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Abstract

CoCrMo alloys, which have excellent corrosion and wear resistance, are widely used for
dental and orthopedic implants in the human body. Because of their wear resistance, they are
used in bearing and wearing parts of many artificial implants such as dental crowns and knee
and hip joints. Even for the most corrosion-resistant alloys, interfacial reactions occur
between the metal surface and the biological environment. The failure of implants or adverse
health effects such as brain damage can sometimes be caused by tiny amounts of released
metals from the surface of the CoCrMo alloy. Hence, it is very important to investigate the
mechanism of corrosion behavior of CoCrMo in protein-rich solutions. This research is
mainly focused on the metal release and corrosion behavior of CoCrMo alloy in protein-rich
solutions under different simulated conditions and for different manufacturing processes.
Implants can sometimes be present in patients who need to undergo cancer radiotherapy,
during which the implant or adjacent tissue could be in the irradiation zone. Therefore, the
effect of gamma irradiation on the metal release from CoCrMo alloy and 316L stainless steel
was investigated. Despite the relatively low total irradiation dose, it was observed that the
radiation slightly influenced the extent of metal release from CoCrMo alloy. Based on the
excellent wear resistance, CoCrMo alloys usually are used in bearing and wearing parts of
implants, where they are exposed to load, friction, and a protein-rich environment. Hence, the
effect of sliding, protein aggregation and metal precipitation on metal release from CoCrMo
were investigated. In this study, metal release under sliding condition was increased in the
presence of bovine serum albumin. However, protein aggregation and metal precipitation can
result in underestimation of the extent of metal release from CoCrMo in mixed protein
solutions, especially under sliding conditions. Generally, 3D printers are widely used for
manufacturing implants of various shapes. However, the print direction may have an
influence on the properties of CoCrMo alloys, such as corrosion resistance. The influence of
the manufacturing process on protein-induced corrosion for CoCrMo alloy was minor. All
these studies give a deep insight in the extent and mechanism of metal release from CoCrMo

alloys in protein-rich solutions, which helps to minimize the failure of implants.
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Summary for Lay Audience

This thesis discusses the use of cobalt-chromium-molybdenum (CoCrMo) alloys in dental
and orthopedic implants due to their excellent corrosion and wear resistance. While these
metals are ideal for use in the body, the interfacial reactions that occur between the metal
surface and the biological environment can lead to the failure of implants or adverse health
effects such as brain damage. Thus, it is important to investigate the mechanisms of CoCrMo
alloy's corrosion behavior in similar environments as the human body, which means protein-

rich solutions.

Another study investigated the effect of gamma irradiation on the metal release from
CoCrMo alloy and 316L stainless steel. We found that the relatively low total irradiation

doses slightly influenced the extent of metal release from CoCrMo alloy.

It was also discussed how the alloy's excellent wear resistance makes it ideal for use in
bearing and wearing parts of implants. However, it was found that the metal release from
CoCrMo under sliding conditions increased in the presence of bovine serum albumin, which
simulates a common protein in the human body. Further, it was found that protein
aggregation and metal precipitation resulted in an underestimation of the extent of metal
release from CoCrMo in mixed protein solutions, especially under sliding conditions. This

means that the estimated safety of CoCrMo by similar tests can be too high.

Finally, 3D printers are widely used for the manufacturing of implants of various and
customized shapes. However, the print direction may have an influence on the properties of
CoCrMo alloys, such as corrosion resistance. This thesis found a relatively minor influence,
however, it was greater in protein-rich and aggressive environments, such as diluted

hydrochloric acid and depended on the surface condition of the alloy.

By investigating the mechanism of corrosion behavior of CoCrMo in protein-rich solutions,
it can be better understood how these alloys behave in the body and the safety and
effectiveness of the implants can be improved. These studies can help minimize the failure of
implants, ultimately leading to better health outcomes for patients who receive these types of

implants.
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Chapter 1

1 Introduction of biomedical alloys for implants, CoCrMo
Alloy and Metal Release

1.1 Overview of Artificial Implants

1.1.1  History of Implants

Implants generally refer to devices that are implanted into the human body for a long
time or a period of time. Commonly used metallic implant materials in clinic include
stainless steel, titanium alloy and cobalt-chromium alloy, which are mainly used to

replace the damaged or diseased hard tissue of patients, such as hip, knee, dental, and

vascular stent implants.

Artificial hip replacement is one of the most important and effective procedures for the
treatment of the end-stage of diseases such as necrosis of the femoral head, hip dysplasia,
degenerative hip arthritis, and rheumatoid arthritis [1]. It refers to the replacement of the
diseased or damaged joints with biocompatible materials, which can relieve joint pain,
improve the mobility of joints, or correct deformities. Nowadays, the artificial hip joint
implants usually include four parts which are the acetabular component, plastic liner,

femoral head and stem, as shown in Figure 1-1.
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Figure 1-1: Schematic illustration of artificial hip joint implants.

Artificial hip replacement has a history of more than 100 years, from the early stage of
exploration to today's more mature development stage. At present, artificial hip
replacement is widely used. In 1923, American surgeon Marius Smith-Petersen first
performed glass arthroplasty on the surface of the femoral head, which is considered the
originator of hip replacement [2]. Afterwards Smith-Petersen changed the glassy
hemisphere mold to metallic vitallium mold [2]. Phillip Wiles at the Middlesex Hospital,
London, Canada performed a total hip replacement for 6 patients with stainless steel
prosthesis in 1938 [3]. Phillip secured the acetabular prosthesis with screws and bolted
the femoral head prosthesis to the femoral neck and is considered the first orthopedic
surgeon to implement a true total hip replacement. In 1939, Austin Moore and F.R
Thompson of America designed the long straight-handle artificial femoral head and the
long-curved handle femoral head prosthesis, respectively [4]. This later became the
prototype for the Muller and Harris total hip femoral head prosthesis [5]. In 1946, Judet
performed a half-joint prosthesis in France using a femoral head prosthesis with an

acrylate-hot formed straight handle that was emanated from under the large rotor [6]. In



1950, Moore and Thompson respectively designed artificial femoral head prostheses of
self-locking CoCrMo alloy and put them into clinical use [4]. In 1953, George McKee
used a modified Thompson stem and a new one-piece cobalt-chromium alloy sleeve as
the new acetabulum [7]. The prosthesis model has been borrowed by many people, such
as Charnley, who used it as a model for the cementitious prosthesis in 1965 [8]. McKee is
considered one of the scholars who has made significant contributions to modern total
artificial hip replacement. This is the initial stage of the formation of the artificial hip
joint. In 1962, Dr. Charnley of the United Kingdom designed a 22.225 mm metal femoral
head and ultra-polymer polyethylene acetabulum combination prosthesis and fixed it with
bone cement [9]. Come to this day, Charnley's artificial hip joint has become the "gold
standard" for measuring other artificial hip joints, and he is also known as the "father of
modern total hip replacement”. Muller was a Swiss orthopedic surgeon of the same
period as Charnley, who improved the total hip prosthesis on Charnley's basis, using a 32
mm femoral head instead of a 22.225 mm femoral head [10]. This large ball head
increases hip mobility and prevents dislocation even better. After this, the artificial hip
joint has entered a stage of rapid development, which is also the joint development stage
of bone cement fixation and non-bone cement fixation prosthesis. At the beginning of the
21st century, trabecular fixation technology based on additive manufacturing also began

to appear.

In the history of the development of artificial hip joints, bone cement occupies an
important position. In the late 1950s, Charnley popularized the technique with dentist
cement. Subsequently, the theoretical technology of bone cement fixation was gradually
accepted by the majority of orthopedic doctors [11]. Bone cement fixation can achieve
good early fixation, but there are still problems of peripheral bone lysis caused by debris
particles and fragmentation caused by fatigue effects [12]. In theory, the roughness of the
reinforced prosthesis can enhance its binding strength to bone cement, but it is still
controversial. It is believed that with the continuous improvement of bone cement
technology and the emergence of new bone cement materials, bone cement fixed joint

replacement will continue to exist for a long time.



In the early 1970s, researchers began to explore the development of non-cementitious
fixation prostheses, to further improve the long-term effect after joint replacement. The
fixation principle is bone ingrowth or bone on growth to fix the prosthesis. In the initial
stage of non-bone cement fixation, screws or tight pressing fits are mostly used, and the
bone and the surface of the prosthesis are closely bio-fixed through bone growth, to
achieve a firm bond between the bone and the prosthesis interface [13; 14]. Hybrid
fixation for total hip arthroplasty was proposed in 1989, which combines the above two
fixation methods, that is, the femoral stalk prosthesis is fixed by bone cement and the

acetabular prosthesis is fixed by non-bone cement [15].

Currently, for initial hip replacement the lateral fixation of the acetabulum tends to be
non-cementitious fixation, and is used only when there is significant bone loss in the
acetabulum during resurfacing surgery. Mixed fixation is also common for total hip
replacement, i.e., cemented with bone cement on the stalk side of the femur and

biofixation is used on the acetabular side.

At present, the materials commonly used in artificial joints mainly include metal
materials, polyethylene materials, ceramic materials, and some materials with less
clinical application or are in the experimental stage, including carbon fiber, glass fiber
and PEEK [16-18]. Metal materials for the artificial joints mainly include metals and
alloys. The advantages of metal materials are reflected in good biocompatibility, good
comprehensive mechanical properties, excellent biocorrosion resistance and physical
properties. The medical metal materials commonly used in clinical practice mainly
include stainless steel, cobalt-based alloys, titanium (Ti) and titanium alloys.
Polyethylene materials include ultra-high molecular weight polyethylene and high cross-
linked ultra-high molecular weight polyethylene materials. Because of its excellent wear
resistance, impact resistance, self-lubrication and other properties, it has been widely
promoted and applied in the clinic. In addition, ceramic materials are also used in
artificial joints. Ceramic materials mainly include aluminum oxide, zirconium oxide and
hydroxyapatite bioactive ceramics. It not only has good biocompatibility, but also has

ultra-high hardness, wear resistance and corrosion resistance, which can effectively solve



the problem of ion/metal release of metal prosthesis materials and bone dissolution

caused by wear particles of polymer prosthesis materials [19-21].

As a new digital forming technology that gradually emerged in the late 1980s, the
development of 3D printing technology in the medical field has increasingly received
attention. In 2007, Italian surgeon Dr. Guido Grappiolo implanted the world's first 3D
printed acetabular Delta-TT cup in collaboration with Lima and metal 3D printing

equipment manufacturer Arcam [22].

1.1.2  Joint replacements in Canada

In recent centuries, with the rapid development of medical technology and the continuous
improvement of people's health needs, artificial hip joint and knee technology has been
more widely used than ever. Unfortunately, more problems have gradually surfaced.
Limited by technical conditions, the experience of the surgeon, artificial joint indications
and material selection errors, some patients have after artificial joint replacement surgery
suffered from pain, limb shortening, severe joint function and other problems and their
hip replacement had to be revised [23]. Artificial hip or knee revision (the replacement of
a failed artificial joint) is a rather complex and high-tech procedure in which a loose or
worn broken artificial prosthesis is removed and reinserted a new artificial joint into the
body. It can solve the problem of serious decline in the quality of life of patients due to
prosthesis loosening, fractures, infections and other complications after artificial hip
replacement, and achieve the effect of relieving pain and restoring joint function [24]. It
is achieved by reconstructing the anatomical structure of the hip joint and replacing the
prosthesis, but it is by no means a simple "old for new", it needs to consider a series of
problems such as anatomical and histological changes caused by the previous surgery, the
difficulty of removing the old prosthesis, bone defects, etc. [25]. The impact on the
implantation stability of the new prosthesis is a series of problems, and the problems it
faces are far greater than the initial artificial joint replacement, which is a thorny problem

in clinical orthopedics.

In figure 1-2, the top three reasons for hip and knee revisions in Canada are shown during
2018-2019, which are infection, aseptic loosening and instability [26]. Indications for



artificial joint revision are: joint infection, joint dislocation, periprosthetic fracture,
polyethylene liner wear, periprosthetic osteolysis, prosthesis loosening, nerve damage
and prosthesis rupture [27]. Therefore, the problems faced by artificial joint revision
surgery are many and complex, due to the different surgical approaches used by doctors
at the time of the initial surgery. The degree of damage to soft tissues and the degree of
repair varies, the fixation method of artificial joint prosthesis in the initial surgery is
different, and the difficulty of prosthesis removal is also very different. In addition, most
patients have different degrees of bone defects, and the choice of methods for treating
bone defects is also different. As a result, artificial joint revision surgery is much more
complex and difficult than initial replacement surgery, and the results may not be as
satisfactory as initial replacement surgery. In addition, the incidence of revision surgery,
bleeding, infection, dislocation, thromboembolism, nerve damage and fracture is also
relatively high [27]. Infection is the main reason that cause the hip and knee replacement
revision in Canada [26]. The complexity of the retouch procedure makes the importance
of the delicate operation of the initial surgery even more prominent. These are all things
to be understood and faced by artificial joint revision surgery, and only with sufficient
theory, thought, special instruments and physical preparation before surgery can the
operation be completed perfectly. In addition, it is also key to the success of the operation
to let the patient understand the relevant situation and difficulty of the revision surgery
and to obtain the patient's cooperation.

The first artificial hip replacement is very important to the patients. However, the implant
can be failure, because of femoral neck fracture, femoral head necrosis, and acetabular
fractures. Therefore, the second or third surgeries may happen to the patients. Not only
the trauma may be increased, but also the cost of treatment. If the joint infection is caused
by other issues, the consequences (pus, sinus tract, pain, joint stiffness, etc.) for the
patients are greater, which imposes a heavy financial and psychological burden on
patients and their families [28-31]. Therefore, it is very important to investigate the cause
of failure of the artificial hip implants.
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Figure 1-2: Top reasons for hip and knee replacement revision in Canada during
2018-2019. [26]

The number of hip and knee replacements performed in Canada were 62,016 and 75,345
in 2018-2019. The total number of hip and knee replacements in Canada during 2014 to
2019 are shown in the Figure 1-3 [26]. Over those 5 years, this number was increased
every year. In 2020-2021, COVID-19 was raging around the world. Due to the COVID-
19 pandemic, many joint replacement surgeries were cancelled in order to free up the
hospital capacity. Therefore, the number of hip and knee replacement surgeries declined
by 20 percent. However, this does not mean that the number of hip and knee replacement
surgeries will be lower than before the pandemic. Between 2014 and 2019, the
replacements of knees were higher than the hip replacements. The reason that caused this
phenomenon is possibly that the knee is much easier injured. However, knee replacement
surgery is more complex than hip replacement surgery. Therefore, there are more knee

replacement revision surgeries than hip replacement revisions.
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Figure 1-3: Total number of hip and knee replacements including revision in
Canada during 2014-2019. [26]

1.2 CoCrMo Alloy

Cobalt-Chromium-Molybdenum alloy is a cobalt-based alloy. It was originally developed
by Elwood Haynes, because of its good wear resistance, corrosion resistance and high
temperature resistance and many other excellent properties, initially mainly used in
aerospace, deep-sea diving equipment and other severe environment working machine
parts [32; 33]. Since 1937, CoCrMo alloys have been initially used as implants in the
medical field, and in the late 1970s, they have been widely used as bone replacement
materials in clinical practice [34-36]. Nowadays, artificial femoral heads prepared from
CoCrMo alloy still occupy a large part of the global market. Compared with other
implant materials such as pure titanium and nickel-titanium, CoCrMo alloy is still very

competitive because of its low cost and relatively simple manufacturing process



requirements, and its safety and mechanical properties which have withstood the test of

clinical research for many years [37].

CoCrMo alloy is also a relatively biocompatible material commonly used in medicine.
Medical cobalt-chromium alloy (CoCrMo F75) has good biocompatibility, good fatigue
resistance, strong corrosion resistance and high comprehensive mechanical properties,
and has always occupied an important position in the field of oral restoration and
artificial joint manufacturing [38]. For oral restorations and medical implants, wear
resistance is regarded as one of the main factors affecting the success of surgery and
implant life, so the study of the tribological properties of CoCrMo alloy is the key to the
successful application of personalized implants. Chiba et al. [39] studied the wear
properties of medical CoCrMo alloys from the microstructure and found that the CoCrMo
alloys with fine grains are more likely to induce martensitic phase transitions and show
better wear resistance, which indirectly explains the good wear resistance of additive
manufacturing formed cobalt-chromium alloys. Henriques et al. [40] studied the
microstructure, corrosion resistance, hardness and wear resistance of casting and hot-
pressed CoCrMo alloys. The harder the CoCrMo alloys, the greater the wear resistance

would be.

CoCrMo alloy can be passivated in the human environment containing about 0.9% NaCl
(mass fraction), which is an important basis for ensuring its biocompatibility [41; 42].
Tribocorrosion is the main corrosion mechanism of CoCrMo alloys, when exposed to
friction. When it is used as an artificial joint, it will bear the alternating load and contact
surface wear generated during the walking process of the human body, resulting in
damage to the surface passivation film [43; 44]. Wear and corrosion play a mutually
reinforcing role. If there are problems such as unreasonable design or assembly,
mechanical scratches during the manufacturing process, and irregular surfaces, there will
be crevices between the head and neck joints of the hip joint [45; 46]. The oxygen
content in the crevices is low and continuously consumed, thus hindering the
repassivation of the alloy surface. This also makes it easy to form a local crevice
corrosion environment. Factors such as the reduction of the pH value of the solution

caused by the hydrolysis of metal ions, the entry of CI- into the crevice, and the increase
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in temperature caused by the wear process will further lead to the unstable
electrochemical state of the fresh metal surface, thereby affecting the passivation and
accelerating corrosion [41; 47; 48]. J. Gilbert et al. [49] analyzed the actual corrosion of
148 hip implants taken from patients, found that the tapered joint between the head and
neck was the most prone to corrosion, proposed the mechanism of mechanical action to
promote the occurrence of crevice corrosion, and pointed out that in the case of infection
and inflammation, the corrosion rate will further increase. The study of R.H. Oskouei et
al. [50] also pointed out that the position of the hip joint with threads is more prone to
crevice corrosion. Researchers have systematically studied the wear and corrosion
behavior of CoCrMo alloys in a simulated human environment and also pointed out that
about 22-50% of the metal loss is related to corrosion reactions when CoCrMo alloys

undergo corrosion in joint synovial fluid [51; 52].

1.3 Manufacturing of relevance for implants

1.3.1 Warm-worked CoCrMo alloy

The CoCrMo alloy is a commonly used material in biomedical applications, and it can be
produced through various manufacturing methods such as casting, warm working, and
additive manufacturing [53]. Lost-wax casting is a popular method for producing
CoCrMo components, as it allows for precise shaping and dimensions to be achieved
through machining [54]. This process is often used in the manufacture of implantable
metal devices. However, casting can sometimes result in defects such as coarse grains
and porosity due to the limited cooling rate [55]. Porosity in castings can weaken their
mechanical strength, rendering them useless [56]. Large pores can also create stress
concentrations that may lead to cracks and early failure during use. To address this issue,
vacuum casting and hot isostatic pressing techniques are often used to eliminate porosity
caused by gas and internal voids caused by solid phase shrinkage, respectively [57]. The
lost-wax casting process typically involves the following steps: designing a wax mold,
manufacturing a shell, dewaxing, melting the shell, pouring the molten metal, separating

the casting from the mold, and cleaning the casting [58].
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Due to the relatively low mechanical properties of the castings, important engineering
structures that are subject to heavy loads are usually made of wrought alloys [59]. The
process of manufacturing wrought alloys is the mechanical deformation of castings. The
purpose of mechanical deformation includes improving the grain structure; crushing
secondary phase regions; eliminating the voids inside the casting; and introducing strain
energy internally to achieve homogeneous composition [60]. In order to improve the
performance of the alloy, the cobalt-based alloy implant also adopts mechanical
deformation processing technology. The mechanical deformation process can break the
cast structure of the alloy and obtain a fine fibrous structure of the grain. The mechanical
processes commonly used are hot forging, rolling, extrusion and stamping. Compared
with cast CoCrMo alloy, wrought cobalt-based alloy has excellent mechanical properties
[61].

1.3.2  Laser powder bed fusion (LPBF) CoCrMo alloy

After traditional casting and forging, CoCrMo alloy can be improved in terms of
microstructure through heat treatment and hot isostatic pressing, and in terms of
corrosion and wear resistance through the application of surface deposition layers. These
techniques are often used to optimize the performance of the alloy. In recent years,
additive manufacturing processes have also gradually developed into another effective
way to produce CoCrMo alloys. Additive manufacturing is a near-net shaping technology
that has developed rapidly in recent years and has significant advantages in
manufacturing artificial joint grafts with complex shapes. Several studies have indicated
that the corrosion resistance of CoCrMo alloys produced via additive manufacturing is
comparable to or superior to that of traditionally cast and wrought alloys. In addition,
these additively manufactured alloys tend to have a lower coefficient of friction and wear
rate compared to cast alloys [39; 62; 63]. Additionally, compared to traditional
manufacturing techniques, additive manufacturing is particularly well-suited for
producing special structural materials with component and structural gradients that can
meet specific functional requirements in various environments, such as the human body.

In the process of printing CoCrMo alloy, W. Harun et al. [64] reserved holes of 25-95%
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volume fraction to resemble the alloy stiffness to that of the bone, which can effectively

avoid the stress shielding effect.
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Figure 1-4: The manufacture process of laser powder bed fusion (LPBF).

The additive manufacturing of CoCrMo alloy is mainly produced by laser powder bed
fusion (LPBF) technology, and the typical layer-by-layer printing process is shown in
Figure 1-4. The properties of CoCrMo alloy produced using the laser powder bed fusion
(LPBF) process can be influenced by various factors, including manufacturing defects,
microstructure, crystal texture, and residual stress. These characteristics are specific to
the LPBF process and may affect the performance of the resulting alloy. During the
layer-by-layer printing process of additive manufacturing, materials undergo a complex
heat treatment process, resulting in the microstructure of additive manufacturing alloys
being significantly different from those made by traditional processes. On the one hand,
the cooling rate of the traditional casting process is 273-373 K/s, and the cooling rate of

the LPBF process is greater than 105 K/s, which easier forms a metastable microstructure
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[65]. On the other hand, the heating of the post-printing layer is equivalent to the aging
treatment of the solidified layer, which will also change the composition of the matrix
phase and the number of second phases. Microstructure characteristics such as molten
pool boundary, cytometric structure, and nano-sized precipitate will affect the corrosion
resistance of additive alloys. The Mo-rich cell structure of the CoCrMo alloy
manufactured by LBPF is conducive to improving the corrosion resistance, but the
molten pool boundary will reduce the corrosion resistance [66]. Research on whether o
phase (body center cubic) is precipitated during additive manufacturing is controversial.
Y. Lu et al. [67] observed the formation of a phase after solution treatment at 1150 °C
following the furnace cooling in the CoCrW alloy made by LPBF. However, other
research pointed that there is no formation of o phase in the CoCrMo alloy made by
LPBF [68]. As with traditional casting and wrought alloys, heat treatment after 3D
printing can be used to improve the microstructure and material properties of the
resulting alloy. This technique is similar to those used in traditional manufacturing
methods. M. Zhang et al. pointed out that the proportion of e-Co phase and precipitated
carbide increased in the CoCrMo alloy manufactured by LPBF, with the prolongation of
the aging time at 900 °C. The &-Co phase preferentially nucleates on the grain boundaries

of the y-Co phase, resulting in increased hardness and wear resistance [69].
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Figure 1-5: Schematic diagram of different building direction for the hip implant.

