAS analysis of the deposits provided supporting evidence, from a peak at ~1612 cm™™ (294),
that the films contained F-B structures. The term F-B can be used to describe three main types of
denatured protein; amorphous, oligomers and amyloid fibres. Oligomers are soluble and therefore
unlikely to be the F-B present in the insoluble film (316). Amyloid fibres are highly ordered, rope-like
(269) and the most thermodynamically stable (313) whilst amorphous deposits are disordered (315).

Therefore, further analysis was required to investigate if amyloids were present in the deposits.

Fluorescence of ThT-doped sample deposits reinforced the evidence for the presence of amyloid
fibres. ThT fluorescence is widely reported in the literature as a method to detect amyloid fibres (321,
327). Results showed that both black and rainbow films fluoresced, however this was more
pronounced for the black deposits. In addition, the BCS and model fluid deposits appeared to be more
abundant and fluoresce more intensely than the HSF samples. This suggests that HSF does not form
amyloid deposits as readily as the screening fluid which could be due to the presence of phospholipids

in the native fluid.
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Clearly the identification of amyloid fibrils in the wear deposits is surprising and must be considered
with care. Despite its widespread use as an amyloid stain, it is the cross B-sheet structure that provides
the ThT binding site (321, 329) and this is not unique to amyloid fibrils. The cross B-sheet structure is
characteristic of amyloid fibres but can also be present in non-N-B although this is not as common
(329). It follows that ThT will also fluoresce brightly when exposed to high N-B content proteins,

therefore it cannot be explicitly stated that the deposits contain amyloid fibres.

Amyloids are associated with over 50 serious diseases such as Alzheimer’s and type Il diabetes, not
including OA (318). The presence of amyloids in and about the joint is generally considered a rare
occurrence, however in the 1970 and 80’s multiple studies reported their presence (343-346). Egan et
al. (343) identified amyloid deposits in surgically removed articular cartilage in 10 out of 18 elderly
patients undergoing arthroplasty with OA. It was concluded that the presence of amyloid deposits
were age related. Ladefoged et al. (344) identified amyloid deposits from surgically removed synovial

membrane and the fibrous capsule in 23% of 116 consecutive primary hip replacements due to OA.

The frequency of amyloids appears to increase with age and have been reported in 10-56 % of various
organs examined at autopsy in elderly subjects (347-349). The presence of amyloids is generally
considered to have no pathological significance however they could play a role in the lubrication and

wear mechanisms of artificial joints.

Although amyloids are often associated with disease, as long as their environment can alleviate their
toxicity (298), they have also been reported to have functional roles in a wide range of biological
applications from bacteria and fungi to insects, invertebrates and humans (350). More recent reports
have stated that amyloids are a “...low-energy quaternary structure..” rather than a “...’misfolded’ toxic

protein...” (350).

If these functional amyloid fibres are formed then it is important to understand their properties and
if they make good anti-wear films. It is reported in literature that they are among the stiffest biological
molecules presently known (351) with a yield strength similar to silk (3 - 20 GPa) (352) and a high
fracture strength and ultimate tensile strength similar to steel (352). They are resistant to degradation
under high temperatures, high concentrations of detergents and denaturants and extensive physical
loads (351). Other studies have identified them as natural bio-adhesives and to form in protective

membranes (298, 350, 353-355).

The high yield and tensile strength, and robust nature reported in other studies (351) (352) indicates

F-B can sustain high loads and severe gait cycles. We believe proteins are shear denatured in the
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converging gap and are entrained into the contact to provide a protective layer separating the surfaces
and preventing damage. On reversal at the end of a stroke, the inlet reservoir is deposited in what
becomes the exit region. Previous work in this group has shown that the apparent high viscosity fluid

inlet is self-replenishing (110-112, 200, 213).
8.3.3 What Initiates Fibril Formation?

One of the key questions of this study is what causes denaturing and amyloid formation? Denatured
deposited films have been reported to reduce the wear in several studies (48, 110-112, 170, 200, 204,
213, 224, 356, 357) and their formation has been attributed to thermal effects (204, 224, 357), the
presence of metal ions (356) and as a result of shear (110-112, 200, 213, 357). To partly answer these
questions additional preliminary tests were performed to provide an insight into the initiation of
protein denaturing and fibril formation. The observation from earlier work in rolling and sliding
contacts (110-112, 200, 213) was that the insoluble protein phase formed very rapidly as soon as
motion was initiated indicating it was due to shear rather than thermal effects. The insoluble phase
was also seen in the inlet region suggesting it formed at low pressures but under shear in a confined

geometry. To explore this idea two simple tests were performed in the absence of metal ions:

1. Effect of heating protein solutions observed as thin films between glass microscope slides.

2. Low pressure rubbing of protein solutions held between glass microscope slides.

Thermal denaturing was investigated by heating ThT doped 25BCS and HSF samples to > 60°C for 10
minutes. To observe the sample, before and after heating, 10 pL of fluid was pipetted from the bulk
fluid onto a glass slide, a cover slip was placed on top to stop evaporation. The initial state was black,
with no amyloid proteins. After heating no bright blue amyloids, and importantly fibrils were formed

under these conditions.

Shear denaturing was investigated by manually shearing (10-50 strokes) two samples which were
doped with ThT as described in Chapter 7; 25BCS and HSF106 (pathology: OA, age: 46, gender: female).
A small volume (10 pL) of the fluid was pipetted onto a glass microscope slide and covered by a second
glass slide which was then slid gently back and forth. Images were taken of the initial state were black,
with no fluorescent structures present, suggesting no agglomerates were present for either fluid, an
example (25BCS + ThT) is shown in Figure 8.7. On shearing distinct fibrils formed rapidly in the 25BCS
(Figure 8.8a) solution but were not as abundant for the HSF106 samples (Figure 8.8b). In all cases the
initial fibril orientation is perpendicular to the direction of shear, which was also observed in the HFRR

tests Figure 5.12.
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Figure 8.7 — Fluorescence image of initial state for 25BCS + ThT.

—eelpe  Direction of sliding —p  Direction of sliding

Figure 8.8 - Fluorescence image of sheared state for a) 25BCS + ThT b) HSF106 + ThT.

The fibrils were also observed under a Differential Interference Contrast (DIC) polarised light
microscope as shown in Figure 8.9 for 25BCS + ThT, in this case cross shear is applied after linear shear.
The initial state shows few agglomerates (Figure 8.9a), once sheared fibrils are rapidly formed
perpendicular to the direction of sliding (Figure 8.9b), cross shearing caused the fibrils to coalesce
(Figure 8.9c). It is important that these fibrils can be observed by visible light, as it shows that these

are insoluble in agqueous conditions providing further evidence that these are F-3 amyloids.
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Figure 8.9 — DIC image of 25BCS a) Initial state b) Unidirectional sliding c) Cross shear sliding.

No preliminary tests were performed to investigate denaturing due to metal ions.
8.3.4 Possible Lubrication Mechanisms

Micro-FTIR and ThT fluorescence showed that both the rainbow and black deposits comprised of F-3
proteins however the films had a significantly different appearance. The rainbow deposit was close to
the wear scar and had a smooth amorphous appearance whilst the black deposits have a coiled rope
structure. Therefore, we suggest that shear aggregation is the main driver of the denatured and F-p
proteins which are represent the black regions. However thermal effects might additionally transform
shear-denatured proteins that pass through the contact that form the amorphous, rainbow films. It
has been shown by Zou et al. that amyloids form high viscosity gels when heated (300). The gels form
in the inlet region and are deposited at the turn-round point. This has implications on the design of
wear rigs, as the reciprocating motion maybe required for these aggregates to be deposited. The in
vivo gait cycle exhibits reciprocating motion alike the HFRR test rig and therefore in a uni-directional

sliding test, these protective aggregates may not be deposited.

The lack of fibril formation due to thermal effects and the very rapid formation under thin film sliding
conditions suggests very strongly that denaturing and fibril formation is shear-driven. Fibril formation
was also associated with high y-G content fluids, such as BCS. Low wear was associated with fibril

formation. We suggest that the fibrils are most likely to form under the following conditions:

e Narrowing gap
e Hydrophobic surfaces
e Mechanical shear

e High y-G (N-B) environment
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The narrowing gap is required to trap the proteins, this can be related to literature where a study by
Necas et al. (198) reported that a decrease in Cl resulted in a decrease in the wear in a pendulum test
with CoCrMo, BIOLOX®forte and BIOLOX®delta couples articulating against glass. This is corroborated
Smith et al. (358) who reported that a decrease in Cl resulted in an increase in film thickness using

25BCS in a hip simulator.

The influence of the rubbing surfaces and hydrophobicity/hydrophilicity on shear-denaturing is
unclear. Other papersthat have reported this protein ‘roll’ phenomena under shear action have used
mica/mica which is hydrophilic (147) and PVA/glass with a hydrophobic DPPC film (262). Native
articular cartilage has a hydrophobic surface (359) therefore it is plausible that this mechanism occurs

in natural joints.

