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ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT

National Centre for Advanced Tribology

Thesis for the degree of Doctor of Philosophy

INVESTIGATION OF WEAR AND CORROSION PRODUCTS RELEASED
FROM THE COCRMO TAPERS AND CEMENT-STEM INTERFACE IN TOTAL
HIP REPLACEMENTS

Alina Mariana Crainic

Adverse local tissue reactions (ALTRs) to solid and soluble debris released from cobalt-
chromium-molybdenum (CoCrMo) alloy metal-on-metal (MoM) hip replacements have
been raising numerous concerns and currently represent the main reason for MoM revision
surgery. The introduction of modularity at the femoral components has further contributed
to the increasing incidence of body responses to the implant, due to the wear and corrosion
of the metallic tapers. Products originating from the secondary metallic interfaces, such as
tapers or cement-stem interfaces, were suggested to elicit more severe body responses to the
implant than the equivalent dose of debris from the bearing surfaces. Body responses are
dictated by the interaction of the particles with the biological environment, and highly
depend on the particle size, morphology, aggregation state, chemical composition and

speciation.

Despite the increasing evidence of ALTRs to metal debris originating from the tapers or
cement-stem interfaces, little is known about these products and their characteristics. There
have been numerous reports of black and flaky deposits of debris around the revised tapers
or cement-stem interfaces, which were confirmed to be metallic by analytical techniques.
The speciation of CoCrMo taper debris has only been reported for debris in periprosthetic
tissue or spread at distant organs, which may have been altered by the specific biological

environments at these sites.

The present study reveals the nature of debris released in vivo from the mixed (CoCrMo/Ti
alloy) and matched (CoCrMo/CoCrMo alloy) tapers and CoCrMo cement-stem interfaces.

The implants used in this study have been retrieved from patients at the time of revision



surgery and have been forensically examined to understand the main wear and corrosion
processes responsible for their failure. The wear and corrosion flakes were comprehensively
characterised from the micro scale down to the nano level, to understand their structural and
chemical features and reveal the constituent building blocks. Two different methods were
used to clean the debris and their effects on the particle characteristics were assessed. The
study is the first to reveal the size, elemental composition and speciation of debris from the
mixed and matched material tapers and cement-stem interfaces, by using complementary
state-of-the-art characterisation techniques. The study compared the physicochemical
characteristics of debris released from CoCrMo tapers and stems, and debris from mixed and
matched material taper junctions, and revealed significant size differences which may
influence the adverse body responses to the implant. The speciation analysis revealed
chemical species whose effects on the cells have not been previously assessed and may be
linked to the increased in vivo reactivity of the CoCrMo debris from tapers and cement-stem

interfaces.
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Chapter 1

Chapter 1 Introduction

1.1 Background

Hip arthroplasty is one of the most successful orthopaedic procedures, routinely performed to relieve
pain and restore the functionality of the joints, following arthritis or violent trauma. Despite a wide
selection of bearing couples, fixation techniques and designs available nowadays, the rate of revision
surgery is still of concern. With an increasing number of primary operations mainly caused by an
aging population with increased life expectations, the number of revision surgery is also expected to
rise. This translates in an immense financial burden for the NHS and surgery associated pain and

risks for the patients.

Of all types of hip prostheses, CoCrMo metal-on-metal (MoM) articulations are raising the most
serious concerns, due to their potential to trigger local and systemic body reactions to wear and
corrosion products'. With the introduction of modularity at the head-stem connection, the number of
sites susceptible to wear processes has increased. The taper junction and cement-stem interface can
contribute to the release of metal debris independently of the bearing surfaces. There have been
reports of adverse local tissue reactions (ALTRs) to metal debris released from the secondary metallic
interfaces in patients implanted with metal-on-polyethylene (MoP), (MoM) or ceramic-on-metal
(CoM) bearing surfaces”™. The pseudotumour or bursae has often been associated with signs of
corrosion at the modular tapers or evidence of micromotion at the cement-stem interface. The body’s
reactions to particulate debris depend on their characteristics such as size, morphology, chemical
composition and speciation’. Depending on their origin, the particles can have distinct
physicochemical characteristics which can initiate different types of adverse body reactions. It has
been suggested that debris released from taper junctions can trigger more severe adverse body
reactions, compared to the equivalent dose of particles originating from the bearings®’. The cause,
however, remains unknown, although it is believed that the particular physicochemical conditions at
the taper interface may have an influence on the in vivo particle reactivity. It is therefore important
to understand the characteristics of particulate debris in relation to the origin, be it bearing surfaces,

taper junction or cement-stem interface.

The conventional material used for metallic bearings or stems in many hip replacements is CoCrMo
alloy. Under normal conditions, CoCrMo alloys demonstrate good tribological properties and
corrosion resistance, representing an attractive alternative to other materials. Compared to MoP, the
normal volumetric wear rate of the MoM articulations is almost two orders lower®, but the total
number of particles can be up to 100 times more, with the majority in the nanometre size range’. The
introduction of modularity at the head-stem interface aimed to simplify the process of primary and

revision surgery, but it introduced a new metallic interface which can contribute to the overall
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metallic ion and debris release, by fretting and crevice corrosion
metals (e.g. CoCrMo head and Ti alloy neck) can initiate galvanic corrosion and thus accelerate the
release of material from the taper''. There is also more and more evidence demonstrating that cement-
stem interface can represent an alternative source of wear and corrosion products in cemented total
hip replacements (THR). At the interface, the bone cement and metallic stem are held together by
mechanical interlock which can debond under physiological loading, allowing for low amplitude

micro-motion between the surfaces, resulting in material being removed'?.

CoCrMo wear particles released from the bearing surfaces are significantly smaller than polyethylene
debris and can easily enter the blood circulation, spreading within the body. The analysis of biopsy
from patients with failed MoM hip prostheses has confirmed wear debris in distant organs, such as
liver, heart or brain'*'*. The reduced size of the particles also increases their solubility in the body
fluids, resulting in high ions in the bloodstream'’. The relative proportion of ions in serum and
synovial fluid is believed to depend upon the site of wear and several authors®* reported much higher
levels of Co compared to Cr, following the failure at the taper. In several cases, the abnormally high
Co serum level has been associated with visual impairment, hearing loss and various neurological
and cardiologic issues''®. These manifestations are usually referred to as arthroprosthetic cobaltism
or cobalt toxicity and can disappear after the removal of the metal source'. The long term effects of
the patients’ exposure to high Co and Cr ions are still not known, but there are concerns regarding
their potential genotoxicity and cytotoxicity'”'*. Adverse local tissue reactions to wear debris,
described in the literature as fluid collections or solid masses around the hip, can be a cause of pain
and inflammation, potentially altering the surrounding tissue and bone. Significant damage to the

periprosthetic environment can further affect the outcomes of the inevitable revision surgery'’.

With so many potential sources of wear and such a broad spectrum of adverse reactions to the
implant, it is imperative to understand the origin, characteristics and subsequent health implications
of the particles. Most of the previous studies have investigated metallic debris generated from the
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bearings and isolated from artificial lubricants used in hip simulators™ “°, while others have reported

2423 or periprosthetic tissue, retrieved at revision time*®. Most of the

debris from synovial aspirates
studies have employed various electron microscopes for imaging and chemical analysis. Particles
size distribution varies between the studies and covers the 10 nm-10 pm size range, with the majority
in the nanometre scale’*’. Previous energy dispersive X-ray (EDX) data suggested that the small
particles are mainly Cr,O;*® while the larger particles can consist of the bulk alloy elements. The
techniques, however, failed to provide definitive evidence of this. The literature is still scarce in clear
evidence of individual nanoparticles generated from hip implants in vivo and this could be mainly
due to the technical limitations of the older generations of microscopes. To our knowledge, no study
to date has reported the characteristics of particles released from around the tapers or cement-stem

interface, which have a significant contribution to the total amount of debris and adverse body

reactions in patients. Some authors have characterised the black corrosion flakes on retrieved
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CoCrMo stems®, and demonstrated they consisted of densely packed Cr,O; nanoparticles (~50 nm
length) surrounded by organic material, potentially formed by tribochemical reactions at the cement-
stem interface. At increased magnification, the particles consisted of smaller entities joined together
by biological debris, but the study failed to provide a more in-depth structural characterisation of the

potential agglomerate.

Despite increasing evidence of the debilitating effects of metal debris generated in the body, little is
known about the characteristics and structural changes they suffer after being released. In vivo,
particles are susceptible to oxidisation, dissolution and release of ions, or can migrate within the body
and interact with the biological matrix in their attempt to achieve a more stable configuration. The
sequence of transformations the particles undergo depend on their characteristics which reflect in the
particle reactivity. Most of the previous studies have characterised debris in periprosthetic tissue and
internalised in macrophages. These phagocytic cells are highly specialised in capturing and
destroying foreign bodies, such as metal debris, which are subject to a highly aggressive chemical
milieu, inside the lysosomes. These treatments, therefore, can alter the size and chemistry of the
particles entrapped in periprosthetic tissue and macrophages, and the reported physicochemical
characteristics may not be representative of the native properties of debris. It is therefore imperative
to characterise particles which have had minimal contact with tissue, body fluids and their protection

mechanisms, to understand the original properties of the particulate debris in relation to their origin.

Different metal particles have different surface properties, which affect things such as free-radical
generation. Through knowledge of the composition of the particles, how they differ from the original
metal, and link this to the site and their method of release, one can be more specific about what ions
are being released into the body and how the release varies between the sites of origin (taper or stem-
cement interface). By understanding the relation between the particle characteristics, their origins
and adverse reactions, the designs of the future implants could be improved, by mitigating the release
of the most health threatening particles. A better understanding of the particle nature, in the context
of the present knowledge about debris reactivity, could explain why at equal doses, taper debris

triggers worse ALTRs compare to the bearings debris®’.

Although the popularity of MoM hip replacements has considerably decreased in the last years due
to the abnormal revision rates, many people around the world are still implanted with prostheses that
contain at least one CoCrMo interface, be it the bearing couple, the taper junction (head-neck, neck-
stem) or stem-cement interface. Besides hip replacements, other medical devices, such as spine, knee
or wrist implants, contain metallic components that can release material. Understanding the origins
and the nature of the particles generated, in partnership with the body’s reaction to it, means future
designs can minimise the generation of particles which can compromise the health, or medical

solutions can be developed to inhibit the reactive pathways the particles initiate. The study, therefore,
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outlines the importance of using clinically relevant particles for a realistic interpretation of

the adverse effects associated with the implant related debris.

Besides the important contribution to understanding the nature of particles released in vivo from hip
replacements, the cleaning protocol and the characterisation techniques used in this study can be
successfully applied in other scientific areas, such as materials sciences, chemistry or life sciences.
The study provides a step-by-step guidance on how to isolate, clean and characterise synthetic or

natural nanoparticles, be it debris or drug carriers.

1.2 Aims and Objectives

The main objective of the present study is to characterise the wear and corrosion products released
in vivo from the tapers and cement-stem interfaces of total hip replacements. By understanding the
physicochemical characteristics of the particles and debris, in relation to their origin, solutions can

be found to mitigate the incidence of ALTRs triggered by implant related debris.
The specific objectives of the study are:

e To characterise the structure and chemical composition of the as-retrieved wear and
corrosion flakes (no treatment applied) released from tapers and cement-stem interfaces;

e To digest the wear and corrosion products to reveal the constituent building blocks and
understand their formation;

e To assess the efficiency and the effects of the cleaning treatments on the particle morphology
and chemical composition;

e To reveal the physico-chemical characteristics of the nanoparticles released from tapers and
cement-stem interface;

e To compare the physico-chemical characteristics of debris released from CoCrMo tapers and
cement-stem interface;

e To compare the physico-chemical characteristics of debris released from mixed (CoCrMo/Ti
alloy) and matched (CoCrMo/CoCrMo alloy) material taper interface;

e To compare debris released from a toggling and a non-toggling taper, to assess the influence
of the failure modes on the particle characteristics;

e To reveal the chemical species released from the secondary metallic interfaces of total hip

replacements.
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Chapter 2 Literature Review

2.1 The Health Implications of Solid and Soluble Debris from
CoCrMo Hip Replacements

2.1.1 Introduction

The popularity of MoM articulations has decreased due to the numerous concerns regarding the
adverse reactions to solid and soluble debris®’. A wide spectrum of local and systemic manifestations
has been reported in the literature in patients with CoCrMo contacts subjected to wear and

corrosion>**1733

. Pain and inflammatory responses to metal debris can lead to damage to the
periprosthetic tissue and bone, further impacting the post-revision outcomes. Studies have
emphasised the importance of early identification and good management of the failing metallic
prostheses, which are linked to a successful revision surgery. The integrity of the periprosthetic bone
and tissue are important factors to the mechanical fixation of the newly inserted device which can
impact the fate of the prosthesis as well as the time required for the patient to start performing simple

domestic tasks.

Systemic reactions have often been correlated with high cobalt in blood or serum®* which might have
escaped from the joint area or been released by dissolution from the particles spread to distant sites
by the circulatory system®. A particular characteristic of the debris generated from CoCrMo hip
replacements is the reduced size range, with most in the nanometre domain*’*%?°. This means
increased mobility and larger surface area exposed to the highly corrosive body fluids, leading to
particle accumulation at distant organs and cobalt systemic toxicity'>'****!  Arthroprosthetic
cobaltism is sometimes difficult to identify, especially when the clinical and radiological signs are
missing, due to the multiple potential causes of symptoms such as hearing loss, visual impairment or
mood changes®®. Researchers came to the help of the clinicians and provided guidance on the
management of the patients and tried to identify ion safety levels, over which deeper investigations

or revision should be considered!**2.

The immunological implications of ions as well as the long term exposure to Co and Cr ions have
also raised concerns. To date, there is no clear evidence of an increased risk of developing cancer
among the individuals with metallic devices, despite the fact that Co and Cr have been introduced on
the list of compounds with potential carcinogenic effects to humans*. However, the cytotoxicity of
Co and Cr ions has been investigated by different in vitro studies and demonstrated dose dependent
toxic effects'”***. The health impact of the long term exposure to ions is still not known, but some
of the systemic manifestations are reversible and improve when the source of metal is removed**.

More research is necessary for a better understanding of the wide spectrum of adverse reactions and
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early identification of signs of failing prostheses, to avoid the onset of pain and extensive damage to

the surrounding tissue.

2.1.2 Local Adverse Biological Effects

Metal related pathology, including periprosthetic soft tissue reactions, account for almost 40% of the
MoM hip revisions*®. ALTRs, described as fluid collections or cystic/solid aseptic masses around the
hip, normally present with clinical, radiological or histopathological signs of inflammation*® and are
denominated pseudotumours’’ mainly because of their potential to cause alterations to the
surrounding tissue or bone, through necrosis or osteolysis. Various terms have been used in the
literature to describe these manifestations, including aseptic lymphocyte vasculitis associated lesions
(ALVAL), bursae, metallosis or adverse reactions to metal debris (ARMD)*. They may lead to pain
and tissue or bone destruction, culminating with poor outcomes for the resultant revision surgery'’.
This outlines the importance of early diagnosis of both symptomatic and asymptomatic adverse
reactions and a good management of the patients, aiming to improve the function of the newly

introduced hips, following revision.

The concerns raised by the reports of pseudotumours after implantation of MoM orthopaedic devices,
has led to different studies which aimed to identify the risk factors to the development of soft tissue
masses. The incidence of pseudotumours was found to be greater in female patients and a possible
reason could be the difference in the native anatomy and bone size*®. Large diameter MoM THA has
also been associated with higher risk of developing soft tissue masses, potentially due to the enhanced

risk of damage and corrosion at the taper*

. Wear and corrosion products from around the trunnions
can contribute to the total amount of wear debris and have been shown to trigger ALTRs, similar to
the spectrum of reactions normally reported with debris originating from bearings’'*’. Another
predictor could be the Co and Cr levels measured in blood samples'®*. Pseudotumour formation has
been associated with abnormal ion concentrations, which exceeded several recently proposed safe
levels. According to the Medicines and Healthcare products regulatory (MHRA) agency, 7 pg/L
represents the level for both Co and Cr concentrations in blood, over which the patients should be
considered for investigations**. Another study proposed Cr 4.6 pg/L and Co 4 pg/L as the upper ion
limits in well-functioning unilateral implants and Cr 7.4 pg/L and Co 5 ug/L for bilateral HRA™.
More recently, a threshold cutoff of >1.0 ng/ml Co, >0.15 ng/ml Cr, and a Co/Cr ratio of 1.4 were
proposed to indicate ALTRs due to corrosion at the taper interface of MoP hip replacements”'. There
are still debates concerning the safe ion levels over which the patients should be closely monitored,
as various researchers and agencies advised on different thresholds, without setting a generally

agreed limit*>*%3051,
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Metallosis, or the black discoloration of periprosthetic tissue due to metal infiltration, has been

1652734 i patients with MoP implants introduced after the fracture of a

reported by several studies
ceramic femoral head. The low elasticity and plasticity of ceramic components sometimes can result
in brittleness and fracture, followed by the release of numerous sharp particles which are difficult to
retrieve. The small ceramic particles left inside the joint cavity can migrate towards the newly
introduced bearing surfaces where they promote third body abrasive wear, as shown in Figure 2.1.
The ceramic particles found in polyethylene liners and the signs of severe wear on the retrieved metal
heads, support this hypothesis'®**>* These studies support the replacement of failed ceramic
components with other CoC hip implants rather than MoP or MoM prostheses. The different hardness

values possessed by metal, polyethylene and ceramics make the first two materials more vulnerable

to third-body abrasive wear, with potentially dramatic consequences for the patient®.
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Figure 2.1 Entrapment of ceramic particles between MoP or MoM bearings with subsequent third

body abrasion and release of material.

Although they are normally below the critical size required to induce an osteolytic response by

55,56

polyethylene in macrophages®™°, metallic particles can also stimulate osteolytic cytokines

production, and thus osteolysis’’ . Several studies reported osteolysis in patients with MoM hip

160,61 57,59,62

replacements, following abnorma or moderate wear and it is believed to have a
multifactorial cause, including cell-mediated delayed-type hypersensitivity reactions™. Others
analysed periprosthetic tissue retrieved from patients implanted with metal bearings between 5 and
11 years and revealed no sign of bone resorption or osteolysis®. Another long term follow-up study
and investigation of tissue samples identified the presence of macrophages, but could not see
multinucleated giant cells normally found in polyethylene induced osteolytic tissue®*. These studies
confirm that not only the size, shape and composition of particles but also the amount can influence
the subsequent local reactions>®. Wear rates are highly dependent on implant design and material

properties, such as the radial clearance, head diameter, sphericity, heat treatment and content of

7
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carbon in the alloy should be carefully selected so that the impact on the general health of the patients

is minimised>®.

The clinical and histological features of soft tissue reactions to metal debris were firstly reported in
2005 by Willert et al.®. Perivascular infiltration of T and B lymphocytes, the presence of
macrophages, plasma cells and giant cells, tissue necrosis and cellular death are all histological signs
of adverse reactions to solid or soluble debris®®. These manifestations resemble T lymphocyte
mediated type IV hypersensitivity and have been denominated aseptic lymphocytic vasculitis
associated lesions (ALVAL) or lymphocyte dominated immunological answer (LYDIA)®. These
histological features are classified based on the ALVAL score, which aims to assess the integrity of
the synovial lining, the extent of lymphocyte infiltration, number of macrophages and level of tissue
organisation®. Depending on the ALVAL score, two types of immunological reactions could be

identified.

Metal reactivity is an innate immunological reaction, manifested as a non-specific foreign body
response to large amounts of metal debris, usually released from poorly functioning prostheses®’.
Significant tissue damage has been reported even with moderate amounts of metal debris from the
large diameter MoM THA, therefore other factors such as the low pH and highly toxic corrosion
products released from the taper, might play an important role as well*’. Histologically, metal
reactivity is characterised by a low ALVAL score, few lymphocytes and more abundant macrophage

infiltration, as well as a grey coloration of tissue due to the massive infiltration of metal debris®.

Metal sensitivity or metal allergy is an abnormal immunological reaction to metal debris which
normally occurs in people with genetic predisposition even in the presence of small amounts of metal
debris. The histological features are similar to metal reactivity, however some specific
characteristics, such as higher ALVAL score, more abundant lymphocytic infiltrates and synovial
ulceration, can be used to distinguish between the two manifestations®. Metal allergy as a response
to hip prosthesis has been rarely reported, considering the relatively high number of metallic
orthopaedic devices implanted to date. The symptoms, such as swelling and unexplained pain or
local rashes, usually occur shortly after implantation (1-2 years post operatively) and patients do not
necessarily exhibit high systemic ions®®*. In most cases, revision to a non-metal bearing is
recommended (CoC or ceramic on polyethylene (CoP)), reducing the exposure to wear and corrosion

products and thus mitigating the symptoms of metal toxicity.

The most common metal sensitizer is nickel (Ni)*® which is found mainly in the stainless steel used
in coronary stents® and dental implants’®, followed by cobalt (Co), and chromium (Cr) usually found
in CoCrMo hip implants’'. Titanium (Ti) and vanadium (V), as well as some components of bone
cement could also lead to the sensitisation of patients, and eventually to allergic reactions. Although

72,73

metal sensitivity is usually associated with contact dermatitis, studies are contradictory’~’” and there

is still no clear evidence of any correlation between dermal metal allergy and the risk of developing
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adverse reactions to MoM hip prostheses. Studies have shown that female patients are more prone to
develop metal allergy, potentially due to the more frequent use of metal jewellery, which can enhance
their sensitivity to metals™®. Although the mechanism is not clearly understood, it is assumed that
metal ions released in vivo bond to host proteins and form organometallic complexes able to trigger
immune responses that as a consequence release cytokines, which further activate macrophages®.
This chain of reactions can end up with rapid osteolysis and subsequent implant failure. There are
still no reliable procedures for the diagnosis of metal ion sensitivity of patients, which could be used

to decide on an appropriate type of implant design and material®®.

2.1.3 Systemic Adverse Biological Effects
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Figure 2.2 Systemic dissemination of wear debris and corrosion products released from metallic

implants.

Dissemination of wear particles from the joint area to distant sites around the body has been reported
in several post mortem studies on individuals with artificial bearings'*"'*4%>7¢ The pathway is
normally via the body fluids which link the synovial cavity, where the particles are generated, with
the distant organs, where evidence of wear debris has been found (Figure 2.2). Under normal wear
conditions, the material removed from the implant is released in the synovial fluid, where the
macrophages capture the particles and further enter the lymphatic system. The lymph nodes filter the
foreign bodies from the lymphatic fluid in a similar manner to the spleen, which filters the blood””.
When the wear of the joint is excessive, synovial macrophages cannot capture all the material

released and part of it can directly enter the plasma or infiltrate in the periprosthetic tissue or bone,



Chapter 2

triggering abnormal immunological reactions and inflammation®>. When the lymphatic fluid is
saturated with macrophages engulfed with metal, it can bypass the lymph nodes, releasing debris at
distant sites, such as liver and spleen. The free circulation between organs is probably the cause of
the widespread accumulation of metal reported by the previous studies'****!"’>. The journey can stop

at kidneys, where part of the solid and dissolved metal can be eliminated through urine®.

Systemic reactions to metal debris have been described in several case reports and the entire spectrum
of manifestations is thought to be linked to the abnormal serum concentrations of Co'®**>+752 A
review study in 2014 summarised the clinical manifestations of arthroprosthetic cobaltism as they
occurred in 18 patients and were previously reported in a total of 26 journal papers®*. The symptoms
of cobalt intoxication varied from one case to another and occurred at different times after
implantation®*. The relevant data about the patients such as age, gender, pre and post revision Co

and Cr serum levels and hip replacement types, are all summarised in Table 2.1.

The whole spectrum of reactions is comprised in three main categories, suggestively called neuro-
ocular toxicity, cardiotoxicity and thyroid toxicity’*. Each main group can be further divided into

more specific subcategories, all represented in Figure 2.3.

Symptoms of systemic

cobalt toxicity
(18 cases)

Neuro-ocular toxicity
(14 cases)

Thyroid toxicity

(9 cases)

Cardiotoxicity
(11 cases)

‘ Peripheral neuropathy

(8 cases, confirmed in 6)

Cognitive decline
(5 cases)

Sensori-neural hearing loss
(7 cases, confirmed in 5)

Ocular toxicity
(6 cases)

Figure 2.3 Main categories and subcategories of systemic cobalt toxicity manifestations.

Most of the patients described in these studies presented with peripheral neuropathy which was
confirmed in 6 patients out of 8. Cobalt level in all patients exceeded 250 pg/L, which is an abnormal
value compared to the acceptable limit of 4 pg/L, proposed by Van Der Straeten et al.**. Most of the
patients complaining of hearing loss also had high serum Co, reaching 885 pg/L in a patient
implanted with MoP after a fractured ceramic component. In some cases, the hearing alteration was
accompanied by unexplained mood changes, but these symptoms were difficult to link to
arthroprosthetic cobaltism, as they were also reported in patients with non-metallic bearings® or with

normal Co levels®*.
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Table 2.1 Information about patients identified with systemic manifestations of arthroprosthetic cobaltism**.
Case |Age Gender |Bearings |Brand |Co pre revision|Co post Cr pre Cr post Systemic adverse effects to metal debris
No (years) or at operation |revision revision or at |revision
(ng/L)* (ng/L)* operation (ng/L)*
(ng/L)*
1 61 Female MoM Not stated | 254.3 10 91 35 Profound numbness with evidence of central
demyelinating neuropathy
2 52 Male MoP after | Not stated | 6521 2618 (two | 23.6 Not stated Fatigue, anorexia, weight loss, hypothyroidism,
fractured CoC weeks  post dyspnoea, dilated cardiomyopathy, pericardial effusion,
revision) polycythaemia and hepatic failure
3 53 Male MoC after | Not stated | 398 < 1 (six|56 12.2 (six | Visual and hearing impairment (optic atrophy and
fractured CoC months  post months post | retinopathy), paraesthesia
revision) revision)
4 49 Male MoM THR|ASRXL |23 11 (two days | Not stated Not stated Memory loss, vertigo, hearing loss, groin pain and
after MoM post revision) breathlessness
hip
resurfacing
5 49 Male MoM THR |ASRXL |32-122 1.2 (ten | 28-63 7.5 (ten | Cognitive, behavioural and mood disturbances, hip
months  post months post | pain, dyspnoea, tinnitus, hearing loss, sleep apnoea,
revision) revision) diastolic dysfunction, tremor and incoordination, optic
nerve atrophy
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Case Age Gender Bearings Brand Co pre revision or | Co post Cr pre revision | Cr post Systemic adverse effects to metal debris
No (years) at operation revision or at operation | revision
(ng/L)* (ng/L)* (ng/L)* (ng/L)*
6 58 Female MoP after | Not stated | 549 ~270 54 Not stated Visual and hearing impairment, sensori-motor
fractured CoC peripheral neuropathy
7 56 Female MoP after | Not stated | >400 39 (two years | 22 19 (two years | Hypothyroidism, distal sensory neuropathy, hearing
fractured CoC PR) post revision) | loss
8 57 Male MoP after Not 625 34 (five 81 13 (five Hypothyroidism, peripheral neuropathy, concentration
fractured CoP | stated months PR) months post | disorder, fatigue, headaches, seizure, hearing loss,
revision) weight loss and tachycardia
9 59 Male MoP after | Not stated | 506 270 (two | 14.3 25.8 (two | Distal paraesthesia of legs, weight loss, hearing loss,
fractured CoC weeks PR) weeks  post | pericardial effusion, cardiomegaly, hypothyroidism,
revision) sensori-motor polyneuropathy
10 65 Male MoC after | Not stated | 446.4 Not stated 46 Not stated Visual impairment, malaise, cardiomyopathy, bulbar
fractured CoC palsy, hypothyroidism, motor axonopathy
11 39 Female Bilateral ASR 44.7 Remained 30.9 Remained Paracentral scotoma, ocular discomfort, nausea and
MoM hip stable stable metallic taste
resurfacing
12 47 Male MoP after | Not stated | Not stated Not stated Not stated Not stated Hypothyroidism, sensori-motor peripheral neuropathy,

fractured CoP

pericardial effusion
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Case Age Gender Bearings Brand Co pre revision or | Co post Cr pre revision | Cr post Systemic adverse effects to metal debris
No (years) at operation revision or at operation |revision
(ng/L)* (ng/Ly* (ng/L)* (ng/L)*
13 75 Male MoM hip | ASR 13.6 4.5 4.1 Not stated Dyspnoea, chest tightness, dilated cardiomyopathy,
resurfacing limited coronary artery disease
14 73 Female MoM THR |ASR XL (242 3.5 (two | 12.5 Not stated Cognitive decline, memory loss, depression, anorexia,
months PR) weight loss, metallic taste, stroke
15 60 Male MoM THR |ASR XL [12.6-15.2 2.5 (two | 4.6 Not stated Muscle fatigue, cramp, dyspnoea, cognitive decline
months PR)
16 75 Male MoM  after | Not stated | 352.6 49.3 (six | 67.9 51.7 (six | Hip pain, weakness, dilated hypokinetic left ventricle
fractured CoC month PR) month  post
revision)
17 59 Female Bilateral ASR 398.6 11.8  (three | Not stated Not stated Cough and exertional dyspnoea, biventricular cardiac
MoM THR months PR) failure, global hypokinesia, moderate circumferential
pericardial effusion and echocardiography
18 55 Male MoP after Not 885 86.1 49 Not stated Heart failure, hypothyroidism, visual loss and hearing
fractured stated (fourteen impairment
CoC months PR)

*Normal serum Cr range, ug/L: <0.4;

Normal serum Co range, pg/L: <0.45"; PR: post revision

7 Jadey)n
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Ocular toxicity is a group of systemic reactions to metal debris, manifested mainly as visual
impairment, correlated with high serum Co, following the wear of the bearings after fractured
ceramic devices. Less serious sight issues have been reported in patients with lower Co
concentrations, with symptoms which persisted even after the removal of the metal sources and are
believed to have other causes'®. Cardiologic issues as a reaction to excessive Co have been described
in 11 patients, of which 7 had previously had a failed ceramic implant and 4 had had ASR MoM
replacements, a design recalled in 2010 due to unexpected high wear rates®*. The abnormal values of
the serum Co, registered after the fractured ceramic components, have been correlated with other
symptoms of systemic toxicity, while two of the ASR patients had questionable association with Co
toxicity, supported by the lack of other manifestations'®**. Another patient with bilateral ASR
prostheses developed progressive cardiologic issues, which eventually required implantation of an
artificial ventricular device and subsequent heart transplant®.

Thyroid toxicity, manifested mainly as hypothyroidism, was reported in 9 patients with revised
ceramic components and in one with MoM prosthesis. The association of Co with hypothyroidism
and goitre has been known for a long time®**. Cobalt intake is believed to reduce the iodine uptake

by the thyroid gland, resulting in clinical manifestations such as those described in this study’*.

In most of the cases, systemic toxicity initiated several months or years after the primary MoM hip
replacement, and was clinically confirmed usually after longer times. The high systemic Co levels in
some patients followed the revision of fractured ceramic components with new metal or polymer
bearings, which were subject to abnormal wear due to third body abrasion. The serum Co and Cr
levels® as well as the wear tracks of the retrieved implants and periprosthetic metallosis**’**,
support this scenario and justify the abnormal release of material””. These, however, are extreme and

rare situations. The clinical improvement of the symptoms has been noticed in most cases only after

the removal of the metal source, when the serum Co levels dropped down to acceptable levels™*.

The correlation between the frequency of systemic toxicity and serum ion levels in patients with

1.°°. The study found increased

metallic hip prostheses has been demonstrated by Van Der Straeten et a
incidence of systemic manifestations in patients with serum Co levels >20 pg/L, which is considered
the limit over which the patients are at high risk of developing systemic reactions and a revision
surgery is recommended. The same upper limit was independently proposed by other researchers'¢,
as a sign of increased wear at the bearing component. The overall spectrum of reactions and severity
of the symptoms is believed to depend on the blood/serum ion levels and fall into four categories, as

shown in Table 2.2.

14
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Table 2.2 The symptoms of metallosis specific to serum cobalt levels (www.drugwatch.com, 4™

July 2018).
Cobalt level in blood Possible symptoms
(ng/L)
1-5 Heart and memory issues
>7 Hip pain, tissue, necrosis, pseudotumours
>23 Hip pain, mental problems (concentration, memory), vertigo,
deafness
>66 Blindness, hip pain, deafness, seizure, tremor, heart failure, goitre,

rashes, abnormal blood pressure, depression, weakness

Most of the systemic reactions reported in this chapter have been attributed to Co toxicity, which is
the major element of the orthopaedic CoCrMo alloy. Although the percentage of Mo is considerably
lower and the serum level has not been reported to increase following metallic prostheses’®, little
is known about the toxicity of Mo ions or compounds to humans®. Acute toxicity is believed to
require high doses and the most affected organs are the liver and kidneys, which normally present
increased concentrations of Mo, compared to other organs. To our knowledge, the consequence of
the long term exposure to low amounts of Mo, which might be the case of the patients implanted
with CoCrMo alloy, has not been investigated, but the moderate cytotoxicity of Mo has been
demonstrated on bone marrow stroma cells, with irreversible effects initiated between 3 and 6 hours

from the exposure’.

2.14 Molecular and Immune Toxicity of Metal Debris

Local and systemic adverse reactions to metal debris are all related to the fate of solid and soluble
metal in vivo and the interactions established with the surrounding cells and molecules*®*.
Understanding these mechanisms means solutions can be proposed to inhibit the pathways

responsible for adverse reactions.

Under optimal wear conditions, hip simulators predict a low wear rate for MoM prostheses, usually
under 1 mm’*/ million cycle (Mc)’>*®. Most of the particles are released from the tribolayer and are
predominantly in the nanometre size range (10-80 nm)*>*°"%® Improper conditions, such as edge
loading, normally lead to higher wear rates, generating considerably more debris and favouring the
onset of pseudotumours and ALTRs”. Lubrication, among other factors, plays an important role in

the performance of the implants. Well-performing prostheses allow for the formation of a lubricating

15
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film between the two articulating surfaces, protecting them from excessive wear, as shown in Figure

24.

i Fluid
{ entrainment
:{ by motion

I
>

® Well-functioning:

15-80 nm Cr»O3 wear particles

Reduced
lubrication

. Primary edge loading:
® 100-500 nm CoCrMo wear

particles

Figure 2.4 Schematic representation of well-functioning and primary edge loading conditions for
MoM hip implants, the implication on fluid film formation and general wear particles

characteristics.

Edge loading reduces the potential for fluid entrainment disturbing the lubrication and thus leading
to more aggressive wear and large particles being released*®. In the case of CoCrMo bearings, small
particles are usually generated from the superficial nanocrystalline layer, while larger particles are
released under severe wear conditions and have a more similar composition to the bulk material,

containing Cr, Co and Mo in various proportions®.

During the process of wear, both particles and ions are released in the joint cavity. Most of the body
fluids represent a highly corrosive milieu which favours the corrosion of solid debris, and further

release of ions™'>*°. Cobalt has an increased solubility compared to Cr and is present in the form of
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3+ 38,100

divalent ion Co**, while Cr is mostly found as Cr , which is the most thermodynamically stable

form, but Cr*" was also reported in a previous study'®. Of the two Cr valence states, the hexavalent

%" and Co ions are thought to be responsible for the systemic

Cr has a well-documented toxicity
reactions, commonly referred to as arthroprosthetic cobaltism®*'%*"'* Because of their reduced size,
wear particles can escape from the joint cavity, spreading all over the body, releasing ions and
corrosion products both locally and at distant sites. Urban et al. investigated the dissemination of
wear particles and found solid metal in lymph nodes, bone marrow, liver and spleen'**’. At these

sites, wear particles and ions can enter the cells, where they can exert their harmful effects.

\\ Anion channel . Wear particles

Lysosome ® ¢ Cr and C 02* 2. Lysosome fusion with
3+

. Nucleus ® Cr the vesicle containing the
particle

1. Internalisation of
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Figure 2.5 Microphage uptake of wear debris, the transformations occurring after internalisation

and the impact on the cellular structure and function.

38,71,105 and are

The uptake routes of both ions and particles has been previously investigated by others
schematically represented in Figure 2.5. The particle size, shape and surface chemistry are important

characteristics which are responsible for most of the interactions and affinity levels exerted by
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different cellular structures'®. Most of the biological membranes contain negatively charged
phospholipids which are permeable for positively charged structures and restrict the transport of
negatively charged entities. Similarly, the interactions with nucleic acids strongly depend on the
chemical make-up of particles and ions internalised by cells'®®. Cobalt Co** and Cr®" enter the cells
through non-specific anion channels, while Cr** has very low permeability and can only pass the
phospholipid membrane by diffusion in small amounts*®!®*. In biological environments, Cr exists
mainly in the form of chromate ions [CrOs]* which can easily pass the cell membrane via non-
specific anion channels, being rapidly internalised'®. Inside of the cell, Cr**is reduced to Cr’* which
cannot pass back through the membrane and thus accumulates in the cell'”’. The cellular uptake of
metal particles has been investigated as well**'”. Phagocytic cells, such as macrophages, are
responsible for the internalisation of micrometre sized particles by phagocytosis. They are further
corroded under the action of lytic enzymes and peroxides following the fusion with the lysosomes.
In addition, nanoparticles are believed to pass through the cellular membrane via passive diffusion
and receptor mediated endocytosis and pinocytosis'®!'*. These mechanisms allow for the uptake of
nanoparticles even by non-phagocytic cells, such as leukocytes or fibroblasts**. Once internalised,
particles accumulate in the cytoplasm, where they can corrode under the action of the biological
environment, releasing ions''’. Nanoparticles are the most exposed, as they possess a larger specific
area compared to big particles. Intracellular accumulation of ions can lead to cellular death and an

entire avalanche of adverse reactions.

The cytotoxic effects of ions and nanoparticles has been demonstrated by numerous in vitro
studies'”**!""!12_Of particular interest is the effect of metal debris on lymphocytes and macrophages,
as these cells are commonly found with pseudotumors and have recognised roles in the development
of soft tissue reactions' . Studies demonstrate a dose dependent toxicity of Co ions and nanoparticles
on macrophage viability, whereas Cr’* fails to exert any change even when incubated at higher
concentrations™'!. Viability of lymphocytes was significantly reduced by both Cr and Co ions and
an increase in cellular apoptosis was noticed at high ion concentrations'’. Cell proliferation and
function was also affected even by non-toxic levels and the impact of Co compared to Cr ions was

more significant.

Genotoxicity of Co and Cr has been raising concerns since Co ions and Cr®" compounds have been
classified as potentially carcinogenic to humans*. Cobalt ions can promote mutagenesis by altering
the DNA structure through bond breaking reactions, cross-linking or by interrupting the DNA repair
mechanisms. On the other hand, the intracellular reduction of Cr®* to Cr*" can lead to highly reactive
oxygen species (ROS) which can neutralise through reactions with nucleic acids'®*. The cytoplasmic
accumulation of Cr’* can also contribute to the genotoxic effects by promoting cross linking, single
and double strand breaks''* and the formation of stable Cr-DNA adducts''"®. Despite these findings,

the incidence of cancer among the patients implanted with MoM hips was similar to that of the
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normal population''®"'®  but the long term effects associated with prolonged exposure to metal debris

still needs to be investigated.

2.1.5 Summary

Body reactions to wear and corrosion products from CoCrMo contacts represent the major cause of
revision surgery, considerably reducing the lifetime of metallic implants*. The wide spectrum of
reactions ranges from local pain and inflammation to systemic manifestations, such as hearing loss

or mood alterations, with no apparent association with the artificial joint™

. Metal sensitivity seems
to have an increased incidence in certain groups of patients, such as women®® or individuals with
genetic predisposition, while metal reactivity is normally initiated by large amounts of debris and
corrosion products, often correlated with severe systemic effects. Osteolysis has been reported with
wearing metallic components, but the incidence is significantly lower compared to polymeric

bearings™.

The nature of the particles released from CoCrMo (i.e. reduced size and high surface area) favours

134076 " where they can dissolve

their dissemination within the body and localisation at distant sites
under the action of body fluids and cells. Cobalt toxicity is believed to be responsible for most of the
systemic reactions and their severity depends on the Co blood/serum levels'®**®!. Several authors
have tried to correlate the intensity of adverse reactions with circulatory Co and Cr concentrations
and proposed different safety levels, which vary from one study to another*>™. Little attention has
been given to Mo and its health implications, which along with Co and Cr, demonstrated dose
dependant toxicity on osteogenic cells’, potentially contributing to the overall tissue damage.
Despite no clear evidence of increased incidence of cancer in patients implanted with CoCrMo

rostheses, Co and Cr are listed among the carcinogenic chemicals to humans* and this raises even
2

more concerns regarding the release of debris in humans.