Due to the layer-by-layer printing process, the post-layer plays the role of aging heat
treatment for the previous printing layer. Therefore, the content of the e-Co phase inside
the component, the content of y-Co phase in the surface microstructure is higher. A.
Takaichi et al. [39] pointed out that the columnar crystals at the XZ interface (shown in
Figure 1-5) of CoCrMo alloys produced by LBPF exhibited a preferred orientation in the
<001> direction and gradually disappeared with the increase of input energy. After the
manufactured CoCrMo alloy was solution treated at 1150 °C for 1 hour, the fusion line
and grain structure disappeared, but the anisotropy was not completely eliminated. The
fatigue strength of the XY interface is higher than the XZ interface. This has been
explained by that the XZ cross-section sample included more print layers and possibly

more print defects, which could affect the properties of the CoCrMo alloy [70].

1.4 Metal release

1.4.1 Metal release and toxicity

Metal release can be defined as the release of all metal species, such as ions, complexes,
and colloids, from the metallic materials into solution due to chemical or physical
processes [71]. As mentioned before, CoCrMo alloy is widely used in metal-on-metal
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total hip and knee arthroplasty. After the arthroplasty, Cobalt (Co), Chrome (Cr) and
Molybdenum (Mo) ions or particles will be released from the alloy. A large number of
released metal wear debris, such as nanometer particles and oxides, can be found in iliac
joints and surrounding body fluids and tissues, enter the systemic circulation through the
endothelial reticulum system, and deposit in the liver, spleen, lymph nodes and bone
marrow tissues [72-79]. At the same time, metal ions such as Co and Cr originating from
chemical degradation of metal particles by body fluids can cause the increase of metal
ions in peripheral blood. According to one study on 84 patients, two years after
arthroplasty surgery, the serum content of Co and Cr ions in patients increased by 15.3
times and 5.2 times, respectively, compared to that before surgery [80]. A high dose of
metal degradation products released after total hip and knee arthroplasty surgery can
cause many local and systemic adverse reactions, clinically called metal debris adverse
reactions, including inflammation around the prosthesis, aseptic necrosis of soft tissues,
formation of inflammatory pseudotumor, abnormal functions of major organs such as
liver and kidney, and abnormal functions of the immune system [81]. These adverse
reactions are related to cytotoxicity, sensitization, deformity of metal ions and
nanotoxicity of metal particles. Therefore, the biosafety of CoCrMo alloys is receiving

extensive attention from, among others, surgeons, engineers, and manufacturers.

The metallic material does not cause allergic reactions and carcinogenicity in the human
body, but metal ions and their formation of organometallic compounds, and inorganic
metal salts may cause biological toxicity to the human body, in which the release of metal
ions is mainly caused by corrosion [82; 83]. The harmful reactions of metal ions to the
human body are mainly toxic, carcinogenic, genotoxic and sensitizing [84; 85]. Usually,
body fluids are corrosive to implants that replace hard tissue. lons, especially chlorides
and peroxide, and proteins can promote corrosion by dissolving oxides, by directly
promoting metal oxidation, or by causing certain localized corrosion types. When
medical metal materials are placed for a long time in aqueous medium containing
electrolytes such as alkali metals ions, organic acids, and chloride ions, corrosion will
occur, and active chloride ions promote the dissolution of metal ions [86; 87]. When the
surface of the implant has defects such as inclusions, cavities, precipitations, segregation

of elements in the grains and grain boundaries, and cracks in the passivation film,
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localized electrochemical corrosion is easily induced [88-90]. As is well known, human
body fluids are a complex environment. There are several amino acids, proteins,
vitamins, polysaccharides, cells and other organic ingredients, that can influence the
corrosion rate of metallic biomaterials [91-96]. Thus, they could induce the metal release
of implants. Under normal conditions, the value of pH in human body is neutral, but it
can be increased or decreased when there is an infection [97; 98]. Drastic changes in the

pH of body fluids may accelerate the release of harmful ions from the metal [99; 100].

Biomedical metal materials undergo many types of corrosion in body fluids, such as
crevice corrosion, fatigue corrosion, fretting corrosion, uniform corrosion, pitting
corrosion, galvanic corrosion, intergranular corrosion and stress corrosion cracking.
When different metal elements are present in the implanted metal material at the same
time, the element with the most negative galvanic potential will be corroded
preferentially. For most load-bearing implants used in the human body, stress corrosion
cracking and fretting corrosion are the main causes of inducing metal release. For
example, in one study, the concentration of cobalt in the serum was increased 40 times
after 144 h fretting corrosion for uncoated CoCrMo alloy, while the concentration of
cobalt increased less for a coated specimen [101]. Therefore, based on the surface
electrochemical characteristics of metal materials and the force or wear conditions in the
application environment, the selection of suitable coatings to improve the corrosion
resistance of the matrix has been proposed to effectively inhibit the release of harmful

ions and improve the biocompatibility of the biomedical metal materials [102-104].

Generally, the toxicity mechanism or pathogenesis of metals is one of the following:
cutting of the functional groups necessary for the performance activity of biological
macromolecules; replacement of metal ions required for the function of the
biomacromolecules; altering the biomolecular composition of structure in the human
body [105]. Metal ions often cause damage by altering the composition or structure of
some biological macromolecules such as proteins, nucleic acids and biofilms. Most of the
metal ions produced by medical metal materials are positively charged, and easily
combine with organic or inorganic substances in human body fluids to form complex

organic or inorganic compounds. Some of these compounds are highly toxic, and the
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threshold concentration of some metal ions in the human body is very low. When certain
metal ions, such as cobalt and chromium ions, enter body fluids, they trigger many
biological reactions, such as blood reactions and tissue reactions [106-108]. Due to the
negative charge of platelets, blood cells and proteins in human blood [109; 110], a high
dose of positive charged metal ions can cause thrombosis symptoms [111]. The
concentration of Cr and Co were found to increase in the urine, blood, synovial fluid and
joint capsules in a study on 22 patients in Canada [101]. Co and Cr can be disseminated
from the orthopedic implant to other sites, accumulating in the kidneys, heart, liver and
spleen [112; 113]. The cytotoxicity of metal salts in the human body is greater for Co
than for Cr. In in-vitro tests, it has been shown that Co and Cr also have sensitization and

carcinogenic tendencies [114].

Co ions entering the cell can induce the overproduction of oxygen radicals, catalyze the
overproduction of free radicals through Fenton reactions, and catalyze the formation of
highly toxic hydroxyl radicals by hydrogen peroxide [115-117]. They can also inhibit the
antioxidant capacity of cells. For example, lipoic acid which is an antioxidant in cells can
be consumed by Co ions in large quantities during Co poisoning, thereby enhancing free
radicals while weakening the antioxidant capacity of cells. The result is an
oxidation/antioxidation imbalance in the cells [118]. Cobalt-induced cytotoxic damage
seems to be the first round of attack on tissue cells from the two aspects of enhancing free
radical damage to tissue and weakening the antioxidant system. The resulting
intracellular oxidative/antioxidative imbalance further results in significantly increased
intracellular concentrations of malondialdehyde and lipid peroxide and peroxynitrate
[118]. The cells are finally stimulated to release a variety of apoptotic signals in the harsh
environment of excess free radicals, eventually leading to cell apoptosis [119]. Kairovic
et al. [118] found in in-vitro experiments that cobalt ion caused a significant difference in
mitochondrial membranes potential. Furthermore, there was a concentration-dependent
decrease in the content of adenosine triphosphate (ATP) induced by cobalt ions. This
confirmed that the main reason why cobalt ions specifically affect mitochondrial function
is because cobalt ions specially coordinate and bind to sulfhydryl-containing molecular
structure in the tricarboxylic acid cycle [118]. Thus, consuming lipoic acid stored in

mitochondria and causing the oxidative decarboxylation reaction of pyruvate with lipoic
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acid as a cofactor of acetyl coenzyme A (acetyl-CoA), inhibited or destroyed in
tricarboxylic acid recovery [118]. Eventually, it leads to impaired oxygen uptake by
mitochondria. The fundamental reason why mitochondria have become the main target of
cobalt ion attack is because cobalt ions have a natural high affinity for sulfur atoms,
which is an important reason for cobalt ions to specifically attack mitochondria. Since
mitochondria are the respiratory organs of cells [120], once mitochondria are attacked, a
series of hypoxic lesions will inevitably occur. The site where mitochondria receive
oxygen is at the end of the electron transport chain, so hypoxia can interrupt the flow of
electrons within the mitochondria, causing oxidative phosphorylation disorders and
leading to intracellular ATP deficiency. As a result, various energy demand functions in
the cell will be impaired [121].

Chromium is an essential nutrient required in the small amounts for the proper
functioning of the human body [122]. Chromium ions, such as trivalent chromium
(Cr(111)) and hexavalent chromium (Cr(V1)) and their intermediates, cause cytotoxicity,
genotoxicity and carcinogenicity in the context of oxidative stress and oxidative tissue
damage [123]. Trivalent chromium is generally considered to be less toxic than the
hexavalent chromium, but high levels of it can still cause adverse health effects, such as
allergic reactions. Hedberg et al.'s research found that the release of Cr(I11) from
construction workers' shoes was significantly higher than the amount of Cr(VI) that
causes Cr allergies [124]. Hexavalent chromium is the most toxic form of chromium and
can cause adverse health effects [125]. When hexavalent chromium reach a certain dose,
they will interfere with the normal redox reaction in-vivo, which in turn will disrupt cell

transmission signals and gene expression [126].

Mo exists in the form of molybdenum cofactor in the active site of enzymes. Although
there is literature on the fatal consequences of Mo deficiency, there are relatively few

cases of Mo toxicity [97].

1.4.2 Vroman effect

Since there are hundreds of different proteins in the blood, only the most important ones,
such as albumin and fibrinogen, can be studied. Albumin is a protein that is found in high
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concentrations in the blood plasma (35-50 mg/mL), making up about 50% of the total
protein in the plasma. Albumin plays an important role in maintaining the proper balance
of fluids in the body, as well as transporting various substances throughout the
bloodstream. It is produced in the liver and released into the circulation, where it
performs these functions [127]. Fibrinogen is a protein (2-4 mg/mL) that is abundant in
plasma and plays a central role in blood clotting, by binding to glycoprotein receptors on
platelet membranes to bind and aggregate platelets [128]. In 1969, Leo Vroman and his
colleagues observed fibrinogen adsorbing from plasma to the surface of glass, anodized
tantalum, and silicon oxide, and found that fibrinogen underwent a change that was
difficult to detect immunologically within seconds or minutes of contact with the surface
[129]. Vroman and his colleagues were limited by detection methods and could not
distinguish between possible causes of conversion. The loss of immunoreactivity might
have been due to the structure and orientation of fibrinogen fixed on the solid surface, or
adsorbed fibrinogen replaced by other plasma proteins, or adsorbed fibrinogen
decomposed by enzymes such as hemoplasmin, or other proteins that are adsorbed, so
that the structure and orientation of fibrinogen are changed, so that the reactivity of its
antigen determinant changes. The reasons for this phenomenon were suggested to be: (1)
the structure of adsorbed fibrinogen changes and causes a decrease in antiserum
reactivity; (2) Fibrinogen is replaced by one or more different plasma proteins. Later,
when many researchers studied fibrinogen adsorption with labeled fibrinogen and
enzyme-linked immunoassay (ELISA), they observed that the fibrinogen that began to
adsorb was replaced by proteins with high affinity to the surface in the plasma [130-133].
In summary, the Vroman effect is defined as the initial adsorption of a small protein on
the surface of the material, followed by its replacement with a macromolecular protein
with higher binding affinity [71].

1.4.3  Corrosion in Protein Environments, Protein Aggregation, and
Precipitation

When biomedical metal materials are implanted in the human body, the surface quickly

reacts with body fluids, inducing corrosion [134]. The metal ions released during the

corrosion process and the corrosion products formed interfere with the behavior of
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surrounding cells, which in turn affects the microenvironment of the tissues surrounding
the implant. Corrosion can also affect the safe service life of materials in the body.
Uniform corrosion will continuously reduce the cross-section of the material, but it can
still maintain certain mechanical properties and maintain its supporting effect before
reaching the breaking strength of the material [135]. Localized corrosion can lead to
stress concentration and cause fatigue fracture, which is sudden and will greatly shorten
the service life of the material [136]. Generally, there are two main factors affecting the
degradation of metal implants: first, material characteristics, such as composition,
processing process, surface properties and shape design; The second is the physiological
environment, such as a large number of ions, organic molecules and cells and other
substances, as well as the pH, temperature and oxygen content of the local environment
[91]. The complexity of the biological environment makes it difficult to predict or
determine the corrosion behavior of metallic materials, and the corrosion rate of the same
metallic materials can vary greatly from body fluid to body fluid. In in-vitro testing, the
inorganic components of commonly used simulated body fluids are close to their true
content in the organism, while organic components such as amino acids, proteins,
vitamins, polysaccharides, and cells are often overlooked. Proteins, polysaccharides and

cells can influence the corrosion behavior of metallic materials [93; 137].

In living organisms, proteins are relatively large biomolecules and have a tendency to
aggregate at the liquid/solid interface. The adsorption of proteins on the surface of the
implant is not only related to physiological activities such as cell adhesion and rejection,
but also changes the corrosion behavior of the material - the acceleration or decrease of

the corrosion rate, the change of the corrosion mode [138].

In 1982, Clark and Williams [139] studied the effect of protein in normal saline on the
corrosion of metal elemental powder (size 10~100 pum). Bovine serum albumin and fibrin
accelerated the dissolution of Cr powder, nickel (Ni) powder, copper (Cu) powder and Co
powder, and had almost no effect on the dissolution of Ti powder and Al powder but
slowed down the dissolution of Mo powder. This work provides guidance on how to
select the appropriate solution components for in-vitro testing of medical metal materials,

and specifically states that proteins should be an important part of in-vitro test solutions.
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Therefore, clarifying the adsorption of proteins on the surface of metal materials and the
influence of proteins on material corrosion will help reduce the difference in in-vivo and
in-vitro test results, to find a more suitable in-vitro test environment for medical metal

materials and make reasonable predictions on the in-vivo degradation behavior of metal

implants.

Protein aggregation is usually achieved through a series of processes, starting with
changes in the internal structure of the protein leading to the formation of dimers or
oligomers, followed by aggregate growth, and finally the formation of subvisible or
visible particles [140]. After the protein is massively aggregated, the large aggregate
particles eventually precipitate. The released metal ions from the implants can promote
protein aggregation and precipitation [141]. Metal ions in proteins promote stable or
partial folding of peptide chains. High-valent metal ions promote the stable structure of
peptide chains by collecting charged residues on the protein surface. Therefore, metal

ions can induce protein aggregation and precipitation.

The aim of this thesis is to evaluate the metal release of CoCrMo alloys in different
protein-containing solutions under different testing conditions of relevance for the human
body. This is achieved by several complementing techniques probing the metal, its
surface, and the solution. Furthermore, experimental conditions and their influence on
possible underestimations of released metals to the solution are also discussed and
evolved throughout the thesis. Also, the influence of the manufacturing and surface
treatment methods, also of relevance for biomedical implant materials, is also

investigated.

The study of metal release from CoCrMo alloy and its effects on irradiation, sliding, and
manufacturing processes holds significant importance for several reasons. Firstly,
understanding the behavior of CoCrMo alloy under various conditions, such as irradiation
and sliding wear, enables researchers to optimize the material properties for enhanced
performance and longevity in implants. Secondly, investigating the impact of
manufacturing processes on metal release from CoCrMo alloy helps identify potential

improvements in production techniques to minimize material degradation and ensure



better patient outcomes. Lastly, this research contributes to the development of more
effective industry guidelines and regulatory standards, ultimately promoting safer and

more reliable implant technologies for patients worldwide.
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Chapter 2

2  Justification of experimental choices

2.1 Synthetic biological fluids

Synthetic biological fluids are a crucial aspect in the assessment of biomedical materials
such as 316L stainless steel, CoCrMo alloy, and titanium alloys [1-3]. By utilizing these
synthetic fluids, researchers are able to recreate the environment within the human body
to test the performance and safety of the materials. This enables improvement in the

materials' biocompatibility and reduces the potential for failure or adverse reactions [4].

Furthermore, it offers a standard and controlled testing environment, resulting in
consistent and dependable results. This is very important in the creation of new
biomedical materials and devices, as a comprehensive understanding of how the material
behaves in a biological setting is imperative for its effective utilization. A range of
synthetic biological fluids exist, each with its own distinct properties that make it suitable
for evaluating various aspects of biomedical materials. Some of the more prevalent types

of synthetic biological fluids include:

1) Simulated body fluid (SBF): is a synthetic solution that has been designed to closely
mimic the ion concentration of human blood plasma. It is kept under conditions of mild
pH and physiological temperature, which accurately recreate the environment within the
human body [5]. Examples of the use of SBF in analyzing the corrosion resistance of
biomaterials can be found in the study of synthetic body fluids such as artificial blood
plasma, artificial urine, Hank’s solution, Ringer’s solution, and artificial saliva [6-8].
There is a wide range of compositions used for these. However, all of these solutions
maintain physiological pH and ionic strength. The simpler versions of these solutions do
not contain any proteins, organic molecules, or divalent cations (magnesium or calcium),
whereas these can be present in the more complex versions that have been used. These

solutions are typically buffered with phosphate or carbonate buffer systems.
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2) Simulated synovial fluid (SSF): is a synthetic solution designed to imitate the chemical
composition of the fluid found in joints [4]. It is utilized to assess the wear and friction
properties of implant materials, providing valuable information in the design and
development of joint replacements and other implant materials [9]. In general, SSF is
comprised of a combination of salts, lubricants, and other relevant substances aimed at
replicating the environment present in the joints [10]. In SSF, hyaluronic acid is a
common ingredient. Hyaluronic acid is a naturally occurring polysaccharide that can be
found in synovial fluid and serves as an important factor for joint lubrication and shock
absorption [11-13]. In some cases, proteins such as albumin may be added to SSF in

order to replicate the protein content found in synovial fluid [13].

2.1.1  Phosphate buffered saline

Phosphate buffered saline (PBS) is a synthetic biological fluid, which is widely used in
the biomedical and life science fields. PBS has a stable and neutral pH around 7.4, which
is similar to the pH of human body [14]. PBS is designed to maintain the ionic strength
and pH of human plasma by using the sodium chloride (NaCl) to regulate the osmotic
pressure and a phosphate-based buffer (Na2HPO4 and KH2PO4) system to regular the pH
[15]. NaCl helps to regulate the osmotic pressure of the solution, making it suitable for a
variety of biological experiments [16]. Na2HPO4 and KH2PO4 help to regulate the pH of

the solution by providing a source of phosphate ions [17].

PBS is a frequently used solution for metal release experiments. Its stable and neutral pH
of 7.4 allows it to accurately mimic biological conditions, while its isotonic nature helps
preserve cell viability and prevent osmotic stress [18]. Additionally, its compatibility
with many biological materials and its widespread availability at an affordable cost make
it a practical choice for this type of analysis. Overall, PBS's unique features make it a

highly suitable solution for evaluating metal release from biomedical materials.

The formation of complexes or nanoparticles between phosphate in the PBS and metal
ions, such as cobalt(l1) ions, can result in aggregation and metal precipitation [19-22].
The metal precipitation can lead to an underestimation of metal release from the
biomaterials. In this thesis, PBS was used as primary simulated biological buffer to
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investigate the metal release of CoCrMo, while it later was substituted with MES-

buffered saline (see next section).

2.1.2  2-(N-morpholino)ethanesulfonic acid (MES) buffer

MES buffer is frequently used in synthetic biological fluids. It has a pH range of 6.1-6.5
but can be adjusted to pH 7.4 by sodium hydroxide [23]. The chemical structure is
depicted in Figure 2-1. Because of the absence of phosphate, it can help to prevent the
formation of complexes or nanoparticles between metal ions and phosphate, such as
cobalt phosphate [20]. A study on many different buffers showed that MES buffer was
least likely to bind to copper ions [24]. Therefore, it is speculated that it can reduce the
effect on the metal precipitation, and hence the underestimation of the metal release
results of biomaterials. Compared to the PBS buffer, MES buffer may be the better
choice. The concentration of MES was 5 mM in this thesis (Chapter 6), which was
suitable for many biological experiments. Additionally, 5 mM is a relatively low
concentration and minimizes the potential interference of the buffer with the reaction or
process being studied. In order to increase the ionic strength of the solution and keep the
solution relevant for human body conditions, NaCl was added into the MES buffer. NaCl
can also help to stabilize the pH of the buffer and to improve the solubility of the

proteins.

Initially, PBS buffer was selected as the primary buffer for the research. However, further
investigation revealed that metal precipitation was affecting the metal release
interpretation. After discovering the influence of metal precipitation on the metal release
analysis with PBS buffer (primarily in Chapters 3-4 and [19; 25]), it was decided to
switch to using MES buffer in Chapter 6 of this thesis.
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Figure 2-1: A depiction of the chemical structure of MES in 2D and 3D [26].

2.2 Justification of protein concentration

2.2.1 Bovine serum albumin (BSA)

Albumin as a protein can be found in humans and animals [27]. It is a globular protein
that can be soluble in water and plays a critical role in many physiological processes [28].
BSA is a type of albumin that is composed of 583 amino acids, and its molecular weight
is approximately 66,000 g/mol. BSA is stabilized by 18 cross-linked cystine residues
[29]. BSA is a highly soluble and stable protein that is derived from the blood plasma of
cows [30]. It is widely used in biological research. In order to simulate composition of
blood plasma in the human body, the concentration of BSA is typically in the range of
40-60 g/L [31; 32]. In synovial fluid, it is about 12 g/L [33].

In this thesis, BSA was utilized to imitate blood plasma and examine the metal release of
CoCrMo alloy under various circumstances, especially in Chapters 3 and 4. By using
BSA, the study aimed to replicate the biological environment in order to evaluate the
metal release from the CoCrMo alloy. During the course of the Ph.D. studies, it was
noted that the proteins aggregated and the released metals precipitated, which had an
impact on the estimate of the metal release and risked to underestimate the extent of
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corrosion. In Chapter 4, these issues were thoroughly discussed and demonstrated. By
reducing the concentration of BSA, we aimed to minimize the effect of protein
aggregation on the metal release data and to obtain more accurate results. The final
choice of the BSA concentration was 10 g/L in Chapter 6.

2.2.2  Fibrinogen (Fbn)

Fbn is a crucial component in blood plasma that is responsible for enabling blood
clotting. The normal range of Fbn levels in human blood plasma is typically 2-4 g/L [34].
The molecular weight of Fbn is approximately 340,000 g/mol, and it is composed of
around 2,964 amino acids in the human blood plasma [35; 36]. In Chapter 4, a mixture of
40 g/L BSA and 2.7 g/L Fbn was used to simulate the composition of human blood

plasma to some extent.

The definition of the Vroman effect was introduced in Chapter 1. In order to simulate the
Vroman effect in the experiments of Chapter 4, a mixture of BSA and Fbn was used to
represent the proteins in the human blood plasma. In this study, BSA was used to
represent the initial protein adsorption onto the CoCrMo alloy surface. As Fbn is a larger
protein compared to BSA, its larger size makes it more likely to replace BSA that has
adsorbed onto the surface of the CoCrMo alloy. Therefore, Fbn was then added to replace

the BSA after a certain amount of time had elapsed.