It is suggested that the larger proteins are trapped in the convergent gap and possibly adhere to the
surfaces. Banquy et al. (147) reported a gel layer adsorbed in the contact zone where the pressures
and shear rates are highest. The attached proteins are now susceptible to being pulled apart, breaking
the intermolecular hydrogen bonding, by the shear forces exposing the hydrophobic core (114), and
deforming them to form long fibrils where intramolecular hydrogen bonds are formed. This thesis has
shown that fibrils are more likely to form in a high y-G (N-B) environment, which was associated with
low wear. Other studies by our group and elsewhere have shown that y-G helps reduce the wear (110,
111, 262) and produces thick deposited films (109, 198). Murakami et al. reported y-G has a strong
hydrophobic binding strength that is able to adsorb onto the solid surface (262).

When lipids were present the number of fibrils decreased and the wear increased. The major class of
phospholipids present in SF are the zwitterionic phosphatidylcholines, such as DPPC, and have a
positively charged polar head (98). We suggested that lipids play an active role in the lubrication
mechanism by forcing the secondary structure to have a high a-helix conformation (312) and shielding
the y-G preventing it from adsorbing onto the surface, it is therefore less susceptible to shear and the

formation of insoluble F-B is inhibited.

A schematic of the proposed lubrication mechanism is shown in Figure 8.10 whilst Figure 8.11
summarises the observed deposit morphology alongside possible chemical interactions. The semi
contact width, a, was calculated to be 0.038 mm giving a contact area, A, of 4.63 x 10 mm?. The
indentation height, §, was calculated at 0.155 um. Assuming that the system is operating in boundary
lubrication the thickness of the rainbow deposits can be estimated to be in the range hrainbow = 0.5 —

5.2 um whilst he black deposits are forming at a gap height in the range 4 — 32 um.
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Figure 8.10 — Proposed mechanism of globular proteins captured and entrained into contact.
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Figure 8.11 — Proposed lubrication mechanism showing the deposit morphology observed from tests and possible chemical
interactions
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8.3.5 Future Work

Further research needs to be carried out to provide more supporting evidence of fibril formation.
Literature states the presence of amyloid fibrils, in vitro or in vivo, is verified by three methods;
identification of a fibular morphology (Transmission Electron Microscopy (TEM)), a B-sheet structure
(FTIR or X-Ray) and birefringence upon staining with Congo Red (360). Staining with ThT is not a

‘defining’ criteria for amyloid fibrils however it is widely accepted to brightly fluoresce present (361).

To further investigate the effect of fluid chemistry (protein type, lipids etc), substrate properties
(hydrophilic/hydrophobic) and shearing conditions on fibril formation. It would be preferable if fibril
formation could be observed in real-time and a simple sliding device mounted under the fluorescence

microscope would provide this.

No work as thus far been performed investigating the effect on ions on protein aggregation, and
therefore this avenue could also be looked into. Powdered forms of cobalt, chromium and
molybdenum are readily available and therefore addition of these to an untested sample could be
investigated. Additionally, the size and concentration of wear debris found in the bulk fluid after the

wear test could be characterised.

This potential new lubrication mechanism that considers the biological interactions of the molecules
could have animpact on the design of the implant. For example, bearing surfaces could be re-designed
in order to promote the formation and adherence of the deposited films in order to protect them from
wear. Therefore, future studies could concentrate on investigations of the interactions between the
deposits and current/new bearing materials and further determining the physical and mechanical

properties of the deposits.

Finally, the impact of tribocorrosion on the wear should be investigated using electrochemical

techniques to measure the conductivity of the fluid.
8.4 Conclusions

8.4.1 HFRR Wear Test

A simple, repeatable, CoCrMo wear test for use with small fluid volumes was successfully developed.
The friction was measured throughout the test whilst the AWD and AWV were analysed post-test
using WLI. The AWD was shown to have a higher repeatability than the AWV. The testing was confined
CoCrMo couples, however this could be extended to CoC/MoC as well as MoP/CoP if crosslinked
UHMWPE was used. The minimum useable fluid volume is 2 ml.
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8.4.2 Effect of Chemical Composition

A range of model fluids with different specific and total protein, phospholipid and HA concentrations
was tested and compared to HSF fluids with OA pathologies. It was shown that varying concentrations
of proteins and phospho/lipids effected the wear and risk of revision of a prosthesis. The AWD
decreased for increasing protein concentration however this levelled of above ~28 mg/ml (50BCS).
Increasing the A/G ratio also increased the wear suggesting that y-G has superior wear reducing
properties. The effect of phospholipids on the friction and wear was complex; at a high A/G ratio the
CoF and AWD was reduced, at a low A/G ratio the CoF and AWD was elevated. The constituent HA

was not found to be an effective lubricant in artificial joints.

The most important result was that the AWD of HSF was on average 44% and in the severest case 77%
larger than measured with 25BCS. This was attributed to the fact 25BCS is more likely to form N-B/ F-
B deposits, due to the lower A/G ratio and absence of phospho/lipids, which were related with low
wear. It is therefore suggested that the screening fluid should be modified to include DPPC. However,
this composition still underestimated the AWD, therefore care should be taken with the clinical

interpretation of studies using 25BCS as a screening fluid.

The solution 25BCS should be modified to better replicate the specific and total protein content and

lipid concentration of OA or PP fluids. For example:

OA —25% w/w BCS + 10 mg/ml BSA + 0.5 mg/ml| DPPC

PP — 25 w/w BCS + 20 mg/ml BSA + 0.5 mg/ml DPPC

Finally, it was found that the AWD was proportional to an increase in pH.
8.4.3 Lubrication and Wear Mechanisms

Similar patterns of deposited films were found in and around the wear scar on both the ball and disc
for all protein-containing fluids. This included an amorphous rainbow films close to the wear scar
surrounded by black particulates. The amount of deposits increased with increasing protein
concentration and low A/G ratio. This observation correlated with reduced wear suggesting that this

material acts to protect the surfaces from damage.

Fibril/roll deposits were observed inside and outside the wear scar for high y-G content fluids (without
additional DPPC). Similar, but smaller formations, were also observed located inside the wear scar for

low-wear HSF samples. SEM imaging revealed these deposits to be intertwined fibrils forming a rope-
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like coil. Importantly these were observed inside the contact region suggesting they are involved in

the lubrication process.

The chemical composition of untested fluids and their deposits were analysed using Micro-IRRAS
analysis and compared to investigate protein secondary structure. The addition of lipids to the model
untested fluid shifted the secondary structure to an a-helix/random coil conformation which was
representative of the HSF fluids in contrast to the non-lipid BCS and model fluids with an N-B

conformation.

It was found that both the black and rainbow deposits comprised predominantly of proteins however
the secondary structure had shifted towards an N-B / F-B strand conformation, which was indicated
by a shift in the amide | peak to <1640 cm™. Lower wear was associated with a lower amide |
wavenumber peak and the appearance of minor peaks at ~1612 cm™ indicating F-p formation. The
presence of a phospho/lipid appeared to inhibit this formation therefore it was concluded that these
macromolecules played an important role in the lubrication mechanism. The occurrence of F-3 was
intriguing as it potentially indicates the presence of amyloid fibres. This was present in all of the model

and BCS and some of the HSF’s wear deposit spectra.

The presence of amyloid fibres was further investigated by doping model and human SF with ThT and
performing wear tests. Wear deposits were imaged using ThT optics. The deposits brightly fluoresced
showing aggregated fibril structures, however this was somewhat reduced for the HSF samples. In
many cases low-level background fluorescence was also observed which is attributed to the increased

viscosity of the deposits.

Micro-IRRAS of the deposits showed that a parallel B-sheet structure related to brightly fluorescing
deposited films. This was particularly apparent in 25BCS, 6Glob and HSF108. The combination of
fluorescence and Micro-IRRAS analysis confirms that the deposits were N-B rich and/or contained
amyloid fibres which was related to a reduction in wear. It was possible that high y-G concentrations

were indicative of F- formation however more tests are required to confirm this.

The surface topography was analysed using WLI, the wear scar had an increased surface roughness
and consisted of scratches and groove and therefore abrasion was identified as the dominate wear

mechanisms for material loss.
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10 Appendices

10.1 Code of Practice 470 Contaminant Level 2

Introduction

Biotribology laboratory 470 is used only by authorised members of the tribology group. There is

security card access to the outer laboratory doors and room 470.

An area at the end of the lab 470 will be allocated for the handling human synovial fluid. These fluids
are potentially infected with hazard group 2 and 3 pathogens. During test work a warning notice will

be posted on the door of room 470 and access restricted to Academic staff only.

