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Abstract

Abstract

With the development of modern medical techniques, the application of orthopedic implants
has been continually increasing in recent years. Passive materials, such as Ti and its alloys as
well as CoCrMo alloys, are widely used in artificial joints due to their excellent mechanical
properties, corrosion resistance and biocompatibility. Despite their excellent performance, the
release of harmful metal ions, due to tribocorrosion and corrosion of artificial joints operating
in human synovial fluids, remains a critical issue. Although numerous research on the elec-
trochemical behavior of metal in simulated body fluids has been published, only few studies
were conducted directly in real human body fluids. Interestingly, the only systematic in-vivo
corrosion investigation has shown that the electrochemical response of a CoCrMo alloy in
human synovial fluids significantly differs from that observed in simulated body fluids. To
understand the corrosion of metals in the human body, a study on the electrochemical behav-
ior of metal directly in human synovial fluids is therefore needed. Thus, this thesis aims to
determine the electrochemical behavior of pure Ti and CoCrMo alloy in human synovial flu-
ids and understand the corresponding mechanisms for a series of patients undergoing primary
total knee/hip arthroplasty (TKA/THA), punction of patients with TKA and TKA/THA revi-

sion surgery.

To achieve this goal, a systematic experimental protocol was designed and validated to per-
form the electrochemical tests on a cohort of 154 patients. A wide palette of electrochemical
techniques was used, including open circuit potential (OCP), potentiodynamic methods, elec-
trochemical impedance spectroscopy (EIS) and electrochemical quartz crystal microbalance
(EQCM). After the electrochemical testing, selected surfaces were analyzed using Fourier
Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), Energy
Dispersive X-Ray Spectrometry (EDS) and Auger Electron Spectroscopy (AES). The same
tests were conducted in a series of simulated body fluids to contribute to an understanding of

the in-vivo results.

The electrochemical results show that the electrochemical behavior of Ti and CoCrMo in
human synovial fluids varies between patients, especially for Ti. The corrosion rates of Ti
vary up to two orders of magnitude, while the variability for CoCrMo alloy lies within one
order of magnitude. The obtained corrosion rates of both materials correspond well with the
metal ion release rates clinically detected in patients with hip and knee implants. For both
materials, the corrosion behavior is likely controlled by the combined action of dissolved
oxygen and the adsorption of organic molecules. The electrochemical behavior of Ti surface

exposed to synovial fluids is significantly affected by surface roughness. No significant risk
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Abstract

of galvanic corrosion between Ti and CoCrMo alloy in human synovial fluids is anticipated

by the present results.
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Résumé

Résumeé

Avec le développement des techniques médicales modernes, la pose d'implants orthopédiques
n'a cess¢ d'augmenter ces derniéres années. Les matériaux passifs, tels que le Ti et ses al-
liages ainsi que les alliages CoCrMo, sont largement utilisés dans les articulations artificielles
en raison de leurs excellentes propriétés mécaniques, de leur résistance a la corrosion et de
leur biocompatibilité. Malgré leurs performances exceptionnelles, la libération d'ions métal-
liques nocifs, en raison de la tribocorrosion et de la corrosion des articulations artificielles
opérant au sein de fluides synoviaux humains, reste un probléme critique. Bien que de nom-
breuses recherches sur le comportement électrochimique du métal dans des fluides corporels
simulés aient été menéess, une petite part seulement ont été réalisées directement dans les
fluides synoviaux humains. Par ailleurs, la seule étude systématique de la corrosion in-vivo a
montré que la réponse électrochimique d’un alliage CoCrMo dans des fluides synoviaux hu-
mains différe significativement de ce qui est observé dans les fluides simulés. Pour com-
prendre la corrosion des métaux dans le corps humain, une étude sur le comportement élec-
trochimique du métal directement dans les liquides synoviaux humains est nécessaire. Ainsi,
cette thése vise a déterminer le comportement électrochimique du Ti pur et de l'alliage
CoCrMo dans les liquides synoviaux humains et a comprendre les mécanismes correspon-
dants pour une série de patients dans différents états cliniques : lors d’une premiére arthro-
plastie totale du genou ou de la hanche (TKA/THA), de la ponction de patients ayant déja
subi une TKA ainsi que lors d’opérations de révisions de TKA/THA.

Pour y parvenir, un protocole expérimental systématique a été¢ congu et validé pour réaliser
les tests électrochimiques sur un groupe de 154 patients. Une large palette de techniques élec-
trochimiques a été utilisée, y compris le potentiel de circuit ouvert (OCP), les méthodes po-
tentiodynamiques, la spectroscopie d'impédance électrochimique (EIS) et la microbalance
¢lectrochimique a cristal de quartz (EQCM). Aprés les tests électrochimiques, des surfaces
sélectionnées ont été analysées par spectroscopie infrarouge a transformée de Fourier (FTIR),
microscopie électronique a balayage (SEM), spectrométrie des rayons X a dispersion d'éner-
gie (EDS) et spectroscopie électronique Auger (AES). Les mémes tests ont ét¢ menés dans
une série de fluides corporels simulés pour contribuer a la compréhension des résultats in-

Vvivo.

Les résultats électrochimiques montrent que le comportement a la corrosion du Ti et du
CoCrMo dans les fluides synoviaux humains varie significativement selon les patients, parti-
culiérement pour le Ti. Les vitesses de corrosion du Ti varient jusqu’a deux ordres de gran-
deur, tandis que la variabilité de 1’alliage CoCrMo est d’environ un ordre de grandeur. Les

taux de corrosion obtenus pour les deux matériaux correspondent bien aux taux de libération



Résumé

d'ions métalliques détectés cliniquement chez les patients porteurs d'implants de hanche et de
genou. Pour les deux matériaux, le comportement a la corrosion est vraisemblablement con-
trolé par l'action combinée de l'oxygene dissous et de 1'adsorption de molécules organiques.
Le comportement électrochimique de la surface de Ti exposée aux fluides synoviaux est si-
gnificativement affecté par la rugosité de la surface. Aucun risque significatif de corrosion
galvanique entre l'alliage Ti et CoCrMo dans les fluides synoviaux humains n'est anticipé par
les présents résultats.

Mots-clés:

Electrochimie; Ti; Alliage CoCrMo; Liquides synoviaux humains, Corrosion
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Introduction

Chapter 1 Introduction

1.1 Motivation

Along with the rapid modern medical development, the application of biomedical devices has
been continuously increasing in recent years. By 2030, the number of knee joint arthroplasty
in the USA is estimated to be about 3,000,000 [1]. Metallic implant materials, mainly Ti and
its alloys, CoCrMo alloy and stainless steel, are widely used in bone and articular surface
replacement due to their excellent mechanical properties, corrosion resistance and biocompat-
ibility. Despite their excellent performance, corrosion of the metallic implants in human lig-
uids remains a critical issue that leads to harmful metal ions released into blood, urine and
kidneys [2—4]. This can result in materials degradation and cell inflammation, which is detri-
mental to the human body. So far, corrosion of biomedical alloys was mainly investigated in
simulated body fluids supposed to mimic real in-vivo conditions. These studies allowed rank-
ing of alloys, understanding of mechanisms and of the role of synovial fluid components but
their relevance for in-vivo situations remains unclear. Indeed, different surface responses
were obtained on the materials tested in simulated fluids compared to the retrieved prosthesis.
Only three papers [5—7] investigated the corrosion behavior of biomedical alloys in synovial
fluids. These studies were carried out either in animal experiments or on a rather limited
number of patients. They demonstrated the feasibly of in-vivo electrochemical measurements

but did not provide real insights into the governing mechanisms or crucial parameters.

It is therefore necessary to investigate the corrosion behavior of metal directly in human syn-
ovial fluids to determine the actual reaction behavior and understand the corresponding reac-
tion mechanisms. The latter can provide orientation for tailoring implant materials and im-

prove the patients’ quality of life.

1.2 Challenges

A sound corrosion study requires controlling the nature and properties of the exposed materi-
al and of the chemical composition of the corrosive environment as well as the physical con-
ditions. This is necessary for appraising the possible involved reactions. Thus, the first chal-
lenge of an in-vivo study is to determine the composition of human synovial fluids. It arises
from different aspects. Firstly, it is impossible to conduct a fully composition analysis of
synovial fluids due to their complex composition. Secondly, although the composition analy-
sis of specific organics or ions in synovial fluids can be performed, the desired components

that control the in-vivo corrosion behavior are unknown. Thus, research was carried out in
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this thesis by investigating the corrosion behavior of metals directly in human synovial fluids
(within 5 minutes right after the fluid extraction from the body) from numerous patients. The
results are then compared with in-vitro ones to understand the corrosion behavior and the
involved synovial fluids components. The acquired results will in turn provide a guidance for

a tailored composition analysis of synovial fluids.

The second challenge is the volume of synovial fluids, which is relatively small, about 2 - 6
ml in most cases. As a consequence, an electrochemical cell with a small volume (2 ml), in-
stead of typical large cell, has to be developed. Besides, the measurements for a single patient

cannot be repeated due to the small volume of synovial fluids.

As third challenge, the synovial fluids denature after leaving the human body for a long time.
In absence of a specific set-up maintaining the biological integrity of the synovial fluid, the

electrochemical experiments must be completed in a short time (typically within few hours).

Finally, the synovial fluids are susceptible to contamination by contact with air. For instance,
the pH of synovial fluids could change in contact with air due to the reaction with CO,. The
dissolved oxygen in synovial fluids could be influenced by exposure to air. Additionally,
synovial fluids could denature by reacting with the bacteria in contact with air. To avoid that,

the measurements must be carried out in a sealed cell.

1.3 Thesis Structure

The thesis consists of 9 chapters, including the introduction of the thesis (present Chapter),

where the motivation of the thesis, challenges and thesis structure is presented.

In Chapter 2, a state of art will show the basic information on the metallic implants and their
degradation in human body. To understand the degradation mechanisms, research on the me-
tallic implants conducted in simulated human fluids will be presented. In addition, the com-
parison between in-vivo and in-vitro results will be discussed to show the necessity of the
thesis. Consequently, the objective of the thesis will be introduced at the end of the chapter.

To achieve the goal, an experimental protocol has been designed and described in Chapter 3,

where the detailed experimental approach will be presented.

Following the experimental protocol, the properties of extracted human synovial fluids, in-
cluding appearance, pH and consistency, will be presented in Chapter 4.

Afterwards, the corrosion behavior of Ti and CoCrMo alloy in synovial fluids will be dis-
played in Chapter 5 using OCP, potentiodynamic polarization and EIS. In addition, in-vivo

results will be compared with in-vitro ones to understand the reaction behavior.
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Besides, ex-situ surface analysis through FTIR, SEM/EDS and AES have been carried out to
help to investigate the corrosion behavior of Ti and CoCrMo alloy and are presented in Chap-
ter 6.

Additionally, the effect of surface roughness on the corrosion behavior of Ti will be de-
scribed in Chapter 7 through electrochemical measurements, including OCP, polarization
curves and EIS. To understand the reaction behavior, the influence factors will be discussed,

and the results will be compared with in-vitro ones.

A general discussion on the experimental protocol, sterilization procedures, the corrosion

mechanisms and the risks of galvanic corrosion in-vivo will be present in Chapter 8.
Eventually, the conclusion of the thesis will be drawn in Chapter 9.

Additionally, an in-situ investigation of the corrosion behavior of Ti in synovial fluids will be
conducted by EQCM in Appendix A. By using EQCM, the electrochemical response of the
surface will be obtained simultaneously with the mass change on the surface. Based on the

real-time mass change on the Ti surface, the reaction mechanisms will be discussed.

Aside from the in-vivo studies, the validation of the new designed electrochemical cell and
the related in-vitro results will be present in Appendix B/C/D.
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Chapter 2 State of the art

2.1 Metallic Implants

Normal synovial joints consist of articular cartilage and synovial fluids, as shown in Figure
2.1. The former serves as a load-bearing tissue that covers the bones, and the latter acts as a
biological lubricant and nutrient within the joints [8]. They can operate efficiently, however,
they are susceptible to degenerative and inflammatory illnesses, for instance, osteoarthritis
and rheumatoid arthritis, which cause inflammation of synovium and cartilage/bone loss [8,
9], as shown in Figure 2.1. In this arthritis cases, a replacement of degraded joints is often
needed to relieve pain and ensure the patients' mobility.

NORMAL JOINT JOINT AFFECTED BY

RHEUMATOID ARTHRITIS
Cartilage

Bone Loss/Erosion

Cartilage Loss

Synovium

Bone Joint Capsule

Synovial Fluid

Bone Loss Inflamed Synovium

(Generalized)

Swollen Joint Capsule
Bone

Figure 2.1 Normal and rheumatoid arthritis joint [9]

According to the degradation conditions of joints, joint replacement is divided into total joint
replacement implants and resurfacing replacement. Figure 2.2 (a) displays an example of
joint replacement, which usually consists of a femoral stem, a femoral head and an acetabular
cup. The latter, if cementless, is combined with a metallic shell for bony growth. Resurfacing
joint replacement comprises only of an acetabular cup and a femoral head. The implant mate-
rials (metal, plastic and ceramic) are selected due to their outstanding biocompatibility, high
corrosion and wear resistance, good mechanical properties and osseointegration [10, 11]. The
acetabular cup and femoral head are bearing surfaces, and their coupling can be classified
into two groups according to the medical application, namely soft on hard (low friction) and

hard on hard (low wear) material couplings, as shown in Figure 2.2 (b).
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Total hip replacement \ e Resurfacing hip replacement

Acetabular cup

R
o

Femoral head

Femoral head

(a)
Material coupling
Soft on hard Hard on hard
[ a LA N
: A 7 '
Metal on plastic ~ Ceramic on plastic Metal on metal ~ Ceramic on ceramic ~ Ceramic on metal
(b)

Figure 2.2 (a) hip replacements and (b) materials couplings for the cup on head in implants
(adapted from [10])

Compared with ceramic and plastic, metallic implants possess better mechanical properties,
in terms of elasticity and toughness, and were successfully introduced in the 20th century
[12]. The commonly used metallic implants are made of Ti and its alloys, Cobalt-Chromium
alloys and 316L type stainless steel (DIN 1.4472/ASTM F1586/ISO150 5832-9), and their
typical properties and application in joint implants are summarized in Table 2.1 [8, 11, 13].
In particularly, Ti and its alloys as well as CoCrMo alloy are widely used in biomedical de-
vices thanks to their excellent corrosion resistance and biocompatibility obtained through the
spontaneous formation of a passive film on the metal surfaces. The biocompatibility of these
materials highly depends on the stability of the passive film, which closely relates to the envi-

ronmental conditions, such as the composition of the solution and pH [14, 15].
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Table 2.1 Properties and application of three major metallic materials in joint replacements [8, 11, 13]

Materials Advantage Disadvantage Joint implant components

Biocompatibility
Corrosion resistance .
. . .. Poor wear resistance ~ Femoral stem, Acetabular
Ti and its alloys Minimum modulus
. Low sheer strength shell
Fatigue strength

Low density

Wear resistance
Cobalt- Corrosion resistance ) Femoral stem, Acetabular
) . High modulus
Chromium alloys Fatigue strength cup, femoral head
Biocompatibility

Lower corrosion

. Femoral stem, femoral
resistance

. Cost and availability
Stainless steel .
processing head, Acetabular cup

High modulus

Ti and its alloys exhibit the lowest density and strength compared to CoCrMo alloys and
stainless steel, thus they are usually used as the femoral stem. They possess the highest corro-
sion resistance and biocompatibility by spontaneously forming a high stability TiO> passive
film [16-18], which is thermodynamically stable in the pH range of 2 - 12, and only dissolves
in the presence of specific species, for example concentrated H2SO4 and HF [16]. Commer-
cially pure Ti and Ti6Al4V alloy are the most widely used in orthopedic. Pure Ti possesses

better corrosion behavior but worse mechanical properties than Ti6Al4V alloys [19].

CoCrMo alloys possess the highest elastic modulus, mechanical strength, and wear re-
sistance. Therefore, they are widely used in load-bearing surfaces, such as acetabular cup and
femoral head. They exhibit better corrosion resistance than stainless steel due to the for-
mation of a stabler passive film, particularly in the presence of chloride ions [20].

Stainless steel materials are used in joint implant components due to their low cost and out-
standing manufacturing properties. They possess acceptable corrosion resistance and bio-
compatibility due to the presence of Cr. Their application for implants is restricted because of

their low wear resistance and pitting corrosion susceptibility in presence of CI ions.

2.2 Degradation of metallic Implants

Despite the excellent properties of metallic implant materials, corrosion of the metallic im-
plants remains a critical issue that leads to the degradation of implants and the release of met-
al ions into human body that, above a critical threshold, become harmful to the body [2—4].

Besides corrosion, wear of joint surfaces occurs due to the applied load and the human mo-
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tion. The removal of the passive film and the repassivation result in the joint actions of wear
and corrosion, namely tribocorrosion. Under tribocorrosion conditions, the corrosion of im-
plant materials is enhanced by several orders of magnitude [21]. This phenomenon is called
wear-accelerated corrosion and critically depends on the ability of the alloy to reform the
passive layer between consecutive loading cycles. In addition to corrosion, wear-accelerated
corrosion was identified as one of the leading causes of metal-on-metal implant degradation

in a hip simulator [22].

2.2.1 Retrieved Implants Analysis

Numerous research on the retrieved metal-on-metal implants has been carried out, and most
of implant failure occurs within the taper junction between the femoral head and stem [23].
The degradation mechanisms in the taper junction are reported mainly to be fretting corro-

sion, crevice corrosion and galvanic corrosion [24-26].

Hydrogen embrittlement is proposed as a degradation mechanism for Ti tapers during crevice
corrosion [24]. This is due to the high affinity of Ti alloys with hydrogen atoms, generated in
the crevice of taper, leading to the embrittlement of the Ti surface. No such degradation
mechanism is reported for CoCrMo alloys.

These reactions result in the generation of metallic debris (fretting corrosion) and metallic
ions (fretting, crevice and galvanic corrosion). The release of metallic debris is associated
with the aseptic loosening of articular implants [24], and the generation of corrosion products
is attributed to adverse local tissue reactions (ALTRs) due to the immune response. Aseptic
loosening and ALTRs are reported to be the dominant reasons for revision surgery [25]. In
addition, metallic implants can also have poor osseointegration and osteoconductivity after
implantation, together with aseptic loosening and metal ion release, leading to an implant

rejection [13].

2.2.2 Metallic Ions Release in the Human Body

Because of the wear and corrosion of implants, metallic ions are detected in the human body,
such as in blood, serum and urine. A large amount of released metallic ions can be toxic and
could induce immune response of the human body, facilitating osteolysis and aseptic loosen-
ing [27]. They are harmful to the human body and can result in the failure of the implants.
The amount of released metal ions in urine, blood, hair and serum were quantified in various
research with different techniques, for instance, atomic adsorption spectrometry, optical
emission spectrometry, mass spectroscopy and inductively coupled plasma [28]. The concen-
tration of metallic ions released from Ti alloy and CoCrMo alloy implants in different clinical

fluids are summarized in Table 2.2 from a review research. The results show the concentra-
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tion of metallic ions for different patients varies significantly between different research, with
the value of several orders of magnitude differences. This could be associated with the differ-

ent implant components (stem or head), implantation time and clinical states of patients.

Table 2.2 The concentration of metallic ions in human fluids released from Ti alloy and CoCrMo
alloy hip and knee implants (adapted from [28])

Type of implants Human fluids Metallic ions Concentration / ugL™?!
. . Co 02-152
Synovial fluid Cr 0.2 - 238
Co 0.02 -25.8
Serum Cr 0.05-23.1
Mo 04-2.1
Co 0.16-116.1
Blood Cr 0.004 - 108.1
Mo 0.4 -58.6
CoCrMo alloy Co 0.004 - 205.6
Urine Cr 0.004 -42.8
Mo 0.26 - 37
Co 147.4
Hair Cr 185.3
Mo 39.3
i 1-194
Synovial fluids T 0 ?
A% 0-2
Serum Ti 0.7 -536.8
Al 1.36-16.31
. Ti 0.6-319.6
Ti6Al4V alloy
Blood \% 0.04 - 0.18
Uri Ti 0.004 - 650
e \% 0.002 - 0.004

2.3 Human Synovial Fluids

Normal synovial fluid is a viscous, clear and yellowish fluid in the cavities of synovial joints,
which acts as a biological lubricant to reduce the friction of the joints and provide nutrition
for the articular cartilage [29]. It mainly consists of ions, such as Na*, Cl;, K*, HPO4*, Ca®*
and Mg?" [30, 31], serum proteins, lipids, hyaluronan, glucose and cells [29, 32, 33]. The
main composition of synovial fluids is summarized in Table 2.3. However, the exact compo-
sition of synovial fluid is much more complex, and it varies with many factors, such as age
[29] and diet [34] of patients. The pH of synovial fluids was reported to be within 7 - 8 due to
the buffering capacity of the human body [35], even though some results claim that it could
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vary from 7 to 10 under different clinical states [5]. Typically, the temperature of human flu-
ids remains at around 37 °C [36], and the partial pressure of oxygen in synovial fluids is
about 48 mmHg (0.82 x10* mol/L) [37].

Table 2.3 The main chemical composition of normal synovial fluids

Compound Ions Organics

P Na Cl P Ca K Mg  protein lipid hyaluronan glucose
C trati
Onfegn;f‘ % 13 3.4 0.01-0.05 0.01-0.1 0.1-030.01-0.02 1030 24 14  0.6-0.9

It is worth noting that both the appearance and the composition of synovial fluids are signifi-
cantly dependent on clinical states [29, 38]. Based on the synovial fluid analysis, the joint
diseases can be divided into non-inflammatory, inflammatory, septic and traumatic. A rough
comparison for synovial fluids is listed in Table 2.4. For example, the synovial fluids become
liquid, turbid and greyish-reddish in an inflammatory, septic and traumatic joint [29]. The
concentration of Na*, K* and Ca?" ions in the osteoarthritis joints increases at least two times
compared with normal joints [30]. The hyaluronan concentration in inflamed synovial joints
decreases to 0.7 - 1.5 g/L, while the amount of phospholipid increases from 0.1 g/L to 1.5 -
3.7 g/L in rheumatoid arthritis joints [33]. Also, the partial pressure of oxygen in synovial
fluids decreases in patients with rheumatoid arthritis, which can be close to 0 mmHg in some
cases [39].

Table 2.4 Classification of properties based on laboratory examination [29]

Type of effusion
Parameter - : :
Noninflammatory Inflammatory Septic Traumatic
Volume >3.5mL >3.5mL >3.5mL >3.5mL
Color Yellow Yellow-greyish Green-greyish Red-yellow-brown
Clarity Slight turbid Turbid Turbid, purulent Clear or turbid
Viscosity High Low Low Decreased
Spontaneous
clot for- No Yes Yes Yes
mation
Protein 10-30 g/L >40 g/L 30-60 g/L 10-30 g/L
Glucose 0.6-0.9 Decreased Decreased 0.6-0.9
Crystal synovitis Trauma
. Osteoarthritis Rheumatoid arthri- Haemophilia
Associated .. . . . .
diseases Osteochondritis tis Infective arthritis Anticoagulant
Traumatic arthritis Systemic lupus therapy

erythematosus

Malignant disease
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In addition, the composition of synovial fluids varies with the implantation time due to the

metallic ions release and wear debris, as introduced in the last section.

2.4 Interfacial Reactions of Metallic Implants in Simulated Human Fluids

To understand the electrochemical reactions of the metallic prosthesis in human synovial
fluids, simulated body fluids including isotonic sodium chloride (NaCl), phosphate buffers
(PBS) and the more complex Ringer’s and Hank’s solutions, are designed to study the reac-
tion mechanisms. Bovine serum albumin (BSA) and hyaluronic acid is sometimes added to
simulate the effect of organics. The relevant test temperature is 37 °C. Attempts to simulate
inflammations have been made by adding hydrogen peroxide (H202). The main reactions of
metal in a bioenvironment are summarized in Figure 2.3. The different types of interactions

can be rationalized as follows.
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Figure 2.3 Interfacial reactions of metal immersed in bioenvironment [40]

2.4.1 Reactions between Metals and Water/Dissolved Oxygen

Corrosion reactions occur when metal is in contact with oxidizing agents in the environment;
in this case, they are dissolved oxygen and water. When a metal surface is immersed in the
fluids, water molecules adsorb onto the metal surface within nanoseconds, forming an elec-

tric double layer at the nanoscale [41], followed by dissolved oxygen adsorption. In conse-
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quence, the reduction reactions occur, as shown in equations (2-1) and (2-2), accompanied by
oxidation of the metal. Note that the dissolved oxygen concentration in pure water at 25°C
and 1 atm is 2.56 X 10 mol/L, and it decreases at higher composition of electrolyte and
higher temperature [42]. The reversible potentials indicated in the equations are obtained
from the Nernst equation at the following conditions: Pu2o2 = 1.03 atm, T= 310 K, pH = 7.4

al’ld Csoluble ions — 10-6 l’nOI/L.

2H" +2e~ 5 H, /2H,0 + 2¢~ = H, + 20H™ (Erev = -0.44 Vsug) (2-1)
0, +4H* + 4e~ 5 2H,0/0, + 2H,0 + 4e~ 5 40H™ (Eev = 0.79 V) (2-2)
Ti+ H,0 = TiO + 2H" + 2e~ (Erev = -1.74 Vsug) (2-3)
2Ti0 + H,0 = Ti,05 + 2HY + 2™ (Erev = -1.56 Vsng) (2-4)
Ti,0; + H,0 = 2TiO, + 2H" + 2e™ (Erev =-0.99 Vsug) (2-5)
Co S Co?" + 2e™ (Erey = -0.46 Vsug) (2-6)
2Cr + 3H,0 = Cr,03 + 6H" + 6e~ (Erey = -1.09 VshE) (2-7)
Cr,05 + 5H,0 = 2Cr02~ + 10H* + 6e ™ (Erey = 0.54 Vspr) (2-
8)

Mo + 2H,0 = Mo0O, + 4H* + 4e™ (Erev =-0.51 Vsug) (2-9)
MoO, + 2H,0 = MoO;f~ + 4H* + 2e™ (Erev = -0.45 Vsug) (2-10)

For Ti and CoCrMo alloys, oxide films are spontaneously formed because of the high reactiv-
ity identified by low reversible potential for electrochemical reactions between metals and
water at 37 °C, as presented in equations (2-3) - (2-10).

"

20 -15 -1 05 0 05 1.0/Vgg

Figure 2.4 Typical equilibrium potential ranges of Ti, Co, Cr and Mo in H,O at 25 °C and pH 7.4
(physiological conditions) extracted from Pourbaix diagrams in different domains: immunity (i), ac-
tive dissolution (a), passivity (p) and transpassivity (t) [43]
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The typical potential range of the corrosion reaction for Ti, Co, Cr and Mo in H>O at 37 °C
and pH 7.4 (physiological conditions) is extracted from Pourbaix diagrams, and is presented
in Figure 2.4. The equilibrium lines for different domains are obtained by considering the
concentration of soluble ions of 10 mol/L as well. This figure is a graphical representation
of the equations above. The Pourbaix diagrams only help to predict the corrosion susceptibil-
ity of a metal as a function of potential and pH, but do not offer any information on the reac-

tion rate.

The OCP of CoCrMo alloy in body simulated solutions is around -0.2 Vsgg to -0.1 Vsue [40],
indicating passive film, mainly Cr203, is formed on the surface. The stability and thickness of
passive film depend on the applied potential, oxygen availability and the media's composi-
tion. The thickness of the passive film increases with the temperature [15] and potential [44,
45], and passive film can be quickly regenerated in the presence of oxygen owing to the
higher equilibrium potential of the reduction reaction [17, 18]. However, when the potential
is higher than 0.4 Vsug, Cr,03 will be dissolved by forming Cr®* soluble cations [15].