2.3 Metal release estimations

In this study, a primary focus was placed on precisely quantifying the amount of metal
released from the CoCrMo alloys and 316L stainless steel (Chapter 3 only) under
different conditions when in contact with the biological fluids using trace metal analytical
techniques, such as atomic absorption spectroscopy (AAS) and inductively coupled
plasma mass spectrometry (ICP-MS). The testing conditions were carefully controlled to
simulate the in-vitro environment to ensure the relevance and applicability of the metal

release data.

A surface area-to-volume ratio (loading) of 1 cm?/mL was used in this thesis (as close as

experimentally possible), justified as follows. A higher loading results in higher
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concentrations of aqueous species, which facilitates their detection for highly corrosion-
resistant materials (as in this thesis), however, a too high loading would result in a
solution saturation effect. A loading of 1 cm?mL (or lower) has previously been found to
not risk any solution saturation effects for stainless steels [37-39]. By adopting this
approach, it is aimed to minimize experimental variability and achieve more accurate,

relevant, and comparable measurements of metal release.

For all metal release experiments in this thesis, one blank sample (solution without any
metal specimen) was exposed in parallel with three replicates. The blank sample acts as a
negative control to quantify and identify any background concentration or contamination
that my interfere with the results. In trace metal analyses, a certain background
concentration is expected (even ultrapure chemicals contain trace metal levels) and it
needs therefore to be determined and subtracted. Also, it can be determined whether the
sample concentrations are higher than the background concentrations. The three sample
replicates aim to minimize experimental error and to evaluate the reproducibility of the
experiments while also assessing the standard deviation. This is in particular important
for alloy specimens that could undergo localized corrosion, as this is a stochastic process
and can result in high variability among replicate samples under certain experimental
conditions. The metal release from the CoCrMo alloys and 316L stainless steel is the sum
of the background-corrected measured metal in solution (aqueous metal) and the released
metal that has precipitated out from solution, as follows [40]:

Metal release = total measured aqueous metal

+ precipitated and adsorbed metal - blank concentration

Several factors have a notable impact on the amount of metal species released that
subsequently precipitate from solution or are incorporated in surface-adsorbed protein
layers; solution pH, solution composition, protein concentration, ionic strength, and other
factors such as friction and wear (presence of nanoparticles). Therefore, it is impossible
to accurately estimate the amount of all metal release experimentally, especially in

complex solutions of neutral pH, where metals such as cobalt would precipitate.



44

The released amount of non-precipitated metals from one metal specimen is calculated by

following equation:

(CSample(ug/L) — CBlank (ug/L)) X DF XV

Aqueous/released amount (ug/cm?) = A (cm?)
Sample

Where: csample iS the concentration of a replicate solution sample, cgiank IS the
concentration of the corresponding blank sample measured by AAS and ICP-MS, DF is
the dilution factor (or the product of individual dilution factors, if several), V is the
volume of the exposure solution, and A is the coupon or disk surface area. This is
calculated for each of the three independent samples. Typically, the average and standard

deviation of these triplicate samples is then shown in the result section.
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Chapter 3

3  Can Gamma Irradiation during Radiotherapy Influence
the Metal Release Process for Biomedical CoCrMo and
316L alloys?

3.1 Introduction

CoCrMo alloys and stainless steel grade AISI 316L are biomedical alloys widely used for
different dental implants, orthodontic appliances and devices, artificial joint prostheses or
orthopedic temporary devices [1-4]. They are therefore often present in patients that
undergo a radiation cancer treatment (radiotherapy), and might be in the irradiated zone.
A common example is radiotherapy of prostate cancer in the presence of artificial hip
joints, which make radiotherapy and imaging by computed tomography more
complicated due to shielding and perturbation effects [5; 6]. Reports and reviews on
failed implants or insufficient osseointegration after/during radiotherapy for both hip
joints [7-9] and dental implants [10-17] indicate risks of implant failure or loss of the
implant upon irradiation, most probably due to tissue damage. These risks increase with
increasing irradiation dose [10; 11; 15; 18] This has been questioned in some recent
reviews and studies [19; 20], and patients that undergo radiotherapy have been
recommended dental implant therapy if following some guidelines (e.g., strict
monitoring) [16; 20-23]. Pelvic irradiation of patients with gynecological cancer with-
out implants did not result in a higher risk of hip replacement afterward [24]. The reviews
and studies that suggest an increased risk for failed implants or osseointegration caused
by irradiation explained this risk to be related to damage of the bone or soft tissue, altered
mechanical properties of the bone, and increased risks of infections. The metallic implant
itself may also be affected by gamma irradiation radiotherapy. During radiotherapy,
ionizing radiation, in particular gamma-radiation, will be absorbed and result in
excitation and ionization of water and aqueous organic systems. These processes cause
formation of oxidative and reductive radicals and species [25; 26], for example, OH", O,
H202, HO2", HO2, H', H-, H2, O3, O7, and H20". These species may affect the metal
release process, the surface oxide characteristics, and/or the corrosion behavior of the
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implant material. The amount of produced radicals depends on solution pH and is
proportional to the total irradiation dose [26]. Most studies that investigate metal release
and corrosion of stainless steels or other metals and alloys have been performed at higher
temperatures and irradiation doses as compared to what would be relevant for the human
body and radiotherapy (37°C and 10-145 Gy [14] total irradiation dose). An early study
on stainless steel AISI 304 in the temperature range from 65 to 250°C in water of
different pH and dissolved oxygen content observed a thicker surface oxide and trans-
formation of released metals to insoluble corrosion products, but not an increased total
amount of released metals upon exposure to gamma irradiation with a total dose of
120,000-225,000 Gy [27]. An evident surface oxidation effect was also observed for a
Ni-Cr-Fe Inconel 600 alloy in water (pH 6-10.6) at 150°C, exposed to gamma-irradiation
with a total dose of 295,200 Gy [28]. The study reported increased release of metals upon
irradiation for solutions of the lower pH levels [28]. A study on stainless steel AISI 316L
at relatively harsh conditions (320°C, 3 weight parts per million Hz, neutral pH, a total
proton irradiation dose up to 1.04x10° Gy) revealed accelerated corrosion and depletion
of chromium from the surface oxide upon irradiation [29].

To the best of our knowledge, no studies exist that investigate metal release from
biomedical materials at conditions of relevance for radiotherapy. This is of interest, since
elevated levels, possibly toxic, of released metals upon radiotherapy could detrimentally
affect the clinical outcome of the cancer treatment and/or the implant biocompatibility.
This might furthermore be of particular interest in high risk groups for implant

complications [30-34] and/or for the rare cases of metal-induced sarcoma [35-37].

The aim of this study was to investigate the extent of metal release from the biomedical
materials stainless steel AISI 316L and cobalt-chromium-molybdenum alloy at simulated
physiological conditions induced by gamma irradiation with a total dose of relevance for

radiotherapy.
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3.2 Materials and Methods
3.2.1 Materials

Samples of a medical grade cobalt-chromium- molybdenum (CoCrMo) alloy with
nitrogen addition in disk shape of 22 mm in diameter and 2 mm in thickness (a total
surface area of 9.0 cm?) were supplied by lonbond, Switzerland, and produced by Aubert
& Duval, France, by means of vacuum induction melting followed by electroslag
remelting and warm working. The material conforms to the ASTM F1537 Alloy 1
standard. Coupons from sheets of AISI 316L stainless steel (cold-rolled), sized
approximately 1.5x1.5 cm? (with a total surface area of 4.6-4.8 cm?), were supplied by

Thyssen Krupp, Germany. Nominal bulk compositions are given in Table 3-1.

Table 3-1: Nominal Bulk Alloy Composition of AISI 316L and CoCrMo Alloy (wt.
%)

Co Cr Fe Mn Ni Mo C P Si S N W

CoCrMo Bal®. 27.9 0.22 0.59 011 5.9 0.074 <0.005 0.57 0.00018 0.18 <05
AISI316L N/A 16.6 Bal. 1.0 10.6 21 0.03 0.02 04 0.001 N/A N/A

3.2.2 Metal Release Exposure and Irradiation

All samples were ground by 1200 grit SiC, ultrasonically cleaned in acetone and
isopropyl alcohol for 5 min, dried with cold nitrogen gas, and aged (desiccator, room
temperature) for 24 h to enable a defined surface oxide. The samples were then entirely
immersed into the solution in acid-cleaned glass vessels. The solution volume was 20 or
30 mL to completely immerse the coupons or disks and enable solution sampling after
different exposure times (in the case of CoCrMo disks). The sample area to solution
volume ratio was approximately 0.3 cm?/mL and accounted for in the metal release
results presented in the unit of pg/cm?. In all cases, triplicate samples and one blank
sample (without metal samples) were exposed in parallel into phosphate buffered saline
(PBS), pH 7.3 £ 0.1, and also in PBS with bovine serum albumin (BSA), 10 g/L (A7906,
Sigma Aldrich), denoted PBS 1 BSA, pH 7.3 £ 0.1. PBS was composed of 8.77 g/L
NaCl, 1.28 g/L Na;HPOs, 1.36 g/L KH2PO4, adjusted with 50% NaOH, pH 7.2-7.4 (all at
analytical grade, from VWR or Sigma Aldrich, Sweden), and ultrapure water (18.2 MQ
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cm, Millipore, Solna, Sweden). The albumin concentration was lower than present in
human blood (about 40 g/L) [38], though higher than approximately 0.5-1 g/L that is
necessary to adsorb a monolayer of BSA on stainless steel and to significantly enhance
the metal release from 316L [39]. The 10 g/L BSA concentration was hence chosen as it
requires less sample preparation prior to trace metal analysis, as compared with higher
concentrations. All samples were irradiated (a Gammacell 1000 Elite, MDS Nordion) for
2 min and 13 s at a gamma irradiation rate of 0.124 Gy/s, resulting in a total irradiation
dose of 16.49 Gy. Four milliliter of the 20 mL (316L) or 30 mL (CoCrMo) solution was
directly sampled at 0 min (a few seconds) prior to irradiation and another 4 mL directly
after irradiation (denoted 2 min and 13 s, or 0.035 h). The exposure was thereafter
continued without irradiation for another 58 min (total exposure time of 1 h), after which
the metal coupon/disk was separated from the solution. Since no agitation or temperature
control was possible inside the gamma cell, all exposures were performed at room
temperature and without agitation. Parallel nonirradiated reference samples were treated
in the same way outside of the irradiation cell. This resulted in 12 independent CoCrMo
samples, 12 independent 316L samples and eight blank solution samples, all sampled at
three time points (resulting in 96 solution samples). After the 60 min exposure time, the
coupons/disks were rinsed with ultrapure water, dried with nitrogen gas, and stored in a
desiccator for post surface analysis. The solution was acidified to a pH < 2, and analyzed
with graphite furnace atomic absorption spectroscopy (GF- AAS) on iron (Fe), chromium
(Cr), and nickel (Ni) for the 316L samples, and on cobalt (Co), Cr, and molybdenum
(Mo) for the CoCrMo samples. All chemicals were of at least analytical grade, and all
equipment and vessels were acid- cleaned by 10% nitric acid for 24 h, and rinsed four

times with ultrapure water.

3.2.3 Trace Metal Analysis

Solution metal analysis was performed using AAS (AAnalyst 800 instrument, Perkin
Elmer), with graphite furnace mode. Calibration curves were based on at least four
calibration standards and quality control samples of known concentration were analyzed
regularly. The limits of detection, as determined by three times the highest standard

deviation of the blank samples, were approximately 1 pg/L for all elements. Some sample
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concentrations were lower than the corresponding blank concentrations, or lower than the
limit of detection denoted “<LOD.” In all cases, the released and non-precipitated amount
of measured metals in solution in the unit pg/cm? is based on the average concentration
of three independent replicate samples with the corresponding blank concentration
subtracted, multiplied by the initial exposure volume (e.g., 0.03, 0.026, and 0.022 L for
CoCrMo disks after 0 min, 2 min and 13 s, and 1 h), and divided by the exposed
coupon/disk surface area. The error bars in the figures show the standard deviation of

three independent samples.

3.2.4  Analysis of Albumin Size by Dynamic Light Scattering

In order to investigate whether albumin aggregates or changes its size upon irradiation or
due to released metal ions, independent duplicate solution samples of PBS + BSA were
prepared with or without the addition of 150 pg/L Co (from CoCl2) and 5 pg/L Cr (from
chromium(111) oxalate trihydrate), concentrations that approximately correspond to
observed metal concentrations released during 60 min from the CoCrMo disks. The
solutions were filtered by 0.2 pm polytetrafluoroethylene Acrodisc CR 25 mm syringe
filters prior to irradiation. Some filtered solution samples were irradiated (as described
previously), while others remained as references, that is, eight independent solution
samples in total. After treatment, all solution samples were investigated within 1-6 h by
means of two different dynamic light scattering techniques: Photon-cross-correlation-
spectroscopy (PCCS; Nanophox, Sympatec GmbH, Germany) with a 632.8 nm laser, and
nanoparticle tracking analysis (NTA) using a Nanosight NS300 instrument (Malvern,
Uppsala, Sweden) with a 405 nm laser. Both measurements were conducted at 25°C, with
the viscosity of water as input value. For PCCS, a control measurement of 23-nm latex
nanoparticles gave reliable results and measurement of ultrapure water revealed only

minor particle contamination.

For each sample in Eppendorf cuvettes (Eppendorf AG, Germany, UVette Routine pack,
LOT No. C153896Q), duplicate sequential readings were performed for 120 s each. A
nonnegative least squares algorithm was used by the instrument to determine the intensity
size distribution. All 16 correlation functions were found acceptable, except one (that

measurement was excluded), and all count rates were significantly (5-46 kcps) exceeding
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background values (ultrapure water, 0.5 kcps). For NTA, triplicate measurements with 60
s captures were performed. The intensity and particle concentration of all samples (6.9 +
2.1 particles/frame) were significantly exceeding the background value (ultrapure water),
for which 0.25 particles per frame were observed. The NTA 3.2 software was employed

to analyze the data.

3.2.5 Analysis of Surface Composition by Means of X-Ray
Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) was used for sur- face compositional analysis of
the CoCrMo disks and 316L coupons, and a nonexposed (ground, cleaned, and aged)
disk/coupon for comparison. Two different locations were analyzed on two independent
disks/coupons for each condition. Wide spectra and detailed spectra (20 eV pass energy)
on Co 2p, Cr 2p, Mo 3d, for CoCrMo disks, and on Fe 2p, Ni 2p, Mn 2p, and Cr 2p for
316L coupons, as well as O 1 s of each test item including carbon (C 1s) and N 1s were
run using a Kratos AXIS UltraDLD X-ray photoelectron spectrometer (Kratos
Analytical) with a monochromatic Al X-ray source (150 W) on areas approximately sized
700 x 300 pm?. The information depth is about 5-10 nm. Compositional findings of the
outermost surface oxide are in the following presented as the relative mass ratio of
oxidized metals only. For 2p metals (Co, Fe, Ni, Mn, and Cr), the 2p 3/2 peaks were
resolved into their metallic and oxidic peaks (Table 3-2). For Mo 3d, the distinct metallic
3d 5/2 peak (228.2 £ 0.2 eV) as well as the metallic 3d 3/2 (231.3 + 0.2 eV) peak were
subtracted from the 3d peaks in order to obtain the oxidic fraction. C1s at 285.0 eV
(denoted C1) was used as internal standard. For the disks/coupons exposed in PBS 1
BSA, also the atomic fraction of the nitrogen peak (399.5 £ 0.9 eV) to the sum of the
oxidized carbon peaks (denoted C2, at 286.7 £ 0.2 eV, and C3, at 288.5 + 0.3 eV) was
calculated.
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Table 3-2: X-Ray Photoelectron Spectroscopy (XPS) Binding Energies and

Assignments

Sample Binding Energy a (eV) Assignment References

Co 2psp 778.8+0.16 Co metal 51
782.3+2.3 Oxidized Co

Fe 2psp; 707.1+£0.13 Fe metal 51
712.3+1.2 Oxidized Fe

Cr 2pz» 574.6+0.16 Cr metal 51
577.7+0.8 cr(l

Mo 3d 228.2+0.2,231.3+0.2 Mo metal 52
232.6+0.3,235.8+0.1 MoO;

Ni 2pgp 853.0+0.14 Ni metal 51

Mn 2ps, 641.3 Oxidized Mn 51

N 1s 394.4+0.07 (if no BSA) metal nitride 53
399.5+0.9 Amine/amide species 54

Cls 285.0 C-C, C-H bonds 54
286.7+0.2 C-N, C-O bonds
288.5+0.3 C=C-0, O=C- bonds

O1s 530.7+0.3 Lattice oxide 51
531.8+0.3 Hydroxide, hydrated, or defective oxide
533.2+£0.3 Water, organic oxide

3.2.6 Statistics

To identify the significance of differences, a Student’s t test of unpaired data with
unequal variance (KaleidaGraph v. 4.0) was employed between two different data sets of
independent samples. In the case of different time points for the same disks/coupons, at
test of paired data was used. Differences are counted as significant when p < 0.05, with

higher significance for a smaller p values.

3.3 Results and Discussion

3.31 Metal release

For CoCrMo, the released and non-precipitated amount of Co and Cr in solution
increased 1.6-3-fold with exposure time (p < 0.05 for most cases comparing 0 and 1 h),
Figure 3-1(a). Statistical differences in solution concentrations of Co and Cr were
observed between nonirradiated and irradiated disks after the irradiation period (2 min
and 13 s), Figure 3-1(a), but not after 1 h of exposure. No significant difference was
observed between PBS without and with BSA.
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Differences could not be calculated for Mo, since the concentrations were below the
limits of detection after 0 and 0.03 h, however, the trends were similar as for Co and Cr.
In the case of 316L, one of the three coupons showed in several cases higher release
compared to the other two coupons. This resulted in large error bars and disabled any
statistical comparison. However, the time dependence (increased release with time) was
stronger as compared to CoCrMo, due to a very low release during the first seconds of
immersion (0 h), Figure 3-1(a, b). For Ni, significantly lower amounts of Ni in solution
were observed after 1 h of exposure for the irradiated coupons in PBS as compared to the
nonirradiated coupons, despite similar amounts after 2 min and 13 s for the same
coupons, Figure 3-1(b). After 1 h of exposure, released amounts in PBS 1 BSA were 3—
32-fold larger as compared to PBS, however, these differences were not statistically
significant. Co was the main released element quantified in solution for the CoCrMo
disks and Fe the dominant element released from 316L, even when normalized to their
corresponding bulk content in Table 3-1. Cr was the least released element quantified in
solution for 316L, and Mo the least released element for CoCrMo, Figure 3-1. Cr was
detected to a smaller extent for AISI 316L as compared to CoCrMo, Figure 3-1.
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Figure 3-1: Released and nonprecipitated amounts of Co, Cr, and Mo in solution
(ag—aqueous) from the CoCrMo alloy (a), and of Fe, Cr, and Ni from the 316L
alloy (b) after 0 (few seconds), 0.035 (2 min 13 s), and 1 h of exposure at room
temperature with or without irradiation (during the time period 0-0.035 h) in PBS
(pH 7.3) or PBS and 10 g/L BSA (pH 7.3). Statistical differences: * p < 0.05, ** p <
0.01, *** p < 0.001. non, nonirradiated; irr, irradiated; <LOD, below limit of

detection.

3.3.2 Surface Characterization

XPS revealed a surface oxide composition of oxidized cobalt (Co 2p3/2 line at 782.3 =
2.3 eV), chromium (at 577.7 £ 0.8 eV, corresponding to trivalent chromium), and
molybdenum (with two main peaks at 232.6 + 0.3 and 235.8 + 0.1 eV corresponding to
MoO:3) for CoCrMo, and of oxidized iron (712.3 £ 1.2 eV), chromium (at 577.3 £ 0.8 eV,
corresponding to trivalent chromium), and manganese (641.3 eV, only for the abraded
reference coupon) for 316L, Table 3-2. The binding energy positions were independent of
irradiation or exposure to PBS. The ratio of Co, Cr, and Mo in the surface oxide of the

abraded reference disk corresponded nearly to the bulk composition, Figure 3-2(a). Upon
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immersion in all solutions for one hour, the surface oxide became enriched in Cr. This
enrichment (coupled with a Co depletion) is expected from earlier studies [40]. A small,
but statistically significant Cr enrichment and Co depletion was also observed for disks
exposed to PBS + BSA (nonirradiated) as compared to PBS (both nonirradiated and
irradiated), Figure 3-2(a). This is also in agreement with previous observations [40]. Mo
was statistically significant enriched in PBS 1 BSA as compared to PBS (for irradiated
disks), Figure 3-2(a). No difference in the ratio of metal peaks to oxidized metal peaks
(0.4 by mass) was observed between the differently exposed CoCrMo disks. The ratio
was though higher as compared to the abraded reference disks (0.3 by mass), which
indicates a thinner oxide after exposure. Due to individual differences among the
coupons, no statistical differences between the reference coupon and the exposed
coupons, the irradiation conditions, or the solutions, were observed for 316L, Figure 3-
2(a). However, calculated ratios of metal peaks to oxidized peaks indicated a statistically
significant (p < 0.05) thicker oxide for 316L coupons exposed to PBS as compared to the
abraded reference coupons (0.24 and 0.29 by mass as compared to 0.35 of the reference),
while the oxide of coupons exposed to PBS 1 BSA seemed to be thinner (though not
statistically different, 0.43 and 0.47 by mass). Small, but statistically significant (p <
0.05), differences were also observed for the irradiated coupons as compared to
nonirradiated 316L coupons in both PBS and PBS + BSA. This indicates in both cases a

thinner oxide in the case of irradiation.
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Figure 3-2: Relative oxidized metal content (wt. %) in the surface oxide of the
CoCrMo (a) and 316L (b) alloys, as determined by XPS. Statistically significant
differences are indicated (* p < 0.05, ** p < 0.01, *** p <0.001). Non-irr.,

nonirradiated; irr., irradiated.

The measured atomic ratio of N/(C2 + C3) was slightly lower compared with the
theoretical ratio of 0.48 of BSA [41] (0.41 + 0.1 in nonirradiated and in irradiated PBS +
BSA for rinsed CoCrMo disks, and 0.35 + 0.04 in nonirradiated and in irradiated PBS +
BSA for rinsed 316L coupons).

3.3.3 Effects of Gamma Irradiation on Size of Albumin

PCCS and NTA measurements were conducted of filtered (0.2 pm) irradiated and
nonirradiated PBS + BSA solutions in order to investigate whether the applied gamma
irradiation induced albumin aggregation, which could influence the measured amount of
released metals in solution or the metal release process. Since previous studies [40; 42]
showed the ability of released metal ions in solution to cause albumin aggregation, the
same conditions were investigated for albumin solutions containing 150 pg/L Co and 5
Mg/L Cr. These concentrations are similar to their corresponding released levels in
solution after 1 h for the CoCrMo alloy. Figure 3-3 shows the hydrodynamic size
distribution of albumin, measured by PCCS (a) and NTA (b). As seen in the figure, no
significant difference in albumin size was observed either upon irradiation or in the

absence or presence of these trace metal concentrations. A slight change in size, visible
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by an additional peak at 13 nm, was detected by both PCCS and NTA measurements for
irradiated samples as compared to nonirradiated solution samples. However, this
difference was not statistically significant. Albumin self-aggregates at all sizes below the
cut-off value of the membrane filter (200 nm), Figure 3-3(b), but is mostly present as a

monomer (theoretical triangular structure of 8 x 8 x 3 nm?) [43] Figure 3-3(a).
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Figure 3-3: Hydrodynamic size distributions of BSA by intensity (by means of
PCCS, a) and by number (by means of NTA, b) of 0.2 um filtered irradiated and
nonirradiated PBS + BSA solutions, and with and without trace amounts of metal
ions. non-irr., nonirradiated; irr., irradiated; w ions, with 150 pg/L Co and 5 pg/L
Cr.