Samples used are unscreened and have to be handled as potentially infectious (as with all bodily
fluids). It is very unlikely these samples will contain group 3 pathogens (e.g. TB/HIV/HepB) more likely

that they would contain skin bacteria or hazard group 2’s, if they infectious at all.
Personal protective equipment

Lab coats

It is compulsory to wear lab coats in the laboratory. These should remain fully buttoned at all times.
Each person working biological samples will have two separate coloured lab coats for work on this
only. These lab coats will be taken in a sealed bag for washing in room 709, City and Guilds building,

every two weeks or if fluid is spilled on coat.
Gloves

Disposable nitrile gloves will be used to prevent skin exposure and are stored at the entrance of the
lab. They must be changed regularly and as soon as possible after a potential exposure to any

hazardous agent (biological, radiological or chemical).
Safety glasses

Safety glasses are worn at all times in 470.

Hand Washing

Hands should be washed with Hibiscrub disinfectant hand wash after removing protective clothing

and before leaving the laboratory.
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Transportation within/between laboratories

All samples that are transported within the lab (i.e. from freezer to work bench and from work bench

to sink) will be carried in screw top containers.

All samples must be double contained when moving outside the lab. When transporting samples
between campuses or departments they must be, at least, doubly contained, closed and sealed. This
prevents the need to wear gloves or lab coats in non-lab areas. Please see below for response to

spillage during transportation.
Decontamination and Disinfection

Contaminated material will be decontaminated via soaking in Pursept for 30 minutes in a sealed
container. This will be carried out on a designated area of the work bench top made of stainless steel.
This will be also covered in an orange biohazard sheet to absorb any spillages. Surfaces will be

routinely cleaned with Pursept followed by 70% ethanol after use.
Waste treatment and disposal

Liquid waste will be treated with pursept to a final concentration of 2% and left for 30 minutes in a

sealed container after which they can be disposed of through the sink.

Heavily soiled solids will be disposed of in an orange clinical waste bag and placed in a designated
waste container in freezer ME470/01. At the end of each day these will then be transported (following
guidelines above) and placed in the yellow bucket in freezer 8, room 709 (City and Guilds building)

where they will be disposed via specialist waste contractor.

Lightly soiled solids for example nitrile gloves, Kimwipe blue roll, plastic pipettes etc will be placed in
an orange clinical waste bag. When full this bag will be taken to room 709 and placed in the bin for

incineration.
Spillages and incidents

Kimwipe blue roll will be used to take up spilled liquid. All tissues are then collected in an orange
clinical waste bag. Purspect is then used to disinfect area (10 minutes contact time) followed by a wipe

down of 70% ethanol.

Samples will be transported in a secondary containment and hence protected. If the tubes break or

open inside this containment, the secondary containment can only be opened within the designated
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area of the biotribology laboratory (room 470 City and Guilds building) and dealt with as described

above.

If in contact with eyes or mouth wash out with water. If in contact with skin wash with soapy water.
Encourage bleeding of a puncture wound and afterwards cover with a sterile dressing. See

occupational health.

All incidents must be reported to Mechanical engineering building manager (Guy Fairhurst) and the

safety officer (Steve Greenwood). An incident report form must be filled out for all unplanned events.

http://www3.imperial.ac.uk/safety/subjects/reportingaccidents (via SALUS)

Storage of samples

Samples should be fully labelled with all appropriate information and stored in a locked -32°C freezer.
The room is only accessible by swipe card and freezer secured with a 4-digit combination lock. The

code is only known by people directly working on project.

Samples in freezers will be included into sample database so the sample origin can be tracked, and

any potential hazards associated with it. If freezers fail there should be emergency freezer space.
Health surveillance

All workers that are directly involved with the project must be registered with the occupational health

unit.
Responsible Pl's

Dr Philippa Cann

Room 668,

City and Guilds Building
South Kensington Campus,
Imperial College London,
Exhibition Rd,

London,

SW7 2AZ

p.cann@imperial.ac.uk

268


http://www3.imperial.ac.uk/safety/subjects/reportingaccidents
mailto:p.cann@imperial.ac.uk

Details on training, supervision and competence assessment

All work performed in 470 will have to follow approved work practices, decontamination and

emergency protocols listed in the relevant Biol form.

All users must have and received a laboratory induction by Dr Judith Thei. A list of authorised

individuals will be available upon request to j.thei@imperial.ac.uk. The working area will be clearly

cornered off and only those authorised to work with biological samples will be allowed to pass.

All those working with hazard group 2 material will receive training from a competent trainer
(nominated by the Principle Investigator). Only those considered competent to work on the individual

projects as assessed by the nominated trainers can work unsupervised with pathogens.

A template providing minimum requirements for training at contaminate level 2 is included below.
Each individual being trained by an authorised trainer needs to illustrate that they are competent in
the various techniques and control measures before they are considered to be competent to work at

containment level 2 unsupervised.

Competence requirements to work unsupervised at containment level 2

Health issues — explanation of the following to be given by the trainer, followed by description of
the requirements by the trainee back to the trainer:

Issues that would preclude working with hazardous biological material (e.g. undergoing a course of
antibiotic treatment, pregnancy, illness, immune deficiencies etc)

Signs and symptoms of disease caused by the hazardous biological agents being used and handled

Route of exposure associated with hazardous biological agents being used and handled (e.g.
inhalation, ingestion, through or on the skin, splashes in the eyes etc)

Laboratory techniques — practical supervision to be given by the trainer followed by
demonstration by the individual to ensure individual has appropriate level of competence and
understands the control measures associated with the techniques and hazardous material:

All laboratory members are expected to observe the local safety requirements and to respect the

cleanliness and maintenance of laboratory and office equipment. A minimum requirement is the
maintenance of your personal safety folder to include your shadowing (laboratory training) record,
a copy of the risk assessments and MSDS data specific to your research. These records must be
initialled and dated as and when you have read them. Your safety folder must be available for

inspection whenever required by local or Institutional safety personnel.
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Shadowing: This is an essential component of laboratory training. No laboratory member is
authorised to perform any procedure unsupervised until such time as that procedure has been
demonstrated by a named trainer. All laboratory members will keep a record of procedures they

have received training in.

Emergency procedures - describe and then ask the trainee to explain back to the authorized
trainer emergency procedures to be followed to minimise exposure to themselves and others in the
event of an accident:

What to do in event of an exposure

What to do in event of small spillage (< 5mls) inside and outside equipment
What to do in event of large spill (>5mls) inside and outside of equipment
Decontamination procedures

Specific first aid procedures

Reporting accidents and near misses

Disposal procedures — describe the disinfectants in use, their preparation, required contact times
and routes for disposal of solid waste (autoclaves etc.). Ask trainee to demonstrate preparation of
disinfectants and use of waste routes

Validated disinfectants

Disposal of solid waste

Disposal of liquid waste
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10.2 Biol Form

Impenal College SR /ctivty |D: v if updated, date of first consent:
Lﬂndﬂn DLl Consent date for this version: | CL -~
only . . ass
with derogation ]

Biol Form
ProJECT REGISTRATION AND RISK ASSESSMENT FOR WORK INVOLVING BIOLOGICAL MATERIAL

PLEASE READ THIS CAREFULLY

This form acts to register projects invaolving the use of Biclogical Agents and / or Genetically Modified Micro-Crganisms, or of materials
{such as cells and tissues) that may be contaminated with these agents. It also allows assessment of the hazards and risks assodated
with the project as well as in identifying those at risk and the measures necessary for preventing. or controlling these risks. Flease
ensure that sufficient detail is provided when completing this form and that the relevant written protocols are referenced where
required. MNote that the written protocols (e.g. Code of Practice (CoP) or Standard Operating Procedures (SOPs)) containing details of
the working procedures must accompany these risk assessments at submission for work requining Containment Level 2 or above. Once
completed and approved, all risk assessments plus the protocols must be held together and supplied to all those warking within this
project, or who may otherwise be at risk from exposure.

Any queries during the preparation of these documents should be directed to your Safety Officer or directly to the BioSafety Team
pefore submission. This form plus protocols should be reviewed in the first instance by your FSM/CSM and then must be submitted to
bipsafetymimperial acuk

The work described within this Project Registration must not commence until the Principal Investigator has received a completed
Biclogical Project Certificate.

Ary changes to the work, or the persons involved, must be notified via the above email address. All changes reguested must be
incorporated within an amended version of this form as well as within the Code of Practice plus details of what has been changed
recorded within the risk assessment change control form (Form C).

Principal Investigator Deetails of person conducting the risk assessment
» CICx 524 [] same as PI CICx 00647222
Mame: Dr Philippa Cann .
Cither employee no: Mame: Hariet Stevenson Cther employee no:
Department / Section: Mechanical Engineering Departiment / Section: Mechanical Engineering
Faculty: Tribology Faculty: Tribology
Change history
flist 2lf previous versions of this nigk assessmant)
Title: Investigation of the lubrication mechanisms of synovial Lo ebaEalEl LTIl ise il
fluid

The following declaration must be completed by the Pl responsible for this project

E All information contained in this form is accurate and comprehensive.