2.4.2 Reactions between Metals and Ions

Besides water and dissolved oxygen, ions in the human synovial fluids are also reported to
react with metallic surfaces. Cl, the most abundant ions in synovial fluids, is not discussed in
this chapter since it has little effect on Ti and CoCrMo alloy due to the stable passive film
formed on the surface [16], [20]. Although there are various kinds of ions in human fluids,
phosphate and calcium ions are the only ions interacting with the metal surface [46—48]. Nu-
merous research has been conducted to investigate the influence of phosphate on the corro-
sion behavior of metal in simulated solutions. The results indicate that reactions between
metal and phosphate depend on pH [49], the composition of the solution [50-52] and the ap-
plied potential [40, 45, 50, 53]. The corresponding mechanisms can be categorized as chemi-
sorption (ion exchange and electrostatic attraction) and Lewis acid-base interactions, as pre-
sented in Figure 2.5. The former is the most prevalent mechanism, which mainly depends on
pH. A detailed introduction on the mechanisms is present below:

- Electrostatic force: The surface is positively charged when the pH is lower than the isoelec-

tric point of the metal surface, leading to the electrostatic attraction between the metal surface
and phosphate ions. When the pH is higher than the isoelectric point of the metal surface,
electrostatic repulsion will be favorable, which increases with pH [54]. Previous research
reported that phosphate ions diminish the anodic current of CoCrMo alloy [40, 50] and Ti
alloy [53] by adsorbing onto the metal surface. At the same time, they have little influence on
the cathodic reaction. The potential-dependent behavior is probably due to the electrostatic
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force, where electrostatic repulsion and electrostatic attraction between the metal surface and

phosphate ions occur under cathodic and anodic potential, respectively.

- lIon exchange: Phosphate ions could react with metal oxide/hydroxide by replacing OH" ions,
namely ligand exchange reaction. When the surface is positively charged, phosphate adsorp-
tion is attributed to the ion exchange reaction [55]. The phosphate-metal reaction was detect-
ed on Ti and CoCrMo alloy through XPS analysis and potentiodynamic techniques. A phos-
phate-Ti complex was identified by XPS analysis on a Ti6Al4V surface after polarizing un-
der different anodic potentials in Hank’s solution [45]. A current increase at the potential of
around 0.6 Vagagci was observed for CoCoMo alloy in PBS solution compared with NaCl

solution, which is probably associated with the phosphate-chromium reaction [50].

- Lewis acid-base interaction: At a pH lower than the isoelectric point of the metal, the active

sites on the metal surface are protonated and act as a weak acid, while phosphate ions
(H2PO4*) become a weak base. At a pH higher than the isoelectric point, metal active sites
are deprotonated and behave like a weak base, and phosphate ions become a weak acid. In
this interaction, metal active sites react with oxygen atoms in the phosphate anion, forming
M-O bonds [56].

Electrostatic
repulsion

Electrostatic
attraction

Lewis acid-base interaction
[ I I N |

Metal oxide | P

~N
wo, [l | |
o |
|

)= G E R D N N R R R O
o 2 4 6 8 10 12 14

Figure 2.5 Interaction mechanisms between phosphate ions and the metallic surface under different

pH (P: positive charge; I: isoelectric point; N: negative charge)

The study of the reaction between metal and calcium ions is relatively poorly documented.
Like phosphate, calcium ions can slightly inhibit the passive corrosion by adsorbing onto
metal surfaces due to the electrostatic attraction [57, 58]. In addition, calcium and phosphate

ions react with each other and form a precipitation layer on the metal surface after immersing

13
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in calcium and phosphate containing solutions [59, 60]. This precipitation layer significantly

reduces the corrosion rate of metal in the tested solutions.

2.4.3 Reactions between Metals and Organic Molecules

After the adsorption of ions, organics reach the metal surface. Proteins, the main organic
molecules in synovial fluids, are widely studied in the reactions with the metal surface. Pro-
teins are prone to bind to a metal surface, and the interfacial reactions depend on many fac-

tors, which are summarized in Table 2.5.

Table 2.5 Factors influencing protein adsorption onto the metal surface

Protein properties Size [61, 62], structural stability [63], charge [61, 62]
Surface properties of Surface energy [64, 65], charge [62, 66], chemical composition [65, 67],
metal morphology [62, 68]

pH [62, 66], electrode potential [44, 69, 70], temperature [62, 71],

External parameters .\ .
P composition of solution [72]

- Protein properties: Proteins are complex biopolymers mainly consisting of amino acids. The

adsorption of proteins is usually a result of transportation, adsorption and repulsion process-
es. Small proteins are prone to adsorb on metal surfaces at the early stages thanks to their
high diffusion velocity, while they will be replaced by the large ones over time, which have
stronger binding force owing to the larger contact area [61]. For example, a more significant
amount of adsorption on the ZnS surface is observed for BSA, which has higher conforma-
tional flexibility than the lactoglobulin [63].

- Surface properties: Generally, proteins are more prone to adsorb on hydrophobic surfaces

than on hydrophilic surfaces, due to the hydrophobic groups present in proteins [67, 68]. Be-
sides, the surface energy and chemistry are also responsible for the protein adsorption. For
instance, less BSA is adsorbed on the CoCrMo alloy surface with the increase of the surface
energy due to the increase of Cr203 content [64]. BSA adsorption decreases from Ti/Cr oxide
to Ta, Ni and Al oxide, and Fibrinogen adsorption increases from Al oxide to Cr/Ti, Ta and
Ni oxide [65]. Additionally, the amount of protein adsorption increases with the roughness

owing to the larger surface area of the metal [68].

- External factors: The adsorption of proteins, with various sizes and isoelectric points, de-

pends on the solution pH due to the corresponding change in the surface charge of both pro-
tein and metal surface. This behavior was reported on Ti particles, where the protein adsorp-
tion is most irreversible at the pH from 3 to 8, while most reversible in the pH range of 8.5 -
9.4 [61]. It also highly depends on the temperature since proteins will denature above 50 °C

[73]. Besides, protein adsorption is also related to the applied potential on the metal surface.



State of the art

It was reported that albumin adsorption on CoCrMo alloy surface increases with an applied
passive potential [69]. At the same time, it is also increased under cathodic potential (below -
0.6 Vagagci), supposedly due to the albumin reduction [70]. In addition, protein adsorption is
affected by the presence of ions in the solution. The amount of protein adsorption on the
CoCrMo surface immersed in PBS solution decreases compared to the one in 0.14 M NaCl
solution due to the competitive adsorption between phosphate and albumin [50]. Contrary to
phosphate, calcium ions are suggested to promote BSA adsorption on CoCrMo alloy in acidic
artificial saliva due to the electrostatic force with negative charged BSA [74].

Human Serum Albumin (HSA)

HSA, about 60% of the total protein in plasma, mainly contributes to the colloid osmotic
pressure [75]. Because of the high concentration, serum albumin arrives on the metallic sur-
face first according to the law of mass transport. HSA is quite similar to bovine serum albu-
min (BSA), and the main difference between them is the number of tryptophan amino acids,
as shown in Figure 2.6. Thus, BSA is widely used as an alternative for HSA in in-vitro stud-

1€es.

O Trp-214

Figure 2.6 3D structures of HAS and BSA with tryptophan residues [76]

BSA is a polypeptide chain composed of 585 amino acids, with a molar weight of 66 KDa
[77] and a dimensions of 4 nm x 4 nm x 14 nm [78]. It is a soft protein with an unstable
structure that can deform when it adsorbs on a metal surface. The isoelectric point of BSA is
around 4.7 - 4.9 in water at 25°C [79]. Previous research has shown that BSA can inhibit the
reduction reactions by adsorbing onto the metal surfaces [61, 80—83]. However, depending on
the concentration, protein can either accelerate the corrosion rate of metals by forming solu-
ble complexes with metal ions [81, 84, 85] or inhibit corrosion by acting as a physical barrier
[81, 82, 86]. As illustrated in Figure 2.7, the anodic current density of Ti6Al4V in PBS solu-
tion increases first with the addition of BSA, while it decreases when the concentration of
BSA is 4 g/L. In contrast, both the cathodic and passive current density decrease after adding
BSA with the same concentrations. It is worth noticing that different results are reported in

other works. The cathodic current density significantly decreases with adding 1 g/L of BSA
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[80], and the anodic current rate increases after adding 0.5 g/L of BSA in PBS solution [50].
These contradictory results could be due to the different experimental conditions, such as

sample preparation and experimental procedure.
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Figure 2.7 Polarization curves of Ti6Al4V (a) and CoCrMo alloy (b) in PBS solution at different con-
centrations of BSA with a scan rate of 0.167 mV/s at 37°C [81]

The driving force for BSA adsorption is reported to be entropy gain [62], surface energy [62,
64, 65, 71, 87], surface charge [62, 65, 71] or electron conductivity [65]. The former could be
the dominant due to the conformational entropy [88]. The BSA adsorption onto metallic sur-
face varies with the surface charge of the protein and metal surface, the chemical composition
of metallic surface and solution, as well as the concentration. As a consequence, the adsorp-
tion reaction varies during the dynamic process, which makes it very complicated to separate
the influence factors. Besides adsorption, BSA is also reported to bind and precipitate on the
metallic surface, and the reaction behavior depends on the applied potential [89], as presented
in Figure 2.8. BSA is reported to bind on Ti [90], Cr [91], Co [92] and Mo [90] ions, enhanc-
ing the dissolution rate of metal ions. At cathodic potential lower than -0.6 Vagagci, 3 or 4
disulfide bonds in BSA molecule are reduced quickly, and the products remain adsorbed on
the metal surface [93]. In the transpassive domain, the protein starts to precipitate on the met-

al surface due to a large amount of protein-ions complex formation.
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Figure 2.8 Interfacial reactions between protein and metallic surface with different applied potential,
adapted from [89]

Many kinetic models for protein adsorption have been proposed to study the BSA adsorption
mechanism, and the most commonly used is the Langmuir adsorption model due to the sim-
ple mathematical format:

= e @10
Where T is the amount of adsorbed protein (mol/cm?); Baps is the affinity of the protein mol-
ecules toward the surface (cm?/mol); [y, is the maximum value of I' (mol/cm?); and C is the
concentration of protein in the bulk solution. In this model, a monolayer of protein homoge-
neously adsorbed on the sample surface is assumed. However, the Langmuir isotherm is a
first approximation of the real adsorption phenomena. More accurate and complex models

have been proposed in the literature [62].

Hyaluronic Acid (HA)

HA, the other main component in synovial fluids, is a large linear hydrophilic polymer, with
a molar mass of around 4 MDa, acting as a lubricant in the joint and being responsible for the
viscosity of the synovial fluids [94]. The chemical structure is illustrated in Figure 2.9. Its
concentration significantly decreases in osteoarthritis joints. Thus it is used as a treatment for
patients suffering from osteoarthritis [95, 96]. The influence of HA on the lubrication of the
joints is widely studied [97-99], while the study of its effect on corrosion is relatively lim-
ited. The impact of HA on the corrosion behavior of Ti [100] and CoCrMo alloy [83] is lim-
ited compared with BSA due to its hydrophilic property and large size that lead to less ad-

sorption on metal surface.
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Figure 2.9 Chemical structure of HA

Although there are plenty of studies on the protein adsorption (mainly albumin and calf se-
rum) onto metal surfaces in ideal in-vitro environments, their relevance with complex solu-
tions such as human synovial fluids has not been proved due to the variety of reaction species

as well as the possible interactions between the reaction species.

2.4.4 Reactions between Metals and Reactive Oxygen Species

Reactive oxygen species (ROS) are defined as free radicals containing oxygen molecules,
including hydrogen peroxide (H.0>), superoxide anion (O*) and nitric oxide (NO). They are
unstable and highly reactive [101], and could be produced by mitochondria [102] in general
and by cells under host-defense response [103]. To study the influence of ROS on the per-
formance of artificial joints, H2O» is added to the simulated solutions to conduct the electro-
chemical measurements on metals. The results show that H>O» significantly increases the
corrosion rate of the metal [85, 104—106] owing to the unpaired electrons in the valence shell.
They can further oxidize the metal surfaces by forming oxygen and hydroxyl radicals (OH")
[104], as presented in equations (2-12) - (2-17). Figure 2.10 illustrates that the corrosion rate
of Ti6Al4V alloy significantly increases with H>O», where the difference can be more than
one order of magnitude. Similar results are also obtained on Ti grade 2 in Hartmann’s solu-
tion [107] and CoCrMo alloy in PBS based solutions [105]. The exact interactions of ROS

with metal surfaces in a bioenvironment and the influencing factors are still unclear.

2H,0, = 2H,0 + 0, (2-12)
H,0, + 2H* + 2e~ 5 2H,0 (2-13)
Me + H,0, = Me*+ OH™ + OH: (2-14)
Me™ + H,0, 5 Me™'+ OH™ + OH: (2-15)
OH + H,0, s 0; + H;0* (2-16)

Me™?! + 0; s 0, + Me™t (2-17)
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Figure 2.10 Cathodic and anodic polarization curves of Ti6Al4V in 0.5M NaCl solution at various
amount of H>O» [103]

2.4.5 Reactions between Metals and Cells

Cells can adsorb on metal surfaces acting as a physical barrier hindering the diffusion of oxi-
dant species from the solution to the metal surfaces and thus decreasing the metal dissolution
rate [108, 109]. The presence of cells on metals may also induce high local corrosion suscep-
tibility on the metal surface by generating occluded areas beneath cells and establishing dif-
ferent local chemistries [110]. For example, the reactive oxygen species generated by in-
flammation cells can accelerate the metal dissolution. From the response time perspective, it
usually takes several minutes or hours for cells to adsorb onto the metal surface, which is
already covered by organic molecules [111]. The response time after implantation of a metal-
lic implant is displayed in Figure 2.11. To avoid degradation of synovial fluids out of the
human body, the reactions between cells and the metallic surfaces will not be investigated in
this thesis.
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Figure 2.11 Scheme of the time response after implantation of a metallic implant [112, 113]
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2.5 Comparison Between In-Vivo and In-Vitro Results

The study of electrochemical reactions of metal directly in human synovial fluids is quite
limited [5—7]. Munoz et al. [5] investigated the electrochemical behavior of a CoCrMo alloy
in different synovial fluids, which were directly extracted from 17 patients with different
clinical states. The results show that the electrochemical behavior of the alloy varied signifi-
cantly with the different synovial fluids, as shown in Figure 2.12. Typical reactions that oc-
curred in simulated human fluids were also encountered in in-vivo tests, such as water reduc-
tion, mass transport limited oxygen reduction, passivation of metal, and transpassivity. Addi-
tionally, it was reported that the electrochemical behavior of the alloy depends not only on
the material reactivity but also on the human synovial fluid components, mainly of the reac-
tive oxygen species. In some patients, such as patient 2, the latter could determine the whole
electrochemical reactions. The OCP values were found to be well correlated with the in-
flammation level of patients. However, the corresponding reaction mechanisms are not fully
understood.
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Figure 2.12 The (a) cathodic and (b) anodic polarization curves of CoCrMo alloy in synovial fluids
from different patients [5]

The representative polarization curve of CoCrMo in synovial fluids is compared with that in
bovine calf serum (BCS). Figure 2.13shows a significant difference between in-vivo and in-
vitro corrosion behavior. The difference is probably due to the complex composition of syno-

vial fluids, indicating that in-vitro experiments are not adequate to predict the in-vivo behav-
ior.
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Figure 2.13 The polarization curves of CoCrMo alloy in synovial fluid from patient 13 and in BCS
(30 g/L) atapH of 7.6 [5]

Besides electrochemical research, retrieved prostheses are investigated to study the actual
reaction behavior of metal in synovial fluids. A wide variety of surface layers, from oxide
film to organic or even graphitic film, are found on retrieved implant load-bearing surfaces

[114-116]. The schematic view of the surface films is summarized in Figure 2.14 [117] .

The first case was reported by Wimmer et al. [116] who analyzed 42 retrieved hip implants
made of CoCr alloys, where a thick oxide film (around 100 nm) containing organic com-
pounds and calcium phosphate was detected on an articulating surface. The thick oxide layer
cannot be explained by classical chemical mechanisms, including high electric field and ion
transportation through the oxide field [117]. For instance, an electrode potential of 100 V is
required to generate a 100 nm oxide film with a typical growth rate of 1 nm/V. The second
case is observed on a sample from the same set of retrieved implants. The absence of oxide
film could be due to the exposure of the bare metal by abrasion and faster organic adsorption
than repassivation. The occurrence of the last case from a hip joint simulator [115] could be
because of the high potential on the surface with the presence of ROS when thicker oxide

film and a large amount of adsorbed organics are obtained on the metal surface.

Interesting, only the case three is reported in in-vitro researches [118—120]. This mismatch
between in-vivo and in-vitro results is caused by the complex composition of human synovial

fluids, which is patient-dependent, as is proved by Munoz et al. [5].
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Figure 2.14 Schematic view of the surface composition on retrieved prothesis [117]

2.6 Statement of the Problem

Corrosion is a crucial factor that induces the degradation of the implants. To understand the
corrosion reactions, numerous studies on the electrochemical reactions of metal in simulated
body fluids have been conducted. These studies reveal that the corrosion reaction between
metals and human synovial fluids depend on a large number of complex phenomena. Howev-
er, the effect of each phenomenon was only studied independently and their application to the
complex human body fluids has not been well validated. Indeed, the only in-vivo study in a
limited number of human synovial fluids shows that the simulated body fluids do not repre-
sent the synovial fluids. Besides, the corrosion behavior of metal in human synovial fluids
varies significantly with patients, and the corresponding reaction mechanisms are not fully
understood. The discrepancies between in-vivo and in-vitro results and the patient dependent
corrosion behavior can be associated with the complex composition of human liquids, which
depends on the patients. Therefore, there is a need to investigate the electrochemical reactions
of metal directly in human synovial fluids to obtain the data relevant to implant conditions in

the human body.

2.7 Objectives of the Thesis

Considering the existing problems with the prediction of corrosion in-vivo, the goal of this
thesis is to design and validate an optimal experiment protocol to determine the electrochem-
ical behavior of pure Ti and CoCrMo alloy in human synovial fluids and understand the reac-

tion behavior as a function of the clinical state (i.e. before, during and after implantation).

To achieve this, electrochemical techniques, including Open Circuit Potential (OCP) and po-
tentiodynamic tests, are selected to investigate the electrochemical reactions of metals in hu-
man synovial fluids. Electrochemical tests will be combined with impedance microscopy
(EIS) and Quartz Crystal Microbalance (EQCM) to obtain information on the organic adsorp-
tion and mass variation simultaneously with the electrochemical behavior of metal surfaces in

synovial fluids.
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In addition, ex-vivo surface characterization using various techniques (SEM/EDS, FTIR and
AES) will be used to characterize the surface topography and chemistry to better understand
the surface composition and chemical states and underlying electrochemical mechanisms of
metal in human synovial fluids. Also, a large number (~150) of synovial fluids from patients
with well-defined clinical states (primary surgery, total knee arthroplasty and revision) will

be tested to obtain reliable statistics and understand the electrochemical behavior.

This PhD project will contribute to a better understanding of the electrochemical behavior of
metals in actual body conditions. It will therefore provide a useful guidance for in-vitro scien-
tific research in simulated human fluids. Besides, it will help better tailor implant materials to
patients to reduce the corrosion risks. Note that for legal reasons no access to clinical infor-
mation concerning the patients was granted to nonmedical staff. This prevented me to assess

possible correlations between electrochemical behavior and patient clinical states.
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Chapter 3 Experimental Setup and Protocol

To achieve the goals, an experimental protocol was developed and validated to systematically
investigate the electrochemical reactions of metal surfaces in contact with human synovial
fluids. To do that, synovial fluids were extracted from patients at the beginning of the surgery
using a syringe which was transferred to the electrochemical lab within 5 minutes. The syno-
vial fluids in the syringe were directly injected in the sterilized electrochemical cell that was
immediately sealed so to prevent the contact of the fluid with air. The electrochemical meas-
urements in this work can be then considered as in-vivo study. No clinical states of the pa-

tients can be obtained due to the patient privacy.

Besides, a multi-electrode electrochemical cell was designed and validated to meet the meas-
urement requirements introduced in the challenges. The synovial fluids were inserted in the
newly designed cell right after the characterization. Afterward, the OCP, potentiodynamic
polarization, EIS and EQCM measurements were conducted at the hospital to obtain the cor-
rosion behavior of metal surfaces in human synovial fluids. Subsequently, ex-situ surface
analysis was performed using SEM to observe the surface morphology, and EDS, FTIR and
AES to characterize surface chemistry. Ultimately, in-vivo electrochemical results and sur-
face analysis data were compared with in-vitro results to understand the electrochemical be-
havior. The scheme for the research programs is present in Figure 3.1, and the detailed meas-

urements are described in the following sections.
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Figure 3.1 Scheme for the research programs (*EQCM measurements were conducted in EQCM cell

on a rough crystal)

3.1 Characterization of Human Synovial Fluids

Three kinds of patients were selected, and their synovial fluids were extracted by a skilled

surgeon in the surgery room:

- Group 1, Primary surgery patients (PS): patients who do not have an implant but exhibit
different grades of knee inflammation and clinical states.

- Group 2, Total Knee Arthroplasty (TKA): patients with a Total Knee Arthroplasty implant.

- Group 3, Revisions (R): patients who will go for revision surgery due to a failure, rejection,

or problem with the implant.

Synovial fluids were extracted during surgery (group 1 and 3) and puncture (group 2). For
group 1 and 3, synovial fluids were extracted at the beginning of the arthrotomy, right after
the skin incision. It was extracted with a 10 mL syringe through a small hole, and maintained
as it is after sealed with a syringe cap. For group 2, the synovial fluids were aspirated through
a needle located at the supero-lateral recessus of the knee capsule following the disinfection
of the skin. All care was taken by the surgeon to avoid contamination of the synovial fluid by
blood or other components. The overall protocol of this study (protocol 208/13) was ap-
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proved on 28 May 2013 by the ethics committee for human being studies of the local gov-
ernment (Commission cantonale (VD) d’éthique de la recherché sur I’étre humain) according
to the ICH GCP guidelines.

The synovial fluids were directly transferred from the surgery room to electrochemical labor-
atory in the hospital within 5 min. The picture of synovial fluid in the syringe was taken right
after transfer from the surgery room. Same position for taking picture was guaranteed to
eliminate the influence of illumination condition. The pH of the fluid was then measured with
pH paper (sensitivity is 0.3 pH units) by depositing a drop from the syringe onto the paper.
The pH test after the electrochemical measurements was also conducted. The liquids were
also subjectively categorized during the injection into the electrochemical cell according to
their consistency in sticky (similar to glycerol) or liquid (similar to vegetable oil). Quantita-
tive color analysis of the fluids was conducted on the picture with a digital color meter

(CIELAB color space) after finishing the electrochemical measurements.

3.2 Design of the Multi-electrode Electrochemical Cell

A multi-electrode electrochemical cell with 2 mL volume was designed to meet the small
amount of synovial fluid (normally around 2 - 7 mL) extracted from patients. The cell is
made of PMMA, a transparent material, to visually check the contact between fluids and
electrodes. The diagram and the picture of the cell are presented in Figure 3.2. For each test,
two Ti and two CoCrMo samples were inserted in different positions to test the electrochemi-
cal reactions. The cell included an Ag/AgCl (3 M NaCl) reference electrode (RE), purchased
from ALS, UK, and 12 platinum (Pt) rods as counter electrode (CE), which were evenly dis-
tributed in the vessel cover. The potential of the reference electrode is 0.198 V relative to the
standard hydrogen electrode. To check the homogeneity of synovial fluids, the OCP of each
Pt rod was measured at the beginning of the immersion. After that, all the Pt rods were short
circuited to serve as the CE. Prior to any experiment, the CE was polished using diamond
paste and subsequently cleaned and sterilized in 70% ethanol. The RE were cleaned and steri-
lized in 70% ethanol before and after experiments. The injection and evacuation holes were
closed with silicone caps right after injection to avoid contamination from the air. The cell
was placed in an aluminum block to maintain the temperature at 37 £ 1 °C. The whole set-up

was installed in a Faraday cage to avoid electrostatic interferences.
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(b)

Figure 3.2 (a) Schematic diagram of the multi-electrode cell. A: working electrode, B: counter elec-
trode, C: reference electrode, D: air evacuation hole, E: sealing O-ring, F: tested synovial fluid, G:

vessel, H: injection hole, I: vessel cover. (b) The picture of the cell

The small volume of the cell may introduce artefacts due to significant modification of the
chemistry of the electrolyte, possibly induced by the polarization. For example, hydrogen and
oxygen generated at the CE during anodic or cathodic polarization may diffuse in the small
cell towards the working electrodes, thus disturbing the electrochemical measurement. More-
over, pH changes due to electrolysis may have a significant effect because of the small vol-
ume of the cell. To check for such possible artefacts, the small cell was validated by compari-
son with a standard size corrosion cell. The results are shown in the Appendix (Figures A.1 -
A.3, Table A.1). The results show that no obvious artefacts occurred in this small volume cell
used here.

33 Sample Preparation

Complete control of the tested surface is needed for a better understanding of the electro-

chemical reactions of metals in human synovial fluids.

A Tirod (grade 2: Ti > 98.9 wt.%, Fe <0.30 wt.%, O < 0.25 wt.%, C <0.08 wt.%) and a low
carbon CoCrMo alloy rod (Co: 65.95 wt.%, Cr: 28 wt.%, Mo: 6 wt.%, C: 0.05 wt.%) supplied
by Goodfellow were used in this study. Samples with 4 mm diameter and 6 mm thickness
were cut from bulk rods. The samples were polished with SiC emery paper of 1200, 2400,
and 4000 grit in water. To get a mirror-like surface, final polishing was carried out on a
polish tissue with an ethanol-based suspension dispersed with diamond particles (0.25 um in
diameter). The final surface roughness (Ra) was measured by a laser scanning confocal mi-
croscope (KEYENCE VK-X200) with a 20X magnification. The Ra value of Ti and CoCrMo
alloy was 15 £ 3 nm and 10 £ 1 nm, respectively. The Ra value of CoCrMo alloy is the typi-

cal surface roughness for artificial joints. Afterwards, the samples were cleaned in an ultra-
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sonic bath with acetone for 5 min and subsequently sterilized in 70% ethanol with ultrasonics

for 5 min and then dried with oil-free compressed air.

200um  pyT= 10KV [Probe=11A - Signal=SE

Figure 3.3 SEM images of microstructure for Ti (left) and CoCrMo alloy (right)

The microstructure of Ti was revealed using AES sputter depth profiling analysis with the ion
gun of 2 KV. After sputtering, SEM image of the microstructure was taken, as shown in Fi-
gure 3.3. The detailed setting of the AES analysis is presented in Chapter 3.5.3. The micro-
structure of CoCrMo alloy is provided by Dajana Valenta (UDE, Germany).

3.4 In-vivo Electrochemical Measurements

To systemically study the electrochemical reactions between metal surfaces and human syno-
vial fluids, experiments in terms of OCP, potentiodynamic polarization, EIS and EQCM were

carried out.

3.4.1 OCP and Potentiodynamic Polarization

OCP and potentiodynamic polarization measurements were conducted in the multi-electrode
cell. The OCP between the working electrodes and the reference electrode varying with time
was measured to represent the equilibria between the metallic oxidation and the human fluid
reduction. Potentiodynamic polarization measurement was adopted to acquire the current
variation as a function of applied potential. Based on the results, the electrochemical behavior
of metallic surfaces in human synovial fluids and the corresponding reaction rates were ob-
tained. EIS was tested to measure the electrical response to a potential modulation at different
frequencies. The solution resistances (Rs) of various human synovial fluids were obtained,

which relates to the concentration and the conductivity of the present ions.

Different electrochemical measurements were carried out sequentially on the samples with an
IVIUM potentiostat.
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- OCP between each Pt rod and the RE was measured in sequence every 10 s, and the
whole measurement for 12 Pt rods lasted for 100 s.

- OCP between working electrodes and the reference electrode was continuously recorded
for 20 minutes. The measurement consists of four loops, and different samples were test-
ed in each loop.

- Polarization resistance (Rp) of one Ti and one CoCrMo sample was measured at the end
of each OCP loop by scanning the potential from -20 to 20 mV with respect to OCP with
a scan rate of 2 mV/s.

- EIS was tested on the same Ti and CoCrMo sample at the OCP. The applied potential

amplitude was +10 mV and the frequencies ranged from 10° to 1 Hz.

- Potentiodynamic scan was performed on the same Ti and CoCrMo sample by scanning
the potential from the OCP towards the cathodic direction to -1 Vagagci and reversing

towards anodic direction up to 1 Vagagci with a scan rate of 2 mV/s.

- EIS was conducted on Ti and CoCrMo samples after the polarization scan.

The whole experiment procedure is shown in Figure 3.4.