3.4 Discussion

Radiotherapy for cancer treatments is usually given at daily fractions up to 2 Gy, 3-5
times per week, with a total irradiation dose of 10-145 Gy [14]. For high-risk patients,
radiotherapy at a total dose of 10-20 Gy may also be given to prevent heterotopic bone
formation, a complication for hip arthroplasty [44], which treats the condition equally
effective pre- and postoperatively [45]. The total irradiation dose used in this study is
hence highly relevant for such treatments, however, the dose rate is higher as compared

to what is used in radiotherapy.

Irradiation-induced radicals can be both reductive and oxidative [25; 26], and can

therefore theoretically both result in reductive or oxidative dissolution of the surface
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oxides and oxidative dissolution (corrosion) of the metal beneath the (damaged) surface
oxide [46]. Despite the relatively low total irradiation dose, we observed that the
radiation slightly influenced the extent of metal release from CoCrMo (increased directly
after irradiation) and in the case of AISI 316L, both the extent of metal release (decreased
Ni after 1 h) and oxide thickness (reduced upon irradiation). This can be interpreted as an
effect of oxidation of the alloy surface caused by the gamma irradiation that may result in
surface passivation (stabilization of surface oxide). Passivation means in this context a
further stabilization of the barrier properties of the surface oxide even though the surface
oxides of CoCrMo and 316L also were passive prior to irradiation, as indicated by
generally very low amounts of released metals. This passivation effect is in agreement
with an early study on AISI 304 where significantly higher irradiation doses and
temperatures were investigated [27]. Passivation is known to initially cause a higher
release of the least stable elements of the surface oxide, Fe in the case of AISI 316L and
Co in the case of CoCrMo [40], while it decreases the overall amount of metal release
after improved passivation [46-48]. Both joint prostheses and dental prostheses are
partially exposed to friction, which may result in a partial or complete destruction of the
surface oxide, similarly to the abrasion procedure in this study applied 24 h prior to the
irradiation exposure. It can hence be assumed that the surface of implant parts exposed to
friction would face a new passivation each time when irradiated, with an initially
increased amount of metal release, while surfaces of implant parts that are not exposed to
friction and therefore maintain their passive surface oxides would not experience any
increased metal release upon irradiation treatments. Irradiation-induced metal release and
passivation of implant parts that are exposed to friction requires further investigations
both directly after abrasion/friction and after long-term immersion, or their combination.
Furthermore, implants that have a damaged surface oxide or on-going corrosion [1; 2].
for example, due to misalignment, galvanic corrosion (due to different metallic implant
materials in contact), or an on-going infection or inflammation, might be at risk to release
elevated amounts of metals upon irradiation treatments. This might be particularly
important for patients with on-going or known hypersensitivity reactions to metals, and

requires further investigations.
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That albumin was able to increase the extent of metal release from AISI 316L and change
the surface oxide composition (however, not statistically significant in this study), while
no such effect was observed for CoCrMo, is in agreement with previous studies [39; 40;
46; 49]. It has been speculated whether the lack of increased metal release from CoCrMo
in the presence of albumin is related to a different protein-surface interaction, as
compared to AISI 316L, or due to an increased metal-induced protein aggregation that
may result in an underestimation of the amount of released metals in solution from
CoCrMo [40; 42]. However, for the low concentrations of released metals in this study
and the short time period of exposure to gamma irradiation, no protein aggregation effect
was discerned. This observation further suggests that the lower effect of irradiation on the
metal release in albumin-containing solution as compared to PBS without albumin for

AISI 316L most probably was not due to albumin aggregation.

The metal release rate from CoCrMo was highest during the first few seconds of
immersion. A similar trend has for instance been shown for AISI 316L powder in
physiological solutions [50]. However, released amounts of metals after a few seconds
from the 316L coupons of this study were not measurable. Decreased metal release rates
with time furthermore show the importance of a rapidly passivating surface oxide that
adjusts to the new environment and results in lower extent of released metals. However, it
could also mean that repeated destruction of the surface oxide (e.g., by friction due to
joint movements or chewing) would result in relatively high amounts of released metals

during the first seconds following the friction event.

Further studies should therefore investigate repeated friction in combination with
fractionated irradiation treatments at conditions of relevance for radiotherapy (<2 Gy per

occasion).

3.5 Conclusions

The amount of released metals from biomedical stainless steel AISI 316L and CoCrMo in
physiologically relevant fluids (PBS with and without 10 g/L BSA at pH 7.3) was
investigated as a function of gamma irradiation with a total dose of relevance for

radiotherapy. The following main conclusions were drawn:
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1. Generally, the effect of irradiation (total dose of 16.5 Gy) was small, but
detectable in some cases. It is therefore expected to be only clinically relevant in cases

where other factors such as friction and corrosion, possibly synergistically, exist.

2. Irradiated CoCrMo disks released higher amounts of metals directly after
irradiation (during the first 2 min and 13 s) as compared to nonirradiated CoCrMo disks.
No differences in released metals were observed during the concomitant nonirradiated
exposure up to 60 min for the same disks. This was most probably related to an
irradiation-accelerated surface passivation effect.

3. No significant differences in metal release among the different investigated
conditions were observed for 316L due to individual differences among replicate
coupons, except that nickel release was lower after 1 h of exposure in irradiated coupons
in PBS as compared to nonirradiated coupons (despite similar or higher levels directly
after irradiation, 2 min and 13 s, of the same coupons). This indicates an irradiation-

accelerated surface passivation effect.

4. The presence of albumin in solution resulted in a reduced surface oxide thickness
for 316L, coupled to nonsignificant increased amounts of released metals and a
nonsignificant enrichment of chromium in the surface oxide. No such effects were
observed for CoCrMo except for a slight enrichment of chromium in the surface oxide in

the presence of albumin.

S, Most metals were released into solution from CoCrMo during the first seconds of

immersion, independent of whether they were exposed to radiation or not.

6. No albumin aggregation in solution was observed at the conditions of this study

either in the presence or absence of metal ions or irradiation.
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Chapter 4

4  Metal Release from a Biomedical CoCrMo Alloy in
Mixed Protein Solutions under Sliding Conditions: Effect
of Protein Aggregation and Metal Precipitation

4.1 Introduction

Biomedical materials made of cobalt-chromium (28 wt.%)-molybdenum (6 wt.%)
(CoCrMo) alloys are commonly used in artificial prostheses and dental implants for
surfaces that are exposed to friction and load [1; 2]. CoCrMo alloys possess both a high
corrosion resistance and excellent wear resistance [2] making them relatively high-
resistant to tribocorrosion processes, which involve both mechanical, electrochemical,

and in some cases other chemical processes, often in a synergistic way [2-5].

The release of Co'' and Cr''"ions and complexes, or wear nanoparticles, from CoCrMo
surfaces into protein-rich physiological environments can result in protein binding [6-9],
protein aggregation [10; 11], and adverse health effects [12] such as allergic reactions

[13] and neurodegenerative diseases [14-16].

The interface between CoCrMo and softer materials such as ultra-high molecular-weight
polyethylene (UHMWPE), the common interface in so-called metal-on-polymer (MOP)
hip joint prostheses, is challenging to understand in the presence of proteins, as these can
induce lubricating effects [17; 18], aggregate due to metal release [10], and induce
dominating chemical release mechanisms that are difficult to investigate [4; 19].

A physiological environment consists not only of one type of protein. The presence of
several types of proteins can influence the adsorption, surface protein exchange rate, and
hence lubricating properties and chemically induced release mechanisms. The Vroman
effect describes the substitution of surface-adsorbed proteins by proteins with a higher
surface affinity, which are often larger in size [20]. This exchange can be very rapid
(seconds to minutes) [21]. The metal released from stainless steels of grades AISI 316L
and 303 was found to be influenced by the Vroman effect [22]. A corresponding study on
CoCrMo alloy has not been published yet.
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Under shear conditions, protein aggregates can also be formed mechanically [23; 24].
Further, it has been shown that released molybdate ions from CoCrMo alloys can change
the structure of the adsorbed protein film by cross-linking proteins, forming a gel-like
structure [25; 26].

This study aimed at investigating the effect of different proteins (albumin and fibrinogen)

on metal release from CoCrMo in static and sliding conditions.

4.2 Materials and Methods
42.1 Materials

Specimens used in metal release studies were biomedical grade cobalt-chromium (28
wt.%)-molybdenum (6 wt.%) (CoCrMo) alloy disks of 22 mm in diameter and 2 mm in
thickness (a total surface are of 9.0 cm?), supplied by lonbond, Switzerland, and certified
by Aubert & Duval, France. They were produced by means of vacuum induction melting
followed by electroslag remelting and warm working. The materials conformed to ASTM
F1537 Alloy 1. For specimens used in the wear test, the CoCrMo disks were 21.9 mm in
diameter and 5 mm in thickness (ASTM F1537-11), supplied by the same supplier and of

similar manufacturing and composition.

4.2.2 Metal Release Investigations in Static Condition (Without
Friction)
Prior to metal release tests, all disks were grinded by 1200 grit SiC paper with water, and
ultrasonically cleaned in acetone and isopropyl alcohol for 7 min, subsequently. After
that, the cleaned disks were dried with nitrogen gas at room temperature and stored in a
desiccator at room temperature for 24 hours to form a well-defined passive film on the
surface prior to exposure. During exposure, the ratio of the specimen surface area to
solution volume was approximately 1 cm?/mL (0.9 cm? surface area in 9 mL solution)
and exactly measured for each specimen. Exposure was conducted in closed and acid-
cleaned polyethylene vessels and the specimens were completely immersed in the
solution. For all tested conditions (solutions and time points), one blank sample without

any specimen and triplicate samples (with individual specimens exposed in similar
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conditions) were exposed. Phosphate buffered saline (PBS), adjusted with 50% ultrapure
NaOH to pH 7.3+0.1, containing 8.77 g/L NaCl, 1.28 g/L Na;HPOQO4, and 1.36 g/L
KH2POs (all analytical grade), PBS with 2.67 or 10 g/L fibrinogen from bovine plasma
(Fbn, Sigma Aldrich F8630, Sweden) and/or 40 g/L bovine serum albumin (BSA, Sigma
Aldrich A7906, Sweden) were prepared in ultrapure water (resistivity of 18.2 MQcm,
Millipore, Sweden). All exposures were conducted in a Stuart platform-rocker incubator
at 37+0.5 °C in dark conditions and agitated bi-linearly at 12° inclination and 22
cycles/min. Independent CoCrMo disks were exposed in five different single solutions
for 4 and 24 h, compiled in Table 4-1. Sequential tests, in which half of the solution was
exchanged after 5 h, are further schematically illustrated in Fig. 4-1. The two subsequent
solutions are specified in Table 4-2 and the solution sampling was conducted after 1, 4, 6,
and 24 h for each exposure vessel. After exposure, CoCrMo disks were separated from
solutions, rinsed by ultrapure water, and dried by nitrogen gas. They were then stored in a
desiccator (<10% relative humidity) before examination by means of light optical
microscopy (LOM), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS).

Table 4-1: Single solution exposures and durations (without friction).

Media Duration
PBS, pH 7.2-7.4 4h,24h
PBS+Fbn (10g/L), pH 7.2-7.4 4h,24h
PBS+BSA (10g/L), pH 7.2-7.4 4h,24h
PBS+Fbn (10g/L)+BSA (10g/L), pH 7.2-7.4 4h,24h
PBS+Fbn (2.67g/L)+BSA (40g/L), pH 7.2-7.4 4h,24h

The solution samples were acidified to a pH<2 with 65% ultrapure HNO3 and stored
frozen at -25 °C. All vessels were acid-cleaned in 10 % HNOs for at least 24 h, washed 4

times by ultrapure water, and dried in ambient conditions.
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Table 4-2: Sequential solution exposures (all sampled after 1, 4, 6, 24 h). The

volumes shown are for tests without friction (static conditions). They were 45 mL

(first solution) and 20 mL (second solution) in the case of the tests with friction

(sliding conditions).

First solution (10 mL)

Second solution (5 mL)

PBS, pH 7.2-7.4

PBS+BSA (40 g/L), pH 7.2-7.4

PBS, pH 7.2-7.4

PBS+BSA (40 g/L), pH 7.2-7.4

PBS+Fibrinogen (2.67 g/L), pH 7.2-7.4 PBS+Fibrinogen (2.67 g/L), pH 7.2-7.4

PBS+BSA (40 g/L), pH 7.2-7.4

PBS+Fibrinogen (5.34 g/L), pH 7.2-7.4

1200 grit SiC
Wet grinding

Ultrasonic cleaning
- Acetone7 min
- Isopropyl 7 min

L—J*/ N

7
Desiccator
storage, 24 h

u

Agitate bi-linearlyat 12 °, 22 cycle/min, 37 °C, dark
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Figure 4-1: Illustration of the non-sequential test procedure, and the sequential test

procedure, for metal release testing in static conditions (without friction).

Conditions: 37 °C, bilinear agitation (22 cycles/minute, 12°), darkness.
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4.2.3 Metal Release Investigations under Sliding Conditions

Tests of CoCrMo disks under friction (sliding conditions) were performed in the form of
a multidirectional test against a flat ultra-high molecular weight polyethylene
(UHMWPE) pin (GUR® 1020) of 1.905 cm length and 0.9525+0.005 cm diameter,
illustrated in Fig. 4-2. The applied load was set to 150 N, the frequency to 2 Hz and the
stroke length to 7 mm on each sample. The contact pressure was 2.1 MPa, which is
comparable to the 9 MPa in a CoCrMo-UHMWPE hip joint [27] and 150-fold higher
than the contact pressure, for which an increase in friction coefficient was detected in the
presence of metal-induced protein aggregates [28]. The test was run for 172,800 cycles
(24 h). The CoCrMo disks were exposed to the sequential solutions specified in Table 4-
2, with a total volume of 45 mL (first solution) and 20 mL (second solution). The
specimens were completely immersed throughout the test. Four parallel measurements
were conducted on a blank sample (without CoCrMo disk) and triplicate samples in a
heated stainless steel holder and plastic container (PMMA) at 37+3 °C. This procedure
was conducted four times for all four sequential solution in the same order as in Table 4-2
(starting with PBS). Prior to the first measurement and in between each measurement, the
sample holders were cleaned with a liquid ultrasonic cleaning detergent for 10 minutes in
an ultrasonic bath, then rinsed in deionized water three times for 3 minutes in an
ultrasonic bath, then soaked in 95% methyl alcohol for 5 minutes and finally dried with
nitrogen gas. The friction coefficient was monitored throughout the exposure, and
solution samples were taken after 1, 4, 6, and 24 h (10 mL). The solution samples were
further centrifuged using an Eppendorf centrifuge 5702 (3,000 relative centrifugal force
for 10 min) and separated into supernatant (5 mL, denoted “top” in the following) and the
remaining solution (5 mL, denoted “bottom” in the following). All solution samples were
acidified to a pH<2 with 65% ultrapure HNO3 and stored frozen at -25 °C.
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Figure 4-2: Schematic illustration of the pin movement on the CoCrMo disk set-up

for testing under sliding conditions.

4.2.4  Digestion

Prior to trace metal analysis, the solution samples were digested to avoid the formation of
hydrogels in the protein-rich solution samples and a potential loss of analyte. After
unfreezing, 2 mL of single solution samples (Table 4-1) or 2.5 mL of sequential solution
samples (Table 4-2) and the top or bottom solution samples of the tests in sliding
conditions were diluted with ultrapure water and at least 0.5 mL 30% ultrapure hydrogen
peroxide to a total volume of approximately 10 mL. The samples were then digested
using an UV digester (Metrohm 705 UV digester) at a temperature between 90 and 95 °C
for several hours until the solutions were transparent and odorless. The final volume was
recorded, and the dilution factor (DF) for each solution sample was calculated based on
the recorded volume divided by the initial volume of the added sample solution. The
measured concentration of each solution sample was then multiplied by the individual

sample DF and further treated as described in the next section.
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4.2.5  Atomic Absorption Spectroscopy (AAS)

The amounts of Co, Cr and Mo in the solution samples were analyzed by means of
graphite furnace atomic absorption spectroscopy, GF-AAS (Perkin Elmer AA800
analyst). Quality control samples of known concentrations were analyzed every fifth
sample (after four regular solution samples). The calibration was based on one blank
sample (1% ultrapure HNO3) and at least three Co, Cr, or Mo containing standards
covering the sample concentration range. If the sample concentrations were higher than
the calibration range, the samples were diluted and reanalyzed. Triplicate readings were
performed for each solution sample. The limits of detection (based on three times the
highest standard deviation of the blank values) were 1.7 pug/L Co, 1.2 pug/L Cr, and 0.9
Hg/L Mo. The blank values were negligible (close to or below limits of detection) in the
case of the tests in static conditions.

For metal release estimations from the tests in static conditions, the released metal
amount per exposed specimen surface area (pg/cm?) was determined by averaging the
concentrations of the triplicate samples, subtracting the blank sample concentrations from
that, multiplying the value with the solution volume, and dividing the value by the
specimen surface area. The solution volume was 10 mL for the single solution
measurements (Table 4-1), and 10 mL for 1 h, 7.5 mL for 4 h, 10 mL for 6 h, and 7.5 mL
for 24 h time points in the sequential tests (Table 4-2).

For the tests in sliding conditions, a significant amount of Co, Cr, and Mo was detected in
the blank sample solutions due to the stainless steel holders in the test-setup, further
described and discussed in the result and discussion sections. Therefore, these solutions
were treated as samples and are denoted control in the following. The released amount of
Co, Cr and Mo was calculated by multiplying the concentration value with the solution
volume, and dividing the value by the surface area. The surface area was estimated to
50.98 cm? for the control samples (based on the stainless steel sample holder surface area
in contact with the solution) and equally to 50.98 cm? for the CoCrMo disk specimens in
the wear test (considering the contribution from the sample holder). The solution volume
in the wear tests was 45 mL, 35 mL, 45 mL, and 35 mL, for 1, 4, 6, and 24 h time points,

respectively.
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4.2.6  X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS, Ultra DLD spectrometer, Kratos Analytical,
Manchester, UK) was used to analyze the surface composition of the CoCrMo disks after
exposure in static conditions (selected specimens). All measurements were performed on
two separate surface areas of each disk, sized approximately 300x700 um by using a
monochromatic Al K, X-ray source (150W). The information depth was equal to, or less
than, 10 nm. The measurements were based on the CoCrMo disks, which were exposed
in static conditions to the four sequential solutions (Table 4-2) and on one non-exposed
(only grinded, cleaned, and air-exposed) CoCrMo disk for reference. The pass energy
used for detailed spectra was 20 eV, generated for Co 2p, Cr 2p, O 1s, N 1s, C 1s and Mo
3d. The C 1s binding energy at 285.0 eV was used as binding energy reference.

4.2.7 Statistical Calculations

In order to identify the statistical significance of any differences among conditions, a
student’s t-test of unpaired data with unequal variance was used in the software
KaleidaGraph 4.0 for independent samples. The student’s t-test of paired data was used
for dependent samples (same CoCrMo disk but different time points). A p-value below
0.05 was considered as a statistically significant difference.

4.3 Results and Discussion

4.3.1 Non-Sequential Release of Metals in Static Conditions

The total amount of Co, Cr and Mo in solution samples after contact with the CoCrMo
disks for 4 h and 24 h in PBS, PBS+10 g/L Fbn, PBS+10 g/L BSA, PBS+10 g/L BSA+10
g/L Fbn and PBS+40 g/L BSA+2.67 g/L Fbn are presented in Fig. 4-3. The released and
non-precipitated amounts of Co, Cr and Mo increased in all cases with time, except for
PBS+40 g/L BSA+2.67 g/L Fbn (not significant p=0.37). Although the reduction in
concentration of Co between the 4 h and 24 h in the solution PBS+40 g/L BSA+2.67 g/L
Fbn was not statistically significant, there was a descending tendency. This may be
caused by metal-protein complexation and concomitant agglomeration [6; 29], which can

result in precipitation of metals from solution. Compared with PBS, there was no
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statistically significant change for the released amounts of Co in the presence of albumin
or fibrinogen after 4 and 24 h. According to previous results [30; 31], BSA would
accelerate the corrosion of CoCrMo alloy in PBS solution. However, there was no
detected increase in metal release in static conditions in this study. On the contrary, there
was a significant decrease of released amount of Mo in the presence of albumin after 4 h.
This phenomenon may be caused by precipitation of metals from solution. Clark and

Williams [32] investigated the effects of proteins on metal corrosion.
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Figure 4-3: Released and non-precipitated amounts (ng/cm?) of Co, Cr and Mo in
solution from CoCrMo disks exposed to PBS, PBS+BSA (10g/L), PBS+Fbn (10g/L),
PBS+Fbn (10g/L)+BSA(10g/L) or PBS+Fbn (2.67g/L)+BSA (40g/L) at pH 7.2-7.4
after 4 h and 24 h at 37 °C. Significant differences are indicated by asterisks: *
p<0.05, **p<0.01; n=3.

They showed that both BSA and Fbn could accelerate the dissolution of Co and Cr from

pure cobalt and chromium metal powders compared with saline alone, while the opposite
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(inhibited dissolution) was the case for Mo powder, which dissolved at a significantly
higher rate than the Co and Cr powder. As discussed further below, this different
influence of proteins on Co, Cr, and Mo release (and precipitation) might be explained by
the fact that Cr and Co are binding to proteins, while Mo (which is released as negatively
charged molybdate ion) is most probably not binding to proteins. In static conditions, the
measured amounts of metals in solution were relatively similar in all these different
solutions. These findings are different compared with findings for the sequential solutions
(next section), but similar to previous findings in similar exposure conditions [33].

4.3.2 Sequential Release of Metals in Static Conditions

The released and non-precipitated amounts of Co, Cr and Mo in four sequential solutions
are shown in Fig. 4-4. The released amount of Co (Fig. 4-4a), Cr (Fig. 4-4b) and Mo (Fig.
4-4c) in the first sequential solution, which was PBS followed by PBS (“PBS, PBS”),
was slightly higher than the other three protein-containing solutions.
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Figure 4-4: Released and non-precipitated amounts of Co (a), Cr (b) and Mo (c) in
solution from disks of a CoCrMo alloy exposed to four sequential solutions (pH 7.2-
7.4); PBS followed by PBS (PBS, PBS), PBS+ 40 g/L BSA followed by PBS+40 g/L
BSA (BSA, BSA), PBS+2.67 g/L Fbn followed by PBS+2.67 g/L Fbn (Fbn, Fbn), and
PBS+ 40 g/L BSA followed by 2.67 g/L Fbn (BSA, Fbn); exposed at 37 °C and
sampled after 1, 4, 6 and 24 h. The second solution was added after 5 h. The error

bars show the standard deviation of independent triplicate disks.