B€ 2 workers involved will be instructed that their work must remain within the boundaries of this Project Registration.

E It is understood that this Registration does not comprise operating protocols or all risk assessment required for spedfic tasks. Such
written protocols and risk assessments of individual tasks is still required. Where these must be submitted with this form is
indicated within the relevant sections.

All changes to the work covered by this form will be reassessed and the changes submitted to bicsafetyiimperial. ac.uk before
those changes are made to the work.

All workers have been given, or will be given before they become invoheed, this risk assessment, adequate training and where
necessary, their competency assessed and recorded.

All workers have, or will be before their involverment begins, enrolled with Occupational Health for health clearance where
necessary.

It is understood that this risk assessment shall not be fransfered to a third party without the Pl named in this form either taking
responsibility for the new activities, or ensuring that a new proposal is submitted to Safety Department.

K B R KX
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GUIDANCE OM THE COLOUR SCHEME FOR THIS FORM:

Blue fill = mandatory for
all work

Mo fill = for all work
abowe CL2 only

Pink fill = tissues, cells,
etc spedfic

Green fill - non-GM biclogical
agents specific

Orange fill - GMM
specific

MI

NOL2NaoH L

11 Background and
aim of the project

- This section must be completed in al cases

The chemical composition of synovial fluid will be analysed along with its lubricating properties and
resultant wear in an investigation of joint disease.

Joint sweliing can be a debilitating resulting in pain, stiffness and loss of funciion. This is distressing
to patients, leads to hospital admission, considerable expense and absence from work. Many
conditions can cause a painful, swaollen joint including infection, ostecarthritis, gout and
rheumatological disease. The final stage treatment is joint arthoplasty which can be camied out on a
varnaty of joints, the hips, knees, shoulder and ankles for example. In most cases these implants
require to survive millions of loading cycles.

The objective of this research is to understand the role of synovial fluid chemistry in determining the
lubrication and wear of arifical implant matenals. Excessive wear and the formation of inflammatory
wear pariicles (metal or polymer) is linked to eary failure of artificial joints. Most studies have only
considered material effects and there is little information on the role of patient SF chemistry. The
focus of the current research is foc

» Develop small scale rubbing tests run under physiclogical conditions which allow the study of
prototype materials and human 5F.

» Measure frictionwear for different 5F and material combinations, analysis of surface films and
wear debris.

= 25% wiw bovine calf serum [BCS) used as reference fluid, initial tests with proteins as they are the
most abundant species in SF

The long term goal is to identify whether some synovial fiuid chemistries promote wear and hence
the risk of revison. With this in mind we would like to identify optimum material combinations for
specific synovial fluid chemistries allowing surgeons to make an informed choice and reduce risk of
revision.

12 Description of the
experimental
procedures

1. Receipt and storage of biofluids -320C storage

2. Friction and wear tests using HFRR

3. Remowval of biofluid from test. Store for futher analysis.
4. Anaysis of deposits on test specimens

List alf agpects of the work, including any proposed movement of the Bological agents, or
derfvativas tharsolf out of comtainment ag for imaging, FACS, sequending e,

13 ‘Where will this work be camied out?

List all areas to be used eg. the main b
(8BS, shared incubator rooms, shared

stovage fBcilities

Rooms or area(s): South Kensington campus: 4t fioor, reom 470
Building(s): City and Guilds Building
Campus: South Kensington

A brief background to the profect provides the reviewer a better understanding of the afms of the work. For Q1.2 the author &
encouraged to cover as much of their activities with a particular agent or material as possible within this form. The intention of
this Frofect Registration i praimanly to agree the scope of the proposed works and not to focus on the risk assessment of
indfidual procediures, Note however that sk assessment of specific procedures remains essential and must be carmed out

Poge 2 of 15 Warsion Biolwed
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MNOILY 211 LNTAI OYYZYH 215%E ANY AHOM 40 FaNLYN T

[f this material is to be used then all relevant parts of this section must be completed

TISSUES, CELLS, BODY FLUIDS OR EXCRETA

21 Ifhuman or animal fissues, cells, body fluids or excreta will NOT be used then hatch here [ and proceed to Q2.9

22 List all the tissues, cells, body | Human joint fluid - Clinically sampled. The main bulk of samples are paitients
fluids or excreta to be used undergoing elective or emergency joint surgury. The remaining samples are taken from
(species, type, where patients with swallon joints.
obiained) Details on the source of the material must be included

23 Describe what infectious Clinical information is taken from patients prior to samples being taken. No samples will
agents this material has been | be taken if they have any known communicable diseases.,
screened for

24 Wil any dinical histary or Yes ] Mo [ MR [
wveterinary screening (if
relevant) be provided?

If no, or M/R, explain why: NR €]
If yes, detail what this will include: Medical History N [

If yes, will a policy of rejection of samples Any patients with known communicable disease will be excluded
from diseased donors be adopted? Explain:

If yes and for hurmnan matenial, how will the Samples will be anomised and medical history recorded as MR O
information be disseminated in the course appropriate in sample database
of the project?

If yes and for human material, will this wes B Mo [ ne
information be anonomised?

25 Whatis the likelihood of Mediumn risk [ High risk [] Mone [ Low risk [X]
infection of any of this If medium or high risk of infection go to next question Jf none or low risk
material? Please consider the procesd to Quastion
worse case in this answer i 210
muliiple tissues, cells, etc are
being used.

26 If medium or high risk of Tissue, cell, fluids or excreta Mame of agent ACDP/defra
infiection name and dassify classification
the biclogical agents this
material could be infected
with

27 Describe the type and
severity of the disease that
can be caused to humans or
animals by each of the
agents that could be present

28 Do any of the materials listed

require 3 licence of 3 pemit | o avample (APPOL SAPC) defia, or FERA licenses? If yes, please list these and attach
befare work commences? e with this e

BIOLOGICAL AGENTS
23  If non-Genetically-Modified Biclogical Agents will NOT be used then hatch here [€] and proceed to Q213
210 List the non-GM biclogical Mame of agent(s) Strain(s) ACDP/defra
agents to be used (Lise classification
numbening spstam fe matoh
agants with straing!
Page3of 15 Version Sio1ved
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21 Describe the type and
severity of the disease that
can be caused to humans,
animals or plants by each of
the agents, and if relevant,
the particular strains in use

212 Do any of the organisms

listed require alicence ora | g avamnie (APPOT SAPO deffa, or FERA ficenses? If yes please it these and attach
permit befors wark eherm with this form
commences?

GEMETICALLY MCDIFIED MICRO-ORGAMISMS

213 If Genetically-Modified Micro-Crganisms (GMRs) will MOT be used then hatch here ] and proceed to Question 3.1

214 Provide an overview of the
different types of GMM that
will be used. Please ensure
that the scope and
boundaries of the work are
made dear

215 List all recipient species and
strains to be used, their
ACDP or defra classification

216 List of vector systems to be
used and their functional

properties

217 List the names and funcional
properties of all altered or
inserted genes

218 Identify the most hazardous
GMM(=) to be constructed
giving consideration both to
hurnan health and the
ervironment

NOILYdY1230 £

This section must be completed in all cases

31  Are you confident that any non-GM crganism, | Yes |:| MNe E

fssue, cell, blood, body flud orany. Hatch here if you believe that this | Hateh hers if you believe that
component of any GMM covered by this

" profect comprises work reguinng | Containmeant Level 2 (or higher) &
B pqtentlalr_'.' SIETUTEL anly Containment Leval T required and then answer Q3.2 and
to humans or the environment? procesd to Q5.1 of this form proceed to Q4.1 of this form

32 De any of the materials contain pathogens or | Yes [ Mo X
toxins covered by the Anfi-Temorism (CMe | 4 ey o pho agents and toxins i available at the Safety Dept website. if

and Security Act)? ¥es then Section 4 must still be completed even f only Containment
Leved 1
Poge 4 of 15 Varsion Bibiva 3
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PLEASE READ THIS CAREFULLY

You must only answer YES' to Q3.1 you believe that you have sufficient information to dlassify the project as requiring only
Containment Level 1, as defined in the Genetically Modified Organisms (Contained Use) Regulations or by COSHH. In order to
do this you must be confident that even in the event of a total breach of containment all the biclogical agents, genetically
miodified crganisms or cultured material would be of no, or of negligible, risk to human health, or to the emvironment.

For ALL projects requiring Containment Level 2, or higher, or those covered by the Anti-Terrorism (Crime and Security) Actk,
submissions of this form must be accompanied by a Code of Praclice, or at the very least, all the SOPs relevant to the work.