OCP-CE OCP EIS EIS Cathodic scan | Anodic scan | Cathodic scan | Anodic scan EIS EIS
Ti/CoCrMo Ti CoCrMo Ti Ti CoCrMo CoCrMo Ti CoCrMo
100 s 5 min x 4 105-1Hz OCPto-1V -l tolV OCPto-1V -l tolV 105-1Hz Time
Rp Rp Rp Rp
— | S—
Ti CoCrMo
Figure 3.4 Experimental sequence 1

EIS enables the detection of a characteristic response of the electrode/electrolyte interface to
a sinusoidal potential of small amplitude (typically 5 - 10 mV) in a certain frequency domain.
EIS is a nondestructive sensitive technique that allows obtaining many parameters at a sol-
id/liquid interface, such as solution resistance, double layer capacity, charge transfer re-

sistance of the electrode and mass transport [121].

Before EIS experiments, the OCP of two Ti and CoCrMo alloy was measured for 20
minutes. Consequently, EIS experiments were carried out on one Ti and CoCrMo alloy un-
der OCP condition. The applied potential amplitude was +10 mV, and the frequencies
ranged from 10° to 0.005 Hz. The experiment procedure is displayed in Figure 3.5. Both
OCP and EIS measurements were performed with a BioLogic potentiostat. Based on the EIS
spectrum, the information on solution resistance, protein adsorption and the passive film

thickness were obtained.

29



Experimental Setup and Protocol

OCP EIS EIS
cercs Ti/CoCrMo Ti CoCrMo
100 s 5 min x 4 105 - 0.005 Hz | 105 -0.005 Hz | Time

Figure 3.5 Experimental sequence 2

3.4.3 EQCM

EQCM is a powerful technique which combines electrochemistry and quartz crystal micro-
balance. The latter can measure the shift in the frequency of the quartz crystal resonator,
which is influenced by the mass change on its surface. Based on that, the mass variation of
the surface can be obtained through the frequency shift. By using EQCM, the corrosion be-
havior of sample simultaneously with the mass change can be acquired. Therefore, the infor-

mation on protein adsorption, passive film formation on the sample surface can be obtained.

The measurements were conducted with a EQCM (AWSensor, Spain) together with a Bio-
Logic SP200 potentiostat. The EQCM is a X1 system, with the operating frequency of 4 -
160 MHz, and the frequency and mass resolution of 0.1 Hz and 0.6 ng/cm?, respectively. All
measurements were performed under a temperature of 37 °C and the measurements were con-
trolled with a AWS Suite Mirage 4.0.7.3.

A smooth Ti film on quartz crystal (QuartzPro, Sweden), with a frequency of 5 MHz and
diameter of 14 mm, was used to perform the OCP measurement for 20 min. The same
Ag/AgCl RE and a platinum spiral wire CE were used in the EQCM cell. The measurement
consists of four loops, and Rp was measured at the end of each OCP loop by scanning the
potential from -20 to 20 mV with respect to OCP with a scan rate of 2 mV/s. Afterwards,
potentiodynamic scan was performed on the Ti crystal by scanning the potential from the
OCP towards the cathodic direction to -1 Vagagciand reversing towards anodic direction up

to 1 Vagagci with a scan rate of 2 mV/s. The experiment procedure is presented in Figure 3.6.

OCP Ti Cthoc}ll‘(i: scan Anodic scan Ti
5mi+nx4 OCPto-1V -1 tolV Time
Rp Rp Rp Rp

Figure 3.6 Experimental sequence 3

Before the electrochemical experiments, the crystals were cleaned in an ultrasonic bath with
acetone for 5 min and subsequently sterilized in 70% ethanol for 5 min and then dried with
oil-free compressed air. After the measurement, the crystals were immersed in 70% ethanol
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until arriving in the laboratory at the university. Afterward, they were cleaned in an ultrasonic

bath with 70% ethanol for 2 min and blow-dried with oil-free compressed air.

For the sake of the clarity, the detailed electrochemical measurements conducted for each

patient are summarized in Table 3.1.

Table 3.1 Electrochemical measurements conducted for each patient

Patient Group Protocol Metals OCP Rp Rs CathOdl,C/aI,lOdlc EIS
polarization

2 1 Ti/CoCtMo  Yes Yes Yes Yes -

3 1 Ti/CoCtMo  Yes Yes Yes Yes -
4 1 Ti/CoCtMo  Yes Yes Yes Yes -

5 1 Ti/CoCtMo  Yes Yes Yes Yes -
11 1 Ti/CoCtMo  Yes Yes Yes Yes -
13 1 Ti/CoCtMo  Yes Yes Yes Yes -
14 1 Ti/CoCtMo  Yes Yes Yes Yes -
15 1 Ti/CoCtMo  Yes Yes Yes Yes -
16 1 Ti/CoCtMo  Yes Yes Yes Yes -
20 1 Ti/CoCtMo  Yes Yes Yes Yes -
21 1 Ti/CoCtMo  Yes Yes Yes Yes -
22 1 Ti/CoCtMo  Yes Yes Yes Yes -
23 1 Ti/CoCtMo  Yes Yes Yes Yes -
26 1 Ti/CoCtMo  Yes Yes Yes Yes -
28 1 Ti/CoCtMo  Yes Yes Yes Yes -
31 1 Ti/CoCtMo  Yes Yes Yes Yes -
35 PS 1 Ti/CoCtMo  Yes Yes Yes Yes -
36 1 Ti/CoCtMo  Yes Yes Yes Yes -
39 1 Ti/CoCtMo  Yes Yes Yes Yes -
43 1 Ti/CoCtMo  Yes Yes Yes Yes -
46 1 Ti/CoCtMo  Yes Yes Yes Yes -
48 1 Ti/CoCtMo  Yes Yes Yes Yes -
53 1 Ti/CoCtMo  Yes Yes Yes Yes -
59 1 Ti/CoCtMo  Yes Yes Yes Yes -
67 1 Ti/Ti-1200  Yes Yes  Yes Yes -
71 1 Ti/CoCtMo  Yes Yes Yes Yes -
73 1 Ti/CoCtMo  Yes Yes Yes Yes -
75 1 Ti/CoCtMo  Yes Yes Yes Yes -
76 1 Ti/CoCtMo  Yes Yes Yes Yes -
78 1 Ti/CoCtMo  Yes Yes Yes Yes -
79 1 Ti Yes Yes Yes Yes -
83 1 Ti/CoCtMo  Yes Yes Yes Yes -
85 1 CoCrMo Yes Yes Yes Yes -
86 1 Ti/CoCtMo  Yes Yes Yes Yes -
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92 1 Ti/CoCtMo  Yes Yes Yes Yes -
95 2 Ti/CoCrMo  Yes - Yes - Yes
99 2 Ti/CoCrMo  Yes - Yes - Yes
102 2 Ti/CoCrMo  Yes - Yes - Yes
103 2 Ti/CoCrMo  Yes - Yes - Yes
106 1/2 T1/Ti-1200 Yes - Yes Yes Yes
111 1/2 T1/Ti-1200 Yes - Yes Yes Yes
112 1/2 T1/Ti-1200 Yes - Yes Yes Yes
113 2 Ti/Ti-1200  Yes - Yes - Yes
114 1/2 T1/Ti-1200 Yes - Yes Yes Yes
115 1/2 T1/Ti-1200 Yes - Yes Yes -
116 1/2 T1/Ti-1200 Yes - Yes Yes -
118 2 Ti/Ti-1200  Yes - Yes - Yes
119 1/2 T1/Ti-1200 Yes - Yes Yes Yes
121 2 Ti/Ti-1200  Yes - Yes - Yes
122 1/2 T1/Ti-1200 Yes - Yes Yes Yes
123 1/2 T1/Ti-1200 Yes - Yes Yes Yes
124 2 Ti/Ti-1200  Yes - Yes - Yes
125 1/2 T1/Ti-1200 Yes - Yes Yes Yes
129 3 Ti Yes  Yes - Yes -
134 3 Ti Yes  Yes - Yes -
154 3 Ti Yes  Yes - - -
17 1 Ti Yes Yes Yes Yes -
100 (leftknee) TKA 172 Ti/CoCrMo  Yes Yes Yes Yes Yes
100 (right knee) 1 Ti/CoCrMo  Yes Yes Yes Yes -
6 1 Ti/CoCrMo Yes Yes Yes Yes -
32 1 Ti/CoCtMo  Yes Yes Yes Yes -
68 1 Ti/Ti-1200  Yes Yes  Yes Yes -
88 R 1 Ti/CoCtMo  Yes Yes Yes Yes -
104 2 Ti/CoCrMo  Yes - Yes - Yes
108 1/2 T1/Ti-1200 Yes - Yes Yes Yes
109 1/2 T1/Ti-1200 Yes - Yes Yes Yes

3.5 Ex-situ Surface Characterization

Characterization of the surface after being immersed in human synovial fluids and sterilized
in 70% ethanol was carried out to better understand the corrosion behavior obtained from in-
vivo electrochemical measurements. FTIR was adopted to quantify the amount of organic
adsorption or precipitation through the intensity of the absorption spectrum, and to qualita-
tively determine the type of organic molecules. Microscopy techniques (SEM, EDS) were

used to characterize the surface morphology and the chemical composition of the surfaces.
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AES was applied to characterize the chemical composition and thickness of oxide film on the

surface through sputter depth profiling analysis.

3.5.1 FTIR

FTIR technique measures how much light a sample absorbs when a broadband light beam
incidents on it. When an infrared radiation passes through a sample, a molecular covalent
bond will selectively absorb the radiation at specific wavelengths, resulting in the stretching
or bending vibration of molecular bonds. The type of vibration depends on the atoms in-
volved in the molecular bond. Since different bonds absorb different frequencies, the spectra
are therefore different for different molecules.

A Bruker Vertex 80V interferometer, equipped with a globar IR source and a KBr beam split-
ter (600 to 5 000 cm™), combined with a Hyperion 3000 IR microscope, was used for the
FTIR measurements. The highest lateral resolution of this setup is 1.1 um. For complete im-
age analysis, the area covered was 700 X 700 um. The study was performed in the mid-
infrared range, using a 6 mm aperture and a resolution of 4 cm™!. Reference measurements on
a polished Ti and CoCrMo sample served as background. Depending on the amount of organ-

ics, 2 to 10 sites were selected for each sample.

Absorption spectra for all samples were obtained by normalizing to a logarithmic intensity
Lvs= -1g (S/So), where Lus is the absorbed intensity, S is the acquired spectrum and So is the

spectrum obtained with the same settings from a clean reference surface.

3.5.2 SEM/EDS

SEM creates sample images by scanning the sample surface with an electron beam. The elec-
trons interact with the sample atoms, generating different types of signals which are detected
by the detector. The generated signals include secondary electrons, backscattered electrons,
characteristic X-rays amongst many others. The second electrons ejected from the sample
surface at low energies, possessing a high lateral resolution signal. Thus, the qualitative to-
pography of the sample surface can be obtained by detecting secondary electron signals. The
ejected characteristic X-ray possesses a distinct energy related to the target atoms, carrying

the composition information on the sample.

The sample surface morphology was measured by a Zeiss Merlin SEM combined with EDS.
The EDS detector was manufactured by Oxford Instruments and quantification was per-
formed using the algorithms from the manufacturer. Images were recorded using the SE-
detector with a beam voltage of 2 kV and a probe current of 200 pA. The EDS spectra were

acquired using a primary electron beam voltage of 9 kV at a beam current of 1 nA. The ele-
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ment detection limit with this setup is around 0.5 at.% with a lateral resolution < I um and a

detection depth in the scanned region of 0.3 to 3 um.

3.53 AES

AES is a commonly used technique for surface analysis of the chemical composition. For this
technique, an electron beam is focused on the sample surface, ejecting Auger electron from a
higher shell. The mean free path of Auger electrons is within a few nanometers, thus AES
analysis is more surface sensitive than EDS. In addition, depth analysis can be conducted
through an ion beam sputtering on the sample surface. AES is more suited for the metallic
sample analysis, and it possesses a much higher lateral resolution compared to XPS.

The surface composition and film thickness of the Ti samples were analyzed using a PHI 680
scanning Auger microscope (Physical Electronics, Eden Prairie, USA) equipped with a scan-
ning electron microscope and an argon ion gun. Before the analysis, the samples were stored
in the desiccator for at least 2 weeks. The measurements were done at a voltage of 10 kV and
a current of 10 nA for the electron gun. Two settings were used for the ion gun: 1 kV, using a
Ix1 mm raster, giving a sputter rate of 0.6 nm/min and a 2 kV and 1x1 raster, with a resulting
sputter rate of 1.9 nm/min. The analysis was conducted with the samples tilted at 30° with
respect to the incident electron beam and 45° with respect to the incident ion beam. The quan-
tification was performed using sensitivity factors obtained from the PHI Auger Handbook (C:
0.2815, N: 0.6003, O: 0.7878, Ti: 0.7017/1.1032). The passive film thickness was obtained
by correcting the influence of electron escape depth, which was reported by Hofmann and
Sanz [122] and applied by Mischler et al [123].
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Chapter 4 Characterization of Synovial Fluids

The properties of synovial fluids are reported to depend on the patients' clinical states, as dis-
cussed in chapter 2.3. Amongst the properties, color and consistency are the basic ones to
assess the patients' clinical states. Additionally, the consistency of the synovial fluids is pro-
portional to the concentration of hyaluronic acid [94], which significantly enhances the lubri-
cation of the human joints [97-99]. The pH of the synovial fluids influences the cathodic
reaction of metals in synovial fluids due to the hydrogen reduction reaction.

Thus, color, consistency and pH of synovial fluids were measured in this chapter, instead of
analyzing the composition. In addition, the correlation between color and consistency was

conducted and compared with the literature.

4.1 Color of Human Synovial Fluids

A sufficient amount of liquid could be extracted only from certain patients. Over 154 pa-
tients, liquids can be found only in 73 patients. The pictures of the extracted synovial fluids
inside the syringe are present in Figure 4.1. For patient 100, the synovial fluids from both the
left and right knees were extracted. The pictures show that the color of synovial fluids can be
yellow or red, depending on the patients. It is worth noting that blood is observed in some
liquids, including P15, P20, P78, P108, P112, P116, P123 and P149.
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Figure 4.1 Pictures of human synovial fluids inside the syringe (PS, TKA: P17 and P100, R: P6, P32,
P68, P88, P104, P108 and P109)

To quantify the color of the synovial fluids, a digital color meter, CIELAB color space, was
used. CIELAB color space expresses color with three coordinates, L*a*b*. L* represents
perceptual lightness, a* represents red (positive value) and green (negative value) and b*
represents yellow (positive value) and blue (negative value). CIELAB color space is inde-
pendent of the measurement device. Thus, the measurement values are comparable among

different laboratories.

The color of the synovial fluids was obtained from several spots in the picture and the aver-
age values are displayed in Figure 4.2. The graph shows that the color of most human syno-
vial fluids is in the area of a* (0-20) and b* (35-55). The color difference among the synovial

fluids is more pronounced in the a* coordinate, with the value of up to 60 different.
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Figure 4.2 The color of synovial fluids obtained through CIELAB color space

4.2 Volume and pH of Human Synovial Fluids

The information on tested synovial fluids is listed in Figure 4.1. The results show that the
volume of extracted human synovial fluids varies from 1 to 11 ml, the majority of which is
within 2 - 8 ml. The pH of most extracted synovia is around 7 - 7.4, while the pH can reach to
slightly acid of 6.5 and alkaline of 8.2, such as P76 and P20, respectively. No significant dif-
ference in pH values of the synovial fluids is observed at the end of the experiment. As
shown in Table 4.1, the consistency of the synovial liquids varies with the patient, being ei-

ther sticky (similar to glycerol) or liquid (similar to vegetable oil).

Table 4.1 Properties of human synovial fluid

Patient Group Volume/ml pH Observation
2 6 7.4 Sticky
3 25 7.4 Sticky
4 5.5 7.4 Sticky
5 4 7.7 Sticky
11 7 7.4 Very sticky
13 PS 11 7.0 Little sticky
14 8 7.4 Liquid
15 5 7.4 Sticky
16 1.5 7.9 Liquid
18 1 7.3 Sticky
20 6 8.2 Sticky
21 6 7.9 Sticky
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7.9
7.6
7.3
7.9
7.6
7.9
7.6
7.6
7.6
7.3
7.3
7.3
7.0
7.3
7.6
7.3
7.3
7.3
8.0
6.5
7.3
7.3
7.5
7.0
6.5

8.0
7.3
7.3
7.3
7.4
7.4
8.1
7.4
7.1
7.9
7.7
7.4
7.4
7.9
7.4
7.4
7.1
7.4

Sticky
Sticky
Sticky
Little sticky
Little sticky
Sticky
Little sticky
Liquid
Sticky
Liquid
Sticky
Liquid
Sticky
Liquid
Sticky
Sticky
Little sticky
Little sticky
Little sticky
Liquid
Liquid
Liquid
Sticky
Sticky
Little sticky
Sticky
Sticky
Sticky
Sticky
Liquid
Sticky
Sticky
Sticky
Very sticky
Sticky
Sticky
Sticky
Sticky
Sticky
Sticky
Sticky
Sticky
Little sticky
Little sticky
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124 9 7.0 Little sticky
125 6 7.4 Little sticky
129 3 7.4 Liquid
133 2 8.1 Sticky
134 3 7.7 Little sticky
140 2 7.7 Sticky
148 9 7.1 Little sticky
149 4 7.4 Liquid
150 2 7.4 Sticky
154 6 7.7 Sticky
17 11 7.3 Liquid
100 (left knee) TKA 6 7.0 Sticky
100 (right knee) 5 7.0 Sticky
6 6 6.8 Liquid
32 5 7.6 Liquid
68 5 7.3 Sticky
88 R 1.5 7.3 Sticky
104 6 7.4 Liquid
108 5 7.4 Sticky
109 8 7.4 Liquid

4.3 Homogeneity of Human Synovial Fluids

The OCP of the twelve Pt wires was used for assessing the degree of homogeneity of the lig-
uid at the mm scale. An example of the OCP measurement for P2 is displayed in Figure 4.3.
The graph shows the OCP value varies with different Pt electrodes. Note that the OCP of
electrodes is subject to variations depending on details in sample preparation (polishing,

cleaning).
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Figure 4.3 OCP measurement of Pt electrodes in synovial fluid from P2
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To take this into account, the standard deviation (STDEV) of OCP of the Pt electrodes was
used as an indicator. The STDEV values of OCP for Pt electrodes in synovial fluids are
summarized in Figure 4.4. For reference, the STDEV value measured in 0.8% NaCl solution,
taken here as a reference for a homogeneous solution, was 32 mV. This value varied depend-
ing on the patient, between a minimum of 12 mV and a maximum of 73 mV. These values
are close to what is found for the NaCl reference solution, and it may, therefore, be concluded
that the synovial liquids are homogeneous, at least at the mm scale.
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Figure 4.4 Standard deviation of OCP results of Pt rods immersed in different synovial fluids from
PS, TKA (P17 and P100) and R (P6, P104 and P108) group

4.4 Correlation between Color and Consistency of Synovial Fluids

The color of the extracted synovial fluids together with the information on consistency is
presented in Figure 4.5. The graph indicates that the synovial fluids with the red color are
mostly liquid-like, as shown in the liquid region. For the synovial fluids from P20, P108,
P112, P116 and P123, the red color is probably due to blood contamination. In the sticky re-
gion, most of the synovial fluids are yellow. For synovial fluids which color is located in the
regions, the correlation between color and synovial fluid consistency is in agreement with the
literature [29]. In this research, the yellowish synovial fluids reported possess a high viscosity
for non-inflammatory joints, while the viscosity decreased for reddish fluids for traumatic
joints. The agreement between the extracted synovial fluids and that reported in the literature
indicates little contamination is introduced in the synovial fluids during the extraction. Note
that outliers are obtained for certain patients. However, no obvious correlation between the
properties of the synovial fluids and the patient groups, PS, TKA and R, of the patients could
be obtained.
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Figure 4.5 Correlation between the color and consistency of synovial fluids (liquid-like fluids are
labeled in red)

4.5

Summary

Based on the results, conclusions can be drawn as below:

The properties of human synovial fluids, in terms of color, pH and consistency, are patient-

dependent. The tested synovial fluids are homogeneous at the mm scale. A tentative correla-

tion between the color and consistency of the synovial fluids is obtained that the yellow syn-

ovial fluids are usually sticky while the red ones are generally liquid-like. No correlation be-

tween the properties of the synovial fluids and the patient groups could be obtained.
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Chapter 5 Electrochemical Behaviour of Ti and

CoCrMo Alloy in Human Synovial Fluids

In this chapter, some content is reproduced with the permission from Bao, Yueyue, Anna Igual Mufioz, Claes-
Olof A. Olsson, Brigitte M. Jolles, and Stefano Mischler. "The Electrochemical Behavior of Ti in Human Syno-
vial Fluids." Materials 15, no. 5 (2022): 1726.

The Electrochemical Behavior of Ti in Human Synovial Fluids

Yueyue Bao, Anna Igual Muioz, Claes-Olof A. Olsson, Brigitte M. Jolles and Stefano Mischler

Contribution of the doctoral candidate: conceptualization, methodology, investigation, writing-original draft

preparation, writing-review and editing

The corrosion behavior of the Ti and CoCrMo alloy samples in human synovial fluids were
studied through electrochemical techniques, such as OCP, potentiodynamic polarization and
EIS, and surface characterization, including FTIR, SEM/EDS and AES. By using these tech-
niques, the electrochemical behavior of Ti and CoCrMo alloy in synovial fluids under steady
state (OCP and EIS) and polarized (Rp and polarization curves) conditions can be obtained.
Additionally, the in-vivo results were compared with those obtained in simulated solutions to

better understand the corrosion behavior of Ti and CoCrMo alloy in synovial fluids.

It is worth noting that a sufficient amount of liquid could be extracted only from certain pa-
tients. Over 154 patients, only 66 patients yielded enough liquid (=2 ml). Synovial fluids
with a volume less than 2 ml were not investigated due to the contamination of the air in the

unfulfilled electrochemical cell.

5.1 Electrochemical Results of Ti and CoCrMo Alloy in Human Synovial
Fluids

5.1.1 OCP of Ti and CoCrMo Alloy

The OCP of the Ti and CoCrMo alloy electrodes was measured in sequence every 5 min. An
example of OCP measurement of Ti and CoCrMo alloy for P23 is present in Figure 5.1. The
OCP values measured on two Ti and CoCrMo samples are indicated as Ti-1, Ti-2, CoCrMo-1
and CoCrMo-2 in the graph. Another example of OCP evolution with time for P2, P3, and P4
is displayed in Figure 5.1. The OCP value slightly varies during immersion time (variation
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less than 2.5 mV/min). Interestingly, it can either increase with time (P2 and P4) or decrease

(P3). Similar trends of OCP are also observed in other tested synovial fluids.
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Figure 5.1 OCP measurement of Ti and CoCrMo samples for P23, and OCP evolution of Ti with time

for P2, P3, and P4

The comparison of the stabilized OCP values measured after 20 minutes’ immersion in tested

synovial fluids is presented in Figure 5.2. The stabilized OCP varies among patients between

a maximum of -151 mVagagciand a minimum of -560 mVagagct. In some cases (P11, P13,

and P14), the two Ti electrodes immersed in the same synovial fluid differ significantly in
their OCP value (difference larger than 50 mV). This can be due to slight, uncontrolled dif-

ferences in sample preparation or contamination during sample storage before the experi-

ment.
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Figure 5.2 Stabilized OCP results of Ti after 20 minutes’ immersion in different synovial fluids from
PS, TKA (P17 and P100), and R (P6, P32, P68 and P88) group

43



Electrochemical Behaviour of Ti and CoCrMo Alloy in Human Synovial Fluids

The stabilized OCP values for CoCrMo samples in contact with synovial fluids are displayed
in Figure 5.3. The stabilized OCP varies with patients, being a maximum of -300 mV ag/aeci
and a minimum of -500 mVagagci. The OCP values of the two CoCrMo electrodes are quite
close, except for in cases P22 and P48, where the values can be more than 50 mV different.
This is due to the easier control of the the CoCrMo surface during polishing. Thus, the differ-

ent OCP values are probably due to contamination during sample storage before the experi-
ment.

-100 +

-200

-300 —

OCP / mV pgagei

-400 1) - 1 - = i

- u Y

-500 T T T T T T T T T T T T T

X
S

a
N

N

PP R R P F P P P R P O g P O O D PP S
S
QYN
]

T
o
QS

Figure 5.3 Stabilized OCP results of CoCrMo after 20 minutes’ immersion in different synovial fluids
from PS, TKA (P100) and R (P32 and P88) groups

5.1.2 Rp of Ti and CoCrMo Alloy

Rp of one Ti and one CoCrMo alloy was conducted during OCP measurement, and the result
of Ti and CoCrMo alloy in synovia from patient 23 is displayed in Figure 5.4 as an example.
A linear relationship between current and potential is observed only in the anodic current
domain. Different from Ti, a linear relationship between the current and the potential is ob-
served in both cathodic and anodic current domains, indicating that the current is determined
by the charge transfer reactions. Rp was determined as the reciprocal of the slope of the linear

part section, as shown in Figure 5.4.
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Figure 5.4 Rp measurement of Ti for P6

The obtained Rp values of Ti for all patients are plotted in Figure 5.5. These results indicate
that Rp varies significantly with patients, P48 being the highest and P14 the lowest. The dif-
ference can be more than 1 order of magnitude. Note that the polarization resistance response
differs from an ideal behavior (linear variation of current across the zero-current point) where
the current is determined only by the charge transfer reaction kinetics [113]. Only in this ide-
al case, the reciprocal of the resistance is proportional to the corrosion current density. This is
not the case in the present measurements where a linear behavior is only observed in the an-
odic domain. To interpret the present results, other effects must be considered, such as capac-
itive effects potentially induced by the presence of the passive film and adsorbed organic
molecules. These points will be discussed in Section 5.2.2.
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Figure 5.5 Comparison of Rp value of Ti in all synovial fluids from PS, TKA (P17 and P100), and R
(P6, P32, P68 and P88) group

45



Electrochemical Behaviour of Ti and CoCrMo Alloy in Human Synovial Fluids

The obtained Rp values for CoCrMo alloy in tested patients are also present in Figure 5.6.
Likewise, Rp of CoCrMo alloy varies significantly with patients, being the highest for P46
and the lowest for P20. The difference can be more than one order of magnitude.
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Figure 5.6 Comparison of Rp values of CoCrMo alloy in tested synovial fluids from PS, TKA (P100)
and R (P32 and P88) groups

5.1.3 Rs of Synovial Fluids

The electrical resistance of the synovial fluids was extracted from the impedance spectra
measured before potentiodynamic polarization and after all measurements were completed,
and this is for checking possible changes of the synovial fluids chemistry induced by the po-
larization and resulting reactions. A typical Bode plot is presented in Figure 5.7. The re-
sistance at a frequency of 10° Hz is considered as representative of the ohmic resistance of
the synovial fluids. They are plotted in Figure 5.8 for the different patients. Clearly, synovial
fluids are conductive and present a resistance similar to a simple 0.8% NaCl solution (9
Ohm*cm?). Moreover, no significant difference in the solution resistance tested before and
after potentiodynamic scan is obtained.
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Figure 5.7 Bode plot of Ti in synovial fluid from P3
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Figure 5.8 Rs of synovial fluids from different patients from PS, TKA (P17 and P100), and R (P6,
P32, P68 and P88) group

5.1.4 Potentiodynamic Polarization Curve of Ti and CoCrMo alloy

Potentiodynamic polarization was measured by first cathodically polarizing the samples and
reversing the scan to the anodic direction when a potential of -1 Vag/agci was reached. Figure
5.9 shows the measured cathodic scans on Ti samples. The current density varies significant-
ly depending on the patients. Particularly high current densities are found in the case of P3,
P5, P11, P20 and P36. All curves except P5 and P13 exhibit a linear part approximately 100 -
200 mV below the OCP. P3, P11, P15 and P17 exhibit a second linear part at higher polariza-
tion with a slightly different slope. This indicates that the cathodic kinetics is under charge
transfer control and could involve the reduction of oxygen, protons and/or water. In addition,
a linear part with a higher slope at the applied potential lower than -0.9 Vagagci is observed
for most of the patients, except for P5, P11, P14, P17, P20, P22, P28, P36, P73, P75 and P78.
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The different slopes suggest different reaction kinetics under different applied potentials.

This behavior will be discussed in the discussion section.
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Figure 5.9 Cathodic polarization curves (logarithmic scale of the absolute current density) of Ti tested
in synovial fluids from PS, TKA and R group

Anodic polarization curves of Ti for the PS, TKA and R groups are displayed in Figure 5.10.