The released amount of Co, Cr and Mo was almost similar in the three protein-containing
sequential solutions (“BSA, BSA”, “Fbn, Fbn” and “BSA, Fbn”). The concentration of
Co in solution increased with time only in the “PBS, PBS” sequence, but not for the
protein-containing solutions, Fig. 4-4a. This phenomenon could either indicate that there
is a protective (hindering) effect of the proteins or that released metals are preferentially
bound to proteins that precipitate from solution or cover the surface of the CoCrMo disk.
This effect is also most probably influenced by the experimental set-up (Fig. 4-1), since
all solution samples were pipetted from the top of the tubes, as in a previous study on
stainless steel [22]. Protein aggregates were obviously visible on the CoCrMo surfaces,

which have been immersed in the Fbn-containing solutions, Fig. 4-5.

10um

Figure 4-5: Representative LOM (left) and SEM (right) micrographs of a CoCrMo
disk, which was exposed to PBS with Fbn (10 g/L) for 24 h in static conditions.



83

The composition of these aggregates was confirmed as protein-originating (nitrogen,
carbon, oxygen, and solution components, no main alloying elements) by energy

dispersive X-ray spectroscopy, Table 4-3.

Table 4-3: EDS results of CoCrMo disks exposed to PBS with 10 g/L Fbn for 24 h,

with a spot focus on the protein aggregates.

C (Wt.%) N (Wt%) O (Wt%) Na(wt%) P(wt%) CI(wt.%)

CoCrMo 32 6.2 5.6 27 L.5 29

4.3.3  Surface Characterization after Sequential Exposure in Static
Conditions
The investigated outermost surface of CoCrMo revealed oxidized (deriving from oxides,
hydroxides or oxyhydroxides) metal peaks in addition to common peaks deriving from
adventitious carbon (contamination from the air). The relative metal composition (based
on the mass of oxidized metals) of the outermost (<10 nm) surface (hydr)oxide of
CoCrMo disks after grinding (1200 grit SiC paper) and after exposure to the four
sequential solutions for 24 h in static conditions is shown in Fig. 4-6, with binding

energies and assignments shown in Table 4-4.
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Figure 4-6: Relative metal content in the outermost surface oxide of the CoCrMo
alloy being abraded (as non-exposed reference) and exposed to four sequential
solutions (pH 7.2-7.4); PBS followed by PBS (PBS, PBS), PBS+ 40 g/L BSA followed
by PBS+40 g/L BSA (BSA, BSA), PBS+2.67 g/L Fbn followed by PBS+2.67 g/L Fbn
(Fbn, Fbn), and PBS+ 40 g/L BSA followed by 2.67 g/L Fbn (BSA, Fbn); exposed at
37 °C for 24 h; studies by means of X-ray photoelectron spectroscopy; statistically

significant differences are indicated by asterisks: * p<0.05, **p<0.01; n=2.
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Table 4-4: Observed binding energies and assignments of Co, Cr, Mo, N, C and O of

the outermost surface of CoCrMo disks based on X-ray photoelectron spectroscopy
(XPS) measurements [34; 35].

Sample Binding energy? (eV) Assignment
Co 2p3r 778.8+0.16 Co metal
782.3£2.3 Oxidized Co
Cr 2pap 574.6+0.16 Cr metal
577.7+0.8 cr()
Mo 3d 228.2+0.2, 231.3+0.2 Mo metal
232.6+0.3, 235.8+0.1 MoOs3
N 1s 394.4+0.07(only detected if Metal nitride
no BSA present)
399.5+0.9 Amine/amide species
C1s 285.0 C-C, C-H bonds
286.7+0.2 C-N, C-O bonds
288.5+0.3 C=C-0O, O=C-N bonds
O1s 530.7+0.3 Lattice oxide
531.8+0.3 Hydroxide, hydrated, or
defective oxide
533.2+0.3 Water, organic oxide

4all binding energies normalized to C 1s at 285.0 eV
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The surface (hydr)oxide was composed of oxidized cobalt (Co 2p3/2 at 782.3 £ 2.3 eV),
Cr (Cr2p3/2 at 577.7 £ 0.8 eV corresponding to Crlll) and Mo (Mo 3d at 232.6 + 0.3 and
235.8 £ 0.1 eV corresponding to MoO3). All exposed CoCrMo surfaces showed an
enrichment of Cr, a reduced amount of Co, and an increased amount of Mo in the surface
(hydr)oxide. Compared with the non-exposed CoCrMo reference, there was an
enrichment of Cr (p<0.05) in the surface (hydr)oxide exposed to “PBS, PBS”. It is in
agreement with previous findings [33; 36] that the (hydr)oxide film is mainly composed
of Cr,03 and that Mo and Co oxides contribute less. There was no significant difference
among the specimens exposed in the four different sequential solutions. Note that
phosphorus wasn’t investigated in this study, but is likely to be incorporated as phosphate
in the surface (hydr)oxide after exposure to PBS [37].

4.3.4  Sequential Release of Metal under Sliding Conditions

Fig. 4-7 shows released and non-precipitated amounts of Co (Fig. 4-7a), Cr (Fig. 4-7b)
and Mo (Fig. 4-7¢) under sliding conditions compared with control samples, for which
the released metals derive from the specimen holders and not the specimens. Fig. 4-7

further compares sliding conditions with static conditions (“non-slide”) after 24 h.
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Figure 4-7: Released and non-precipitated amounts of Co (a), Cr (b) and Mo (b) in
solution from disks of CoCrMo alloy exposed to four solutions under sliding (slide)
and non-sliding (non-slide) conditions (pH 7.2-7.4); PBS followed by PBS (PBS,
PBS), PBS+40 g/L BSA followed by PBS+40 g/L BSA (BSA, BSA), PBS+2.67 g/L
Fbn followed by PBS+2.67 g/L. Fbn (Fbn, Fbn), and PBS+ 40 g/L BSA followed by
2.67 g/L Fbn (BSA, Fbn); exposed at 37 °C and sampled after 24 h. The control
denotes the background control in the test-setup under sliding conditions (Fig. 4-2).
The error bars show the standard deviation of independent triplicate disks.

Significant differences are indicated by asterisks: * p<0.05, **p<0.01; n=3.

The specimen holders, which were made of stainless steel (confirmed by energy
dispersive X-ray spectroscopy), released all three metals to some extent. This points
towards contamination from previous runs (involving both CoCrMo materials and
phosphate-containing solutions) and an insufficient cleaning procedure. The cleaning
procedure was a detergent and organic solvent-based method using ultrasound and
several rinsing steps. The cleaning procedure was designed to remove proteins but to
keep the surface oxide, possibly including metal contaminants, of stainless steel intact.

The released and non-precipitated amounts of metals in PBS solutions under sliding
conditions were significantly lower (p<0.05) than under static conditions, and even lower
than the control sample (with the only contribution deriving from the specimen holder).
This phenomenon may be caused by the locally increased surface pH outside the sliding
surfaces, and consequently corrosion product deposition [38]. The reduced release of Co
was also statistically significant in the “Fbn, Fbn” sequence under sliding as compared to
static conditions, Fig.4-7a. These phenomena were probably caused by the formation and
removal of metal-protein aggregates and wear particles from the contact area, as
supported by an earlier found rapid decrease in friction coefficient due to removal of
protein aggregates from the contact area in a similar test rig [28]. We speculate that the
precipitation processes could have been accelerated under sliding conditions (either due
to the increase of pH outside of the wear track or due to increased protein aggregation, or
both). This is supported by the observation that the control included higher amounts of

aqueous cobalt as compared to the solution in contact with the CoCrMo specimen under
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sliding conditions in the “PBS, PBS” solution. In the BSA-containing solutions, the
released amount of Cr was greater than control samples and samples exposed under static
conditions, Fig.4-7b. This agrees with a previous study [39], which showed that
tribocorrosion and fretting corrosion could induce the formation of particles, which
contain more chromium. Also, these Cr and phosphate-enriched particles were mainly
found in the synovial fluid [39]. The released amount of Cr in the mixed protein
containing solutions, as compared to single protein solutions, was statistically significant
higher, further discussed in the section ‘Vroman effect’. The released amount of Mo in
the BSA-containing solutions was higher than in static conditions and for control
samples, Fig.4-7c. This observation is likely explained by an increased metal release in
the BSA-containing solutions and reduced binding of molybdate ions to precipitating
proteins as compared to Crlll and Coll ions. It is clear that Crlll and Coll ions bind
strongly (irreversibly) to albumin [6-9], however molybdate ions have also been found to
bind to albumin under certain conditions, but only at certain potential values and in a
reversible manner [25; 26]. A previous study investigating the release of Co, Cr, and Mo
from CoCrMo in PBS and PBS+36 g/L BSA at no applied potential in static and sliding
conditions, after shorter time periods than investigated in this study, revealed a significant
increase for all three metals in both PBS and PBS+36g/L BSA under sliding as compared

to static conditions, and in the presence of BSA as compared to PBS alone [31].

The coefficient of friction during the 24 h exposures under sliding conditions is shown in
Fig. 4-8.
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Figure 4-8: Changes in coefficient of friction under sliding conditions. A, B, C
denotes different replicate measurements. Only one data set available for “BSA,
BSA”.

The coefficient of friction of the “Fbn, Fbn” sequence was clearly larger than for the
other sequential exposures. The coefficient of friction of “PBS, PBS” was the smallest
among the solutions. According to previous findings [40], the surface roughness is
expected to decrease with the adsorption of BSA and Fbn, and the roughness after
adsorption of Fbn should be lower than after adsorption of BSA. Similarly, a rougher
surface for stainless steel was observed in PBS as compared to a whey protein solution in
a previous study under sliding conditions [41]. The surface roughness is not expected to
be the most important factor for the true contact area, but the softness of the surface is
important, as the hardness of the softer surface is indirectly proportional to the true
surface area [42]. It is expected that the protein layers might be softer than the UHMWPE
counter surface and that Fbn forms a thicker layer as compared to BSA (c.f. Fig. 4-5),
which hence increases the contact area and the coefficient of friction. The effect of BSA
remains unclear from the friction measurements, since only one data set of the friction
coefficient was available for the sequence “BSA, BSA”. The sequence “BSA, Fbn” was
resulting in significantly lower coefficients of friction as compared to “Fbn, Fbn” and it is
unclear whether this is caused by a thinner adsorbed layer in the mixed solution [24] or
another reason. Previous studies also highlighted the ability of protein layers to entrap

wear particles [43; 44], which could increase the overall wear.
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4.3.5 Influence of Metal Precipitation

In order to investigate the effect of metal precipitation for measurements under the
sliding conditions, the mass ratios of Co, Cr, and Mo between the bottom and top part of
collected solution samples after centrifugation was evaluated, Fig. 4-9. If this ratio is 1,
no precipitation is expected, as the metals would be present as ions or soluble species. In
most cases, however, the mass ratios were above one, which means that the metals were
enriched in the bottom of the centrifuge tube. This was more pronounced for protein-
containing solutions than for PBS alone in the case of Co and Cr. Crlll is expected to
bind more efficiently to proteins as compared to Coll and molybdate [10; 45], and this is
clearly indicated by the mass ratios, Fig. 4-9. Cr is initially more preferentially found in
the heavier bottom part of the centrifuge tubes as compared to Co — especially for
protein-containing solutions, Figs. 4-9a and 4-9b. In contrast, Mo is initially found more
preferentially in the top part of the centrifuge tubes (ratio is lower than 1), which
indicates repulsion from protein aggregates or wear particles, Fig 4-9c. This could be due
to similar charge of molybdate ions, wear particles, and proteins. After longer exposure
time, however, Mo is found more preferentially in the bottom part of the centrifuge tubes
in the case of the protein-containing solutions.
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Figure 4-9: The mass ratios of Co (a), Cr (b) and Mo (c) between the bottom and top
part of collected solution samples (under sliding conditions) after centrifugation.
The Mo values that are equal to zero mean that the bottom fraction was non-
detectable. The bottom part of the centrifuge tube contains heavier constituents
(wear particles, protein aggregates), if present, compared to the top part of the

centrifuge tube.

It was clearly indicated that the experimental conditions induced metal precipitation,
which explains why the released amounts of metals were lower under sliding conditions
as compared to static conditions and control samples. It can hence be concluded from our
experimental data that PBS and protein-containing solutions pose a risk to
underestimating the release of especially Co and Cr from CoCrMo under sliding and
static conditions.

4.3.6 Vroman effect

A previous study on stainless steel 316L in a similar test setup in static conditions
revealed significantly increased metal release in solutions containing first BSA and then
Fbn, as compared to single protein solutions [22]. In this study on CoCrMo, we did not
find an increase. Although this effect could have been overshadowed by the strong metal
precipitation in this study, we did also not detect any difference in surface oxide
composition by means of XPS. However, in sliding conditions, there was an increase of
released Cr in the mixed protein solution as compared to single protein solutions. From
this study alone, no conclusion can be drawn on the VVroman effect.

4.3.7  Significance, Limitation, and Future directions

This work showed the influence of protein aggregation on accurate interpretations of
metal release studies. The true released amount of metals can be underestimated due to
protein aggregation and precipitation of protein aggregates and solidified metal species,

especially when exploring the metal release in protein-containing solutions.

The main limitation of this study was the experimental setup for the tests under sliding

condition. There was a significant released amount of metals in the control solution
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samples, which was caused by contamination from the stainless steel holders. Future
studies should focus on combining different surface analytical, electrochemical, and
solution analytical methods to investigate and compare physical (wear), electrochemical
and other chemical degradation processes simultaneously. Also, protein aggregation and

precipitation processes should be quantified and accounted for.

4.4 Conclusions

This study aimed at investigating the effect of different proteins (albumin and fibrinogen)
on metal release from CoCrMo in static and sliding conditions. The following main

conclusions were drawn:

1. PBS and proteins could induce significant precipitation of metals and protein
aggregates, which resulted in strong underestimation of released metals, especially under

sliding conditions and for released Co and Cr. This effect was minor for released Mo.

2. The released amounts of metals increased with time under static conditions,
except for solutions containing high protein concentrations (due to increased

precipitation).

3. Cr was strongly enriched in the surface oxide of CoCrMo in all solutions, and this

was accompanied by metal release dominated by Co.

4. Protein aggregates were found to precipitate on the surface of CoCrMo under

static conditions.

5. Compared with static conditions, the amount of measurable (non-precipitated)
released metals under sliding conditions was lower in PBS and Fbn, but higher in BSA-

containing solutions.

6. The friction coefficient was clearly greater in the solution containing only

fibrinogen as compared to PBS.
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Chapter 5

S5 Invitro corrosion and biocompatibility behavior of
CoCrMo alloy manufactured by laser powder bed fusion
parallel and perpendicular to the build direction

5.1 Introduction

The demand for high-performance orthopedic biomaterials has grown dramatically in the
last decades, driven by the rise in the geriatric population, rising bone diseases, and
improving living standards [1]. Ceramic and metallic biomaterials exhibit strength,
toughness, modulus, and fracture and fatigue resistance [2]. Still, some challenges of
orthopedic and dental biomaterials are improving the bio-functionality and reducing the
relatively high manufacturing costs [3]. Additive manufacturing (AM) has recently
become a key technology to overcome these challenges. Also, due to its greater
customizability, speed, and accuracy, additive manufacturing attracted increasing

attention for industrial manufacturing of metallic implants [4; 5].

Among different metallic biomaterials, cobalt-chromium-molybdenum (CoCrMo) alloys
offer unique mechanical properties and low wear and corrosion rates [6]. These implant
materials are conventionally produced by casting and forging processes. In recent years,
AM technologies, including Laser Powder Bed Fusion (LPBF), have made significant
progress in manufacturing hip, knee, and spinal implant applications [7-9]. The
fabrication of customized implants by AM technology can address some key challenges,
such as the design of implants that are a mismatch between the joint prosthesis and bone,
non-physiological load bearing, and unsatisfactory osteointegration [10]. However,
components manufactured by LPBF are characterized by non-equilibrium physical,
metallurgical and chemical properties. The formation of porosity, high residual stresses
and defects are some of the main challenges associated with LPBF CoCrMo [11]. The
corrosion behavior is another critical issue since the release of Co and Cr ions and the
formation of corrosion products cause adverse health effects [12; 13]. Also, it has been
reported that metal ion release associated with wear and corrosion [14; 15] plays a vital
role in the biocompatibility of CoCrMo alloys [8].
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Various investigations focused on the corrosion aspects of CoCrMo alloys fabricated by
AM methods. Hedberg et al. [16] investigated the corrosion behavior of LPBF CoCrMo
compared with its cast counterpart and reported superior behavior of the LPBF alloy. A
study on laser metal-deposited CoCrMo indicated that the formation of fine grains and a
low extent of Mo segregation could improve corrosion resistance [17]. Also, the content
and distribution of precipitates have been reported to influence the corrosion resistance of
LPBF CoCrMoW alloy [18]. In another study on the corrosion of LPBF CoCrMo, it was
stated that the plane parallel to the build direction (XZ plane) released more metal ions
than those in the XY plane [19].

In addition to the AM microstructure aspects, the surface roughness of the AM metallic
specimens is a decisive factor influencing their corrosion properties and biocompatibility
[20; 21]. This study aimed to investigate the corrosion resistance, bioactivity,
biocompatibility, and microstructure of LPBF CoCrMo (low carbon content) in the XY
and XZ plane of the building direction for as-printed and abraded surfaces. To simulate a
physiological environment, citric acid was added to phosphate-buffered saline (PBS) at
pH 7.4. It has previously been shown that citric acid species are strongly metal
complexing agents at neutral pH [22; 23] and induce similar metal release and corrosion
as protein environments [24; 25]. For reference, PBS without citric acid and citric acid

without a buffer are also included in this study.

52 Materials and methods

5.2.1  Sample fabrication and characterization

The alloy in this study was fabricated from an inert gas-atomized powder (chemical
composition in Table 5-1) and purchased from Renishaw, UK, with a mean particle size
of approximately 15-45 um. Rectangular alloy specimens (15 mm x 15 mm x 2 mm)
were fabricated by the LPBF method using optimized industrial parameters for fully
dense specimens and a Renishaw AM400 Selective Laser Melting System (ADEISS,
London, Canada). Two types of specimens were fabricated; one placed parallel and the
other perpendicular to the building direction, denoted as XZ and XY, respectively. The

processing parameters are listed in Table 5-2 and one layer was rotated 67° to the
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previous layer. After fabrication, these specimens were heat treated with a particular
route as follows: 1) the specimens were gradually heated to 450 °C for 60 min, 2) then
kept at this temperature for 45 min, 3) then reheated to 750 °C for 45 min, 4), then kept at
this temperature for 60 min, and 5) furnace cooled to room temperature. After the heat
treatment, the surfaces were sandblasted using a dental sandblasting mixture (with 63-125
pm zirconia with 28-33 wt.% silica and less than 10 wt.% alumina), ultrasonically
cleaned in isopropyl alcohol and deionized water, and dried in a convection oven. This
surface finish is denoted ‘as-received’. Half of the specimens were further abraded using
P1200 SiC paper with deionized water as a lubricant, followed by ultrasonic cleaning in

acetone and ethanol (5 min each) and drying using nitrogen gas, denoted ‘abraded’.

Table 5-1: As per supplier information, chemical composition of CoCrMo (F75)

alloy powder.

Flement | Cr Mo | Mn | Si N Fe Ni C w Co

wt.% 28.0 | 6.10 | 0.77 | 0.57 | 0.22 | 0.20 | 0.05 | 0.02 | 0.02 | Bal.

Table 5-2: LPBF setup and parameters.

Power | Spot size | Scan speed | Layer thickness | Scan spacing

200W | 70 um 2 m/s 40 pm 70 pm

5.2.2  Microstructure and surface roughness characterization

Before microstructural analyses, all specimens were polished with 0.25 um diamond
paste and then electropolished for 20 s at 4 V using a 1:9 (by volume) solution of HCI
and H20. Optical microscopy (OM, Nikon EpipHot 300) and scanning electron
microscopy (SEM, Philips XL 30) techniques were utilized for characterization. Phase
identification was also conducted using X-ray diffraction (XRD, Phillips, Netherlands)
equipped with a CuKa radiation source (A = 0.154 nm, 40 kV, 40 mA) scanning from 20
to 80° (20). The roughness value (R.) of different specimens was determined using a
Stylus profilometer (Mitutoyo SJ210). In addition, surface topography mapping and
roughness measurements were performed using a ZEISS LSM 800 confocal microscope
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manufactured by Carl Zeiss Microscopy GmbH. The surface roughness and surface area
were calculated using version 7.4.8341 of Mountains ConfoMap software. The
calculations were performed by the standard ISO 25178-2:2012.

5.2.3  X-ray photoelectron spectroscopy (XPS)

XPS can probe the outermost (7-10 nm) surface of the specimens and was used to
characterize the surface composition of unexposed as-received XY, as-received XZ,
abraded XY and abraded XZ specimens. The XPS analyses were carried out with a
Kratos AXIS Supra X-ray photoelectron spectrometer using a monochromatic Al K,
source (15 mA, 15 kV). XPS has detection limits ranging from 0.1 - 0.5 atomic percent
depending on the element. The instrument work function was calibrated to give a binding
energy (BE) of 83.96 eV for the Au 47/2 line for metallic gold. The spectrometer
dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic
copper. The Kratos charge neutralizer system was used on all specimens. All specimens
were mounted electrically isolated from the instrument sample holder for these analyses.
For all measurements, survey scan analyses were carried out with an analysis area of 300
x 700 um and a pass energy of 160 eV, and high-resolution analyses were carried out
with an analysis area of 300 x 700 um and a pass energy of 20 eV. High-resolution C 1s,
O 1s, Si 2p (selected samples), Co 2p, Cr 2p, and Mo 3d were run. All high-resolution
spectra were charge-corrected using adventitious carbon (C 1s, 284.8 eV). Peak

convolution was conducted according to previously published protocols [26-28].

5.2.4 Corrosion studies

The corrosion behavior of the printed specimens was assessed using electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization in three solutions of
phosphate-buffered saline (PBS, 8.77 g/L NaCl, 1.28 g/L NaoHPO4, 1.36 g/L KH2POg,
350 pL/L 50% NaOH, pH 7.2-7.4,), citric acid (CA, 5 g/L citric acid, pH=2.40), and CA
+ PBS (pH = 7. 40) solutions. The choice of citrate-containing PBS was based on its
similarity to many biological environments, including protein environments, due to its

complexation capacity [22-25]. Citrate has been used as a simplified model molecule for
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many physiological solutions [29-32]. PBS without CA and CA without a buffer served

as reference solutions.

These evaluations were conducted in a three-electrode system, with a Ag/AgCl (saturated
KCI) reference electrode, platinum counter electrode sheet and CoCrMo specimens as
working electrodes, all coupled to an AMETEK potentiostat/galvanostat (PARSTAT
2273). Before each test, the specimens were immersed for 45 min, and the open circuit
potential (OCP) was measured to reach a steady state condition. EIS tests were conducted
at OCP with an alternating current (AC) amplitude of 10 mVrms and a frequency range
of 100,000 to 0.01 Hz. The potentiodynamic polarization tests were conducted from —250
to 1500 mV vs. open circuit potential with a scanning rate of 1 mV/s. Selected corrosion

parameters (icorr, Pa, Pc and Ecorr) Were obtained based on the Tafel extrapolation method.