The mechanism and the site of wear and corrosion dictates the properties of particles as well as the
amount of systemic ions®?, influencing the body responses. It has been suggested that the failure at
the taper interface was associated with more debilitating health effects®’, due to the nature of the
particles and different electrochemical environment in which they are generated. The fate of the
particles in vivo depends on their chemistry, size, morphology and aggregation state>''?, thus a better
understanding of the particles originating from different contacts, be it bearings, taper junctions or
stem-cement interface, could provide more insight into their associated adverse reactions and

solutions to mitigate their onset could be found.
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2.2 Elements of Tribology

2.2.1 Introduction

Tribology is the study of interacting surfaces in relative motion, which has numerous applications

120" New areas of

among the engineering sciences and more recently in interdisciplinary fields
tribology have emerged in the last 20-30 years which apply the principles of tribology to study and
control the friction, wear and lubrication at the nanoscale (nanotribology) or to provide eco-friendly
alternatives to the conventional lubricants (green tribology). Other fields have aimed to understand
the tribology of the natural systems which found intelligent solutions to decrease or increase friction
and provide self-lubrication (biomimetics). These could have important applications in our lives and
could solve many engineering problems. Human joints are an example of self-lubricating systems
which can reduce friction by the natural production of synovial fluid (SF) and by the contribution of
the cartilage'?' ">, The lubrication might become a problem after the replacement of the joint
following trauma or disease (osteoarthritis (OA) or rheumatoid arthritis (RA)) as the new artificial
bearings cannot produce surface active compounds and cannot provide the cushion effect of the

collagen fibres in the natural cartilage'®. The tribology of the joint prosthetics as well as of other

medical devices falls under the field of bio tribology.

2.2.2 Wear mechanisms

The relative motion between two contacting surfaces can be slowed down by friction. This is a force
that opposes the motion between the surfaces and depends on the materials in contact, surface
roughness and lubrication'*® and can result in the wear of the bearings. Wear can be described as the
loss or transfer of material which can cause damage and alter the geometries of the surfaces. There
are four major types of wear which can damage the articulating surfaces. Abrasive wear normally
occurs between surfaces with different hardness, when the asperities of the harder surface removes
material from the softer counter face (Figure 2.6 a). This can further lead to third body abrasion
which can initiate the loss of material due to the entrapment of wear debris between the moving
surfaces (Figure 2.6 b). Abrasive wear is the main type of wear acting at the bearings of the hip
replacements and is responsible for the main material loss. Adhesive wear results from the local
welding or interaction of two contacting surfaces under high mechanical load which forms a transient
bonding and leads to the release of debris from the softer material (Figure 2.6 ¢). MoM contacts are
susceptible to adhesion when the oxide film is removed from the surfaces and the bulk material is
exposed. However, the high energies stored in the deformed metal and defect density lead to a rapid
passivation, impeding adhesion'?’. Surface fatigue results in weakened mechanical properties due to
cyclic loading and high contact pressures which eventually end up with material torn off®. This
particular type of wear can be encountered with hip prostheses when the femoral head consists of a

hard material (ceramic, metals) which articulates against a softer, polyethylene liner. Polyethylene
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liners can experience oxidative degradation during shelf ageing or following sterilisation by gamma
irradiation. This can result in free radicals in the polymeric chain which can react with atmospheric

oxygen, providing weak mechanical properties and susceptibility to wear'*®.

a. Abrasive wear

b. Third body

abrasive wear

c. Adhesive wear

Figure 2.6 The main types of wear mechanism which can occur with the hip prostheses.

Tribochemical reactions (TCR) represent the fourth type of wear which can occur at the MoM
contacts as a result of the interactions between the metal surfaces and the organic compounds in the
lubricant (SF, bovine serum)'®*'#"-12"13! 'In theory, the phenomenon occurs within or adjacent to the
contact area as a result of the mechanical load and friction'*’. This can lead to an increase of
temperature at the contact, which can exceed the value at which the proteins in the lubricant denature.
Wimmer et al.'*’ reported the formation of a carbon-rich solid layer adhered to the metal surfaces,
which was suggested to result from protein denaturation, due to mechanical shear, high temperatures,
local changes in pH and the catalytic assisted dehydration in the presence of dissolved ions'*’. This
carbonaceous layer, also known as tribolayer/tribochemical layer, can incorporate wear particles
released from the oxide film or subsurface material, as well as dissolved metal ions, generating a
metallo-organic composite formed by mechanical mixing. In the absence of biological material
(aqueous lubricant) tribochemical layers were suggested to form by a sequence of events which
include particle agglomeration (due to their high surface energy), compaction and cold sintering'".
The presence of tribolayers was suggested to smooth the surfaces, by filling the wear grooves'*! and
also provide improved corrosion resistance'**. Furthermore, the presence of tribolayers between the
articulating surfaces was suggested to act as a solid lubricant, impeding the direct contact between
the bearings and thus providing them with an ultra-low wear regime'®’. It is believed that a
combination of mechanically assisted wear and TCR are responsible for the release of material from

the bearings. It is not clear yet the exact sequence of events which initiate and propagate the wear
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127,131

process, but signs of abrasion, fatigue and TCR were reported with both in vitro and in vivo

studies'®

2.2.3 Lubrication

The release of material from the articulating surfaces can be mitigated by lubrication'*®. In
engineering systems, various lubricants are used to reduce friction and wear by interposing between
the surfaces and reducing their contact area. Lubricants can be liquid, solid and semisolid, and their
selection is made according to the conditions in which they are expected to perform (vacuum, high

temperatures, low temperatures etc.).
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Figure 2.7 Stribeck curve and the main lubrication regimes.

In the case of natural and artificial joints, the lubrication is provided by SF'*'"'?#!2¢ There are three
main lubrication regimes which can occur. These are described by the Stribeck curve, shown in
Figure 2.7, and represents the relationship between the coefficient of friction p and the lubrication
parameter nV/P (or Sommerfield Number), where 1 is the viscosity of the fluid, V is the average
sliding speed and P represents the average surface load'*®. Hydrodynamic or fluid film lubrication is
characterised by a complete separation of the surfaces by a pressurised, non-compressible fluid film
which normally occurs from the relative motion of the bearings at high speeds. In this case, the
applied load is held by the fluid and the surfaces do not come in contact, resulting in minimised or

non-existent wear. This type of lubrication is an ideal case which is difficult to achieve and maintain
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in real situations. Boundary lubrication occurs when the surfaces are separated by a thin fluid film
which allows the asperities of the contacting surfaces to rub against each other, resulting in high
friction and wear. In this case, the surface active biomolecules found in lubricants (particularly in the
SF) engage in physical and chemical interactions with the surfaces, creating a protective molecular
film which reduces the friction coefficient compared to dry lubrication. The third type is the mixed
lubrication regime which is a condition between the ideal hydrodynamic lubrication and boundary
regime. In this regime, the surfaces are partly separated by the fluid film which provides improved
friction coefficient compared to boundary lubrication. However, some of the asperities of the
opposite surfaces (those higher than the thickness of the fluid film) will come into contact, resulting
in wear and material loss. The predominant lubrication modes in artificial joints are boundary and
mixed lubrication'?*'**!3%, MoP and CoP hip replacements operate mainly in the boundary and mixed
regimes, independently of their size, while mixed lubrication is the prevailing mode of MoM joints,
although they can pass through all types of regimes'**'**. The lubrication of MoM articulations was
found to be the most dependant on the implant geometry, design and loading conditions, with the
best lubricating conditions being achieved with large heads and reduced clearance, defined as the
distance between the inner diameter of the cup and the diameter of the femoral head'**'*. The
estimation for CoC hips using empirical formula and numeric simulations'*®, as well as experimental
results suggested they can achieve fluid film lubrication'**. Despite the low film thickness
characteristic to ceramic bearings, they possess high surface finishing (low surface roughness,
wettability) which altogether provide proper conditions for hydrodynamic regime'*®'*’. As with
MoM, CoC designs also require a proper selection of clearance. High values can lead to boundary

lubrication, while too low clearances can result in edge contact and lubricant starvation.

The hip bearings have a conformal spherical geometry (ball-in-socket) in which the two
components are manufactured with a clearance'*°. Normally, this clearance is in the order of tens or
hundreds of microns and has an important role in the lubrication of artificial joints and contact
pressures'*®. The contact area and stress distribution at the hard-on-hard hip bearings is frequently
estimated using the Hertz theory, which was initially developed for non-conformal geometries and
assumed that the contact area between two external spheres under load can be reduced to a plane
circle'?®. This and other approaches, such as the finite element method (FEM) which can be applied
to more complex geometries and material behaviours, are estimations considering the contact at the
macro scale. In reality, the contact occurs between the surface asperities which experience high
stresses and strains, resulting in damage at the micro level. In the case of conformal geometries, such
as the femoral ball and cup, the nominal contact surfaces are part of spheres. The load is distributed
across the entire contact, which means that a small area will result in higher stresses and wear. Polar
loading is a typical case of reduced contact area provided by a large diametrical clearance between
the head and the cup (Figure 2.8 a), whereas a small clearance can result in surfaces not fitting
together geometrically and achieving equatorial contact (Figure 2.8 b). Both situations are associated

with high contact stresses and increased wear. The optimal clearance allows for the formation of a
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wedge between the head and the cup (Figure 2.8 ¢) which favours the entrainment of the fluid during

motion, providing lubrication and reduced friction or wear'*°.

a. Polar contact ' | b. Equatorial contact c. Ideal contact
Large ) Small Ideal
clearance clearance clearance

Figure 2.8 Schematic representation of polar contact (a), equatorial contact (b) and the ideal

contact (c).

Together with clearance, head diameter is an important parameter which can influence the
tribological behaviour of hip replacements'*. Smaller heads and larger clearances (less conformal
surfaces) were suggested to provide the highest contact pressures. A comparison between MoM and
MoP with the same femoral head size, showed a contact pressure 10 times higher for the MoM
design, although its contact width was 4 times lower than that of MoP '?%. This means that larger
areas are worn with MoP compared to MoM couplings. The coefficient of friction was suggested to
be the lowest for CoC and the highest for MoM designs, with a small difference between total MoM

and resurfacing MoM (the latter showed lower values)'*.

2.2.4 Wear and Corrosion of the CoCrMo Hip Bearings

MoM bearings experience a biphasic wear, characterised by a short period of high wear during which
the bearing surfaces undergo a self-polishing process which results in more conformal geometries of
the head and cup'*®'*!. This area of conformance reduces the contact pressures and improves the
lubrication of the bearings. The ‘bedding in’ or ‘running in’ phase is followed by a low steady-state
wear phase, in which the wear is reduced. The cup inclination was suggested to influence the
formation of the critical conformance area'*!. Steep cup inclinations are associated with edge loading
which prevent the formation of the conformal patch and extend the contact area over the cup rim,
experiencing high contact pressures'*?. The reduction of the film thickness at the cup rim'®, in
association with high contact pressures resulted in high wear rates, commonly reported with large

144-147

heads and resurfacing MoM hips
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The material released from the CoCrMo bearing surfaces is believed to originate from the
tribochemical layers and mechanically mixed zones at the subsurface”®'**!*8, Tribochemical layers
are generated from the mechanical and chemical interactions between the contacting surfaces and the
compounds found in the lubricant, interposed between the bearings'?”'?. The sliding motion and
friction at the bearings can result in high temperature and energy in the deformed metal which
enhance the oxidation. Partially oxidised islands can flake off when they reach a critical thickness
which results in the exposure of the bulk material to the lubricating fluid. This facilitates the corrosion
and the release of ions. It is believed that the proteins from the lubricant can form ogano-metallic
complexes with the ions in the proximity of the bearing surfaces'*’, which facilitates their adhesion
to the metal'>’. These regions of oxides and adhered organic material can be incorporated into the

metallic matrix by a process known as mechanical mixing.

ﬁ(—" Tribolayer
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mixed area
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Nanocrystalline
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%‘: Proteins T Oxide layer

Figure 2.9 Schematic representation of a mechanically mixed area and tribolayer, believed to be

the source of wear debris.

Wimmer et al.'>

explained the mechanical mixing process which was found to change the structure
of the uppermost layers of the CoCrMo alloy, which is schematically represented in Figure 2.9. The
formation of a nanocrystalline structure below the surface of the CoCrMo alloy from explanted hips
and pin on disc tribological tests was reported by Biischer et al."*!. In these regions, the size of the
grains was between 50 and 80 nm and the nanocrystalline layer was observed to a depth of 500 nm
below the surface of the retrieved bearings. It was suggested that the nanocrystals are a consequence
of the mechanical polishing involved in the implant’s manufacturing, which promotes plastic

deformation, causing mechanical milling and dynamic recrystallization'*!

. At the surface, the crystals
can rotate under the action of shear stresses, engaging the C rich tribolayers and oxide patches in
motion resulting in their migration deep into the metallic matrix. This contributes to the formation

of a mechanically mixed zone of nanocrystalline metal and organic constituents, with a structure
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which varies from purely metal to a metallo-organic composite. Wimmer et al."*” showed than the
upper 50 nm of the contact area is formed mainly of C, N and O, while the composition starts to
change between 50 nm and 200 nm depth. In this region the proportion of C gradually decreases
while the proportion of the metal elements (Co, Cr and Mo) gradually increases. The presence of
nanocrystals was demonstrated by transmission electron microscopy (TEM) which found mainly
hexagonal close packing (HCP) crystals, suggesting the strain induced phase transformations (from
face centred cubic (FCC) to HCP), also reported by others'**!3!5":132 The size of the nano crystals
correlates to the size of the particles released from the CoCrMo MoM hip joints and tribotests**'*!
which support the hypotheses that wear debris can originate from the mechanically mixed regions
and nanocrystalline microstructure of the CoCrMo bearings. It was suggested that the round particles

are released from the nanocrystalline layer, while the needle shaped particles are fragments of the &-

martensite bands which form in the subsurface'®!.

The nature of debris released from MoM hip replacements in hip simulator studies was found to
depend on the choice of the lubricant. In general, the tests performed in water resulted in higher wear

153134 and the release of larger CoCr particles (more Co over Cr), believed to originate from the

rates
alloy matrix®’. The studies using serum lubricants (bovine serum or solutions of bovine serum)
reported reduced wear rates and mainly small Cr, O and C containing debris, potentially from the
passivation layer*’. The more aggressive wear conditions observed when the bearings are lubricated
by water can be the consequence of the lack of tribolayers, which do not form in the absence of
proteins and biological compounds. Moreover, the thickness of the passivating oxide layer formed
by CoCrMo bearings when immersed in water is of only 3-3.5 nm, compared to ~85 nm in
serum'*>"*®, The removal of the thin superficial oxide film reveals the alloy material which either

157,158

repassivates or contributes to the release of debris in the form of CoCrMo particles.

The main problems associated with metallic bearings is the release of metals and ions, which can
trigger severe ALTRs. It is not clear yet if the body responses are a consequence of the particles, ions
or both, but the level of systemic ions was correlated to the frequency of adverse reactions®’. Metal
ions result from the electrochemical reactions involved in the corrosion of metal surfaces and
particulate debris. Mechanical wear leads to the removal of the oxide film and the exposure of the

bulk material which is susceptible to corrosion.
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However, the dissolution and reformation of the oxide film can occur even in the absence of wear'”’.
Under proper electrochemical conditions (the presence of oxygen), the oxide film is spontaneously

formed, mitigating the dissolution of ions from the subsurface (Figure 2.10)**'%’.

Abrasion and
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film ! Oxide layer
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Release of ions
v
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Used for .
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environment

Oxide layer
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Figure 2.10 Schematic representation of the rupture and reformation of the oxide film.

Crevice corrosion is a particular type of corrosion which occurs in confined spaces which allow the

13 and is commonly found at the taper-trunnion interface, associated

ingress and stagnation of fluids
with severe ALTRs***!'%, The electrochemical environment in crevices is characterised by a reduced
concentration of dissolved oxygen and high concentrations of corrosion products. The lack or the
low concentration of dissolved oxygen, promotes the cathodic reaction which results in even more
ions and a lower pH'®'. This further enhances the corrosion and metal dissolution potentially creating

a highly toxic environment.

In the case of CoCrMo alloy, the passivating layer consists mainly of chromium (II) oxide (Cr30O)

157

with fewer Mo oxides, while Co is mainly dissolved into the body . The exposure of the subsurface

material means that the bulk alloy is in contact with the surrounding fluid and biomolecules, which
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facilitate the release of ions. Of these, some will be used in the regeneration of the oxide layer (Cr in

the case of CoCrMo alloy) while other will be released in the environment as shown in Figure 2.10.

/ G “ Free metalh

Oxides, hydroxides, salts etc.

Free metal ions react with
Cannot react with

biomolecules, altering their

biomolecules, less toxic structure

Figure 2.11 The possible pathways of ions in the body.

The free metal ions can further engage in reactions with anions from the fluid, forming oxides, salts

157 Under this form, the ions cannot react with the biomolecules, such

or hydroxides (Figure 2.11)
as DNA, RNA, and thus they are considered less toxic. However, some ions can enter the cells where
they can bind to proteins and nucleic acids, changing their structure and function. This results in

altered function of the cells and the onset of ALTRs.

Wear particles can undergo similar reactions. The increased number of particles of very small sizes
makes them susceptible to corrosion due to the large surface area exposed to the corrosive
environment. It was suggested that one third of the total amount of ions released from MoM bearings

162,163

result from the corrosion of metal debris which means that solution to mitigate the wear and

release of particles should be found.
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2.2.5 Wear and Corrosion of Tapers

Modularity at the femoral head and stem in total hip arthroplasty was introduced around 1970s as an
alternative to conventional monoblock femoral components and aimed at simplifying the primary
and revision procedures by allowing the exchange of the worn out bearings while retaining the well-
fixed stems®. This results in an overall reduction of the surgery time, blood loss and tissue/bone
exposure and a shortening of the recovery of patients'®'®!. Modular stems can accommodate a wider
range of femoral heads (i.e. different sizes or materials) leading to more customised fit prostheses,
personalised to every patient’s needs. This allows for a better adjustment of the leg length and lateral
offset, as well as enabling a proper soft tissue balance around the hip*'®'. Dual modular stems aim to
provide even more intra-operative options for surgeons, at the price of an additional metallic
interface'®. An aspect of modularity was also cost saving as the hospitals needed fewer components

in their inventory, particularly for the modular neck joints.

Despite the clear advantages, modularity means more interfaces and the increased potential to
produce wear and corrosion debris, contributing to the overall release of material**'*’. The issue is
not entirely new and it was first described in the early 1980s in a study aiming to verify the
susceptibility to galvanic corrosion of mixed material couplings in total hip replacements'®. The
literature is now rich in studies presenting the wear and corrosion at the modular contacts in total hip

implants2,31,49,166—169

, and more research is needed to better understand the process and identify
solutions to mitigate the release of material. Like the head-stem interface, the neck-stem junction is
susceptible to wear and corrosion, releasing material which has been reported in association with
ALTRs*#16%19 These junctions are subjected to higher stresses compared to the head-neck tapers,

32,164

due to eccentric loading and cantilever-type bending stresses®>'*", increasing the damage to the oxide

171,172 3

layer'®!'7°. In addition, fracture and dislocation'” at the modular stem-neck have also been

reported.

Metal debris from tapers can trigger a similar spectrum of reactions as the material originating from
CoCrMo bearings. Revision surgery revealed pseudotumours and tissue necrosis in patients with
modular MoM?!#%:16%174175 = Cop332176 o MoP bearings®***'%*!77  with evidence of wear and
corrosion on the retrieved tapers, in both matched® and mismatched (mixed) material
combinations®"'”®. The incidence and severity of taper damage varies from one study to another*'*!”
and retrieval analyses usually revealed higher incidence and more severe damage associated with
dissimilar combinations of metals'®”'%"182_The contribution of modular designs to MoM failures has
resulted in higher revision rates for total hip replacements (THR), in relation to matched resurfacing

183.184 "even when edge wearing exists'**'*. The wear and corrosion at the taper has been

systems
acknowledged as an important source of metal debris and more importance has been given to the

study of this particular interface.
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The exact mechanism of trunnionosis (i.e. failure due to taper wear and corrosion) is still not well
understood, but it is believed to have a multifactorial cause'”. Taper design, material combination
and the size of the femoral head are among the factors which can influence the tribology and
corrosive behaviour of the tapers'®. To understand their contribution, it is important to know how the
junction works and how the modularity is provided. The femoral components are joined together by
the bore of the head and trunnion of the stem (Figure 2.12)'*'*'. They are mechanically stabilised by
the impaction force applied by the surgeon at implantation time, resulting in force-fit connection
exerted by radial stresses from the male taper (trunnion) to the wall of the female side (bore)'®.
Tapers are cylindrical structures with uniformly decreasing diameters towards the proximal end, with
important geometrical and material properties, such as length'*®, diameter and stiffness'®, angle and

185186 which can influence the distribution of stresses and

Proximal end\

Distal end

clearance'®’, surface texture and roughness

the stability against motion'®®,

B: female bore

T: male trunnion Radial stresses

TL: trunnion length

PCD: proximal cone diameter

QCD: distal cone diameter

Figure 2.12 Schematic representation of the bore of the head and trunnion of the stem.

The initiation of damage at the tapers is believed to occur due to cyclic loading conditions which can
generate oscillatory motion between the surfaces and can disrupt the oxide layer releasing
particulates, by a mechanism known as fretting wear and further exposing the sub surface
material>*'®. Under proper electrochemical conditions (i.e. oxygen-rich environment) the
superficial layer can reoxidise, and thus protect the native material from dissolution'’. When the taper
design allows the formation of crevices, the amount of fluid entering the cavity is limited, with a
continuously changing chemistry and increasing corrosion capacity. The metal surface in the crevice
can play an anodic function, resulting in the release of cations (positively charged ions) by
dissolution'®'. The cation-rich environment can trigger hydrolysis, which decreases local pH, and
leads to accumulation of anionic species, such as CI. The crevice corrosion is then accelerated
following the cyclic pathway’”>. The combination of fretting and crevice corrosion is known as

mechanically assisted crevice corrosion (MACC) and has an important contribution to the release of
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material from the taper”. The presence of fluid in the crevice can also promote erosion corrosion, due
to impaction of the wear particles and proteins found in the bathing fluid, to the wall of the crevice.
The consequence is the release of increasing levels of ions in the SF and serum?, typically with much

higher Co compared to Cr**'%1%1% and subsequent onset of ALTRs, similar to those reported after

the failure of metallic bearings™**'*.
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Figure 2.13 The effect of a taper diameter and length on impingement and arc of motion.

|

Taper geometry is among the factors believed to influence the wear and corrosion at the modular

interfaces and studies have been conducted!3®!?!-1%4

to identify how the diameter, length, angle and
contact length impact on the performance of the tapers. Large diameters and long tapers with circular
necks offer a bigger contact area between the bore and trunnion and are believed to promote better

1 However, Nassif et al. identified higher fretting and

interlock and mitigate the range of motion
corrosion scores associated with larger tapers and longer contact length, suggesting that the larger
the engagement area between the bore and the trunnion, the greater the area susceptible to fretting'**.
Narrow trunnions can mitigate the risk of dislocation by increasing the head-neck ratio, and providing

a higher range of motion free of impingement (Figure 2.13)""

. At the same time, shorter tapers fully
sit within the bore and increase the risk of mechanical loading at the base of the trunnion'*"'**, Tan
et al. reported increased damage around the base area in a retrieval study, and concluded that this
particular region of the short tapers is subjected to higher stresses, resulting in enhanced damage'®”.
Furthermore, a comparison between mini and standard neck tapers showed increased surface
roughness and evident change in the surface profile on the head tapers articulated with mini necks,
which was attributed to the reduced contact area'®®. Large metal heads matched with threaded short
stem tapers (10-12 mm long) were reported to migrate onto the stem'™, resulting in imprinted marks
on the originally smooth head inner surface, following a screwing like motion pattern, believed to
occur from the combined action of the joint force and increased torque moments, observed with the
large MoM bearings'*®. Panagioutidou et al. reported similar findings on the head bore matched with

mini neck tapers, and observed the loss of material from the circumferential groves, which were

deeper and more widely spaced than the originally machined surface finish, and showed marks of
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'%_There are debates concerning the importance of taper dimensions, as Higgs

pitting and corrosion
et al. found no correlation between the wear and corrosion and the size of the male taper, but it
implied that other factors such as the head offset, implantation time, patient’s weight and taper’s
flexibility might have more implication to the phenomenon'”’. Regarding the distribution of wear
across the taper interface, most of the retrieved MoM modular components presented either uniform
or circumferential wear, with more emphasised damage in the distal region of the contact'**!**!%

suggesting toggling of the head™'*®.

/ a) Clearance < 0, distal contact b) Clearance > 0, proximal contact \
AT £ B L
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~
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Figure 2.14 Representation of angular mismatch between head and trunnion, impacting the contact

stresses and promoting micromotion and crevice corrosion (MACC).

The taper angles vary between manufacturers and although there is no correlation between angle and
the extent of taper corrosion, it has been suggested the importance of angular match between the bore
and trunnion, as emphasised in Figure 2.14°>'%2%_ An angular mismatch over 0.075° was found to
increase micromotion'®” and promote crevice corrosion (Figure 2.14 b). Kocagoz et al. investigated
the correlation between the taper angle clearance (difference between the head taper angle and
trunnion angle of the stem) of 50 ceramic and 50 metal heads and trunnions and the associated visual
fretting-corrosion scores '*’. All ceramic pairs in this study had exclusively positive clearances,
indicating proximal contact which was supported by the evidence of metal transfer on the ceramic
head taper in the proximal overlapping region. The cohort of metal heads had both positive and
negative taper angle clearances, suggesting either proximal or distal contacts, confirmed by the
surface topography of the investigated regions with signs of material loss. However, the study did
not find any correlation between the taper angle clearance or geometrical contact and the visual
corrosion scores for any of the head-stem cohorts. A limitation of this work, as outlined by the
authors, was the use of matched head-stem pairs, designed to work together, with expected low

clearances and thus moderate damage'®’.
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Studies suggest that ceramic heads matched with metal stems mitigate the fretting and corrosion at
the tapers compared to MoM couplings®®' 2%, The trunnions designed to pair with ceramic femoral
heads are manufactured with fine parallel ridges which were originally introduced to soften the
interface and reduce the local stress concentration caused by mismatched taper angles'**!®®, This can

be detrimental for the ceramic heads, due to their susceptibility to burst fracture’**’

, as the
impaction force required to insert the trunnion into the bore, flattens the threads and provides a
uniformly distributed load within the periodical contact points'®. It has been suggested that fracture

can originate at the taper interface’**>"

, where the surface roughness and the microscopic
irregularities cannot smooth out the stresses*'’. The risk of fracture is believed to be reduced by the
proximal contact of the ceramic head and trunnion, which transfers the load to the strongest part of
the ceramic component, closer to the centre of the femoral head'®’2'°. This provides the largest cross-

sectional area to resist the tensile hoop stresses and prevents the burst fracture.

Although the threaded trunnions with smaller angles were initially introduced to mitigate the fracture
risk of the ceramic heads, the design has been adopted by most of the taper manufacturers and they
are now mated with either ceramic or metal heads. The proximal contact is not a requirement for
metal heads, which are much tougher than ceramic components and can adopt a full contact at the
interface'™®. If the taper angle is not of such a concern as it can be easily manufactured to match the

two counterparts, several studies have suggested that mating metal heads with threaded trunnions

184,187,194 186

can result in increased wear and corrosion *” at the taper interface. Despite the groves being

machined only on the trunnion surface, a similar pattern has been identified on the inner taper of the

184187194 or following in vitro testing”''*'?. In their experiments, Panagiotidou

retrieved metallic heads
et al. observed that the circumferential pattern was more prominent, in regions with high loading,
decreased contact area and rougher surface finish on the male taper'®. The authors implied that the
wear tracks are generated by the high frictional torque experienced by the large femoral heads'”® in
combination with rougher trunnion surface finish, originally designed for pairing with ceramic heads.
These findings raise concerns about mating metal heads with stems specially designed for ceramic

heads, as the particular geometric and surface features required by ceramic components might not

work so well for metallic heads, increasing the risk of material release.

Although in contradiction with the initial purpose of modularity, there are concerns regarding the
replacement of a worn-out head while preserving a well-fixed stem. Insertion and removal of a
femoral head may result in disruptions of the oxide film from the trunnion surface'®. The damaged
areas are seen as potential stress raisers which could initiate the fracture of the new ceramic
head?****?!3 or enhance wear due to compromised interlock or micromotion at the interface.
Furthermore, the offset of the head may change and the contact will not occur at the same regions
across the junction'®. Hothi et al. and Matthies et al. support the retention of well-fixed and well-
positioned stems only when the trunnions are minimally damaged or not damaged and the Co and Cr

serum levels are negligible'’>*'*,
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From a material point of view, dissimilar combinations of head and stem (CoCrMo alloy head on Ti
alloy stem) have been associated with higher rates and more severe damage at both the bore and

10,166,180-182

trunnion , potentially due to the contribution of galvanic corrosion. The stem taper

topography, however, was found to affect differently the mixed and matched material tapers, with

215

the CoCrMo/CoCrMo junctions being more affected and more prone to severe damage” . Generally,

the retrieval studies have revealed higher corrosion and more material loss at the head taper than at

the tmnni0n2,180,182,184,203

, and different corrosion processes were suggested to dominate the damage
of the neck tapers made of either CoCrMo or Ti alloy'**?'®. Intergranular corrosion occurred only on
CoCrMo trunnions and it was correlated with the sintering process of the porous coating, while

mechanically assisted crevice corrosion prevailed on both CoCr and Ti alloy tapers®'®.

Despite the advantages of larger femoral heads (reduced risk of impingement and dislocation), they

are believed to enhance taper damage due to higher torque'*>'#*19%-2!1

experienced by the trunnion
adjacent to the base of the head'**?'”. Lavernia et al. developed a Finite Element Analysis (FEA)
model to investigate the effects of the large femoral heads on the stresses at the full contact taper
junction and observed a significant rise with increasing femoral heads, close to the distal head-neck
contact area’'’. The authors concluded that the elevated stresses at the trunnions, coupled with
micromotion at the interface can promote tribocorrosion and the release of ions from the contact. An
in vitro study also suggested the increase of corrosion with the head size, due to the reduction of the
ratio between the head size and the actual contact area?''. The friction moment at the taper junction
is believed to contribute to fretting corrosion®'® and it was suggested to increase with the femoral

145,198

head size and in conditions of poor lubrication at the bearings or following third body abrasion

after the entrapment of metal particles in the polyethylene liner*'’. Several retrieval studies'®'?+21%-220
support these statements and found a positive correlation between the head size and frequency of
taper damage. Triantafyllopoulos et al. investigated retrieved femoral heads ranging from 22 to 44
mm, and included 8 heads larger than 38 mm, of a total of 154. The fretting scores of both taper and
trunnions were found to increase with the time in vivo, and dissimilar material combinations®*'. The

study, however, did not find any association between the head size and the extent of corrosion or

fretting in a cohort of MoP prostheses®*'.

The impaction force applied by the surgeon to assemble the head onto the stem is also believed to
affect the corrosion at the taper junction'®***. A higher force will normally ensure a better bond and
a greater friction resistance at the interface, which will reduce the risk of micromotion and fretting
corrosion””. Furthermore, a higher impaction force provides improved sealing, impeding the fluid
ingress at the contact and mitigating the corrosion of the exposed surfaces. The correlation between
the increasing assembly force and decreasing corrosion rate at the taper interface was demonstrated

by Moczkowski et al. with mismatched CoCrMo heads and Ti alloy stems®*.

With so many factors which can contribute to the overall damage at the taper, it is expected that a

combination of wear and corrosion mechanisms are often responsible for the release of material from
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the interface. High rates of revision due to corrosion and fretting had been reported with several neck
designs (Stryker’s Rejuvenate and ABG I systems)**'®’, which led to their recall in 2012. The alert
raised awareness of the potential of these stem systems to generate excessive wear debris from the
modular junctions, potentially resulting in ALTRs. The retrospective analysis of patients implanted
with ABG II dual modular hip systems (titanium stem and cobalt-chrome neck) revealed elevated Co
levels, signs of metallosis, bone and tissue necrosis and pseudotumour formation'®. Similar results
have been reported by Cooper et al. after the investigation of a cohort of double modular Rejuvenate
femoral components, consisting of mixed Ti alloy stem and CoCrMo alloy neck™. Pseudotumour
has been demonstrated in 8 of 9 patients and serum Co level was elevated compared to Cr or Ti.
Surgical findings included soft tissue necrosis and histological signs of ALTRs as well as evidence
of fretting corrosion and black flaky deposits around the retrieved neck-body junction®. The study
also reported evidence of fretting and pitting corrosion at the CoCrMo neck mated with ceramic
femoral heads, contrary to the belief that ceramic head-stem junctions are less prone to taper
damage®'?®. The failure of more Rejuvenate CoCrMo dual neck THRs has been presented by
Werner et al.'” in a case report. The scenario was similar and included elevated Co levels, fluid
collections and corrosion products accumulated around the femoral stem-neck junction. Gill et al.
reported the failure of three ESKA dual modular short stem systems (CoCrMo femoral stem, neck
and head) due to fretting and corrosion at the stem-neck junction and pseudotumour formation'®,
The ion serum level was compared to a group of patients implanted with an identical prostheses and
bearing couple, but without any modularity at the stem. The Co level in the dual modular group was
almost 10 times higher than in the reference cohort and the retrieved neck trunnions presented
evidence of marked fretting and corrosion, with no signs of damage at the neck-head junction. This
emphasises the contribution of modular interfaces to the overall release of ions, especially Co.
Following the study of Gill et al., the ESKA dual modular short term system has been withdrawn

from the Australian market'®’.

It has been suggested that the increased micromotion at the neck-stem junction and the different
loading conditions (eccentrically vs centrally through the head) compared to the head-neck interface
favour the wear and corrosion at the neck-stem interface, as it was reported in most of the above
studies'®*'®. The high serum found in most of the patients, might be justified by the preferential
dissolution of Co under favourable corrosive conditions'®’, from the Co rich CoCrMo alloy. At the
same time, some of the soluble Cr can be precipitated as chromium phosphate, and stored locally
rather than disseminated in the form of organometallic complexes with proteins*’. This results in

higher systemically Co levels, characteristic to wear originating at modular junctions.

In order to understand the structure of the site of wear and corrosion, Zeng et al. investigated the near
surface layers found on the head taper of a CoCrMo head and reported differences between the
original surfaces and overlapping head-stem interface?**. The original surface was found to consist

of a carbonaceous layer (80-100 nm), believed to originate from the adsorption of proteins from the
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SF, a porous oxide layer (50-100 nm), which does not share the stoichiometry of Cr»O3, and a
nanocrystalline substrate (~5 pm) with grains of ~50 nm diameter. In the area where the tapered
surfaces started to overlap, the carbonaceous layer got thicker (200-500 nm) and contained C and
traces of N and Ca, suggesting that different chemical and electrochemical conditions (pH, oxygen
levels) might be implicated in its formation. The Cr oxide layer in this region was thinner (10-50 nm)
and it was believed to be removed and reformed by the successive wear and repassivation processes,
leading to variable thicknesses across the surface. Interestingly, the overlapping region consisted of
a unique superficial layer which appeared to be made of C, O and Cr, potentially formed by
mechanical mixing between the carbonaceous layer, Cr oxide and metal particles from the

1 130

underneath substrate. These findings are in agreement with Wimmer et al.'*” and Bryant et al.*** who

have demonstrated similar structural organization at the bearings and stem surface respectively. The

131.226227 and it is believed

nanocrystalline organisation of the surface has been also reported by others
to originate from the machining process. The thickness of this particular layer varies between the
non-overlapping (~5 um) and overlapping regions (1-2 um) and it was suggested to be reduced in
the overlapping region due to the wear and corrosion processes, responsible for the release of ions

and particles?*.

4199 accumulated

Most revisions of modular components revealed black, flaky corrosion products
around the taper'”’, accompanied by visible signs of metallosis and ALTRs as well as evidence of
wear and corrosion at the retrieved tapers. These reports present a different mechanism of failure
which has been acknowledged to have a significant contribution to the overall burden of revisions.
The debris originating from tapers was suggested to provoke more aggressive reactions, at lower
wear volumes compared to metallic bearings®’. This might be explained by the different processes
responsible for their generation which can impact the properties of the particles, as well as their

surface energy and reactivity within the body. More research is necessary to fully understand the

differences between particles released at different sites and their associated body reactions.
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2.2.6 Wear and Corrosion at the Cement-Stem Interface

Cemented femoral stems represent an alternative to press fit fixation, aiming to provide mechanical
stability for individuals with either good or poor bone stock, by interposing a cement mantle between
the host bone and prosthesis (Figure 2.15). Although their popularity has slightly decreased over the
last few years, they remain the second most preferred option in the UK*. Cemented THRs have good

cost effectiveness and are expected to perform well in vivo
f \ for up to 15-20 years*®***’. At implantation, the cement

fills in the bone cavity drilled by the surgeon and fits

around the cancellous bone, providing mechanical fixation
(Figure 2.15). The fixation is gained by initial and
physiological loading, which causes the stem to sink into
the mantle and get stabilised by the effects of the hoop
stresses™’. The migration of the stem into the mantle
Stem continues after implantation and can sink between 0.32 and
Cement _— 1.2 mm over a two years period. This can initiate damage
at the cement-stem interface, by a combination of
_— abrasion®', metallic shedding and tribocorrosion®*%%%3,

releasing debris and triggering body reactions®. Bone

Bone

resorption and aseptic loosening are recognised as the main

reasons for failure of cemented femoral prostheses and

\ / have a significant contribution to the overall burden of

THR revisions'>?*®. The issue has been described in

Figure 2.15 Schematic representation

of cemented THR.

association with bone-cement local defects for

decades?*3,

The cement interface acts as an intermediate zone between two materials with quite different
properties, such as stiffness, hardness and elastic modulus, and has been regarded as a weak link in
the THRs***’. Numerous studies??***%3223238.29 have previously reported damage at the cement-
stem interface and acknowledged its importance to the overall release of material, adding to the total
debris originating from the bearings and taper**. Particularly high early revision rates have been

associated with some types of cemented titanium stems***2**

, whose use with this fixation technique
has been questioned by some researchers®”’. The retrieval analysis of 16 proximally cemented Ti
femoral stems demonstrated signs of abrasive wear at the stem surface and Ti particles embedded in
all the investigated cement mantles®, initiated by the debonding at the proximal cement-stem

interface, which led to proximal bone-cement and distal bone-implant loosening.

The mechanism and the exact sequence of events initiating and propagating the damage at the

cement-stem interface is not entirely known and authors have proposed different theories to explain
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33248 reported mirror like finishes on certain

the process?*-#2#33245247 * A number of previous studies
regions of explanted matt femoral stems which coincided with the regions of high torsional
stresses®*’, which led to the release of both cement and metal debris by abrasion and fatigue. The
removal of material from the inner side of the mantle can result in larger clearance between the stem
and cement, further facilitating the rotational forces at the interface’>”. It has been suggested that
several factors, including the surface finish of the stem** as well as the composition and preparation

technique of the cement'? prior to implantation can influence the tribology at the cement stem-

interface.

Bone cement is polymeric in nature and is available in different formulations, usually consisting of
a poly(methyl methacrylate/methyl acrylate) (PMMA) base and various amounts of antibiotics*** and
radiopacifiers, such as ZrO, or BaSO, *****, The radiopacifiers are added to allow the investigation
of the mantle after implantation, using X-ray imaging, but it has been suggested to be involved in

230247248 and articulating surfaces in THRs, following third

both the wear of the stem-cement interface
body abrasion. Antibiotics have been integrated into bone cement formulations since 1970s in order
to prevent and treat periprosthetic infections. Nevertheless, the release mechanism of antibiotics is
still not well understood and there have been questions about their efficacy**’***. Furthermore, their
presence in the cement mantle has been suggested to affect the initiation and propagation of crevice

7 Bryant et al.>¥’

corrosion at the stem interface as well as the mechanical properties of the cement
reported a reduction of the breakdown potential of 316L SS with the addition of antibiotics and
radiopaque agents, which means increased susceptibility to the initiation of corrosion. Although the
integrity of the Cr oxide layer on CoCrMo alloy provides a better protection against corrosion, once
initiated it can be accelerated by the addition of both antibiotics and radiopacifiers®”’. The increased
susceptibility to localised corrosion identified with sulphate containing antibiotics and radiopacifiers,
has been hypothesised to be related to the enriched sulphate content within the interface and crevice.
This is regarded as an aggressive anion, known to affect the corrosive behaviour of materials** by
inhibiting pitting corrosion but also by propagating it once initiated>****. An analysis of data reported
by the Norwegian Arthroplasty Register on revision of cemented THRs showed different failure rates

2% Also, different stem designs

of the same implant designs inserted with different types of cement
fixed with the same cement formulation provided different outcomes™’, suggesting that a better

attention should be given to the choice of the stem-cement pairs.