Three reaction domains are observed in polarization curves: the cathodic domain below the

corrosion potential (Ecor) Where the current density is mainly determined by the reduction
reaction, the cathodic/anodic transition at Ecor and the anodic domain at higher potentials.
This domain is typically characterized by an initial steady increase in current followed by a
plateau. Only P11 does not show any plateau in the investigated potential range.
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Figure 5.10 Anodic polarization curves (logarithmic scale of the absolute current density) of Ti tested
in synovial fluids from PS, TKA and R group

The anodic branch of the polarization curves of P11 and P17 exhibit a sudden current oscilla-

tion, for which the origin is not clear. The two polarization curves measured on two Ti sam-
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ples in the same fluid from P17 and P79 exhibit very similar behavior in the anodic polariza-
tion curves (Figure 5.10), while in the cathodic polarization curves (Figure 5.9), some small
differences appear between the two measurements. This good repeatability confirms the per-
tinence of electrochemical measurements in synovial fluids. Not surprisingly, Figure 5.10
also exhibits large differences in results among patients, as already observed in the cathodic

polarization curves.

To quantitatively assess this scatter, characteristic parameters such as the cathodic current
density ic measured at a potential of -0.9 Vagaeciin the anodic scan, the corrosion potential
Ecor, and the anodic current density i, measured in the passive range at a potential of 0 and
0.5 Vagagct were extracted from Figure 5.10 and listed in Table 5.1. Also, the Tafel coeffi-
cient 5 was obtained as the reciprocal of the slope of the linear part of the cathodic branch at
the potential around 100 mV lower than Ecor, and converted to the logarithm scale by dividing
by 2.303. No linear part of the cathodic current can be found for some patients (P6, 11, 14, 17
and 20), thus the values are not listed in the table.

The Ecor value ranges between a maximum of -0.334 Vagagc to a minimum of -0.892
Vagagcl. The cathodic current densities listed in Table 5.1 may vary among patients by three
orders of magnitude while the anodic values exhibit less variation (one or two orders of mag-
nitude). The B value varies from a minimum of 29 mV to a maximum of 167 mV, with the

most values located within the range of 30 - 80 mV.

Table 5.1 Electrochemical parameters extracted from the anodic polarization curves of Ti samples

Anodic Curve

. ic (0.9V) Ecor ipp (OV)  ipp (0.5V)
Patient /uA/em? Bc/mV /Vagager  /pA/em*  /uA/em?

2 -1.2 84 —0.636 3.32 6.29

3 -13.3 136 —0.425 2.32 16.41

4 -0.2 38 —0.843 3.44 5.23

5 -31.8 149 —0.508 28.23 81.91

11 -10.3 —0.439 1.51 10.46

13 -34.6 139 —0.378 221 40.91

14 -35.1 —0.334 3.12 52.16

PS 15 -26.8 158 -0.377 3.62 18.47

20 -43.88 -0.372 7.87 53.85

21 -0.46 42 -0.802 3.29 6.63

22 -4.84 132 -0.458 491 13.48

23 -0.36 44 -0.799 4.56 7.65

26 -0.56 48 -0.770 5.56 7.65

28 -1.58 120 -0.567 4.58 8.11

31 -0.45 38 -0.848 5.5 6.99
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35 -1.14 73 -0.679 1.05 8.20

36 -16.09 149 -0.458 0.28 11.49

39 -2.30 94 -0.608 0.76 7.36

43 -0.86 97 -0.610 4.87 3.29

46 -0.38 38 -0.829 0.32 4.57

48 -0.21 37 -0.846 0.18 5.68

53 -0.02 29 -0.892 0.25 2.02

59 -0.06 31 -0.887 4.15 6.33

67 -0.33 48 -0.791 4.65 6.70

71 -0.25 37 -0.852 3.60 5.39

73 -0.10 32 -0.868 0.57 6.76

75 -0.80 64 -0.687 1.16 10.36

76 -0.21 31 -0.869 0.69 7.24

78 -2.01 167 -0.495 5.75 11.38

79 -1.15 65 -0.690 0.72 11.01

79 -0.36 46 -0.685 4.18 8.06

83 -1.73 56 -0.697 1.57 7.62

86 -0.22 40 -0.799 3.48 6.07

17 —25.8 148 —0.346 2.71 47.06

TKA 17 -20.10 -0.357 1.89 64.90
100 left -3.22 121 -0.592 1.68 11.02
100 right -2.33 94 -0.551 2.27 10.25

6 —6.7 —0.487 1.30 4.22

R 32 -0.45 45 -0.767 3.96 6.65
68 -0.05 31 -0.887 0.94 6.67

88 -1.50 113 -0.537 0.31 6.18
Average -3.02 74 -0.704 3.33 14.27
STDEV 8.41 47 -0.155 4.57 17.26
Error 7.26 0.93 0.37 4.17 2.83

Note that in the Figure 5.2 and Table 5.1, OCP values differ from Ecor values. This is not sur-
prising, since they are obtained under different experimental conditions. OCP is measured in
absence of any imposed external current. The Ecor corresponds to the potential in the polariza-
tion curves when the current changes its sign, typically at the cathodic to anodic transition.
Thus, Ecor depends on experimental parameters, such as scan rate, current sensitivity, and
feedback loop of the potentiostat, that do not affect OCP measurement. From an electrochem-
ical point of view, OCP is the potential spontaneously attained by the electrode immersed in
the solution. Note that OCP may change with time due to possible variation of electrolyte,
electrode surface and interface (double layer). During measurement of Ecor, the electrode has
already experienced polarization typically at cathodic potential, changing the original elec-
trode state established at OCP. For example, cathodic polarization may modify the passive

film and/or adsorbed layers. Thus, during measurement of Ecor, the electrode is experiencing
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the dynamic situation imposed by the potentiostat and the associated test parameters. This
electrochemical situation is very different from the OCP measurement conditions. The differ-

ence between OCP, E.or, and other potentials is extensively discussed in the reference [124].

The cathodic polarization curves of CoCrMo alloy are plotted in Figure 5.11. Contrary to Ti,
the current density of CoCrMo alloy varies slightly between the patients. Similarly, all curves
exhibit two linear parts: around the region from -0.4 to -0.7 Vagagci and from -0.85 to -1
Vagagcl. The linear curves indicate that the cathodic kinetics is under charge transfer control
and could involve the reduction of oxygen, protons and/or water. Also, the different slopes

indicate different reaction kinetics take place under different applied potentials. This behavior
will be discussed in Chapter 5.2.
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Figure 5.11 Cathodic polarization curves (logarithmic scale of the absolute current density) of
CoCrMo tested in synovial fluids from from PS, TKA (P100) and R (P32 and P88) groups

Anodic polarization curves of CoCrMo alloy for the synovial fluids obtained from various patients are
plotted in Figure 5.12. Four reaction domains are observed in polarization curves: the cathodic do-
main below the corrosion potential (Ecor), the cathodic/anodic transition at Ecor, the passive domain
within the current plateau and the transpassive domain where the current increase with potential.

Likewise, the anodic polarization curves exhibit slight difference among patients.
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Figure 5.12 Anodic polarization curves (logarithmic scale of the absolute current de density) of

CoCrMo tested in synovial fluids from from PS, TKA (P100) and R (P32 and P88) groups

To quantitatively assess these polarization curves, characteristic parameters such as the cathodic cur-
rent density i measured at a potential of -0.9 Vagagci, the Ecor, the iy, measured at a potential of 0
Vagagct and the transpassive current density at a potential of 0.75 Vagagci are extracted from Figure
5.12 and listed in Table 5.2. The Ec varies little among the patients, with the STDEV value of 20

mV. The current densities vary among patients by no more than twice of the average, especially the
transpassive current density, where the error is only 0.38.
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Table 5.2 Electrochemical parameters obtained from the anodic polarization curves of CoCrMo alloys

Anodic Curve

Patient ic (-0.9V) Ecor ipp (OV) it (0.75V)
/uA/em? /' V agagic /uA/em? /uA/em?
20 -80.19 -0.812 21.26 2032
21 -42.05 -0.827 6.92 1369
22 -52.69 -0.812 6.64 1331
23 -56.36 -0.819 7.22 1615
26 -59.53 -0.816 7.80 1717
28 -67.36 -0.798 7.24 1505
31 -56.36 -0.809 7.07 1171
35 -51.46 -0.815 7.45 1604
36 -48.65 -0.809 5.17 1635
39 -54.03 -0.808 4.96 1767
43 -60.88 -0.813 6.86 1530
PS 46 -35.17 -0.835 4.38 1723
48 -33.32 -0.824 3.49 1928
53 -61.73 -0.815 6.58 1589
59 -55.13 -0.836 5.31 1864
71 -36.71 -0.824 2.74 1488
73 -22.43 -0.813 2.51 1467
75 -49.75 -0.802 7.31 1847
76 -88.14 -0.749 6.46 1445
78 -70.17 -0.793 8.13 2251
83 -80.56 -0.805 8.30 1960
85 -98.16 -0.766 7.12 1623
85 -103.30 -0.766 8.15 1780
86 -59.05 -0.805 7.53 2061
TKA 100 left -79.94 -0.788 7.56 1306
100 right -93.03 -0.788 7.85 1493
R 32 -74.45 -0.799 6.79 1524
88 -79.58 -0.788 6.28 1025
Average -62.51 -0.805 6.97 1630
STDEV 20.25 0.020 3.21 277
Error 0.65 0.05 1.35 0.38

5.1.5 EIS Measurements on Ti and CoCrMo Alloy

Since the polarization curves of Ti and CoCrMo alloy were obtained under polarized condi-
tions, it is important to study the electrochemical behavior under steady state condition. To
do this, EIS measurements were carried out on Ti and CoCrMo surfaces in synovial fluids
from different patients. Note that the tested patients in this section are different from those for

potentiodynamic measurements.
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The OCP values of Ti sample after 20 minute’s immersion in synovial fluids from P95 to
P125 are summarized in Figure 5.13. The values vary from -547 mV ag/agci to -297 mVagagci,
with the variation within the range for P2 to P100 (from mV ag/agci -560 to -151 mVagagci).
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Figure 5.13 Stabilized OCP results of Ti after immersion in different synovial fluids from PS, TKA
(P100), and R (P108 and P109) group

The impedance results are plotted in both Nyquist and Bode diagrams, and present in Figure
5.14. The Nyquist plot represents the impedance with the real part Z.. and the imaginary part
Zim at different frequencies. The Bode plot represents the modulus |Z| and the phase shift
@ as a function of frequency, where |Z|?> = Zi*> + Zim>. The Bode plot is recommended as a
standard impedance plot due to the presence of all parameters, especially phase shift which is

sensitive to surface changes [121].

As shown in the figure, all the Nyquist plots exhibit circular arcs with different arc lengths
and angles depending on the patients. The arc length relates to the charge transfer resistance,
being the shortest for P123 and the longest for P119. The arc angle relates to the property of
the oxide film and adsorption layer, being the smallest for P109 and the largest for P119.

In the Bode plots, two distinctive parts depending on frequency are obtained. In the high fre-
quency region, the modulus is almost independent of frequency, where the phase angle is
close to 0°. This is a typical behavior of a resistance, and it corresponds to the solution re-
sistance of the synovial fluids between the Ti sample and the RE. In the lower frequency re-
gion, the modulus increases linearly with the decrease of frequency, with the slope of -1 and
the phase angle reaching to -80°. For most of the patients, a broad phase plateau is obtained
while two apparent time constants are observed for P99, P109, P118 and P123. The two time
constants indicating two layers are present on the electrode/electrolyte interface, most proba-
bly the organic adsorption layer and the passive film layer. The broad phase plateau suggests

the overlap of the two time constants. The higher phase angle of almost -80° indicates an al-
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most perfect capacitor behavior without charge transfer reaction, corresponding to the organ-
ic adsorption layer. The lower phase angle obtained at the lowest frequency region reveals a
relative less capacitor behavior, corresponding to the passive film layer. These interpretations
are in agreement with the literature where the middle frequency and low frequency regions
correspond to the organic layer and passive layer, respectively [125—128]. In the lowest fre-
quency region, no modulus plateau is obtained for all patients and the phase angle is around -

60 ~ -70°, indicating the system didn’t reach to the steady state condition. Thus, no polariza-

tion resistance can be acquired. In consequence, no impedance fitting was carried out.
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Figure 5.14 Nyquist and Bode plot of Ti in tested synovial fluids
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To quantitatively analyze the EIS results, Modulus |Z| and phase angle were extracted from
the Bode plot at the frequency of 0.005 Hz, and the results are summarized in Table 5.3. The
|Z| is used as an alternative result of Rp to study the reaction resistance of Ti sample in dif-
ferent synovial fluids. Also, the Rs of the synovial fluids are extracted from Bode plot at the
frequency of 10° Hz. The results show that the Rs of synovial fluids from P95 to P125 is

close among the patients, with an average value of 10 Ohm*cm?”. This value is similar to that

for P2 - P100, indicating that all tested synovial fluids possess good and close conductivity.
The |Z| varies with patient, being the highest of 1135 KOhm*cm? for P119 and the lowest of
163 KOhm*cm? for P123. The |Z| values for P95 - P125 are within the range of the Rp val-
ues for P2 - P100. Different from modulus, the phase angle varies slightly with patients, with
the average value of 68° and the STDEV of 7°.
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Table 5.3 Electrochemical parameters extracted from EIS measurement of Ti samples

Patient Rs/Ohm*cm? |Z| / KOhm*cm? -Phase / ©

95 7.86 720 58

99 7.69 802 70

99 11.97 228 60

102 6.64 612 67

103 7.76 657 70

106 12.65 997 75

111 9.04 723 69

112 8.41 620 63

PS 113 12.93 408 60
114 7.35 608 64

118 12.47 371 61

119 11.60 1135 81

121 8.75 506 74

122 9.55 758 71

123 10.68 163 68

124 8.15 445 74

125 8.40 904 78

TKA 100 left 7.92 872 76
R 108 9.88 498 64
109 11.69 230 58

Average 9.59 613 68

STDEV 1.96 262 7
Error 0.33 0.79 0.34

EIS results conducted on CoCrMo sample surface are displayed in Figure 5.15. Similar to Ti
results, circular arcs with different arc lengths and angles are observed depending on patients.
Two distinctive parts depending on frequency are also observed in the Bode plots. The Rs of
the synovial fluids between the CoCrMo sample and the RE is obtained in the high frequency
region where the phase angle is close to 0°. The linear increase of modulus with the decrease
of frequency is observed in the lower frequency region, where the phase angle reaching to -
80°. A broad phase plateau is obtained for all patients. No modulus plateau is observed for all

patients, indicating that steady state of the electrode/electrolyte interface was not reached.
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Figure 5.15 Nyquist and Bode plots of CoCrMo alloy in different synovial fluids

To quantitatively analyze the EIS results, the Modulus |Z| and phase angle were obtained
from the Bode plot at the frequency of 0.005 Hz, and the Rs of the synovial fluids was ex-
tracted at the frequency of 10° Hz. All the parameters are listed in Table 5.4. The |Z| is used
as an alternative result of Rp to study the reaction resistance of CoCrMo sample in different
synovial fluids. The Rs value of synovial fluids from P95 to P100 varies from 6 to 9
Ohm*cm?. The |Z| varied slightly with patient, being the highest of 572 KOhm*cm? for P95
and the lowest of 332 KOhm*cm? for P104. The |Z| values for P95 - P104 are within the
range of the Rp values for P20 - P100. The phase angle varied slightly with patient, being the
average value of 45° and the STDEV of &°.
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Table 5.4 Electrochemical parameters extracted from EIS measurements of CoCrMo alloy

Patient OCP/mVagagcr Rs/Ohm*ecm?® |Z| / KOhm*cm?  -Phase /©
95 -420 6.07 572 50
9 -420 8.16 346 30
-440 9.07 386 52
PS 102 -445 7.09 441 49
103 -430 7.54 484 44
104 -420 7.71 332 34
-445 8.52 473 46
TKA 100 -420 9.03 478 51
Average -430 7.90 439 45
STDEV 12 1.02 80 8
Error 0.03 0.17 0.36 0.25

52 Discussion

5.2.1 Electrochemical Reactions of Ti and CoCrMo Alloy in Synovial Fluids

As shown in Figure 5.9 and Figure 5.10, the electrochemical behavior of Ti is patient-
dependent, especially for the cathodic reactions. According to the Nernst equation, at the pH
of 7 and at 37°C, Oxygen reduction and water reduction take place at the potential lower than
0.6 Vagagcl and -0.6 Vaggcl, respectively. Thus, the cathodic current is given in principle by
the reduction of water, dissolved oxygen and protons, depending on the applied potential.
However, the contribution of proton reduction is estimated to be lower than 0.1 uA/cm? at pH
7 [70], thus proton reduction can be disregarded in the following discussion. It is reported
that the oxygen tension correlates with the volume of synovial fluids, and the value is around
60 - 80 mmHg for a volume less than 20 mL [39]. Based on Henry’s law, the concentration
of dissolved oxygen of tested fluids is 1.03 -1.37 x10** mol/L with the henry’s constant of 1.3
x10 mol/L atm. So, the oxygen reduction reactions are expected to significantly contribute
to the electrochemical behavior in synovial fluids. The electrochemical reduction kinetics of
dissolved molecular oxygen is controlled by a number of phenomena, such as the charge
transfer at the electrode-solution interface and the mass transport of oxygen from the bulk
solution to the interface [113]. Moreover, in body fluids, adsorption of organic molecules
may also affect the oxygen reduction by acting as a barrier preventing oxygen from reaching
the electrode surface [84, 86]. In conclusion, the oxygen contribution to the reduction kinetics
depends on its concentration and the concentration of adsorbing organic species and can thus
vary among patients depending on their clinical state. This explains the large scatter in the

cathodic kinetics observed in the present study.
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Corrosion studies of Ti in simulated fluids have shown that the passive film of Ti mainly
consists of Ti203 and TiO», with the TiO2 concentration increasing with potential [45]. The
passive current density is determined by the rate of ion transportation through the passive
film and the stability of the film against chemical dissolution. TiO> is thermodynamically
stable in the pH ranging from 2 to 12, and only dissolves in the presence of specific species,
such as HF and concentrated HoSO4 [16], thus the influence of pH on anodic reaction can be
negligible. This deduction can be confirmed by the results found in the literature that the an-
odic current density varies little with pH from 2 to 7 [129, 130]. The variation of passive cur-
rent density was observed to depend on the protein concentration [13, 79, 80, 83]. At low
concentration, protein can interact with metal ions by forming soluble complexes, thus in-
creasing the dissolution rate of metal, while at high concentration its adsorption inhibits the
corrosion [81]. Dissolved ions may also influence the passive current of Ti. For example, it
was reported that Ca?* ions reduce the cathodic current of Ti by adsorbing onto metal surface
[58, 84], while it has little influence on the anodic corrosion behavior [84]. The presence of
phosphate contributes to the formation of a protective layer and thus increases the corrosion
resistance of Ti [53, 58]. Silicates inhibit the corrosion of Ti in alkaline hydrogen peroxide
solutions [131]. According to the AES analysis, the difference in anodic and cathodic current

density seems to be determined by the formation of the organic layer on the Ti surface.

Different from Ti, the polarization curves of CoCrMo alloy in synovial fluids is similar
among patients, except for P20, where higher cathodic and anodic current are obtained, as
shown in Figure 5.11 and Figure 5.12. Based on the Nernst equation, the cathodic current for
CoCrMo alloy is also determined by the reduction of water, dissolved oxygen and protons.
As discussed for Ti, the oxygen reduction reactions are expected to significantly contribute to
the electrochemical behavior in synovial fluids due to the small variation of pH value of
around 7 and Ecor which is higher than -0.6 Vagagci. The reduction kinetics of dissolved oxy-
gen is influenced by the charge transfer at the electrode-solution interface, the mass transport
of oxygen from the bulk solution to the interface [113] and adsorption of organic molecules
which acts as a barrier preventing oxygen from arriving the electrode surface [81, 82]. How-
ever, different from Ti results, the electrochemical behavior of CoCrMo alloy in synovial

fluids is less dependent of organic adsorption.

Corrosion studies of CoCrMo alloy in simulated fluids revealed that the passive film of
CoCrMo alloy mainly consists of Cr2O3/Cr(OH); with a small amount of Co oxide/hydroxide
and Mo oxide/hydroxide [15, 50, 132]. The composition and the thickness of the passive film
depends on solutions and applied potential. For instance, the fraction of Co oxide/hydroxide
significantly decrease with the addition of albumin in NaCl solution [50]. Also, the passive
film thickness increases with the applied potential. The passive current density is determined
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by the rate of ion transportation through the passive film and the stability of the film against
dissolution. Cr20O3 is thermodynamically stable even in the chloride environment [20], thus
the influence of pH on anodic reaction can be negligible. The variation of passive current
density was observed to depend on the protein concentration [133]. At low concentration less
than 0.5 g/L, protein can interact with metal ions by forming soluble complexes, thus increas-
ing the dissolution rate of metal, while at higher concentration (0.5 g/L) its adsorption inhib-
its the corrosion. Contrary results are also reported in the literature that the passive current
decrease after adding 0.5 g/ BSA [50], while it increases with the addition of BSA to 4 g/L
[81] Ions from the solution may also influence the passive current of CoCrMo alloy. For ex-
ample, phosphate ions adsorb on sample surface, enhancing the passive dissolution resistance
[50, 134]. In the transpassive domain, the current starts to increase with applied potential due
to the transformation of Co(II), Cr(IIl) and Mo(IV) oxide to Co(III), Cr(VI) and Mo(VI) ox-
ide. The latter two oxides are soluble, resulting in the dissolution of passive film. The trans-
passive current is reported to be influence by the presence of protein and phosphate ions,
which react with metallic ions and enhance the transportation from metal surface to electro-
lyte [50].

It is worth to note that in a previous study, higher OCP values ranging from -83 mVagagci to
0 mVagagct were obtained [5]. In the present study, those values lie between -300 mV and -
500 mV. The much higher OCP obtained from that research is attributed to the higher cathod-
ic current density compared to this thesis. However, the passive current density and the trans-
passive current density obtained in that study are quite close to those shown in this thesis.
The different OCP values could be related to the different sterilization methods used in that
study where the samples were sterilized in an autoclave under saturated steam at 121° for 20
minutes. Indeed, the corrosion behavior of CoCrMo alloy in NaCl solution depends on the
sterilization methods [135]. The OCP of CoCrMo alloy sterilized in the autoclave is about 0.3
V higher than that sterilized with ethanol, and the cathodic current density is about two times
higher. The higher OCP and cathodic current density are because of the lower passive film
thickness for CoCrMo alloy sterilized in an autoclave [135]. Based on the results, the conclu-
sion can be drawn that the much higher cathodic current density of CoCrMo alloy in synovial
fluids, obtained in the study, is due to the different sterilization methods by altering the sur-

face chemistry.

The corrosion current density icor can be obtained by extrapolating the linear part of the loga-
rithmic plots illustrated in Figure 5.9 and Figure 5.11 to the OCP potential. Depending on the
patient, the icor values of Ti range between the extremes of 0.02 and 2 pA/cm? with however
most of the patients lying in the narrower range from 0.02 to 0.5 pA/cm?. Corrosion current

densities of Ti measured in body simulated fluids span in a very similar range from 0.02 to
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0.6 pA/cm?, but relatively high corrosion current densities observed in P5 were never been
reported [84, 136]. The icor values of CoCrMo alloy for most patients are around 0.1 pA/cm?,
except for P20, which is around 0.6 nA/cm?. Corrosion current densities of CoCrMo alloy

measured in simulated body fluids varies in a similar range from 0.2 to 10 uA/cm? [40, 132].

To compare the corrosion rate with real conditions, the corrosion current density (A/m?) can
be converted to mass loss meor (mg/dm?/day') through Faraday’s law with the equation as

below:
Meor = 8640Mi,,, /NF (5.1

where M is the atomic mass: 48 g/mol (Ti), 59 g/mol (Co), 52 g/mol (Cr) and 96 g/mol (Mo),
F is Faraday constant: 96,485 A s/mol, and n is its oxidation valence which is assumed to be
4 (T1), 2 (Co), 3 (Cr) and 4 (Mo). The mass loss for each material obtained from the equation
is displayed in Figure 5.16, showing that the metal ion release rates depend on the patients.
The release rates of Co, Cr and Mo are calculated by assuming the amount of released metal
ions is proportional to the bulk alloy composition.
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Figure 5.16 Metal ion release rates obtained from this work and from literature [28]

Although the concentrations of metallic ions in serum, plasma, whole blood, and urine are
largely reported in the literature, no information on actual in-vivo corrosion rates of titanium
can be found. The corrosion rate can be tentatively estimated by considering that, in case of
no further ion accumulation in the body, it corresponds to the release rate of titanium through
urine. This is a coarse assumption, as ions can be eliminated through other ways, such as
sweat and hair growth [3]. The typical urine release rate of human bodies is approximately
1.5 I per day. Ti/Co/Cr/Mo concentration in urine for patients with hip and knee implants was
reported by Matusiewicz [28], as summarized in Table 2.2. Considering an approximative
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titanium or CoCrMo exposed implant surface of 1 dm?, this yields an elimination rate of
Ti/Co/Cr/Mo through urine in the range 6 x 10 mg/dm?/day to 1.2 mg/dm?/day, as displayed
in Figure 5.16. This range corresponds well to the corrosion rates observed here. This sug-
gests that corrosion is an important factor responsible for the release of Ti/Co/Cr/Mo ions

from metallic implants.

5.2.2 Comparison with Measurements in Simulated Fluids

The polarization curves measured for P4 and P5 are plotted in Figure 5.17, together with the
representative polarization curves measured in simulated solutions. These patients define the
envelope of all the curves measured on patients (see Figure 5.10). Interestingly the cathodic
part of the curve measured in NaCl solution lies outside the envelope of the in-vivo meas-
urements. Adding BSA and HA moves the polarization curve (cathodic part) into the in-vivo
domain, especially for BSA. The addition of H>O, generates very high cathodic currents.
This is not surprising as hydrogen peroxide is a strong oxidizing agent. This may indicate that
the cathodic reactivity of Ti in synovial fluids is mainly determined by the presence of organ-
ics species that likely affect the reduction rate, and thus the corrosion rate, by adsorbing on
the metal surface. The cathodic currents for the rest patients located in the envelope of the P4
and P5 measurements could be due to the different concentrations of organics, which reduces
the cathodic current depending on the concentration. This hypothesis is supported by the po-
larization curves of Ti in simulated solutions with various concentrations of BSA and HA,

that are displayed in Figure C. 3, shown in the Appendix.

It is worth noting that a larger current slope at the potential lower than -0.8 Vagagci is ob-
tained in the cathodic polarization curve for P4 as well as other patients, as shown in Figure
5.9. Similar behavior is also observed for simulated solutions with the addition of BSA but
not for HA, as shown in the rectangle area. This suggests that compared with HA, protein is
most likely the determining factor for these patients that influences the corrosion behavior of
Ti in synovial fluids. Additionally, higher adsorption intensity for FTIR measurements is
obtained for the samples where larger current slope is observed. Similar results were reported
on CoCrMo alloy tested in NaCl and NaCl + BSA (30 g/L) solutions [69].

Interestingly, the anodic domain is less affected by the nature of the environment than the
cathodic one. The results for simulated fluids do not allow to reproduce the high anodic cur-
rent densities observed in P5, even when adding a strong oxidizing agent. This indicates that
the oxidative strength of the solution is not necessarily the key parameter. Possibly, the large
anodic currents obtained in P5 are due to specific molecules in synovial fluid, such as protein

[81, 85], that promote passive film dissolution.
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Figure 5.17 Polarization curves of Ti tested in synovial fluids and simulated solutions

In the cathodic domain, the reduction of oxygen and protons takes place at the metal oxide-
electrolyte interface. For example, the proton reduction takes place in two steps. The protons
are first reduced to adsorbed hydrogen atoms, followed by the formation of hydrogen mole-
cules, either by electrochemical reaction between a proton and an adsorbed hydrogen atom or
by chemical reaction between two adsorbed hydrogen atoms [113]. The detailed reactions are
listed below:

Step I: Volmer reaction H* +e - Hyys (5.2)
Step II: Heyrovsky reaction H*+H,;c+ e » H, (5.3)
Or Tafel reaction Huqs + Hyqs — H, 5.4)
Step I + step II: 2H* +2e - H, (5.5)

If step I is the rate determining reaction, the cathodic reaction is determined by the charge
transfer reaction. Then, the cathodic Tafel coefficient equals to

Be =2 =120mV

acF

Where T = 25 °C, and charge transfer coefficient a; = 0.5.