5.2.5 Bioactivity studies

To investigate hydroxyapatite formation on the surface (in the following referred to as
“bioactivity”) of the printed specimens and the effect of grinding (with P1200 SiC paper),
the specimens were immersed in 20 mL simulated body fluid (SBF) and incubated at 37
°C for 7, 14 and 28 days (no shaking) in an incubator (Memmert GmbH, Germany) to
prevent being exposed to the light. After immersion, the specimens were removed from
the SBF, rinsed with distilled water, and dried in an oven. The surface morphology and
composition (information depth of micrometers) were studied using scanning electron
microscopy (SEM; SE detector; Philips X130) and energy dispersive X-ray spectroscopy
(EDX). The composition of SBF is depicted in Table 5-3.
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Table 5-3: Composition of the simulated body fluid (SBF), with pH 7.4, adjusted
with 1 M HCI; adapted from [33].

Reagent Composition (g/L)
NaCl 8.035
NaHCOs3 0.355
KCI 0.225

K2HPO4-3H,0 0.231
MgCl-6H,0  0.311
CaCly 0.292
NazSO4 0.072

5.2.6 Cell culture

Osteoblast-like MG63 cells (Pasteur Institute of Iran, Iran) were aseptically cultured in
DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (Sigma-Aldrich Co; USA) at 37 °C in a
humidified 5% CO: incubator in the dark. The media was exchanged 2-3 times per week,
and the cells were sub-cultured at 80% confluency. Rectangular 5x5 mm? scaffolds were
sterilized in 70% ethanol for 1 h, followed by UV irradiation of both sides for 1 h. The
sterilized scaffolds were submerged in the cell culture medium overnight, and then the
media inside the wells were aspirated, and the cells were seeded on top of the scaffolds.
The cells were used at passage 5—7 and seeded at a 5x10° cell/scaffold density before
adding 500 pL of cell culture medium to each well. To enhance the seeding efficiency,
the cells were added in a minimal volume of media (i.e., 10 pL). Then 500 pL of
culturing media was added after 10 min to enable sufficient adherence of the cells to the
scaffold. The scaffolds were kept at 37 °C in a humidified 5% CO- condition, and the

media was changed every second day until the end of the experiment on day 7.

5.2.7  Cell adhesion and morphological characterization

The morphology of adhered cells on the specimens was visualized by SEM. After 7 days,
the cells on the specimens were washed with PBS, then fixed with 4% (w/v) PFA
(paraformaldehyde) in PBS for 30 min at 37 °C. After three times washing with PBS, the
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cell-seeded surfaces were dehydrated before SEM imaging by successive immersions in
30%, 50%, 70%, 90%, and 100% ethanol solutions for 30 min at each concentration.
They were then submerged in 100% hexamethyldisilazane (Sigma-Aldrich Co; USA) for
another 30 min at room temperature and finally imaged by SEM after complete drying in

air.

5.2.8 Cell viability

The relative (to negative control) viability of cells seeded on the specimens was studied
by the MTT assay. MTT stands for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (Sigma-Aldrich Co; USA). MTT solution (0.5 mg/ml in DMEM and
penicillin/streptomycin without FBS) was prepared fresh and filtered (0.2 um cellulose
membrane Syringe Filter) at each time point (i.e., day 1, 3 & 7). After these time points,
the culture medium (DMEM) in the wells was completely replaced with 300 uyL MTT
solution. The cells were incubated at 37 °C under a 5% CO> atmosphere for 4 h. Then, the
MTT solutions were aspirated, and 300 pL dimethyl sulfoxide (DMSO, Sigma-Aldrich
Co; USA) was added to each well, and the plate was placed on a shaker for 10 min to
dissolve formazan crystals completely. The solutions in the wells were transferred to a
96-well plate, and the absorbance was measured using a microplate reader at 630 nm. The
viability assay was run with three replications for each specimen and the negative control.
The viability is presented as a percentage of the negative control, where 100% or higher
corresponds to no cytotoxicity (all cells at least as viable as in the negative control), and
0% corresponds to maximal cytotoxicity (all cells dead). The optical density
corresponding to cell adsorption (OD) was read for wells containing the specimens and
compared to the control wells without the specimens, as in Eq. (5-1), to reveal the cell
viability in %.

OD(specimen)—0D(blank)
OD(control)—0D(blank)

Cell Viability % = x (100) Eq. (5-1)

In this equation, OD(specimen) corresponds to the cell adsorption of the metallic
specimen, OD(blank) corresponds to the DMSO solution (background), and OD(control)
corresponds to the cell adsorption rate of the cell-seeded and plasma-pre-treated well

without metallic specimens.
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5.2.9  Statistical analysis

When comparing two sets of data from independent specimens for different conditions, a
student’s t-test with unequal variance for unpaired data was used (KaleidaGraph v. 4.0). P
values <0.05 (less than 5% probability that the two data sets are equal) are counted as

statistically significant differences.

5.3 Results and discussion

5.3.1 Microstructure and surface roughness

Fig. 5-1 (a-c) depicts the surface morphology of the fabricated specimens after the
electro-etching treatment to obtain metallographic information. A heterogeneous
microstructure with tracked and scaled segments is revealed for specimens prepared from
transverse (XY-plane) and longitudinal (XZ-plane) directions, respectively [34]. A
network of overlapping melt pools was observed in the XY plane. In contrast, half-
cylinder melt pools were observed for the XZ plane, agreeing with literature findings for
powder bed fusion processes and fusion welding procedures [35]. Because of loose/solid
powder around the melt pool, competitive growth occurs for LPBF, yielding various
growth directions. The observed ripple solidification could be due to the sequential
solidification of teardrop melt pools during the LPBF process. Vertical columnar grains
in the XZ plane could be caused by heterogeneous nucleation, as previous layers act as

nucleation sites for subsequent layers [35].

As the formation of defects and porosity is detrimental to the functional performance of
the LPBF materials, optical images were also recorded without etching and presented in
Fig. 5-1 (d-f). ImageJ software recorded 2% and 3% porosity values for the XZ and XY
planes. As-received XY and XZ specimens show distinctly different surface
morphologies and roughness, as depicted in Fig. 5-1 (g-h), with a rougher appearance for
XY. Fine columnar and cellular microstructures are visible on the surfaces of

abraded/etched specimens (Fig. 5-1, i-j).

Different void types were observed for the abraded XY and XZ planes using optical
microscopy, Figure S1 (supplementary information). For the XY plane, only gas
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porosities (round) were observed; however, both gas porosities and lack of fusion defects
were observed for the XZ plane. The morphology of the voids can be influenced by
various factors, including energy density, heat flow and solidification of the melt pool
during the LPBF process [36]. Lack of fusion defects are formed due to inadequate
penetration of the molten pool of a layer into the previously printed layers. Hence, they

are only seen for the XZ plane with a high density of melt pool boundaries (Fig. 5-1b).

XRD spectra of abraded XY and XZ specimens are presented in Fig. 5-1 (k), showing
face-centered cubic (FCC) y phase as the main phase in the printed specimens, while
hexagonal close-packed (HCP) ¢ phase peaks could also be found [17; 34; 35]. No other
phase was identified (instrumental detection limit ~5 vol.%). The € phase derives from
martensitic transformation (y—¢) during subsequent heating processes (subsequent
layers) [16; 37]. Furthermore, heat treatment can alter the phase composition of CoCrMo
alloy. Specifically, the heat treatment of the specimens at 750 °C for 1 hour increased the

transformation to martensite [38].

Figure 5-1 (I) depicts the surface roughness values of the abraded and as-received XY
and XZ surfaces, with a higher surface roughness (Ra = 5.3 + 0.6 um) for the as-received
XY compared to the as-received XZ (2.6 £ 0.3 um). A similar trend was seen for the
maximum profile peak height (R;), being 20% higher for XY compared to XZ (59£3.5
compared with 47+2.7 um). For abraded specimens, there was no significant difference.
The higher surface roughness of the as-received XY than XZ was also confirmed by
confocal microscopy, Fig. S2. For a geometrical area of 2.25 cm?, confocal microscopy
found an actual surface area of 2.79 and 2.39 cm? for as-received XY and XZ,
respectively. The higher roughness of as-received XY (top plane, a single layer of melted
and solidified powders) could be attributed to defects of material filling or the localized
lack of fusion. It has been claimed that the spatter ejection of molten material from the

pool could facilitate the formation of cavities and a coarser surface [20].

In all, the microstructural investigation confirms a dense LPBF printing and distinct

microstructures for XY and XZ planes. As-received XY was coarser than XZ.
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Figure 5-1: Optical micrographs of different planes of the CoCrMo specimens: (a,d)
top (XY plane), (b,e) mid (XZ plane), (c,f) bottom (XZ plane) areas (inset: merged
sides in 3D). SEM micrographs of the printed CoCrMo specimens at (g) low
magnification view of as-received XY, (h) low magnification view of as-received XZ,
(i) high magnification view of the abraded and etched XY, (j) low magnification
view of abraded and etched XZ. (k) XRD patterns of the abraded XY and XZ
specimens. () Surface texture parameters of the printed CoCrMo in the as-received
and abraded conditions. The error bars show the standard deviation of triplicate

measurements. Ra (arithmetical mean deviation of the assessed profile), Rp
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(maximum peak height), Rq (root mean square average of the profile), Ry

(maximum valley depth) and Rz (maximum height of the profile).

5.3.2 Surface characterization

XPS was used to determine the surface (7-10 nm) composition and the speciation of Co,
Cr, and Mo, Fig. 5-2. Carbon, oxygen, and silicon were the three most abundant elements
on the surface. Carbon originates mainly from adventitious carbon, which is well-known
[39]. The C 1s high-resolution spectrum further confirms the absence of carbides and the
dominance of C-C and C-H bonds, Figs. S3-S6. The high-resolution peak of O 1s
revealed the dominance of a peak at 532.4+0.1 eV, which can be assigned to oxygen
originating from organic substances or SiO>. Because of the concomitant presence of
silicon, we also analyzed the Si 2p high-resolution for two of the specimens (as-received
and abraded XY). Based on the peak positions (Si 2p3/2 102.15-102.18 eV), Fig. S7, the
most probable origin is silicone [28], a common contaminant. Within the detection depth
(7-10 nm), metallic peaks of Co, Cr, and Mo were detected in all cases (Figs. 2b and S3-
S6), suggesting a rather thin (a few nanometers) surface oxide. Co, Cr, and Mo oxide
species were relatively similar for all specimens: Co(OH)2, Cr203, Cr(OH)s, and Mo
oxide in the valence states of IV, V, and V1. There appears to have been a consistent
growth of oxidized molybdenum after the polishing procedure, which is expected for

neutral water exposure [40].
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Figure 5-2: Surface composition estimated from the XPS wide spectra (a) and
relative surface composition and speciation of the elements Co, Cr, and Mo (b) of as-
received (AR) and abraded (Abr.) CoCrMo surfaces in XY and XZ planes.

Corresponding spectra are shown in Figs. S3-S7 (supplementary information).

5.3.3 Corrosion

5.3.3.1 Open circuit potential and cyclic polarization

The OCP shifted towards more positive potentials for all specimens and solutions during
2,800 seconds of immersion. There was no statistically significant difference between the
different surface conditions (abraded, as-received, XY, XZ) within one solution. There
were significant (P<0.05) differences between the three solutions in all cases, except for
abraded XY in CA compared with PBS-CA. PBS solution (pH 7.4) resulted in the most
negative OCP (-0.27+0.04 VAg/AgCI) after 2,800 s of immersion, with PBS+CA (pH
7.4) showing a more positive OCP (-0.052+0.012 V), and the most acidic solution having
the most positive OCP (0.17+0.038 V). This positive shift with time indicates a
passivating behavior (gradual improvement of the passive film on the surface) [34] upon
immersion in a physiologically relevant solution. This has been reported previously for
biomedical CoCrMo alloys [41; 42].
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Similar to the OCP, the Ecorr vValue (the corrosion potential, which is the potential at
which the net current is zero during the polarization) was not significantly different
among the different specimens but showed a significant difference between CA (pH 2.4)
and PBS (pH 7.4), as well as between CA and PBS+CA (pH 7.4), due to the pH
difference (potentials in aqueous systems shift with pH), Table 5-4 and Fig. 5-3. In PBS
(Fig. 5-3b, Table 5-4), however, the Ecorr Seemed to be different among the specimens
(Abr. XY < Abr. XZ < AR XZ < AR XY), with a difference of at most 460 mV but this
was not statistically significant (P>0.05). The corrosion current density (icorr), Which is
the current density determined from the intersection of the anodic and cathodic branch
(linear extrapolation), was not different among the solutions and not different between
the specimens in CA (pH 2.4) and PBS+CA (pH 7.4). However, in PBS (pH 7.4), there
was a statistically significant (P<0.05) difference in corrosion current density between as-
received XY (0.075£0.008 pA/cm2) and as-received XZ (0.015+0.003 pA/cm3), as well
as between as-received XY and abraded XY (0.017£0.012 pA/cm3). This difference
cannot be explained by the difference in actual surface area (at most 25% difference,
section 3.1). Likewise, for the passive current density (here defined as the current density
where the anodic branch becomes horizontal [43]), only the difference between as-
received XY (0.74+0.37 pA/cm2) and as-received XZ (0.07+0.04 pA/cm?) in PBS (pH
7.4) was statistically significant. Hence, there seems to be a larger influence of the plane
(XY vs. XZ) for as-received surfaces, and abrasion seems to result in lower corrosion
currents and a larger passive region, Fig. 5-3 and Table 5-4. This finding agrees with

previous work on the corrosion of LPBF 316L [4].

There were no indications of localized corrosion (lower potential during reverse scan than
during forward scan, Fig. 5-3), which agrees with previous work [44]. The rapid increase
in current density at high potentials can hence be attributed to water oxidation and maybe
transpassive dissolution but not localized corrosion [45-47]. This conclusion was further

confirmed by inspection by optical microscopy after the polarization.

While there was no significant difference among solutions for the corrosion and passive
corrosion density, the transpassive region (current increase at high potentials) occurred

clearly at lower potentials in PBS+CA compared to PBS (both at pH 7.4). This is
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supported by the work conducted on LPBF 316L in PBS and PBS + citric acid [29] and
may be attributed to the formation of metal-citrate species, which can increase dissolution
in some cases [4, 40]. Also, there was a clear oxidation shoulder peak around 0.7 V in
both solutions, which is assumed to be the formation of a phosphate-chromium complex
[32].

For other alloys, porosity has been discussed as an important factor for the pitting
corrosion susceptibility or repassivation ability [21]. In this study, the specimens were
fabricated with the highest possible density (low porosity) and exhibited a very high
pitting corrosion resistance under all conditions. As observed in this study and previous
studies [48], small pores do not detrimentally affect the pitting resistance of CoCrMo

alloys.

In all, the CoCrMo specimens were passive and not undergoing localized corrosion.
There was an effect of the building direction for as-received specimens (highest corrosion
for as-received XY) and an effect of the solution (highest currents in PBS+CA) at high
potentials.
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Figure 5-3: Representative cyclic polarization curves (forward and reverse scans)
for as-received (AR) and abraded (Abr.) CoCrMo specimens in XY and XZ plane in
citric acid (pH=2.4) (a), PBS (pH 7.4) (b), and PBS + citric acid (pH =7. 4) (c)

solutions at room temperature.
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Table 5-4: Cathodic and anodic Tafel constants (fa and Bc), corrosion current
densities (icorr), passive current densities (ipass) and corrosion potentials (Ecorr) based
on potentiodynamic polarization of the LPBF CoCrMo specimens after 1 h
immersion in citric acid (CA) (pH=2.4), PBS (pH 7.4), and CA + PBS (pH = 7. 4)

solutions at room temperature.

Systems  Materials Tafel parameters

Ba Bc Icorr ipass Ecorr

(mV) (mV) (MA/cm?)  (UA/cm?)  (MVagiager)

As-received
XY

95+74 16916 0.3+0.2 0.8+0.4 135+30

Abraded XY  22+20 230+139 0.004+0.002 0.02+0.01  -19+40

CA
As-received
Xz 290+201 190496 0.1+0.02 0.2+0.04 140+31
Abraded XZ 377 151+19 0.001+0.0004 0.02+0.01 59+37
As-received
9614 137+38 0.07+0.01 0.7+0.4 23+49
XY
Abraded XY 7149 171417 0.02+0.01 0.3+0.4 -432+197
PBS
As-received
X7 61+7 191+46  0.02+0.003 0.07+0.04  -219+17
Abraded XZ 64+19 180+3 0.01+0.003 0.1+0.1 -411+117
As-received
100+1 136+1 0.05+0.05 0.4+0.4 -84+33
CA+PBS XY

Abraded XY  71+32 57+22  0.002+0.002 0.01+0.01 -138+46
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As-received
XZ

61+40 91+21 0.04+0.05 0.2+0.2 -89+112

Abraded XZ  49+17  109+59 0.004+0.005 0.03+0.04 -216+114

5.3.3.2 Electrochemical impedance spectroscopy

Figure 5-4 shows Nyquist (a-c) and Bode plots (d-e) based on EIS after 1 h immersion at
OCP. The Nyquist plots are all semicircular arcs indicating a typical passive state with
high impedance values with capacitive behavior. The semicircle diameter in these curves
equals the charge transfer resistance, which is related to corrosion resistance. The Bode
plots show three distinctive regions. The absolute impedance is independent of frequency
in the high frequencies (the phase angle is around 0°). In these frequencies, the
impedance corresponds to the resistance of the electrolyte between working and reference
electrodes. A purely capacitive response is obtained in the low to medium frequency
levels. In these frequencies, the absolute impedance exhibits a linear relationship with the
frequency (a slope approaching -1). In the low-frequency range, the absolute impedance
is independent of the frequency.

The electrolyte resistance was higher in CA (pH 2.4) than in the PBS-containing
electrolytes, Fig. 5-4 and Table 5-5. In the medium and low-frequency segments, the
Bode plots represent the charge transport characteristics across the double layer and the
passive oxide film, respectively. Here, the maximum phase angle values are between 70
and 90° within a wide range of frequencies (0.1 to 100 Hz). Higher values mean more

stable passive oxide films and a higher corrosion resistance [49].

The simplified Randles equivalent electrical circuit (EEC) was used to fit the EIS results
(Fig. 5-4), similar to other studies on the corrosion behavior of CoCrMo alloy in
simulated physiological solutions [49-51]. The goodness of fitting (y?) values were below
10-3. Table 5-5 shows the resulting fitting parameters. Rs denotes the solution resistance,

Rp is the native oxide film resistance, CPE is the constant phase element, Ces is the



116

effective capacitance, and n is the phase constant exponent. A CPE was used due to the
non-ideal capacitance of the capacitive elements because of different physical
phenomena, such as surface heterogeneity originating from surface roughness, pores,
impurities and grain boundaries [52; 53]. The impedance of the CPE is defined as
Zcre=[Yo(jw") ] where, Y, is the frequency-independent constant, j is the imaginary unit
j>=—1), o is the angular frequency, and n (0 <n < 1) is the phase constant exponent
representing surface irregularities. Depending on n, CPE can be related to a pure resistor
(n=0, Yo=R), a pure capacitor (n=1, Y,=C), or the Warburg impedance (n=0.5, Y,=W).

The Cest values were determined as follows [54]:

Ceff = QY x Ry (" Eq. (5-2)

The effective capacitance can be linked to the film thickness as follows [55]:

Cetf=exgoxAld Eq. (5-3)

where ¢ is the relative dielectric constant (eo is the permittivity in vacuum), A is the

surface area, and d denotes the film thickness.

The EIS data revealed that the solution, the roughness (as-received versus abraded), and
the build direction influenced the barrier characteristics of the passive layers formed on
the surfaces. According to the fitted data presented in Table 5-5, R, was significantly
(P<0.05) lower in PBS compared with CA and CA+PBS (only for XY) for the abraded
specimens and lower in CA+PBS compared with CA for the abraded XZ specimen. This
behavior can be attributed to the adsorption of citrate ions on the oxide layer and their
complexation with metal ions in the oxide, which accelerates passivation (chromium
enrichment due to preferential dissolution of cobalt) [32; 56]. The superior passivity
characteristics of the samples in this work agree with the results reported for LPBF 316L
stainless steel in a citrate buffer and PBS solutions [29].

The Cesr was higher for the as-received compared with the abraded specimens for both
XY and XZ planes, statistically significant in both PBS (for both XY and XZ) and
CA+PBS (for XZ). A similar trend was seen for CPE (statistically significant in CA and
CA+PBS). Further, the Cefr was higher (P<0.05) for as-received XZ samples in CA+PBS
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than in PBS. Based on Eqg. 5-3, an increase in the Cesf means a decrease in the thickness
of the passive layer or the dielectric constant of the passive layer [57]. Hence, it seems
that the passive film formation was accelerated for abraded CoCrMo surfaces and, in
some cases (as-received XZ), in the presence of citrate species. A similar trend was found
for R for as-received XZ in the solutions containing CA (higher R, for abraded than as-

received surfaces).

Hence, the barrier characteristics of the passive layer formed on the as-received surfaces
(for both XY and XZ samples) were inferior to the abraded samples, and the difference in
the actual surface area cannot explain this. An inferior barrier could be attributed to the
higher porosity and surface defects, such as lack of fusion and non-melted metal

powders, or other factors, such as the sandblasting procedure [21; 58].

In line with the cyclic polarization data, the corrosion resistance, estimated from EIS, was
lowest for the as-received XY. It was also lower for as-received than for abraded

specimens, Fig. 5-4 and Table 5-5.
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Figure 5-4: Representative Nyquist (a-c), Bode phase angle (d-f), and Bode

impedance (insets in d-f) plots of as-received and abraded CoCrMo in planes XY
and XZ after 1 h immersion in citric acid (pH 2.4) (a, d), PBS (pH 7.4) (b, e), and
PBS + citric acid (pH 7.4) (c, f) at room temperature. The inset in (a) shows the

equivalent electrical circuit for the analysis of the impedance spectra (Table 5-5).

Lines — fit; symbols — data points.