Stem material can also have implications on the tribological behaviour of the stem-cement interface.
The comparison between Ti and CoCrMo alloy stems with the same type of surface finish, subjected
to similar testing conditions, demonstrated more wear at the CoCrMo stem compared to Ti. However,
other factors such as the ingress of SF*** combined with the lower stiffness of Ti can result in
increased micromotion and higher stresses at the cement interface”®, generating more Ti debris and
triggering more aggressive body reactions, which eventually require revision surgery. This might

240-242

explain the high rates of early loosening experienced with certain Ti stems in vivo , compared
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to CoCrMo stems, despite the results of the in vitro simulations which showed more material release
from the latter design. A comparison between the corrosion of retrieved SS and CoCrMo cemented
stems also revealed significantly greater corrosion scores in the CoCrMo stem cohort and higher
blood Co/Cr ratio despite similar volumetric wear at the CoCrMo MoM articulations and trunnion
interfaces in both cohorts®'*. This implies that CoCrMo stems release more Co ions, increasing the
overall concentration, added to the amount originating at bearings and tapers. The correlation
between the in vivo service duration and initiation of fretting wear at the cement stem interface has
been investigated by Zhang et al. by an in vitro simulation which demonstrated that the disruption
and transfer of material from the stem surface to the cement mantle occurred after a certain loading

time, between 5 and 10 years of usage’®.

The cement is relatively soft compared to its metallic counterparts (0.32 GPa vs 6.0 GPa for CoCrMo
259

alloy)™”. Studies have suggested that the mechanical properties can differ from one cement

formulation to another’****

and they can be altered by the addition of radiopacifiers. Despite these
findings, the evaluation of the effect of three different cement formulations on the fretting of the
same design of femoral stem, showed no significant difference between the types of cement tested'?.
From the surface finishing point of view, it has been suggested that different wear mechanisms
contribute to the damage of the polished and matt stem components®*’. Polished surfaces, which have
a reduced surface roughness, are mainly characterised by fretting wear, exhibiting unidirectional
pitting and retention of wear debris at the interface, while matt surfaces are more prone to abrasive
wear, releasing material from both metal and cement surfaces and showing polishing changes®*’. The
increased abrasive wear at the rough stems and cement mantle interface compared to smooth surfaces
has been demonstrated by Bader et al.**®, while Crowninshield et al. concluded from their in vitro
testing that the abrasion of the cement stem depends on the surface roughness of the metal articulating

262

counterpart™-. Howell et al. also postulated that all stems with a surface roughness higher than 0.4

um are very likely to release debris by abrasive wear’”. A study by Duffy et al.*®

on proximal
macrotextured stems further supported these findings and suggested increased risk of debonding at

the cement-stem interface, which facilitates micromotion and release of debris.

Nevertheless, both polished and matt surfaces have a certain degree of surface roughness, interposing
harder asperities at the contact with the cement mantle'***°. During the walking cycle, the alternating
loading of the joint can result in micromotion at the cement-stem interface which can engage the
asperities into abrasion, removing material from the cement surface’®. Following the wear of the
PMMA matrix, the radiopacifiers, harder in nature, protrude from the cement surface, forming
asperities which come in contact with the metallic stems. The abrasive nature of these protrusions
means micromotion at the interface can also result in material being ploughed from the stem surface
and then transferred to the cement mantle?****, This theory has been proven by Shearwood-Porter et
al. in a study on 12 CPT polished stem retrievals, which were forensically examined to understand

the mechanism of damage at the cement-stem interface”®. The localisation of agglomerated ZrO, at

39



Chapter 2

the surface of the cement mantle was confirmed by scanning electron microscopy (SEM) and EDX
and corresponded to the highly damaged areas on the stem surfaces. The flattened morphology of
these agglomerates further suggested their involvement in the process of wear at the interface and
the presence of Cr and Mo on the cement mantle indicated the transfer of material from the CoCrMo
surface to the cement mantle. In a previous study, Zhang et al. demonstrated by SEM/EDX and 2D
profile analysis the accumulation of metal debris around and inside the voids at the cement surface,
further supporting the transfer of metal at the interface'?. Most of the studies reported highly damaged
areas with signs of fretting wear, predominantly at the proximal contact between the stem and
cement, and islands of polishes regions with unaltered morphology*******%*, Shearwood-Porter et al.
reported a unidirectional alignment of the wear tracks at ~45° from the long axis of the stem, trend

observed on both the worn out stems and the corresponding regions on the cement counterparts®’.

Shrinkage bumps of ~ 50 pm width and 1-2.5 um height can form at the cement surface following
the polymerisation process and have been proposed to contribute to the initiation and propagation of

228 These oscillations of the surface level were believed to influence the contact

wear at the interface
area and distribution of the load, but Blunt et al. later postulated that the contribution of bumps to the
initiation of wear is relatively insignificant’®. Zhang et al.'? suggested that the micropores at the
cement surface can influence the mechanical properties of the cement mantle and alter the bonding
process by reducing the contact area at the cement-stem interface. This in turn can result in
micromotion, with subsequent fretting wear and release of material. The implication of micropores
in the relative micromotion and fretting wear of polished cemented stems has been postulated by
others**. The study has concluded that larger micropores might promote more severe damage at the
interface, due to increased micromotion, and methods to reduce porosity and the effective size of the

26 Zhang et al. identified damaged areas

pores might mitigate the fretting wear of the polished stems
in the posteromedial region of several stems, subjected to in vitro testing, which alternated with
isolated islands of undamaged areas, corresponding to the micropores on the opposite cement
mantle'>****¢_ The optical and interferometric investigations of the stem regions with incipient
damage, suggested that the fretting is initiated at the contact between the stem and the edge of the
voids, where the differential distribution of stresses across the variable thickness of the margins can
promote micro-cracks. The SEM images revealed the presence of micro-cracks around the voids,
which appeared to originate at the edge of the micropores, spreading towards the bulk material**>**,
Micromotion can lead to fretting at the contact between the stem and the micropores edges, which
further extends to the proximal area across the posteromedial region. This results in highly worn out
surfaces with regions of unaltered finishing, corresponding to the voids. Zhang et al.**® demonstrated
the transfer of metal from the stem to the cement mantle in the proximity of the voids, using EDX
analysis. The spectra also confirmed the presence of radiopacifiers inside and around the voids,
which is in agreement with the findings of Shearwood-Porter et al.>*°. This evidence along with the

fact that the mechanical fixation of the stem is provided by hoop stresses rather than adhesive forces,

support the hypothesis that the radiopaque agents distributed in and around the pores are actually
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involved in the initiation and propagation of wear at the cement-stem interface and could justify the

worn and unworn alternating islands reported by others'>**2%,

In their attempt to understand the mechanism and the nature of tribocorrosion products generated at
the cement-stem interface, Bryant et al.’ compared the nature of the surface of an unworn,
uncemented femoral stem, with the deposits at the retrieved, damaged stems. The surface of the
unworn femoral stem consisted of a nanocrystaline layer at the upper most 200 nm. SEM analysis of
the retrieved stems, showed ploughing tracks and metal debris in the valleys formed by fretting wear,
and deposits of corrosion products comprising of smooth overlaid plaques. The EDX mapping
suggested the deposits contained Cr, C, O and N, with diffuse evidence of Mo and limited amount
of Co. Cross-sectional TEM analysis demonstrated that the Cr and O rich corrosion layer on top of
the damaged stems is actually made of densely packed chromium oxides nanocrystals mixed with air
voids and organic material. High magnification TEM images demonstrated that some of the
investigated particles were actually composed of smaller ellipsoidal particles of ~ 50 nm long, held
together by biological material, which according to their diffraction pattern corresponded to Cr,O;
d-spacing®’. The Cr and O enriched layer demonstrated evidence of C and traces of Mo and Co

indicating the deposits originated from the TCR occurring at the interface.

The sequence of events is initiated by the wear at the interface (Figure 2.16 a-b), when mechanical
loading can exceed the yield stress of the passivated Cr,0s layer, resulting in the disruption of the
film*’, as shown in Figure 2.16 ¢. When the loading is ceased, the two surfaces can separate (Figure
2.16 d) and the SF can bathe the worn surfaces®®’. This can favour the repassivation of the exposed
surfaces (Figure 2.16 e) and the corrosion of the particulate debris. When loading is applied again,
debris from the previous cycle and organic material from the fluid are all entrapped in the contact
and subjected to mechanical mixing (Figure 2.16 a). The repeated cycle can eventually lead to the
tribochemical layer consisting of closely packed CrO3; and organic compounds, as reported by
Bryant et al.”’. These findings are in agreement with others which demonstrated the TCR at the

97129 and their implications on the tribology and the release of material from the interfaces.

bearings
Furthermore, these results support the increased dissolution of Co and repassivation of the Cr rich
surface, with subsequent formation of Cr,Os, as implied by Hodgson et al.'’®*%*, Cobalt has an
increased solubility and is very likely to escape into the biological environment, resulting in increased
serum levels and ALTRs such as tissue necrosis and aseptic loosening. According to Goldberg et al.
the repassivation occurs from the edges of the initial oxide layer towards the centre of the exposed

region, while oxides nucleated in the middle will expand towards the margins, eventually creating a
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new compact passive film*”. The crevice formation at the debonded interface can also result in

localised pits, as reported by Hothi et al. with CoCrMo and SS retrieved stems*'*.

a. Initial stages of

loading

b. Increasing n

loading e. Regeneration of
the oxide layer on
the metal surface

d. Transfer of the
c. High loading fer of

) ) oxide flakes on
leading to oxide

the cement
film disruption
surface
Femoral stem & Cement mantle
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Figure 2.16 The steps involved in fretting corrosion at the stem-cement interface.

The fluid at the cement stem interface can facilitate the corrosion and transport of the wear debris in
between the contact, potentially engaging in third body abrasion, or at the bone-cement interface,
where they can initiate the release of cytokines and inflammatory markers, resulting in aseptic

214 The surface finish was found to affect the fluid flow at the cement-stem interface and

loosening
polished components demonstrated better sealing with both well-fixed and debonded models®™. The
increased flow at the rough stems can result in debris being disseminated to the femoral bone, distal
to the implant, through cement mantle defects, leading to particle or pressure induced osteolysis. It
is believed that polished surfaces experience higher bonding forces with the cement layer which
impedes the fluid ingress and flow across the interface’”’. The examination of the retrieved cement

mantles showed highly damaged regions, covered with black, flaky corrosion products containing Cr
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and traces of Co and Mo, as indicated by ICP-MS analysis*". The results supported the findings of

1. and suggested that the flakes originated from the chromium oxide layer, the most

Bryant et a
thermodynamically stable compound among the Cr,03, Cr(OH); and CoO, which is reflected by the
most negative Gibb’s free energy (AG®). This can justify the enrichment of Cr at the interface and
the involvement in the repassivation of the worn out surfaces, while Co is rapidly released into
solution. Similar results have been reported by Zhang et al. who identified dislodged material
containing Cr and Fe at a ratio of 9:1, although the initial composition in the Exeter stems, used in
these tests, was completely different (64.5% Fe and 17.5% Cr)*****. The preferential localisation of
Cr at the surface provides better corrosion resistance of the Exeter stems, which contain mainly Fe.
The analysis of the corrosion products built up during an in vitro simulation of the effect of different

cement formulations on the crevice corrosion of the 316L SS tapers, revealed it was rich in Cr, O

and Cl, with traces of Fe and Mn**".

Although it was initially believed that wear and corrosion at the stem was consistent with loose

prostheses®’**"

, others have reported damage and adverse reactions with apparently well-fixed
components under plain radiographs or at the point of revision surgery”*****. The recognition of
damaged areas in several cases was not possible by simple visual inspection and required the use of

light microscopy (LM) to detect minor wear at the stem surface**’.

Wear and corrosion at the cement-stem interface is regarded as a complex, multivariable process, in
which the cement formulation, femoral stem alloy, surface finish and geometry play an important

role. The addition of radiopacifiers and antibiotics to the PMMA matrix****

, as well as the porosity
of the cement mantle'>***2%>% have been proposed to have implications on the wear and corrosion
of the stem. Different mechanisms were found to dominate the wear of the rough and smooth
surfaces®® and more material release was reported with CoCrMo alloy, when compared to Ti stems
in similar conditions and femoral stem geometries’*®. Despite these findings, particularly high

revision rates have been registered with certain Ti femoral components***2*?

and this implies that
other factors, such as the presence of fluid at the interface’® can affect the overall damage of the
stem. With so many factors proposed to have implications on the wear and corrosion at the stem-
cement interface, it can be expected that different wear mechanisms rule each situation and can result
in the release of particles with variable morphologies and chemical composition. These properties,
as well as the level of soluble ions within the body can further trigger different local and systemic

body reactions.

Despite the numerous studies concerning the wear and corrosion processes at the cement stem
interface, little is known about the nature of the particles released from this particular site. Except for
the study of Bryant et al.”’ and Hothi et al.'* which investigated the structural organisation of the
corrosion deposits found on explanted CoCrMo stems, to our knowledge there is no other study
1'274

reporting the nature of the particles originating at the stem-cement interface. Shanbhag et a

reported Ti alloy particles isolated from the bone-implant interfacial membrane from modular and
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monoblock cementless total hip replacements. The debris was believed to originate from the wear of
Ti-alloy stem against the femoral bone, and was commonly found with an adherent layer of Ca-P
rich material. However, this is a wear-dominant process resulting in metal particles with different
morphology and properties than the wear and corrosion products released from the stem interface in
cemented total hip replacements. More research is necessary to understand the morphological and
chemical properties of the wear particles and corrosion products which might possess different

reactivity and might have a different fate in the body.
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2.3 Isolation and Characterisation of Metal Debris

2.3.1 Introduction

Characterisation of wear debris and corrosion products released from hip prostheses represents an
important step in understanding the performance of different designs with various material
combinations and fixation techniques. With the introduction of modularity and cemented femoral

components, the number of sites susceptible to wear and corrosion has increased and not only the

2,4,31,49 29,230,238,239

articulating bearings but also the taper junctions and cement-stem interfaces can
release material. It has been suggested that CoCrMo debris originating from tapers can trigger more
aggressive body reactions at lower wear rates compared to material released from CoCrMo
bearings®’ and several studies have reported highly increased systemic Co with corroded

24160190 o1 Joose cement-stem interfaces?'***°. These findings suggest that particles originating

tapers
from different sites of hip prostheses can possess different characteristics, such as size, morphology,
surface energy and chemical composition, further dictating their reactivity and fates within the body.
Furthermore, the electrochemical environment at the various sites of wear and corrosion can differ,
promoting the dissolution of certain elements and favouring the reactions with the surrounding

biomolecules®.

The comprehensive investigation of particulate debris requires characterisation techniques able to
resolve individual particles and identify small variations in the chemical compositions of particles
originating from different sites and released under different wear and corrosion processes. Not only
the characterisation methods but also the sample preparation technique plays an important role in
this process, as any biological contamination can impede the high-resolution imaging and can
interfere with the chemical analysis. The majority of the particles released in the body require
isolation from the biological fluids or tissue. Small particles have a high surface area to volume ratio’,
which makes them unstable and thus susceptible to engage in reactions with the biological
environment”, The structural and chemical transformations can provide them with a more stable
energy state and a better camouflage within the body, but at the same time it can promote

*7. An ideal isolation protocol should recover as many particles as possible, preserve

agglomerations
their initial composition and dispersion state, provide clean particles, free of biological/chemical
contaminants, involve a reduced number of simple steps to avoid particle loss, and be repeatable
under similar conditions. This is challenging as the particles are susceptible to chemical degradation,

55,276

corrosion and dissolution™ ", and most of the popular isolation protocols involve chemicals and

2098111 Even these treatments can

harsh conditions such as high temperatures and boiling steps
sometimes fail in completely removing particles’ biological makeup and can result in poor quality
imaging and chemical analysis*’. A compromise therefore has to be made between the risk of altering
the original nature of the particles and the release of particles from the surrounding biological media,

making them available for high-resolution investigation.
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2.3.2 Metal Particle Isolation Protocols

The most popular techniques developed for the isolation of metal debris use either alkaline solutions
or enzymes and in some cases a combination of both, to digest the organic matrix or serum in which
these particulates are released. Many of the currently used protocols are over 20 years old and were
changed and adjusted over the years, to fit the demands of the studies and different types of samples.
Although less popular, and not used nowadays, there have been several acid approaches to isolate
CoCrMo and Ti alloy particles generated in vivo*’"*’®. In these protocols, tissue samples collected
from patients after total hip and knee arthroplasty were digested with 70% nitric acid (HNOs3), washed
and sonicated. Metal particles were collected either by centrifugation or filtration, electronically
counted and sized (using a multisizer particle analyser), investigated with transmitted and polarised
LM and SEM, and chemically identified by EDX analysis. Moreover, part of the filter used to collect
the metal particles after digestion, was embedded in epoxy resin and characterised using TEM.
However, due to both protocol and technical limitations (e.g. the high lower limit of detection of the
particle size analyser was 0.58 um), these studies reported mainly large metal particles, ranging from
several hundreds of nm to several micrometres (0.63 um the average mode diameter), but failed to
identify nanometre sized particles which possess a higher mobility and thus, raise concerns of health

implications®”’.

One of the oldest alkaline protocols, which is still used in a modified form, was proposed by
Shanbhag et al., to isolate wear particles from the bone-cement interfacial membrane, collected at
revision time from patients with uncemented MoP total hip implants*™*. Tissue digestion was
performed using 4M KOH (2 ml/g tissue) at 56°C for 48 h. The organic residue was collected by
centrifugation (1000 x g, 1 h) and subjected to a second digestion using KOH in similar conditions.
The collected pellets containing the particles were washed three times with deionised water (DIW)
for 8 h, at 37°C and further digested with Pronase for 24 h at 37°C. Ultrasound techniques were used
to disperse the particles, which were then washed three times with DIW. Metal and polyethylene
particles were collected based on their density difference using a mixture of equal volumes of ethanol
and hexane, spun until the polyethylene particles concentrated at the interface between the two
solvents and the metal particles transferred into the ethanol phase. Both fractions were collected and
subjected to a third step of alkaline digestion with KOH at 56°C. The isolated particles were
characterised using SEM, EDX and FTIR and three different types of particulates were identified:
polyethylene (mainly submicron), titanium based alloy and Ca-P rich bone fragments, with several
anomalous particles, including SS and silicates fragments *™*. Ti flakes and wire-shaped fragments
were believed to originate from the bulk Ti alloy stem and commercially pure Ti fibre-mesh pad
(used to promote tissue ingrowth). The abrasive wear at the bone-implant interface can result in both
metal and Ca-P rich particles, while SS and silicates can be contaminants from the surgical tools and

sand-blasting process respectively”’*.

46



Chapter 2

Firkins et al. investigated the way the carbon content influences the wear behaviour of CoCr alloys
used in THRs*”. Their study was among the first to report data on the isolation and characterisation
of metal debris released in vitro by MoM articulating surfaces. The particles were generated by a pin
on plate test in 25% new-born calf serum (NCS) and were isolated using an alkaline digestion
protocol to remove the proteins and lipids, and allow for particles to be collected free of
contaminants. The single hydrolytic step used 12M KOH, at 60°C, for 48 h. Chloroform/methanol
(2:1) and 50% acetone washes were used to remove the lipid and proteins residue, before collecting
the particles on 0.1 um polyester filters. In a latter study, the same research team isolated metal and
ceramic particles from serum lubricant with the same protocol and characterised the resin embedded

particles with TEM?”,

The main problem associated with the use of aggressive chemicals (such as alkaline solutions and
acids) and harsh conditions (high temperatures) for the isolation of metal particles, is their reactivity
and thus susceptibility to suffer morphological and chemical modifications. Campbell et al.**
postulated the destructive effect of the use of alkaline treatments on metal particles as a result of the
chemical digestion and the theory was further tested by other researchers working in this field*’>>*"°,
This was the reason that led to the new techniques for the digestion of organic tissue and serum

lubricants, involving less aggressive chemicals and hydrolytic mixtures.

1.3¢ and constituted

One of the first enzymatic digestion protocols was proposed in 1998 by Doorn et a
the basis of many other isolation techniques developed later by other investigators. In order to isolate
metal particles from periprosthetic tissue collected from patients undergoing revision surgery, the
authors used two different hydrolytic enzymes (papain and proteinase K) and several additives and
solvents. Chloroform/methanol (1:1) was employed for tissue delipidation and preceded the
specimen freezing step at -70°C, and lyophilisation. Two boiling steps were used to digest the
proteins and the residues were removed by centrifugation at 14000 x g for 10 minutes. Three-(N-
morpholino) propanesulfonic acid (MOPS) and acetone were used to wash the pellets prior to the
first 24 h enzymatic digestion using papain at 55°C. Another boiling step prepared the sample for the
second 24 h enzymatic treatment with proteinase K at 55°C. After the last boiling in sodium dodecyl

sulphate (SDS), the particles were suspended in ethanol, sprayed on carbon coated copper grids and

analysed by TEM*®.

Catelas et al.”>*’ investigated the effects of the digestion methods on the size, shape and composition
of the metal wear particles released from CoCrMo bearings. The researchers compared an alkaline
and an enzymatic protocol, which were adapted from some pre-existing digestion methods*®*"*27?,
The particles, generated by dry abrasion in a reciprocating pin-on-disc test and by hip simulator trials
in either DIW or 95% bovine serum lubricant, were concentrated by centrifugation at 16000 x g for
10 minutes and subjected to both alkaline and enzymatic treatments. The alkaline protocol was

designed to assess the effects of different exposure times and alkali concentrations on particles

characteristics and involved the use of 2N KOH, 12N KOH and 5N NaOH to which particles had
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been exposed for either 2 or 48 h and then separated by centrifugation at 16000 x g for 10 min, and

stored in 100% ethanol at 4°C prior to use.

Similarly, before applying the enzymatic treatment the particles were centrifuged at 16000 x g for 10
minutes and boiled in SDS. The first 24 h digestion step involved the use of papain, a proteolytic
enzyme which requires an incubation temperature of 65°C, in either phosphate buffered saline-
ethylenediamintetraacetic acid (PBS-EDTA) (protocol 1) or tris(thydroxymetyl)aminomethane-
hydrochloric acid (Tris-HCI) (protocol 2) buffers. After this step, the particles were collected by
centrifugation at 16000 x g for 10 minutes and resuspended in SDS and boiled for another 10 minutes.
They were sonicated and subjected to the second 24 h digestion step with proteinase K in Tris-HCI,
at 55°C. Like in the case of the alkaline treatment, the particles were isolated at 16000 x g and stored

in 100% ethanol at 4°C prior to embedding in epoxy resin.

The TEM and EDX analysis were used to investigate the morphology and chemical composition of
the particles isolated using either the alkaline or enzymatic protocols and to compare their

53276 shows that

characteristics with the control specimens (particles without treatment). This study
both the enzymatic digestion (to a lesser extent) and the alkaline treatment affect the size and the
shape of the metal particles. Moreover, these changes were directly proportional to the exposure time
and alkali concentration, and the effects were more drastic with the use of 12N KOH for 48 h,
especially in the case of the larger particles. The selection of the buffers used in enzymatic protocols

has to be done carefully, as this study proved they also influence the particle characteristics.

1.7 also demonstrated an initial protective effect of the

It is worth mentioning that Catelas et a
proteins and lipids that surrounded particles in bovine serum lubricants. It has been proved that the
changes in size and shape are minimal in the first 2 h of exposure to 2N KOH or during the enzymatic
treatment. This might be explained by the fact that the reagents used for digestion do not get in
contact with particle surface until the protective corona is completely removed. According to the
investigators, the exposure time and alkaline concentration required for digestion depended on the

protein concentration of the lubricant and must be adjusted accordingly.

The second part of the study of Catelas et el. 3%’ investigated the effects of the digestion protocols
on particle chemical composition. The results of the ion level measurements, performed using flame
atomic absorption spectroscopy (FAAS), show that both alkaline and enzymatic treatments affect the
chemistry of the isolated debris. As it was also proven in the first part of the study, the extent of
changes was proportional with the exposure time and alkalis concentration. lon levels in solutions
collected after alkaline digestion revealed a continuous release of Cr ions which increased with time
and reagent concentration, and a release of Co ions which was more intense in the first hours of
exposure (e.g. 2 h and 24 h). On the other hand, the changes induced by the enzymatic treatment led
to Co ions release, especially in the first hours of incubation, but the extent was much lower compared

to alkaline treatments. These findings were supported by EDX results, which indicate a decreased
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Co and Cr peak intensities, with no Cr peak intensity after 48 h in particles treated with alkalis, and
a slightly decreased Co peak intensity corresponding to particles isolated using enzymes. The study
also demonstrated that the small metal particles are more susceptible to reagents attack, releasing
more ions than the larger ones, thus emphasizing the need of ongoing research focused on artificial
bearings and particles characterisation. Moreover, it has been proven that alkaline treatments affect
chromium oxide particles, leading to their disappearance from the environment, the effect being
dependent on time and reagent concentration. A shielding effect of the organic corona was
demonstrated again when investigating the ion level in solutions treated with enzymes. Although the
effect was considerably diminished by the organic matrix in 95% serum, the modifications could still

be noticed, especially when alkaline reagents were involved ",

The enzymatic isolation protocol proposed by Catelas et al.*>*’, proved to be the least damaging
option among those reported in the literature and it was adopted by others and adjusted over the years
to allow for the recovery of particles from both serum lubricants and periprosthetic tissue

sampleSZO,Z&lll,ZSl'

Encouraged by the more positive results (advantages) of the enzymatic protocols, others tried to
improve the enzymatic protocol by Catelas et al.”>*’®, by using new proteolytic mixtures. In 2007,
Brown et al.” developed a new protocol for the isolation of metal particles from serum lubricants,
involving the use of four types of enzymes (papain, proteinase K, yeast lytic enzyme and Zymolyase)
coupled with high temperature treatments and boiling steps. The particles were recovered by
filtration onto polycarbonate filters, coated with platinum/palladium (Pt/Pd) and characterised by
EDX using field emission gun (FEG)-SEM.

Different enzymatic protocols were proposed by Kavanaugh et al.*** to isolate metal wear particles
from a knee SF sample. The complexity of this environment, compared to serum lubricants used in
simulator trials, required the use of three different enzymes specialised in digesting proteins, lipids
and glycosaminoglycans, such as hyaluronic acid. The sample was incubated with hyaluronidase (8
h), benzonase (8 h) and protease K (48 h) and the particles were recovered by centrifugation at 25
000 RPM on a silicon wafer pre-coated with an organic adhesive. The silicon wafer was sputter
coated with gold and analysed using FEG-SEM. EDX analysis was employed to investigate the
nature of the isolated particles, which were identified to be mostly titanium oxides with traces of V
and Al, released from MoM wear of the titanium femoral component and tibial plate after wear-

through of the polyethylene liner*.

The same research group later proposed a method to isolate, collect and display metal particles
generated by MoM hip implants in 90% serum lubricants®'. The single digestion step involved the
incubation of the concentrated sample (pelleted at 164000 x g, for 3 h at 25°C) with proteinase K for
24 h at 37°C. Particles were separated by gradient centrifugation (84000 x g, 4 h, at 37°C) through

several layers of denaturants and collected on a silicon wafer coated with marine mussel glue, in a
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metal-selective layer which serves as an anticontamination barrier against organic compounds.
Particle morphology, size and shape were investigated using FEG-SEM and scanning transmission
electron microscopy (STEM), while the chemical composition was revealed using EDX analysis®'.
Adaptations of this protocol were later used to isolate wear particles from periprosthetic tissue and
synovial aspirates retrieved from around revised MoM (CoCrMo alloy) total hip replacements*.
Briefly, tissue digestion process consisted of three days of incubation with increased amount of
proteinase K, necessary to fragmentise the higher content of proteins. For the SF samples, in addition
to proteinase K, aliquots of hyaluronidase and benzonase were used to digest hyaluronic acid and
nucleic acids respectively. In both cases, the separation of metal particles from the organic residue
was performed by density gradient centrifugation through successive layers of caesium salt solutions.
The silicon wafers or TEM grids placed at the bottom of the centrifugation tubes were used for the
direct collection and display of the particles during centrifugation. These were pre coated with a
monolayer of marine mussel glue which aimed to stick the particles to the TEM/SEM support. The
repeated washes required for the removal of the residual Cs salts can wash off the particles which
need a better fixation. The salts can easily be confused with metal particles and only the chemical
analysis can be used to distinguish between particles of interest and contaminants. Furthermore, the
mussel glue, which is organic in nature, can alter the contrast and impede the high-resolution TEM

or STEM imaging, particularly of the nanometre sized particles.

Another study aimed to assess and compare the efficiency of a newly proposed enzymatic protocol
with adaptations of two enzymatic protocols, previously discussed in this section®®>>*"°, The novelty
of the proposed protocol consists in a freeze drying to concentrate the particles in the serum lubricant
by eliminating water. The resulting porous matrix was rehydrated and subjected to two identical
protein digestion steps involving incubation with proteinase K for 24 h at 40°C. After several washes
with different agents and detergents (such as SDS), the particles were collected by centrifugation at
165000 x g for 1 h and stored in DIW prior to TEM, EDX and graphite furnace atomic absorption
spectrometry (GFAAS) investigations. This study emphasised the necessity of using high
centrifugation speeds and a reduced number of steps, compared to the previously used

protocols’®>>27¢

, which led to poor digestion of the organic material and promoted the formation of
agglomerates. The efficiency of the enzymatic protocol proposed by Lu et al.”* was assessed by
GFAAS which measured the total amount of metal left in the supernatant after spinning. The analysis

indicated a particle extraction efficiency of 46.1% compared to 3.2% and 0.6% for the adaptations

of the protocols of Catelas et al.”>*’® and Doorn et al*.

De Pasquale et al.® proposed to assess the correlation between the number and nature of particles
released in vivo in synovial fluid and the systemic levels of Co and Cr ions. The isolation of debris
from synovial aspirates was based on the alkaline digestion of the fluid displayed on polycarbonate
filters (0.2 pm), using sodium hypochlorite (NaClO). At least three successive digestions were

required before the filters could be gold sputtered and investigated with SEM and EDX. Despite the
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fact that the purpose of the study was not the comprehensive characterisation of CoCrMo wear
particles, but the assessment of how reliable the blood and serum ion levels are with respect to the
actual wear in the joint cavity, the authors reported that the effect of the chemical treatment on
particle composition and size was checked. The results were not shown and the study did not provide

microscopy evidence of the investigated particles.

1.”® reported on the isolation of particles generated by in vitro milling of commercially

Simoes et a
available low and high carbon CoCrMo powders in bovine serum albumin. The protocol consisted
of simple centrifugation at 8000 x g without the use of any digestion technique, which aimed at the
separation of particles from the protein rich environment and the preservation of particles’ bio-
corona. Several techniques were used for particles size distribution (dynamic light scattering
techniques (DLS), TEM), shape (TEM) and chemical analysis (TEM and EDX) while the high-
resolution transmission electron microscopy (HRTEM) was employed for FCC and HCP phase
identification and ICP-MS analysis aimed to verify the stability of the particles in the biological

environment.

With so many isolation protocols and characterisation techniques published in the literature and
tested on various sources, it is difficult to compare the results from one study to another and assess
the reliability of in vitro joint simulators. To overcome these aspects, a standardised method for the
isolation and characterisation of polymer and metal wear particles from both tissue samples and
testing fluids was proposed (BS ISO 17853:2011). It is an adapted from the enzymatic protocol of

1.2 which can be applied to serum lubricants used in joint simulators or on

Catelas et a
periprosthetic tissue and can be adjusted for SF/aspirates retrieved from patients at revision time.
Particles separation can be performed by filtration or centrifugation with subsequent display on
polycarbonate filter, commonly used for SEM analysis, or embedded in resin and thin sliced for TEM
investigation. The standard also refers to the enzymatic protocols proposed by Billi et al.?' and
Kavanagh et al.** which separates and displays particles directly on polycarbonate wafers and advises

on the use of EDX for chemical identification of the isolated metal particles.
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233 Particle Morphology and Composition

This section summarises the literature reports on the isolation and characterisation of metal particle
in general and CoCrMo debris in particular, focusing mainly on the size, shape and composition of
the isolated debris. The findings of the more recent studies which used one of the isolation techniques
described in the previous section are summarised in Table 2.3 and are also detailed below. The
comparison between the outcomes of different studies is often difficult to perform due to the various
parameters used to evaluate the size and define the morphological descriptors of the investigated
particles. The most widely used size parameters are dmax or length (L), dmin or breadth, fiber length
(FL), fibre width (FW), width (W), perimeter (P) and area (A), which are further used to determine
the morphological descriptors, such as equivalent circle diameter (ECD), aspect ratio (AR),
elongation (E), roundness (R) and form factor (FF) (Table 2.4). Billi et al.” showed how particles
with very different morphologies can have similar morphological descriptors and questioned their
efficiency for particle characterisation. For a better evaluation of the particle morphology, several

descriptors should be calculated based on the measured dimensions (ASTM F1877-05(2010)).

Table 2.3  Size and shape descriptors used for particles characterisation as reported by Billi et al.

in agreement with ASTM F1877-05(2010).

Size and Formula Observations

shape

descriptors

ECD - ECD = (4 é)% The diameter of a circle with the same area as that of the

equivalent T .

X particle

circle

diameter

AR - aspect Amax The ratio between the longest straight line between 2 points

. AR = . . . .

ratio Amin on the outline (dmax) and the longest line perpendicular to it
(dmin)

E- E= FL It has the same significance as AR but it is normally used for

elongation “Fw elongated particle, where the major axis line does not stay
within the particle boundaries

R - R = (4A/nd,, axz) It varies from 0 to 1 (close to the circular shape) and reflects

roundness how much the particle shape resembles with a circle; A — the
particle area

FF - form FF = (4mA/p?) Similar to R but it is calculated based on the particle perimeter

factor (p) and is more sensitive to particle’s roughness

Firkins et al.*” investigated particles generated by pin on plate tests in 25% bovine serum and isolated
using an alkaline protocol. SEM characterisation revealed that the majority of the particles were
round and oval CoCrMo particles (atomic absorption spectroscopy (AAS)), with a maximum
diameter ranging between 50 and 90 nm. A later study conducted by the same researchers aimed to
characterise wear particles generated by CoP, MoM and alumina CoC bearings in a hip joint

simulator. Particles were investigated using SEM, after being isolated from the serum lubricants
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using the same alkaline digestion, and by TEM analysis of thin sections of particles embedded in
polymerised araldite resin. The study reported round to oval metal particles ranging between 9 and
66 nm, found both as individual entities and as agglomerates. They were an order of magnitude lower
than polyethylene particle and larger than ceramic particle released from alumina CoC couples (size

range of 2-27.5 nm)?7*#%-283,

Doorn et al.*

characterised particles released in vivo from MoM hip implants. Tissue sections and
particles isolated from periprosthetic tissue using an enzymatic protocol were investigated by TEM
and particle composition was determined by EDX analysis. In tissue sections, they appeared as single
or clumped particles of Cr oxides (contained mainly Cr and O, but no Co) and CoCrMo alloy (higher
Co peak than Cr). Particles varied from mainly round and oval to few spike-like shape particulates,
ranging in size from 6 to 744 nm. Besides CoCrMo debris, particles containing Ti, Al and V were
also identified. The size of Ti6Al4V particles ranged from 94 to 1179 nm, with very few larger than
400 nm and were mainly with spike like morphology. The CoCr particles isolated from tissue
samples were similar in shape to those captured in cells and investigated in tissue sections. Their size
ranged from 20 to 834 nm. The Ti6Al4V particles were also identified and were larger than those
investigated in tissue, ranging from 39 to 938 nm. The study also reported that single particles were
found more frequently in tissue sections and agglomerates were more abundant after isolation.
Moreover, the isolated samples presented fewer small particle than tissue sections collected from the

same patients. These findings emphasize the aggregation effect of the applied isolation protocol™.
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Table 2.4

Reference
Lee, 1992286

Margevicius,
1994277

Shanbhag,
1994274

Doorn, 19983

Firkins, 1999285
Tipper, 1999

Catelas, 2003'!!

Source
Tissue (hip)

Tissue (hip and knee)

Tissue (hip)

Tissue (hip)

Serum lubricant — HS
Serum lubricant — pin
on disc

Serum lubricant — HS

Material
Ti,
CoCrMo,
SS

Ti,
CoCrMo,
SS

CoCrMo
and Ti alloy

CoCrMo

CoCrMo
CoCrMo

CoCrMo

Digestion
Commercial tissue

solubiliser (Soluene,
350), 96 h, 65°C

Acid —HNOs3, 48 h,
RT

Mixed alkaline — 4M
KOH and enzymatic —
pronase

Enzymatic — papain
and proteinase K

Alkaline — 12M KOH
Alkaline — 12M KOH

Enzymatic — papain
and proteinase K

Technique

LM (isolated and non-
isolated) and TEM
(tissue sections)

LM, SEM and EDX,
Particle size analyser
with a limit of
detection of 0.58 pm
SEM and EDX

TEM and EDX

SEM
SEM, TEM and AAS

TEM and EDX

Shape

Round (CoCrMo and SS)

and angular or shard-
shaped (Ti particles)

N/A

Flakes and wire-shaped

Oval and round with
irregular boundaries

Oval and round
Oval and round

Oval and round (majority)

and needle-shaped

Size

Isolation method:
0.8to 1.0 um by 1.5 to
1.8 um

Non-isolation method:
0.3 t0 0.4 um by 0.6 t0
0.7 um

TEM: 0.05 to 0.5 pm
Mean dmax: 0.63 pm

Mean dmax: 10 to 400
wm

200-400 pm in size
and 10-20 um thick —
Ti flakes from Ti alloy
stem;

300-400 pm wire-form
Ti particles from the Ti
mesh pad,;

6-834 nm

Mean dmax: 25-36 nm

Mean dmax:

50-90 nm

0-0.25 Mc

14-213 nm (round)
6-248 nm (oval)
23-253 nm (needle)
1.75-2 Mc

11-163 nm (round)
15-225 nm (oval)
20-225 nm (needle)

7 @dey)

The results of the most popular digestion techniques used for the isolation and characterisation of metal debris from biological fluids and tissues.