If step II is the rate determining reaction, the cathodic reaction is determined by the amount
of adsorbed hydrogen. This results in the cathodic Tafel coefficient

—RT—30 V
ﬁC_ZF_ m
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The detailed calculation of the Tafel coefficient S at different reaction conditions is ex-
plained in [113]. The S value for the oxygen reduction mechanisms is quite close to that of

hydrogen reduction [137].

The Tafel coefficients S obtained from the anodic polarization curves for P4 and P5 corre-
spond to the above reaction mechanisms. For P4, Tafel coefficient 5. of 38 mV is obtained,
corresponding to the low cathodic current and thick organic layer on the sample surface. For
PS5, Tafel coefficient S of 149 mV is obtained, where a higher cathodic current and little
organic layer on the sample surface is observed. The S, value extracted from the rest patients
are located with the envelope of 30 - 120 mV (taking the scatter into account), suggesting
different amount of organic adsorbed on sample surface, which reduces the amount of ad-
sorbed hydrogen. This assumption is confirmed by the S, values (Table B.3 in Appendix)
obtained from the simulated solutions with different concentration of BSA, where the value
decreases with the addition of BSA. It should be noted that the . value depends on solu-

tions, applied potential and materials, which is widely discussed in the literature [137].
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Figure 5.18 Nyquist and Bode plots of Ti in synovial fluids and simulated solutions

In addition, the extreme Nyquist and Bold plot of Ti in synovial fluids from P119 and P123
are plotted together with NaCl and NaCl + BSA (30 g/L) solutions, as presented in Figure
5.18. The modulus at the f = 0.005 Hz for patients are higher than that for NaCl solution, and
a broader phase shift is also observed for patients. The arc angle and arc length increase with
the addition of BSA, namely the modulus is significantly enlarged. Similarly, the higher
modulus for patients could be related to the organic adsorption on the sample surface. Indeed,
a lower OCP value is obtained for P119 compared with that for P123, where lower modulus
was obtained. The EIS results correspond well with the polarization curves, which supports
the hypothesis that the different in-vivo electrochemical behavior is probably due to organic

adsorption.
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It is worth noting that the different modulus could also be due to the variation of potential,

namely a higher anodic reaction rate was obtained with the increase of OCP according to the

polarization curves presented in Figure 5.17.

The extremes polarization curves measured for P20 and P73 are displayed in Figure 5.19,
together with the representative polarization curves measured in simulated solutions. The
cathodic current (> -0.85 V) measured in the NaCl solution is higher than the in-vivo results.
Adding BSA and HA moves the polarization curve (cathodic part) close to the in-vivo do-
main, especially for BSA. The addition of H>O> generates very high cathodic currents, which
is not observed in the in-vivo results. This may indicate that the cathodic reactivity of
CoCrMo alloy in synovial fluids is mainly determined by the presence of organics species
that adsorbed on the surface of the metal. The cathodic currents for the tested patients are
quite similar to that found for BSA (5 g/L and 30 g/L) containing solutions, as shown in Ap-
pendix Figure B.12. This suggests protein plays a key role on the corrosion behavior of

CoCrMo alloy in synovial fluids, and its concentration of tested synovial fluids is higher than
0.5 g/L.
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Figure 5.19 Cathodic and anodic polarization curves of CoCrMo alloy tested in synovial fluids and

simulated fluids

A larger current slope at the potential lower than -0.8 Vagagciis also obtained in the cathodic
polarization curve for CoCrMo samples in all patients. Similar behavior is observed for simu-
lated solutions with the addition of BSA but HA, as shown in the cathodic polarization curves.
This suggests that compared with HA, protein adsorbed and interacted with oxides is most
likely the key factor for these patients that influence the corrosion behavior of CoCrMo alloy
in synovial fluids. Similar results were obtained on CoCrMo alloy tested in NaCl and NaCl +
BSA (30 g/L) solutions [69].

The anodic domain is less affected by the nature of the environment than the cathodic one.
The addition of BSA, HA and phosphate doesn’t influence the passive current density, while
the transpassive current increases after adding BSA and phosphate. This is because of the
reaction between metallic ions with BSA and phosphate, enhancing the dissolution of metal-
lic ions. In addition, a current shoulder is observed for in-vivo results at the potential of 0.75
V. Similar current shoulder at the potential of 0.7 V is also obtained for PBS based solutions
due to the reaction between metallic ions and phosphate [50]. The presence of current shoul-
der in the transpassive domain indicates that phosphate is present in synovial fluids and en-
hances the transpassive reaction rate of CoCrMo alloy.

The Tafel coefficients . obtained from the anodic polarization curves is about 50 - 60 mV,
independent of the organic adsorption amount on sample surface. This value is close to the
Tafel coefficients S (30 mV) for Tafel reaction, which is controlled by the amount of hydro-
gen adsorption on sample surface. The different 5. value could be related to different materi-
als, as is discussed in the literature [137].
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Figure 5.20 Nyquist and Bode plots of CoCrMo alloy for P95, P99 and simulated solutions

According to the in-vivo and in-vitro polarization curves, PBS and PBS + BSA (30 g/L) solu-
tions can best simulate the in-vivo corrosion behavior of CoCrMo alloy in synovial fluids. To
further understand the corrosion behavior, the EIS results for P99 and P103, the extreme cas-
es, are plotted together with that in PBS and PBS + BSA (30 g/L) solutions, as shown in Fig-
ure 5.20. The Nyquist diagram shows that the diameter of the semicircle obtained in PBS +
BSA is larger than that in PBS, indicating the polarization resistance increases with the addi-
tion of BSA. This is related to the BSA adsorption, which acts as a physical layer for the cor-
rosion reaction. The highest diameter of the Nyquist plot obtained from P103 indicates that
the corrosion rate is lower than in-vitro measurements. These results are supported by the

shift phase value in the Bode plot.

The peculiar behavior observed in Figure 5.4 during the measurement of polarization re-
sistance can also be attributed to an effect of proteins. Figure 5.21 compares the obtained
results for P4 and PS5 as well as the corresponding results obtained in 0.8% NaCl and in 0.8%
NaCl with 30 g/L of BSA. For the sake of clarity, the polarization (E-Eco.r) was reported in the
abscissa instead of the actual electrode potential E. In the simple NaCl inorganic solution, a
well-defined linear behavior crossing the zero current is observed. Deviations from linearity
are observed at the onset of polarization at the cathodic potential. This is likely related to the
capacitive effects due to double layer and passive film charging. Indeed, tests carried out at a
lower scan rate (0.6 mV/s) showed an identical behavior but with a much smaller deviation
from linearity at the onset of polarization. Interestingly, the response of P5 is quite close to
the behavior observed for NaCl solution (same slope in the anodic domain) with, however, a
larger deviation from linearity in the cathodic domain possibly due to differences in open
circuit potential (nearly 200 mV) and the associated differences in the double layer structure,
adsorption, and passive film properties. Compared to P5, P4 shows a higher polarization re-
sistance (reciprocal of the slope in the anodic domain). Interestingly, the same trend is found

when adding BSA to the NaCl solution. This further supports the interpretation of Figure
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5.17, indicating that the organic substances play a key role in the electrochemical response of

titanium exposed to synovial fluids.
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Figure 5.21 Rp measurements of Ti tested in simulated fluids and in synovial fluids with different

scan rates

In addition to organics, ions, such as phosphate and calcium, are also detected in human syn-
ovial fluids [30, 31]. The presence of calcium is confirmed by the EDS analysis of the parti-
cles. To study the influence of the ions on the electrochemical behavior of Ti and CoCrMo
alloy in synovial fluids, same measurements were carried out in simulated solutions, and the
results are presented in Figure C. 3, Figure C. 12, Table C. 3 and Table C. 7 in Appendix. The
results indicate that phosphate has little influence on the electrochemical behavior of Ti in
NaCl solution, while calcium ions slightly reduce the anodic current at the potential lower
than 0.5 Vagagcl. Similar results are also reported in the literature [57, 58]. These results sug-
gest that the different anodic current at the first initial region could be related to the adsorp-
tion of calcium ions. However, calcium ions have little influence on the electrochemical be-

havior of CoCrMo alloy in NaCl solution
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53

Summary

This study is the first systematic investigation of the electrochemical response of Ti and

CoCrMo alloy exposed to human synovial fluids extracted from various patients. It leads to

following conclusions:

The electrochemical response of Ti in both cathodic and anodic domains was found to
significantly (several orders of magnitude) vary among patients. However, the elec-

trochemical response of CoCrMo alloy varies slightly with patients.

The calculated metal ion release rates extracted from the polarization curves depend
on the patients, being from 0.025 uA/cm? to 2 uA/cm? (6E-6 to 1.2 mg dm™ day™!) for
Ti and from 0.1 uA/cm? to 0.6 pA/cm? (6E-6 to 0.3 mg dm2 day!) for CoCrMo alloy.
These values are found to be consistent with the Ti release rate from hip and knee ar-

tificial joints implanted in humans.

The corrosion rate of Ti and CoCrMo alloy in synovial fluids is determined by the
charge transfer reaction of oxygen reduction and organic adsorption on the sample
surface. The former conclusion is drawn based on the OCP values of Ti CoCrMo al-
loy, which are higher than the equilibrium potential of the hydrogen reduction, and
the cathodic polarization curves, where no current plateau is obtained. The latter con-
clusion is supported by the fact that simulated body fluids containing organic mole-
cules such as BSA and HA can better simulate the in-vivo electrochemical behavior
of Ti and CoCrMo alloy than those containing oxidizing agents such as H2O,.
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Chapter 6 Ex-situ Surface Analysis of T1 and
CoCrMo alloy in Human Synovial Fluids

As discussed in the former chapters, the corrosion behavior of Ti and CoCrMo alloy depends
on patients, where the cathodic reactions are determined by oxygen reduction and organic
adsorptions on sample surface. However, the anodic reaction of both materials in contact with
synovial fluids cannot be predicted by tested simulated solutions. To further understand the
different corrosion behavior, in this chapter, the surface qualitative morphology, chemistry
and passive film thickness was investigated on Ti and CoCrMo surfaces, after exposure to
synovial fluids and sterilization in ethanol, using SEM, FTIR/EDS and AES, respectively.
The surface analysis results can qualitatively identify the adsorbed organics on sample sur-
face and quantitatively characterize the chemical composition and thickness of the passive
film. This information can help to understand the cathodic and anodic reaction behavior of

metals, respectively.
6.1 Ex-situ Surface Analysis of Ti

6.1.1 FTIR

FTIR spectra acquired on the Ti surfaces after exposure to synovial fluids from several pa-
tients are displayed in Figure 6.1. In each figure, the different spectra correspond to the re-
sults from different sites of the Ti surface. The dispersion, in terms of intensity and peaks, is
quite significant among samples and even for the same sample on different spots. A higher
absorption intensity signifies larger amounts of organics on the surface. The highest absorp-
tion with the absorption intensity of one spectrum higher than 1 is found for patient 17, while
the lowest absorption intensity is obtained for patient 16, with a value of less than 0.04. More
significant absorption, in which the absorption intensity is higher than 0.1, is obtained for
sample 2, 3, 4, 13, 14, 17 and 18. Besides, the absorption intensity varies within one sample,
and the variation can be very high (i.e., 1.2 for patient 17). In addition, different peaks are
detected among samples and even among different spots on one sample, such as in P5 in

which the peaks at 3000 - 3100 cm™! are detected only in one of the spectra.
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Figure 6.1 Representative absorption spectra on the Ti surface immersed in human synovia

The prominent absorption peaks were assigned using literature data, where the most im-
portant source is Movasaghi et al. [138]. Table 6.1 summarizes the main observations per

patient, sorted by absorption peak. The absorption is particularly strong in the region from
600 cm! to 1800 cm™!, which is also called the fingerprint region. As shown in the table, dif-

ferent peaks are obtained among patients, mainly in the fingerprint region. The stretching
vibration of C-N in the amide III group and Asymmetric CH3 bending vibration is detected in

most samples. Interestingly, absorption peaks at 2840 - 2950 cm™! are observed in all spectra,

and they are identified as C-H stretching vibration. The double peaks at around 2340 cm’!

and 2360 cm™!' are due to CO; in the vacuum chamber. There are also additional, non-

assigned signatures in the spectra.
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Table 6.1 Interpretation of spectral position in terms of absorption peaks

Peak Patient number Assignment

719 P3,4,22,23,31,35,39 Rotational vibrations O-H

808-813 P3,4,18,22,35,38,39 Ring C-H deformation

966 P13 C-O stretching vibration

1006-1011 P14,17.,43 C-O stretching vibration

1036-1043  P6,13,14,32 C-O stretching vibration

1070-1079  P13,17,21,26 Str C-O

1099-1107 P2,3,4,14,18,20,23,26,31,38,39,43,46,48 Stretching PO* symmetric (phosphate
II), Stretching CO/CC

1153-1170  P5,6,14,15,17,21,26,28,32,43,48 Antisymmetric stretching vibration C-
O-C glycoside

1192 P17 Phosphate (P=0) bond

1207-1244  P4,5,6,14,15,16,17,18,20,21,22,23,26,32,3  C-N in Amide III

5,36,38,48

1275 P13 Amide II1

1329-1338  P5,13 CH, wagging

1365-1369  P6,13,15 Stretching C-O, deformation C-H/ N-
H/ CH;3

1377 P3, 4,5,16,20,22,31,36,39,43,46,48 Deformation CH,/CH3

1396 P3,13,14,17,21,23,26,28,32,35,38 CH, bending vibration

1446-60 P3,4,5,13,14,17,15,16,18,20,21,22,23,26,2  Asymmetric CHz bending of the me-

8,31,32,35,36,38,39,43,46,48 thyl

groups of proteins

1490 P5, 13 Deformation C-H

1504 P17 In-plane CH bending vibration from
the phenyl rings

1513-1521 P2,11,14,15,17,21,23,26,28,31,32,36,48 Amide II

1579 P13 Ring C-C stretch of phenyl

1631-1641 P2,14 Deformation of water

1658 P3,11,14,15,17,21,23,26,28,31,32,36,48 Amide I

1708-1726  P3,4,5,13,15,18 Cc=0

2337-2348 P3,4,5,6,14,15,16,17,18,20 CO,[139]

2362 P3,4,5,6,15,16,17,18,20 CO,[139]

2846-2950  all Stretching C-H,

3026 P5 C-H ring

3074 P5, 13,21,22,26,28,32,36,38,48 C-H ring

3280/90 P11,13,14,15,16,17,20,21,22,23,26,28, Stretching O-H/N-H

31,32,36,38,43,46,48

Albumin is the main compound of proteins in human synovial fluids, and it is reported to
have a significant influence on the interfacial reactions between Ti and electrolyte by adsorb-

ing onto the metal surface [71, 81]. Also, BSA has a very similar structure to that of human
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serum albumin [76]. The viscosity of synovial fluids is mainly given by hyaluronic acid (HA)
[94], and clinical HA is injected into the joints of some patients two weeks before surgery to
contribute to the lubrication of joints. Therefore, the spectra obtained from BSA and HA
served as a reference for organic analysis, and the acquired spectra is in agreement with the
literature [140, 141]. It is reported that the characteristic molecular bonds of proteins are am-
ide I, amide II and amide III groups [138]. To distinguish the organic peaks, the spectra for
patients with the presence of three amide groups are displayed in Figure 6.2, together with the
spectrum obtained from BSA and HA.
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Figure 6.2 FTIR spectra of samples for patients with the presence of amide groups together with that
of BSA and HA (left), and C=0 as well as C-H group present in in-vivo samples and HA (right)

As shown in the graphs, amide groups are detected on samples surfaces for some of the pa-
tients, with various intensities being the highest for P17 and lowest for P11. In all spectra for
patients, a strong signal is obtained from amide I and amide II groups, while the signal from
amide III is weak, this is in accordance with the peaks for BSA. However, the stronger signal
from amide II than amide I is contradictory to that of BSA. Amide groups are also detected in
HA, while the peak positions are different from that in BSA.

Interestingly, stretching C-H groups are detected on the sample surface for most patients, as
shown in Figure 6.2. These peaks are not detected in BSA while they are obtained in HA, but
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the peak position and shape do not correspond to each other. It is reported that the stretching
CH peaks can be used to assess lipids [138], and these peaks are typical for the fatty acid
moiety. Indeed, the shape of the peaks, except for P11/13/14/15/17/21/26/28, is very similar
to that of lipids from literature [142, 143]. The peak intensity varies with patients, being the
highest for patient 4 and lowest for patient 11, indicating various amounts of organics are
adsorbed on the sample surface. Since the peak at 1600 - 1800 cm! is reported as the finger-
print region for differentiating lipids [142], the spectra of samples in the region from 1600 to
1800 cm! are also plotted. The peak at 1700 - 1800 cm™! can only be found on samples for
P3,4,5,13,15,18.

Table 6.2 The sum peak intensity of representative functional groups detected on the sample surface

: Intensity
Patient -
C-O-C bond Amide groups (I /1) CH groups

P2 0.019 0.076
P3 0.177
P4 4.182
P5 0.002 0.024
P6 0.002 0.015
P11 0.018 0.003
P13 0.046
P14 0.005 0.170 0.016
P15 0.001
P16 0.004
P17 0.132 3.400 0.925
P18 0.122
P20 0.045
P21 0.410 0.137
P22

P23 0.032 0.108
P26 8.598 5.168
P28 0.718 0.387
P31 0.009 0.089 1.113
P32 0.004 0.174 0.146
P35 0.662
P36 0.152 0.419
P38 0.139
P39 0.080
P43 0.030
P46 0.362
P48 1.464 0.977

HA 0.2 0.938 0.187
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In order to quantitatively compare the amount of adsorbed/deposited organics, in terms of
HA, BSA and lipids, the intensity of the peaks was acquired by calculating the height of the
peaks with respect to the baseline. As a result, the peak intensity of the C-O-C bond, amide
and CH groups are summarized in Table 6.2. Different amounts of organic groups are ob-
tained among sample surfaces. For P14, 17, 31 and 32, both C-O-C bond and amide groups
are detected, and the latter has a 2 - 40 times higher intensity. A detailed analysis of the FTIR

results will be shown in the discussion.

6.1.2 SEM/EDS

Secondary electron micrographs were acquired from the Ti surface after exposure and sterili-
zation. The appearance of the surface was quite different depending on the patients. The or-

ganic adsorption was not uniform on the surfaces and some images are shown in Figure 6.3.

The higher magnification image was taken in the rectangle area of the lower one. The sam-
ples after exposed to NaCl + BSA (30 g/L) and PBS + BSA (30 g/L) solutions were cleaned
with water (a) and 70% ethanol (b), respectively.

In some cases (P2, P4, P26, P31), comparatively large regions were covered by organics, as
shown in the lowest magnification images. Especially for P26, a whole organic layer is ob-
served on the Ti surface. In addition, the morphology of the organic adsorption varied be-
tween patients. In some patients, the organic layer can be compact (P2, P4, P31) or porous
(P5, P17). Also, local adsorption is observed, in a punctiform (P6, P18) or containing dried-
up cells (P11). Note that different kinds of organic adsorption can be observed on the same
sample, such as in patient 6 and 14, where a large area of compact organic layer is also pre-
sent. Note however that the organics observed on the titanium surfaces could be caused by a
deposition effect during the sterilization in 70% ethanol. This effect is confirmed by the high-
er amount of BSA detected on the titanium surface when cleaned with ethanol than the ones

cleaned with water after immersion in NaCl/PBS + BSA solutions.
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Figure 6.3 Representative SEM images of the Ti sample surface in low and high magnification for
patients and simulated fluids
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Titanium tested in NaCl based solutions with different BSA concentrations and cleaned with
70% ethanol were also analyzed by SEM. Some representative images are presented in Fi-
gure 6.4. The micrographs show that the deposited amount of BSA on the titanium surface
increases with the albumin concentration. Based on this result, a tentative correlation between
the amount of organics found on the titanium after being in contact with the human synovia

and the concentration of organics in those human fluids can be established.

NaCl+BSA(0.5g/L) NaCl+BSA(5g/L) NaCl+BSA(30g/L)

100 pn{

Figure 6.4 Representative SEM images of Ti sample surface after immersing in simulated fluids with
different BSA concentrations

There is also a heterogeneous distribution of different types of particles over the surface for
all patients, with the amount of particles varying with patients. An example of the particles
observed on sample P3 and P16 are presented in Figure 6.5. Higher amount and amorphous
particles with the size of around 2-4 um are observed in P16. The atomic concentration of the
elements present in the particles was analyzed by EDS, and the summarized results are pre-
sented in Figure 6.6. All the particles contain C, O, Ca, and Ti signals with different concen-
trations. The atomic concentration of the four elements is very close among patients, except
for P5 in which less O/Ca and higher Ti is detected. The Ti signal probably comes from the
substrate due to the large reaction volume between the electron beam and the sample. The
stronger Ti signal obtained for P5 could also be attributed to the small particle size. Besides,
a small amount of Mg/S/K/P/Si (< 0.5 at. %) is detected in some particles.
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Electron Image 3 Electron Image 3

Figure 6.5 SEM images of the calcium particles for Ti exposure to synovial fluids from P3 and P16
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Figure 6.6 Atomic concentration of the particles observed on the Ti surface after being immersed in

the synovia from several patients

6.1.3 AES

Auger depth profile analysis was conducted to investigate the chemical composition and pas-
sive film thickness of the samples. Figure 6.7 shows the surfaces and the corresponding depth
profiles after exposure to the synovia from P4 and P5. As already observed, the organic ad-
sorption is not homogeneous. Therefore, different AES depth profiles in different areas of the
titanium samples were acquired, as illustrated in Figure 6.7. A depth profile was also carried

out on a polished titanium sample before exposure to serve as a reference.

82



Ex-situ Surface Analysis of Ti and CoCrMo alloy in Human Synovial Fluids

The carbon signal drops after the first sputter cycle due to the elimination of the contamina-
tion. The oxygen signal is used to estimate the surface oxide thickness by calculating the
sputter time from the highest O concentration to the half of the peak, and the resulting passive
film thickness lies around 3 nm. The Ti signal increases throughout the profile to reach the
substrate. For patient 4, a thick carbonaceous layer of approximately 30 nm is obtained in
region 4, and consequently only a small signal from O and Ti was detected throughout the
sputter depth profile duration. Compared with region 4, little C signal is obtained in region 1,
while a large amount of O was detected after the elimination of C. For patient 5, no thick
organic layer was detected and similar profiles are obtained among the four different regions.
Only in region 4 the amount of carbon is slightly higher and requires about 3 minutes of sput-
tering to be removed. The resulting profiles show more organic material adsorbed in the
darker regions according to the slightly longer sputter time needed to make the C signal dis-
appear. Interestingly, Si signal was detected in sample P5 in all three regions. The amount of
Si decreased with the decrease of C and the increase of O, reaching the minimum at the low-
est C concentration and the highest O concentration. This suggests that the Si comes from the
thin carbonaceous layer. It can also be confirmed by SEM/EDS analysis, where Si was wide-
ly detected in organic depositions. These results correlate with other literature data where Si
was detected in blood plasma [31] and synovial fluids [144].
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Figure 6.7 Auger sputter depth profiles from the reference sample before exposure and after contact
with the synovial fluid from P4 and P5. (Sputter rate: 0.6 nm/min)

The passive film thickness of the titanium samples was calculated with the O depth profile
after removing the influence of electron escape depth, and the results are displayed in Figure
6.8. Results show a similar passive film thickness, around 4-5 nm, is detected for the titanium
immersed in the human synovial fluids. It is about 1-2 nm thicker than that of the reference
sample. However, this 1 nm difference in the passive film thickness is within the resolution
of depth analysis which decreases with the presence of an organic layer on the sample surface
[145]. Given that the open circuit potential of the titanium samples in the tested synovial flu-
ids ranges from -0.5 to -0.2 Vagaeci, these results agree with in-vitro studies, where the pas-
sive film thickness of Ti alloy depends on the applied potential (increasing with an average
rate of around 1 nm/V [146]).
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Figure 6.8 Passive film thickness of the reference Ti sample and the samples after contact with the

synovial fluid from some patients

6.2  Ex-situ Surface Analysis of CoCrMo Alloy

6.2.1 FTIR

FTIR spectra acquired on the CoCrMo surfaces after exposure to several synovial fluids are
present in Figure 6.9. In each figure, the different spectra correspond to the results from dif-
ferent sites of the CoCrMo surface. The dispersion, in terms of intensity and peaks, is signifi-
cant among samples and even for the same sample on different spots. A higher absorption
intensity indicates a larger amount of organics on the surface. The highest absorption with the
absorption intensity of one spectrum higher than 1 is found for P31, while the lowest absorp-
tion intensity is obtained for P20, with a value of smaller than 0.05. The variation of the ad-
sorption intensity within one sample can be up to 1 for P21. In addition, different peaks are
detected among samples and among different spots on one sample. For example, the peaks at

1000 - 1200 cm™! are detected only in one of the spectra in P43.
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Figure 6.9 Representative absorption spectra on the CoCrMo surface immersed in the human synovial

fluids from patients

The prominent absorption peaks were assigned according to the literature [138], and listed in
Table 6.3. The absorption is especially strong in the region from 600 cm™ to 1800 cm,
namely the fingerprint region. As shown in the table, different peaks are detected among pa-
tients, mainly in the fingerprint region. The amide I/II groups and asymmetric CH3 bending
vibration are detected in most samples. Similarly, C-H stretching vibration peaks at 2850 -

2960 cm™! are observed in most spectra. The double peaks at around 2340 ¢cm™! and 2360 ¢cm™!
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are because of COz in the vacuum chamber. Additional and non-assigned peaks are present in

the spectra, and they are not listed in the Table.

Table 6.3 The spectral interpretation of in-vivo CoCrMo samples

Peak Patient number Assignment [138]

712-723 P20,36,44,48,53 Rotational vibrations O-H

802 P43,48,53 Ring C-H deformation

875-883 P21,26,36 C-C

1000/8 P23, C-0,C-C,C-H

1045-1077 P21,26,43 C-O stretching vibration

1159-1168 P21,23,26 Antisymmetric stretching vibration C-O-C
glycoside

1212-1242 P21,26,31,43 C-N in amide III

1307/21 P21,26 Amide III bond components of proteins Colla-

gen, CH, wagging
1374-1394 P21,22,23,26,28,31,35,43,48,53 Deformation CH2/CH3/CH, bending vibration
1450-1461 P20,21,22,23,26,28,31,35,43,48,53 Asymmetric CH; bending of the methyl groups

of proteins
1515-1544 P21,23,26,28,31,36,43,48,53 Amide II
1648-1664 P21,23,26,28,31,36,43,48,53 Amide I (C=O0 stretching vibration)
1710-1740 P20,31,36,43,53 C=0
2333/9 P20,28 CO,[139]
2362 P20,28 CO,[139]
2854-2958 P21,23,26,28,31,36,43,48,53 Stretching C-H
3058-3078 P21,23,26,28, 31,36,43,48,53 C-H ring
3284 P20,21,23,26,28, 31,36,43,48,53 Stretching N-H/O-H symmetric

Since protein and HA are the main compound of synovial fluids, and amide groups are the
characteristic molecular bonds of protein, the spectra for patients with the presence of amide
groups are displayed in Figure 6.10. As shown in the graph, amide groups are detected on
samples surfaces for some patients with various intensities, being the highest for P31 and
lowest for P21. The stronger signals obtained from amide I and amide II groups correspond
to the peaks for BSA. However, the stronger signal from amide I than amide II is contradicto-
ry to that of BSA. Amide groups are also detected in HA, while different peak positions.

Similarly, stretching C-H groups are detected on the sample surface for most patients, as
shown in Figure 6.10. These peaks are obtained only in HA, but the peak position and shape
do not correspond to each other. The stretching CH peaks are reported can be used to assess
lipids [138], typically the fatty acid moiety. Indeed, the shape of the peaks for P23, P48 and
P53 is quite similar to that of lipids reported in the literature [142, 143]. The peak intensity
varies with patients, being the highest for P48 and lowest for P36. Since the peak at 1600 -
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1800 cm! was reported to be the fingerprint region for differentiating lipids [133], the spectra
of samples at the region of 1600 - 1800 cm! are also plotted. The peak at 1700 - 1800 cm'!
can only be detected on samples for P20, P31, P36, P43 and P53.
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Figure 6.10 FTIR spectra of CoCrMo samples for patients with the presence of amide groups together
with that of BSA and HA, and C=0 as well as C-H group present in in-vivo samples and HA

6.2.2 SEM/EDS

Secondary electron micrographs were acquired from the CoCrMo surface after exposure and
sterilization. The organic adsorption is not homogeneous on the surfaces and the representa-
tive images are present in Figure 6.11. Higher magnification images were taken in the rectan-

gle area of the lower ones.
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NaCL+BSA(30g/L)

106t

Figure 6.11 Representative SEM images of the CoCrMo sample surface in low and high magnifica-

tion for patients and simulated fluids

In some cases (P26, P31), comparatively large regions are covered by organics, as shown in
the lower magnification images. Same to Ti sample, a whole organic layer is observed on
CoCrMo surface for P26. Additionally, the morphology of the organic adsorption varied with
patients. In some patients, the organic layer can be compact (P21, P26) or porous (P46, P48).
The morphology of the organics observed for patients are different form BSA and HA.