LNIWS5ISSY HAHLHNS ¥

All relevant parts of this section must be completed if you answered ‘Mo’ to Q3.1

TISSUES, CELLS, BODY FLUIDS OR EXCRETA

41 If human or animal tissues, cells, body fluids or excreta will NOT be used then hatch here |:| and proceed to Q4.3

42 'Will any culturing of the material ¥es [] Mo (4]
described in Q2.2 take place? If yes,
describe which cell(s) will be cultured
and under what conditians.

43  If culturing. could HIV permissive cells Yes [ Mo [ MR
be present? If yes, describe the cells and
for how long these cultures will be
allowed to grow.

44 If culturing, what is the maximum Per flask Murmiber of flasks: N/R E
wvolume of culture grown?

45 Wil the tissues, cells, body fluids or ves [ Mo []

FIEEEE rr_;anipulahed - ar'r_'!.rway i Samples to be centrifuged to remove cellular material before armval at south
could result in the concentration of any

kennsin Campus
adventitious biclogical agent present? If gton o
yes, explain.
4.6 What will the most hazardous Sample preparation
procedure involving the use of this
material be?

47 Will any of the fiuids, tissues or cells be | Yes [ ] Mo [
donated by you or your colleagues?

If yes, defail who will provide these M/R 4
If yes, explain the spedal risks MR €]
assodated
If yes, provide justification for not N/R B
using material from ancther safer
source e.g. National Blood Service
If yes, how will confidentiality be N/R B4
assured?
If yes, has written consent been MN/R E
cbtained from the donor?

48 Has Ethics Commitiee approva been cbtained? Yes ] Mo [ MR ]

If yes, provide Ethics Committee Ref: 15/0L0/0388

BIOLOGICAL AGENTS

49  If non-Genetically-Medified Biclogical Agents will NOT be used then hatch here E and proceed to 04.14

410 Describe ALL the route(s] of infection | Name of agent | Routets) ofinfection | Minimum infectious

Foge Sof 15 Verlon Bolved
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(relevant to the laboratory setiing) and dose

the minimum infectious dose(s), if
knawn

411 What is the highest concentration and Per experiment Taotal stored:
volume of agent(s) to be worked with?

412 Are there any known drug resistances
amongst the strains to be used? If yes,
explain what these are and the
CONSEqUENCES

413 What forms of the agent will be used
£.0. spores, vegetative forms and are
there any issues over the robustness of
these particular forms e.g. resistance to
disinfectants or increased stability on
dry surfaces

414 What will the most hazardous
procedure involving the use of this
material be?

GEMETICALLY MCDIFIED MICRO-ORGAMISMS

415 If GMMs will NOT be used then hatch here E and proceed to Q5

416 Ideniify the hazards to human health or
to the erwironment of the recipient
MiCreorganismis)

417 Identify any of the hazards to human
health or to the erwironment associated
directly with the vector systems in use

418 Idenify all of the known or potential
hazards associated with all the GMMs to
be used. It is important that the
boundaries of this project are dearly
explained here

419 Describe the likelihcod and
consequences of the modifications
being transferred to related
MICroorganisms

420 Ideniify the most hazardous GMM(s) to
be constructed giving consideration
both to human health and the
environment

41 Describe ALL the potential routefs) of Mame of agent | Route(s) of infection Minimum infectious dase

setting) of the GMM(s)

infection (relevant to the laboratory |

422 What is the highest concentration and Per experiment
volume of the GMM(s) to be worked Total stared:
with? '

All questions in this section must be answered and further details supplied when indicated

MOTE that a Code of Practice (CoP) or Standard Operating Procedure (SOP) reference must be provided for CL2 or higher

Foge & of 15 Werson Solved
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work, or work covered by the Anti-Terrorism (Crime and Security) Act

Risk If yes, how will this be controlled? Ref for S0P, CoP
other written
protocol providing
details on usage,
training.
decontamination, tc.

51 Might Yes [] | willa safety cabinet or any other form of Local Exhaust Ventilation be | Code of Practice
infactious Mo |:| required? If yes, provide details for type of cabinet and when this will lab 470
droplets or be used. No containment level
aercsols he Does the room have inward aiflow? Yes e
created, either o .
deliberately or Is .the room ventilation performance monitored and can users check
by accident? this before entry? Yes

Far CL3 waork only, is the room extract HEPA filtered?

52 Wil matenal Yes E Cultures will be transported from the freezer and the work bench area | Code of Practice

be transported | No |:| and from the work bench to the sink for disposal in its disenfected lab 470
within the state. They will always be transported in screw top containers. containment level
laboratory? For exampile, cultures being transported between the safety cabinet 2

and the incubator must be double confained so as fo prevent spilfage

i dropped

53 Wil the Yes B | i biclogical samples will be packed and labelled as necessited by the | Code of Practice

material be No [] | safely instructions on the website of the College. The packaging will lab 470
transported consist of a sealed plastic box that will endose sealed sample containment level
locally on vials/tubes. 2 - Transported to
campus but biochemnistry (SAF)

For exarmple, matenal trarsported from the primary laboratory to CBS

outside of the must be double contained so as fo prevent spiflage if dropped
laboratary? adeguately labelled and no gloves must be werm outside of the
laboratory

54 Wil this Yes E All biclogical samples will be packed and labelled as necessited by the | Code of Practice
material be Mo |:| safety instructions on the website of the College. The packaging will lab 470
shipped consist of a polystyrene box filled with dry ice and smaller leakproof containment level
elsewhere in secondary plastic containers that will enclose the samples vialsftubes. | 2 - Transported
the UK or The packages will also feature labels for the dry ice and iclogical from 5t Marys
abroad? contents. Hospital

Provide details of material to be shipped and the packing nstructions
to be foliowed, For example, MTh cultures shipped as Categony 4
infectious substance i PI6S0 packaging Further guidance 5 avadable
ot the Safety Dept website

55 Wil this es E All biological samples will be packed and labelled as necessited by the | Code of Practice
material be Mo [] | safety instructions on the website of the College. The packaging will lab 470
received from consist of a polystyrene box filled with dry ice and smaller leakproof containment level
elsewhere? secondary plastic containers that will enclose the samples vials/tubes. | 2 - Transported
The packages will also feature labels for the dry ice and biclogical from St Marys
conternts. Hospital

Froviche detais of materal to be received, how this will be aranged
and what steps will be takan to ensure that the matenal is comractly
packaged, Furthar guidance i svanfable on the Safety Dept website

56 Wil this Yes (<] | -320C freezer Only persons
materialbe | No [ | Room 470, Freezer ME470/01 within the group
stored? } ) o . have access to the

City and Guilds Building, South Kensington Campus padiock code

Long-term storage Charing Cross Site 7134

Frovide details of how where and in what this material will be stored

Poga 7 of 15 Yeron Solved
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I stored i Liguid Aitrogen describe the adafitional precawitions in
place

57 Wil infectious
miaterial be
cenfrifuged?

5.8 Are biological
samples to be
cultured in an
incubator?

59 Are sharps or

Yes [
nNo [

"r’es|:|

‘Will the primary containers be sealed?
‘Will sealed rotors or sealed buckets be used?

Fuidence of leak tigfitnass for the centrifuge rotors or buckets i
required if the centrifuge is intended for wse with biclogically
hazardous matemals. This evidence showld be provided by the
manufacturer or suppher in the form of a Test certificate

‘Where will these rotors be opened?
For exampie, within 2 safety cabingt

Describe the procedures in place to deal with leaks or spillages in the
centrifuge or rotor

What type of incubatar (eg. shaking or static shelf] is this? Describe
the measures fo be used fo prevent and comtain amy spillages.

For shaking incubators, describe what sysfem i in place to secure
vessals to the platform (clamps/Sticky tape or pads) what vessels are
wsead and how are they hdded (glass/plastic, screwed fop, secondary
covrtament).

At all times the manufacturers recommendations shoud be adhered
fo

potential No [¥] Diescribe the sharps, fustify their use and descnibe the precautions in
_,l'l'..'
sharps, £.9. place to protect the user and otfers fFom injuy
glass pasteur
pipettes, to be
used at any
stage during
this activity?
510 Are animaisto | Yes O | what procedures will be undertaken?
be used as Mo (] —
part of this ‘Where will this aspect of the work be undertaken?
TLEE Is shadding of biological agent or GMMs by the infected animals
possible?
i pes detad routes of shedding, risk perods for such shedding and
the additional precautions reguired to control exposure. Indlude a
description on how the animals will be held after imtection.
‘Who will perform the inoculations/exposure of the animals?
What trafning will they have recenved and where will this be recorded
Provide details on any additional training required for those handling
these animals
Provide details on any additional precautions necessary
511 Wil the ¥es [ | What will the maximum volume be and are any supplementary
pathogen be Mo E containment measures required, for example, the use of a safety
cultured on a cabinet or spill tray?
large scale or
will 3 ‘What size and fype is the fermenter, where is it located and who is in
fermenter be charge of the area?
used?
512 s there any Yes [ | i yes, how will this be done and what will then happen to the
stage within material?