Composition
N/A

CoCer, Ti, and Fe-Cr containing
particles

Ti alloy and commercially pure
Ti particles

Co rich (crystalline zone)
Cr and O reach (amorphous
zone)

N/A

Cr, O and Co
Cr and O rich with traces of C
CoCrMo

Type 1: Cr>Co, distinct C peak
Type 2: Co>Cr,no C
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Campbell,
2004287

Catelas,
20040

Brown, 2007°®

Pourzal,
201128

Billi, 20122

Periprosthetic and
fibrous tissue (hip)

Serum lubricant — HS
and tissue (hip)

Serum lubricant — HS
normal and
microseparation
conditions

Serum lubricant — HS
and CoB

Serum lubricant — hip
and spine simulator

CoCrMo
(stem)

CoCrMo

CoCrMo
and alumina

CoCrMo

CoCrMo
and alumina

Enzymatic — papain
and ptoteinase K

Enzymatic — papain
and proteinase K

Enzymatic — papain,
proteinase K, yeast
lytic enzyme and
Zymolyase

Enzymatic — papain
and proteinase K

Enzymatic —
proteinase K

LM, backscattered
electron imaging and
EDX

TEM and EDX

SEM and EDX

EFTEM and EDX

FEG-SEM, STEM
and EDX

Oval (40%), needle-
shaped (40%) and round
(20%)

Oval and round (majority)
and needle-shaped

Round and irregular

HS: oval and round

CoB: needle shape

Round and oval (CrOx)
Irregular and rod shaped
(Co rich particles)

18-472 nm
Mean: 77 nm

HS: as above

Tissue (mean dmax):

Short term
implantation cohort: 39
nm

Long term
implantation cohort: 58
nm

Normal conditions:
MoM: 8-116 nm

CoM: 8-139 nm

Microseparation:
MoM: 8-107 nm (1.5

Mc); 6-146 nm (4 Mc)
CoM: 7-156 nm (1.5
Mc); 8-140 nm (4 Mc)
HS:

15-80 nm (Type 1 and
2)

5-15 nm (Type 3)

CoB: 100-500 nm

From 12 nm to ~400
nm

CoCrMo (50%)
Chromium oxide (50%)

HS:

Cr and O rich (~ 86% mostly
round and oval)

CoCrMo particles (~14%
mostly needle shaped)

Long term: Cr and O/CoCrMo

CoCrMo particles from all
conditions and bearing couples

HS:

Type 1: Cr, O and traces of Co
(crystalline zone in Co rich area)
Type 2: Cr and O rich

Type 3: Cr203(smaller and more
abundant)

CoB: CoCrMo

MoM:

CrOx (amorphous)

Co rich particles (crystalline)
CoM:

Al, Cr and Co (Fe contaminant)
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Goode,
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Kavanaugh,
2013%

De Pasquale,
2014%

Simoes,
2014283

Loeschner,
2015%%

Periprosthetic tissue

Serum lubricant — hip
simulator

Tissue and synovial
aspirate (hip)

Synovial aspirate (hip)

BSA lubricant — milling
of commercially
available CoCrMo
powders

Synovial aspirate

CoCrMo
hip
resurfacing

CoCrMo

CoCrMo

CoCrMo

Low and
high C
CoCrMo

CoCrMo

No diggestion

Enzymatic —
proteinase K

Enzymatic —
proteinase K for
tissue; hyaluronidase,
benzonase and
proteinase K for
synovial aspirate
Alkaline (NaClO)

No digestion

Enzymatic —
proteinase K

STXM, STEM/EELS
and EDX

TEM, EDX and
GFAAS

FEG-SEM and EDX

SEM and EDX

TEM, HRTEM, EDX,
XRD, ICP-MS

AF4-ICPMS, AEC-
ICP-MS and spICP-
MS

Mainly round particles
and diffuse debris

Round, oval, rod-shape
and flake shape

N/A

Oval and irregular

Round

N/A

Few nm to few pm,
average size: 30 nm

Small particles:

17 by 27 nm

Large flakes: 100-800
nm

<100 nm to 10 pm

From <l umup to 5
pum

10-800 nm (majority
between 10 and 200
nm)

50-550 nm (subject to
technique used)

7 @dey)

Diffuse debris: mainly oxidised
Cr (Cr**) with traces of oxidised
Co (Co*")

Dense particles: metallic Cr, Co
and Mo core in an O rich and Co
depleted shell

CoCrMo particles and chromium
phosphate

Cr rich particles with low levels
of Mo, Co and Fe
(contamination from surgical
instruments); chromium
phosphates

CoCrMo particles (similar to the
alloy composition) and CoCr
particles with altered Co/Cr ratio

Co rich particles (almost 100%
Co), CoCrMo particles (with
lower Co and/or higher Mo than
that in the bulk alloy)

CrCoMo, Cr203 and CoO
particles

MMD: mean maximum diameter; MD: maximum dimension; APL: average particle length; CoB: cylinder on bar; HS: hip simulator; LM: light microscopy
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Catelas et al.”>?’%*" reported mainly round (48% and 54% for 0-0.25 Mc and 1.75-2 Mc test period
respectively) and oval (38% and 36% for 0-0.25 Mc and 1.75-2 Mc test period respectively) with
few needle shaped particles (14% and 10% for 0-0.25 Mc and 1.75-2 Mc test period respectively).
For the 0-0.25 Mc test period, particle size ranged between 14-213 nm for round particles, 6-248 nm
for oval particles and 23-253 nm for needle shaped particles. For 1.75-2 Mc test period, round
particles ranged between 11-163 nm, oval particles between 15-225 nm and needle shaped particles
between 20-225 nm. The EDX spectra of debris released in 95% bovine serum, revealed two types
of particles: particles containing Cr, C and O, but no Co, which were assumed to originate from the
oxide layer and showed a distinct C peak and higher Cr peak compared to Co. These were called
Type 1 particles by the authors, while Type Il were CoCrMo particles with a smaller or inexistent Cr

peak and a higher signal for Co over Cr''".

Campbell et al.*® investigated CoCrMo debris released from a McKee-Farrar MoM prostheses,
isolated from periprosthetic tissue using the enzymatic protocol of Catelas et al.*>*’°. The implant
had been well-functioning for almost 30 years without any complications or revisions. The post-
mortem investigation of the retrieved joint revealed debonding and signs of fretting wear at the
cement-stem interface, which in the absence of any signs of damage at the bearings, was assumed to
be the main source of wear debris and corrosion products. The backscattered electron imaging and
EDX analysis identified oval (40%), needle shaped (40%) and round (20%) CoCrMo particles (50%)
and Cr oxides (50%), ranging in size from 18 to 472 nm (mean size 77 nm). The investigation of
tissue biopsy from distant organs (liver, spleen, lymph nodes) failed to identify debris disseminated
systemically (except for one CoCrMo particle), but confirmed the accumulation of metallic particles

in the periprosthetic and fibrous tissue around the loose femoral stem.

Another study”® aimed to compare the characteristics of the particles generated in vivo with those
produced by hip simulator tests in vitro. The particles were isolated from either tissue samples (in
vivo) or serum lubricants (in vitro) (95% bovine serum) using an enzymatic protocol, embedded in
epoxy resin and characterised using TEM and EDX analysis. The particles released in vitro were
mostly oval and round with a significant percent of needle shape (especially in the 0-0.25 Mc test
period). Their size ranged between 14-213 nm, with the majority between 40-60 nm for 0-0.25 Mc
(run-in wear period), and 11-225 nm, with the majority between 20-40 nm for 1.75-2 Mc (steady-
state wear period). EDX analysis revealed mainly particles containing Cr and O (presumably Cr
oxide particle), larger in size, and fewer CoCrMo particles with different Co/Cr ratios. Particles with
higher Co peak compared to Cr, were needle shaped, or large round or oval particles, showing
heterogeneous contrast. The majority of the particles released in vivo were between 20 and 50 nm,
with few larger particles in the long-term group. The average length of the particles from the very
short-term group (<15 months since implantation) was smaller than that of the longer-term group
(>15 months since implantation) (39 nm and 58 nm respectively). The difference between the two

groups was also observed when comparing the average length of round (34 nm for very short term
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and 47 nm for the long-term group) and needle shaped particles (53 nm vs 99 nm for the long-term
group). The relative proportion of round, oval and needle shaped particles between the long and the
short-term cohorts was also different. The very short-term group had 43% round, 47% oval and 10%
needle, while longer term group contained 47% round, 41% oval and 12% needle shaped particles.
The EDX analysis revealed particles containing mostly Cr and O, with very few CoCrMo particles,
especially in the long-term group of patients. This study demonstrated that particles retrieved from
patients after 23 and 43 months since implantation, which was reported to be the run-in regime, are
comparable in size, shape and composition with particles generated from hip simulator during the

run-in wear period (0-0.25 Mc)®.

A more recent study®® proposed to characterise wear particles generated by MoM articulations in a
reciprocating sliding wear tribometer (CoCrMo cylinder vs bar) and a hip simulator (CoCrMo head
against CoCrMo cup). The particles were isolated from the testing lubricant (NCS, 30 g/l protein
content) using the enzymatic protocol described by Catelas et al.”>*’® and were investigated by energy
filtered transmission electron microscopy (EFTEM) and electron diffraction pattern analysis. The
particles released from the tribometer showed a length of 300-800 nm and a width of 100-300 nm,
consisting of CoCrMo bulk material, and were generated by a different wear mechanism than those
released from the MoM implants from the hip simulator. The hip simulator test generated two main
types of particles, called Type I and Type II respectively. Type I contained Cr, O and Co locally,
while Type 11, contained only Cr and O. Both types of particles were in the 30-80 nm size range.
EFTEM mapping of the Type I particles revealed that Co appeared only locally, without forming a
solid core. Moreover, smaller Cr oxide particles, named Type I, ranging between 5-15 nm, with a
lattice structure of CrO3; were also identified, and the authors suggested they were flaked off the
surface of the larger Type II particles. Bright field images showed defects in the lattice structure of
these small Cr oxide particles, which can indicate that they had been subjected to high shear

stresses?®.

Brown et al.”® investigated particles by field emission gun (FEG)-SEM and EDX directly from the
Pt/Pd coated polycarbonate filters involved in the separation of debris. The particles generated from
the CoCrMo articulations under standard wear conditions were round and irregular shaped and
ranged between 8 and 116 nm, with the majority between 30 and 39 nm (mean size 34.72 nm).
Particles released under microseparation wear conditions had a similar morphology, ranging in size
from 6 to 146 nm, with a mode distribution in the 20-29 nm range (mean size 35.62 nm after 1.5 Mc

and 31.16 nm after 4 Mc). The EDX analysis revealed particles containing Co, Cr and Mo.

Particles generated from spine and hip simulator tests of MoM and MoC bearings in 90% bovine

12" and investigated with

serum have been isolated with the enzymatic protocol proposed by Billi et a
FEG-SEM, STEM and EDX, revealing mostly round and oval amorphous Cr oxide particles with a
dmax of ~ 0.1 um, and fewer crystalline Co-rich particles, which were larger (dmax ~ 0.3 um) irregular

or rod shaped and had a smooth surface texture.
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A comprehensive structural characterisation of the wear and corrosion debris released from CoCrMo
hip resurfacings was performed by Goode et al.”®. The study aimed to investigate particles from
explanted periprosthetic tissue, using scanning transmission X-ray microscopy (STXM) coupled
with X-ray absorption spectroscopy (XAS), and STEM coupled with electron energy loss
spectrometry (EELS) and EDX. Both techniques provided clues on the speciation of the chemical
elements in relation to their spatial distribution. STEM-EELS provided better energy resolution
compared to STXM-XAS, while STEM-EDX allowed for the elemental mapping of Mo, which was
not detected with the former technique. Diffuse and particulate debris organised in clusters of ~1 pm
diameter or needle shaped regions were found in membrane-delimited organelles inside of the
macrophages. A thick band of metal packed macrophages, distributed toward the surface of the cross-
sectioned periprosthetic tissue, was identified following the histological analysis and electron-
microscopy imaging. Visible cell alterations, including changes in the electron transparency of the
mitochondria and in the structure of the nuclear membrane, were reported in several macrophages.
The chemical speciation identified mainly diffuse Cr’* with traces of Co’*, and round or needle
shaped electron dense structures composed of a Co, Cr and Mo metallic core, surrounded by an O
rich and Co depleted shell. The later structures were found more rarely and, according to the authors,

they represent partially corroded debris.

Lu et al.” isolated particles generated from a hip simulator in 25% bovine serum and characterised
them using TEM and EDX analysis. Chemical composition revealed mainly particles containing Cr,
P and O, which were thought to be Cr phosphate, and fewer particles consisting of Co, Cr, Mo, P and
O as those previously reported by others. The small round, oval and rod-like shaped particles had an
average length of 27 nm and average width of 17 nm, while fewer large asymmetric flake-like

particulates were found to be in the 100-800 nm size range.

The particles isolated from synovial aspirates and characterised with SEM and EDX were either large
CoCrMo particles (up to 5 pm), with a composition similar to that of the main alloy, or Cr rich debris
with little or no Co, ranging in size from 1 to 5 pm. Depending on the number of wear particles
identified in each hip aspirate, the samples were categorised as absent, physiological, mild and strong
wear. The particles found in the mild and physiological wear groups were mainly oval and smaller
than 1 pm, while particles found in the strong wear category were CoCrMo debris and particles with

an altered (i.e. different than the Co/Cr ratio of the bulk alloy) and irregular shape®.

Simoes et al.”® demonstrated that low carbon CoCrMo alloy generated more nanoparticles than the
high-carbon alloy. This might reside in the improved ductility induced by the carbon content in the
latter alloy tested. The size of the particle varied from 10 to 600 nm for the low C alloy and from 10
to 800 nm for the high C material, with the majority between 10 and 200 nm, as confirmed by both
DLS and TEM measurements. X-ray diffraction (XRD) and high-resolution (HR)-TEM successfully
demonstrated the stress induced FCC-HCP transformation, previously proposed by others'*,

showing mainly FCC phase in the coarse particles and HCP phase in finer particles, smaller than 200
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nm. Interestingly, the authors reported 10 nm particulates containing almost 100% Co and CoCrMo
particles with 10-20% Mo, which exceeds the proportion of Mo in the main alloy. This is not in
agreement with others who suggested that small particles are mainly Cr oxides, while large particles
can contain Co in concentrations below that in the main alloy and only traces of Mo?*?"*, The ICP-
MS results also demonstrated the dissolution of Mo and Co by the BSA solution, which could explain
the reduction of Co in some of the particles, compared to the bulk alloy, but it cannot justify the
enrichment of Mo in some of the milled fragments. This study has several limitations, including the
use of commercially available CoCrMo particles and the in vitro milling in BSA solution, which
might not correctly simulate the in vivo electrochemical environment. The conditions in which the
initial powders were generated and further milled to provide comparable particles sizes to debris
originating from the articulating bearings, might be responsible for the relatively high concentrations

of Co and Mo reported in this study*****.

Another study®"

reported on the characterisation of particle released from CoCrMo prosthesis in SF.
The sample was initially fixed in glutaraldehyde, then dehydrated and embedded in resin. Thin
microtome sections were displayed on formvar coated copper grids, C coated to minimise charging
and investigated with TEM, EDX and EELS. The study reported debris which ranged in size from 5
to 50 nm, which is in agreement with others®*****%® In terms of composition, crystalline particle
similar to the bulk alloy (Cr and Co rich, with evidence of Mo), amorphous Cr and Mo rich particle
and smaller Cr and O rich structures were identified using EDX. TEM micrographs did not show
individual nanoparticles but clusters of ~100 nm which appeared to be made of smaller entities
difficult to distinguish. The EELS analysis identified mainly Cr*" species with evidence of Cr*" in

the small, amorphous particles rich in Cr and O. The authors suggested that these particles originated

from the passivating Cr oxide layer, formed at the surface of the CoCrMo bearings®**.

2.34 Summary

Despite the significant amount of work in this field, there is still a lack of consensus regarding the
size, morphology and chemistry of debris released from CoCrMo bearing surfaces. Most of the

previous isolation protocols aimed to release debris from hip or knee bearings, released into

SF24,292,293 23,28,55,98,111,276,279,284

, serum lubricants or periprosthetic tissue’***?**"7_ To our knowledge,

nobody has ever before tried to clean and isolate particulate debris originating from other wear sites
of the hip replacements, such as the tapers or cement-stem interfaces, although the principles of

cleaning should be the same.

The analysis of particles suspended in either natural or simulated body fluids require their separation

t24,25,55,98, 111,276,279,284,287,292

from the supernatan , while in the case of periprosthetic tissue, the particles

M26,100,294,295

can be directly analysed in thin histological slices (70-100 nm) with TEM or L or can be

extracted using tissue digestion and isolation methods*’°.
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Previous studies have suggested that some of the biomolecules commonly found in biological and

simulated lubricants (i.e. lipids, proteins, hyaluronic acid etc.”**"’

) can interact with the particles,
forming an organic corona which impedes the direct contact between the particle and the
environment’. This can result in particle being entrapped into an organic layer, potentially forming
agglomerates which are difficult to separate and investigate individually. As a consequence, most of

the researchers have designed their work based on three main steps, as shown in Figure 2.17.

[ Characterisation \

Digestion Separation

" Isolated wear particles

. . Wear particle and
Bio-corona covering the .
fragmented organic

wear particles . .
\ P molecules Organic residue )

Figure 2.17 Particle isolation protocol involving digestion of the organic material cover.

Regardless of the particle material and surrounding environment, the first step proposed in most of

23242836 inyolves digestion of the organic compounds to release the particle. Once

the previous studies
the fragmentation of the large biomolecules is accomplished, the particle can be separated from the
organic residue and the resulting particle, which are desired to be free of contaminants, can be
investigated using appropriate techniques. The main steps of the cleaning treatments are summarised

below:
A. Tissue and Serum Digestion

This step aims to release the particles from the biological environment in which they have been
generated and which can entrap some of the smallest particle’. The most popular digestion protocols
proposed for the isolation of metal debris involve the use of chemicals and/or enzymatic

treatments?®!2*3%%327627  Ceramic and polyethylene particles are less susceptible to dissolution and

298,299 98,292

have been isolated using either acidic , alkaline or enzymatic treatments. The most
commonly used alkali for tissue and serum digestion are sodium and potassium hydroxide (NaOH
and KOH)>#27%3% '\vhile nitric and hydrochloric acids (HNOs and HCI) are often involved in acidic
lyses®’"*%®. Enzymatic protocols use enzymes such as Papain and Proteinase K2'**9%27¢ to assist the
fragmentation of the large proteins which form the bio-corona. Nine et al. suggested that an efficient
digestion step should consist of tissue and sample delipidation, proteins fragmentation and
precipitation, followed by separation, usually accomplished by centrifugation’’. Prior to
centrifugation, the particles must be dispersed by ultrasound, which disintegrates the cluster and

separates the particles.
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B. Separation Methods

Most of the popular isolation protocols employ multiple digestion steps and either centrifugation or
filtration for the particle recovery*'~>**?7% Separation of particles by centrifugal sedimentation is
based on the difference of density between the particle and the biological media in which they are
suspended. The denser the particle, the easier the migration to the bottom of the tube during
centrifugation, separating them from the supernatant, resulting in highly concentrated particles
suspensions’’. Similarly, particle separation by filtration is based on the retention of all particles
larger than the size of the pores while the supernatant passes through the filter and is discarded.
Studies have shown that the selection of appropriate centrifugation speed and filter membranes
represents one of the most important decisions, as these criteria can directly influence the
morphology and size distribution of the isolated particles, and thus the quality of the results®'*-*%!,
Based on a theoretical simulation, Lu et al. proved the effect of the centrifugal force and duration on
the efficiency of particle isolation®*. According to their study, 60 minutes of centrifugation at 165000
X g, can recover up to 62.3% and 100% of the total amount of the 5 nm and 10 nm particles
respectively. By reducing the centrifugal force at 16000 x g, after the same period (60 min) only
4.8% and 20.9% of the same size ranges were isolated, which means the particle size distribution
(PSD) was shifted towards the higher sizes, as most of the small particles were still in suspension®.
However, most of the previous studies used centrifugation speeds below 50 000 x g for the isolation

of particulate debris, and may have lost some of the small particle.

When particle separation is performed by filtration, the size of the pores is extremely important, as
the small particle can pass through the filter and do not count for the PSD. Scott et al. performed a
study in which polyethylene particles generated in bovine serum lubricant were isolated using an
acidic digestion protocol and separated by filtration through either a 0.2 pm or 0.05 um pore size
membranes®”’. The size distribution in the first case (0.2 um pore size) was shifted towards higher
values, since only the larger particle with a mean diameter of 0.23 um and a median value of 0.19
um were separated. The median size of the retained particles is below the size of the pores, which
might imply that some of the small particles were lost during filtration and passed with the
supernatant. When a smaller pore size membrane was used, the mean diameter of the retained
particles was 0.19 pm and the median size was 0.18 um. Moreover, it has been suggested that the
distribution of the pores size within the membrane can induce particle agglomeration by a funnel
effect, concentrating the particulates around the pores’. This would result in an unrealistic size
distribution which does not reflect the characteristics of all the particle in the sample. An increased
number of centrifugation steps, can also lead to particle loss as they can stick to the wall of the
centrifugation tubes, which means that with every separation step the number of particle available
for quantification and analysis decreases. Furthermore, the risk of contamination with particle from
the laboratory atmosphere also raises with the transfer of the particle from a vial to another, which

affects their characterisation’?.
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C. Particle Characterisation Techniques

Wear particle characterisation usually combines various imaging techniques, such as LM*’, SEM’®,
TEM #7281 and atomic force microscopy (AFM) *"**% with methods that provide information about

14100 electron

the particle chemistry, such as EDX**?7®, EELS?*®, synchrotron x-ray analysis
microprobe analysis (EMPA)®, infrared spectroscopy (IR/FTIR), X-ray photoelectron spectroscopy
(XPS)”’, x-ray diffraction (XRD)*’ and Raman spectroscopy*’. Each imaging technique has a specific
theoretical resolving power which indicates the size range appropriate for investigation. Figure 2.18
illustrates the resolution of the imaging methods used in previous studies to investigate wear debris,

with examples of biological structures falling into each size range.

Unaided
human eye
1 metre
100 mm
10 mm LM
SEM
Sewi dle diameter Lmm
ewing nee
Human hair diameter 100 um (S)TEM 200 um
AFM 3
Most cells 10 um
Polyethylene
particles Bacteria 1um
100 nm 200 nm
Metal .
Viruses
particles 10 nm
1nm 1nm
Macromolecules
0.1nm
Atoms

Figure 2.18 Resolution of commonly used microscopic techniques, in relation with the size of

polyethylene and metal wear particles released from hip bearings.

LM has been used to identify mainly polyethylene particles, which are larger in size and easier to
depict. However, the technique has been successfully used to image metal and ceramic particles
embedded in periprosthetic tissue retrieved from patients, although Ingham et al. suggested an

overestimation of the particle size reported in the past with the use of optical microscopy due to its
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limited resolution®**

. The size range of metal particle found on retrieved tissue and investigated with
LM was 0.1-400 pm, while other studies reported metal debris between 10 and 400 nm, with the
majority between 15 and 25 nm. Lee et al.**® investigated the size of CoCrMo wear particles using
both LM and TEM. The size range determined with the use of the LM was in the micrometre range,
while with the TEM the particle ranged from 0.05 to 0.5 um, with the majority below 0.1 pm**. The
authors suggested that the reduced tissue slice thickness required for TEM analysis, limited the
number of micrometre sized particle which were very likely expulsed during the slice cutting process
and provided a lower size distribution®®®. The most commonly used microscopy techniques with
metallic debris are TEM/STEM and SEM which have the highest resolutions among the available
methods”’ (Figure 2.18). Although TEM has a better resolution than the SEM, the two imaging
techniques are based on different principles and provide different information. TEM generates a
projection of the particle encountered in the beam path, thus two or more overlapped particle can be
projected as a single, larger particle. The orientation can also induce errors that lead to incorrect size
and shape estimations. SEM is a valuable tool for investigating particle topography and researchers
have often combined the two techniques to gain data on both the crystallinity and particle surface.
These methods are usually coupled with EDX to provide insight on the chemical composition of the
metal debris, while IR and Raman have been successfully employed for polyethylene particle

characterisation?’.

None of the previous isolation protocols has ever been applied to the wear and corrosion flakes
released from the metallic secondary interfaces in total hip replacements. The investigation of the
flakes and the characterisation of the individual nanoparticles, released with a cleaning treatment,

can provide useful information about the processes and transformations of debris in the body.

More research is needed to understand the nature of the wear and corrosion products released from
the bearing surfaces, taper junctions and cement-stem interfaces, and fill the gaps in the knowledge
of the particle physicochemical characteristics, which are linked to debris reactivity. The limitations
identified in the previous studies, such as the low resolution of the characterisation techniques, the
loss of the small particle due to the use of low centrifugation speeds, the alteration of their
morphology and chemistry, can be overcome by using efficient cleaning treatments, which have
minimal effects on the particle characteristics, and state-of-the art techniques for the isolation and
characterisation of debris. The imaging techniques must have the resolution required to image
individual nanoparticles, to correctly measure their size, and must be used in association with
sensitive analytical techniques able to reveals their chemical nature. Thus, it is avoided the over or
under estimation of the particles size and the species that make up the wear and corrosion flakes are
more accurately identified. Finally, it is important to investigate debris which can be correlated to a
certain wear site, to understand the characteristics of the particle in relation to their origin. This has
not been properly addressed by previous studies, in which debris from the periprosthetic tissue or

released in the synovial fluid may have originated from any of the metallic interfaces (i.e. bearing
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surfaces, taper junctions or cement-stem interfaces). All these demonstrate the need of further
research to provide a better understanding of the wear and corrosion products released from hip

replacements and advance the current knowledge in the field.
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Chapter 3 Materials and Methods

3.1 Introduction

The comprehensive characterisation of the wear and corrosion flakes in this study used state-of-the-
art techniques, which revealed the structure and composition of the hip-related debris from the micro
scale down to the nano level. A simple outline of the sample preparation and characterisation steps,
and the outcomes expected from the use of each technique are shown in Figure 3.1. The detailed
presentation of the techniques, the parameters used to characterise the as-retrieved flakes or the
particulate debris, and the methods used to provide clean nanoparticles are described later in this
chapter. Some of the analytical techniques, such as ICP-MS, are destructive by their nature and the
exclusion of the samples with minimal amounts of debris was necessary. Other techniques, such as
SEM, required loading the wear and corrosion flakes on carbon coated double tape stubs, from which
debris could be retrieved and further used in the characterisation process. The recovery of the flakes
from the SEM stubs, however, was avoided where possible, with other pieces of the wear and
corrosion flakes from the same retrieval and wear site used. STEM characterisation coupled with
EDX and EELS, as well as the STXM and X-ray near edge absorption structure (XANES) analysis
are time consuming and very expensive techniques, which restricted the number of samples and grids
investigated (8 hours of beamtime on the high-resolution STEM cost ~£1700). Other techniques,
such as SEM and LM were only used for a small number of samples because the results provided
were enough to prove a pre-defined hypothesis (i.e. non-homogeneous nature of the as-retrieved
corrosion flakes). For the samples which yielded small amounts of debris, the retrieved wear and
corrosion products were only used in particular steps during the characterisation process, whereas
for others the collected debris was sufficient to be used in more steps of the investigation. The types
of techniques used for the characterisation of debris from each retrieval are shown in Table 3.1. The
sections below provide the technical details of the investigations performed in the study and allow

for future experiments to be repeated under the same experimental conditions.
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Table 3.1 The matrix of samples and techniques used in the study, showing the types of analysis used for the investigation of debris from each retrieval.

Sample  Origin of RedLux* ICP- SEM/EDX LM  Alkaline Enzymatic TEM/ STEM/ TEM/ STEM/ STXM/

debris MS Digestion Digestion A EDX** EDX SAED EELS XANES

1 Taper 7 v v v v v v v v v -

Stem v - - - v v v v v -
2 Taper v v - v v v v - - v

Stem v v - - - v v v - - v
3 Taper v v v - v - v v - - -
4 Taper v v - - v - v v
5 Taper - v - - v - v v - - -
6 Taper v - - - - v v v - - -
7 Taper v - - - - v v v v v v
8 Taper v v - - - v v v v v v
9 Stem v v v v v v v v - - -
10 Stem v v v - v v v v - - -
11 Stem v v v - v - v v - - -
12 Stem v - - - v - v v - - -

*RedLux analysis of the female taper/bore of the head;
**TEM/EDX was used to check the quality of the TEM grids and the degree of sample digestion; not all the results were included in the

comparative studies;
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3.2 Retrievals and Collection of Debris

The wear and corrosion products investigated in this study were collected from hip retrieved
implants, from around the taper junctions and/or cement-stem interface. The revision surgery had
occurred following the patient reported pain and the diagnosis of abnormally high Co and Cr levels
in the body fluids (i.e. blood, plasma or synovial aspirate). The circulatory level of metals was not
available for all the retrieved implants, but representative values of the Co, Cr and Mo yields in blood
and/or synovial aspirate samples from donors in this study were reported by Crainic et al’’. The
analysis of the systemic metals and their implications to the patients were beyond the remit of this
study, which is why the values were not included in this or other chapters of the thesis. The patients
provided written consent and agreed for the retrieved implants to be investigated to understand the
failure modes and the amounts of material loss. The study received approval from the National

Research Ethics Service Committee, South Central-Southampton A (REC reference: 11/SC/0091).

Figure 3.2 Deposits of wear debris and corrosion products around the tapers (A and B) and in the

proximal region of the cemented stems (C and D).

The selection of the implants was based on the visual inspection of the retrievals, which provided an
empirical evaluation of the level of mechanical damage and extent of corrosion at the secondary
metallic interfaces (taper-trunnion junction and/or cement-stem interface). Twelve retrievals which
had visible deposits of wear and corrosion products at the base of the trunnion, inside the bore of the
head and/or at the cement-stem interface were selected to be investigated in the study. Figure 3.2
shows representative wear and corrosion deposits located at the base of the trunnion (A, B) and in
the proximal region of the cement-stem interface (C, D). In most of the cases, the corrosion deposits
were localised in the proximal region of the cemented stems while the amounts of debris in the distal

area were usually minimal.
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Table 3.2 Implant make and size of the femoral head and stem.

Implant Head Head size and offset Stem make Taper size

(mm) (mm)

1 Adept 46+0 CPT 12/14

2 BHR 50+4 CPT 12/14

3 Adept 42+3.5 CPT 12/14

4 BHR 42-+0 CPT 12/14

5 BHR 46-4 Synergy 12/14

(+CoCrMo sleeve)

6 Adept 54+0 Alloclassic 12/14

7 M2a 38+0 Bi-metric Type 1
uncemented

8 M2a 38+3 Bi-metric Type 1
uncemented

9 BHR 42+4 CPT 12/14

10 Adept 46+0 CPT 12/14

11 BHR 42+0 CPT 12/14

12 Adept 46+3.5 CPT 12/14

The corrosion at the tapers mainly resulted in deposits of black and flaky debris around the base of
the trunnions, with little debris observed inside the bore of the head. The make and size of the femoral
heads and stems in the selected retrievals are shown in Table 3.2. Three different designs of the
heads (Adept, BHR and M2a) all made of as-cast CoCrMo alloy were matched either with cemented
CoCrMo alloy stems (CPT — forged CoCrMo) or Ti stems (Synergy — forged Ti6Al4V, Alloclassic
— forged Ti6Al7Nb and Bi-metric uncemented — forged Ti6Al4V). One retrieval consisted of a
CoCrMo head fitted on a Ti alloy stem using a CoCrMo sleeve (retrieval no 5), and based on the

visual inspection, the wear and corrosion products originated from the sleeve-male taper interface.

After revision surgery, the retrievals were sterilised and stored for over 48 h in 10% buffered formalin
to ensure sterilisation, before being removed, dried and stored dried until further investigation. The
lose wear and corrosion flakes from around the base of the trunnion, bore of the head or from the
cement-stem interface were collected with plastic tweezers and pipette tips, and were stored in clean
plastic Eppendorf tubes, away from light and heat. During the process of debris recovery, the use of
metallic tools which could have contributed to the release of metal from the investigated interfaces
was completely avoided. No other special conditions were granted to the collected wear and

corrosion products, prior to analysis or cleaning treatment.

71



Chapter 3

33 RedLux Analysis

The loss of material from the bearing surfaces and female side of the taper (i.e. bore of the head) was
investigated with a RedLux Artificial Hip Joint Profiler (RedLux, Southampton, UK). The
instrument®** has the ability to perform ultra-precision three-dimensional (3D) form metrology, with
a spatial resolution of 20 nm. The RedLux imaging of the female tapers was performed based on
replica casting made using Microset 101RF (Microset Products, Ltd, Nuneaton, UK), capable to
reproduce fine details to a resolution down to 0.1 pum. The outcomes of the RedLux analysis helped
identify the taper failure mechanisms and allowed the selection of the joints for the comparative
study (toggling vs non-toggling taper-head couples). The extent of material loss from the bearing
surfaces and the shape and localisation of the wear patches did not represent the main purpose of the
study but provided information about the wear mechanisms at the bearing surfaces (i.e. normal
wearing vs edge wearing), which can influence the distribution of the load and the wear of the taper
junction. All retrievals except for one (implant 5) were investigated with RedLux to determine the

regions of material loss and the modes of wear and corrosion.

34 ICP-MS Analysis

ICP-MS was used to investigate the presence and proportion of metallic species in the wear and
corrosion flakes retrieved from around the taper junctions and/or cement-stem interface of 9
retrievals out of 12 (see Table 3.1). The technique has been previously used by Shearwood et al.**°
to analyse black deposits of debris observed on explanted fragments of cement mantle. Nine metals
were analysed, including Co, Cr and Mo (the main elements of the CoCrMo alloy), Al, Ti, V, Mn,
Ni and Zr. These elements may originate from the wear of implant components or surgical tools
made of Ti alloy (Ti6Al4V) or from the bone cement radio-pacifier (ZrO,). After retrieval, the
corrosion flakes were weighed in Teflon digestion vessels and subject to a sequential overnight
digestion in Aqua Regia at 130°C, followed by HNO3/H,O; at 130°C. The dissolved samples were
evaporated to dryness and redissolved in 3% HNO; and spiked with 1 ppb of In and Rh, as internal
standards. Mass spectrometry was performed using a high-resolution inductively coupled plasma
mass spectrometry (HR-ICP-MS) Thermo Fisher Scientific Element XR (Bremen, Germany). Data
was acquired using medium resolution via a perfluoroalkoxy alkanes (PFA) nebuliser and cyclonic
spray chamber. After each sample analysis, a wash solution containing 3% HNO; was run until
background levels were achieved. The raw data were blank and internally corrected and then

calibrated against synthetic standards (Inorganic Ventures, Virginia, USA).
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35 Digestion Techniques

Some fragments of the wear and corrosion flakes retrieved from around the tapers or from the
cement-stem interface were subject to digestion or cleaning treatments, which aimed to break down
the clusters of particles and dissolve the bio-corona. Various digestion methods have been previously
used to clean particulate debris released from the hip bearing surfaces in synovial fluid or
periprosthetic tissue, but digestion of flakes from around explanted tapers or cemented stem has never
been reported before. The alkaline and enzymatic methods used in this study are explained below

and in Crainic et al. (2017)*’.
Enzymatic Digestion

The protocol was adapted from those of Doorn et al.*® and Catelas et al. >*’®, and consisted of a 24
hr incubation of the flakes (~0.8 mg) with 0.25 mg lyophilised Papain (Sigma Aldrich, UK) in 2 ml
50 mM Tris-HCI, at 65°C, under continuous stirring at 180 rpm (Stuart, SSM1). After the first
incubation, the pellets (metal debris) were recovered by centrifugation at 50 000 x g (Optima MAX-
XP, Beckman Coulter, TLA-55 fixed angle rotor) and were subject to a second incubation with 0.8
mg Proteinase K (Sigma Aldrich. UK) in 2 ml of 50 mM Tris-HCI, for 24 hrs, at 55°C. Before each
incubation, the debris was washed with 2 ml 2.5% SDS (Sigma Aldrich, UK) at room temperature
and subject to ultrasound for 15 mins. In order to preserve the native characteristics of the metal
particles, the boiling steps for 10 mins in the original protocols were avoided. The particles were
finally recovered by centrifugation at 50 000 x g, washed twice with 2 ml DIW and stored in 100-
200 pl DIW at -20°C, prior to further analysis. The steps of the enzymatic digestion are schematically

represented in a diagram in Figure 3.3.
Alkaline Digestion

The chemical treatment was also adapted from the protocol of Catelas et al. *>*", developed for the
isolation of metal particles released from bearing surfaces in bovine serum or periprosthetic tissue.
The main steps are schematically shown in a diagram in Figure 3.4. The solid debris (0.5-1 mg
flakes) was submerged in 1 ml 12N KOH, mechanically fragmented with a plastic pipette tip and
subject to 15 mins of ultrasound. The suspensions were incubated at 37°C under continuous stirring
(180-200 rpm), for 48 hrs. During this time, the samples were subject to 15 mins of ultrasound every
8-10 hrs, to assist and enhance the digestion process. After 48 hrs, the suspensions were centrifuged
at 50 000 x g. The pellets were recovered and washed twice with 1 ml DIW and submerged in 100-
200 pl DIW (depending on the amount of debris recovered from the treatment). The particle

suspensions were stored at -20°C, until further investigation.
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3.6 Electron Microscopy

SEM and EDX

The as-retrieved flakes were studied for morphology, microstructure and elemental distribution with
a FEI Quanta 200 SEM, fitted with EDX and operated at 20 kV. The fragments of the flakes were
loaded on the SEM stubs using carbon conductive adhesive tape. The micrographs were recorded at
different magnifications to show the size and structural features, such as the roughness or smoothness
of'the flakes. The chemistry of the debris was checked with EDX analysis, operated in spectral mode
at a working distance of 10 mm, which identified the elements present in the samples and confirmed
the metallic or non-metallic nature of the flakes. The metal rich flakes were further investigated in
mapping mode which collected the individual elemental maps. Two or more maps were overlapped
and checked for the preferential elemental distribution across the surface of the flakes, using the
EDAX software. Additionally, corrosion flakes from two retrievals (implant 1 and 9) were imaged

using an Olympus SZX9 photomicroscope, for correlation with the SEM/EDX maps.
TEM and STEM imaging

The high-resolution characterisation of the digested debris was performed with a Cs probe-corrected
JEOL ARM200F (cold-FEG) TEM/STEM operated at 200 kV and equipped with a 100 mm?
Centurion EDX detector (Thermo-Fisher Scientific Inc., Madison, Wisconsin, USA) EELS. The
microscope was operated in STEM mode and was used to record images only after the spherical
aberrations were corrected and the Ronchigram (i.e. the projection image of a specimen found in the
diffraction plane) was suitable for atomic resolution imaging. The calibration and adjustment of the
electron beam was performed using a standard gold sample (i.e. gold nanoparticles ~5-10 nm,

uniformly spread on a carbon coated copper grid).

Prior to investigation, the particle suspensions (100-200 pul) were thawed and subjected to 15 mins
of ultrasound to break down the aggregates and homogenise the suspensions. To avoid particle
oxidation, the grids were prepared shortly before the STEM analysis and were stored in a dry and
cool place. Small volumes (3 pl) of the particle suspensions were loaded on carbon coated copper
grids and blotted with lint free paper, to remove excess water. Prior to detailed investigation with
STEM, the grids were checked with TEM (FEI Tecnai T12) to ensure a uniform particle loading and
the number of suspension aliquots (3 pl each) used to load each grid was adjusted accordingly. At
least 75 particles from 15 to 20 micrographs were imaged per sample and cleaning treatment in order
to acquire enough data for the statistical analysis. Most of the STEM images were high-resolution
micrographs of individual nanoparticles or small clusters of debris. Each sample included at least
two low-resolution micrographs of large particle clusters, comprising 20-30 nanoparticles each. The
Fast Fourier transform (FFT) images of the high-resolution micrographs were processed with Gatan

Microscopy Suite (GMS3) and the measured d-spacing was correlated with the d-spacing of the
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pristine Cr,Os phase from the XRD database: PDF 00-006-0504 (PDF-2, 2012). The d-spacing was
measured by drawing a perpendicular line between 10 parallel atomic planes on the particle
micrograph, using GMS3. The line profile was generated by the software and indicated the distance
between the 10 successive atomic planes which was then divided by 10 to obtain the distance between
two successive planes, or d-spacing. Figure 3.5 shows the GMS3 software interface and details the

procedure used to measure the particle d-spacing.
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Figure 3.5 The interface of the GMS3 software showing the steps for the d-spacing measurement.

STEM and EDX

The composition of taper and stem debris was determined from the STEM and EDX analysis of
individual nanoparticles and clusters, with the Cs probe-corrected JEOL ARM200F (cold-FEG)
TEM/STEM operated at 200 kV. The EDX maps were processed using the NSS software (Thermo-
Fisher Scientific Inc., Madison, Wisconsin USA) to reveal the metal rich regions. The average
proportions of Cr, Co, Mo and other elements in individual particles and clusters were calculated
using the Quant Results function in NSS. After the spectrum is generated and the individual peaks
are identified either manually or automatically, the elements of interest can be selected to include in
the quantification analysis. In the particular case shown in the screenshot in Figure 3.6, the elements
selected for the Quant Results function are O, Cr, Co and Mo. The screenshot shows their extracted
maps and exemplifies how the compositions and errors are calculated and reported. The comparison
between the treatments and between debris from different wear sites was made based on the average
compositions of all the particles from each sample and cleaning treatment. The composition study
included 30 to 50 particles for the sample cleaned with the alkaline treatment (30 particles from taper
1, 50 particles from taper 2 and 34 particles from stem 9) and 16 to 60 particles for the samples
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cleaned with the enzymatic treatment (16 particles from taper 1, 60 particles from taper 2 and 32

particles from stem 9).
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using the Quant Results function.
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STEM and EELS

EELS data was acquired with the Cs probe-corrected JEOL ARM200F (cold-FEG) TEM/STEM
operated at 200 kV in STEM mode, by using an energy dispersion of 0.1 eV/channel and collection
and convergence semi-angles of 40 and 30 mrad respectively, following the method described by De
Castro et al’®. Prior to undertaking the quantitative elemental analyses using GMS3, the EELS data
was corrected for energy drift using the low-loss energy spectrum acquired on the same region of the
corresponding core-loss energy spectrum. The high-loss energy spectrum was extracted from the
corresponding EELS image, using the Picker Tool in GMS3. The EELS quantification function was
further used for the automatic identification of the spectral peaks (peak ID), background removal and
quantification. The software then generates a report of the quantification analysis, similar to that

shown in Figure 3.7 below.
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Figure 3.7 The quantification report provided by GMS3 after using the EELS quantification
function. It shows the background removal function (red), the extracted signal (green),

experimental conditions and the composition information.