Table 5-5: EIS fitting parameters (average and standard deviation of two

independent specimens). A one-time constant (Randles equivalent electrical circuit)

was applied.
Systems Material Parameter
S S
Rs CPE Ceff n Rp X
(Q cm?) (Yo, (uFem’ MQ (109
uFem™ ) cm?)
Zs-n)
CA As- 220+0.78 123+9. 87+28 0.91+0.0 1.7+2.2 0.52+0.0
received 3 6 4
XY
Abraded 230+13 19+3.2 12405 0.93+0.0 37+4.6 0.36%0.0
XY 3 4 7
As- 255+8.8 92+9.2 58+11 0.89+0.0 18+3.0 0.58+0.1
received 1 0
XZ
Abraded 205+7.1 23+2.3 15+6.2 0.93+0.0 39+1.0 0.25+0.0
XZ 5 4
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PBS As- 24+2.3 104420 50+6.2 0.89+0.0 3.9+1.7 0.42+0.0
received 1 4
XY
Abraded 23+3.3 23+3.9 15+7.6 0.94+0.0 13+34 0.28+0.0
XY 4 4
As- 23+1.3 50+1.6 18+54 0.87+0.0 7.4+06 0.51+0.1
received 3 5 3
XZ
Abraded 31+2.6 27+47 17425 0.94+0.0 13+2.8 0.48+0.0
XZ 4 4
CA+PB As- 28+1.5 113+6. 74497 0.93+0.0 1.7+0.2 0.64%+0.0
S received 3 3 0 4
XY
Abraded 18+2.5 23+3.4 15+3.1 0.95+0.0 25+2.7 0.73+0.0
XY 4 4
As- 17+1.0 161+15 9748.8 0.92+0.0 3.2+0.4 0.19+0.0
received 3 3 4
XZ
Abraded 19+0.56 20+0.6 15+3.2 0.97+0.0 20+0.61 0.21+0.0
XZ 2 2

5.3.4  Bioactivity and biocompatibility

Any precipitation of hydroxyapatite layers on the surface of the specimens was

investigated in a bioactivity assay after incubation at 37 °C (static conditions) in SBF for

7, 14, and 28 days. The specimens were evaluated using SEM (Fig. 5-5), and the atomic
Ca/P ratio was investigated using EDS (Fig. 5-6). EDS further confirmed that Ca and P
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were the only elements of that surface layer. Fig. 5-5 reveals gradually
increasing/covering layers of precipitates on all specimens (P<0.05). After 28 days,
almost the entire surface was covered with a thick layer of aggregates. The atomic Ca/P
gradually increased with exposure time for all specimens, and there was no significant
difference found among the specimens. After 28 days, the Ca/P ratio was 1.65+0.1, which
is close to the ratio of natural hydroxyapatite of 1.67 [59].

ARXY  Abr.XY _ ARXZ  Abr.XZ

Figure 5-5: SEM images of different specimens after immersion for 7 (D7), 14 (D14),
and 28 (D28) days at 37 °C in simulated body fluid. Insets show overview images at

lower magnification.
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Figure 5-6: Atomic Ca/P ratio (using EDS) of different specimens after immersion
for 7 (D7), 14 (D14), and 28 (D28) days at 37 °C in simulated body fluid. The error
bars show the standard deviation among triplicate measurements. The asterisks
indicate statistically significant increases compared to the specimens after 7 days
(D7): * - p<0.05; ** - p<0.01. Examples of corresponding SEM images are shown in
Figure S8.

Fig. 5-7 shows SEM images of the adhesion and expansion capability of MG63 cells
cultured on the surface of as-received and abraded XY and XZ CoCrMo surfaces. Fewer
cells were adhered on as-received than on polished surfaces after one day, independent of
building direction. Over time, on Day 7, the rate of adhesion and cell proliferation
increased sharply for all specimens. However, slightly more cells adhered to the as-
received specimens after 7 days, possibly related to higher surface roughness [60]. The
morphology of all cells on the surface of the specimens is relatively stretched, and the
cells completely cover the surface after 7 days. Lamellipodia and filopodia can be seen at

higher magnification, indicating the tendency of the cells to attach to the surface of the

specimens.
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Figure 5-7: SEM images of the cell-seeded as-received (AR) or abraded (Abr.) XY

and XZ CoCrMo surfaces after days 1 and 7. The inset images show images at lower

magnification.

The cell viability was determined using the MTT assay after one, three, and seven days,
Fig. 5-8. There was no significant difference among the specimens. All specimens
showed fully viable cells (compared to control) after one day but significantly decreased
viability of cells after three and seven days. Some decrease of viability from Day 1 to 3
for the CoCrMo specimens was expected due to the control sample having better cell
adhesion conditions due to the plasma treatment of the cell culture plates, which makes
the well surfaces charged and hydrophilic. Thus, cells on the control surface started their
proliferation phase faster than on the metallic surfaces, leading to higher viability for Day
1. The cell viability increased slightly for all specimens from Day 3 to Day 7 because,
during this period, cells on the metallic specimens had enough time to secrete
extracellular matrix proteins on the surface, aiding in adherence, migration, and
proliferation of cells on the surface. After three and seven days, there was a slightly
higher viability, however not statistically significant (P>0.05), for the as-received
CoCrMo surfaces compared to their abraded counterparts. Based on the rate of cell
viability in the MTT test, all specimens would be considered biocompatible materials by
1SO-10993 [61].
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Figure 5-8: Cell viability as compared to control, determined using the MTT assay
after 1 (D1), 3 (D3), and 7 (D7) days at 37 °C for triplicate specimens. The asterisks

indicate a statistically significant decrease (* - P<0.05; ** - P<0.01) in cell viability.

5.35 Further discussion

As-received, rougher surfaces showed inferior corrosion barrier properties compared with
abraded surfaces in this study. The difference in actual surface area cannot explain the
difference. Like in this study, a negative influence of surface roughness on corrosion was
reported for various LPBF materials [62-64]. It is well known that the LPBF specimens
are associated with higher roughness (range from 10 um to 30 um) than parts fabricated
with conventional methods, such as milling (~1 um) [11]. The surface roughness of the
LPBF products can be affected by factors such as the fabrication strategy, laser power,
powder geometry, and heat input [65]. However, the roughness is not the only factor
changing between as-received and abraded surfaces. The crystal structure, microstructure,
residual stresses, unfused particles, and impacts from surface treatments (sandblasting,
grinding) are also changing [16; 66], so it is not straightforward to determine which

physicochemical factor influenced corrosion and biocompatibility most.

While the rougher, as-received surfaces had detrimental corrosion behavior in this study,
they showed higher bioactivity (adsorption of hydroxyapatite) and slightly higher cell
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viability. It has been reported that hydroxyapatite acts as a barrier layer and is beneficial
for the corrosion resistance of CoCrMo [67]. Various factors such as porosity, surface
properties, mechanical properties and ion release rate can affect the biological activities
of cells [9]. Increasing surface roughness at the micro and nano scales has been shown to
increase cell interaction and adhesion to the surface [2]. Therefore, the slightly increased

cell viability of the rougher, as-received, CoCrMo surfaces in this study was expected.

Using potentiodynamic polarization, only the combination of citrate species and
oxidative potentials resulted in higher corrosion/dissolution for CoCrMo in this study.
This observation agrees with the reported corrosion current densities of CoCrMo as a
function of citrate concentration [56], only slightly changing at the concentration of
citrate used in this study (26 mM). The increased current of CoCrMo specimens at high
oxidation potential and in the presence of citrate species is interesting from several
perspectives. First, complexation caused by citrate is very similar to what is expected in
physiological environments, where many biomolecules have complexing properties to
metals. Citrate species are only able to complex metals at pH values, for which they are
not fully protonated, so the control solution of citric acid at pH 2.4 is not a complexing
solution [23]. It has previously been reported that there can be synergistic effects of
oxidizing and complexing agents for the dissolution of metals from passive surface
oxides, as reported for proteins and hydrogen peroxide for titanium-aluminum alloys
[68]. While applied potentials are not directly relevant to the human body, they simulate
inflammatory and infectious conditions under which strong oxidative redox potentials can
occur [8; 69]. Without any applied potential, the presence of citrate instead resulted in an
increased corrosion resistance, as evident from this study’s EIS measurements at open
circuit potential. This agrees with findings in a combined electrochemical and XPS study
on CoCrMo, suggesting that Co preferentially dissolves in the presence of citrate and that
passivity is only affected at elevated potential ranges (under oxidation) in similar testing

conditions as in this study [32].

This study found a higher corrosion susceptibility for as-received surfaces built in the XY
plane compared with the XZ plane for highly dense LPBF CoCrMo specimens. This

difference disappeared after surface abrasion — removing the influence of surface
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roughness and surface treatments. XPS further revealed minor differences in oxide
thickness and composition. Hence, we suspect that the as-built surface, but not
underlying layers or anisotropy of the microstructure, cause the differences in corrosion
behavior. The XZ plane had more defects and more melt pool boundaries. Our specimens
were prepared after a biomedical manufacturing protocol, using heat treatment and low-
carbon CoCrMo feed powder, resulting in negligible carbide precipitates at grain
boundaries. This means that any detrimental microstructure anisotropy was minimized in
this study. The beneficial effects of heat treatment and low carbon have been reported
previously [56]. An electrochemical study [8] on abraded LPBF CoCrMo (low carbon,
but not heat treated) in NaCl with H2O> revealed a higher corrosion susceptibility (lower
corrosion resistance) for the XY than the XZ plane, explained by more grain boundaries
and secondary precipitates. Discussions in these and other [29, 49] studies have suggested
that the number of grain boundaries can have both positive and negative effects on the
corrosion resistance and that secondary phases and grain boundary precipitates are to be
avoided. This work highlights that a suitable heat treatment strategy can eliminate any
anisotropic effects of microstructure in LPBF CoCrMo.

This study is limited by its experimental conditions and design. Lower corrosion
resistance under static corrosion testing conditions for the as-received XY plane was
found but also higher cell viability and bioactivity for the as-received surfaces. It remains
to be investigated which effects would dominate the corrosion process under long-term
in-vivo conditions. Future studies should also examine the tribocorrosion behavior, which

would be most relevant for CoCrMo alloys.
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5.4 Conclusions

This study aimed to investigate the corrosion resistance, bioactivity, biocompatibility,
and microstructure of LPBF CoCrMo (low carbon content, heat treated) in the XY and
XZ plane of the building direction for as-printed (as-received) and abraded surfaces. The

following main conclusions were drawn:

1. LPBF printing resulted in distinct microstructures for XY and XZ planes. As-

received XY was coarser than XZ.

2. As-received XY showed the lowest corrosion resistance among the specimens.
As-received surface conditions resulted in lower corrosion resistance than abraded
surfaces, even when considering the actual surface area. There was no influence of
building direction on corrosion resistance, bioactivity, or cell viability for abraded
surfaces. Hence, the lower corrosion resistance for as-received surfaces was caused by

surface factors and not microstructural features.

3. Hydroxyapatite precipitated and formed on all surfaces but slightly more on as-
received (rough) surfaces. Likewise, in terms of cell viability, all surfaces counted as

biocompatible. However, the as-received surfaces had slightly higher cell viability.

4. All CoCrMo surfaces exhibited passive conditions and were not showing signs of
localized corrosion in citric acid (pH 2.4), PBS (pH 7.4), and PBS and citric acid (pH
7.4).

5. PBS containing the complexing citrate species from citric acid at pH 7.4 resulted
in lower corrosion resistance as compared to both PBS (pH 7.4) and citric acid (pH 2.4)
alone, but only at elevated (oxidative) potentials. The lowest corrosion resistance was
found in PBS by electrochemical impedance spectroscopy at open circuit potential,

probably due to an acceleration of passive film formation by the citrate species.
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Chapter 6

6 The Influence of the Manufacturing Process on the
Corrosion of CoCrMo Alloy in Simulated Physiological
Environments

6.1 Introduction

CoCrMo alloys are high-performance materials that are widely used in the biomedical
field due to their excellent strength, wear resistance and corrosion resistance [1-3].
Additionally, they have been shown to be biocompatible, which makes them suitable for
use as medical implants and in other applications within the human body [4]. CoCrMo
alloys are cobalt-based alloys that are known for their ability to withstand high loads and
extreme environments. Their unique combination of properties makes them ideal for use
in a variety of biomedical applications, such as orthopedic implants, dental implants, and

surgical instruments [5-7].

The principles and concepts of additive manufacturing have been established since the
introduction of the layer-by-layer fabrication of metals by selectively melting powders
using electrons, lasers, or plasma beams by Ciraud in a 1972 patent [8]. In recent years,
additive manufacturing has seen numerous applications in the biomedical field, including
the production of medical implants, prosthetics, and other devices, allowing for the

creation of highly customized and intricate products [9].

The benefits of using additive manufacturing to produce biomedical CoCrMo
components are many, as compared to traditional manufacturing methods. One of the key
advantages is the capability to design and produce sophisticated and complex geometries,
which might be challenging or impossible to achieve through traditional methods [10].
By using additive manufacturing, it is feasible to produce components that have intricate
internal structures, complicated shapes, and multiple material layers in a single
manufacturing cycle [11]. This enables the production of highly customized products that

are tailored to meet specific functional requirements. And not only that, but also the
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additive manufactured low carbon CoCrMo alloy, have higher corrosion resistance and

lower metal release susceptibility than cast alloy [12].

The building orientation in an additive manufacturing process refers to the orientation of
the part relative to the building direction. The orientation of the part may have an
influence on its mechanical properties and the microstructure distribution [13-17], which
can have a significant impact on the quality and performance of the CoCrMo alloy
component produced. The building orientation can have an impact on the microstructure
and surface finish of the CoCrMo alloy, which can ultimately affect its corrosion
resistance [18; 19]. Then, it can lead to an increased risk of metal release. As the
corrosion process proceeds, new surfaces may be created on the metal, which are then
exposed to the biological environment and may release metal ions. Therefore, the
building orientation may have an influence on the metal release of the CoCrMo alloy

produced by additive manufacturing.

The aim of this study is to study the metal release process of CoCrMo alloy produced by
laser powder bed fusion (LPBF - a common additive manufacturing method to produce
fully dense parts for biomedical implants) as a function of the building orientation. This
is studied by solution analytical, surface analytical, and electrochemical methods in a
simulated physiological environment containing bovine serum albumin or hydrochloric

acid (simulating confined spaces).

6.2 Materials and Methods

6.2.1 Materials and sample preparation

Materials used in this study were provided by Additive Design in Surgical Solutions
Centre (Renishaw AM 400 Selective Laser Melting System) in form of additively
manufactured coupons. All test alloy substrates were produced using an inert gas-
atomized powder with a mean particle size of approximately 15-45 pum (Renishaw, UK).
The chemical composition of the powder is listed in Table 6-1. Specimens were printed
to 15 mm width x 15 mm length x 2 mm thickness by the LPBF method and built in two

different orientations as shown in Figure 6-1; one with the long side parallel to the



building direction (XOZ) and the other with the long side perpendicular to the building
direction (XQY).

Table 6-1: Chemical composition of the CoCrMo alloy powder. Bal. — balance

(remainder to 100 wt.%0).

Element | Co | Cr | Mo | Mn | Si N Fe | Ni C \W
wt. % | Bal. | 28.0 | 6.10 | 0.77 | 0.57 | 0.22 { 0.20 | 0.05 | 0.02 | 0.02
7 A
Building Direction
(o]

'

Figure 6-1: Building direction and orientation of LPBF printed CoCrMo alloy

A layer thickness of 40 um, a beam size of 70 um, and a laser power of 200 W were
applied. The laser was discontinuous, the exposure time varied between 40 and 50 ps
depending on the location, and the point distance varied between 60 and 70 pum. One

layer was rotated 67° to the previous layer. The scan speed was approximately 2 m/s.

coupons.

X
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After being fabricated, the additively manufactured coupons underwent a heat treatment

process to improve their microstructure, enhance mechanical properties, improve

dimensional stability, and relieve residual stress. The heat treatment process involved

gradually heating the coupons to 450 °C over a period of 60 minutes, holding them at this
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temperature for 45 minutes, reheating to 750 °C over 45 minutes, holding them at this
temperature for 60 minutes, and then cooling them to room temperature in a furnace
(Figure 6-2).
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Figure 6-2: The heat treatment process after the additive manufacturing process.

The coupons were then sandblasted with ceramic beads (ZirPro Microblast®) in the size
of 63-125 um with a composition of zirconia, silica (28-33 wt.%) and alumina (<10
wt.%). The sand blasting improves the surface finish of the coupons.

Half of the coupons were ultrasonically cleaned in acetone and isopropyl alcohol for 5

minutes subsequently and dried by nitrogen gas at room temperature. Those were referred
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to as “as-received”. The second half of the coupons were ground to P1200 using SiC
paper, and mirror-polished to 1 um using water-based diamond particles and deionized
water. Thereafter, they were ultrasonically cleaned in acetone and isopropyl alcohol and

dried by nitrogen gas which was referred to as “polished”.

6.2.2 Metal release test procedure and electrochemistry
measurements
After the polishing or cleaning, the prepared coupons were placed for 24 hours in a
desiccator (<10% relative humidity) to grow the surface oxide reproducibly prior to the
electrochemical measurements. The relatively rough surface conditions of the as-received
coupons and the need to study as-received conditions disabled the use of embedding
procedures and flat-cell-designed electrochemical cells. Therefore, the coupon was
clamped in a platinum plated electrode holder and completely immersed in the 50 mL
solution (see below). One blank sample (solution without any coupons) and triplicate
samples were exposed in parallel for each material and solution. The exposure was
conducted in an acid-cleaned water-jacked electrochemical cell for 24 hours. The
temperature of exposure was controlled at 37 °C (VWR Refrigerated Circulating Bath).
Two different solutions were used in this study, simulating normal physiological
conditions and crevice conditions (a confined space in the implant design, in which the
pH can drop significantly), respectively. The normal physiological conditions were
simulated by 5 mM 2-(N-morpholino)ethanesulfonic acid (MES), 5 g/L NaCl, and 10 g/L
bovine serum albumin (A7906, Sigma Aldrich), adjusted with 50% NaOH to pH 7.2-7.4,
and ultrapure water (18.2 MQcm resistivity, Millipore, Canada). The crevice conditions
were simulated by a 0.027 mM HCI solution (pH 1.5-1.7). The MES buffer was chosen
as buffer instead of a phosphate buffer because phosphate ions can bind to cobalt ions,
which has previously been shown to cause precipitation [20-22]. The precipitation may
cause an underestimation of the metal release from the CoCrMo alloy. A concentration of
10 g/L bovine serum albumin (BSA) was selected as a high protein concentration
(simulating the protein concentration found in human body fluids) that still would
minimize the effect of protein aggregation and precipitation [23]. Also, it is very close to
the expected concentration of 12 g/L of albumin in synovial fluid [24]. The
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electrochemistry measurements were performed concurrently with the exposure. After 24
hours exposure time, the coupons were rinsed with 1 mL ultrapure water to add any
surface-adhered released metals to the solution for analysis. The solution was sampled
and adjusted to a pH below 2 for initial solution preservation prior to the analysis with
inductively coupled plasma mass spectrometry (ICP-MS) on cobalt (Co), chromium (Cr)
and molybdenum (Mo) (see next sections). The coupons were placed back into 50 mL of

fresh solution prior to potentiodynamic polarization.

The electrochemical measurements were performed using a Solartron Modulab PSTAT
1MS/s connected to a unified power system (APC smart-UPS C SMC1500C) with a
three-electrode setup. An Ag/AgCl (saturated KCI) electrode was used as reference
electrode and a platinum wire as the counter electrode, while the working electrode was
the coupon being tested, which was clamped by a platinum plated electrode holder
(Figure 6-3). The open circuit potential (OCP), electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization (PDP) were performed in both solutions. The
experimental procedure of the exposure and electrochemical measurement is shown in
Figure 6-4. EIS was performed after 10 min and 21 hours OCP by applying an alternating
current voltage with an amplitude of 10 mVrms and sweeping the frequency from
100,000 Hz to 0.001 Hz. The aim of the non-destructive EIS measurements was to
investigate the corrosion resistance and any protein adsorption on the CoCrMo alloy as a
function of time, while also allowing metal release measurements. The corrosion
resistance of the material was further assessed by performing PDP. This was done by
scanning from OCP to a positive voltage of 1.25 V versus OCP at a scan speed of 0.167
mV/s. The PDP measurements were performed after 24 hours exposure and 10 mins OCP
stabilization. After the electrochemical measurements, the coupons were rinsed with
ultrapure water, dried with nitrogen gas, and stored in a desiccator prior to the surface

analysis.
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Figure 6-3: Schematic drawing of exposure and electrochemical measurement.
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Figure 6-4: Experimental procedure of exposure and electrochemical measurement.
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6.2.3  Microwave digestion

In preparation of ICP-MS analysis, all protein-rich solution samples were digested to
prevent the formation of hydrogels in the samples and the potential loss of analyte. 3 mL
of each protein-rich solution samples (MES, NaCl, BSA) were diluted four times with
diluted nitric acid (1.89 vol.% HNO3) and digested using a Milestone ETHOD
microwave digestor (EPA method 3025). The temperature ramp settings were 170 °C
over 10 min and 10 min hold time at 170 °C. The final dilution factor was calculated by
the ratio between the final volume of the diluted solution samples to the initial sample

volume.

6.2.4  Trace metal analysis in solution

The concentration of Co, Cr and Mo ions in the solution samples were quantified using
ICP-MS (iCAP Q; Thermo Scientific, Canada). The limits of detection (LOD) and the
limits of quantification (LOQ) are provided in Table 6-2. These were calculated by 3 and
10 times the standards deviation of the noise level, respectively. For the calibration,
standard solutions of 0, 10, 30, 60 and 100 pg/L Co, Cr and Mo were prepared in the
digested 5 mM MES+ 10 g/L NaCl + 10 g/L BSA blank solution diluted with 2 % HNOs,
and used to analyze the amount of released, non-precipitated metals from CoCrMo
immersed in the protein-rich solution. In addition, the standard solutions of 0, 10, 30, 60
and 100 pg/L Co, Cr and Mo were prepared in the 2% HNO3 for analyzing the amount of
released, non-precipitated metals from CoCrMo immersed in the 0.027 M HCI. When the
concentration of the samples exceeded the range of the calibration, they were diluted and

re-analyzed.

Table 6-2: The limits of detection and quantification of Co, Cr and Mo.

LOD (ng/L) LOQ (ng/l)
Co 0.001 0.002
Cr 0.002 0.006

Mo <0 <0
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6.2.5 X-ray diffraction (XRD) analysis

The as-received and polished specimens with different building orientations were
measured by X-ray diffraction (Rigaku SmartLab X-R-D) to obtain crystallographic
phase information. XRD was performed with a Cu K, (A=1.5405981 A) X-ray radiation
source, 40 KV, 45 mA, a scanning speed of 3 deg/min between 20° and 80° (20), and
data was analyzed by HighScore Plus software (Version 3.0e).

6.2.6  Scanning electron microscopy (SEM) and confocal
microscopy
Scanning electron microscopy (SEM) was conducted using a Hitachi SU3500 and Hitachi
SU3900 instrument, with backscattered electrons as the imaging mode. Energy dispersive
X-ray spectroscopy was conducted using a beam energy of 10 keV. The surface
topography mapping and roughness measurements were performed using a ZEISS LSM
800 confocal microscope, which was manufactured by Carl Zeiss Microscopy GmbH.
The roughness measurements were calculated using version 7.4.8341 of Mountains
ConfoMap software. The calculations were performed in accordance with the 1SO 25178-
2:2012 standard.

6.2.7  X-ray photoelectron spectroscopy (XPS)

XPS can probe the outermost (7-10 nm) surface of the specimens and was used to
characterize the surface composition of unexposed as-received XQY, as-received XOZ,
polished XOY and polished XOZ specimens. The XPS analyses were carried out with a
Kratos AXIS Supra X-ray photoelectron spectrometer using a monochromatic Al Ko
source (15 mA, 15 kV). XPS has detection limits ranging from 0.1 - 0.5 atomic percent
depending on the element. The instrument work function was calibrated to give a binding
energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold. The spectrometer
dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic
copper. The Kratos charge neutralizer system was used on all specimens. All specimens
were mounted electrically isolated from the instrument sample holder for these analyses.
For all measurements, survey scan analyses were carried out with an analysis area of 300

x 700 um and a pass energy of 160 eV, and high-resolution analyses were carried out
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with an analysis area of 300 x 700 um and a pass energy of 20 eV. High-resolution C 1s,
O 1s, Co 2p, Cr 2p, and Mo 3d were run. All high-resolution spectra were charge-
corrected using adventitious carbon (C 1s, 284.8 eV). Peak convolution was conducted

according to previously published protocols [25-27].