FogeBof 15
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513

the
experimental
procedures
when the
infecticus
material is
inactivated in
order that it
can be
processed,
imaged,
sequenced or
othenwise
handled?

to [

Are any of the following
fo be used in conjunction
with this project? If yes
provide details and the
SOP/CoP reference

If yes, describe what conditions or restrictions are placed on the

material by the receiving laboratory with regards to its potential
infectivity?

Liquid Mitrogen
Radicactive matenals
Carcinogens

Mutagens

Toxins

Lasers

Fieldwork

FACS analysis or sorting

Oooooodd®X

Used in FTIR
Sectrometer. To be
handeled by lab
technician only.
Cryogenic Liquids
Policy PC-21,
Guidance note 015
(Liguid Nitrogen —
storage, use and
transportation
within College
premises)

IONIIDAH F Idd 9

All questions in this section must be answered in all cases

MNOTE that a Code of Practice (CoP) or Standard Operating Procedure (S0P) reference must be provided for CL2 or higher
work, or work covered by the Andi-Terrorism (Crime and Security) Act

Control measure

&1

B2 What type are these and where

When will glowves be worn?

will they be stored?

Details

to be work when dealing with dry ice or liquid nitrogen.

Purple powder free nitrile gloves for sample handling

Temperature protection gloves available next to the FTIR

Reference for S0P, CoP
other written protocol

Al the time when handling clinical samples. Insulating gloves

Code of Practice lab
470 containment level

available in the laboratory next to the hand washing facilities.

Code of Practice lab
470 containment level

63

64

‘When will laboratony coats be
wom and what type are these?

‘Where will the lab coats be

stored and what are the person working directley with biclogical samples will have
amangements for deaning or two separate coloured coats scley for biclogical work. These
disposal? coats will be washed every two weeks or if a sample is spilled

laboratory

Standard Laboratory coats to be wom at all times within the

Code of Practice lab
470 containment level

Lab coats will be stored nect to the doar in room 470. Each

on coat. They will be placed in a sealed orange dinical waste

Code of Practice lab
470 containment level
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bag and taken to the washing machine in room 709,

6.5 |Is any other type of personal Code of Practice lab
protective equipment to be 470 containment level
used? If yes, provide details 2

Protective Eye wear to be worm when handling samples

6.6 Describe the lab hygiene
facilities

Code of Practice lab
470 containment level

Full hand washing facilities and bendh cleaning materials
available in the sample handling laboratory

JISWAM L

All questions in this section must be answered in all cases

MOTE that a Code of Practice (CoP) or Standard Operating Procedure (SOP) reference must be provided for CL2 or higher
work, or work covered by the Anti-Terrorism (Crime and Security) Act

7.1 How will waste be treated prior to disposal?

[Note that alf differently treated Treatment prior to disposal SOP/CoP/ protocol
wastes must be ”"W'gﬁ: (hote, that if for GM Class 1 work. waste will not be pre-treated
some fiquicl s autockeved, before disposal then you must explain why this is acceptable)
others not thern describe both)
Liquid waste All human waste or liquid that may be contaminated with human Code of Practice
waste to be disposed will be decontaminated with purspet in a lab 470
sealed container for a minimum of 30 minutes. This can then be containment level
poured down the sink. 2
5olid waste All containated waste and equipment is to be placed in yellow waste | Code of Practice
bag. Once full this is then taken to room 708, City and Gulids, and lab 470
disposed of to dinical waste bins for incineration. containment level
2
'l
Other waste (specify):

72 Ifwaste is to be autoclaved confirm the following;

All cycles have been validated for the actual load types used ves [ ] Mo NR
The successful completion of every load is chedked prior to disposal? ves[] Mo []
73  How will liquid waste be disposed of?
To drain? Code of Practice
lakz 470
vesX] No[] containment level
2
As solid waste? ves [ ] no ]
Other (specify)? ves[]  no[X
74  How will solid waste be packaged and disposed of?
Categarisation Caolour code Dizposal method SOP/Cof/ protocal
Ol Sharps Yellow Yellow sharps bin = autodave sterilisation
if known or potentially infected =dlinical
waste disposal (incineration)
E Hurman body parts, organs including Yellow Yellow rigid one way sealed tissue bins > Code of Practice
blood bags and blood preserves and clinical waste disposal (incineration) lab 470
excreta (unless identified as medium or * Human tissue waste must be placed in containment level
high risk or known infected in Q2.5 of this separate containers from non-human 2
assessment in which case they must be waste and labelled *HTA waste’
pre-treated before disposal)
D Animal body carcasses or recognisable | Yellow Yellow rigid one way sealed tissue bins >
Poge 10 af 15 Wasion Bolvad
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parts (unless identified as medium or high
risk or known infected in Q2.5 of this
assessment in which case they must be
pre-treated before disposal)

dlimical waste disposal (incineration)

This is not a route of preference and is
subject to spedial requirements

[] Potentially or known infected lab Special case
wastes (including shamps) of Hazard Group | — contact

2, GM Class 2, DEFRA Category 2 or Safety
higher, that have not been pre-treated Department
before leaving site

[ Infected or potentially infected lab Orange

wastes, other than sharps or recognisable
tissues, that have been pre-treated before
leaving site

Disinfiection or sterlisation in the
laboratory suite > orange clinical waste
bags > dinical waste disposal

[ infected or potentially infected animal | Yellow
or human body parts. organs or excreta
that hawe been pre-treated before leaving
site

Disinfection or sterlisation in the
laboratory suite >yellow one way sealed
fissue bins = clinical waste disposal
(incineraticn)

* Human tissue waste must be placed in

separate containers from non-human
waste and labelled 'HTA wasts'

] Packaging material that has been used | Yellow
for the importation of animal products
subject to Defra licenses

Yellow clinical waste bags = dinical waste
disposal (incineration or alternative
freatment as described in the licence

75 Where is the waste stored after freatment or
packaging prior to final disposal?

76 Describe the procedures for the removal of the waste
from the building?

Room 709 City and Guilds Building waste
bin

waste is taken out weekly to the
designated waste disposal point next to
SAF (sk) by a member of staff

= All questions in this section must be answered for all work at T2 or higher, or work covered by the Anti-Temorism (Crime and
% Security) Act In all cases the SOP/CoP or protocol reference is required.
=
g 81 Lst the maintenance regimes for all the following lab equipment
% Maintenance frequency Maintenance camried cut by SOP/CoPy protocal | M/R
'a]
m
Centrifuges) i |
Safety cabinets B
Autoclaves E
Shaking incubators E
Cther (specify) B
j All questions in this section must be answered for all work at CL2 or higher, or work covered by the Anti-Terrorism (Crime and
§ Security) Act. In all cases the SOP/CoP or protocol reference describing the training procedures is required.
% 91 Confirm that training to all workers is providing in at least the following aspects of this work
[
raining frequency raining carmied out Competency assessed S0P/CoPyf protocal | MR
by by
Hazards associated with At start Dr Philippa Cann Code of Practice | []
this work labo 470
containment
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level

2
5afe working practices as At start D Philippa Cann Code of Practice | [
desaribed in this risk lab 470
assessment containment

level 2
Spillage response within the | At start D Philippa Cann Code of Practice | []
safety cabinet lab 470

containment

level 2
Spillage response within the (]
cerfrifuge
Spillage response At start Cr Philippa Cann Code of Practice |:|
elsewhere lab 470

containment

level

2
Post-exposure protocols Al start Dr Philippa Code of Practice | [

Cann lab 470
containment
level 2

534NAIZ0E AZNIDHINT 01

All questions in this section must be answered for all work at CL2 or higher, or work covered by the Anti-Temrorism (Crime and

Security) Act. In all cases the SOP/CoP or protocol reference is required.

101 Describe the procedures in place for dealing with spillage of infectious or potentially infectious material

Procedure

S0P/CoPy protocal

=
E|

Within the safety cabinet

Within the cenfrifuge

Within the laboratory but
outside of any primary contraol
measure e.g. safety cabinet

Use tissue (blue roll, Kim wipes) to take up spilled iquid. Use 1%
Pursept followed by 70% ethanol and tissues to disinfect area,.
All tissues are then collected in an orange dinical waste bag.

Code of Practice
lab 470
containment
level 2

O XX

Outside of the laboratory

Potential CL2 samples will only be transported in secondary
containers. If primary container breaks, sample will be
transported back to CL2 lab and opened carefully and
decontaminated with pursept followed by 70% ethancl.