TEM and SAED

Selected area electron diffraction (SAED) patterns of the samples and Cr,Os standard (Fisher
Scientific) were acquired with a JEOL JEM-2100 operated at 200 kV. The STEM micrographs and
SAED data were processed using GMS3, as shown in Figure 3.8. The SAED patterns were opened
with GMS3 and the distance between two opposite points on the diffraction circles was measured
using the Cal Line tool (red circle). For each diffraction circle the diameter was measured at three
different positions and the three measurements were averaged. The d-spacing of the planes
responsible for generating the circles was calculated by dividing the average distance (i.e. 8.32 1/nm

in Figure 3.8) by 2. This value (i.e. 4.16 1/nm) was then inverted to obtain the d-spacing in nm
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(1/4.16=0.240 nm) which was further compared to the d-spacing of the possible phases (i.e. Cr203,
Ti0,, CoO) using the XRD database (2017 International Centre for Diffraction Data). These phases
were selected and prioritised based on the complementary information received from the TEM and

EDX analysis and the stability of the various oxides of the major elements (such as Cr, Ti and Co).
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Figure 3.8 d-spacing calculation using GMS3.

3.7 STXM Analysis

The speciation analysis was performed using the STXM at beamline 108 at Diamond Light Source
Ltd. (Harwell, Science and Innovation campus, UK). This beamline uses soft X-ray radiation in the
250-4200 eV photon energy range and can achieve a lateral resolution of ~20 nm, depending on the
imaging mode. The samples were loaded on carbon coated TEM grids from aqueous solutions and
were blotted to dry using lint-free paper. Prior to STXM and XANES analysis, the grids were checked
using TEM (FEI Tecnai T12) and light microscopy, to ensure a uniform spread of the particles.
Supplementary safety precautions were taken when handling the CrO; (Cr®") standard, which is a
highly toxic and carcinogenic substance. The Cr XANES spectra were recorded over five energy
regions, from 572 to 598 eV, covering the characteristic Cr L 3-edges, at an energy step of 1 eV for
the first (572-576 eV) and last energy ranges (593-598 eV), and a step of 0.2 eV for the middle
interval (576-593 eV). For Co speciation, the energy range covered the 770-805 eV interval and the
steps varied across the sub regions and aimed to identify the finest spectral details of the characteristic
peaks. The tails of the Co spectra (i.e. 770-777.7 and 803.5-805 eV) and the region between the peaks
(786.5-794 eV) were recorded using an energy step of 0.5 eV, while for the peak regions (i.e. 778.1-
786 and 795.1-803 eV) an energy step of 0.1 eV was used. The Ti XANES spectra were acquired
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from 450 to 480 eV. The first (450-457 eV) and the last (469.5-480 eV) energy ranges were recorded
at an energy step of 0.5 eV, and the peaks region (457.1-469 eV) was acquired using a higher energy
resolution of 0.1 eV. The characteristic XANES spectra of the Co and Cr standards were compared
to the spectra of the standard Cr,Os (Cr*"), CrPO,4 (Cr*"), CrO; (Cr®), CoO (Co*"), Co(OH), (Co*")
and Co3(PO4): (Co*") samples (Fischer Scientific), which were also used for the spectral match using
linear combination fitting in Athena 0.9.25. The spectra of the Ti rich nanoparticles were matched

using TiO and TiO; spectra, reported in the literature.
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Figure 3.9 Mantis v2.3.03 interface and the main functions used to extract the XANES spectra.

The XANES spectra were aligned and processed using Mantis v2.3.02. Where more than one particle
was measured, the spectra of each individual particle was extracted by selecting a region of interest
(ROD) (red circle in Figure 3.9). After confirming that all the particles have the same spectral
features, which means they are identical species, other functions, such as PCA or Cluster Analysis
were used to process the whole cluster. Figure 3.9 shows a screenshot of Mantis v2.3.02 in which a
region of interest was selected (marked by the red spot) and the corresponding XANES spectra was
displayed. Other functions are localised on the top bar of the software and can be used to distinguish
between regions with different spectral properties (e.g. for coated samples or aggregates). The
Spectral ROI function (blue circle) can be used to check the spectrum in different regions of the
particle/cluster. The spectra generated by either of these functions can be exported and processed
using Origin Lab or Microsoft Office Excel. In this study, Origin Lab was used to process and

integrate the peaks after adjusting the baseline. The software was also used to remove the energy
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points responsible for spectral features corresponding to measurement glitches (such as spikes which
were outside the absorption peaks). The processed spectra were then fitted with the spectra of the
standard materials, where available, using Athena Ltd. Software, or were compared to the published
spectral data (for TiO;). The species were identified based on the positions and features of the

absorption peaks and the relative intensity of the main peaks.
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3.8 Statistical Analysis

Particle size distribution (PSD) and morphological characterisation was performed according to BS
ISO 17853/2011. Gatan Microscopy Suite (GMS3) software was used to measure the maximum
dimension (dmax or length) and the maximum orthogonal dimension (dmin or width), defined as the
longest straight line between two opposite points on the particle outline and the longest orthogonal
line respectively (Figure 3.10). The maximum diameter (dmax) Was used to define the PSD, while
dmax/dmin Tatio value, hereafter referred to as the aspect ratio (AR), was used for the morphological
characterisation. The particles were classified as round for 1<AR<1.5, oval for 1.5<AR<2.5 and
needle shaped for AR>2.5. Figure 3.10 shows examples of round, oval and needle-like particles and

shows how dmax and dmin are determined.
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Figure 3.10 Schematic representation of round, oval and needle-shaped particles, showing the

relation between dmin and dmax, and how their ratio dictates the morphological category.

The statistical significance of the data set (comparison of the mean sizes) was verified using the null-
hypothesis two-sample t-test in Origin Lab, at a level of confidence of 0.05. None of the size
distributions were normally distributed, but the compared data sets had similar asymmetry which
allowed the statistical comparison using t-test. The selection of the appropriate t-test was based on
the results of the f-test for each compared data sets (equal or non-equal variance assumed). The
repeatability of the PSD was checked by performing three consecutive measurements for one of the
three samples. The results of the three independent measurements were not statistically different

(p>0.3).
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Chapter 4 Results

4.1 Investigation of As-Retrieved Wear and Corrosion Flakes

4.1.1 Composition of Debris — ICP-MS Analysis

The elemental compositions of debris released from tapers and/or cement-stem interface are reported
in Table 4.1. The limited amount of debris originating from the taper junctions and/or cemented
stems of retrievals 7, 8 and 12 prevented analysis and hence ICP-MS data was not available for all
12 samples. On the other hand, retrieval 1 showed visible signs of wear and corrosion damage with
deposits of debris around the base of the trunnion, inside the bore of the head and at the cement-stem
interface. From some retrievals more than one flakes from the wear sites were available for

investigation.

Table 4.1 Composition of as-retrieved debris from tapers and cement-stem interfaces.

Implant  Wear site %Cr %Co %Mo %Ti %Metal
1 Taper 5.9 7.8 6.1 - 20.0
Bore 2.2 0.5 0.5 - 33
Stem 145 23 2.0 - 19.1
2 Taper 29.2 5.6 3.1 - 38.0
Stem 10.1 23 1.5 - 143
3 Taper 12.4 10.6 1.4 - 24.9
4 Taper (flake 1) 7.2 3.7 1.0 - 12.0
Taper (flake 2) 0.3 23.5 - - 24.1
5 Taper 8.9 0.2 9.9 1.6 20.7
6 Taper 8.4 3.7 1.3 0.2 13.7
7 Taper Data not available
8 Taper Data not available
9 Stem 20.5 3.2 29 - 27.0
10 Stem 159 3.6 0.8 - 20.5
11 Stem 6.8 1.6 0.2 - 8.7
12 Stem Data not available

The ICP-MS analysis of the wear and corrosion flakes listed in Table 4.1 revealed the major elements
that make up the CoCrMo alloy. In none of the investigated flakes the proportions of Cr, Co and Mo
matched the composition of the bulk alloy (~65% Co, 29% Cr and 6% Mo). In most of the cases, Co
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was the second most abundant element in the retrieved flakes, after Cr. Debris from taper 1 contained
similar proportions of Cr, Co and Mo, of which Co was the most abundant (7.8%). From implant 4,
two different types of wear and corrosion products were available for the ICP-MS analysis. Flake 1
was characterised by a black and flaky appearance, and contained less metals (12%) than flake 2
(24.1%), with Cr being the most abundant (7.2%). The second flake (Flake 2) comprised mainly Co
(23.5%), with minimal amounts of Cr (0.3%), and resembled a precipitate with a light-pink
colouration. Other samples (flakes from taper 1 and taper 3) consisted of mixed black and light-pink
fragments which could not be separated for distinct analyses. The ICP-MS characterisation of debris
from around the base of the trunnion and debris from inside the bore of the head of implant 1 revealed

different amounts of metals and proportions of Cr, Co and Mo.

The ICP-MS analysis also identified Ti in the flakes released from the mixed material taper junctions,
such as taper 5 and 6, which consisted of CoCrMo heads matched with Ti stems. The amount of Ti
(1.6% and 0.2% respectively), however, was small compared to the amount of debris released from

the opposite CoCrMo interface.

The proportions of all metals in the investigated samples were less than 40% mass and varied from
3.3% to 38.0% (w/w). The rest of the flakes’ mass was represented by organic material which
originated from the body. The average metal content for taper and stem debris was 19.6% and 17.9%

respectively, and the results were not statistically different (p>0. 5).

209 * [ Taper debris

18 - - Stem debris

Average amount (%)

Figure 4.1 The comparison between the composition of debris from tapers (red) and
cement-stem interface (blue), which were not statistically different

(*p>0.3; **p>0.2).
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The comparison between the proportions of Co, Cr and Mo from tapers and stems debris is shown in
Figure 4.1 and reveals more Cr and less Co or Mo in the flakes collected from the stems than in the
flakes retrieved from around the tapers. The statistical analysis, however, showed no significant
differences between the amounts of Co, Cr and Mo in debris from tapers and cement-stem interfaces

(p>0.3 for Cr, p>0.2 for Co and p>0.3 for Mo).
Summary

The ICP-MS analysis demonstrated the organo-metallic nature of the wear and corrosion flakes
released in vivo from the tapers and cement-stem interface. Regardless of the origin of debris, the
most abundant elements were Cr, Co and Mo, and traces of Ti released from the mixed material taper
junctions. The analyses, however, did not find statistically significant differences between the

compositions and total amounts of metal in debris from tapers and cement-stem interface.

4.1.2 Distribution of Elements across the Surface of the Flakes

Fragments of the wear and corrosion flakes released from two tapers (taper 1 and taper 2) and one
cement-stem interface (stem 10) were characterised by SEM and EDX analysis. The investigation
revealed the presence of Co, Cr and Mo, mixed with non-metallic species, such as C, P and Ca, which
supported the results of the ICP-MS analysis, confirming once again the organo-metallic nature of
the wear and corrosion flakes. The SEM and EDX mapping also provided visual information about

the distribution of the elements across the surface of the flakes.

The EDX maps of the main elements found in a fragment of the flake retrieved from taper 1 are
shown in Figure 4.2. The distributions of Co, Cr and Mo do not overlap, indicating that the metal
debris does not originate from the bulk CoCrMo substrate. There is, however, a good match between
the Cr and Mo distributions which are mainly localised towards the right and left extremities of the
flake and correspond to a metallic like region on the associated photomicrograph, shown in Figure
4.3 b. Cobalt (Co) is mainly distributed centrally on the flake’s surface and overlaps with the P map.
The Co and P rich regions match the pink patches in Figure 4.3 b and are similar in appearance to
the Co rich pink flakes investigated by ICP-MS analysis. The presence of P and Co ions in the same
proximity suggests the existence of Co3(POs), in debris released from the secondary interfaces in hip
replacements. The EDX mapping also identified a Ca rich region, which partially matches the P
distribution and corresponds to a white patch on the flake’s photomicrograph in Figure 4.3 b. The
white coloration suggests the presence of Ca3(PO4):, which could have formed by precipitation at the
taper interface. The presence of all these species in the composition of the wear and corrosion flake

once again emphasises their organo-metallic nature.
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- 500 pm

Figure 4.2 The SEM/EDX maps of a fragment of wear and corrosion debris from taper 1,
which show the preferential distributions of elements across the flake’s surface.
The Co map overlaps the P map, whereas Cr and Mo are co-localised in the O
rich region of the top right side of the flake. Ca partially overlaps the O and P

maps in the left side of the micrograph.

The SEM and EDX characterisation of another fragment of flake from taper 1 and two fragments of
flakes from taper 2, showed similar elemental distributions (see Appendix A). In general, a
preferential distribution of the elements was observed, which resulted in unmatched Cr and Co maps,

and P spread across the entire flakes, with more prominent distributions in the Co rich regions.
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Figure 4.3 The SEM image (a) and the corresponding photomicrograph (b) of the wear

and corrosion flake retrieved from taper 1. The pink region on the
photomicrograph corresponds to the Co and P rich regions on the SEM and
EDX maps in Figure 4.2. Similarly, the metallic regions on the top right side
of the photomicrograph represents the Cr, Mo and O rich regions on the EDX
maps. The white patch on the left side of the flake matched the distribution of

Ca, which was co-localised with P and O.

Compositional variability between samples, such as flakes from different retrievals or different flakes
from the same wear site, was observed in this study. In Figure 4.4, the SEM and EDX mapping of a
fragment of debris released from stem 10 revealed intense C, P and O distributions, and weak and
localised Cr and Co patches. In this flake, the organic phase was dominant over the metallic
component, represented by the Cr, Co and Mo distributions. The Cr signal originated from the left
margin of the flake and the randomly distributed Co did not match the Cr localization. The Mo map
matched the Cr rich region, and Ca showed a weak map with small areas corresponding to some of

the P rich patches.

Another fragment of debris from stem 10 is shown in Figure 4.5 and comprises more Cr, Mo, P and
Ca, distributed across the entire flake, and small patches of Co intense maps. The metallic species
represented the major part of the organo-metallic composite and were dominate by Cr. Like the other
fragment of debris from stem 10, shown in Figure 4.4, the Co rich patches matched the P rich areas.
Also, the P distribution partially overlapped the Cr map and suggested the possibility that CrPO4 was
among the species comprising the flake. The maps in Figure 4.4 and 4.5 emphasised the
compositional variability of the wear and corrosion products and demonstrated that different results

can be obtained from the analysis of different flakes/fragments from the same origin.
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Cr/Co/P

Figure 4.4 The SEM and EDX maps of a fragment of the wear and corrosion flake retrieved

90

from stem 10, showing the preferential distributions of the elements across the
flake’s surface. In this case, Cr is localised on the right side of the flake, partially
overlapping the O and P maps, while Co distribution matches the P and O rich
regions. Both Co and Cr maps, however, are weak compared to the P and P maps.
Small regions of Ca rich regions can be observed on the left side of the flake,

partially matching the P map.
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Figure 4.5 The SEM and EDX maps of another fragment of the wear and corrosion flake
retrieved from stem 10, which shows intense Cr, Mo, P and O maps, and weak
and highly localised Co distribution, represented by the bright green spots on
the corresponding EDX map.

Summary

The SEM and EDX investigation demonstrated the organo-metallic nature of the wear and corrosion
flakes, in addition to the results from the ICP-MS analysis. The elemental distributions suggested the
formation of different species, resulting from the wear and corrosion processes, which were mixed at
the interface. The elemental maps indicated the presence of a Cr, Mo, O and P rich phase, potentially
in the form of oxides or phosphates, a Co and P pink precipitate, likely in the form of Co3(POs), and
a white Ca and P rich precipitate, resembling Cas(POs);. The investigation, however, provided
information about the distribution of elements at the surface of the flakes, which could be different

from the composition below the surface.
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4.2 The in-depth Characterisation of Taper Debris

4.2.1 Alkaline treatment

The wear and corrosion debris released from five mixed and matched material taper junctions (tapers
1-5 in Table 4.1, section 4.1.1.) were subjected to an alkaline treatment, which aimed to fragment
the organo-metallic composites, to reveal the structural details and the building blocks that comprise
the large flakes. The STEM and EDX investigation of the partially digested flakes revealed clusters
of Cr and O rich nanoparticles and traces of Co, Mo and Ca. The morphology and elemental
distributions of a partially digested fragment of debris released from taper 1 are shown in Figure 4.6.
The strong Cr and O maps suggested that Cr and O were the most abundant species, while Mo, Co
and Ca were only present as trace elements. The resolution at which the images were obtained made

the exact localisation of the elements inside or outside the particles difficult to assess.

Figure 4.6 The high-angle annular dark field (HAADF)-STEM micrograph
and EDX maps of a partially digested flake released from taper 1,
showing the distribution of Cr, Co, O, Mo and Ca.

At higher magnification, the STEM and EDX investigation of the cluster of debris shown in Figure
4.6, revealed more structural details and provided a better understanding of the elemental
distributions. The STEM micrograph and corresponding EDX maps are shown in Figure 4.7 and
reveal the presence of Cr, Co, Mo, O and P, distributed across the aggregate’s surface. The Cr, Mo
and O maps matched the bright areas in the STEM image, which corresponded to the nanoparticles.
In contrast, Co and P are localised in the surrounding organo-metallic matrix, outside the particles,
and suggests that Co was present in an ionic form (either bound to biomolecules or precipitated as
phosphate) rather than in a solid metallic state. The corresponding map, however, showed that part

of Cr was also present in the less dense surrounding matrix, potentially in a dissolved ionic form.
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Figure 4.7 The high-resolution HAADF-STEM micrograph and EDX maps of the
partially digested flake in Figure 4.6, showing Cr and O rich particles,

surrounded by an organo-metallic phase with traces of Co and P.

A closer look to the clusters that comprised the partially digested flakes provided evidence of the
organic matrix which holds the particles together. The STEM image and EDX maps, shown in Figure
4.8, revealed Cr and O rich nanoparticles surrounded by a Ca rich bio-corona, and traces of Co
localised outside the particles. The results showed that Co was not part of the particulate debris and

was distributed in the surrounding phase, probably in a dissolved/ionic form.
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Figure 4.8 The high-resolution HAADF-STEM micrograph and EDX maps showing the
presence of a Ca-rich bio corona around the Cr and O rich nanoparticles. Co is

localised outside the particles, potentially in a dissolved/ionic form.
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To enable a detailed characterisation of the metal nanoparticles that comprised the aggregates and
the micron-sized wear and corrosion flakes, the fragments were subjected to a complete digestion,
which provided clean particulate debris, released from the surrounding matrix. The high-resolution
micrographs, shown in Figure 4.9, revealed clusters and individual crystalline nanoparticles (see the
Fast Fourier Transform patters shown as insets in Figure 4.9), which originated from the CoCrMo
tapers from retrievals 1, 2 and 3. The low-resolution images (left column) showed clusters of
nanoparticles which, in some cases, were only partially released from the surrounding matrix. The
treatment, however, provided numerous clean and well-separated nanoparticles, which revealed the
structural, morphological and compositional details of the smallest building blocks that made up the

wear and corrosion flakes from the CoCrMo taper interface.

10 nm &

50 nm

Figure 4.9 The HAADF-STEM micrographs of representative nanoparticles released in
vivo from taper 1, 2 and 3 and cleaned with the alkaline treatment. The
treatment revealed clusters of crystalline nanoparticles completely or partially

removed from the surrounding bio-corona.

94



Chapter 4

Figure 4.10 The HAADF-STEM micrograph and EDX maps of representative particles
released from taper 1 and cleaned with the alkaline treatment. The
composition analysis revealed 81.2% Cr (£0.6), 18.8% Co (£1.4) and 0.4%
Mo (+0.4) for the particle in the top micrograph.

The EDX characterisation of the cleaned debris revealed Cr and O rich nanoparticles, with traces of
Co and Mo. The elemental maps and composition analyses of two representative clusters of cleaned
debris released from taper 1 are shown in Figure 4.10. The quantification analyses were performed
after the exclusion of O, which although present in the sample, was associated with high
measurement errors (37.44% (£37.44)). The nanoparticle shown in the top row is crystalline and
contained more Cr (81.2% (0.6) vs 73.12% (£1.2)) and less Co (18.8% (£1.4) vs 25.9 (£3.8)) than
the amorphous particles in the bottom micrograph. Cr remains, however, the dominant element
regardless of the structure of the nano-sized debris and the results suggested that the nanoparticles

are Cr oxides, with traces of Co and Mo.

Figure 4.11 The HAADF-STEM micrograph and EDX maps of a cluster of particles released
from taper 2 and cleaned with the alkaline treatment. The EDX maps show the
particles are made of Cr and O, while Co and P are co-localised in the

surrounding organic matrix.
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The EDX maps of one cluster released from taper 2 are shown in Figure 4.11. The Cr and O maps
matched with the nanoparticles, whereas Co and P showed a preferential distribution in regions
outside the particles, which corresponded to a less electron dense phase. In this cluster, Mo provided

a weak and random map and therefore was not included in the figure.

All the results from the STEM and EDX investigation showed reliable evidence that the metal debris
released from taper junctions was Cr oxide, while Co was mainly localised in the proximity of the
particles and together with P and Ca, were parts of the bio-corona. The amounts of Mo in these

samples were low and it was mainly distributed within the particles’ boundaries, as a trace element.

Taper 3

Figure 4.12 The HAADF-STEM micrographs of needle-shaped debris released from taper 3
and taper 4. The FFT patterns suggest these particles are crystalline structures.

Besides the round Cr rich particles, the digestion of debris from taper 3 revealed large aggregates of
needle-like structures, which are shown in Figure 4.12. Similar debris resulted after the alkaline
digestion of the wear and corrosion flakes released from taper 4, also shown in Figure 4.12. In this
sample, however, the round and oval nanoparticles, reported with debris from tapers 1-4 could not
be found. The high-resolution micrographs of the needle like debris and the corresponding FFT
patterns in Figure 4.12 (see insets) suggested that these structures were crystalline. The morphology
and size of the crystalline needle-shaped debris from taper 3 were different from those of the debris
which comprised the wear and corrosion products from taper 4, although some needle like structures
were also present in the latter sample. The STEM and EDX characterisation revealed the composition
of the needle-shaped debris, which contained mainly Co (49.2% (£0.2)) and elements of biological
origin, such as Mg, Ca and P (26.6% (£0.4), 14.2% (+0.1) and 3.0% (£0.2) respectively). The

composition analysis and the Co and Cr maps are shown in Figure 4.13. The Co distribution is well
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matched to the needle-shaped debris, whereas Cr (4.0% (+0.07)) was only present in a region which
did not have a corresponding morphology in the STEM micrograph. The round shape of the Cr rich
map indicated the presence of an individual particle or a cluster of nano-sized debris entrapped in the

Co rich net of needle-like structures.

50

Figure 4.13 The HAADF-STEM micrograph and EDX maps of a cluster of
Co rich needle-like debris from taper 3. The composition
analysis showed 49.2% Co (£0.2), 4.0% Cr (£0.07), 26.6% Mg
(£0.4), 14.2% Ca (£0.1) and 3.0% P (£0.2).

The presence of both Cr rich nanoparticles and Co needle-like structures in debris released from taper
3 was confirmed by the STEM micrographs and EDX maps in Figure 4.14. The low-resolution image
showed an aggregate of round Cr and O rich particles, surrounded by a cluster of Co and K rich

needles at the bottom, and a less electron dense diffuse mass at the top and left side of the micrograph.

Potassium (K) originates from the alkaline treatment (12N KOH) and it is distributed in the same
regions where Co is localised, suggesting that these structures have an organic component which
makes them susceptible to the chemical attack. The EDX analysis of the Cr rich region confirmed
the presence of all the main elements of the CoCrMo alloy, of which Cr was the most abundant
(61.9% (0.9)). In contrast, the composition of the needle-shaped debris showed predominantly Co
(87.9% (£1.9)), with less Cr (12.1% (£0.6)) and none of Mo. The quantification results of both the
Cr rich region (1) and Co rich needle like debris (2) are shown in Table 4.2.
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Figure 4.14 The HAADF-STEM micrograph and EDX maps of a cluster of Cr rich

nanoparticles and Co rich needle-like debris from taper 3.

Table 4.2  The results of the quantitative EDX analysis, showing the composition of the regions 1
and 2 in Figure 4.14, rich in Cr and Co respectively.

EDX region 1

Element Element Wt. % Wt. % error
Cr 61.9 0.9
Co 37.9 2.0
Mo 0.2 0.2

EDX region 2

Element Element Wt. % Wt. % error
Cr 12.1 0.6
Co 87.9 1.9
Mo 0.0 0.0
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The spatial separation of the Co and Cr rich debris and the differences in their morphologies was
further emphasised by the STEM micrograph in Figure 4.15. The variations of the Cr and Co
concentrations across the needle-like and round nano-sized debris respectively was illustrated by the
EDX line profiles in Figure 4.15 and confirmed the Co enrichment of the needle-like net (94.7% Co
(£1.1) and 5.3% Cr (£0.3)), while Cr was the major element in the cluster of nanoparticles (81.32%
Cr (£4.8) and 18.44% Co (£11.83)). The investigation showed that Mo was only present as a trace
element in both types of debris. This suggested that Mo can exist in a metallic or ionic form in the

wear and corrosion flakes, but it might be washed away by the cleaning procedure.
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Figure 4.15 The HAADF-STEM micrograph and EDX line profile of Co and Cr rich
debris released from taper 3. These suggest the needle structures are made of

Co and the round nanoparticles in the right cluster consist mainly of Cr.
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The STEM and EDX characterisation of debris released from the mixed CoCrMo/Ti taper junction
(taper 5) and cleaned with the alkaline treatment, revealed both Cr and Ti debris, with traces of Co
and Mo. The morphology of the isolated debris and the corresponding EDX maps are shown in
Figure 4.16. The low-resolution micrograph revealed a micron-sized flake-like debris which did not

consist of smaller building blocks, such as individual nanoparticles.

Figure 4.16 The HAADF-STEM micrograph and EDX maps of a mixed Cr and Ti debris

from taper 5. The Cr and Ti distributions were co-localised and the
composition analysis revealed 81.5% Cr (£0.4), 13.3% Ti (£0.1), 5.1% Co
(x0.4) and 0.1% Mo (£0.05).

The major component of the debris was Cr (81.5% (+0.4)), followed by Ti (13.3% (£0.1)), and they
were uniformly distributed across the entire surface of the flake. Similarly, Co and Mo did not show

preferential distributions and their weak maps matched the boundaries of the Cr and Ti rich debris.

At high-resolution, the mixed debris seemed to be made of smaller entities embedded in a diffuse
phase, which made it difficult to assess the size and morphology of the individual building blocks.
The micrographs of two fragments of Cr and Ti rich debris and the corresponding EDX line profiles
are shown in Figure 4.17. In both cases Cr showed more counts than Ti, which is in agreement with
the results of the EDX quantification of the flake in Figure 4.16. The morphology of the mixed Cr
and Ti debris suggested that some small particles corresponding to the bright regions in Figure 4.17
may comprise the flakes, but the predominant phase is the diffuse phase, which was visible in both

micrographs in Figure 4.17.
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Figure 4.17 The HAADF-STEM micrograph and EDX line profiles of Cr and Ti rich

debris released from taper 5, which show that both elements co-exist in the

clusters.
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Particle size distribution and morphology

The morphology and size distribution of the particles released in vivo from the CoCrMo tapers and
cleaned with the alkaline treatment, included only the particulate debris which was well separated
from the organic matrix. To allow the accurate measurement of the particle length (dmax) and width
(dmin) the particles boundaries needed to be easily distinguished from the surrounding bio-corona. A
total of 260 particles from taper 1, 2 and 3 were assessed, with the needle-shaped debris from taper
3 and 4 and the diffuse fragments reported with taper 5 excluded. The size distribution of the particles
from all tapers (i.e. taper 1, 2 and 3) are shown in Figure 4.18 and ranged from 3 nm to 77 nm. The
average particle size was 20.8 nm and the median size was 16.8 nm. The details about the number of
particles from each taper, the individual size ranges, mean and median particle sizes are shown in

Table 4.3.
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Figure 4.18 The size distribution of the particulate debris released from taper 1, 2 and

3, cleaned with the alkaline treatment.

Table 4.4 shows the percentage of round, oval and needle-shaped particles found in each sample and
the distribution of the particle morphology for all taper debris. The majority of the particles released

from the tapers were round or oval, with few needle-shaped (i.e. elongated) structures.
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Table 4.3 The number of particles characterised for each taper sample and the corresponding size

ranges and mean and median dmay.

Sample No of particles Size range Mean dmax Median dmax
Taper 1 100 3-60 nm 15.9 nm (x11.0) 11.8 nm
Taper2 110 3-65 nm 20.3 nm (£13.3) 16.8 nm
Taper 3 50 7-77 nm 31.9 nm (x13.9) 30.7 nm

All tapers 260 3-77 nm 20.8 nm (£13.8) 16.8 nm

Table 4.4 The morphology of the particles released from taper 1, 2 and 3 released from the organic

matrix using the alkaline treatment.

Sample Round % Oval %  Needle shaped %

Taper 1 69 29 2
Taper 2 57 41 2
Taper 3 68 30 2
All tapers 64 34 2

Summary

The alkaline digestion of the wear and corrosion flakes retrieved from around five taper junctions
(both mixed and matched material tapers) revealed three types of debris. The most predominant type
was the Cr and O rich nanoparticles, released from taper 1, 2 and 3. The mean size of the particulate
debris released from the CoCrMo taper interface and cleaned with KOH was 20.8 nm, and 50% of
the particles in the study were smaller than 16.8 nm. The second type of debris was the Co rich
needle-like structures which were present in 2 samples out of 5. The results of the EDX
characterisation showed that besides Co, these structures also contained elements of biological origin
which indicated that Co existed in a dissolved ionic form, rather than in a solid metallic state. The
third type of debris was released from a mixed CoCrMo/Ti taper interface and consisted of a diffuse
mass of Cr and Ti debris. The investigation did not show any crystalline structures, although some
of the characterised flakes contained bright, round or oval structures that could be attributed to the

presence of nanoparticles embedded in the diffuse phase.
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4.2.2 Enzymatic treatment

The enzymatic digestion of the wear and corrosion flakes from taper junctions was used as an
alternative to the alkaline treatment, due to concerns regarding the possible deleterious effects of the
alkaline reagents on the particles. The enzymatic treatment was applied to fragments of wear and
corrosion flakes released from both matched CoCrMo and mixed CoCrMo/Ti alloy taper junctions

and aimed to reveal the types of wear and corrosion products that made up the flakes.

Figure 4.19 The HAADF-STEM micrographs of clusters and individual nanoparticles
released from taper 1 and taper 2 and cleaned with the enzymatic treatment. The
FFT patterns are produced by the crystalline particles, which were completely

removed from the surrounding bio-corona.

The enzymatic cleaning of debris from taper 1 and taper 2 revealed clusters of round and oval
crystalline nanoparticles, as well as partially digested flakes that comprised particles embedded in a
diffuse matrix. The STEM micrographs of the representative debris released from the CoCrMo tapers
and cleaned with the enzymatic protocol are shown in Figure 4.19. The particles from both tapers
were crystalline (see FFT insets in Figure 4.19) and surrounded by the bio-corona, which was
represented in the micrographs by a less electron dense phase around the individual particles and

aggregates.

The STEM images and EDX maps of two representative clusters of debris are shown in Figure 4.20.
The Cr and O distributions matched the bright regions of the micrographs, which corresponded to
the nanoparticles, and Co and Mo have weak maps, randomly distributed across the flake’s area. The

results suggested that these particles are Cr oxides with traces of Co and Mo.
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Figure 4.21 The HAADF-STEM micrograph and EDX maps of clusters of debris from
taper 1 and 2, cleaned with the enzymatic treatment. The EDX maps showed

the particles were made of Cr and O, with little or no Co and Mo.

The STEM and EDX investigation of debris released from taper 6 and cleaned with the enzymatic
treatment revealed fragments of P, Cr and O rich debris, with small amounts of Co and Mo. The
micrograph of one of the flakes and the corresponding EDX maps are shown in Figure 4.21. All the
elements present in the sample were uniformly distributed across the surface of the debris, without

any preferential localisation of the species.

Figure 4.20 The HAADF-STEM micrograph and EDX maps of a fragment of debris
released from taper 6 and cleaned with the enzymatic treatment. Th EDX

maps showed co-localisation of Cr, O and P, and traces of P and Mo.

The results of the EDX quantification, shown in Table 4.5, and the EDX line profiles, shown in
Figure 4.22, revealed that the amount of P (14.9% (+0.1)) was more than the amount of Cr (7.1%
(£0.02)), Co (0.4% (£0.01)) and Mo (0.02% (£0.0)). The EDX analysis was performed over a long

acquisition time which provided a high number of counts for all elements, including O, and resulted
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in small measurement errors. As such, the quantification analysis based on the counts of all metallic
and non-metallic species, showed mainly O, P and Cr, with traces of Co and Mo. The morphology
of the flake did not show the presence of any smaller entities that comprised the debris and resembled

a fragment of a heterogeneous mass detached from a larger flake, such as a precipitate of CrPOs.
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Figure 4.22 The HAADF-STEM micrograph and EDX line profile of debris released from

taper 6, showing the distribution of the constituent elements across the flake.

Table 4.5 The results of the quantitative EDX analysis of debris from taper 6, shown in Figure

4.21 and 4.22.
EDX — Taper 6
Element Element Wt. % Wt. % error

(0] 77.6 0.9
P 14.9 0.1

Cr 7.1 0.02

Co 0.4 0.01

Mo 0.02 0.0

The composition analysis (% ratio Cr:0:P=0.5:5.2:1), however, did not match that of CrPO,, which
contains 35.4% Cr, 43.54% O and 21.1% P (% ratio Cr:0O:P=1.7:2.06:1). Despite the small
measurement errors of the O quantification, which provided reliable results, the amount of O
determined from the EDX analysis can originate from other sources. It is thus not excluded the
presence of Cr phosphates in the piece of flake released from taper 6 and shown in Figure 4.21,
although the % composition from the EDX analysis did not match the theoretical % composition of

CrPOa.

The enzymatic digestion and STEM characterisation of debris from two mixed CoCrMo/Ti alloy

tapers revealed clusters of nano-sized debris and corrosion products. The size, morphology and
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Figure 4.23 The HAADF-STEM micrographs of clusters and individual nanoparticles
released from the mixed CoCrMo/Ti alloy tapers (taper 7 and 8) and cleaned

with the enzymatic treatment.

aggregation state of the representative nanoparticles released from taper 7 and 8 can be seen in Figure
4.23. The micrographs showed clean particles and aggregates, which despite being removed from
the surrounding biological matrix, showed little evidence of crystallinity, characterised by weak FFT

diffraction patterns (see insets in Figure 4.23).
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Figure 4.24 The HAADF-STEM micrograph and EDX maps of a cluster of nanoparticles
released from taper 7 and cleaned with the enzymatic treatment. The EDX

maps show the co-localisation of Cr, Ti and O across the particles.

The STEM and EDX characterisation of the nanoparticle clusters identified mainly Cr, Ti and O,
uniformly distributed across the surface of the debris. The micrograph and EDX maps of a cluster of
particles from taper 7 are shown in Figure 4.24. Besides Cr, Ti and O, the samples also contained P,
Co and Mo, which showed weak maps and therefore were not included in Figure 4.24. After the
exclusion of O, which according to the EDX quantification represented 97% of the sample, the
analysis found mainly Cr (54.1% (£0.4)) and Ti (33.9% (£0.2)), with traces of P, Co and Mo. The

results of the quantification and the measurement errors for each element are shown in Table 4.6.
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Table 4.6 The results of the quantitative EDX analysis of debris from taper 7, shown in Figure

4.24,
EDX — Taper 7
Element Element Wt. % Wt. % error

P 9.9 0.6

Ti 33.9 0.2
Cr 54.1 0.4
Co 1.6 0.3
Mo 0.5 0.1

To better understand the nature of debris and the distributions of the main elements (i.e. Cr and Ti)
in the particles, a second cluster of debris was subjected to EDX mapping and quantification analysis.

The distributions of O, Cr and Ti, and the corresponding overlapped maps are shown in Figure 4.25.

Figure 4.25 The HAADF-STEM micrograph and EDX maps of a cluster of Cr and Ti rich

nanoparticles released from taper 7 and cleaned with the enzymatic treatment.

Although Cr and Ti were distributed across the same regions, their concentrations varied from one
cluster to another. This variation was best illustrated by the EDX line profile analysis, which showed
the concentration of elements across a Cr and a Ti rich region respectively. The line profile and
composition of the Cr rich particle at the top of the cluster is shown in Figure 4.26 and Table 4.7.
Of all the elements identified, Cr was the most abundant (77.9% (£0.6)), followed by Ti and P. The
EDX line profile and the composition of the Ti rich debris is shown in Figure 4.27 and Table 4.8
respectively. Although Cr was still the major element (54.6% (£0.7)), the amount of Ti (38.0%
(£0.4)) was higher compared to its proportion in the Cr rich debris in Figure 4.26. Also, the amount
of P increased in the Ti rich region, while Co and Mo were constant between the two areas. The

morphology and composition analyses suggested that the particles are Cr and Ti oxides embedded in
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an organic matrix with various proportions of dissolved ions, including Cr, Ti, Co and Mo. In certain
regions, the Cr and Ti oxides formed clusters which were responsible for the mixed Cr and Ti maps.

The proportions of these elements are therefore dictated by the ratio of the various Cr and Ti oxides

in those particular regions.
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Figure 4.26 The HAADF-STEM micrograph overlapped with the Cr (red) and Ti (blue)
maps and EDX line profile of the Cr rich particle from across the arrow. The
EDX line profile showed Cr was the predominant element of the particle,
followed by Ti, Mo and Co.

Table 4.7 The results of the quantitative EDX analysis of the Cr rich particle shown in Figure 4.26

(marked by the arrow).
EDX Quantification
Element Element Wt. % Wt. % error
P 4.6 0.5
Ti 15.8 0.2
Cr 77.9 0.6
Co 1.2 0.3
Mo 0.5 0.2
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Figure 4.27 The HAADF-STEM micrograph overlapped with the Cr (red) and Ti (blue)
maps and EDX line profile of the Ti enriched particle from across the arrow.

The Ti, which was the predominant element of the particle, was followed by
Cr, Co and Mo.

Table 4.8 The results of the quantitative EDX analysis of the Ti rich particle shown in Figure 4.27

(marked by the arrow).
EDX Quantification
Element Element Wt. % Wt. % error
P 6.1 0.9
Ti 38.0 0.4
Cr 54.6 0.7
Co 1.1 0.2
Mo 0.2 0.1
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Particle size distribution and morphology

The size distribution and morphological characterisation included 448 particles originating from
taper 1 and 2 (matched CoCrMo alloy) and taper 7 and 8 (mixed CoCrMo/Ti alloy), released from
the surrounding bio-corona with the enzymatic treatment. The normalised size distribution is shown
in Figure 4.28 and ranged between 4 and 149 nm. The mean size of all the particles was 33.1 nm,
with a median size of 28.9 nm. The number of particles from each sample, their individual size

ranges, mean and median dma are shown in Table 4.9.
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Figure 4.28 The size distribution of the particulate debris released from taper 1, 2, 7

and 8, cleaned with the enzymatic treatment.

Table 4.9 The number of particles characterised for each taper sample and the corresponding size

ranges and mean and median dmay.

Sample No of particles Size range Mean dmax Median dmax
Taper 1 75 4-64 nm 23.5 nm (£14.0) 20.3 nm
Taper2 107 6-67 nm 24.4 nm (£12.6) 22.1 nm
Taper 7 128 4-149 nm 38.2 nm (£27.7) 30.2 nm
Taper 8 138 6-130 nm 40.2 nm (£19.4) 31.9 nm

All tapers 448 4-149 nm 33.1 nm (£21.4) 28.9 nm
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The proportions of round, oval and needle-shaped particles released from all tapers and cleaned with
the enzymatic treatment are shown in Table 4.10. Most of the particles were round and oval, with
few needle-shaped structures. Some flower-like, dendritic particles like those shown in Figure 4.29
were found after the digestion of debris from taper 2. The method used here to classify the
morphology of the particles, however, would have characterised them as round or oval category,

depending on their AR values.