Electron Image 3 Electron Image 3
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Figure 6.12 SEM image of the calcium particles on CoCrMo surface for P21 and P22
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There is also a heterogeneous distribution of various types of particles over the surface for all
patients, with the amount of particles depending on patients. An example of the particles ob-
served on sample P21 and P22 are displayed in Figure 6.12. The atomic concentration of the
particles was analyzed by EDS, and the summarized results are presented in Figure 6.13. All
the particles contain C, O, Ca, while Co, Cr and Mo signals are only detected on several sam-
ples. The atomic concentration of C, O and Ca is very close among patients, except for P23
where higher O/Ca was detected. The Co, Cr and Mo signals probably come from the sub-
strate due to the large reaction volume between the electron beam and the sample. The
stronger Co/Cr signal obtained for P21 and P22 could also be due to the small particle size. In
addition, a small amount of Mg/Si/Al/Na (< 0.5 at. %) was detected in some particles.
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Figure 6.13 Atomic concentration of the particles observed on the CoCrMo surface after being im-

mersed in the synovia from several patients

6.3 Discussion

6.3.1 Organic adsorption/deposition

As shown in Figure 6.2 and Figure 6.10, amide groups are identified on Ti and CoCrMo
sample surfaces tested in some synovial fluids (basically the same patients for both materi-
als), while their shapes are different from that of BSA and HA. This could be due to the pres-
ence of other organics in human synovial fluids, which influence the intensity and position of
the peaks [147]. Besides, the shift of peaks is also reported to be related to different second-
ary structure [148] and the thickness of the organic layer [149].

Amide groups are present in both BSA and HA, while the stretching vibration of the C-O-C
bond at 1150 cm™ is only present in HA. This peak is obtained on samples for P5, 6, 14, 17,
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31 and 32, and both presence of C-O-C bond and amide groups on samples for P14, 17, 31
and 32, suggests HA is adsorbed onto Ti sample surface for these four patients. Besides, the
intensity ratio of amide group/C-O-C bond for these four patients is much higher than the
value for HA (As shown in Table 6.2), suggesting that proteins are present on the sample
surface for these four patients. C-O-C bond and amide groups are detected on CoCrMo sur-
face for P21, suggesting HA is adsorbed onto the sample surface for this patient. CH groups
with different shapes are detected on both materials for most patients while the stretching
C=0 bond is only present for some ones. Since the stretching C=O bond is not present on all
types of lipids, the results suggest various types and amounts of lipids are adsorbed on the
sample surface. Also, lipids could be present on Ti samples for P14, 17, 31 and 32, according
to the much higher CH/C-O-C intensity ratio than HA.

A tentative conclusion can be found that lipids are probably adsorbed on both sample surfac-
es for most patients, while protein and HA are only present for certain ones. The peaks did
not occur in BSA and HA spectra, suggesting other organics could be adsorbed onto the met-
al surface, which is confirmed by the different appearance of adsorbed organics observed on

in-vitro samples.

6.3.2 Particles containing calcium

Figure 6.5 and Figure 6.6 show the different compositions and morphology of the oxide par-
ticles (Ca, O, C, Ti, etc.) found on the titanium surfaces by SEM/EDS. Similar particles are
also observed on CoCrMo surfaces, as shown in Figure 6.12 and Figure 6.13. The chemical
composition of the particles on both surfaces, exposed to different synovial fluids, is very
similar, with a Ca/O ratio around 0.3, corresponding well with the calcium carbonate. How-
ever, the Ca/C ratio varies with patients for both surfaces. The fluctuation of C composition
could be attributed to organic adsorption and contamination. The Ti/Co/Cr/Mo signals de-
tected by EDS probably comes from the substrate due to the small size of the particles. The
small amount of S/K/Mg/P/Si found in the particles could be due to the adsorption of ions in
synovial fluids [30]. The chemical composition of the particles found in the human synovia,
is similar to that detected on the titanium surface immersed in NaCl + CaCl, (1 g/L) solution,
indicating that the organics and other ions in synovial fluids have little influence on the parti-

cle formation.

The particle formation can be explained based on the following hypothesis: when Ti samples
are exposed to synovial fluids, oxygen reduction takes place, forming OH- ions (reaction
6.1). Ca®" ions then react with the OH- ions and form Ca(OH), on the surface (reaction 6.2).
After that, CaCOs particles were formed through the reaction between Ca(OH), and COa,
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dissolved in synovial fluids or the ambient air (section 6.3). It should be noted that the parti-
cles are probably the mixture of Ca(OH), and CaCO3, at different ratios.

0, + 2H,0 + 4e~ = 40H" 6.1)
Ca?* + 20H- = Ca(OH), (6.2)

However, various particles are found in human synovial fluids. It was widely reported that
calcium phosphate crystals are frequently found in osteoarthritis synovial fluids and deposit-
ed in articular cartilage [150—153], and define subsets of patients with inflammatory or rapid-
ly destructive arthritis [154]. There are several kinds of calcium phosphate particles, and the
basic calcium phosphate (BCP) and calcium phosphate dehydrate (CPPD) are the most com-
mon forms [155]. The BCP crystals usually are less than 1 u and aggregate into amorphous
globular clumps, while the CPPD crystals appear like a rod or thomboid, with the size of 1-
20 pum [151]. Similar shape and sizes with BCP crystals are observed on our samples, while

no phosphate signal was detected.

The absence of phosphate in observed particles could be due to a short immersion time. In-
deed, calcium particles are first found on the Ti sample surface after immersing in hank’s
solution, afterwards phosphate is detected and the concentration increases with immersion
time. Finally, a layer of calcium phosphate crystals, similar to BCP, was observed on the
sample surface after exposure for 7 days [58]. However, contrary results are reported that
phosphate adsorption is the prerequisite of calcium phosphate formation on Ti sample surface
when exposure to Hank’s solution [47], and the nucleation of particles on sample surface
starts within 30 mins [156]. Further research needs to be conducted to study the mechanism

of particle formation.

6.3.3 Correlation between surface analysis and in-vivo electrochemical results

Since the amount of detected organics corresponds to the organic concentration in synovial
fluid, the correlation between organic adsorption/deposition and the electrochemical behavior
of Ti was investigated, and the results are displayed in Figure 6.14. Since the amount of COC
bond detected on the sample surface is much lower than that of amide and CH groups, the
influence of the COC bond is not taken into account. As shown in the graphs, no correlation
between OCP/corrosion rate and organic adsorption/deposition is found. This does not con-
sistent with the in-vitro results, where OCP and corrosion rate decrease with the addition of
BSA. This mismatch is not surprising given that amide groups and CH groups are also pre-
sent in other organics in synovial fluids, especially the CH bond.

92



Ex-situ Surface Analysis of Ti and CoCrMo alloy in Human Synovial Fluids

6 o ey (] ey,
5 u 5 L]
4 : 24 4 4 Q
31 m31
31.0— aa gy | 107 484 17
= [ = [
) @
c c
o) )
2 2
= = R
= OCP = P
o m35 i 35
g % 6615789
2 0.5 Ea ; 0.5
4978563
3] u36 w28 -279 O u36 w8
446 358 46 3341337
13 -437 3 1704111
| | n
23 m21 : 23 21 66885
om® 32 518 hom L] 32
0.0 —ba s Ald T . . g 0.0 -bagis Al . T . R
0.0 0.2 0.4 0.6 0.8 348 9 0.0 0.2 0.4 0.6 0.8 348 9

Amide group / Intensity Amide group / Intensity

Figure 6.14 Correlation between organic adsorption/deposition and OCP as well as Rp of Ti in tested

synovial fluids

To avoid the influence of cleaning on the results, the in-situ electrochemical parameters of Rp
and OCP of Ti tested in synovial fluids are plotted in Figure 6.15. In the graph, the sum in-
tensity of the FTIR spectra within the wavenumber of 600 - 4000 cm™ was calculated and
indicated as different colors for each patient. The larger value of the sum intensity indicates
the higher amount of organic adsorption/deposition. The graph shows no straightforward cor-
relation between Rp and OCP is found for in-vivo measurements, as well as the correlation
between amount of organic adsorption. For comparison, results obtained from simulated solu-
tions, containing BSA, HA and Ca ions, are also present in Figure 6.15. As seen in the graph,
a linear correlation between OCP and Rp of Ti in BSA-containing solutions is found, namely
the Rp decreases with the increase of OCP value due to organic adsorption on the Ti surface.
However, little influence of HA on Rp and OCP is obtained and an increase of OCP value

with the addition of Ca ions is acquired.
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Figure 6.15 Correlation between Rp and OCP of Ti in tested synovial fluids and simulated solutions
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Based on the results obtained from simulated solutions, a tentative correlation can be found
for the results from synovial fluids. The linear correlation between Rp and OCP in the orange
region for synovial fluids could be due to protein adsorption on the sample surface. Indeed,
lower cathodic reactions and a higher amount of organic adsorption are observed on samples
with higher Rp and lower OCP values. Besides, the higher OCP values in the blue region
could be related to Ca ions in synovial fluids, for which the polarization curves correspond to
the in-vitro results that Ca ions has little influence on the cathodic reaction. The data points

located out of the two regions might be related to other organics in synovial fluids.

6.4 Summary

The combination of FTIR, SEM/EDS and AES techniques made it possible to obtain a certain
information on organics present in synovial fluids and on the passive film formed on Ti sur-

faces exposed to human synovia. The obtained results indicate that:

e Protein and HA could be identified in the organic deposit on the surface after expo-
sure to synovial fluids and sterilization in ethanol. The amount of deposit varies sig-

nificantly with patients.

e Knowing that the amount of deposited organics on the surface is proportional to their
concentration in the fluids, the obtained results suggest that the concentration of pro-

tein and HA varies significantly among patients.

e No relation between the corrosion behavior of both materials in synovial fluids and
the organic deposit on the surfaces exposed to synovial fluids was found. This sug-
gests that other factors than protein and HA influence the corrosion behavior. These
factors could be oxygen concentration as well as other organics not deposited during
the sterilization process. For example, no deposit was found when exposing the sur-

face to a lipid emulsion and subsequent sterilization.
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Chapter 7 Influence of Surface Roughness on the

Electrochemical Behavior of T1 in Human Synovial
Fluids

Implants with rough surface can enhance the growth of osseous tissue on the surface due to
the large surface area. The attachment of osseous tissue to implant without intervening con-
nective tissue is defined as osseointegration [157]. To facilitate the integration of bone tissue
on implant surface, several types of implant surface are available for clinical application
[157].

Beside osseointegration, the surface roughness is well known to influence the wear and cor-
rosion behavior of the implants. To investigate the effect of surface roughness on the corro-
sion behavior of Ti implants, several research has been conducted in saline solutions through
OCP, potentiodynamic and EIS measurements [158—161]. The results show the corrosion rate
of the raw Ti samples is enhanced with the increase of Ra. However, the impact of surface
roughness on the corrosion behavior of Ti in organic containing solutions is still not found in

the literature.

To obtain the effect of surface roughness on the corrosion behavior of Ti implants in the real
reaction conditions, the electrochemical measurements, including OCP, polarization curves
and EIS, were carried out on both smooth and rough surfaces in several synovial fluids. For
the sake of clarity, the synovial fluids tested in this chapter were extracted from another set of

patients.

7.1 Sample Preparation

Ti implants with different surface roughness were used in arthroplasty. To obtain the reaction
behavior of Ti with various surface roughness, a rough Ti surface was prepared. The same Ti
samples were polished with SiC emery paper of 1200 grit in water, with a Ra of 290 £ 5 nm.
Same cleaning and sterilization methods were applied for the rough surface. The SEM image

and the 3D topography (taken by KEYENCE) of polish samples are displayed in Figure 7.1.

To quantitatively study the effect of surface area on the corrosion behavior, the real surface
area of both surfaces was measured through KEYENCE. The measurement was performed
with a magnification of 50X, with a depth resolution of 0.1 um. Based on the results, the sur-

face area ratio between rough and smooth surface of 1.14 is acquired.

95



Influence of Surface Roughness on the Electrochemical Behavior of Ti in Human Synovial Fluids

StagestT= 00"

Signel.
1Probe= 1.0nd

Figure 7.1 SEM and 3D images of polished smooth and rough Ti surface

7.2 Electrochemical Results

7.2.1 OCP of Ti and Ti-1200 samples

The OCP of both smooth and rough surfaces was measured in several synovial fluids for 20
minutes and the stabilized OCP values are presented in Figure 7.2. The stabilized OCP of
both surfaces varies among patients, being from -220 mV agagci to -550 mV ag/agci for smooth
surface and -200 mVag/agci to -480 mVagagct for rough surface. The OCP values of both sur-
faces are close for most patients, except for P67, P111, P112 and P116, where obvious higher

OCP values are obtained for rough surface.
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Figure 7.2 Stabilized OCP of Ti and Ti-1200 samples immersed in different synovial fluids from PS,
and R (P108 and P109) groups

7.2.2 Potentiodynamic Polarization Curve of T1 samples

The cathodic polarization curves for both surfaces in synovial fluids are plotted in Figure 7.3.
The graphs show that the current density for smooth surface slightly varies with most pa-
tients, except for P123, which is about one magnitude higher than the rest. The current densi-
ty for tested synovial fluids in this chapter is within the range for P2 - P100. The current den-
sity for the rough surface varies with patient, being the lowest for P68 and the highest for
P125. All curves exhibit a linear part approximately 100 - 200 mV below the OCP. This indi-
cates that the cathodic kinetics is under charge transfer control and could involve the reduc-
tion of oxygen, protons and/or water. In addition, for smooth surface, a linear part with a
higher slope at the applied potential lower than -0.9 Vagag/ci is observed for most of the pa-
tients, but not for P123. The different slopes suggest different reaction kinetics under differ-
ent applied potentials. This behavior is already discussed in Chapter 5.

In terms of the effect of Ra, higher current density is obtained for rough surface for most pa-
tients, except for P123. The difference of current density for two surfaces in synovial fluids
depending on patients, being the highest for P123 and the lowest for P108.
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Figure 7.3 Cathodic polarization curves (logarithmic scale of the absolute current density) of Ti and
Ti-1200 samples in tested synovial fluids from PS, and R (P108 and P109) groups

Anodic polarization curves of Ti and Ti-1200 are displayed in Figure 7.4. Three reaction do-

mains are observed in polarization curves for both surfaces: the cathodic domain below the
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corrosion potential (Ecor), the cathodic/anodic transition at Ecor and the anodic domain at
higher potentials. Similar with cathodic scan, the cathodic current density for rough surface is
higher than that for smooth surface, except for P123. The difference in the current density can
be up to one order of magnitude. Differently, the anodic current density in the lower potential
region is independent of surface roughness for most patients. Exceptions are observed for
P67, P106, P119 and P125, where the anodic current for rough surface can be either higher
(P106, P119 and P125) or lower than that of smooth surface. Different behavior is observed
for the current in the higher potential region, where the current density for the rough surface
is always higher than that for smooth surface, especially for P106, P119, P122 and P125. It is
worth noting that the different current at one applied potential between smooth and rough

surfaces for some patients is within the scattering of the measurements, as shown in Table C.
3 and Table C. 5.
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Figure 7.4 Anodic polarization curves (logarithmic scale of the absolute current density) of Ti and Ti-
1200 samples in tested synovial fluids from PS, and R (P108 and P109) groups

To quantitatively assess the results, characteristic parameters such as cathodic current density
ic measured at a potential of -0.9 Vagagciin the anodic scan, the corrosion potential Ecor, and
the anodic current density ip, measured at a potential of -0.2 Vagagci and 0.5 Vagaecr are ex-
tracted from Figure 7.4 and listed in Table 7.1. The results show the STDEV of cathodic cur-
rent density and the Ecor for smooth surface is higher than that of rough surface. In contrast,
opposite results are obtained for the anodic current density at 0.5 Vagagci.

Table 7.1 Electrochemical parameters extracted from anodic polarization curves for Ti and Ti-1200
samples in different synovial fluids

ic (-0.9V) /uA/cm? Ecor/ Vagagici ipp (-0.2V)/pA/em?® iy (0.5V) /uA/cm?

Patient Ti  Ti-1200  Ti  Ti-1200  Ti  Ti-1200  Ti  Ti-1200
67 033  -126 079 055 130 0.15 670 696
68 005 095 -089 -070 020 0.35 667  9.90
106 -0.79  -1136  -0.72  -048  0.49 1.30 672 17.50
111 -041  -196  -082  -0.64 105 0.77 783 1051
112 -145  -642  -066 -056  2.18 0.83 778  14.44
pg 114 216 415 062 057 138 1.10 9.18 1247
115 260  -7.08  -0.66  -053 037 0.56 859  14.65
116 =270  -1026 052  -047  0.49 0.40 811  13.99
119 -037 356 079  -0.64 026 1.82 780  14.85
122 212 -548 058  -0.51 051 0.77 771 15.03
123 -23.82 336 042  -061  0.85 082 1107  12.85
125 -1.56  -12.19  -0.69  -046 032 1.16 734 2301
R 108 295 407 059 -056 115 179 1002 1471
Average  -3.18  -555  -0.67  -0.56 081 0.91 812 1391
STDEV 628 3.75 0.13 007 0.58 0.51 132 3.86

Error 3.74 1.01 0.35 0.21 1.22 0.92 0.27 0.58
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7.2.3 EIS Measurements on Ti-1200

To investigate the influence of Ra on the corrosion behavior under steady state condition, the
EIS measurements on Ti-1200 in different synovial fluids were conducted under OCP condi-
tion. The results for rough surface are displayed in Figure 7.5. The results for smooth surface
are already shown in Chapter 5, thus not shown here.

Similar to smooth surfaces, all the Nyquist plots for rough surface are circular arcs with dif-
ferent arc lengths and angles depending on the patients. The smallest and largest arc length
and arc angle are obtained for P125 and P124, respectively.

Two distinctive parts depending on frequency are also observed in the Bode plots. The solu-
tion resistance of the synovial fluids between the Ti sample and the RE is obtained in the high
frequency where the phase angle is close to 0°. The linear increase of modulus with the de-
crease of frequency in the lower frequency region, where the phase angle is reaching to -80°.
A broad phase plateau is obtained for most patients, except for P125. Two time constants are
observed for P125, indicating the presence of a double layer in the higher frequency region
and a passive layer on the sample surface in the low frequency region. The broad phase plat-
eau suggests the overlap of the two time constants. No modulus plateau is obtained for all

patients, indicating the steady state of the electrode/electrolyte interface is not reached.
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Figure 7.5 Nyquist and Bode plots of Ti-1200 in tested synovial fluids
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To quantitatively analyze the EIS results, Modulus |Z| and phase angle are extracted from the Bode

plot at the frequency of 0.005 Hz. The Rs of the synovial fluids are also extracted at the frequency of
10° Hz. All the parameters are listed in

Table 7.2. The |Z]| is used as an alternative result of Rp to study the reaction resistance of Ti
sample in different synovial fluids. The Rs values of synovial fluids from P106 to P125 are
close to the results obtained on smooth surface, indicating that no influence of Ra on the Rs
measurement is obtained. The |Z| varies with patient, being the highest of 610 KOhm*cm?
for P124 and the lowest of 147 KOhm*cm? for P125. The phase angle varies slightly with

patient, with the average value of 58° and the STDEV of 7°.
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Table 7.2 Electrochemical parameters extracted from EIS measurements of Ti-1200

Patient Rs/Ohm*cm?  |Z| /KOhm*cm?  -Phase/°

106 7.99 293 49

111 8.71 523 64

112 7.84 412 57

113 11.00 375 59

114 8.96 503 55

PS 118 11.94 254 50
119 10.75 328 50

121 8.50 411 70

122 10.14 273 57

123 9.95 334 62

124 9.65 610 68

125 10.25 147 59

R 108 7.99 310 57
109 10.50 318 52
Average 9.54 255 58

STDEV 1.28 198 7
Error 0.17 0.38 0.18

Comparing the results with smooth surface listed in Table 5.2, lower modulus is obtained for
rough surface in most synovial fluids, except for P109, P123 and P124. The modulus values
obtain on both surfaces are in agreement with the current density in Figure 7.3 and Figure

7.4, namely higher modulus value corresponds to lower current density.

7.3 Discussion

It is not surprising to obtain a higher cathodic or anodic current on a rough surface in synovi-
al fluids due to the larger real contact area of the electrode/electrolyte interface. However, the
small difference in area (1.14) between rough surface and smooth surface indicates that the
real surface area will not have significant impact on the different current densities. However,
lower cathodic or anodic current is also obtained for some patients, such as P106 and P123.
These results are contradictory to the general understanding of the influence of surface
roughness except if we consider that another oxide or defects are present on the rough sur-

face.

To understand the influence of Ra on the electrochemical behavior of Ti in synovial fluids,
same measurements were carried out in several simulated solutions and the results are plotted

in Figure 7.6. A lower cathodic current is obtained for rough surface in NaCl, PBS and PBS +
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BSA + HA solutions, however higher cathodic current is measured for the rest of the tested
solutions. Interestingly, higher anodic current, especially in the initial stage, is measured for
rough surface in all tested solutions. For all tested simulated solutions, the corrosion rate of
Ti increases with the surface roughness. The corresponding EIS measurements on Ti-1200
were conducted, and the results are summarized in Figure C. 5 and Table C. 5. Except for
NaCl + BSA and PBS + BSA + HA solutions, the modulus corresponds well with the polari-
zation resistance, namely lower modulus is obtained for rough surface. For NaCl + BSA and

PBS + BSA + HA solutions, higher modulus is acquired on rough surface.
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Figure 7.6 Anodic scan of the polarization curves of Ti and Ti-1200 in simulated solutions

Our results are in accordance with the results for Ti or Ti alloy in saline solutions where the
corrosion rate increases with a certain roughness range [158—161]. For instance, the corrosion
rate of CP Ti in Ringer’s solution increases with the increase of Ra from 46 nm to 474 nm
[158]. However, the study in organic containing solutions is limited. The influence of Ra on
the corrosion behaviour of Ti surface in PBS with different concentration of bovine serum
albumin was investigated with EQCM [162]. The results show that 15 times more organic
was adsorbed on a rough surface than on smooth one. The roughness enhances the anodic
current density but has little influence on the cathodic reaction. The little influence of Ra on

the cathodic current obtained from the literature is contradictory to those displayed in Figure
7.6.

To understand the different corrosion behavior, EIS was used to obtain detailed information
on the electrode/electrolyte interface. It is widely reported that there are two layers on sample
surface after immersing in solutions, namely the inner layer of the compact passive film, and
the outer layer of double layer/organic adsorption layer [125, 128] or porous passive film
layer [158]. Based on the previous research, the polarization resistance consists of charge

transfer resistance (Rc) of passive film and polarization resistance (Rpi) of the outer layer
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[158]. The Rc was reported to decrease with Ra from 43 nm to 116 nm, and then increases
with Ra from 116 nm to 474 nm. However, the opposite trend was found for Rp; [158].
These results indicate that the passive film thickness obtained by different polishing proce-
dure varies with Ra.

100

80+

60 El I,r"‘\
N [
- - - Ti-1200
40 4

Atomic concentration / %

20

Depth / nm

Figure 7.7 Auger depth profiles from the smooth and rough surfaces before exposure to solutions

To support the conclusion, AES depth analysis was performed on the rough surface and the
profiles were displayed in Figure 7.7. For comparison, the depth profile obtained on the
smooth surface is also present. The graph shows that a higher amount of carbon layer is ob-
tained throughout the sputter duration on the rough surface than on the smooth one. Contra-
dictory to the C signal, the O signal detected on a rough surface is about half of the atomic
concentration for the smooth one. According to the O signal, a slightly thinner passive film
thickness (about 1.5 nm) is detected on the rough surface compared with the smooth one
(about 2.5 nm). Little difference is obtained for the Ti signal on both surfaces. These results
indicate that more carbon contamination is present on the rough surface and cannot be sput-
tered efficiently. The slightly lower cathodic current for rough surface in NaCl and PBS solu-
tions could be due to the carbon contamination on the surface, which decreases wettability.

In addition, Kelvin probe force microscopy was applied to measure the Voltage potential on
the sample surface [163]. The results indicate that rough surface is more electrochemical ac-
tive due to the more significant difference in Voltage potential between the peaks and valleys,
forming a micro-galvanic corrosion [163]. The micro-galvanic corrosion could be responsible

for the higher anodic current densities for the rough surface.

According to the literature, the influence of surface roughness is quite complex, let alone in
human synovial fluids, which composition is too complex to be studied. Therefore, in this

chapter the influence mechanisms of Ra on the electrochemical behavior of Ti in synovial
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fluids was not studied. Instead, inductive analysis was carried out by comparing the in-vivo

and in-vitro results.

To summarize, the increase of cathodic current with Ra in synovial fluids is similar to the
results for NaCl + BSA, NaCl + BSA + HA and PBS + BSA solutions, not only the current
variation with Ra, but also the current value on both surfaces. Similarly, the decrease of ca-
thodic current density with Ra is similar to the behavior for NaCl and PBS solutions. The
increase of the in-vivo anodic current for the rough surface is observed for all simulated solu-
tions, however, the close or declined anodic current cannot be obtained for in-vitro results.
Thus, a tentative conclusion can be obtained that the Ra influence on all in-vivo cathodic
reaction behavior can be predicted by simulated solutions, but the anodic reaction behavior

cannot.

7.4 Summary

In this chapter, the influence of surface roughness on the corrosion behavior of Ti in contact
with human synovial fluids was carried out using OCP, potentiodynamic polarization and
EIS. The results were compared with in-vitro measurements, and a conclusion can be drawn

below:

e The electrochemical behavior of Ti surface exposed to synovial fluids is significantly

affected by surface roughness.

e Except for 1 out of 14 patients, higher Ra implies higher cathodic and anodic current
response. This effect cannot be attributed alone to the larger exposed area and to the
presence of organic molecules which adsorption is known to be promoted by surface
roughness. Thus, other factors play a role such as the different electrochemical reac-

tivity of the peaks and valleys of the surface.

e These conclusions are consistent with the observations carried out in the simulated
fluids.
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Chapter 8 Discussion

Based on the obtained results and outcomes, some general aspects concerning the experi-
mental protocol, the corrosion mechanisms and the risks of galvanic corrosion in-vivo will be

discussed in this chapter.

8.1 Improvement of the Experimental Protocol

In this thesis, a systematic experimental protocol was designed and validated. It is important
since it allows to assess in a rigorous repeatable way the electrochemical behavior of Ti and
CoCrMo alloy in human synovial fluids. As discussed in the previous chapter the corrosion
rate determined in this study over relative shorter time correspond well with the metal release
rates obtained in the patients with metallic implants. This shows that the conclusions from
these electrochemical experiments can be used to describe the behavior of biomedical alloys

once implanted in the patients.
However, there are several points need to be improved, as discussed below:

For example, Rp results depend on the scan rates of the measurement according to Figure C.
9. To avoid that, a lower scan rate (< 0.6 mV/s) can be applied. In addition, a shorter scan
region from -10 mV to 10 mV with respect to OCP can be applied to reduce the recovery
time from the polarization to OCP condition.

EIS measurements with the frequency lower enough to obtain the modulus plateau is neces-
sary to be performed. Meanwhile, other potentiostats with short acquisition time can be intro-
duced to reduce the measurement duration. For example, the measurement duration for the
frequency region of 10° - 0.005 Hz obtained through recently commercialized VIONIC po-
tentiostat (24 bits A/D converter) is half of that obtained with BioLogic potentiostat (16 bits
A/D converter). Additionally, the Rp test during OCP measurement can be introduced to

compare the values with those acquired from EIS.