Code of Practice
lab 470
containment
level 2

O

102 Describe the procedures in

place for an accidental exposure

Immediate action ‘Wash out with water (if eye or mouth) or soapy water (if wound Code of Practice | []
or on skin). Encourage bleeding of puncture wound. Cover with lab 470
sterile dressing afterwards. See Occupational Health 020 7594 containment
5401 (work should be restricted to nomal working hours) level 2
When and to whom to report | Report to Stephen Greenwood (Safety Officers), Head of Section, | Code of Practice | [
the incident Occupational Health and on SALUS lab 470

containment
level 2

55320 11

All questions in this section must be answered for all work at OL2 or higher, or work covered by the Anti-Temorism (Crime and

Security) Act. In all cases the SOP/CoP or protocol reference is required.

SOP/CoPy protocol
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111 Is the lab(s) adequately ves B wo[]
separated from other areas i no, explain
(e-g. offices)
1.2 ls/are the lan{s) or otherwork | Yes B4 Mo [
areas shared With ofher Users |t yes eyplain who and what procedures are in place to confral
not inveived in this project any risk to themt Bictribology department - separate working
areas but all users are aware of the work being cammied out.
Labets will be used to wam colleagues of the nature of the prep
work.
1.3 Describe the measures in place | Mo known infecBious materials used. Closed containers, doulble

fo ensure that the infectious
material is secured

contained samples when not in use. Labs have swipe card access
and freezers are lockable with access only to those working on
this project.

4

Are the laboratories in use for
this work labelled with
bichazard signage?

Fes 4 we [

If mo, explain:

N/R

mns

What access colour code do
the rooms used have?

Red [] Amber [ vellow [

HLTYIH T¥NOILYdN220 T

This section will be completed by the Ocoupational Physician for deliberate work with biological agents or GMMs in Hazard

Group 2 or higher and for work with unscreened human tissues taken from a population with unusually high prevalence of
transmissible infection.

This section will be completed by a Safety Department Biological Safety Officer, if for other work at Containment Level 2.

Note that where pre-activity requirements are identified, it is the responsibility of the Principal Investigator to ensure that these
are carmied out for all individuals working on this project, before they actually start work

THE PRIMNCIPAL INVESTIGATOR MUST ENSURE THAT THE INFORMATION DESCRIBED IN THIS SECTION IS UNDERSTOOD BY
ALL THOSE THAT WORK ON THIS PROJECT

121

Medical risk assessment

122

Pre-activity requirements

select ane

Details:

select ane

Detarls:

select ane

Detarls:

123

Periodic health surveillance
requirements

124

Post exposure action

125

Antibiotic treatment or
chemoprophyiaxis

126

Additional notes or commenis

SNIAHOM INDT E1

This section must be completed in all cases

13.1 Does any aspect of this activity present an overt risk to the lone worker due to any of the following factors:

Dietails incheding additional precautions to be implementad

SOP{CoP/ protocol

Can a lone worker safely enter
and exit the facility? Including
donning and removing PPE?

Yes
Mo

= If no, describe why and any additional precautions
D necessary for lone working:

Foge 13 of 15
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Can all equipment be used Yes [ | i no. describe why and any additional precautions
safely by the lone woarker? Me [ | mnecessary forlone working:
Dioes any substance used If yes, describe why and any additional precautions
present a risk of rapidly necessary for lone working: The only risk of rapid
incapaditating alone worker? | Yes [ | incapacitation is posed by liquid nitrogen. However, even
No [X] | though this activity will invoive work with FTIR filled with
liquid nitrogen, actual handling of liquid nitrogen will not
be performed by the lone worker.

Will a lone worker be able to If no, describe why and any additicnal precautions
safely deal with a spillage or Yes E necessary for lone working:
other emergency e.g. Me [
malfunciioning equipment
Is it possible to observe v E If yes, describe how: Window in door though which
occupants of the room at all = O people can easily be observed
e he If o, describe why this acceptable:
Will lone work take place in a ves [ If yes, describe why and any additional precautions
secure of restricted access N = necessary for lone working:
facility? =
132 s lone working permitted | Yes [<] Mo []

for this activity?
133 Is spedfic consent Yes (each lone working activity) |

’eq“'_’fd?f“ lens Ves (but not for each specific instance) [

wiorking?

. Spedfic consent is not required for lone working E

134 If lone warking will take Yes E If yes or no, describe the restrictions and why these are in

place, are there any place: During ‘normal” working hours

Me []

restrictions as to when N/A |:|

lone working can take V

place?

: This section must be completed in all cases
'R
% 141 Confirn what Containment Level can be assigned to each aspect or component of this project. If different aspects of this
; work merit different Containment Levels, then all must be listed. Include where, for example, the biclogical agents, GMOs
= or tissues, and material derived therefrom, are to be sent for sequencing, FACS. or other analysis, imaging or processing.
=
m Project aspect Where work will be cammied out Containment 'With extra controls With derogation from
E Level (as (list these, if relevant. If | certain controls
— required under required sesk advice (list these, if relevant. If
E COSHH or GMOQ | from your D50 or the required seek advice
p (Contained Usz) Caollege B5O) from your D50 or the
Regs College BSO)

Sample Collection Imperial College NHS Trust | CL1 MNfA MN/A

Sample Preparation and 4th fioor, City and Guilds L2 NfA MNYA

testing Room 470

Sample Disposal Tth floor, City and Guilds, (L2 MNfA MN/A

room 709

b= This section must be completed for work with Genetically Modified Micro-organisms only
G
= 151 Confirm the dlass of all GMMs in use

Project aspect GM Class

Foge 14 of 15 Yersion Solvéed
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10.3 Peak Positions from Deconvoluted Micro IRRAS Spectra

Table 10.1 - Summary of IR peaks for untested 25BCS and 25salBCS for 1750-1450 cm. (Bold type represents most intense
peak)

Wavenumber (cm™?) | Assighment

Peaks
25BCS | 25salBCS

Amide | | 1659 1659 a-helix/random coil
1651 1651 a-helix/random coil
1641 1641 N-B
1632 1632 N-B

Amide Il | 1559 1558

1548 1548
1535 1535
1516 1514
1509 1509

Table 10.2 - Summary of IR peaks from deconvolution and secondary structure assignment for untested 25salBCS, mBCS, mH,
mOA and mPP for 1750 - 1450 cm™. (Bold type represents most intense peak)

Wavenumber (cm™?) Assignment
Peaks
25salBCS | mBCS | mH | mOA | mPP
Amide | | 1659 1659 | 1655 | 1659 | 1659 | a-helix/random coil
1651 1651 | 1647 | 1650 | 1651 | a-helix/random coil
1641 1641 | 1640 | 1643 | 1642 | N-B
1632 1632 | 1631 | 1632 | 1632 | N-B
Amide Il | 1560
1548 1545 | 1548 | 1545 | 1548
1535 1537 | 1540 | 1537 | 1540
1514 1517 | 1516 | 1516 | 1516
1509 1501 | 1507 | 1501 | 1507
A/G 0.8 0.8 2 1.5 3
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Table 10.3 - Summary of IR peaks from deconvolution and secondary structure assignment for untested 25salBCS + DPPC,
mBCS + DPPC, mH + DPPC, mOA + DPPC and mPP + DPPC for 1750 - 1450 cm™. (Bold type represents most intense peak)

Wavenumber (cm?)
Peaks 25salBCS | mBCS mH mOA mPP Assignment
+DPPC | + DPPC | + DPPC | + DPPC | + DPPC
Ester 1735 1735 1735 1737 1737 N/A
Amide | | 1659 1658 1658 1658 1659 a-helix/random coil
1650 1649 1649 1649 1651 a-helix/random coil
1641 1641 1640 1642 1642 N-B
1632 1631 1632 1632 1632 N-B
Amide Il | 1558 1557 1556 1556 1557
1548 1548 1545 1546 1547
1538 1536 1536 1537 1537
1516 1517
1501 1500
A/G 0.8 0.8 2 1.5 3
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Table 10.4 - Summary of IR peaks from deconvolution and secondary structure assignment for tested black and rainbow
deposits for model fluids in the region 1800 - 1450 cm. (Bold type represents most intense peak, ¥ denotes a weak peak)

Wavenumber (cm™) Assignment
Peaks
25BCS | 25salBCS | mBCS | mH mOA mPP
Amide |
Black 1659 | 1658 1659 | 1659 | 1659 | 1659 a-helix/random coil
1650 | 1650 1651 | 1650 | 1650 | 1650 (s) | a-helix/random coil
1643 | 1642 1641 | 1642 | 1642 | 1643 N-B
1632 | 1632 1632 | 1632 | 1632 | 1633 N-B
1612 % | 1612% 1613 | 1612 | 1613 1613 F-B
Rainbow | 1659 1658 1660 | 1658 | 1659 1659 (s) | a-helix/random coil
1651 1650 1652 | 1650 | 1651 1651 a-helix/random coil
1643 1643 1643 | 1641 | 1642 1641 N-B
1632 | 1633 1632 | 1632 | 1632 | 1632 N-B
1613 "% | 1612 "% 1612 | 1611 | 1612 | 1612 F-B
Amide Il
Black 1547 1546 1544 | 1543 | 1544 1542
1537 | 1537 1536 | 1536 | 1535 | 1532
1517 1518 | 1517 | 1517 | 1516
1510 1510 | 1510 | 1510% | 1508
1501 | 1500 | 1500 | 1500
Rainbow | 1542 1543 1541 | 1542 | 1545 1540
1536 | 1537 1533 | 1534 | 1537
1515 1517 1517
1511 1510 | 1510% | 1509
1501 1500 | 1500 | 1502 | 1500
A/G 0.8 0.8 0.8 2 1.5 3

288



Table 10.5 - Summary of IR peaks from deconvolution for tested mOA black and rainbow deposits for 3000 - 2800 cm™.