Table 4.10 The morphology of the particles originating from all tapers and released from the

organic matrix using the enzymatic treatment.

Sample Round % Oval %  Needle shaped %

Taper 1 48 49 3
Taper 2 40 53 7
Taper 7 41 44 15
Taper 8 74 25 1
All tapers 52 41 7

100 nm

Figure 4.29 The HAADF-STEM micrographs of dendritic (flower-like) particles released from

taper 1 and cleaned with the enzymatic treatment.

Summary

The STEM and EDX characterisation of debris released from five tapers and cleaned with the
enzymatic treatment revealed three types of wear and corrosion products. Debris from taper 1 and 2
contained mainly round and oval Cr and O rich nanoparticles, with a mean size of 33.1 nm. Debris
from taper 6 comprised mainly a diffuse phase rich in Cr and P, probably resulting from a corrosion
process, rather than from mechanical wear. The two mixed CoCrMo/Ti alloy tapers generated Cr and
Ti rich debris, with traces of P, Co and Mo. The EDX mapping and quantitative analysis suggested

the particles were Cr and Ti oxides, embedded in an organic matrix and dissolved metals.
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4.3 The in-depth Characterisation of Stem Debris

4.3.1 Alkaline treatment

The alkaline digestion of the wear and corrosion debris released from the cement-stem interface of 4
retrievals (i.e. stem 9-12) revealed clusters of clean nanoparticles, some of which are shown in Figure
4.30. The high-resolution characterisation and the corresponding FFT diffraction patterns (see insets
in Figure 4.30) demonstrated the crystalline nature of the individual particles, which resembled the
particulate debris released from the CoCrMo taper junctions, cleaned with the alkaline and enzymatic
treatments. The EDX mapping identified mainly Cr and O, with minimal amounts of Co and Mo,
and indicated that these particles were also Cr oxides. The elemental maps and the results of the
quantitative EDX analyses for two particles and clusters released from stem 9 and stem 10 are shown

in Figure 3.31. After the exclusion of O, Cr was the major element in the particles from both cement-

stem interfaces (78.8% (£0.3) and 85.8% (£0.6)), followed by Co and Mo, whose proportions varied

between the samples.

> ‘-éte}n

Figure 4.30 The HAADF-STEM micrograph and EDX maps of debris released from stem
9 and 10. The composition analyses showed 78.8% Cr (+0.3), 20.5% Co (+0.7)

and 0.7% Mo (%0.1) for the particles from stem 9, and 85.8% Cr (0.6), 12.6%
Co (*1.3) and 1.6% Mo (£0.3) for debris from stem 10.
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Figure 4.31 The HAADF-STEM micrographs and corresponding FTT patterns of clusters
and individual nanoparticles released from the cement-stem interface of
implants 9, 10, 11 and 12 and cleaned with the alkaline treatment. The FFT
patterns demonstrate the particles were crystalline and completely released

from the surrounding matrix.
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Besides the O and Cr rich nanoparticles, the alkaline digestion also revealed a diffuse phase, which
consisted of clustered nanoparticles embedded in a needle-like net. The micrographs and the EDX
quantitative analyses of the particles and net-like regions of debris from stem 11 are shown in Figure
4.32 and Figure 4.33 respectively. Both regions were characterised by high amounts of Mg (14.8%
(£1.2) and 20.4% (£1.9)) and Ca (12.9% (£0.7) and 16.9% (+0.8)), elements which originated from
the body, and K (16.8% (£0.6) and 20.1% (£0.6)) which was used in the cleaning procedure. The
presence of metal debris was confirmed by the Cr and Co contents, which varied between the regions.
The Cr concentration was higher in the nanoparticle region (50.3% (£0.8)) than in the net-like diffuse
phase (36.8% (£0.8)) and in both samples Cr was the most abundant element. Co was also present in
both regions, but their amounts were reduced compared to Mg, Ca or P. The presence of these
elements indicated an incomplete digestion of the wear and corrosion flakes. In these fragments of
partially digested wear and corrosion products, the solid debris, in the form of Cr rich nanoparticles,
was embedded in a matrix of biomolecules bound to the Cr and Co ions. The high concentration of
K in these flakes showed once again the susceptibility of the biological material to the chemical

attack, using alkaline solutions.

EDX Region 1

Element Element Wt. % Wt. % error

Mg 14.8 1.2

P 0.3 0.3

K 16.8 0.6

Ca 12.9 0.7

Cr 50.3 0.8

Co 4.9 0.6
Mo 0.04 0.04

Figure 4.32 The HAADF-STEM micrograph of debris from stem 11 and the results of the
EDX quantitative analysis of a cluster of nanoparticles embedded in a diffuse

matrix.

EDX Region 2
Element Element Wt. % Wt. % error
Mg 20.4 1.9
P 0.00 0.0
K 20.1 0.7
Ca 16.9 0.8
Cr 36.8 0.8
Co 59 0.6
Mo 0.00 0.00

Figure 4.33 The HAADF-STEM micrograph of debris from stem 11 and the results of the EDX

quantitative analysis of the net-like phase.
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Particle size distribution and morphology

The normalised size distribution of the Cr and O rich debris released from stems 9, 10, 11 and 12 are

shown in Figure 4.34 and included 155 particles, ranging from 5 to 37 nm. The number of particles

released from each cement-stem interface and characterised with STEM, the size ranges and the mean

and median sizes are shown in Table 4.11. The mean size of all the particles was 16.4 nm, with a

median dpax of 15.1 nm.
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Figure 4.34 The size distribution of the particles released from stem 9, 10, 11 and 12, cleaned

with the alkaline treatment.

Table 4.11 The number of particles characterised for each stem sample and the corresponding size

ranges and mean and median dmax.

Sample No of particles Size range  Mean dmax Median dmax
Stem 9 83 6-37 nm 17.1 nm (£7.1) 15.9 nm
Stem 10 33 6-34 nm 15.7 nm (£6.9) 14.3 nm
Stem 11 22 9-31 nm 19.9 nm (£5.7) 19.8 nm
Stem 12 17 5-18 nm 9.6 nm (+3.6) 8.8 nm
All stems 155 5-37 nm 16.4 nm (£7.1) 15.1 nm
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Most of the particles released from the cement-stem interface of the CoCrMo femoral components
were round or oval, with few needle-shaped particles. The proportions of round, oval and needle-
shaped particles from each stem sample and all cement-stem interfaces cleaned with the alkaline
treatment are shown in Table 4.12. Dendritic, flower-like particles, like the one shown in Figure

4.31 - stem 10, were also found.

Table 4.12 The morphology of the particles originating from all stems and released from the

organic matrix using the alkaline treatment.

Sample Round % Oval %  Needle shaped %

Stem 9 52 37 11
Stem 10 85 12 3
Stem 11 36 64
Stem 12 59 35 1

All stems 58 35 7

Summary

The alkaline digestion of the wear and corrosion flakes released from the cement-stem interface
revealed mainly Cr and O rich nanoparticles, completely removed from the surrounding matrix or
partially embedded in the diffuse phase. The STEM and EDX characterisation suggested that the

building blocks of the debris released from CoCrMo stems are Cr oxides with traces or Co and Mo.
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4.3.2 Enzymatic treatment

The enzymatic treatment was used to clean debris from four CoCrMo stems, corresponding to the
retrievals 1, 2, 9 and 10. Some representative STEM micrographs of the particles and clusters
released from the cement-stem interface and cleaned with the enzymatic treatment are shown in
Figure 4.35. The digestion protocol resulted in partially cleaned flakes, which comprised clusters of
nanoparticles embedded in the organic matrix (aggregates from stem 1 and 9 in Figure 4.35). The
presence of bio-corona was visible around debris from stem 10, in which crystalline particles of 5-
10 nm were surrounded by a diffuse and less electron dense phase. The FFT insets of the high-
resolution micrographs in Figure 4.35 demonstrated the crystallinity of the particulate debris
released from the stems. In some of the samples, however, the crystalline structures were not

completely isolated/detached from the aggregates and were characterised at the edges of the clusters.

The STEM and EDX investigation found Cr and O rich structures with small amounts of Co and Mo.
The high-resolution micrographs of representative particles originating from stem 1 and their
corresponding elemental maps are shown in Figure 4.36. The distribution of the elements suggested
that the particles were Cr oxides, with traces of Co and Mo. The digestion process also revealed some
crystalline needle-like structures, which are shown in Figure 4.37 and appear to be still embedded
in the surrounding diffuse matrix. The quantitative analysis of the needle-like debris is shown in
Table 4.13 and contains mainly P, Cr and Co, as well as Ca and Mg. These structures resembled the
Co rich needle-like debris revealed after the alkaline digestion of the wear and corrosion flakes from
the taper interface. There was however a difference, with high concentrations of P (35.2% (£1.5))
and Cr (31.4% (£1.2)) in debris from the stems and cleaned with the enzymatic protocol. The EDX
quantitative analysis of the needle-shaped structures revealed after the alkaline digestion of the taper
debris identified mainly Co (49.2% (£0.2)) and minimal amounts of P (3.0% (+0.2)) (section 4.2. A,
Figure 4.13). The results demonstrated needle-like structures within both the taper and stem debris,
which are either Co and Cr phosphates, or metal ions entrapped in the organic matrix. The lack of P
in the taper debris after the alkaline treatment may be caused by the chemical dissolution of the
phosphates after the incubation with KOH, which is then removed from around the clean oxide
particles. The milder effects of the enzymatic treatment may have resulted in higher P content in the

debris cleaned with this treatment.
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Figure 4.35 The HAADF-STEM micrographs and corresponding FTT patterns of clusters
and individual nanoparticles released from the cement-stem interface of
implants 1, 2, 9 and 10 and cleaned with the enzymatic treatment. The
micrographs show both clusters of partially cleaned debris and crystalline

particles completely removed from the organo-metallic phase.
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Figure 4.37 The HAADF-STEM micrograph and EDX maps of debris from stem 1,
cleaned with the enzymatic treatment. The EDX maps show the particles

consist of Cr and O, with little Co and Mo.

100 nm

Figure 4.36 The HAADF-STEM micrographs of the needle-like structures originating

from stem 2 and revealed after the enzymatic digestion of the wear and

corrosion flakes.

Table 4.13 The results of the quantitative EDX analysis of the needle-like structures shown in

Figure 4.37.
EDX Quantification
Element Element Wt. % Wt. % error

Mg 8.2 2.4

P 35.2 1.5

Ca 9.8 1.1

Cr 314 1.2
Co 15.5 1.3
Mo 0.0 0.0
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Particle size distribution and morphology
The size distribution and morphological characterisation of debris released in vivo from the cement-
stem interfaces and cleaned with the enzymatic treatment, included 290 particles from the four
samples. The normalised size distribution is shown in Figure 4.38 and ranges from 4 to 49 nm, with

a mean size of 16.4 nm and a median size of 14.9 nm. The number of particles released from each

taper interface, the corresponding size ranges and the mean and median sizes are summarised in

Table 4.14.
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Figure 4.38 The size distribution of the particles released from stem 1, 2, 9 and 10,

cleaned with the enzymatic treatment.

Table 4.14 The number of particles characterised for each stem sample and the corresponding size

ranges and mean and median dimax.

Sample No of particles Size range Mean dmax Median dmax
Stem 1 85 4-49 nm 16.8 nm (£8.7) 15.5 nm
Stem 2 115 6-37 nm 16.0 nm (£7.4) 14.2 nm
Stem 9 82 7-32 nm 16.9 nm (£6.1) 15.2 nm

Stem 10 8 6-23 nm 13.7 nm (£6.5) 13.0 nm

All stems 290 4-49 nm 16.4 nm (£7.5) 14.9 nm
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The proportions of round, oval and needle-shaped particles originating from the cement-stem
interface and cleaned with the enzymatic treatment are shown in Table 4.15. Most of the particles

were round and oval, with only few needle-shaped (elongated) debris.

Table 4.15 The morphology of the particles originating from all stems and released from the

organic matrix using the enzymatic treatment.

Sample Round % Oval %  Needle shaped %

Stem 1 54 41 5
Stem 2 72 27 1
Stem 9 68 32 0
Stem 10 75 25 0
All stems 66 32 2

Summary

The results of the enzymatic digestion support the findings of the alkaline treatment and suggest that
the Cr and O rich nanoparticles are the major type of debris released in vivo from the CoCrMo stems.
The Cr/Co and P rich needle-like debris indicated that other species such as Cr and Co phosphates

may also be generated at this particular interface.
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4.4 Speciation Analysis

4.4.1 Introduction

The complex nature of the taper and stem debris can make speciation analysis difficult and a single
technique might not always provide the best results. Here, we proposed to identify the oxidation state
of Cr, Co and Ti, and the chemistry of debris using STEM/EELS, TEM/SAED and STXM/XANES.
The main objective of the study was to elucidate the nature of the Cr rich nanoparticles, Ti
nanoparticles and the oxidation state of Co in the partially digested flakes released from both mixed

and matched tapers and/or the cement-stem interface.

4.4.2 The speciation of Cr debris released from Taper 1 and Stem 1 and cleaned with

the enzymatic treatment — STEM/EELS and TEM/SAED analysis

Analytical characterisation of the Cr rich nanoparticles using EELS was performed on three clusters
of debris from stem 1 and one cluster of debris from taper 1. The corresponding EELS spectra are
shown in Figure 4.39, and are plotted together with the EELS spectrum from a cluster of
commercially available Cr,0s, acquired under identical experimental conditions. The O K and Cr
L, 3 core-loss edges at 532 and 577 eV respectively are shown in Figure 4.39 and matched well for

the samples and commercially available Cr,0Os.
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Figure 4.39 The EELS spectra of a standard Cr,O; sample and debris from taper 1 and stem
1, showing the O K and Cr L3 peaks at 532 and 577 eV respectively.
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A small shift to a higher energy value (from 575 to 577 eV) was observed for the Cr core-loss peak
in all samples, including the standard Cr,Os, and has been previously reported for other transition

metals and their oxides, as a result of the increase of the metal oxidation state®”’.

The results of the quantitative EELS analyses are shown in Table 4.16. All the samples and clusters,
including the commercially available Cr.O;, showed a variation from the theoretical 0.66 ratio,
characteristic to the pristine Cr.Os. The quantification analysis of one cluster of debris from stem 1
yielded a Cr/O ratio of 0.63, while the mean ratio of all stem clusters was 0.74. This value and the
ratio obtained for taper debris (0.73) are equal or similar to the ratio reported experimentally for

Cr,0; in a previous study (0.74) and confirms the presence of this species in taper and stem debris®*.

Table 4.16 The Cr/O ratio and composition of Cr,Os standard material and debris released from

taper 1 and stem 1, as provided by the quantitative EELS analysis.

Sample O (at.%) Cr (at.%) Cr/O

Cn0O; 50.3£1.1 49.7+1.1 0.99
Stem 1 1 56.5+1 43.5+1 0.77
Stem 1 2 61.2+2 38.8+£2 0.63

Stem 1 3 54.9+0.4 45.1£0.4 0.82
Taper 1 58.6+1.5 41.2+1.5 0.71

Alternative methods, TEM and SAED, were further used to confirm the chemical form of the Cr and
O rich nanoparticles originating from the taper and cement-stem interface of retrieval 1. The
investigation was performed on three clusters of debris from the CoCrMo taper and three clusters of
debris from the cement-stem interface, which were previously investigated with TEM and EDX, to
confirm the presence of Cr and O. The indexed SAED patterns matched the d-spacing of the various
hkl planes of Cr,0Os and provided a further evidence of the speciation, in addition to the results of the
STEM and EELS investigation. A representative SAED pattern of a cluster of nanoparticles from
taper 1 and the corresponding EDX spectrum are shown in Figure 4.40. Table 4.17 contains the
measured d-spacing, the matching theoretical d-spacing and the corresponding hkl plane of Cr,0Os.
The variations from the standard d-spacing, corresponding to the pristine Cr,O3 samples from the
XRD database, can be justified by the presence of other elements, such as Mo and traces of Co, or
by the errors associated with the d-spacing measurement. A representative cluster of debris from
stem 1 and the corresponding EDX spectra and the indexed SAED pattern are shown in Figure 4.41.
The values for the measured and standard d-spacing and corresponding hkl planes are provided in
Table 4.18. The speciation results from both techniques provided sufficient evidence that the Cr and

O rich nanoparticles released from taper and stem 1 are Cr,Os.
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Figure 4.40 The TEM/SAED investigation of debris from taper 1: A. The TEM micrograph of a
representative cluster; B. The EDX spectrum of the cluster of particles shown in A; C.

The indexed SAED pattern of the cluster shown in A.

Table 4.17 The measured d-spacing of debris from taper 1 and the matched standard d-spacing and
hkl planes of the pristine Cr,0s.

Measured d [nm] Standard d [ nm] hkl

0.2481 0.2479 110
0.1669 0.1672 116
0.2176 0.2175 113
0.1421 0.1431 300
0.1241 0.1239 220
0.1083 0.1087 226
0.0863 0.0866 416
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Table 4.18 The measured d-spacing of debris from stem 1 and the matched standard d-spacing and
hkl planes of the pristine Cr,0Os.

Measured d [nm] Standardd [nm] hkl

0.2478 0.2479 110
0.1661 0.1672 116
0.1436 0.1431 300
0.1061 0.1060 40-2
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Figure 4.41 The TEM/SAED investigation of debris from stem 1: A. The TEM micrograph of
a representative cluster; B. The EDX spectrum of the cluster of particles shown in

A; C. The indexed SAED pattern of the cluster shown in A.
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4.4.3 The speciation of Cr and Co debris released from Taper 2 and Stem 2 and cleaned

with the enzymatic treatment — STXM and XANES analysis

The Cr XANES spectra of some representative clusters of nanoparticles from taper and stem 2, and
the commercially available Cr,Os and CrPOs, serving as standard materials, are shown in Figure
4.42. The investigation was performed on three different clusters from taper 2 and three clusters from
the stem debris. The Cr species released from the CoCrMo interfaces were identified based on the
similarities and differences between the Cr L, 3 edges of the samples and standard materials (i.e. Cr

oxide and phosphate).
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Figure 4.42 The representative Cr L, 3 XANES spectra of debris from taper 2, stem 2 and
standard Cr,O3; and CrPO4 material.

The linear combination fitting yielded a good match between the spectra of the particles and the
spectrum of the commercially available Cr,O3; sample (standard material). Despite the similarities,
the Cr L, 3 edges of the CrPO4 showed particular spectral features, such as the shoulder at 582.2 eV,
which was missing from the XANES spectra of the implant debris. The edge peaks of the samples
(579.2 eV), however, appeared at higher energies compared to the edge peak of the standard Cr,O;
(579 eV) and at lower energies compared to the edge peak of the standard CrPO4 (579.4 eV). The
shift of the edge peaks could be justified by the presence of both Cr oxide and phosphate species in
the partially digested flakes.
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In theory, the spatial resolution of the 108 beamline (Diamond Source Ltd. Harwell, Science and
Innovation campus, UK) is ~20 nm, but this can be difficult to achieve experimentally. The clusters
analysed with this technique, were therefore larger than the clusters of Cr,Os investigated with STEM
and EDX, which were completely released from the organic matrix and contained mainly Cr and O.
It is possible therefore, that the large clusters (dmax~1-5 um) characterised with STXM and XANES
contained Cr,O3; nanoparticles embedded in a matrix of organic material and CrPO4. However, the
STEM and EDX analysis of the cleaned nanoparticles originating from the taper and stem 2 did not
show any P. The combined results of the STEM/EDX and STXM/XANES analysis, therefore,

confirm that the Cr and O rich nanoparticles are Cr,O3.

The average Co XANES spectrum of a cluster of debris released from taper 2 (Figure 4.43) and the
spectra of the standard Co(OH),, Co3(PO4), and CoO are shown in Figure 4.44. The spectra given
by the distinct Co rich regions of the cluster were weak and noisy, and could not be used for
individual spectral matching. The analysis of the mean spectrum of the taper debris revealed that Co
L; edge appeared at 781.5 eV and matched the L; edge photon energy of the Co** standard materials.
The spectral features of the L; peak (781-784 eV) and the presence of a pre-peak at 780 eV,
demonstrated the taper debris is Co(OH),. It is possible however that a blend of various proportions
of Co oxide, hydroxide and phosphate are present in the individual flakes, but because of their low
concentrations, suggested by the weak individual particle signals, the spectral features were difficult
to identify. Also, the point analysis demonstrated that Co species were only present in certain flakes

of the clusters and were completely lacking in others.

Figure 4.43 The STXM micrograph used to determine the Co speciation in debris from
taper 2 (resolution: 26x31um).
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Figure 4.44 The Co L3 XANES spectra of a cluster of debris from taper 2 and
Co(OH)z, Co3(P0O4): and CoO standard materials.

4.4.4 The speciation of debris released from the mixed CoCrMo/Ti alloy tapers (7 and 8)
and cleaned with the enzymatic treatment — STXM/XANES, STEM/EELS and
TEM/SAED analysis

The STEM and EDX characterisation of the debris released from the mixed CoCrMo/Ti alloy tapers
and cleaned with the enzymatic treatment revealed both Ti and Cr rich debris, co-localised or
preferentially distributed across the flakes. In order to identify the species released from the mixed

material taper interface, several techniques, such as STXM/XANES, STEM/EELS and TEM/SAED

were used.

The STXM/XANES analysis investigated the speciation of Cr in debris released from taper 7 and 8,
by comparing the spectral features of the representative clusters with the characteristic features of
Cr;0; and CrPO; standard materials. The analysis included one cluster from each taper and the
corresponding average spectra are shown in Figure 4.45, together with the representative spectra of
the standard materials. For both samples, the Cr L3 edge peak was localised at ~579.2 eV, between
the edge peaks of Cr in the Cr,Os (at 579 eV) and CrPOs respectively (at 579.4 eV).

The shift of the sample’s edge peak from the energy level characteristic to Cr,Os standard material
to the edge peak of the CrPO4 standard material suggested that both species existed in the debris

released from the mixed material tapers. The results of the spectral analysis was also supported by
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the linear fitting, which demonstrated a better match with the Cr,O3 than with the CrPO4 standard.
The weight proportions indicated that ~70% of the Cr rich debris was Cr,O3 with the remaining ~30%
corresponding to the CrPO, phase. The set up used in the study, however, was not able to map the

Cr,0; and CrPO; regions to provide a visual localisation of the species across the clusters of debris.
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Figure 4.45 The representative Cr L, 3 XANES spectra of debris from taper 7, taper 8
and standard Cr;03 and CrPO4 material.

The Co XANES spectra of a cluster of debris released from taper 7 and the spectrum of the Co*"
standard materials are shown in Figure 4.46. The spectra of the taper debris represent the average
absorption signal of the individual particles in the cluster. The concentrations of the Co species in
the mixed material taper debris were minimal and localised, and the individual spectra of the distinct
fragments, identified with the point analysis, were weak and difficult to interpret. The L3 edge of the
average spectra matched the L; edges of the Co®* standard materials (781.5 eV), but the spectra
features did not resemble any of the standards. The rough features of the L; peak (781-784 e¢V) are
similar to those of the Co(OH),, but the pre-peak edge at 780 eV was not present. The unclear results
are potentially the consequence of the low amounts of Co and the possibility that more Co species
comprise the wear and corrosion flakes, which result in an average XANES spectra that doesn’t

match any of the standard materials.
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Figure 4.46 The representative Co L3 XANES spectra of debris from taper 7 and Co(OH),,
Co3(POs), and CoO standard materials.

The XANES analysis of one cluster of Ti debris released from each mixed material taper junction
(taper 7 and 8) demonstrated the presence of TiO.. The features of the average spectrum shown in
Figure 4.47 were compared to the XANES spectrum of the TiO, standard materials reported in the
literature®®. The L3 edges of both samples matched the energies of the TiO» rutile phase. The
spectral features, however, differed from that of the pristine TiO». The shape variation of the second
peak of the L3 edge could be explained either by the particular experimental conditions used in this
study (such as the energy steps) or by the presence of other metallic species, such as Cr and/or Co.
Nevertheless, the XANES analysis demonstrated the speciation of Ti in debris from mixed material

taper junctions, and identified mainly Ti*', as TiO..
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Figure 4.47 The representative Ti L, 3 XANES spectra of debris from taper 7 and taper 8.

Three clusters of debris from each taper 7 and 8, were investigated with STEM and EELS analysis.
The investigation revealed Ti, Cr and O, whose representative K (for O) and L, 3 edges (for Cr and
Ti) are shown in Figure 4.48. The Cr L; edge for all the clusters occurred at 576 eV, close to the
theoretical edge peak energy characteristic for Cr (575 eV). The Ti Lz core loss peak was also shifted
to higher energy values (from 462 to ~464 eV), but the sharp spectral features confirmed the presence

of Ti species. The O K line was visible at ~532 eV, indicating the existence of oxidised Cr and Ti

phases.
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Figure 4.48 The EELS spectra of mixed Cr and Ti debris from taper 7 and 8, showing the Ti
L,3, O K and Cr L, 3 peaks at 464, 532 and 576 eV respectively.

In addition to STEM and EDX analysis, the distribution of Cr, Ti and O across the particles
aggregates was also investigated with STEM and EELS mapping. Figure 4.49 A shows the
localisation of Cr, Ti and O in a representative cluster of debris released from taper 7 and
characterised with STEM and EELS analysis (EELS spectra Taper 7 1 in Figure 4.48). Although
both metals were widely spread across the surface of the particles, the preferential distribution of Cr
and Ti was observed on the top region of the cluster in Figure 4.49 B. Cr was mainly localised on
the round and oval structures, which resemble the particles, while Ti partially overlaps the Cr rich
debris, without following the particle shape. The high-resolution image of the debris marked ‘2’ in
Figure 4.49 B is shown in Figure 4.49 C and corresponds to a crystalline Cr rich nanoparticle. The
measured lattice spacing (0.266 nm) was characteristic of the (104) plane of the Cr.O; phase and

provided the speciation of the Cr rich debris®”.
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Specirum Image

Figure 4.49 The HAADF-STEM and EELS analysis of debris released from taper 7; A.
the STEM/EELS maps showing the distribution of Cr, Ti and O; B. the STEM
micrograph of the cluster investigated with EELS; C. the high-resolution
image of the particle marked with 2.

The quantitative analysis provided the composition of debris in the regions marked 1-5 in Figure
4.49 B. The atomic ratio (Cr/O or Ti/O, represented in tables as X/O) and the atomic percentage
(at. %) for the whole cluster and regions 1-5 are shown in Table 4.19. In most of the regions, the
quantitative results showed an atomic ratio and atomic % matching Cr,TiOs. This mixed Cr and Ti
oxide has an atomic ratio of 0.20:0.40:1/Ti:Cr:O and an atomic percentage of 25% Cr, 62.5% O and
12.5% Ti. This phase, however, requires high pressures and temperatures to form and is therefore
unlikely to be generated in the body, at the taper interface. The results may also suggest the presence
of an equimolar mixture of Cr,O3; and TiO, which has the same atomic ratio and atomic percentage

as the Cr;TiOs.
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Table 4.19 The atomic ratio (X/O, where X is Ti, O or Cr) and atomic % of the cluster and marked

regions in Figure 4.49 B.
Cluster Atomic ratio (X/0O) At %
Ti 0.23 (£0.04) 13.94
(0 1.00 (+0.00) 60.01
Cr 0.43 (£0.06) 26.05
Reg 1 Atomic ratio (X/O) At %
Ti 0.21 (+0.03) 12.29
(0) 1.00 (+0.00) 59.36
Cr 0.48 (+0.06) 28.35
Reg 2 Atomic ratio (X/O) At %
Ti 0.23 (£0.03) 13.09
8 1.00 (£0.00) 55.79
Cr 0.56 (0.08) 31.12
Reg 3 Atomic ratio (X/0O) At %
Ti 0.20 (+0.03) 12.63
(0) 1.00 (+0.00) 62.26
Cr 0.40 (£0.06) 25.12
Reg 4 Atomic ratio (X/0) At %
Ti 0.24 (+0.03) 14.95
(0) 1.00 (+0.00) 61.14
Cr 0.39 (0.05) 2391
Reg 5 Atomic ratio (X/0O) At %
Ti 0.20 (£0.03) 12.40
(0) 1.00 (£0.00) 60.51
Cr 0.45 (£0.06) 27.09

Similar results were obtained from the STEM and EELS mapping of another cluster of particles

originating from taper 7, whose corresponding EELS spectra is shown in Figure 4.48, labelled Taper

7 3. The elemental maps are shown in Figure 4.50 A and demonstrate the co-localisation of Cr, Ti

and O. The high-resolution image of the Cr rich crystalline nanoparticle marked ‘1’ in Figure 4.50

B is shown in Figure 4.50 C and allowed the measurement of the lattice spacing. The value (0.267

nm) corresponds to the (104) plane of the Cr.O3 and confirms the release of this particular phase at

the mixed material taper interface. The overlapping Cr and Ti maps suggest that the Cr rich

nanoparticles and Ti debris are independent phases which are stacked on top of each other, forming

the debris agglomerate.
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Figure 4.50 The HAADF-STEM and EELS analysis of debris released from taper 7; A. the
STEM/EELS maps showing the distribution of Cr, Ti and O; B. the STEM
micrograph of the cluster investigated with EELS; C. the high-resolution image
of the particle marked with 1.

The quantitative analysis of the whole cluster shown in Figure 4.50 B and the Cr rich crystalline

nanoparticles marked ‘1’ and represented in Figure 4.50 C, also confirmed the presence of mixed

Cr,0; and TiO,. The results are shown in Table 4.20 and correspond to an equimolar mixture of

Cr,0s and TiOs, or the mixed Cr and Ti oxide (i.e. Cr2TiOs).

The STEM and EELS mapping and quantitative and qualitative analysis of more clusters of debris

released from the mixed CoCrMo/Ti taper junctions (i.e. taper 7 and 8) are available in Appendix B

and C.
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Table 4.20 The atomic ratio (X/O, where X is Ti, O or Cr) and atomic % of the cluster and marked

regions in Figure 4.50

Cluster Atomic ratio (X/0O) At %

Ti 0.28 (x0.04) 16.63
0) 1.00 (+£0.00) 58.61
Cr 0.42 (x0.06) 24.76
Reg 1 Atomic ratio (X/0) At %
Ti 0.23 (x0.04) 13.88
(0) 1.00 (£0.00) 60.24
Cr 0.43 (£0.006) 25.88

The methods used so far in this study to understand the speciation of the Cr and Ti rich debris (i.e.
STXM/XANES and STEM/EELS) provided reliable evidence of the presence of Cr,Os and TiO,.
The quantitative EELS results showed that equal amounts of Cr and Ti oxides were released from
the mixed material taper interface. To confirm the presence of TiO; in addition to Cr,O3, TEM and
SAED analysis were used. The investigation included one cluster of debris released from taper 7 and
three clusters of debris released from taper 8. Figure 4.51 A and B show the TEM micrograph of a

cluster of particles released from taper 8, and the corresponding SAED pattern.

.

SN SRR 10 1/nm

Figure 4.51 The TEM/SAED investigation of debris from taper 8: A. The TEM micrograph of

a representative cluster; B. The indexed SAED pattern of the cluster shown in A.
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The measured d-spacing and the lattice spacing of the possible oxides (standard Cr,Os, TiO, and
Cr,TiOs) and the associated hkl planes are shown in Table 4.21. Some of the measured lattice spacing
matched the d-spacing of more different planes of the distinct phases (i.e. Cr203, TiO; or Cr2TiOs
pristine materials). Others, however, corresponded to either TiO, or Cr»O; and thus demonstrated
their release from the mixed material taper junctions. For all the investigated clusters, the results

suggested the presence of a mixture of Cr,Os and TiO,, but their proportion remained unknown.

Table 4.21 The measure d-spacing of debris from taper 8 and the matched standard d-spacing and
hkl planes of the pristine Cr,TiOs, Cr,0; and TiOs.

Measured d [nm] Standard d [nm]

Cr2TiOs hkl Cr203 hkl TiO; hkl
1 0.234 0.233 211 - - 0.234 220
2 0.207 0.210 -311 0.205 202
3 0.161 0.163 400 - - 0.161 113
4 0.135 - - - - 0.136 400
5 0.103 - - 0.104 2110 - -
6 0.081 - - 0.083 330 - -
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4.5 Comparative Studies

4.5.1 The effects of the alkaline and enzymatic treatments on the particle characteristics

The study assessed the efficiency of the alkaline and enzymatic treatments, with respect to:

1) The ability to breakdown the organic matrix (biomolecules and salts) and provide clean particles

for the detailed structural characterisation;
ii) Their effects on the particle morphology and size distribution;
iii) Their effects on the particle composition;

The investigation included debris from three CoCrMo secondary interfaces (taper 1, taper 2 and stem
9), which were subjected to the alkaline and enzymatic cleaning and were characterised using state-
of-the-art imaging techniques. The ability of the treatments to release particles from the organic
matrix was assessed by comparing the STEM micrographs of cleaned debris with micrographs of as-
retrieved debris (i.e. uncleaned) from the same wear site. The micrographs corresponding to the as-
retrieved debris from taper 1 are shown in Figure 4.52 column A and revealed the level of native
contamination. The low and high-resolution micrographs showed clusters of nanoparticles embedded
in a less electron dense phase, compared to the metal particles, which represented most of the
sample’s area. The micrographs of the particles cleaned with the enzymatic and alkaline treatments
are shown in Figure 4.52 column B and C respectively. Both treatments resulted in large aggregates
surrounded by less organic matrix and more particles exposed for analyses. The high-resolution
micrographs of the particles cleaned with the alkaline and enzymatic treatments revealed the lattice
fringes of the crystalline structures, which served as a method to identify the Cr oxide phase (Cr,03).
Despite the efficiency of the cleaning procedures which resulted in clean debris, traces of biological

contamination were still visible after both treatments.

The comparison between debris released from taper 1, cleaned with the alkaline and enzymatic
treatments did not reveal differences between the levels of contamination. However, the comparison
of debris released from taper 2 and stem 9 and cleaned with the alkaline and enzymatic treatment
suggested that cleaner particles resulted from the alkaline digestion. Representative micrographs of
debris cleaned with each of the treatments are shown in Chapter 4.2. for taper 1 and 2, and in Chapter
4.3 for stem 9. The comparison, however, did not provide any quantitative or statistical results to
support the conclusions drawn from the visual assessment of the level of contamination, which
indicated that the alkaline treatment was more efficient in breaking down the organic matrix to

release clean particulate debris.

139



Chapter 4

A. As-retrieved debris. B. Enzymatic cleaning. C. Alkaline cleaning.

;.'

&

100 nm R 100 nm 100 nm

20080m . .

Figure 4.52 The HAADF-STEM micrographs as-retrieved debris from taper 1 (Column A),
cleaned with the enzymatic (Column B) and alkaline treatment respectively
(Column C), showing the level of biological contamination before and after the

treatments.

The effect of the treatments on the particle morphology and size distribution was assessed based on
the investigation of at least 75 particles from each sample and digestion treatment. The number of
particles characterised, the size ranges and the mean and median dm.x for each sample and treatment
are shown in Table 4.22. Figure 4.53 shows the size distributions of the particles released from taper

1, taper 2 and stem 9, cleaned with both treatments.
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Table 4.22 The number of particles characterised for each sample and the corresponding size ranges

and mean and median dm.x after the alkaline and enzymatic treatment.

Sample Treatment  No particles  Size range Mean dmax Median dmax
Taper 1  Enzymatic 75 4-64 nm 23.5 nm (£14.0) 20 nm
Alkaline 100 3-60 nm 15.9 nm (£11.8) 12 nm
Taper 2  Enzymatic 107 5-67 nm 24.4 nm (£12.6) 22 nm
Alkaline 110 3-65 nm 20.3 nm (£13.3) 17 nm
Stem 1 Enzymatic 82 7-32 nm 16.9 nm (£6.1) 15 nm
Alkaline 83 6-37 nm 17.1 nm (£7.1) 16 nm
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The particles released from the same wear site (i.e. taper 1, taper 2 or stem 9) and cleaned using the
alkaline or enzymatic digestion, had similar size ranges, regardless of the treatment used. However,
for each taper sample, the average particle sizes were smaller after the alkaline treatment (15.9 nm
(+11.0) vs 23.5 nm (£14.0) for taper 1; 20.3 nm (+13.3) vs 24.4 nm (+12.6) for taper 2) and the
differences between the mean sizes after the two treatments were statistically significant (p<<0.0002
for taper 1 and p<0.03 for taper 2). In contrast, the particles released from the stem interface had a
smaller average size after the enzymatic treatment (16.9 nm (+6.1) vs 17.1 nm (£7.1)), but the

difference between the two distributions was not statistically significant (p>0.5).

The morphological characteristics of the particles, assessed from the AR values, are shown in Table
4.23. With both treatments, the particles released from the stem interface are mainly round or oval,

with few needle-shaped debris.

Table 4.23 The morphology of the particles originating from taper 1, taper 2 and stem 9, cleaned

with the alkaline and enzymatic treatments.

Sample Treatment Round Oval Needle shaped

Taper 1 Enzymatic 48% 49% 3%

Alkaline 69% 29% 2%

Taper 2 Enzymatic 39% 53% 8%

Alkaline 61% 39% 0%

Stem 1 Enzymatic 62% 32% 0%

Alkaline 52% 37% 11%

The average proportions of Cr, Co and Mo in the particles cleaned with the enzymatic and alkaline
treatments are shown in Figure 4.54. After the alkaline treatment, the particles released from tapers
(Figure 4.54 A and B) experienced a significant decrease in the Cr content, concomitant with an
increase of the Co proportion, compared to the particles cleaned with the enzymatic treatment
(p<0.0003 for taper 1 and p<0.02 for taper 2). For taper 1, the proportions of Cr and Co in particles
cleaned with the enzymatic treatment were 88.0% (£3.5) and 10.5% (+4.0) respectively, and those
in debris cleaned with the alkaline treatment were 79.7% (£3.6) and 19.4% (£3.6) respectively. For
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taper 2 the concentrations of Cr and Co after the enzymatic treatment were 91.3% (£5.4) and 7.9%

(£5.7) respectively, and 73.4% (£3.3) Cr and 25.6% (+3.3) Co after the alkaline treatment.

The particles released from the cement-stem interface (Figure 4.54 C) contained more Cr in the
particles cleaned with the alkaline treatment (78.4% (£0.9)) than in the particles treated with the
enzymatic protocol (76.7% (£1.2)). The difference was statistically significant, but p=0.04 was close
to the level of confidence (i.e. 0.05).

In contrast, the P content in the taper and stem samples was lower after the alkaline treatment (Figure
3 D) (6.9% (£3.6) vs 23.2% (£6.9), p<107 for taper 1; 9.8% (£1.0) vs 20.3% (£6.8), p>0.05 for taper
2;2.5% (£1.1) vs 21.1% (£1.7), p<107 for stem). The proportion of P, therefore, suggested that the
alkaline treatment was more efficient in breaking down and dissolving the organic matrix, compared
to the enzymatic treatment. The number of particles used to determine the composition of debris with
EDX analysis, varied from 16 to 60 for the samples cleaned with the enzymatic treatment and from

30 to 50 for the samples cleaned with the alkaline protocol.
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Figure 4.54 The variation of Cr, Co and Mo proportions with treatments, for A. taper 1, B.
taper 2 and C. stem 9. The variation of P (decrease) after the alkaline treatment
in comparison to the enzymatic digestion is shown in D. (p<0.05*; p<0.001%*%*;

p<10-5***)
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4.5.2 Comparison between imaging techniques: TEM vs STEM

The TEM investigation was used as a complementary imaging technique which aimed to select the
grids and sample to be investigated with the HR-STEM. The technique revealed all types of debris
shown in the previous sections using HR-STEM after the alkaline and enzymatic cleaning.
Representative micrographs of the Cr oxide nanoparticle or Co rich needle-like debris are shown in
Figure 4.56. The EDX maps in Figure 4.55 revealed the metallic elements that comprised the
partially digested flakes or the Cr rich clusters of nanoparticles. However, due to the limited spatial

resolution, the structural details of the individual debris could not be determined by TEM imaging.

The investigation using TEM identified mainly clusters of debris, which in some cases, allowed for
the measurement of the particle size. In some situations, particularly when the clusters were dense
and thick, the particle boundaries could not be easily distinguished and the measurement of the
particle size was difficult, and potentially associated with errors. This study proposed to assess the
differences between the particle size distributions of the taper and stem debris, determined using a
TEM representative for the old generation of the electron microscopes, and a HR-STEM, which

allowed a more detailed and accurate characterisation of the particles.