EQCM technique is a powerful technique that combines electrochemistry and mass change. It
is important to understand the electrochemical behavior of a metal surface in contact with
electrolytes. However, it is difficult to find a crystal that works properly. For instance, oscil-
lation peaks are observed in the polarization curves of Ti crystal in both synovial fluids and
simulated solutions. This is probably due to the limited adhesion of the deposits on the crys-
tal, the porosity, the continuity of the coating and possible galvanic coupling between Ti and

Au. All these aspects should be evaluated in order to develop robust Ti coated crystals for
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optimized EQCM measurements. Moreover, it will be beneficial to combine EQCM with
surface analysis for samples exposed to synovial fluids. To avoid unwanted precipitation in-
duced by the sterilization procedure, see Chapter 7, the samples could be rinsed with water

upon extraction from synovial fluids and prior to sterilization.

The protocol should further include better characterization of human synovial fluids. Indeed,
according to the OCP and polarization curves of Ti and CoCrMo alloy, dissolved oxygen
reduction and organic adsorption on the sample surfaces are the key factors determining the
corrosion rates of both materials in human synovial fluids. Thus, the dissolved oxygen con-
centration in human synovial fluids should be detected in a future work. Besides, the concen-
tration of the main organic components of synovial fluids (HSA, HA and lipids) should be

determined.

8.2 Corrosion Mechanisms

The present study has shown that the anodic and the cathodic behavior can significantly
change depending on patients. The dominating cathodic reaction at OCP is the oxygen reduc-
tion reaction. Moreover, in the cathodic domain the presence of organic species also plays a
major role on the electrochemical kinetics. This can be explained by the adsorption of organ-
ics limiting the access of oxygen to the surface and thus its reduction. Thus, the electrochem-
ical response is determined by the interaction of organics and oxygen and not simply by one

of these factors taken separately.

To describe this interaction, one can assume that the adsorption of organics follows a Lang-

muir isotherm [62], thus the surface coverage by organics can be described by equation (8-1).

_ BADSC (8-1)

- 1+ Bgaps C

Where 0 is the coverage of adsorbed protein on the surface; Baps is the affinity of the protein
molecules toward the surface (cm?/mol); and C is the concentration of protein in the bulk

solution (mol/L).

The oxygen reduction reaction takes place on the surface areas not covered by organics and

follows the Volmer-Butler equation for charge transfer control reactions.
: E
lp, = —nFK (1—0)Cy, exp(E) (8-2)

Where i, is the cathodic current density (A/cm?); n is the charge number; K is a constant; F

is Faraday constant (C/mol); 6 is the coverage of adsorbed protein on the surface; Cy, is the
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concentration of dissolved oxygen in human synovial fluids (mol/L); E is the applied poten-
tial (V); and S, is the Tafel coefficient (V).

. 1 E
lp, = —nFK i B Co, exp(ﬁc)

(8-3)

By combining equation (8-1) and (8-2) one obtains equation (8-3) that describes the influence
of oxygen and organic concentration on the oxygen reduction current. Note that this current
at OCP corresponds to the corrosion rate. Figure 8.1 is the graphical representation of equa-

tion (8-3) and shows for example that much higher currents can occur in patients with high

oxygen and low organic concentration compared to patients with low oxygen and high organ-
ic concentration.

Corrosion rate

Sye) uononpal uabAXO

Figure 8.1 Oxygen reduction rate as a function of concentration of protein and dissolved oxygen (arbi-

trary units)

This simple model clearly shows that the reactivity of synovia thus the corrosion behavior is
controlled by the antagonistic effect of oxygen and of adsorbing organics.

Less clear is the effect of synovial fluid of the different patients on the anodic current of tita-
nium. No correlation was found between the in-vivo results and the invitro investigations on
of the effect of BSA, HA and H20: on that anodic electrochemical behavior. This points out

to another synovial component acting on the anodic reaction either by promoting dissolution
(i.e. complexation [89]) or by inhibiting it by adsorption [89].
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8.3 Galvanic Corrosion Between Ti and CoCrMo Alloy in Human Synovial
Fluids

Ti/CoCrMo coupling is widely used in joint prostheses due to its excellent corrosion re-
sistance and mechanical properties. However, the contact of dissimilar materials in an envi-
ronment can result in galvanic corrosion attributed to the different corrosion behaviors. In the
galvanic coupling, the corrosion rate of the noble material decreases while it increases for the

less noble material.

To determine if galvanic corrosion occurs between Ti alloy and CoCrMo alloy, in-vivo study
was conducted on retrieved prostheses with Ti/CoCrMo coupling, and contrary results were
obtained from the literature [26, 164]. Corrosion is observed in 25 out of 48 retrieved hip
prostheses with Ti/CoCr coupling for the steam and head through SEM analysis, while no
evidence of corrosion is found in the rest 91 prostheses where the same alloy was used for
stem and head [26]. It should be noted that the corrosion was reported depending on the im-
plantation time, namely the implant was corroded only when the implantation time was long-
er than 40 months. However, contrary results are reported by Lucas et al. [164] that no gal-
vanic corrosion is observed on four retrieved CoCrMo/Ti6Al14V hip implants implanted for
2-6 years. The results were verified by direct coupling experiments in 0.9% NaCl solution.
The different results for the retrieved implants could be due to the different properties of the

materials.

Besides, research on simulated body fluids has also been conducted [165-168]. The results
indicate that the galvanic corrosion between the coupling materials depends on surface quali-
ty and solution composition. For instance, pure Ti behaves as an anode when coupled to
CoCrMo alloy in saline solutions, while it has a cathodic behavior after an acid etching sur-
face treatment due to the increase of surface roughness [165]. Also, the geometry of the gal-
vanic couple, such as the area ratio of anodic/cathodic and insulation distance between two
electrodes, is reported to significantly influence the galvanic corrosion behavior [169]. Be-
sides, studies on the corrosion behavior of unconnected Ti6Al4V alloy and CoCrMo alloy in
Ringer’s solution were carried out, and the galvanic corrosion behavior between materials
was acquired by the Tafel method and mix potential theory [170], [171]. Contradictory re-
sults were obtained with the galvanic current density of CoCrMo alloy being 0.1 pA/cm?and

7 uA/em?, respectively. In the former case, galvanic corrosion is negligible.

Since contradictory results are both obtained for in-vivo and in-vitro study, and in-vitro study
cannot represent the real reaction conditions. It is therefore important to study if galvanic
corrosion occurs for Ti/CoCrMo coupling in real conditions. The galvanic corrosion current

was simply calculated with the OCP and Rp values of both materials in tested synovial fluids.
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Figure 8.2 OCP of Ti and CoCrMo alloy immersed in human synovial fluids from PS, TKA (P100)
and R (P32 and P88) groups

The stabilized OCP of Ti and CoCrMo alloy in tested human synovial fluids are summarized
in Figure 8.2. The figure shows that the OCP value of Ti can be higher or lower than that of
CoCrMo alloy, depending on the synovial fluids. The difference in OCP value between Ti
and CoCrMo alloy varies from 28 mV for P28 to 164 mV for P20.

The Rp values measured during OCP measurement for Ti and CoCrMo alloy in synovial flu-
ids are presented in Figure 8.3. The results reveal that much higher Rp values are obtained for
Ti compared with CoCrMo alloy in most synovial fluids, but in P22, P36 and P39, where the
Rp value of both materials are very close. The difference of Rp value between Ti and
CoCrMo alloy varies from a minimum of 9.89 KOhm*cm? for P39 to a maximum of 4.65
MOhm*cm? for P438.
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Figure 8.3 Rp of Ti and CoCrMo alloy tested in different synovial fluids PS, TKA (P100) and R (P32
and P88) groups

The corrosion cell can be represented by an electrical equivalent circuit, as shown in Figure
8.4. The voltage source Ecor1 and Ecor,1 represent the OCP of the two materials. The Ry and
Ry, represent the polarization resistance of the two materials in the electrolytes. The Rin rep-
resents the solution resistance between the two materials, and Rex represent the resistance of

the electronic conductors.

Rint Rext

p,ll

Pl : \‘

£

cor,l Ecor,II

Figure 8.4 Electrical equivalent circuit of corrosion cell [113]

Then, the galvanic corrosion current ig can be calculated through the equation (8-4):

i = Ecori ~ Ecort (8-4)
Rp1+Rp,+Rs

Where the Rex: is not considered due to the negligible electrical resistance.

By putting the corresponding values, the galvanic corrosion of Ti/CoCrMo coupling for each
synovial fluid can be obtained, and the results are presented in Figure 8.5. In the graph, the

current with CoCrMo alloy works as anode is displayed in green. The current varies with
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patients from nA/cm? to uA/cm?, being the maximum and the minimum current for P20 and
P76, respectively. The i value is close to the corrosion current density of Ti in synovial flu-
ids, indicating there is no significant galvanic corrosion of Ti/CoCrMo coupling in tested
synovial fluids. This is probably due to the small AOCP between Ti and CoCrMo alloy in

synovial fluids.
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Figure 8.5 Galvanic corrosion rate of Ti/CoCr coupling in human synovial fluids PS, TKA (P100) and
R (P32 and P88) groups

For comparison, the galvanic corrosion between Ti and CoCrMo alloy in simulated solutions
was calculated. The OCP and Rp values and polarization curves of Ti and CoCrMo alloy in
simulated solutions are displayed in Figure 8.6. The corresponding i values are presented in
Figure 8.7. The calculated values are lower than 0.15 pA/cm?, and they are relatively lower

than the corrosion current density of Ti in simulated fluids.
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Figure 8.6 OCP, Rp and polarization curves of Ti and CoCrMo alloy in simulated solutions
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The calculated values are verified by directly measuring the current between Ti and CoCrMo
alloy in NaCl solution with a zero-resistance ohmmeter for 30 minutes. In this measurement,
the Ti was connected to the WE cable and the CoCrMo alloy was connected to the ground
cable, following the experimental protocol provided by IVIUM software. The real current
density is also presented in Figure 8.7. The calculated ic is about four times higher than the
measured one, this is related to the lower Rp. As shown in Figure C. 9 in the Appendix, a
higher current is obtained with a scan rate of 2 mV/s compared with that of 0.167 mV/s. Cor-
respondingly, lower Rp is acquired, which is about four times different.
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Figure 8.7 Galvanic corrosion rate of Ti/CoCr coupling in simulated body fluids

To summarize, no significantly galvanic corrosion is obtained for Ti/CoCrMo coupling in
both synovial fluids and simulated solutions. It should be noted that the galvanic corrosion
current in the real corrosion cell may not be uniform, depending on the system geometry,
such as the area ratio between the cathode and anode [113]. It should be noted that the OCP
of CoCrMo alloy, at least in the initial stage of the immersion, depends on the used steriliza-
tion procedure while Ti does not. Moreover, the OCP of Ti varies with Ra, as shown in Chap-

ter 7.
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Chapter 9 Conclusions

A first large-scale investigation on the electrochemical behavior of bulk Ti and CoCrMo al-
loy in human synovial fluids, directly extracted from patients with an ad-hoc procedure, was
successfully carried out with a well-designed systematic experimental protocol, including
electrochemical techniques (OCP, potentiodynamic polarization, EIS and EQCM) and sur-
face characterization (FTIR, SEM/EDS and AES). The results were compared with those
acquired in simulated solutions to understand the electrochemical reactions of both materials

in synovial fluids.
The obtained results lead to the following conclusions:

e A reliable protocol for in-vivo electrochemical experiments of bulk metallic samples
was successfully designed and validated. Out of 154 patients 73 yielded synovial lig-

uid and 66 in sufficient amount for the electrochemical measurements (>2ml).

e The electrochemical behavior of Ti in human synovial fluids varies significantly with
patients, being several orders of magnitude different. The electrochemical behavior of

CoCrMo alloy is also patient dependent although its relative variation is sensibly less.

e The corrosion rates of Ti and CoCrMo alloy correspond well to the overall metal ion
release rates into the human body found in patients with implanted hip and knee arti-

ficial joints.

e The corrosion rate of Ti and CoCrMo alloy is controlled by the combined action of
charge transfer reaction of oxygen reduction and organic adsorption on the surface.
Reactive oxygen species such as H>O; has been demonstrated not to play a crucial
role in the electrochemical behavior of Ti and CoCrMo alloy. The results suggests
that not only protein and HA are the organic components actively involved in the ad-
sorption phenomena but probably also other synovial components such as lipids.

e The electrochemical behavior of Ti surface exposed to synovial fluids is significantly

affected by surface roughness.

e The obtained results indicates that there is no significant risk of galvanic corrosion be-

tween Ti and CoCrMo alloy in human synovial fluids.
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Appendix A EQCM Study of Ti in Human Synovial
Fluids

In the former chapters, the electrochemical behavior of Ti in human synovial fluids and the
surface characterization of the reaction surface have been investigated. Although the obtained
surface chemistry helps to understand the electrochemical behavior, it was influenced by the
sample cleaning and sterilization. To avoid that, an in-situ technique that can measure the
electrochemical responses of the sample surface to the electrolyte with the real-time mass
variation is necessary. Thus, EQCM is introduced in this chapter to study the corrosion be-
havior of the Ti sample in contact with synovial fluids simultaneously with the mass change
on the surface. To do this, OCP and potentiodynamic polarization were performed on the Ti

coated crystal in several synovial fluids.

A.1. Theory

EQCM device consists of two parts, namely, electrochemical cell and QCM. Two metal elec-
trodes are deposited on both sides of the piezoelectric quartz crystal. The electrode that con-
tacts with the electrolyte works as a WE, together with a RE and CE, forming the electro-
chemical cell. The electrode on the other side of the crystal is not in contact with the electro-
lyte and works as an oscillating electrode. EQCM technique is designed based on the piezoe-
lectric effect where mechanical shear stress is generated proportional to the applied potential
on the crystal. The resonate frequency of the crystal decreases or increases due to the mass
increase or decrease on the electrodes [172]. Therefore, the mass variation of the surface can

be obtained through the resonance frequency shift.

The relation between mass change Am and frequency change Af,, can be obtained from the

Sauerbrey equation [173]

2f¢
— __ %o A-1
Af, ke Am ( )

The frequency change is not only due to the mass loading (Afw), but also attributed to the
viscous loading (Afy) [174].

Af = Afy + Af, (A-2)
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Where fo is the resonance frequency of the crystal: SMHz, p, is the density of the crystal:
2.65 g/em’ and pg is the shear coefficient: 2.956 - 1011 g/cm/s®. These values are valid at

room temperature. In that sense, Equation (A-2) can be rewritten as
Am = —C;- Af (A-3)
Where C; is the Sauerbrey constant and it can be calculated from the equation (A-2).

The frequency change due to viscous loading has been reported by Kanazawa and Gordon

[175], and it can be expressed as below

Af, = — f3I7 . /—n';an,fq (A-4)

Where the p; is the density of the liquid g/cm? and y; is the shear coefficient of the liquid
g/cm/s?. For the EQCM measurements conducted in this chapter, the viscous damping of the

liquids is reflected by the dissipation of the crystal.

Besides mass and viscous loading, the frequency change is also influenced by the surface
roughness of the crystal, temperature, internal stress, and pressure [176]. However, these pa-
rameters are reported to be within the same Gaussian distribution of the radial sensibility
[177]. Therefore, the effect of these parameters is not considered in this thesis.

A.2. Experimental

A.2.1. Quartz Crystal Characterization

The crystal consists of a Ti PVD coating on the top, an Au coating underneath the Ti surface
and a key shape Au oscillating electrode on the back. The schematic diagram of the crystal is
shown in Figure A. 1. The areas of the Ti surface and the Au oscillating surface are 1.12 cm?
and 0.25 cm?, respectively. The Ra of the Ti surface was measured with KYENCE under the
magnification of 20X, and the value is 18 + 1 nm. The SEM image and the 3D profile of the
Ti surface obtained through AES are displayed in Figure A. 2. The surface chemistry of the
Ti electrode was conducted by through AES depth analysis [162], from which a layer of

about 18 nm Ti electrode was detected.
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Figure A. 1 Schematic diagram of the crystal used in the EQCM measurements
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Figure A. 2 SEM image and 3D profile of the Ti crystal surface

The EQCM cell used for the electrochemical measurements is presented in Figure A. 3. As
shown in the figure, the Ti coating is in contact with the tested solutions, and the Au elec-

trode is coated on the back side of the crystal.
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Figure A. 3 EQCM cell

A.2.2. Calibration of the Sauerbrey Constant

Although the Sauerbrey constant Cs can be calculated from equation (A-2), the value is only
valid at room temperature. To obtain the Cs value at 37°C, the calibration measurement was
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conducted by electrochemical deposition of copper on a smooth Au crystal. The calibration
measurements for C; and C, were conducted by Claes-Olof A.Olsson for an unpublished

work.

The crystal (AWSensor, Spain) was coated with an Au layer on the top, with an Au area of
1.14 cm? and an oscillating area of 0.26 cm?. The calibration was carried out by applying -1
mA on Au crystal in 0.5 M CuSO4 + 0.5 M H2SO4 + 1.1 M ethanol for 300 s. Under this con-
dition, 100% current efficiency can be obtained [178].
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Figure A. 4 Frequency variation of the quartz crystal by the copper plating at 37°C

The frequency variation on the crystal by copper platting is presented in Figure A. 4. Based

on the result, the Cs can be calculated using Faraday’s law

Am 1 Mcyf[ldt Apsc

C. = =
s Af Af nF Acurr

(9-3)
Where Mcu is the molar mass of copper: 63.54g/mol, n is the charge number: 2, F is the fara-
day constant: 96485 C/mol, Acuris the Au surface area: 1.14 cm? and Ao is the oscillating
area: 0.26 cm?. Thus, Cs is acquired for Au crystal with the value of -29.25 ng/Hz. Consider-
ing the Ao for Ti crystal, the Cs of -117 ng/cm?/Hz can be calculated.

A.2.3. Calibration of the Viscous Loading

The separation between mass loading and viscous loading was performed on the Au crystal in
water/glycerol solutions. The solutions with the concentration of glycerol of 0, 0.95 wt.%,
1.50 wt.% and 3.35 wt.% were used. The measurement was carried out under OCP condition
at 37°C for 5 minutes. The average frequency and dissipation value for each solution are plot-
ted in Figure A. 5. As shown in Figure A. 5, a linear regression line is obtained for the data

points, where the viscous constant C,, is obtained
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¢, =L = _251-10° (9-6)
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Figure A. 5 Variation of frequency of quartz crystal as a function of dissipation in water/glycerol so-
lutions with different concentrations of glycerol

A.3. Results

A.3.1. OCP of Ti Crystal

Due to the time limitation of the thesis, only three valid EQCM results are obtained. The
OCP variations with time for P129, P134 and P154 are displayed in Figure A. 6. Besides, the
corresponding calculated mass changes are also present in the figure. The OCP gaps in the

graph are due to Rp measurements which is not shown here.
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Figure A. 6 OCP evolution with time for P129, P134 and P154, together with the mass changes on the
Ti surfaces

The graphs show the stabilized OCP of Ti for P129, P134 and P154 is -50 mVagagct, -125
mVagagct and -120 mVagagcl, respectively. The interrupts of the curves in the graphs are due
to the Rp measurement during OCP. Similarly, the decline of the OCP after the interrupts is
attributed to the recovery of the steady state on the sample surface after the Rp measurement.
The OCP values obtained on Ti crystal are relatively positive than those acquired on bulk
materials (from -550 mVagagci to -200 mV ag/agc). Unlike OCP results, the mass changes on
the Ti surface for P129 and P134 are quite similar, abruptly decreasing about 5 pug/cm?/Hz by
400 s and roughly remaining stable until 1200 s. For P134, the mass change slightly decreas-
es continuously to 6 ug/cm?/Hz at 2400s. Different mass change was obtained for P154,
where the mass obviously increases with the immersion time to a maximum of 1 pug/cm?/Hz
at 100s. Subsequently, the mass starts to decrease significantly until reaching the plateau of
around -2 pg/cm?/Hz from 600 s.
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A.3.2. Potentiodynamic Polarization Curves of Ti Crystal
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Figure A. 7 Polarization curves and mass changes of Ti crystals tested in synovial fluids from P129
and P134

The cathodic and anodic scans on Ti crystals were conducted in synovial fluids, and the ob-
tained results are plotted in Figure A. 7. Significant oscillation in current is observed for both
patients, which could be attributed to the limited adhesion of the Ti layer on the quartz crys-
tal. Despite the oscillation, the polarization curves for both patients are quite similar. Like-
wise, the same trend of the mass change with applied potential is obtained, although the abso-
lute value is about 1 pg/cm?/Hz different. The mass slightly decreases with the applied poten-
tial varies from OCP to -1 Vagagc. When the potential is increased in the anodic direction,
the mass slightly increases until 0.5 Vagagct when the current plateau starts to form. In con-
sequence, the mass abruptly increases with the applied potential probably due to anodic oxi-
dation. No potentiodynamic polarization was performed on the Ti crystal for P154 due to

oscillation currents.

A 4. Discussion

The increase of the OCP value with time for three patients suggests the generation of the pas-
sive film on the surface, which hinders the anodic dissolution of Ti. The generation of passive
film indicates that a mass increase is expected, however, a mass decrease is observed for
three patients. The mass decrease with the cathodic scan of the potential is not surprising
since the electrical field decreases with the applied potential, thus reducing the passive film
thickness on the Ti surface. Likewise, the mass slightly increases from cathodic potential to
the anodic ones. The significant increase of mass at the potential from 0.5 to 1 is due to the
generation of a compact passive film. The mass change under applied potential is in accord-

ance with the theory but the results obtained under OCP condition cannot be easily explained.
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Indeed, a mass increase on the Ti surface, after 20 minutes’ immersion in NaCl solution, is
obtained, as shown in Figure C. 7 in Appendix. However, the mass change on the surface
decreases from 2 ug/cm?/Hz to - 1 ug/cm?/Hz with the addition of BSA. Similar results are
reported in a study of the adsorption of corrosion inhibitors on an iron surface with a rotating
EQCM [179]. In this study, a mass decrease on the crystal was obtained after the adsorption
of organic corrosion inhibitors. The mass decrease is attributed to the replacement of the wa-

ter molecules by the adsorbed corrosion inhibitors.

A.5. Summary

The electrochemical behavior of Ti in human synovial fluids was first conducted through
EQCM under OCP and potentiodynamic polarization conditions. Based on the results, a con-

clusion can be drawn below:

e Higher OCP values compared with bulk material, ranging from -125 mVagagci to -50
mVag/agcl, are obtained on Ti crystal immersed in several synovial fluids. During the
OCP measurements, a mass decrease is observed during the immersion in the synovial
fluids. This can be interpreted that water molecules are replaced by less dense organic
molecules which adsorbed on the surface.

e In the polarization curves, large current oscillations are observed (their origin is not
clear at present). A mass increase in the anodic domain is observed in agreement with

the expected passive film thickening.
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Appendix B Validation of the Multi-electrode Electro-

chemical Cell

The feasibility of the small cell was investigated by conducting the corrosion behavior of Ti
in NaCl (8g/L) solution in both small cell and typical large cell.

B.1. Materials

Ti samples were used for both small cell and large cell, and the sample preparation is shown
in Chapter 3.3. An Ag/AgCl (3 M KCl) and a graphite rod was served as reference electrode
and counter electrode respectively in the large cell. The temperature of the large cell was
maintained at 37 = 1 °C by heating the water in the interlayer of the cell container. NaCl
(8g/L) solution was used, and its pH was adjusted to 7.4 with NaOH. The picture of the typi-
cal large cell is presented in Figure B. 1. For each test, one Ti sample was placed in each cell
and the test was carried out for three times to guarantee the reproducibility.

Figure B. 1 The picture of the typical large cell

B.2. Experimental

Different electrochemical measurements were conducted sequentially on the Ti sample with a
IVIUM (small cell) and NOVA potentiostat (large cell) respectively. The experimental pro-
cedure is listed as below:

- OCP, between Ti and NaCl solution, was continuously recorded for 20 min.
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- Potentiodynamic scan was performed on the sample by scanning the potential from the OCP
towards the cathodic direction to -1 Vagagci and reversing towards the anodic direction up to
1 Vagagct with a scan rate of 2 mV/s.

B.3. Results

The polarization curves of Ti in NaCl solution tested in both cells were presented in Figure B.
2. Results show that the polarization curves obtained from the small cell are similar with that
from the large cell, the latter shows better reproducibility. The lower current for the small cell
at the potential lower than -0.6 Vagagci might be due to the less amount of H* or dissolved O2
in the electrolyte due to the small volume. The higher anodic current density acquired for
small cell could also be attributed to the less amount of dissolved O2, which promotes the

generation of passive film and thus reduces the passive current density.
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Figure B. 2 The polarization curves of Ti in NaCl solution tested in both cells

The electrochemical parameters extracted from polarization curves are presented in Table B.
1. As is shown in the table, no significant difference is obtained for the OCP value of Ti ob-

tained from both cells. Therefore, there is little influence of the cell size on the corrosion be-
havior of Ti in NaCl solution.
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Table B. 1 Electrochemical parameters extracted from polarization curves

Cathodic polarization Anodic polarization curve
OCP/ i(-0.8V) i (-0.3V)/ i (-0.8V)/ Eel/  ip(0.5V)/
mV  pA/em’ HA/cm? pA/cm®  mVagaea  pA/cm?
Small cell Average -201 -27.64 -1.52 -34.26 -0.30 7.90
% STDEV 61 8.15 0.89 14.66 0.06 0.54
Average -184 -56.60 -0.37 -54.23 -0.36 4.13
Large cell
STDEV 60 3.99 0.25 7.35 0.01 0.51

Considering the possible effects of hydrogen and oxygen generated on Pt electrode on the
corrosion behavior of Ti, two Ti samples were put in the small cell and the polarization scan
was conducted on both samples in sequence after 20 minutes’ immersion in NaCl solution.
The experiment was conducted three times, and the results are displayed in Figure B. 3. The
identical results for both samples indicate that the hydrogen and oxygen generated on Pt have

no effect on the corrosion behavior of Ti in NaCl solution.

E/Vaginga E/Vagiage

(a) (b)

Figure B. 3 The polarization curves of two Ti samples in NaCl solution in the small cell
B.4. Conclusion
Based on the results, conclusions can be drawn as below:

Electrochemical experiments can be conducted by the small new cell with high reliable re-

sults based on the similar results with that from the large typical cell.

There is no influence of hydrogen and oxygen generated on Pt on the corrosion behavior of

Ti tested in the small cell.
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Appendix C Electrochemical Behavior of Ti and
CoCrMo Alloy in Simulated Fluids

For comparison purposes, the electrochemical behavior of Ti and CoCrMo alloy was also
tested in simulated body fluids (composition is given inTable C. 1 and Table C. 2) using the
same procedure and conditions applied for synovial fluids. NaCl solutions are the simplest
fluid used for simulating body fluids. Incorporation of bovine serum albumin (BSA) and hya-
luronic acid (HA) is widely used to assess the influence of the organic molecules contained in
body fluids [78—84]. Since calcium particles were detected through EDX on sample surface
after immersing in synovial fluids, CaCl> was added in to NaCl based solution to study its
effect on the corrosion behavior. H>O2 was added into simulated fluid to investigate the influ-
ence of reactive oxygen species (ROS) [102—104]. In addition, PBS was used to investigate
the influence of phosphate on the corrosion behavior of metals. The solutions were prepared
using reagents: NaCl, CaCl, (Sigma-Aldrich, Gribskov, Denmark), BSA (Fisher Scientific
AG, Basel, Switzerland), HA (abcr GmbH, Germany), and H>O, (Reactolab S.A., Servion,
Switzerland). The pH of NaCl based solutions was adjusted to 7.4 by using small amounts of
NaOH.

Table C. 1 Composition of NaCl based simulated solutions

Solution NaCl/(g/L) BSA/(g/L) HA/(g/L) CaCl,/(g/L) H»0,/(g/L)

NaCl 8 - - - -
NaCI+BSA 8 0.5/5/30 - - -
NaCI+HA 8 - 1/4 - -
NaCIl+BSA+HA 8 30 4 - -
NaCl+CaCl, 8 - - 0.1/05/1 -
NaCl+BSA+CaCl, 8 30 - 1 -

NaCl+H;0; 8 - - - 1/5

NaCl+BSA+H0; 8 30 - - 1/5

Table C. 2 Composition of PBS based simulated solutions

Solution Composition
PBS NaCl (8g/L) + KCl1 (0.2g/L) + Na;HPO4 (1.42g/L) + KHPO4 (0.24g/L)
PBS+BSA PBS + BSA (0.5/5/30 g/L)

PBS+BSA+HA PBS + BSA (30 g/L) + HA (4g/L)
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C.1. Electrochemical Behavior of T1 in Simulated Solutions

C.1.1 OCP and Rp Results of Ti

The electrochemical behavior of Ti was tested in different simulated body fluids listed in
Table C. 1 and Table C. 2. Each measurement was repeated three times. The OCP and Rp
results are present in Figure C. 1 and Figure C. 2, respectively. The results show that the OCP
value decreases with the addition of BSA and HA, while it increases after adding H20>. No
obvious influence of phosphate and calcium ions on the OCP value is obtained. The Rp val-

ues correspond well with the OCP results that higher Rp values were acquired for samples

with lower OCP values.
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Figure C. 1 Stabilized OCP results of Ti in different simulated solutions
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Figure C. 2 Comparison of Rp value in different simulated solutions
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C.1.2 Potentiodynamic Polarization Curves of Ti

The representative polarization curves of Ti in simulated solutions are presented inFigure C.
3. From this figure, it appears that the solution composition mainly affects the cathodic reac-
tivity (differences in cathodic current up to two orders of magnitude). However, the anodic
behavior is less affected (current densities within the same order of magnitude).