(Bold type represents the most intense CH,/CHs peak, no bold indicates similar peak heights)

Wavenumber (cm™)

Peaks
25 BCS mBCS mH mOA mPP
CH3 (Vasym)
Black 2959 2959 2959 2960 2960
Rainbow | 2959 2960 2959 2960 2960
CH> (Vasym)
Black 2930 2928 2929 2928 2929
Rainbow | 2932 2929 2933 2931 2929
2916
CH3 (Vsym)
Black 2872 2870 2871 2871 2872
Rainbow | 2869 2870 2870 2871 2872
CH> (Vsym)
Black 2851 2850 2850 2850 2850
Rainbow | 2850
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Table 10.6 - Summary of IR peaks from deconvolution and secondary structure assignment for model fluids for both black and
rainbow deposits in the range 1800 - 1450 cm. (Bold type represents most intense peak, ¥ denotes a weak peak)

Wavenumber (cm™?)
Peaks 25salBCS | mBCS | mH mOA mPP Assignment
+DPPC | + DPPC | + DPPC | + DPPC | + DPPC
Ester
Black 1735 1735 1734 1735 1735 Cc=0
Rainbow | - - - - -
Amide |
Black 1659 1659 1658 1657 1658 a-helix/random coil
1651 1651 1648 1648 1651 a-helix/random coil
1641 1641 1640 1640 1642 N-B
1632 1631 1630 1631 1632 N-B
1612% 1611% | 1612 1612% | 1611 F-B
Rainbow | 1659 1659 1658 1656 1659 a-helix/random coil
1651 1650 1651 1649 1651 a-helix/random coil
1641 1640 1641 1640 1641 N-B
1631 1631 1631 1631 1632 N-B
1612% 161% | 1613 1611% | 1612 F-B
Amide Il
Black 1558 1558 1559 1558 1558
1543 1541 1541 1541 1541
1519 1515 1516 1517 1515
1510 1509% | 1508 1510 1510
1503 1500 1500 1502
Rainbow | 1558 1558 1558
1542 1558 1500 1541 1540
1510 1542 1558 1510 1508
1503 1510 1541 1500 1500
1501 1508
1500
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Table 10.7 - Summary of IR peaks from deconvolution for tested model fluids with DPPC for both black and rainbow deposits
in the range 3000 - 2800 cm™. (Bold type represents the most intense CH,/CHs peak, no bold indicates similar peak heights)

Wavenumber (cm?)

Peaks DPPC | 25salBCS | mBCS mH mOA mPP
+DPPC | + DPPC | + DPPC | +DPPC | + DPPC
CH3 (Vasym)

Black 2958 | 2957 2959 2960 2959 2958
Rainbow 2959 2958 2959 2959 2960
CH3 (Vasym)

Black 2928 2927 2928 2929 2930

2918 | 2917 2916 2917 2917 2916
Rainbow 2828 2927 2931 2929 2930
2917 2917 2916 2917 2917

CHs (Vsym)

Black 2871 | 2871 2870 2870 2870 2872
Rainbow 2871 2869 2871 2870 2872
CH; (Vsym)

Black 2850 | 2850 2849 2851 2852 2850
Rainbow 2849 2849 2848 2849 2850
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Table 10.8 - Summary of IR peaks from deconvolution and secondary structure assignment for all untested HSF fluids and

25BCS in the range 1800 - 1450 cm™L. (Bold type represents most intense peak, ¥ denotes a weak peak)

Wavenumber (cm?) Assignment
Peaks | 25BCS | HSF | HSF HSF HSF HSF | HSF HSF HSF
041 | 077 110 113 135 145 156 164
Amide 1667 | 1666 | 1666 1666 | 1666 | 1666 1667% | Turns and bends
! 1659 1659 | 1659 | 1658 | 1658 | 1659 | 1661 1658 1658 | a-helix/random coil
1651 1650 | 1650 | 1649 | 1650 | 1650 | 1649 1649 1650 | a-helix/random caoil
1641 1642 | 1642 | 1641 | 1642 | 1642 | 1642 1642 1643 N-B
1632 1633 | 1632 | 1631 | 1632 | 1632 | 1632" | 1632% | 1632 N-B
Amide | 1559 1563 | 1564 | 1565 | 1564 | 1564 | 1562 1564 1564
! 1555 | 1555 1555 | 1555 1554 1554
1548 1548 | 1546 | 1545 | 1545 | 1545 | 1548 | 1548 1548
1535 1537 | 1536 | 1536 | 1536 | 1536 | 1537 1537 1536
1516 1517
1509
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Table 10.9 - Summary of IR peaks from deconvolution and secondary structure assignment for all tested HSF samples for both
black and rainbow deposits in the range 1800 - 1450 cm™L. (Bold type represents most intense peak, ¥ denotes a weak peak)

Wavenumber (cm™)

Peaks Assignment
25BS | 041 077 110 113 135 145 156 164
Ester
Black 1735 1735 1735 | 1737 | C=0
Rainbow 1735
Amide |
Black 1659 | 1659 | 1660 | 1657 | 1660 | 1658 | 1659 | 1659 | 1658 | a-helix/random coil
1650 | 1651 | 1651 | 1649 | 1651 | 1650 | 1651" | 1651 | 1649 | a-helix/random coil
1643 | 1643 | 1643 | 1641 | 1642 | 1639 | 1642 | 1642 | 1642 | N-B
1632 | 1631 | 1632 | 1631 | 1632 | 1630 | 1630 | 1632 | 1633 | N-B
1612% | 1612% 1612 1612% | 1612% | F-B
Rainbow
1659 | 1659 | 1660 1660 | 1660 | 1660 | 1559 | a-helix/random coil
1651 | 1651 | 1651 1651 | 1653 | 1651 | 1652 | a-helix/random coil
1643 | 1640 | 1642 1640 | 1642 | 1644 | 1644 | N-B
1632 | 1631 | 1632 1631 | 1632 | 1632 | 1632 | N-B
1613% | 1612 | 1612% 1612 F-B
Amide Il
Black 1564 1563 1564
1556 | 1556 | 1554 | 1558 | 1558 | 1558 | 1556 | 1549
1547 | 1542 | 1542 | 1544 | 1542 | 1544 | 1543 | 1542 | 1541
1535 1536 1531 | 1534
1528 | 1522 1516
1537* 1508*
1517
Rainbow 1560 1560 | 1560 | 1557 | 1564
1542 | 1546 1542 | 1541 | 1542 | 1542
1536 | 1538
1530
1508* | 1508* 1515
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Table 10.10 - Summary of IR peaks from deconvolution for all tested HSF samples for both black and rainbow deposits in the
range 3000 - 2800 cm™.. (Bold type represents the most intense CH,/CHs peak, no bold indicates similar peak heights)

Wavenumber (cm?)
Peaks

25BS | 041 | 077 | 110 |113 | 135 |145 | 156 | 164

CH3 (Vasym)
Black 2959 | 2960 | 2961 | 2960 | 2960 | 2959 | 2960 | 2959 | 2958
Rainbow | 2959 | 2959 | 2961 2960 | 2960 | 2959 | 2958

CHZ (Vasym)

Black 2930 | 2916 | 2917 | 2916 | 2917 | 2920 | 2916 | 2918 | 2919

Rainbow | 2932 | 2931 | 2930 2930 | 2929 | 2932 | 2930
2916

CH3 (Vsym)

Black 2872 | 2871 | 2870 | 2870 | 2870 | 2871 | 2870 | 2871 | 2870

Rainbow | 2869 | 2871 | 2871 | 2870 | 2870 | 2871 | 2870 | 2871 | 2870

CH3 (Vsym)
Black 2851 | 2850 | 2850 | 2851 | 2850 | 2851 | 2850 | 2851 | 2851
Rainbow 2850 | 2852 | 2850 | 2851 | 2851 | 2850 | 2851 | 2852 | 2850
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