Figure 4.55 The TEM and EDX maps of
a cluster of mixed Co and Cr
debris released from taper 3.
The EDX maps show that

Cr, Co and O are co-

localised across the flake.
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Figure 4.56 The TEM micrographs of round clusters of Cr rich nanoparticles, needle-like

Co rich structures and Ca agglomerates (see arrow) released from taper and

cement-stem interface and cleaned with the alkaline or enzymatic treatment.
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The particles size distributions of debris from 2 tapers (taper 1 and 2) and 3 stems (stem 9, 10 and
11), cleaned with the alkaline or enzymatic treatments and characterised by both TEM and HR-
STEM are shown in Figure 4.57. The number of the particles investigated and the corresponding
size ranges and mean and median dm.x are shown in Table 4.24. For all the samples, the size ranges
after the TEM characterisation were shifted to higher sizes than those revealed after the STEM
investigation. Both the smallest and the largest particles of the size rages that resulted after the TEM
characterisation were larger than those revealed by STEM. Also, the mean and median sizes were
smallest for all the samples characterised by STEM, although only for three samples the differences
were statistically significant (p<0.002 for taper 1 — alkaline, p<10~ for stem 9, and p<10™ for stem
10).

Table 4.24 The number of particles characterised for each sample using TEM and STEM, and the

corresponding size ranges and mean and median dmax after the alkaline or enzymatic

treatment.

Sample EM No of particles  Size range Mean dmax Median dmax
Taper 1 TEM 75 7-64 nm 26.4nm (£11.4) 27.3 nm
(enzymatic) STEM 75 4-64 nm 23.5 nm (£14.0) 20.3 nm
Taper 1 TEM 67 5-98 nm 22.6 nm (£14.7) 22.1 nm
(alkaline) STEM 100 3-60 nm 15.9 nm (£11.0) 11.8 nm
Taper2 TEM 25 4-66 nm 22.3 nm (£14.9) 18.1 nm
(alkaline) STEM 110 3-65 nm 20.3 nm (£13.3) 16.8 nm
Stem9 TEM 28 12-43 nm 25.8 nm (£9.4) 22.6 nm
(alkaline) STEM 83 6-37 nm 17.2 nm (£7.1) 15.9 nm
Stem 10 TEM 38 10.6-40 nm 22.5 nm (£8.1) 21.5 nm

(alkaline) STEM 33 6.2-34 nm 15.7 nm (£6.9) 6.2 nm

Stem 11 TEM 50 10-39 nm 22.8 nm (£6.8) 22.2 nm
(alkaline) STEM 22 9-31 nm 19.9 nm (£5.7) 19.8 nm
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Figure 4.57 The size distribution of particles released from A: taper 1 (enzymatic), B: taper 1
(alkaline), C: taper 2 (alkaline), D: stem 9 (alkaline), E: stem 10 (alkaline) and F: stem 11
(alkaline), investigated with TEM (red) and STEM (blue). *p<10-2; **p<107; ***p<10*
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The distributions of the particles in the three main morphology categories are shown in Table 4.25.
The particles released from all the samples were mainly round and oval, but their proportions
depended on the imaging technique. For taper 1 (alkaline), stem 10 and stem 11, the particle
morphology classifications were in agreement after the TEM and STEM characterisation. For the
other three samples, however, the proportions of the round, oval and needle-shaped particles differed
with the electron microscopy technique. The differences, however, may not be necessarily attributed
to the use of different techniques. The characteristics of the particles may differ from one fragment

to another, although they originated from the same wear site and retrieval.

Table 4.25 The morphology of the particles characterised for each sample using TEM and STEM.

Sample EM Round % Oval %  Needle shaped %
Taper 1 TEM 71 28 1
(enzymatic) STEM 48 49 3
Taper 1 TEM 55 33 12
(alkaline) STEM 69 29 2
Taper 2 TEM 36 56 8
(alkaline) STEM 61 39 0
Stem9 TEM 29 50 21
(alkaline) STEM 75 25 0
Stem 10 TEM 87 13 0
(alkaline) STEM 85 12 3
Stem 11 TEM 26 60 14
(alkaline) STEM 36 64 0

Here, the comparative study suggested that the particles size distributions may be different when
using TEM and STEM. However, statistical significance (p<0.05) was only found between half of
the investigated samples. The size ranges were different for all the samples, with the TEM

characterisation revealing larger particles as a consequence of the limited spatial resolution.
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4.5.3 Comparison between debris released from the CoCrMo tapers and cement-stem

interface of the same retrieval

The main objectives of this section were:
1) To assess the differences between the morphology and size distribution of taper and stem debris;
ii) To compare the composition and speciation of debris in relation to the origin;

The investigation included debris released from the taper and cement-stem interface of retrievals 1
and 2 (i.e. taper and stem 1, taper and stem 2). The particles were subjected to cleaning using the
enzymatic treatment and were characterised with STEM/EDX, STEM/EELS and TEM/SAED to

determine the morphology, size distribution, composition and phase analysis.

At least 75 particles from each wear site were characterised to investigate the morphology and size
distribution of the representative particulate debris. Table 4.26 shows the number of particles, the

corresponding size ranges and the mean and median dmax of the particles in relation to their origin.

Table 4.26 The number of particles characterised for each sample and wear site, and the

corresponding size ranges and mean and median dmax after the enzymatic treatment.

Sample No of particles Size range Mean dmax Median dmax
Taper1 75 4-64 nm 24 nm (£14.0) 20 nm
Stem 1 85 4-49 nm 17 nm (£8.7) 16 nm
Taper2 107 6-67 nm 24 nm (£12.6) 22 nm
Stem2 115 6-37 nm 16 nm (£7.4) 14 nm
All tapers 182 4-67 nm 24 nm (£13.2) 21 nm
All stems 200 4-49 nm 16 nm (£7.9) 15 nm

The size distributions of the particles released from each taper-stem couple (i.e. taper and cement-
stem interface of the same implant retrieval) are shown in Figure 4.58 A and B. The particles
originating from the CoCrMo tapers have significantly wider size distributions and larger mean (24
nm (+£14.0 nm) vs 17 nm (£8.7 nm) for taper-stem 1 and 24 nm (+12.6 nm) vs 16 nm (+7.4 nm) for
taper-stem 2) and median dmax than the particles released from the corresponding stem interfaces
(p<0.001 and p<10~® for taper-stem 1 and taper-stem 2 respectively). The comparison between the
size of the particles from taper 1 and taper 2, and stem 1 and stem 2 respectively, showed no

significant differences (p=0.7 for tapers and p=0.5 for stems). Comparison between the size
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distributions of the particles from tapers and stems (Figure 4.58 C) showed significant differences
between the taper and stem debris (p<10°). The particles from all tapers and stems were in the

nanometre size range, with none larger than 70 nm.
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The results of the morphology comparison are summarised in Table 4.27 and show that more oval
particles were released from the tapers, compared to the particles released from the cement-stem

interface, which were mainly round.

The mean sizes of the round, oval and needle-shaped particles released from each taper and cement-
stem interface are shown in Table 4.28. The round particles were the smallest and the particle sizes
increased for the oval and needle-shaped debris. The statistical analysis, however, only showed
significant differences between the sizes of the round and needle (p<0.05), and oval and needle-
shaped particles (p<0.05) originating from stem 1, and between the round and needle-shaped particles
released from taper 2 (p<10”). The percentage of needle-shaped particles varied from 1 to 8% for
all the samples, while the round and oval debris was more abundant (see Table 4.27) and the
statistical differences could be a consequence of the small number of particles in the needle-shaped

category.
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Table 4.27 The results of the morphology analysis, showing the percentage of round, oval and

needle-shaped particles released from each taper and stem sample.

Sample Round % Oval %  Needle shaped %
Taper 1 48 49 3

Stem 1 54 41 5
Taper 2 39 53 8

Stem 2 72 27 1

Table 4.28 The mean sizes of the round, oval and needle-shaped particles released from tapers and

associated stems.

Sample Mean dmax

Round Oval Needle-shaped
Taper 1 21 nm 25 nm 37 nm
Stem 1* 15 nm 19 nm 23 nm
Taper 2%* 21 nm 26 nm 32 nm
Stem 2 15 nm 18 nm 25 nm

The average elemental composition of the round and oval particles released from tapers and stems

are shown in Table 4.29. The results were obtained from the STEM/EDX quantitative analysis of 5

to 11 particles from each wear site and morphology type, and did not include needle-shaped particles,

which were more difficult to find to gain enough data for the statistical analysis. The comparison

between the composition of the round and oval particles from the same source (i.e. round vs oval

particles from tapers and round vs oval particles from stems) showed no significant differences

(p>0.1 for both tapers and stems). Similarly, the comparison between the composition of the particles

with the same morphology but with different origin (i.e. round particles from tapers vs round particles

from stems and oval particles from tapers vs oval particles from stems) showed no significant

differences between the mean Cr, Co and Mo amounts (p>0.5 for round particles and p>0.1 for oval

particles).
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Table 4.29 The average composition of round and oval particles released from tapers and stems,

resulted from the STEM and EDX quantitative analysis.

Sample  Morphology Composition
Cr% Co%  Mo%
Tapers  Round 82 17 1
Oval 85 13 2
Stems Round 84 15 1
Oval 81 18 1

The speciation analysis, discussed in the previous sections (4.4.), identified mainly Cr,Os debris

released from both wear sites.
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4.5.4 Comparison between the morphology and size distributions of debris released

from all tapers and all stems (alkaline and enzymatic treatments)

The comparison between the size of the particles released from the tapers and cement-stem interfaces
included 442 particles from three CoCrMo tapers (taper 1, 2 and 3) and 445 particles from six
CoCrMo stems (stem 1, 2, 9, 10, 11 and 12). The classification of the particles with respect to the
origin and cleaning procedure, the corresponding size ranges and the mean and median dm.x for each
category of debris are shown in Table 4.30. The comparison between the size of the particles released
from tapers and stems and cleaned with the same treatment (i.e. alkaline or enzymatic), revealed that
significantly larger particles originated from the taper interface, regardless of the treatment used
(p<10™ for the alkaline treatment; p<10"'' for the enzymatic treatment). Similarly, the comparison
between the size distributions of all the particles released from the CoCrMo tapers and all the
particles originating from the cement-stem interface (cleaned with either of the treatments) supported
the fact that smaller particles were released from the cemented stems (p<10"*). The comparisons

between the particle size distributions for each category are shown in Figure 4.59.

Table 4.30 The number of particles used to determine the size distribution of debris released from
tapers and cement-stem interface, classified according to the treatment used for particle
cleaning. Tapers cleaned with the alkaline procedure: taper 1, 2 and 3; stems cleaned
with the alkaline treatment: stem 9, 10, 11 and 12; tapers cleaned with the
enzymatic procedure: taper 1 and 2; stems cleaned with the enzymatic protocol:
stem 1, 2, 9 and 10.

Sample No of particles Size range  Mean dmax Median dmax
Tapers 260 3-77 nm 20.8 nm (£13.8)  16.8 nm
(alkaline)
Stems 155 5-37 nm 16.4 nm (£7.1) 15.1 nm
(alkaline)
Tapers 182 4-67 nm 240 nm (£13.2) 21.4nm
(enzymatic)
Stems 290 4-49 nm 16.4 nm (£7.4) 14.9 nm
(enzymatic)
Tapers (all) 442 3-77 nm 22.1 nm (£13.6) 18.6 nm
Stems (all) 445 4-49 nm 16.4 nm (£7.3) 14.9 nm
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The taper debris cleaned with the enzymatic treatment comprised a higher percentage of oval

particles than the stem debris cleaned with the same treatment (52% vs 31%). The results of the

morphology study are shown in Table 4.31 and indicate that both taper and stem debris (alkaline and

enzymatic treatments) contain mainly round and oval particles, with few needle-shaped structures.
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Table 4.31 The results of the morphology analysis, showing the percentage of round, oval and

needle-shaped particles released from each taper and stem category.

Sample Round % Oval %  Needle shaped %

Tapers 66 33 1
(alkaline)
Stems 56 35 7
(alkaline)
Tapers 43 52 5
(enzymatic)
Stems 68 31 1
(enzymatic)
Tapers (all) 56 41 3
Stems (all) 65 32 3
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4.5.5 Comparison between debris from toggling and non-toggling tapers

The RedLux Imaging was used to identify the wear mechanisms underlying the release of debris
from the CoCrMo taper interfaces and helped select the retrievals suitable for the comparative study.
According to the RedLux investigation, taper 1 and taper 2 were subjected to different wear
mechanisms and were further used for comparison. The retrieved wear and corrosion flakes were
cleaned using the enzymatic and alkaline treatments and the isolated debris was characterised to

determine the particle size and morphology. The main objectives of study were to:
1) Correlate the characteristics of the particles in relation to the dominant wear mechanism;
ii) Compare the characteristics of debris released from CoCrMo tapers by different wear processes;

Figure 4.60 represents the height maps for retrievals 1 and 2 and shows the deviation of the tapers
from their initial geometry, as a result of wear and corrosion. The original surface is preserved for 2-
3 mm at the proximal and distal end of the tapers, appearing in green for taper 1, and yellow for taper

2, while the regions affected by material loss are in blue, purple or black.
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Figure 4.60 RedLux images showing the loss of material from the female side of

the taper junctions 1 and 2 (bore of the head).

In the case of taper 1 (non-toggling taper), the damage is uniformly distributed around the
circumference and along the length of the taper-trunnion overlap, with a ring of material loss around
the distal open end of the taper-trunnion overlap, likely due to a corrosion-dominated process. The
total volumetric loss from the female taper of implant 1 was 3.291 mm®, with a maximum depth of

the wear scar of 25.75 um.
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The damage profile for taper 2 demonstrates that a toggling motion occurred between the taper and
the trunnion, characterised by the deepest points of loss being at the distal end of the 0° and the
proximal end of the 180° images in Figure 4.60. The most affected region was the distal region of
the taper-trunnion contact with a maximum depth of 19.9 um and a total volumetric material loss of

3.479 mm’.

Table 4.32 The number of particles characterised for the toggling and non-toggling tapers, and the

corresponding size ranges and mean and median dmax after the enzymatic and alkaline

treatments.
Sample No of particles Size range Mean dmax Median dmax
Enzymatic treatment
Taper1 75 4-64 nm 23.5nm (£14.0) 20.3 nm
(non-toggling)
Taper2 107 6-67 nm 244 nm (£12.6) 22.1 nm
(toggling)

Alkaline treatment

Taper 1 100 3-60 nm 159nm (£11.0) 11.8 nm
(non-toggling)

Taper2 110 3-65 nm 20.3 nm (£13.3) 16.8 nm
(toggling)

The STEM micrographs of the cleaned particles released from taper 1 and taper 2 can be found in
section 4.2. A and B. At least 75 particles from each wear site were characterised to investigate the
morphology and size distribution of the representative particulate debris. Table 4.32 shows the
number of particles, the corresponding size ranges and the mean and median dm.x of the isolated

debris, in relation to their origin and cleaning treatment.

The size distributions of the particles released from the toggling and non-toggling CoCrMo taper
junctions are shown in Figure 4.61 A and B. Debris from both tapers and cleaned with the enzymatic
treatment have similar size ranges, and are not statistically different (p>0.5) (Figure 4.61 A). These
results, however, are not supported by the statistical analysis of the size distributions of debris from
taper 1 and 2 and cleaned with the alkaline treatment (Figure 4.61 B), which revealed significantly

smaller particles from the non-toggling taper (p<0.01).
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The morphology classification of the cleaned debris, in relation to the wear mechanism and cleaning
procedure is shown in Table 4.33. The comparison between the particles released from the toggling
and non-toggling tapers and cleaned using the same protocols, showed similar results. The
morphology of the particles appears to be more dependent on the cleaning procedure than on the

wear mechanisms responsible for their release.
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Figure 4.61 The size distribution of particles released from a toggling (blue) and non-toggling (red)
CoCrMo taper junction, cleaned with: A. the enzymatic treatment and B. the alkaline

treatment.

Table 4.33 The comparison between the morphology of the particles released from a toggling and

non-toggling taper junction and cleaned with the alkaline or enzymatic treatment.

Sample Round % Oval %  Needle shaped %

Enzymatic treatment

Taper 1 (non-toggling) 48 49 3
Taper 2 (toggling) 40 53 7

Alkaline treatment

Taper 1 (non-toggling) 69 29 2
Taper 2 (toggling) 57 41 2

The speciation analysis (section 4.4.) did not find any difference between the Cr rich phases (i.e.

Cr,0;) released from the toggling and non-toggling tapers (taper 1 and taper 2).
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4.5.6 Comparison between debris from mixed (CoCrMo/Ti alloy) and matched
(CoCrMo/CoCrMo) material taper junctions

The comparison between the wear and corrosion products released from the mixed and matched
material taper junctions included debris from two retrievals from each taper category (i.e. taper 1 and
taper 2 for the matched material tapers and taper 7 and 8 for the mixed material group), cleaned with
the enzymatic treatment. Representative STEM micrographs of the particles originating at these

particular interfaces are shown in section 4.2. B. The study proposed to:

1) Assess the differences between the size and morphology of debris from mixed and matched

material tapers;
i1) Identify the main Cr and Co species released from the mixed and matched material tapers;

The particle morphology and size distribution resulted from the STEM characterisation of at least
182 particles from each taper group. The number of particles included in the study and the
corresponding size ranges and mean and median dma.x are shown in Table 4.34. The associated
particle size distributions are shown in Figure 4.62. The particles released from the matched material
taper junctions had a narrower size distribution and smaller mean and median dmax in comparison to
debris released from the mixed taper junctions. The statistical analysis revealed significant
differences between the size distributions of the particles originating from the mixed and matched

material taper interfaces (p<10™*).

Table 4.34 The number of particles included in the mixed and matched taper categories and the

corresponding size ranges and mean and median dmax.

Sample No of particles Size range Mean dmax Median dmax
Matched 182 4-67 nm 24.0nm (£13.2) 21.4nm
(CoCrMo)
Mixed 266 4-149 nm 39.2nm (£23.7) 344 nm
(CoCrMo/Ti)

The morphology of the particles from each taper category is shown in Table 4.35. The matched

material taper junctions released mainly oval and round particles, with few needle-shaped structures.

The speciation analysis using STEM/EELS, STXM/XANES and TEM/EDX was detailed in section
4.4. and found mainly Cr’" as Cr,O; and Co*" potentially in the form of Co(OH),, in debris from both
taper groups. The investigation revealed that the same Cr species are released regardless of the taper
material combination, but larger nanoparticles originate from the mixed CoCrMo/Ti alloy taper

junctions than the particles released from the matched CoCrMo taper junctions.
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Figure 4.62 The comparison between the size distributions of debris released from the
mixed and matched material taper junctions, cleaned with the enzymatic

treatment.

Table 4.35 The comparison between the morphology of the particles released from mixed and

matched material tapers and cleaned with the enzymatic treatment.

Sample Round % Oval %  Needle shaped %
Matched (CoCrMo) 43 52 5
Mixed (CoCrMo/Ti) 58 34 8
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Chapter S Discussion

5.1 Introduction

The chapter addresses how the results of the present study relate to the findings of the previous
research and outlines the contribution of the project to the progress of the field. The number of studies
reporting on debris released from the bearing surfaces exceeds that of studies which characterise
debris from the secondary interfaces in total hip replacements. Even less journal papers succeeded to
reveal the fine structural details and composition of the particles that comprise the wear and corrosion
flakes from around retrievals, regardless of the source/interface of material loss. This makes the
comparison between studies difficult and provides room for discussions, which are mainly caused by
the lack of standardised particle characterisation methods. Apart from emphasising the relevance of
the findings and how they fill in the gaps of the previous research, the chapter also brings up the

limitations of the actual study and advises on how these could be addressed in the future work.

5.2 The Structure and Composition of the Wear and Corrosion

Flakes

Previous retrieval studies reported black and flaky wear and corrosion products around the modular
tapers or at  the cement-stem interface in  total hip replacements’
4,26,29,31,32,41,49,169,174,177,180,190,214,220,230,238,239,246,31(%313. The presence Of debris was associated in most
cases with signs of mechanical damage or tribocorrosion of the retrieved components’
4,26,29,31,32,41,49,169,174,177,180,190,214,220,230,238,239,246,31(%313. The pl‘eViouS Characterisation Of these pl‘OduCtS
using SEM and EDX revealed various metals originating from the adjacent metallic
interface?®*2214230313314 The origin of debris and the underlying mechanisms responsible for their
release are not fully understood yet, although some of the existing theories are well sustained by

experimental findings->2+-230:246:203315

Here, the results of the ICP-MS analysis and SEM/EDX mapping revealed the organo-metallic nature
of the wear and corrosion flakes. These comprised metal debris and corrosion products mechanically
mixed with salts and organic material, and support the mechanisms proposed by Bryant et al.*’ and
Zeng et al.”** to explain the material loss from tapers and cement-stem interface. The composition of
the flakes and the proportion of the various elements in the investigated fragments was initially
confirmed by ICP-MS analysis, which according to our knowledge, has only been used once before
to characterise wear and corrosion products from secondary interfaces in total hip replacements®°.
The previous study revealed black deposits of Co and Cr debris on the cement mantle and

demonstrated the transfer of material from the stem, as a result of tribocorrosion. The ICP-MS results

were in agreement with the findings of the present study and reported more Cr than Co in the wear
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and corrosion products collected from the retrieved fragments of the cement mantle. The method
provided the rapid analysis of numerous samples and allowed the simultaneous quantification of
various metals, by the use of pre-defined concentrations of metal standard aliquots. The analyses
revealed that only a small proportion of the flakes’” weight corresponded to metals, suggesting that
non-metallic species might also be part of the flake’s composition. The flakes comprised mainly Cr,
Co and Mo, and the proportions of these elements varied with the sample, although there was no
relation with the site of material loss. The SEM/EDX characterisation of fragments of flakes provided
the visual distribution of the metallic and non-metallic elements across the surface of the investigated
debris. The distribution maps confirmed the presence of Ca, P and C, which likely originate from the
biological fluids bathing the metallic interfaces in the joint cavity. One such fluid is the synovial fluid
which has a composition similar to that of the blood plasma and is rich in proteins, such as albumin,
hyaluronic acid and surface active lipids, believed to play an important role in the lubrication of the
artificial joints®***’*'°. The presence of non-metallic species in the wear and corrosion flakes, can
be therefore easily justified. The most important clue that supports the presence of the organo-
metallic composites at the tapers and cement-stem interface is the preferential distribution of the
various metallic and non-metallic elements in different fragments of debris released from the same
wear site. The different morphologies and compositions of the pink and black flakes suggested the
release of different chemical species from the wear sites, which are mechanically mixed at the
interface, resulting in flakes with heterogeneous compositions. Both ICP-MS and EDX/SEM analysis
suggested that the flakes are not homogenous and result from a mechanical mixing process of metal
debris, corrosion products, salts and biomolecules from the body. This process resulted in unevenly
distributed metallic and non-metallic species inside the bore of the head or around the base of the
trunnion, which coincided to metal rich or metal depleted fragments of flakes, which were reported

with both ICP-MS and SEM/EDX characterisation.

The investigation of the bore surface of the CoCrMo heads, performed by Zeng et al.”**, found a
carbonaceous layer believed to result from the absorption of proteins and biomolecules from the
synovial fluid. The underneath layer consisted of packed Cr,O; and a nanocrystalline layer deep
under the surface. At the head-stem contact region, however, the investigation revealed a mixture of
Cr, C and O, which suggested the formation of a mechanically mixed layer. This description matches
the findings of the present study, which resulted from the ICP-MS and SEM/EDX characterisation
of the CoCrMo taper flakes and revealed mechanically mixed metal debris and non-metallic species.
A similar mechanism was proposed by Bryant et al.?’ to explain the release of debris at the cement-

stem interface, and by Wimmer et al.'**'* to explain the wear of the MoM bearing surfaces.

Despite the previous studies?****°

which investigated the sub structure of the taper and stem
surfaces to reveal the origin of debris, little is known about the morphology and composition of the
wear and corrosion products released from these interfaces. To our knowledge, the present study is

the first to digest and clean the wear and corrosion flakes, to reveal the smallest building blocks that
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make up the taper and stem debris. The use of complementary imaging and analytical techniques
contributed to a better understanding of the structure of the wear and corrosion flakes and revealed
the fine structural details of the particulate debris. The presence of nano-sized Cr,O; particles
embedded in an organic matrix of Ca, C and P mixed with traces of corrosion products, such as
Co3(POx),, support the mechanism proposed by Zeng et al.***, Bryant et al.”” and Wimmer et al."* to

explain the formation of debris at the metallic interfaces. The Cr,O; layer reported by Zeng et al.?*

at the head-taper interface and by Bryant et al.”

at the cement-stem interface is very likely the origin
of the Cr rich nanoparticles found in the present study by the HR-STEM characterisation. The
formation of Co and P rich precipitate at the surface of the taper flakes can be a consequence of the
corrosion processes occurring at the crevice. Here, the harsh conditions, characterised by the low pH
and reduced O concentrations, as well as the presence of corrosive anionic species, such as CI', are
believed to favour the leach of the highly soluble Co and Mo ions>'®"'*". The joint cavity is rich in
phosphate ions, which can originate from the hydroxyapatite layers at the back of the acetabular
components. Hydroxyapatite is also involved in the formation of bone*'” and it is therefore expected
to be around the joints. The presence of ions (i.e. Cr’*, Co*" and PO.*) in the same proximity can

32,94

favour the formation of Cr and Co phosphate™*, and the present study provided evidence of a Co

and P rich precipitate, with a pink coloration characteristic of Co3(POs)..

The release of CrPO, from the taper interface has been previously reported by Urban et al.*, Huber

et al.'”*

and Di Laura et al.'” In these previous studies, CrPO,; was found as the main species or
mixed with oxides in periprosthetic tissue collected from the joint area of patients undertaking
revision surgery. The uptake of the particles by cells can take place through different routes,
depending on the type of cells and particle size and aggregation state®****!%® The small particles
(nano sized) can pass the cellular membrane through a simple diffusion process or by the anionic
channel route and can therefore be internalised by both phagocytic and non-phagocytic cells®!%,
The large debris (large particles or aggregates), however, can only be internalised by phagocytic cells
which uptake micron sized debris by phagocytosis. The phagocytosed particles are subjected to a
lysosomal environment, characterised by a low pH (~4), which aims to digest debris®®*'®. It is
therefore possible that the particles internalised through this route and exposed to the harsh lysosomal
content, can suffer alterations from the original native conditions. This can result in different size,
morphology and composition of debris after the cell internalisation. It is therefore possible that the

CrPOs species, reported in some of the previous studies as the main taper wear and corrosion product,

is the result of the transformations suffered by Cr rich debris inside the lysosomes’.

In the present study some of the fragments of the as-retrieved taper debris consisted of Cr and P rich
patches, which could be in fact CrPO4. The alkaline treatment could have dissolved the phosphate
species around the Cr oxide nanoparticles, which were discarded through the particle isolation
process and were therefore not characterised with the high-resolution techniques. After the enzymatic

treatment, however, debris from taper 6 was still rich in Cr, O and P. Although the quantitative EDX
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analysis of the Cr and P rich debris did not provide a composition which matched that of the pristine
CrPOs (i.e. 35.4% Cr, 43.5% O and 21.1% P), it is likely that CrPO4 was the main species released

35276 and is

at this particular taper interface. The enzymatic treatment is milder than the alkaline one
mostly efficient at breaking down the biomolecules (mainly proteins) present in the flakes. The salts,
such as Cr and Co phosphates, are more susceptible to dissolution when using the alkaline treatment.
The presence of the needle-like structures after the alkaline cleaning of the stem and taper debris
suggested the implication of the treatment in the formation of these products. The composition of the
needle-like debris from the stem interface was rich in Cr, K, Mg and Ca, whereas the needle structures

in taper debris comprised mainly Co. It is likely that initially these phases were CrPO4 and Co3(POs)s

respectively, which resulted in the Cr and Co rich needles after the alkaline cleaning.

The quantitative EDX analysis of the Co rich needle debris from around the CoCrMo tapers revealed
small amounts of P in comparison to Co, and excluded the presence of Coz(POs). after the alkaline
treatment. The formation of the needle like morphologies, however, is characteristic for Co(OH),,
which could have formed from the chemical reaction of the Co*" ions or Co3(POx), with KOH, during
the alkaline cleaning®'**°. In fact, the K map matches well the Co distribution on top of the needle-
like debris and supports the cleaning mechanism by which KOH attacks the Co rich species, resulting

in the needle like structures revealed by the STEM investigation.

Although the study did not include the SEM/EDX characterisation of the flakes released from the
mixed material taper junctions, nor the distributions of the elements across the various parts of the
flakes, it can be assumed that the same mechanism is involved in their formation. The STEM and
EDX investigation of the Ti and Cr rich debris cleaned with the enzymatic treatment showed
crystalline nanoparticles and a diffuse phase which comprised both Ti and Cr species. This phase
may correspond to a non-metallic matrix which entrapped dissolved ions resulting from the corrosion
of the Cr and Ti rich nanoparticles. The proportion of the organic matrix in the mixed Cr and Ti
debris (taper 7 and 8), however, was less than that in debris from the similar material taper debris
(taper 1 and 2). The study suggested that the Cr and Ti oxide nanoparticles released from the wear
of dissimilar material taper junctions are mechanically mixed with biomolecules from the body
fluids, resulting in black and flaky debris like the flakes originating from the matched material taper

junctions.

Despite some similarities discussed above, the flakes formation mechanisms at the tapers and
cement-stem interfaces might have their own particularities. The crevice formation and the
continuous ingress of fluid at the taper interface can favour debris’ migration and accumulation at
the base of the trunnion. The flakes incorporate Cr oxide particles, released by mechanical wear at
the taper-trunnion interface, and ions and corrosion products which can result from the crevice
corrosion. These species can interact with the bio-molecules and surface-active compounds found in
the proximity of the joint, building up the organo-metallic flakes. The pathway by which the wear

and corrosion products travel to the periprosthetic tissue and macrophages was not in the scope of
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the study. One hypothesis, however, could be the gradually released of the flake’s fragments to the
synovial fluid, which facilitates debris transportations to the surrounding tissue. Depending of their
size, the released fragments can be either captured by the macrophages (larger flakes) or can travel
systemically, spreading to distant sites (smaller debris). Cobalt is believed to be the culprit for the
systemic reactions to hip-related metal debris, but the form in which it is spread to the body’s organs
it is still not well understood. The results of the present study suggest that Co exists in an ionic form
(Co3(P0Os),), rather than in a solid metallic form, which could favour the released of Co in the body’s
fluids, in concentrations close or above the toxicological thresholds. This hypothesis could also
justify the severe ALTRs to taper debris, despite the smaller volumetric wear rates compared to the

bearing surfaces.

At the cement-stem interface, the material is released by tribocorrosion. At this interface, due to the
position of the crevice opening (i.e. upwards), the particles cannot easily escape the crevice to
accumulate in the periprosthetic tissue. The particles, therefore, can be entrapped at the cement-stem
interface longer and can be subjected to multiple loading cycles which could favour debris transfer
to the cement mantle or particles resizing. The present study showed that the particles released from
the cement-stem interface are smaller than those released from the matched CoCrMo tapers. Also,
the electrochemical conditions at the cement stem-interface may be different than the conditions at
the taper crevice and may not favour the Co dissolution from the CoCrMo alloy and the subsequent
formation of Co compounds, such as Co3(POs),. This hypothesis is supported by this study’s results,
which reported Co and P, potentially in the form of Co3(POs),, in taper debris, but not in the wear
and corrosion products released from the cement-stem interface. Further research is needed to
properly understand and elucidate the mechanisms by which the wear and corrosion flakes are formed
at each secondary interface in total hip replacements and understand how they are transported to the

tissue and distant sites.
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5.3 The Speciation of Nano-Sized Debris

The speciation analysis represents an important aspect of the comprehensive study of the wear and
corrosion debris released in vivo from the mixed and matched material taper junctions and cement-
stem interfaces. The physicochemical characteristics of the particulate debris, determined by the
high-resolution STEM, and the oxidation state and phase analysis of the Cr, Co and Ti products,
identified here using STEM/EELS, STXM/XANES and TEM/SAED, are believed to dictate the fate
of the particles within the body'%®!!%321=323 The permeability of cellular membrane and susceptibility
of the ions to bind to proteins and nucleic acids, altering their functions, are highly dependent on the
particle size, morphology and oxidation state of the metal ions******, The methods used in the study
to assess the speciation of debris from around six retrievals (2 CoCrMo tapers, 2 CoCrMo/Ti tapers
and 2 CoCoMo stems) provided complementary information which helped elucidate the dominant
Cr, Co and Ti species. Although equally important, the oxidation state of Mo species has not been

determined in the present study and will therefore not be discussed in this section.

STEM and EELS analysis is a popular and reliable method widely used to determine the oxidation
state of metal species”®**%. The results, however, can be difficult to interpret and the quality of the
acquired data depends on the level of sample purity. Despite the use of the cleaning procedures, not
all of the particles investigated in this study were fully released from the organic matrix. In some
cases, therefore, the signal to background ratio was low and the peak integration was not easily to
perform. The speciation analysis using EELS provided an indication of the Cr and Ti oxidation state,
which was further confirmed by the other methods. In all of the CoCrMo samples, Cr’** was the main
species released from both the tapers and cement-stem interface. The EDX characterisation of the
clean particles originating from the same wear sites, showed mainly Cr and O, with little amounts of
P or other elements which comprise the CoCrMo alloy. The lack of P, the good match between the
Cr and O EDX maps and the results of the EELS analysis, showing Cr**, suggest that Cr,0; is the
main species released from the CoCrMo secondary interfaces in total hip replacements, although
little amounts of CrPO4 may also be present. These results were also supported by the quantitative
STEM/EELS analysis which provided a Cr/O atomic ratio close to that of the pristine Cr,05°%, and
by STXM and XANES analysis, which also indicated Cr’*. The limitation of the STXM/XANES
analysis using the 108 beamline at Diamond Ltd., is the low spatial resolution compared to the
alternative methods, such as STEM/EELS analysis. The particles investigated in this study with
STXM and XANES, were part of large clusters (micron sized) and were probably not fully digested,
containing several mixed species. In some of the samples, the fitting process did not match 100% the
spectrum of the pristine Cr,O3 and partially matched that of CrPO4. The presence of both the oxide
and phosphate species in the large clusters suggest that Cr exists in both states, but the clean particles

investigated with STEM/EDX and EELS are Cr,0s.
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The TEM and SAED phase analysis was in agreement with the findings of the STEM/EELS and
STXM/XANES investigation, and revealed the presence of Cr,O;. The analysis using TEM and
SAED is also associated with difficulties and require prior knowledge of the species that might
generate the diffraction pattern. For a polycrystalline material, such as the samples used in the present
study, the speciation analysis is based on the measurement of the crystal planes d-spacing from the
corresponding diffraction rings. The measured d-spacing is correlated with the d-spacing of the
species likely to be present in the investigated sample (in the present case, Cr,O3). The measurement
of d-spacing is usually associated with errors which together with the small differences between the
d-spacing values of the possible species can make the phase identification difficult. It is clear
therefore that each of the speciation techniques used in this study can be limited in certain ways, and
in order to obtain reliable results, the use of complementary techniques can represent an optimum

solution.

The speciation of nanoparticles released from the mixed material tapers (CoCrMo/Ti alloy) revealed
both Cr;03 and CrPOs, as well as TiO.. The presence of these species at the taper interface has been

14,39,100

previously reported by others , and this is expected considering the composition of the wearing

surfaces.

Besides Cr and Ti species, the XANES analysis of debris released from the mixed and matched
material taper junctions also revealed Co”" species in the form of hydroxide, oxide and/or phosphate.
In the previous studies, the analysis of CoCrMo and CoCrMo/Ti taper debris entrapped in
periprosthetic tissue or in biopsies from distant organs revealed Cr,O3, CrPO4 and CoCr debris'***'%°,

1.'% and Swiatkowska et al.'* reported TiO; (rutile form), metallic Cr

In these studies, Di Laura et a
(Cr°), and Cr*" in the form of oxide. The speciation of Co revealed mainly Co®" and metallic Co
(Co", in the form of CoCr debris'*'”. In a different study, Xia et al.** reported the elemental
distribution of Co, Cr and Ti within debris released from bearing surfaces and taper junctions and
the XRD analysis of the crystalline Cr rich particles revealed mainly Cr,O;. The results of the present
study are therefore in agreement with these previous studies and provide additional information about

the structure and morphology of the individual Cr,O; and TiO, nanoparticles which have never been

revealed before.

Of the possible oxidation states of Cr, Cr’" is the most stable form and it is spontaneously generated
at the surface of the CoCrMo alloys'’. The presence of this superficial oxide layer provides the
metallic components a good corrosion resistance, which recommends the CoCrMo alloy for
implantation purposes'®'%***°. The wear of the CoCrMo alloy, however, results in the release of
Cr,0; flakes from the superficial layer, which then exposes the underneath CoCrMo bulk alloy**°.
Under proper electrochemical conditions, the oxide layer can be regenerated, impeding the
dissolution of the more soluble Co*’ and Mo**® ions and restoring the corrosion resistance'***?®. The

10,328

oxidation of Ti and Ti based alloys also results in the formation of a protective layer of TiO; .

which can be subject to wear and the release of TiO, debris'®’. At the interface of the mixed material
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taper junctions, the galvanic current between the dissimilar interfaces can result in galvanic

166180 'which accelerates the degradation process and the release of ions from both surfaces.

corrosion
It is believed however, that the CoCrMo alloy is more affected by the corrosion process'®, which

results in the release of ions from its composition.

The study also provided evidence of the presence of Cos(PO,), in the as-retrieved flakes, and Co*"
species, either as Co(OH), or CoO in the partially digested debris. The results of the high-resolution
characterisation, showed mainly Cr oxide nanoparticles with minimal amounts of Co, localised in
the surrounding matrix. The alkaline treatment may have resulted in the formation of Co(OH),,
characterised by the needle like morphology observed under STEM investigation. Cobalt (Co) is

158.318.327 wwhile Cr remains in

more soluble and is therefore leached from the particles more rapidly
an oxide solid state (nanoparticles). The release of Co ions can occur from the exposed CoCrMo
alloy, before the passivation, or from the CoCrMo particles released in conditions of severe wear.
The dissolution of Co and Cr, and the morphological changes of the CoCrMo particles was recently
shown to occur over a potential limit of ~0.7 V**’. In the present study the speciation analyses did
not reveal the presence of CoCrMo particles, however, it is not excluded that CoCrMo debris is

released from the tapers and cement-stem interfaces. The particles may leave the joint space,

14,40,41 39,288,327

traveling systemically , or can be entrapped in the periprosthetic tissue , Where they are
taken up by the macrophages which attempt to digest them. The means by which the resulting Co
ions are released from the cells, reaching the circulatory and excretion systems is not fully understood
yet. However, the high levels of Co found in the blood and urine samples of the patients implanted
with failing CoCrMo hip prostheses could explain the pathway of the Co ions in the body and why

Co is rarely present in debris from the CoCrMo retrievals®*'®’.

The toxicity of the CoCrMo debris and the associated inflammatory reactions are suggested to be
related to the release of Co ions in the body****!®*, The present study provided reliable evidence of
the presence of Co3(POs), around the revised taper junctions, although based on the Co speciation
analysis it was difficult to assess the exact form of Co* species. One of the previous studies reported
Co3(POs); in periprosthetic tissue from around failing hip bearings, which could have resulted from
the intracellular corrosion of the CoCr debris®™®. To our knowledge, the cellular effects of this
particular species have not been assessed in any of the previous in vitro studies, but could be
responsible for the increase in vivo reactivity of the CoCrMo debris. This hypothesis is even more
plausible since the in vitro studies assessing the toxicity of the Cr,O3 nanoparticles and CrPO4 debris

did not reveal abnormal changes in the cellular structure and cell viability®** ",
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54 The Effects of the Digestion Treatments

The alkaline and enzymatic methods used in this study to digest the wear and corrosion flakes®’ were
adapted from the protocols used in the previous studies to clean metal debris released from the
bearing surfaces®'”***?7% These protocols were initially proposed for the isolation of particulate
debris released in the synovial fluid, serum lubricants, or periprosthetic tissue and biopsies. To our
knowledge, none of the previous studies which reported on the wear and corrosion flakes from around
revised hip components have used methods to release and investigate the particulate debris. The need
of a cleaning procedure is justified by the results of the present study, which confirmed the presence

of particle bio corona, salts and precipitates in the wear and corrosion flakes.