As previously reported, albumin acts as an inhibitor of the oxygen reduction reaction [59, 78—
84]. This explains the significant lowering of the cathodic current density observed in the
BSA solution. Contrary to the cathodic domain, the BSA slightly lowers the anodic current
density. The influence of HA on the cathodic reaction is small compared with BSA due to its
less hydrophilic properties [98]. Similarly, little effect of HA on anodic current is observed.
In PBS+BSA based solution, a cathodic current increase was observed after adding HA, sug-
gesting there is a competitive adsorption between BSA and HA on the sample surface. The
increase of current density in the cathodic domain by adding H»O: is expected because of the
strong contribution of H2O> reduction. The slightly enhanced corrosion in the anodic domain
could be attributed to the formation of thicker and porous passive film because of the large
amount of OH", which leads to the release of Ti [83, 102, 104]. The cathodic and anodic cur-
rent varies little with the addition of phosphate. Similar results were obtained for calcium
ions, except for the slight decrease of the anodic current at the potential lower than 0.5
Vagagcl. The decrease of the anodic current is independent of calcium concentration. The
polarization curves correspond well with the OCP and Rp results, namely, the OCP and Rp
value is mainly determined by the cathodic reaction of Ti in tested simulated solutions.

It is worth noting that a higher current slope at the potential lower than -0.8 Vagagc1 was ob-
served in the solution with BSA concentration no less than 5 g/L. Likewise, the cathodic cur-
rents for H>O: containing solutions significantly increased with potential lower than -0.8
Vag/agct to the values without BSA.

100 100
——NacCl
NaCl+BSA(0.5g/L)
—— NaCIl+BSA(5g/L)
o NaCl+BSA(30g/L) o
NaCl+BSA+CaCl,(1g/L
o o
: ;
< EN
014 014 NaCl
: NaCl+BSA(0.5g/L)
——— NaCl+BSA(5g/L)
NaCl+BSA(30g/L)
NaCl+BSA+CaCl,(1g/L)
0.01 | ! | i 0.01 T T T
1.0 0.8 06 04 0.2 0.0 -1.0 -0.5 0.0 05 1.0

E /' Vagngai E /Vagigel

129



Appendix C Electrochemical Behavior of Ti and CoCrMo Alloy in Simulated Fluids

100

130

100
——NacCl
—— NaCl+HA(1g/L)
—— NaCIl+HA(4g/L)
—— NaCI+HA+BSA(30g/L)
10 10
o o
£ £
-xo *0
i 14 <::L 14
0.1 014
——NaCl
—— NaCl+HA(1g/L)
NaCl+HA(4g/L)
NaCl+BSA+HA(4g/L
0.01 T T T 0.01 T ' T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 -1.0 -0.5 0.0 0.5 1.0
E/ VAg/AgCI E/ VAg/AgCI
10000 10000
1000 + 1000 -
100 100 4
o o
S €
kS S
<1::L 10 4 < 10+
1 1
——NaCl NaCl
—— NaCl+H,0,(1g/L) —— NaCl+H,0,(1g/L)
0.1 4—— NaCl+H,0,(5g/L) 0.1 —— NaCl+H,0,(5g/L)
—— NaCl+BSA+H,0,(1g/L) —— NaCI+BSA+H,0,(1g/L)
NaCl+BSA+H,0,(5g/L) NaCl+BSA+H,0,(5g/L)
0.01 T T T T 0.01 T T :
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 -1.0 -0.5 0.0 0.5 1.0
E/Vagiaga E/Vagagc
100 100
——|PBS
——|PBS+BSA(0.5g/L)
—|PBS+BSA(5g/L)
” —— PBS+BSA(30g/L) 0 4
——|PBS+BSA+HA(4g/L)
N o~
£ £
= 11 S 1
——PBS
0.1 0.1
——— PBS+BSA(0.5g/L)
— PBS+BSA(5g/L)
—— PBS+BSA(30g/L)
—— PBS+BSA+HA (4g/L
0.01 T T T 0.01 1 T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 -1.0 -0.5 0.0 0.5 1.0
E/Vagingai E/Vagaga



Appendix C Electrochemical Behavior of Ti and CoCrMo Alloy in Simulated Fluids

100

10
=
2
SRS
019 Nac
NaCl+CaCl,(0.1g/L) a
NaCl+CaCl,(0.5g/L) \]
0.01 NaCl+CaCl,(1g/L) . ]
-1.0 0.8 06 04 0.2
E /VAg/AgCI

0.0

100

0.1 1

0.01

——NaCl
NaCl+CaCl,(0.1g/L)
NaCl+CaCl,(0.5g/L)
———NaCl+CaCl,(1g/L)

' T
-0.5 0.0 0.5 1.0

E/ VAg/AgCI

Figure C. 3 Cathodic and anodic polarization curves (logarithmic scale of the absolute current densi-

ty) of Ti in simulated solutions

The same parameters extracted from in-vitro, were obtained from anodic polarization curves
and summarized inTable C. 3. The standard deviation (STDEV) and error were calculated to
assess the reproducibility of the polarization curves. As is shown in the Table, the corrosion
behavior of Ti in BSA containing solution shows the best reproducibility.
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Table C. 3 Electrochemical parameters extracted from the anodic polarization curves of Ti samples

Solution 1“152/'312) L B mV e/ Vagaa 1;" g;gz/ lpzf/'csrzz) /
NaCl(8g/L) "40.85 + 4.90 2026+ 003 187073 684 +046
NaCI+BSA(0.5g/L)  -3.88+085 94+21 -0.52+0.07 0.60+0.17 6.05+ 0.86
NaCHBSA(Sg/L)  -422+097 73423 -058+005 0.79+0.13 6.66+ 0.90
NaCHBSA(0g/L)  -2.66+ 143 55420 -0.69+0.11 099+021 671 +1.06
NaCl+ CaCL(1g/L)  -29.68 + 5.51 20234003 0.16+002 437 +2.38
NaCl+BSA+CaCly(1g/L) -1.52 + 0.16 073+ 0.06 1.64+028 7.96+ 0.28
NaCl+HA(lg/L)  -4232 4221 20254 0.00 2.14+008 5.86 + 0.56
NaCl +HA(4g/L)  -21.27 + 3.02 0324006 401+036 241+031
NaCHBSA+HA(4g/L) -2.64+0.64 6645 -0.66+0.01 0.67+0.19 431 +2.64
NaCI+BSA+H:0x(1g/L)  -492 + 6 0214005 436+243 1042 +0.93
NaCHBSA+ H,0, (5g/L) 915 + 65 0154002 644+ 1.03 17.02+ 028
NaCl +H:05(1g/L)  -358 + 15 0174003 6.03+1.07 993+ 1.15
NaCl +H,0(5g/L) 831 + 56 0094014 503+67 12.06+0.43
PBS 40,83 + 6.74 0284003 124+094 431+ 148
PBS+BSA(0.5g/L)  -0.95+0.05 109410 -0.78+0.01 2.61+046 5.14+ 037
PBS+BSA(SgL)  -1.03+ 034 53+12 -0.73+006 154+121 5.19+0.65
PBS+BSA(30g/L)  -1.02+035 59+21 -0.78+0.03 0.76+035 546+ 0.24
PBS+BSA+HA(4gL) -628+0.16 106+6 -0.51+0.02 3.73+040 9.42+ 049

C.1.3 EIS Results of T1

According to the above results, the corrosion behavior of Ti in simulated solution is mainly
influenced by the presence of BSA and HA. To further study the influence of organics, the
impedance measurements were carried out at OCP conditions in representative BSA and HA
containing solutions. The EIS results are displayed in Nyquist and Bode plot, as shown in
Figure C. 4. For each solution, the measurement was conducted at least three times to guaran-

tee the reproducibility of the results.
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Figure C. 4 Nyquist and Bode plot of Ti in simulated solutions

In the Nyquist plots, the arc length and angle increase with the addition of BSA and HA in
NaCl solution, while they decrease after adding HA in PBS+BSA solution. In the Bode plots,
three distinctive sections depending on the frequency were observed in NaCl and PBS solu-
tions. In the high frequency region, the modulus curve is almost independent of the frequen-
cy, with the phase angle value approaching 0°. In the medium frequency region, a linear in-
crease of modulus with the decrease of frequency, and the phase angle reaching to -80°. In
the low frequency region, the modulus is independent of frequency, and the phase angle is
approximately 0°. No modulus plateau was observed in BSA and HA-containing solutions at
the low frequency region. With the addition of BSA and HA, the modulus at the low frequen-
cy region increases and the phase angle curve at the middle frequency region becomes broad-
er. Also, the phase angle at the low frequency increases from 0° to about 60°. The higher
modulus suggests that the polarization resistance of Ti increases with the addition of BSA
and HA.
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Table C. 4 Electrochemical parameters extracted from EIS measurements of Ti

Solution OCP/mVagagcr  Rs/Ohm*cm®  |Z|/KOhm*cm?  -Phase /©
NaCl(8g/L) -283 + 16 8.0+ 0.0 147 + 59 914
NaCl+BSA(30g/L) -411 £+ 40 7.5+£0.7 352+ 78 36 £ 20
NaCl+BSA+HA(4g/L) -363 £ 15 8.7+0.7 429 + 111 58+9
PBS -247 + 29 7.8 £0.6 254 + 228 25+20
PBS+BSA(30g/L) -411 £+ 53 75+13 385+ 50 44 + 18
PBS+BSA+HA(4g/L) -350 £ 15 9.8+2.0 194 £ 19 53+ 11

The electrochemical parameters were extracted from EIS measurements and summarized in
Table C. 4. Rp value cannot be obtained since no modulus plateau was observed in the low
frequency region in the Bode plot of the results. Thus, the modulus (|Z|) at the frequency of
0.005 Hz was extracted and listed in the table for the comparison of the polarization re-
sistance of Ti in different solutions. The phase angle was extracted from the f = 0.005 Hz,
and the Rs was obtained at the = 10° Hz.

As shown in the Table, the |Z| value increases with the addition of BSA and HA in NaCl
solution. In contrast, the value decreases after further addition of HA in PBS+BSA solution.
These results are in accordance with the polarization curves. The higher |Z| value could be
due to the adsorption of BSA and HA, where lower OCP and anodic current density are ob-
tained. A continuously increase of phase angle with the addition of BSA and HA was ob-
tained for both NaCl and PBS based solutions. Higher |Z| and phase angle were obtained for
PBS solution compared with NaCl solution, suggesting phosphate ions adsorbed on sample
surface. The |Z| values correspond to the Rp results acquired from the linear potentiodynamic

measurements.
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C.2. Electrochemical Behavior of Ti-1200 in Simulated Solutions

C.2.1. Potentiodynamic Polarization Curve of Ti-1200

To study the influence of Ra on the corrosion behavior of Ti in simulated solutions, the same
measurements were carried out on a rough surface Ti-1200. Based on the results for mirror

polished Ti, BSA and HA are the dominant factors that influence the corrosion behavior.

Therefore, the same measurements on the rough surface were only conducted in BSA and HA

containing solutions. The polarization curves of the rough surface in certain simulated solu-
tions are displayed in Figure C. 1.
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Figure C. 5 Cathodic and anodic polarization curves (logarithmic scale of the absolute current densi-

ty) of Ti-1200 in simulated solutions

Contrary to the smooth surface, the current varies little with adding BSA and HA in NaCl
based solutions. Differently, the cathodic current declines significantly with the addition of

BSA and HA in PBS based solutions. Contrary to the cathodic region, the anodic current
slightly decreases with BSA but HA.
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Table C. 5 Electrochemical parameters extracted from anodic polarization curves of Ti-1200 samples

Solution ic (-0.9V) / uAlem®  Eeor/ Vagager  ipp (OV) / pAfem? ipp (0.5V) / pA/em?
NaCl(8g/L) -19.77 + 7.01 -0.45 + 0.04 8.16 + 1.17 10.23 + 0.05
NaCl+BSA(30g/L) -8.4 + 4.89 -0.53 + 0.04 8.66 + 3.40 10.87 + 2.15
NaCl+BSA+HA(4g/L)  -14.3 + 0.86 -0.44 + 0.00 11.14 4 0.92 13.95 + 0.40
PBS -30.88 + 2.31 -0.42 + 0.00 10.74 + 0.43 9.19 + 0.46
PBS+BSA(30g/L) -3.64 +2.82 -0.71 + 0.09 439 +3.97 9.70 + 0.59
PBS+BSA+HA(4g/L)  -0.38 + 0.06 -0.94 + 0.00 6.06 + 0.68 12.06 + 0.35

The same parameters were extracted from anodic polarization curves and summarized in Ta-
ble C. 5. The standard deviation (STDEV) and error were calculated to assess the reproduci-

bility of the polarization curves.

C.2.2. EIS Results of Ti-1200

To further study the influence of organics, the impedance measurements were carried out at
OCP conditions in BSA and HA containing solutions. The EIS results are displayed in Figure
C. 6. Similar to the smooth surface, the arc length and angle increase with the addition of
BSA and HA in NaCl solution, while they decrease after adding HA in PBS+BSA solution.

In the Bode plots, three distinctive segments (same with smooth surface) were observed in
NaCl and PBS solutions. However, no modulus plateau was obtained at the low frequency
domain in BSA and HA containing solutions. After adding BSA and HA, the modulus at f =
0.005 Hz increases, and the phase angle curve at the middle frequency region extends to the

lower frequency region.
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Figure C. 6 Nyquist and Bode plot of Ti-1200 in simulated solutions

The electrochemical parameters were extracted from Bode plots and summarized in Table C.
6. The modulus |Z| and phase angle were extracted at f = 0.005 Hz, and the Rs was obtained
at the = 10° Hz. As shown in the table, the |Z]| value increases with the addition of BSA in
NaCl solution while decreases with the further addition of HA. Increase of |Z| is also ob-
tained after adding BSA in PBS solution, while it increases little with the further addition of
HA. Contrary to modulus values, the phase angle continuously increases after adding BSA
and HA. The |Z| value increases with the addition of phosphate in NaCl and NaCl + BSA +
HA solution, while decreases for NaCl + BSA solution.

Table C. 6 Electrochemical parameters extracted from EIS measurements of Ti-1200

Solution OCP/mVagagcr  Rs/Ohm*cm®  |Z|/KOhm*cm?  -Phase /©
NaCl(8g/L) -481 + 19 9.30 £ 0.88 99 +£033 5+5
NaCl+BSA(30g/L) -514 +4 9.55+£0.25 568 + 188 49 + 14
NaCl+BSA+HA(4g/L) -359 £ 7 10.43 £+ 1.51 217 £ 303 64
PBS -471 £ 19 8.17 £ 0.88 113 + 26 9+2
PBS+BSA(30g/L) -541 £+ 39 7.42 £ 0.38 377 + 34 42+ 4
PBS+BSA+HA(4g/L) -640 + 28 7.92+0.13 394 + 26 72 +1
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C.3. EQCM Measurements of Ti1

To help understand the electrochemical behavior of Ti in simulated solutions, in-vitro EQCM
measurements were carried out on the same crystal in NaCl and NaCl + BSA (30g/L) solu-
tions. The measurements were repeated twice for each solution, and the obtained OCP and
mass change results are shown in Figure C. 7. The OCP gaps in the graph are due to Rp
measurements which is not shown here. The graphs show that the OCP value gradually de-
creases with the immersion time for NaCl, while it slightly increases with time for NaCl +
BSA (30g/L) solution. The stabilized OCP of Ti for NaCl and NaCl + BSA (30g/L) is -20
mVagagct and -55 mVagagcy, respectively. The OCP values obtained on Ti crystal are more
positive than those acquired on bulk materials (-290 mVagagct and -420 mV ag/agci, respec-

tively). Good reproducibility is acquired for OCP results in both solutions.
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Figure C. 7 OCP variation of Ti for NaCl and NaCl + BSA (30g/L) solutions, together with the mass

changes on the surfaces

Unlike OCP results, the mass changes on the Ti surface for each solution are less reproduci-

ble. Despite the oscillations, stabilized mass changes on Ti surfaces of 1.8 ug/cm?/Hz and 2.2
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ug/cm?/Hz are acquired for NaCl solution. Differently, a mass decrease is obtained after add-
ing BSA, being -3.4 ug/cm?*Hz and 0.8 ug/cm?/Hz.
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Figure C. 8 Polarization curves and mass changes of Ti crystals tested in NaCl and NaCl + BSA
(30g/L) solutions

The cathodic and anodic scans on Ti crystals were conducted in synovial fluids, and the ob-
tained results are plotted in Figure C. 8. The graphs show significant current oscillation for
both simulated solutions. Despite that, good reproducibility is observed for polarization
curves in both solutions. Higher cathodic current and lower anodic current at the potential
lower than 0.5 Vagagci are obtained for the Ti crystal compared with those for bulk material.
The decrease of cathodic current after adding BSA follows the trend obtained on the bulk
material. For NaCl, the mass gradually increases with the cathodic scan of the potential to-
wards around -0.7 Vagagci, and subsequently decreases until the potential reaches -1 Vagagcl.
Reverse mass change is obtained by anodically scanning the potential from -1 Vag/aeci to Ecor.
After that, the mass first decreases slightly and then continuously increases with the applied
potential. With the addition of BSA, the mass slightly decreases with the applied potential
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from OCP to -1 Vagagci, and subsequently remains stable until ~0.35 Vagagci, followed by a

linear increase up to 1 Vagagc.

C.4. Influence of the Scan Rate on the Rp Measurements

The scan rate is a key parameter that controls the measured current especially when diffusion
plays a role. The relation between the current and the scan rate is described by Cottrell equa-

tion.
I = —nFA(Cg — C)(B)l/2
B S Tt

Where I is the current, n is the number of the electron transferred in the redox reaction, A is
the surface area of the working electrode, Cg is the reactant concentration in the bulk solu-
tion, Cs is the reactant concentration on the electrode surface, D is the diffusion coefficient of
the reactant in the electrolyte, t is the transition time, which is inversely proportional to scan
rate. Namely, a higher scan rate results in the decrease of the diffusion layer thickness, con-

sequently, higher current.
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Figure C. 9 Rp measurements of Ti in NaCl solution with different scan rates

To quantitatively study the influence of scan rate on the measured current, the Rp measure-
ments were carried out with different scan rates on Ti sample in NaCl solution. The corre-
sponding results are plotted in Figure C. 9. The graph shows the current varies little with the
scan rate decreasing from 2 mV/s to 0.6 mV/s. In comparison, it declines significantly when
the scan rate is 0.167 mV/s (the recommended scan rate by ASTM standard). In consequence,
the Rp value obtained for 0.167 mV/s is about four times higher than 2 mV/s and 0.6 mV/s.
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C.5. Electrochemical Behavior of CoCrMo Alloy in Simulated Solutions

C.5.1. OCP and Rp Results of CoCrMo Alloy

The electrochemical behavior of CoCrMo alloy was tested in simulating fluids same with Ti.
Each measurement was repeated three times. The OCP and Rp results are displayed in Figure
C. 10 and Figure C. 11, respectively. The results show that the OCP value obviously decreas-
es with the addition of BSA, while it increases significantly after adding H>O>. No obvious
influence of HA, phosphate and calcium ions on the OCP value is obtained. The Rp values

correspond to the OCP results that higher Rp values were obtained for samples with lower

OCP values.

OCP / mVggai

400

CoCr o ® . °
200 -
H,0O, containing
04
HA containing
-200
¢
+ ¢ % 4 )
-400 . ‘
-600 T T T T T T T T T T T T T T T
\4'{\ sdhed \@og Mg \Q g Y\\ eI hnd el @L“ @™ ?"i a% M @g \@og“ M‘P
S X
O \430\“ o ‘% Ny \«\2‘3\ \@sw egh\ o \460\*“ e oFoe
N e

NaCl based solutions

PBS based solutions

Figure C. 10 Stabilized OCP results of CoCrMo alloy in different simulated solutions
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C.5.2. Potentiodynamic Polarization Curve of CoCrMo Alloy

The representative polarization curves of CoCrMo alloy in simulated solutions are presented
in Figure C. 12. In summary, the solution composition mainly influences the cathodic reac-

tion behavior while the anodic reaction is less affected.

With the addition of BSA, the cathodic current significantly decreases. These results corre-
spond to the literature where BSA is reported to act as an inhibitor of the oxygen reduction
reaction [79-81]. Contrary to the cathodic behavior, the passive current varies little with BSA
while the transpassive current slightly increases with BSA. The increase of transpassive cur-
rent could be due to the reaction between BSA and Co/Cr/Mo ions, which enhances the dis-
solution of metallic ions [88-90]. The cathodic current is less affected by HA compared with
BSA, and little variation is obtained for the anodic current after adding HA. This could be
related to the hydrophilic property and the large size of HA that results in less amount of ad-
sorption on metal surface [83]. The cathodic current is significantly enhanced with H>O» due
to the contribution of H>O» reduction. The slightly increased anodic current is reported be-
cause of the formation of thicker and porous passive film because of the large amount of OH",
which leads to the release of metal ions [103]. The cathodic and passive currents vary little
with phosphate ions, while the transpassive current increased at about 0.6 Vag/agci. This could
be due to the reaction between phosphate ions and Cr ions [48]. Similar to phosphate, calci-
um ions have little effect on cathodic and transpassive currents, but the anodic current, which
slightly decreases independent of calcium concentration. The polarization curves correspond

to the OCP and Rp results, which are mainly controlled by the cathodic reaction.
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Figure C. 12 Cathodic and anodic polarization curves (logarithmic scale of the absolute current densi-

ty) of CoCrMo alloy in simulated solutions

The same parameters were extracted from anodic polarization curves and summarized in
Table C. 7. In PBS+BSA based solution, the cathodic current slightly increased after adding

HA, suggesting a competitive adsorption between BSA and HA on sample surface.

Table C. 7 Electrochemical parameters extracted from anodic polarization curves of CoCrMo samples

Solution ic (<0.9V) / pAlem?® Ecor / Vagagar ipp (OV) / pA/em? i (0.75V) / uA/em?
NaCl(8g/L) -66.04 £ 7.06 -0.3 +£0.02 4.75 £ 1.05 96.72 + 23.37
NaCI+BSA(0.5g/L) -4794 £ 1334 -053+£0.02  435+0.85 141.70 + 4.87
NaCI+BSA(5g/L) -21.77+£593  -0.74+0.03 3.80 + 1.63 21496 £9.10
NaCI+BSA(30g/L) -46.25 +£8.52  -0.75+0.03 505+ 1.22 527.24 + 33.63
NaCl+ CaCly(1g/L) -39.45+£887 -0.74+ 0.03 576 +1.10 146.72 £ 86.70
NaCIl+BSA+CaCly(1g/L) -55.38 +14.05  -0.31 £ 0.01 1.75 £ 1.25 554.00 + 26.88
NaCl +HA(1g/L) -39.29 £ 0.81 -0.33 £ 0.02 336t 1.31 99.64 + 2.37
NaCl +HA(4g/L) -36.09 £ 0.83  -0.31+0.04 3.66x+ 0.75 122.95 + 1.99
NaCIl+BSA+HA(4g/L)  -32.91 £ 6.41 -0.78 £ 0.04 4724+ 0.27 496.72 + 19.71
NaCI+BSA+H>0(1g/L) -396 +155 0.19 £ 0.03 5.19+0.16 356.62 + 7.95
NaCIl+BSA+ H,O; (5g/L)  -2371 %+ 586 021 +£0.06  28.36 +8.20 296.82 + 8.39
NaCl +H>O»(1g/L) -1103 £ 93 0.14 £ 0.01 117 + 83 167.07 £+ 60.58
NaCl +H>0»(5g/L) -3525 + 691 0.16 £ 0.04 264 + 63 112.83 + 6.51
PBS -91.84 £ 1479  -0.34 £ 0.05 516+ 1.82 814.70 + 51.98
PBS+BSA(0.5g/L) -76.89 + 11 -0.48+ 0.04 7.46 £+ 3.53 646.56 + 35.31
PBS+BSA(5g/L) -80.44 +17.81  -0.75 £ 0.01 581 £ 141 730.41 + 6.82
PBS+BSA(30g/L) -87.28+1.73  -0.76 + 0.02 6.26 + 2.88 952.27 £ 117.66
PBS+BSA+HA(4g/L) -70.48 £ 0.78  -0.74 + 0.00 6.56 + 1.08 895.14 + 42.01
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C.5.3. EIS Results of CoCrMo Alloy

Based on the above results, the BSA and HA are the key parameters that influence the corro-

sion behavior of CoCrMo alloy in simulated solutions. To further study the impact of organ-
ics, the impedance measurements were conducted under OCP conditions in representative

BSA and HA containing solutions. The EIS results are plotted in Figure C. 13. For each solu-

tion, the measurement was conducted at least three times to guarantee the reproducibility.
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Figure C. 13 Nyquist and Bode plot of CoCrMo alloy in simulated solutions

In the Nyquist plots, the arc length and angle increased with the addition of BSA and HA,

while they decreased after adding HA. Three distinctive sections, Rs, capacitive behavior and

Rp, were obtained in the Bode plot for NaCl solution. However, no modulus plateau was ob-

served in the rest solutions at the low frequency region. The modulus at the low frequency

region increases and the phase angle curve at the middle frequency region extends with the
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addition of phosphate, BSA and HA. The higher modulus indicates that the polarization re-
sistance of CoCrMo alloy increases with the addition of phosphate, BSA and HA.

Table C. 8 Electrochemical parameters extracted from EIS measurement of CoCrMo sample

Solution OCP/mVagagcr  Rs/Ohm*cm?  |Z| / KOhm*cm?  -Phase /°
NaCl(8g/L) -146 + 27 79+ 1.4 121 £ 55 8+4
NaCl+BSA(30g/L) -400 + 57 83+04 499 + 88 45 +7
NaCl+BSA+HA(4g/L) -324 £+ 51 79+0.5 509 £ 176 37+£22
PBS -289 + 37 75+£0.5 254 + 34 26 + 12
PBS+BSA(30g/L) -401+ 2 7.4+0.4 377 £+ 60 33 £13
PBS+BSA+HA(4g/L) -355+25 72+05 397 + 28 45+ 5

The same electrochemical parameters were extracted from EIS measurements and summa-
rized in Table C. 8. As shown in the Table, the |Z| value increase with the addition of BSA
and HA in NaCl and PBS solution. The higher |Z| value could be due to the adsorption of
BSA and HA. Continuous increase of phase angle with the addition of BSA and HA was ob-
tained for both NaCl and PBS based solutions. Higher |Z| and phase angle were obtained for
PBS solution compared with NaCl solution, suggesting phosphate ions adsorbed on the sam-
ple surface. The |Z| values correspond to the Rp results acquired from the linear potentiody-

namic measurements polarization curves.

149



Appendix D Fourier Transform Infrared Spectroscopy of BSA and HA

Appendix D Fourier Transform Infrared Spectroscopy
of BSA and HA

To study the adsorbed organics on the sample surface after immersing in synovial fluids,
FTIR measurements on BSA and HA were conducted. The obtained spectra correspond well
with the literature [136, 137], and they are shown in Figure D. 1. The prominent adsorption
peaks were assigned in the graph according to the literature.
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Figure D. 1 Absorption spectra of BSA and HA (str: stretching vibration, ben: bending vibration)

As is shown in the graph, common bands were detected on both organics, such as stretching
vibration of C=0, C-O, C-H, N-H and O-H bonds, despite the different peak positions. How-
ever, the stretching vibration of C-O-C is only observed in the HA spectrum, corresponding
well with the HA structure. Amide groups are the characteristic molecular bands of proteins
[134], and they are present in both BSA and HA.
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