The alkaline treatment was associated with concerns regarding the potential dissolution of the
particulate debris, which would have resulted in smaller particles with altered morphology and
composition®?"®. Chronologically, the enzymatic treatment was released later than the alkaline
treatment and in some of the previous studies it was used combined with the chemical treatment®’.
Other studies used it as a milder alternative to the alkaline cleaning and aimed to overcome the
shortcomings of the chemical procedure®®?®. Catelas et al. compared the effects of the alkaline and
enzymatic treatments on the particle characteristics and reported that both treatments led to the
particles size, morphology and composition alteration’>’®. The changes, however, were more
prominent after the use of the alkaline treatment and increased with the concentration of the alkaline
solution. The study of Catelas et al. used commercially available particles of known size, morphology
and composition and debris from in vitro simulations, stored in water or serum lubricants®>*’®, Their
investigation revealed that the particles stored in bovine serum, were less affected by the alkaline
and enzymatic treatments than those stored in water. The proteins and surface active compounds in
the serum lubricants are believed to bind to the particle’s surface, creating a particle bio corona which
acts as a shield against the cleaning reagents (enzymes and alkaline solutions)***'°, The enzymes
and alkaline solutions used in these treatments need to digest and remove the bio corona, before they

reach to the particle surface and initiate the dissolution process.

The present study proposed to assess the effects of the alkaline and enzymatic treatments on the
physicochemical characteristics of the particles released from the CoCrMo tapers and cement-stem
interfaces, using high-resolution imaging techniques. The heterogeneous nature of the corrosion
flakes was expected to protect the particulate debris against dissolution or corrosion, by the
mechanism proposed by Catelas et al. in their study®>?’°. The STEM characterisation of the digested
flakes revealed the presence of an organic matrix around the metal particles, which was still present
after both treatments, although it was more prominent after the enzymatic cleaning. The particles
cleaned with the alkaline treatment still had traces of the bio corona and suggested that an incomplete

digestion may have minimised the chances of particle alterations from the chemical reagents.
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In this study, however, the comparison between the PSDs revealed that the particles released from
tapers and cleaned with the alkaline treatment were significantly smaller than those cleaned with the
enzymatic method. In contrast, the particles released from the cement-stem interface were larger after
the alkaline treatment than after the enzymatic cleaning, although the difference was not statistically

significant.

The compositions of the particles also seemed to vary with the treatment used for the particle
cleaning. The investigation revealed significant differences between the proportions of Cr, Co and
Mo in debris released with the alkaline or enzymatic protocols. The analysis of taper debris showed
lower Cr and higher Co concentrations in the particles treated with the alkaline solution, compared
to debris cleaned with the enzymatic treatment. The alkaline protocol also dissolved more of the
amorphous organic phase from around the metal particles, represented by the proportion of P after
the treatment, and yielded cleaner debris, whose boundaries were well-delimitated and provided
more accurate size measurements. The STEM micrographs showed that the particles cleaned with
the enzymatic treatment were not fully released from the surrounding matrix, and were thus more
difficult to measure. The high-resolution STEM only revealed the clean particles localised at the edge
of the partially digested flakes, while the particles embedded in the amorphous phase could not be

imaged or measured and therefore had no contribution to the PSD.

The STEM and EDX characterisation in this study revealed that the nanoparticles released in vivo
from the CoCrMo tapers and cement-stem interfaces are largely composed of Cr, with traces of Co
and Mo. The amount of O present in the samples cannot be accurately quantified by the EDX
technique, hence the composition of debris was estimated from the normalised proportions of Cr, Co
and Mo after the exclusion of O. The analysis showed mainly Cr in all of the investigated particles,
but the percentage of Cr, Co and Mo for the taper debris varies with the treatment. Because Co and
Mo are only present as trace elements, the normalisation process applied to the small amounts of Co
and Mo has larger associated uncertainties and may have resulted in a significant difference in the
composition of debris cleaned with the alkaline or enzymatic protocols. In addition, there were also
significant differences between the composition of the particles originating from the same wear site
(and patient) and cleaned with the same treatment, suggesting the variability of the particle
compositions. This could be responsible for the different particle compositions observed after the

alkaline and enzymatic treatments.

The measured composition of debris can also be influenced by the amorphous biological matrix or
precipitates covering the particles, which were more prominent after the enzymatic treatment. The
proteins and surface active compounds in the body show an affinity to metal ions*®, forming organo-
metallic structures, believed to facilitate the absorption of the biomolecules at the surface of the
implant®**’. Hence, the organic matrix around the metal particles likely contains dissolved Cr, Co
and Mo ions which were detected by EDX analysis and contributed to the different composition

totals.
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The proportion of P in the debris was used to evaluate the efficiency of the digestion treatments in
removing the phosphates from around the oxide particles. The dissolution of phosphates during the
cleaning treatments outlined here, allows the physicochemical characteristics of the metal particles
to be more fully evaluated. Thus, the reduction of the P content after the alkaline treatment indicates
this method is more efficient at digesting the phosphates and leads to cleaner particles, which is in

agreement to the STEM results for all three samples.

To our knowledge this is the first study to provide a direct comparison of the chemical and enzymatic
techniques to release metal particles from the flakes from around CoCrMo tapers and cement-stem
interfaces. The advantages and disadvantages of both cleaning treatments are summarised in Table
5.1 and could be used to decide which method is most suitable, depending on each study’s objectives.
The alkaline treatment provided a more efficient dissolution of the amorphous matrix, releasing
cleaner particles appropriate for the high-resolution characterisation and more accurate
morphological analyses of the particles. The method, however, is not recommended if the aim of a
study is to understand the bio-corona formation, composition and its role in the onset of ALTRs. The
enzymatic treatment might be more suitable in this particular case, because it is milder and can
preserve the bio-corona, when it is needed for characterisation. Depending on the purpose of the
study, either of the treatments may be used to reveal the nano-scale debris forming the large flakes
generated at tapers or cement-stem interfaces. Detailed structural characterisation of the nano-sized
debris does, however, require clean particles, completely released from the organic matrix, which

was best achieved in this study by the use of the alkaline treatment.

A limitation of the comparative study is the small number of samples investigated (i.e. 2 taper and
1 stem debris). However, this is understandable considering the amount of work necessary to fully
characterise nanoparticles, and the costs for using state-of-the-art imaging techniques, such as the

HR-STEM.
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Table 5.1

Advantages

Disadvantages

172

Alkaline Treatment
Requires less sample mass;

Consists of few incubation and

centrifugation  steps  which
minimise particle loss and/or
contamination;

More efficient in removing
particle bio-corona and
precipitates;

Results in cleaner particles,
suitable  for  high-resolution
characterisation;

Reveals the smaller particles

(smaller than 10-5 nm) and results

in more accurate particle size

measurements;

Cleaner particles facilitate
structure, composition  and
speciation analysis, providing

more accurate results.

Concerns regarding potential
particle dissolution and
morphology,  structure  and

composition alteration;

Removes higher proportion of
particle bio-corona and
precipitates, which makes their
characterisation - when required -

impossible;

Advantages and disadvantages of the alkaline and enzymatic treatment.

Enzymatic Treatment
Milder treatment which was shown

to minimise particle alterations
(ie. morphology and
composition);

Preserves particle bio-corona and
precipitates which are part of the
flakes and could be investigated to
understand their role in the onset of
adverse local reactions to hip-
related debris;

Efficient in cleaning individual
particles, detached from the large
wear and corrosion flakes, which
can be investigated with high
resolution characterisation

techniques.

Requires more sample mass;

The cleaning treatment consists of
more incubations, centrifugation
and cleaning steps which can
results in particle loss and risk of
sample contamination;

Partial dissolution of particle bio-
which

corona and precipitates

means less efficient particle

cleaning, preventing particle size
measurement and composition
analysis;

Partially cleaned particles cannot
be characterised with high
resolution techniques, such as HR-

STEM and EELS.
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5.5. The Characteristics of Debris in Relation to the Origin

54.1 Debris from CoCrMo tapers vs CoCrMo stems

The low-resolution characterisation techniques used in the previous studies to characterise metal
debris released from tapers and stems, provided general information about the morphology and
composition of the micron-sized wear and corrosion flakes, observed around the retrieved
implants*'***'*. The ICP-MS technique used in this study and in one of the previous works*’, gave
information about the metals (type and amount) in these organo-metallic composites, but failed as a
method to compare the characteristics of the particulate debris released from both wear sites and
cannot therefore explain the initiated ALTRs. To understand the factors that are involved in the
particle toxicity, the metal debris has to be released from the surrounding biological matrix, using
either of the methods proposed in this study, and needs to be characterised to assess the particles’
physicochemical properties in relation to the origin of debris. The source of material loss (i.e. the
junction or interface, material combinations) and the particular electrochemical conditions at the sites

of wear and corrosion (i.e. crevice)**’

can imprint the particles with specific physical and chemical
characteristics which may then reflect in the nature and severity of ALTRs. It is therefore imperative
to understand what type of debris is released from the various wear sites and further asses how they

affect the function and viability of the cells and organs, where evidence of hip related debris is usually

found14,39,40,100

The detailed investigation of the digested flakes and the comparison between the isolated
nanoparticles in the present study, revealed some differences between the physicochemical
characteristics of debris released from CoCrMo tapers and cement-stem interfaces. To eliminate
interpatient variabilities, such as local pH, host responses and immunological particularities that
could affect the biochemical conditions at the joint cavity and the physicochemical characteristics of
the released debris, the taper and stem flakes used in this study originated from the same retrieval (or
patient). The comparison between all the tapers and stems debris was performed based on the
cleaning procedure (taper vs stem debris cleaned with the alkaline treatment, or taper vs stem debris
cleaned with the enzymatic treatment) and thus eliminated the differences potentially induced by the
use of different treatments. Although both CoCrMo interfaces produced particles in the nanometre
size range, most of them smaller than 20 nm, the metal particles originating from the stems were
significantly smaller than those released from the corresponding tapers. The same trend was observed
after the comparison of debris from all tapers and stems, regardless of the cleaning procedure. The
proportion of round, oval and needle-shaped particles also varied with the origin, but the size of the
particle in relation to morphology did not show significant differences for the major morphology

groups (round and oval).

173



Chapter 5

These differences may be caused by the particular conditions at the taper and cement-stem interfaces.
The cemented stems release material by micromotion between the hard ZrO, clusters (radio pacifier),
localised at the surface of the cement mantle, and the proximal region of the CoCrMo stem™°. This
results in the release of Cr,Os flakes from the surface of the CoCrMo stems, which are then entrapped
at the cement-stem interface and are subjected to repeated loading conditions. The cyclic steps
proposed by Bryant et al.” to describe the fretting corrosion at the cement-stem interface could result
in a resizing of the oxide debris, and the generation of small Cr,Os nanoparticles, detached from the
large oxide flakes. A similar resizing mechanism was proposed by Pourzal et al. to explain the types
of debris released from the CoCrMo bearing surfaces, which included large chromium oxide flakes
and small Cr,Os particles believed to flake off the surface of the large debris®™. Most of the taper-
trunnion debris investigated in the present study was found at the base of trunnion, outside the
contacting area. This suggests that the particles released from tapers might be eventually flushed out
from the crevice space, forming organo-metallic deposits around the male taper. Thus, the Cr,O3
flakes and particles might be subject to a limited number of loading steps before leaving the contact
area which results in significantly larger particles from tapers than those released from the

corresponding cemented stems.

The size of the particles to which an organism is exposed, dictates how the hosts deal with the foreign
body and the responses they trigger’>. An important implication of the small particles found in this
study from both tapers and stems is related to the particle mobility and their ability to leave the joint
space and travel systemically*>***'. The synovial fluid in the joint cavity is regenerated by blood
plasma, which brings in nutrients and clears up the released debris (metal particles, bone and
hydroxyapatite fragments etc.). The excess of fluid is recirculated and filtered at the lymphatic nodes,
which captures the macrophages engulfed with metal and free debris*”>. Debris from hip
replacements, found in the lymphatic nodes, suggests this route as a plausible pathway for the particle
dissemination particularly when the wear is excessive and the debris is too much to be retained in
the lymphatic nodes'*. This results in particles being released by the circulatory system and then
spread to sites distant from the hip joint. The journey can stop at the kidneys, from where both the
solid and soluble debris (ions) are excreted. This route, however, is likely to disseminate and remove
from the body the small particles which are not retained in the periprosthetic tissue or lymphatic

nodes.

At equal volumes of debris, the small particles show an increased specific area compared to the large
particles, which makes them more susceptible to dissolution®®. This results in the release of Cr and
Co ions both locally and at distant sites. Co*" is listed among the carcinogenic compounds and is
believed to be the culprit for the ALTRs and systemic manifestations induced by hip related
debris**!'®. Cr** is the most thermodynamically stable form of Cr, but other species such as Cr** or
Cr®" can result from the in vivo redox processes. Among these species, Cr®" has a well-documented

cytotoxicity and genotoxicity®* but its presence in the body, following hip replacements, has only
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been reported once and may have resulted from the oxidation of the reduced Cr species after the
prolonged exposure to the X-ray beamline, used for analysis'*. Cr® is an unstable form of Cr, and
tends to be rapidly reduced to the more stable Cr** phase, which means it is unlikely to exist in the
body under normal conditions. The rapid dissemination of the small particles through the circulatory
system, means that both Co and Cr ions can be released at distant organs, exerting their harmful and
toxic effects far from the joint space. Heart failure has been associated with metal debris originating
from hip replacements and spread systemically’****#3_ Other effects, including the loss of sight
and hearing, were also linked to abnormally high levels of systemic Cr and Co ions from the wearing
hip devices®. These, however, are extreme and isolated cases, in which pre-existing medical
conditions were amplified by the released ions and particulate debris. Some of these adverse
reactions are fortunately reversible, and the symptoms improve after the ions clear up from the body

and the source of metal is removed.

In this study, the composition and phase analyses using EELS, SAED and XANES identified only
Cr,05 (Cr’") nanoparticles and Co** species from both CoCrMo tapers and cement-stem interfaces.
The composition and chemistry (phase) did not differ with the origin, nor with the particle
morphology. The release of the same species from both the wear sites means that it is may not be the
speciation which provides the increased in vivo reactivity of the CoCrMo tapers debris, but the size

and morphology of the particles, which was found in this study to vary with the origin.

The small size of the Cr,Os particles released from both CoCrMo tapers and cement-stem interfaces
are able to initiate the ALTRs reported with the failing hip devices. The smaller particles released
from the stems, however, may be more easily removed from the body through systemic
dissemination, eventually reaching the kidneys and leaving the body. This hypothesis needs to be
validated by in vitro studies assessing the toxicity and potential to disseminate systemically of the
Cr20; nanoparticles within the size ranges and morphologies reported here. Resolution of these issues
may lead to a better understanding of the pathways involved in the initiation of ALTRs and solutions

could be found to minimise their incidence.

54.2 Debris from CoCrMo tapers vs CoCrMo/Ti alloy tapers

The present study investigated the characteristics of taper debris from similar and dissimilar taper
junctions and revealed morphological differences, linked with the interface material combination.
The matched material CoCrMo taper junctions released significantly smaller particles compared to
the mixed CoCrMo/Ti taper interfaces. The differences, however, might be due to the release of both
Cr20; and TiO; particles from the dissimilar material tapers, whereas the matched CoCrMo taper
junctions produced mainly Cr,O; nanoparticles. The size distribution of the particles released from
the mixed material taper junctions overlap the size distribution of debris from the matched CoCrMo

tapers. This suggests that the Cr,O; particles, which originate from both taper types, are smaller than
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the TiO, nanoparticles, which are present only in the mixed material taper debris and widens the
particle size range of this debris category (up to 120 nm). The size of Ti debris released from the
stems and acetabular cups was reported in one of the previous studies®®. The particle size ranged
between 0.12 and 6.46 um, with more than 50% being smaller than 0.4 um. The size distribution,
however, included both ZrO; particles released from the cement-mantle and Ti debris from the
metallic components of the hip replacements (acetabular cup and cement-stem interface), and may
not be representative for the debris released from the Ti interfaces. Also, the resolution limits of the
technique used in the study to determine the size of the particles internalised in periprosthetic tissue
(i.e. light microscopy) may have dictated the lower end of the size range (i.e. 0.12 um). It is therefore
possible that particles smaller than 0.12 um were present in the periprosthetic tissue but could not be
imaged and did not contribute to the reported size distribution. Another study used SEM and EDX
to characterise in vivo released Ti debris from uncemented Ti alloy stems and revealed flakes 200-
400 um long and 10-20 um thick?”*. A more recent study, however, reviewed the characteristics of
Ti debris released from orthopaedic implants and concluded that the majority of the TiO» particles

are smaller than 1000 nm>>’

. Despite some obvious limitations of these previous studies, they suggest
that larger particles are released from the Ti alloy interfaces than are released from the CoCrMo alloy

and support the findings of the present research.

To our knowledge, a direct comparison between debris from similar and dissimilar material tapers
has never been performed before, although the comparison between the material released from the
MoM bearing surfaces (CoCrMo hip resurfacings) and that released from the additional taper
interfaces in total hip replacements (CoCrMo sleeve on Ti stems or CoCrMo dual modular neck on
Ti stems) has been recently reported”. The study, however, investigated debris from periprosthetic
tissue and did not use any method to isolate the particles for a direct and reliable size comparison.
The study revealed that larger particles are released from the dissimilar taper junctions in comparison
to those released from the CoCrMo hip resurfacings. Most of the particles from the taper interfaces
ranged between 10 and 100 nm, with few larger particles in the double neck taper group. The
composition analysis also revealed differences between taper and bearings debris. While some of the
particles originating from the CoCrMo/Ti interfaces comprised mainly Cr in the form of Cr,Os,
others contained both Cr and Ti, but the phase was not identified. The results of the particle size,
morphology and composition analyses were also correlated with the histological findings, which
revealed evidence of more severe adverse reactions in periprosthetic tissue from around the modular
taper junctions. The authors of the study concluded that the severity of the adverse reactions may
have been triggered by the highest particle composition complexity of the Cr and Ti rich debris,
which were also associated with the shortest time of implantation among the three investigated
groups (28 months for non-MoM THA with CoCrMo dual modular neck and Ti stems, vs 48 and 60
months for the MoM HRA and MoM THA (CoCrMo sleeve on Ti stem) group respectively). For the
resurfacings hip prostheses group and non-MoM total hip replacements, the origin of metal debris is

well-known and can be attributed to a single source (i.e. the CoCrMo bearing surfaces or the CoCrMo
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dual modular neck/Ti stem interface for the non-MoM THR). On the contrary, for the MoM THR
group, metal debris can be released from the bearing surfaces and from the interface of the CoCrMo
sleeve and Ti stem. In this case, the characteristics of debris cannot be attributed to a certain origin

and the results cannot be compared to the outcomes of the present study.

Here, the speciation analysis of the Cr rich debris released from both the similar and dissimilar
material taper junctions revealed Cr,Os, which is in agreement with the study of Xia et al.*’ and

Munir et al.33®

which also reported Cr:O; released from the mixed material taper junctions. In
addition, the investigation of debris from the ceramic-on-ceramic (CoC) hip replacements with
modularity at the CoCrMo/Ti alloy tapered interface (stem-sleeve), reported by Munir et al., revealed
Fe;Ti309, Co304 and CrO from the non-metallic implant group. In their study, Munir et al.**®
performed the speciation analysis of taper debris entrapped in periprosthetic tissue using XRD, and
the identification of multiple species was attributed to the different stages of the in vivo oxidation.
The ABG stem in the CoC implant group consisted of Ti-Mn-Zr-Fe alloy which explains the presence

of the mixed Ti and Fe oxide.

The STXM and XANES investigation in the present study suggested that part of the Cr rich debris
in the partially digested flakes from the mixed material taper junctions is CrPOs. The Cr rich
crystalline particles investigated with STEM and EDX, however, did not comprise P and were Cr,0s,
as confirmed by the complementary analysis techniques used in this study. The TEM/SAED
characterisation and STEM/EELS analysis of the mixed material taper debris provided information
about the Ti species released at these particular interfaces. Both techniques suggested that besides
Cr,0s nanoparticles, TiO; particles were generated from mechanically assisted crevice corrosion at
the mixed CoCrMo/Ti tapers. The findings are in agreement with the study of Swiatkowska et al.
which identified by synchrotron analyses (UL-XRF and p-XAS) TiO, (rutile phase) debris in
periprosthetic tissue from around dissimilar material taper junctions'®. The speciation of Co revealed

the same species released from both similar and dissimilar material taper junctions.

5.4.3 Debris from toggling vs non-toggling tapers

The correlation of the physicochemical characteristics of the taper debris with the wear mechanism
responsible for their release (toggling vs non-toggling CoCrMo tapers), did not reveal significant
differences when the particles were cleaned using the enzymatic treatment. The particle size was
smaller for the particles released from the non-toggling CoCrMo taper than that of the particles
originating from the toggling taper, but the difference was not statistically significant. The release of
debris from the toggling head was dominated by the mechanical wear, which resulted from the
toggling motion. In contrast, the release of debris from the non-toggling CoCrMo taper was
controlled by a corrosion dominated process, which resulted in the formation of a Co and P rich

phase, believed to be Co3(PO4),, and found in the as-retrieved flake. The electrochemical conditions
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at the toggling and non-toggling taper junction can be different, resulting in particles of different
sizes and morphologies. The fragment of debris released from the toggling taper and investigated
with SEM and EDX mapping did not show any evidence of corrosion products. Also, the composition
analysis of another fragments of debris from the toggling taper using ICP-MS, showed mainly Cr,
with less amounts of Co and Mo. In contrast, the composition of one piece of debris from the non-
toggling taper revealed more Co and Mo, than Cr. Co and Mo are more soluble than Cr, and a
corrosive environment may have resulted in their leach from the CoCrMo particles. The closed
environment at the crevice, did not allow the release of ions systemically which accumulated around
the edge of the flake. These products are brittle and can therefore easily break, resulting in small
fragments of different compositions. The cleaning procedure of other fragments, however, revealed
mainly Cr,Os nanoparticles from both tapers, and the particles had similar sizes and morphology.
The presence of cobalt phosphate, removed in the study by the cleaning treatments, may provide
debris from the non-toggling CoCrMo tapers with different in vivo reactivity and an increased

potential to trigger more severe adverse body reactions.

178



Chapter 5

5.5 How the Taper and Stem Debris relates to Debris from the

Bearing Surfaces

The vast majority of the previous studies reported the physicochemical characteristics of metal debris

20-2436274.277.286.91 and jn vitro®®*'*+*%827 from the MoM bearing surfaces in hip

released in vivo
replacements. The in vitro studies used anatomical hip simulators or pin on disk tribometers to
generate debris from the bearing surfaces and assess the wear performances of the metals and alloys
used for the design of the hip implants. Other in vivo studies used hip aspirates and periprosthetic
tissue to understand the nature of debris released in patients from the failing hip prostheses. In most
of these cases, however, the origin of the investigated debris was not known. In the particular case
of MoM total hip replacements, the wear particles and corrosion products can originate from the

bearing surfaces, taper junctions or the cement-stem interface. This can make it difficult to

understand the particularities of debris, in relation to the sites of wear and wear mechanism.

In the present study the wear and corrosion flakes were collected from around the taper junctions and
cement-stem interfaces of revised components, forensically investigated to understand the failure
modes. The origin of debris is therefore well-known (tapers and cement-stem interface) and the
characteristics of the investigated particles are representative for debris released from these particular
interfaces. The particles revealed in the present study and characterised with state-of-the-art
investigation techniques were in the nanometre size range. Despite the different origins, the size
distributions of the taper and stem debris are in agreement with the size distributions of particles

20,23,28,36.98.285 T most of these studies

from the MoM bearing surfaces, reported in the previous studies
the size distributions were wider than those reported in the present study. A reason for that might be
the limitations of the techniques used to determine the size of the particles, which in most cases found
large clusters of debris, rather than individual nanoparticles. This hypothesis was verified in the
present study and the comparison suggested that the particle size ranges reported after the TEM
characterisation are generally larger than those reported after the use of the high-resolution
techniques, such as the HR-STEM. The statistical analysis, however, revealed that only for half of
the samples the differences between the sizes of debris characterised with TEM and STEM
respectively were statistically significant. Others reported debris from the bearings in the size ranges
found in the present study (<100 nm), but failed to provide evidence of particles smaller than 10-15
nm?*28111:276281 Ope of the previous studies compared the characteristics of debris released from the
CoCrMo bearings under normal and microseparation conditions and revealed differences in the

24291 and revealed

particle size’®. Other studies characterised debris from the synovial aspirate
particles as small as 5 nm, forming clusters as large as 50 nm*"'. Nevertheless, these studies reported
metal debris in the micrometre size range, which were likely particle aggregates rather than

individual particles?’**"-2%¢,
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The investigation techniques used in the studies play an important factor which determines the
accuracy of the study’s outcomes®*®. The wider particle size ranges reported by others using different
characterisation techniques (LM, SEM, TEM, FEF-SEM) reflect the difficulty in resolving the small
particles which form the clusters, which are regarded instead as large, individual particles. An
important limitation of the present study is the lack of information about the physicochemical
properties of debris from the CoCrMo bearing surfaces, achieved with the same techniques used to
characterise taper and stem debris. The comparison between the size distributions of the particles
found in this study and characterised by STEM, and debris from the bearing surfaces reported in
other studies using other characterisation techniques may be irrelevant. The differences in size may
be attributed to the use of different techniques, rather than to the different origin and wear

mechanisms.

The chemical characterisation of debris released from tapers and cement-stem interfaces revealed
mainly Cr,O3, traces of CrPO, and TiO, released from the dissimilar taper junctions. The composition
and speciation results are in agreement with most of the previous studies which reported metal debris

100.288.295 or taper junctions®”'%*%*, Besides Cr,Os, other studies also reported CoCr

from the bearings
debris, which was not identified in the present study. According to Catelas et al., the particles
characterised by a higher amount of Cr compared to Co, and a significant C peak can originate from
carbides. Carbides are formed during the manufacturing of the CoCrMo bearings, incorporating C
tlll

and various proportions of Co, Cr and Mo, of which Cr is predominant . The particles with higher
Co over Cr concentrations are believed to originate from the bulk alloy*®'. Beside CoCrMo particles,
Cr and O rich particles were also reported and were believed to be chromium oxides released from
the passivating oxide layer*""'''?*!. Others reported Cr and O rich amorphous structures believed to
form after the corrosion of the CoCrMo particles released in vivo, which resulted in the dissolution
of Co and the remaining of the Cr rich amorphous debris’®*’*. Cr oxide particles with minimal or no
Co were found in periprosthetic tissue regardless of the implantation time, while the CoCr particles,

believed to originate from the bulk alloy, were mainly reported in patients with longer implantation

times.

The speciation analysis of debris from the CoCrMo hip resurfacings using STXM/XAS'**** and
STEM/EELS/EDX*® revealed mainly oxidised Cr (Cr’") with less Co (Co*"), found highly packed
in macrophages within the periprosthetic tissue. Other particles showed a metallic core, comprised
of Co, Cr and Mo, surrounded by a Cr,0; shell?®®. According to the authors of the study, the oxidised
Cr particles potentially resulted from the corrosion of the metallic debris which released the more
soluble Co, believed to have implications on the changes observed at the sub-cellular level in
macrophages. The metallic particles, believed to be partially corroded debris, were less frequent in
tissue. These fragments were suggested to be released in the body later than the fully oxidised

fragments, which were lacking Co and indicated a complete in vivo transformation. The evidence of
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high Co levels in the serum suggested that Co is more soluble than Cr and is more easily released

from the CoCrMo particles and exposed CoCrMo alloy.

Other authors reported different types of CoCrMo particles released from the bearing surfaces in total
hip replacements. They reported amorphous Cr and O rich structures with crystalline regions rich in
Co, and both small and large particles containing only Cr and O**. The small particles revealed the
lattice structure of Cr,Os and were believed to flake off the surface of the larger particles. The study
also revealed lattice defects of the small chromium oxide particles which are believed to result from
the high stresses experienced by the particle in the nano crystalline layer of the hip bearings, which
provided them with increased energy and reactivity”. The non-crystalline regions reported in some
of the particles are believed to be triggered by a reversible phase transition experienced by

nanoparticles under load.

At equal doses, debris released from tapers can trigger more severe adverse reactions than debris
released from the bearing surfaces®’. The reason remains unknown, but the characteristics of the
debris, including the size, morphology and composition are believed to be responsible for the
different in vivo particles toxicity*®. Although the purpose of the present study was not to directly
compare debris from the bearing surfaces and debris from tapers or stem, it can easily identify some
differences which may result in the onset of different adverse body reactions. The discussion
regarding the size differences between the taper debris, reported in this study, and bearing debris,
reported by others, would not be fair, because of the different techniques used to assess the PSDs,
and the associated technical limitations. The electrochemical conditions at the taper crevice,
however, are believed to shape the particulate debris, potentially resulting in particles with altered
size, morphology and composition, from their native state. The dissolution of Co from the wearing
taper interfaces and particulate debris can be a consequence of the corrosive environment at the
crevice which results in increased Co systemic concentrations. This mechanism of debris alteration

is supported by the increased Co blood levels**!'®®

, commonly reported with failing CoCrMo taper
junctions and by the signs of the Co rich corrosion products localised at the surface of the as-retrieved
wear and corrosion flakes investigated in the present study. The investigation of debris from the
bearing surfaces, reported in the previous studies, revealed Cr oxides, CrPO4, as well as CoCr debris
in which Co was metallic (Co%)***°, The conditions at the bearings, therefore, may not favour the
leach of the Co ions from the particles, although some Co may be released from the corrosion of the
exposed bearing surfaces or the particulate debris. The open space, however, means that particles can
leave the joint area, getting entrapped in the periprosthetic tissue or traveling within the body,
resulting in a rapid dilution/excretion of the released ions. The severe adverse reactions to taper debris
can therefore be a consequence of the high levels of systemic Co which is believed to be the initiator
of the ALTRs to CoCrMo debris**. The theory is further supported by the in vitro studies assessing

the toxicity of the main products released from the hip replacements. The toxicity of the Cr,O3

particles, which is the main phase revealed after the cleaning of the taper wear and corrosion flakes,
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was not proven by the previous studies**. One study, however, reported the in vitro release of Cr®"
ions when cells were treated with Cr,O; debris and it was associated with severe cytotoxicity>*’.
Similarly, the cells fed with CrPOs, reported by others around the failing tapers and bearings,
experienced low cytotoxic effects and therefore could not explain the severe reactions observed with

the taper debris®'.

5.6 Summary

The comprehensive characterisation of the stem and taper debris in this study, revealed for the first
time the structure and composition of the wear and corrosion flakes from the micron-scale down to
the nano-level. The results demonstrate that the flakes consist of mechanically mixed oxide
nanoparticles, corrosion products and biological material, which is in agreement with the
mechanisms proposed by others to explain the release of debris from tapers®**, cement-stem
interface” and MoM bearing surfaces'*". The use of the high-resolution STEM revealed the structure
of the crystalline nanoparticles originating from the CoCrMo taper junctions, cement-stem interface
and CoCrMo/Ti tapers, which, according to our knowledge, has never been shown before. The size,
morphology and composition analysis revealed the original nature of the metal particles released
from the various interfaces, which have not been altered by macrophage internalisation. In contrast
to the previous studies, the wear and corrosion flakes in this study were collected from around the
site of material loss and are representative of the debris released at these interfaces. The study also
stands ahead by revealing both the physico-chemical properties of particles cleaned by the use of two
alternative treatments, and by providing speciation information about the various types of debris in
relation to the origin. For the first time, the study compares the characteristics and speciation of debris
released from mixed and matched material taper junctions, and shows that larger particles originate
from the CoCrMo/Ti tapers. The results can have implications on particle reactivity which can trigger
different local adverse reactions. Finally, the study compares the effects of the cleaning treatments
on the particles characteristics and provides useful guidelines on how to isolate and characterise
nanoparticles, which can have applications in various fields. The results of the study aim to serve as
reference for in vitro studies which assess the particle toxicity, and have previously used mainly
commercially available CoCrMo particles or debris generated from tribotests with an unrealistic

composition or size distribution'.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

The present study provided the first comprehensive characterisation of the wear and corrosion flakes
released in vivo from the taper junctions and cement-stem interfaces of total hip replacements. The
study had a different research approach which used complementary characterisation techniques to
reveal the structure, composition and speciation of wear and corrosion products from the mixed and
matched materials tapers and cement-stem interfaces. The products originating from these secondary
interfaces have never before been investigated to such an extent, despite the evidence of the increased
potential of the taper debris to trigger ALTRs, in comparison to the equivalent amount of debris from
the MoM bearing surfaces. Furthermore, the study assessed and compared the efficiency of two
cleaning treatments which were used to revel the smallest building blocks that make up the wear and
corrosion flakes. This allowed for a complete investigation of the wear and corrosion flakes from the

micron scale down to the nano level.

The main conclusions of the study are listed below:

e The study reported the elemental composition of the in vivo released wear and corrosion
flakes and demonstrated the heterogeneous nature of these products, which resulted from a
mechanical mixing process. The ICP-MS analysis revealed mainly Co, Cr and Mo in debris
released from the CoCrMo alloy tapers and cement-stem interfaces, and Co, Cr, Mo and Ti
in debris originating from the mixed material taper junctions (CoCrMo/Ti alloy).

e The SEM and EDX characterisation demonstrated the preferential distribution of the main
elements of the CoCrMo alloy, confirming that these products are subjected to changes in
the body. Although it was not confirmed by chemical analysis, the SEM and EDX
characterisation of the as retrieved flakes provided for the first time evidence of Co3(POs),
whose toxicity has not been assessed in relation to hip related debris.

e The study used for the first time an alkaline and an enzymatic treatment to digest and clean
wear and corrosion products released from the secondary interfaces of total hip replacements.
The cleaning treatments revealed the smallest building blocks which make up the wear and
corrosion flakes and made them available for the in-depth structural characterisation.

e The individual nanoparticles were characterised by a state-of-the-art atomic resolution
electron microscope fitted with EDX and EELS capabilities, which revealed the size,
morphology, lattice structure, composition and speciation of the nano-sized debris. To the
knowledge of the authors, the study is the first to provide microscopic evidence of particles

as small as 3-5 nm originating from the tapers and cement-stem interfaces, which has
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important health implications concerning the potential of the particles to travel systemically
and dissolve at distant organs.

The study is the first to perform the speciation analysis of taper and stem debris which was
not found in periprosthetic tissue and was not internalised by macrophages, being subjected
to minimal alterations from their original nature.

The XANES, EELS and SAED investigations revealed mainly Cr.Oz nanoparticles from the
CoCrMo tapers and cement-stem interfaces, and Cr,Os and TiO, nanoparticles from the
mixed CoCrMo/Ti alloy tapers, and provided evidence of the highly toxic Co** ions, most
likely in the form of oxides.

The comparison between the CoCrMo taper and stem debris, showed that smaller particles
are released from the cement-stem interface, although debris from both wear sites are in the
nanometre size range. The speciation analysis, however, did not reveal any differences
between the species released from CoCrMo tapers and stems. The assessment included taper
and stem debris from both different and same retrievals.

The study provided a comparison between debris released from mixed and matched material
taper junctions and revealed that larger particles originate from the CoCrMo/Ti alloy tapers.
The size difference may be justified by the presence of both Cr,O3 and TiO; nanoparticles
released from the mixed material taper interface.

The speciation of the particulate debris with XANES and EELS was confirmed by
complementary techniques, such as SAED, which indicated that mainly Cr,Os and TiO;
nanoparticles, with traces of Co”" are released from the mixed and matched tapers and
cement-stem interfaces.

The study provided two alternative methods to clean and isolate particulate debris from the
mechanically mixed wear and corrosion flakes. The comparison between debris cleaned with
the alkaline and enzymatic treatment revealed that smaller and generally cleaner
nanoparticles are released from the alkaline treatment. The selection of the isolation
treatment should be made based on the study objectives and taking into account the strengths
and limitations of each technique.

Finally, the study provides a guideline on how to clean, isolate and characterise
nanoparticles, which may have applications in various research fields, other than the field of

debris characterisation.
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6.2 Future Work

e The results of the present study show that the majority of the particles release from the
mixed and matched tapers and cement-stem interface are smaller than 140 nm. The in
vitro studies, which assess the toxicity of the hip related debris should use nanoparticles
which are representative of what is being released in the body, both size and composition
wise. Future work should focus therefore on understanding the toxicity of Cr,O; and
TiO; nanoparticles smaller than 140 nm.

e Further work should better understand the chemistry of the Co and P rich patches
reported in this study, to understand the processes that lead to it being produced in the
body, although Co was only present as a trace element in the Cr oxide nanoparticles. The
in vitro toxicity of the Co and P rich product, should also be assessed.

e The authors acknowledge the small number of retrievals used in the study. For more
powerful comparisons between debris from various wear and corrosion sites, debris from
more retrievals should be investigated.

e In order to allow for the direct comparison of debris from secondary interfaces (taper
and stem) and primary articulating surfaces (hip bearings), identical treatments and
characterisation techniques must be used. Future studies should apply the cleaning
treatments and characterisation steps described here to reveal the nature of the wear
particles originating from the MoM CoCrMo bearing surfaces and assess how their
characteristics compare to those of the particles originating from the secondary

interfaces.
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The SEM/EDX maps of a fragment of debris from taper 1.
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The SEM/EDX maps of a fragment of debris from taper 2.
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The SEM/EDX maps of a fragment of debris from taper 2.
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Specrrim Image)

Red — Cr; Green — Ti; Blue — O.

Cluster Atomic ratio (/O) At %
Ti 0.27 (£0.04) 16.31
(0] 1.00 (£0.00) 59.57
Cr 0.40 (+£0.06) 24.12
Reg 1 Atomic ratio (/O) At %
Ti 0.26 (£0.04) 15.14
(0] 1.00 (£0.00) 58.13
Cr 0.46 (£0.06) 26.73

The STEM/EELS maps and quantification results of a fragment of debris from taper 7.

191






Appendix C

Appendix C

Cluster Atomic ratio (/O) At %
Ti 0.19 (+0.03) 13.03
o 1.00 (+0.00) 68.38
Cr 0.27 (£0.04) 18.59
Reg 1 Atomic ratio (/O) At %
Ti 0.24 (+0.03) 15.94
(0] 1.00 (+0.00) 65.12
Cr 0.29 (+0.04) 18.94

The STEM/EELS maps and quantification results of a fragment of debris from taper 8.
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e Publications

Investigation of nano-sized debris released from CoCrMo secondary interfaces in total

hip replacements: Digestion of the flakes

Alina M. Crainic, Mauro Callisti, Martin R. Palmer, Richard B. Cook
J Biomed Mater Res Part B, 2018:00B:000—000 (https://doi.org/10.1002/jbm.b.34134)

A comparative study on the physicochemical characteristics of nanoparticles released

in vivo from CoCrMo tapers and cement-stem interfaces of total hip replacements

Alina M. Crainic, Mauro Callisti, Arjen van Veelen, Agnes Michalik, James A. Milton, Martin R.
Palmer, Richard .B. Cook

Finalised manuscript intended to be submitted to Biomaterials in the next months

What provides the increased in vivo reactivity of CoCrMo taper debris?

Alina M. Crainic, Mauro Callisti, Arjen van Veelen, Agnes Michalik, James A. Milton, Martin R.
Palmer, Richard .B. Cook

Manuscript intended to be submitted to Nature Biotechnology in the next months
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e Conference Proceedings

A comparison between debris from CoCrMo tapers, cement-stem interfaces and

CoCrMo/Ti tapers

Alina M. Crainic, Mauro Callisti, Arjen van Veelen, Martin R. Palmer, Richard B. Cook
Orthopaedic Research Society (ORS) Annual Meeting, New Orleans, Louisiana (US)
10-13 March 2018. Contribution: Poster

Characterisation of wear and corrosion products from around a retrieved CoCrMo
taper junction

Alina M. Crainic, Mauro Callisti, Martin R. Palmer, Richard B. Cook

Orthopaedic Research Society (ORS) Annual Meeting, San Diego, California (US)

19-22 March 2017. Contribution: Poster

Investigation of wear and corrosion products from the cement-stem interface of
explanted hip replacements

Alina M. Crainic, Mauro Callisti, Agnes Michalik, James A. Milton, Martin R. Palmer, Richard B.
Cook

British Hip Society (BHA) Annual Meeting, London (UK)

1-3 March 2017. Contribution: Oral

e Awards

£50 000 research grant from Arthroplasty for Arthritis Charity’, UK
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