6.2.8  Contact angle analysis

The deionised water was used to carry out the contact angle measurement with the
KRUSS Drop Shape Analyzer Contact Angle (DSA30E). The result is the average of a
minimum of three measurements per determination. All tests were conducted at room
temperature. The contact angle measurements were calculated using the ADVANCE

software.

6.2.9  Statistical analysis

A Student's t-test for unpaired data with unequal variance was used to compare two sets
of data and determine if the observed differences were statistically significant. The test
determined that any differences were considered significant when the p-value was less

than 0.05, with a smaller p-value indicating a higher level of significance.

6.3 Results and Discussion

6.3.1 Surface characterization

The morphology and topography of the fabricated CoCrMo coupons are shown in Figure
6-5 and Figure 6-6. The as-received CoCrMo coupon presents a more complex
topographical landscape when printed in a horizontal (XOY) orientation than vertical
(XO2Z) orientation. On average, the results indicate that the coupons printed in a vertical
orientation had a smoother surface than those printed in a horizontal orientation. Powder
can be clearly seen in the valley area of the as-received horizontal sample. In addition,
the porosity of the horizontal samples was larger than the porosity of vertical samples
after polishing. This is in agreement with our previous findings (Chapter 5).

Figure 6-7 shows the X-ray diffraction pattern of a polished CoCrMo coupon that was

printed in both horizontal and vertical orientations, with peaks at 43.9° (20), 47.0°, 51.0°,
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and 75.1°. All XRD peaks of the CoCrMo alloy show not only the presence of the y
(FCC, face centred cubic) phase, but also a significant portion of a second phase, € (HCP,
hexagonal close-packed) phase. Table 6-3 shows the percentage of y (FCC) and € (HCP)
phases in the polished LPBF fabricated CoCrMo alloy built in different orientations. The
y-phase in the horizontal sample makes up 79% of the sample, while the &-phase makes
up the remaining 21%. In the vertical sample, the y-phase dominates at 83% and the ¢-

phase comprises 17%.

Horizontal Vertical

As-received

Polished

Figure 6-5: SEM images of the LPBF fabricated CoCrMo alloy of different surface
treatments in different print orientations: a) as-received horizontal (XOY), b) as-
received vertical (XOZ), c) polished horizontal, and d) polished vertical.
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Figure 6-6: Confocal microscopy images of as-received CoCrMo alloy fabricated in

horizontal (a) and vertical (b) orientations.
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Figure 6-7: XRD spectra for the horizontal (XOY) and vertical (XOZ) fabricated
CoCrMo alloy after polishing.

Table 6-3: The percentage of y (FCC) and ¢ (HCP) phases in the polished LPBF
fabricated CoCrMo alloy built in different orientations.

Sample v (%) e (%)

Horizontal 79 21

Vertical 83 17
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6.3.2 Metal release

Figure 6-8 shows the released amount of individual metals (Co, Cr, and Mo) from the
LPBF fabricated CoCrMo alloy upon exposure to the MES+BSA and HCI solutions after
24 h at 37 °C. The proportion of the main alloy constituents released did not match the
overall composition of the material in the HCI solution, which agrees with previous
studies [12; 28]. The amount of cobalt released from the CoCrMo alloy was nearly 99%
in the HCI solution, indicating that it had dissolved from a passive state. The release of
Co, Cr, and Mo in the MES+BSA was close to their bulk composition, indicating a
higher degree of active corrosion and aligning with the electrochemical results presented
in section 6.3.3. The released amount of Co was significantly higher than the released
amounts of Cr and Mo both in the MES+BSA and HCI solutions. This was mainly

attributed to the fact that Co is the major component in the CoCrMo alloy.

The released amounts of metals from horizontal and vertical samples did not display a
significant difference in both solutions. Still, the released amount of Co from the polished
CoCrMo coupons exposed in the MES+BSA solutions was slightly higher for the vertical
sample than horizontal one (p=0.079, 22.5-fold). For the MES+BSA system, there were
more metals released from the polished samples than as-received samples. However, in
the HCI solution, the released amount of Co and Cr from the polished samples was

significantly lower than the as-received ones (p<0.01; p<0.001 for Co).

To summarize, as-received CoCrMo alloys released more Co and Cr when they were
exposed to the HCI solution than to the MES+BSA solution, which was statistically
significant. In contrast, the released amount of Cr from polished CoCrMo alloy immersed
in the MES+BSA solution was higher than in the HCI solution.
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Figure 6-8: Released and non-precipitated amount of Co (a), Cr (b) and Mo (c) per
geometric surface area in solution from the LPBF CoCrMo alloy fabricated in
horizontal (XOY) and vertical (XOZ) orientations, with and without polishing, after
24 h exposure in MES (5mM) +NacCl (5g/L) +BSA (10g/L) at pH 7.2-7.4 and HCI
(0.027M) at 37 °C.

6.3.3  Electrochemistry

6.3.3.1  Open circuit potential investigations

At the start of each test, the OCP was measured for 10 minutes, and then again 21 hours
after the first EIS measurement. Figure 6-9 shows the OCP of the CoCrMo alloy
fabricated in different orientations with and without polishing, upon immersion in the
MES+BSA and HCI. The OCP was generally found to be very positive, further discussed
below. The OCP of the as-received horizontal (XOY) sample in the MES+BSA solution
was greater than that of the as-received vertical (XOZ) sample. However, the OCP
decreased over time and showed evidence of corrosion during exposure. The OCP of the
polished samples was similar to that of the as-received vertical sample. Additionally, the

OCP of the polished vertical sample started to decrease after 5 hours of exposure. In
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addition, the OCP of the as-received sample showed more fluctuations during exposure in
the MES+BSA solution than the polished samples.

The OCP of all samples immersed in the HCI solution increased over time. Particularly,
the OCP of polished samples (0.525 V) was higher than that of the as-received samples
(0.456 V) and was shifting towards more positive potentials. During the 24 h exposure,
there were more fluctuations for the as-received samples than that of polished samples.
There was no significant difference between the horizontal and vertical samples. The
OCP measurements were obtained through three repeated trials, with at least two of these

trials being the same in the study.
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fabricated in horizontal (XOY) and vertical (XOZ) orientations, with and without
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polishing, in MES (5mM) +NaCl (5g/L) +BSA (10g/L) (top) at pH 7.2-7.4 and HCI
(0.027M) (bottom) at 37 °C.

6.3.3.2 Potentiodynamic polarization

The corrosion potential (Ecorr), corrosion current density (icorr) and passive current density
(ipass) OF various specimens were extracted from the potentiodynamic polarization
measurements (Figure 6-10 and Table 6.4). The passive current density value was
extracted from the curves at the potential 120 mV more positive to the corrosion
potential. According to the results of the student-t test, there was no significant difference
in the values of Ecorr, icorr, and ipass between the different orientations, but there was a
significant difference in different solutions and surfaces. This difference was particularly
pronounced for the polished samples. The LPBF CoCrMo alloy had lower corrosion
potential and higher icorr in the MES+BSA system compared to the HCI. The value of
Ecorr in the MES+BSA solution was higher to that in NaCl or PBS solution with BSA in
previous studies [29], however, it is unclear whether that is caused by the general shift in
potential due to the setup (further discussed below). In the HCI solution, as-received
samples had a higher corrosion current density than polished samples, especially for the
horizontal sample (XOY orientation) (p=0.013), which is in agreement with higher Cr

release (Figure 6-8).

In the anodic region, the current increased as a function of potential which agreed with
another study [30]. The ipass 0f the MES+BSA system did not show significant
differences between the samples. However, it was observed to be higher compared to the
HCI, particularly in the polished samples. In the HCI solution, the ipass was found to be
higher in the as-received sample compared to the polished ones, and this difference was

statistically significant (p<0.05).
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Figure 6-10: Potentiodynamic polarization curves (starting at the lowest potential
and ending at 1.0 V Ag/AgCl) of the as-received (AS) and polished (P) horizontal (H,
XOY) and vertical (V, XOZ) CoCrMo samples in 5 mM MES+5 g/L NaCl+10 g/L
BSA (top) or 0.027 mM HCI (bottom). Scan rate: 0.167 mV/s.
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Table 6-4: The corrosion current densities (icorr), passive current densities (ipass, here
defined as the current density +120 mV versus Ecorr) and corrosion potentials (Ecorr)
based on potentiodynamic polarization of the CoCrMo specimens immersed in
MES+BSA (pH=7.2), and HCI solutions at 37 °C. Mean values and standard
deviations of triplicate samples. H — horizontal (XOY); V — vertical (XOZ).

Systems Samples icorr (WA/cm?) Ecorr ipass (WA/cm?)
(mVag/agct)
As-received H 1.73 £0.71 350+ 160 10.92 +£4.99
Polished H 0.98+0.16 130+ 10 10.74 +3.72
MES+BSA
As-received V 1.62+1.17 250+ 170 16.17 £10.27
Polished V 3.62+2.84 110 £ 40 19.18 £ 13.39
As-received H 0.15+£0.05 440+ 0 1.66 £0.16
Polished H 0.08 +0.07 520 + 20 093+0.27
HCl
As-received V 0.19+0.10 440 = 50 2.19+0.47
Polished V 0.13+0.00 510+ 20 0.61 +0.32
6.3.3.3 EIS

As the OCP was not sufficiently stable after 10 minutes, the initial EIS data could not be

analyzed further. However, it was evident that the resistance was significantly lower than

after 22 hours. The Nyquist and Bode plots from the EIS after 22 hours of exposure in

MES+BSA and HCI at the open circuit potential are shown in Figure 6-11 and Figure 6-

12, respectively. EIS is a non-destructive and sensitive technique that provides insights

into the features of the surface layer (such as surface oxide and adsorbed substances) and

the dominant corrosion processes in a specific environment [31]. The phase angle in EIS

represents the phase shift between the voltage and current signals in a material. The

magnitude of the phase angle provides information about the nature of the impedance in
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the material. A negative phase angle between 60° and 80° suggests that the impedance in
the material is predominantly capacitive in nature, Figure 6-12. This implies that the
material has a capacitive surface layer, which may consist of surface oxides and adsorbed
species [2]. The size of the capacitive loop in the Nyquist plots reflects the corrosion
performance, with larger loops indicating better corrosion resistance [32]. The results of
the polarization measurements were consistent with the corrosion resistance
measurements, with all specimens showing better resistance to corrosion in the HCI
solution compared to the MES+BSA solution after 22 or 24 h, Figure 6-11.

In HCI, the corrosion resistance of both horizontal and vertical samples was comparable.
The corrosion resistance only depended on the surface treatment. The polished CoCrMo
alloy exhibited improved corrosion resistance compared to the as-received sample.
However, the corrosion resistance of various samples in the MES+BSA solution was
more complex; the as-received vertical sample showed the greatest corrosion resistance,

while the as-received horizontal sample displayed the lowest resistance.

The electrical equivalent circuit (EEC) with two time-constants was chosen to fit the EIS
data in the two different solutions (Figure 6-13 and Table 6.5), justified as follows. The
EEC of CoCrMo samples immersed in MES+BSA solution can be represented as a
combination of solution resistance in series with a parallel combination of a capacitance
modeled as a constant phase element (CPEads) and an adsorption resistance (Figure 6-13
(b)). The adsorption resistance is in series with a parallel combination of a capacitance
modeled as a CPEox and an oxide resistance (to represent the oxide layer). This is
justified by the interfaces between the solution, the protein adsorbed layer, the oxide
layer, and the metal. This EEC had been applied in a previous study of CoCrMo alloy in
protein-containing solutions [33-35]. In the HCI solution, the EEC is represented by a
series combination of a solution resistance, CPEox, and an oxide resistance. The oxide
resistance is further connected in series with another combination of a CPEpere and a pore
resistance (representing the resistance caused by the pores in the oxide layer), shown in
Figure 6-13 (a). The presence of pores in the oxide layer of CoCrMo metal samples, as
indicated by SEM image in Figure 6-5, can affect the ion transport and charge transfer

process at the metal-electrolyte interface. In HCI solution, the EEC considers the
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presence of pores by including a pore resistance in the circuit representation, which is

similar to other studies with porous surfaces [36-39].

The EEC was employed to analyze the EIS data. The resulting parameters in both
MES+BSA and HCI solutions are presented in Table 6-5. The close match between the
experimental and theoretical values of the model is indicated by chi-squared values (%)

that are less than 0.005, demonstrating the robustness of the applied EEC approach.

The results clearly show higher corrosion resistance of the polished than the as-received
samples for both print orientations in the HCI solution. There was no difference between
the different print orientations. In the MES+BSA solution, the as-received vertical sample
had a higher corrosion resistance than the as-received horizontal sample. However, the
polished horizontal sample had a higher corrosion resistance than the polished vertical
sample.

These findings agree with the findings from the potentiodynamic polarization after 24 h
exposure; that the corrosion resistance of CoCrMo in the HCI solution is higher than in
the MES+BSA solution.
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Figure 6-11: Experimental impedance plots (Nyquist format) for the as-received and
polished CoCrMo alloy fabricated in horizontal (XOY) and vertical (XOZ)
orientation after 22 h immersion at 37 °C in the a) MES+BSA, and b) HCI solutions.
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Figure 6-12: Experimental impedance plots (Bode format) for the as-received and

polished CoCrMo alloy fabricated in horizontal and vertical orientation after 22 h
immersion at 37 °C in the a) MES+BSA, and b) HCI solutions.

Table 6-5: EIS parameters and fitting data (average and standard deviation of at

least three independent specimens) based on the equivalent circuit models used for
MES+BSA and HCI solutions.

MES+BSA
Sample R;s (Q | CPEuds ni | Rags (Q | CPEx n | Rox (Q X2
cm?) | (uFem™s cm?) (uFem?s cm?) (10°
B, ) %)
As-received | 10+ | 341+£35 [0.92|43134+| 2004 + 064|5+0 3.86
Horizontal 0.3 33709 1948
Polished 8+7 | 430+ 0.95 | 36822+ | 1968 + 0.72 | 95 £ 80 2.24
Horizontal 305 12232 1440
As-received | 11 £ 361 +£22 |0.92 | 43826+ | 8918 + 0.53 | 149 + 9.46
Vertical 1 34392 1723 200
Polished 5+1 | 613£55 (093 |24450+|3153+ 070 | 64 £5 2.97
Vertical 1986 713
HCl
Sample RS (Q CPE()X ni Rox (Q CPEpore np Rp()re (Q X2
cm?) | (WFem?s” cm?) (uFem™s” cm?) (10°
n) n) 3)
As-received | 11 + 171+£29 | 0.89 | 162+ 97 + 18 091 | 489475+ | 0.07
Horizontal 3 49 104064
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Polished 13 + 97 + 12 0.87 | 1288+ | 18+4 0.92 1 991300+ | 3.12
Horizontal 0.04 1754 122612
As-received 10+ 191 +£3 091 |45+21 | 148+40 | 0.91 | 342450+ | 0.05
Vertical 3 15598
Polished 10+ 1157 0.80 | 1585+ 20«2 0.97 | 969690 + | 2.33
Vertical 1 1108 3280
(a)
CPEox
Rox CPEpore
) P
Rpore
(b)
CPEads CPEox
h h 1
Rads Rox

Figure 6-13: The equivalent electric circuits of as-received and polished CoCrMo

alloy fabricated in horizontal and vertical orientation immersed at 37 °C in (a) HCI,

and (b) MES+BSA, used for the numerical fitting of the impedance data.

6.3.4  Contact angle and surface roughness

Contact angle measurements were performed using ultrapure water. The values of the

contact angle of CoCrMo alloy fabricated in different orientations with and without
polishing are shown in the Table 6.6. The data was analyzed through t-tests and was

considered statistically significant when p < 0.05. Compared to the vertical sample, the
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horizontal samples have lower values in both the as-received and polished states.
However, the difference is not statistically significant. Only one difference, between the
as-received vertical and polished horizontal samples, was found to be significant
(p<0.001).

Table 6-6: Mean contact angle values.

Sample Contact angle (°)
As-received Horizontal 44.83 +10.69
As-received Vertical 63.24 £2.57
Polished Horizontal 43.24 +2.23
Polished Vertical 52.78 £ 8.75

The surface roughness and surface area of as-received samples are shown in the Table
6.7. Sq and S, are root mean square and arithmetic mean value of the ordinate values (ISO
25178-2:2012 standard). The horizontal sample has a larger root mean square (Sq) value,
surface roughness average (Sa), and surface area when compared to the vertical sample.
Additionally, the actual surface area is greater (up to 24%) than the geometrical surface
area of 2.25 cm?. This means that the metal release and current densities, which are
normalized to the geometrical surface area, are expected to be up to 24% larger for as-
received than for polished samples due to this difference in actual surface area only.

Table 6-7: The surface roughness and surface area of CoCrMo alloy fabricated in

horizontal and vertical orientations for the 1.5 x 1.5 cm (2.25 cm?) coupon.

Sq (um) Sa (um) Area (cm?)

Horizontal 56 43 2.79

Vertical 12 8.7 2.39




163

6.3.5 XPS

XPS was employed to determine the composition of the surface (7-10 nm), as shown in
Figure 6-14 and already presented and discussed in Chapter 5. Carbon, oxygen, and
silicon were the three most abundant elements found on the surface. As discussed in
chapter 5, there was evidence of silicone on the surface of all samples. Further, there was
also evidence of some incorporation of the ceramic beads mixture in the surface,
especially for the as-received surfaces. The metallic peaks of Co, Cr, and Mo were
detected within the XPS detection depth (7-10 nm) in all cases, indicating a surface oxide

layer that is only a few nanometers thick.

Relative composition (at.%)

AS_H P_H AS_V P_V

Figure 6-14: Relative surface composition and speciation of the elements Co, Cr,
and Mo estimated from the XPS wide spectra of as-received (AS) and polished (P)

CoCrMo surfaces fabricated in horizontal (H) and vertical (V) orientation.
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6.4 Further Discussion

This study focused on HCI solution (pH 1.5) and MES+BSA solution (pH 7.2-7.4), while
our previous study (Chapter 5) focused on phosphate buffered saline (PBS, pH 7.4), PBS
with 5 g/L citric acid (CA) at pH 7.4, and CA at pH 2.4. In most of these solutions, the
as-received, rougher samples exhibited a lower corrosion resistance than the polished
CoCrMo coupons. The higher surface area and roughness of the as-received CoCrMo
alloy can contribute to its lower resistance to corrosion in HCI solution, compared to the
polished samples. The increased surface roughness of the as-received surface can provide
more sites for the initiation of corrosion, which can lead to a higher overall corrosion rate
and an increased risk of pitting corrosion or lack of repassivation ability (the ability to
form a stable oxide film after initial pitting). Pitting corrosion is a type of localized
corrosion that occurs in small, confined areas of a metal surface, leading to the formation
of deep, narrow holes or pits [40; 41]. This study, as well as others, have found that
surface roughness has a negative effect on the corrosion resistance of various materials
produced through the LPBF process [42-47]. In contrast, a polished or abraded surface
can have a more uniform and homogeneous surface, which can reduce the number of
sites for corrosion initiation and improve the overall corrosion resistance of the alloy [48-
50]. As discussed in Chapter 5, the surface roughness is not the only parameter that is
different between the as-received and polished surfaces. Especially the sandblasting
procedure is expected to also influence the corrosion resistance [12; 51], but also the
extent of unfused particles, residual stresses, and the microstructure. In this study, XRD
was applied, however, it was not possible to obtain sufficient signals (due to surface
roughness) for the as-received samples, so it is unclear whether the microstructure is
different between as-received and polished samples. A previous study suggests that this is
the case [12]. XPS revealed no significant difference in oxide composition between the

as-received and polished specimens.

However, the difference between as-received and polished samples was not following the
same trend in the MES+BSA solution. The adsorption of albumin can affect the exposed
surface area and corrosion resistance [34; 52]. Generally, BSA has a net negative charge
in the MES buffer at pH 7.2-7.4 [53; 54]. In this study, the OCP of the as-received
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horizontal sample was 300 mV more positive than for the other samples in MES+BSA.
Since the concentration of the net negatively charged BSA was higher than 2 g/L, the
coverage of protein would be increased [35]. As a result, the adsorption of BSA on the
surface led to a decreased corrosion resistance, in the case of as-received horizontal
sample. Therefore, the corrosion resistance of samples immersed in the MES+BSA
followed the trend; as-received vertical > polished horizontal > polished vertical > as-

received horizontal.

The results of this study showed that the surface area and roughness can impact metal
release as well as corrosion behavior. Specifically, the release of Co and Cr from the as-
received samples was found to be higher compared to the polished samples when they
were immersed in HCI solutions. However, the opposite was observed in MES+BSA,
where the released amount of metals from the as-received samples was found to be lower
compared to the polished samples. According to the electrochemical findings, the
corrosion resistance of CoCrMo in the MES+BSA system was weaker compared to that
in the HCI system. As a result, it can be expected that CoCrMo will release more metals
in the MES+BSA compared to HCI. The metal release results also indicated that active
corrosion was present in the MES+BSA, but the overall metal release and Co release was
lower in MES+BSA than in HCI. This disparity was attributed to protein aggregation and
metal precipitation, especially in the case of Co, which forms oxides at neutral pH.
Instead, the release of Cr and Mo were higher or comparable in MES+BSA than in HCI.
Mo forms solid oxides at low pH and is responsible for a higher pitting resistance and a
passivation ability in acidic solutions [55-57]. We speculate that the relatively high
content of Mo (6 wt.%) in the alloy was responsible for the superior corrosion resistance
in HCI.

The metal release can be affected by various factors such as microstructure, solution,
presence of organic substances, pH, temperature, protein aggregation and metal
precipitation [23; 58-61]. The released amount of metals from the CoCrMo alloy can also
be influenced by protein aggregation and metal precipitation in the protein containing
solutions, which may lead to an underestimation of the metal release [62; 63]. The

buildup of metals and metal-protein conjugates in the pores of the as-received samples
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due to protein aggregation and metal precipitation can also result in an underestimation of

metal release.

The CoCrMo alloy fabricated in vertical orientation had slightly higher contact angles
than the horizontal ones, which means that the vertical samples had a more hydrophobic
surface (and lower porosity). Hydrophobic surfaces with non-polarity can enhance BSA
adsorption [64-68]. One possible explanation for the higher Cr release from the polished
vertical sample could hence be a better BSA adsorption. Cr release is stronger affected by
proteins than Co and Mo release, as shown in other studies (Chapter 4), and there was not
more Cr available in the surface oxide for the polished vertical than the polished

horizontal surface based on the XPS results.

This study discovered slight variations between the horizontal and vertical printed
CoCrMo alloys. X-ray diffraction results revealed that the polished vertical sample had a
slightly higher FCC phase [69] and a lower HCP phase [70] compared to the polished
horizontal sample. During the LPBF process, the final microstructure can be greatly
influenced by the cooling rate during the build procedure [71]. The sample built with the
long side parallel to the building direction (vertical orientation) may have experienced a
slower cooling rate compared to the sample built with the long side perpendicular to the
building direction (horizontal), which could result in a higher proportion of FCC phases
in the vertical sample [72]. In addition, there is reheating between the layers during the
LPBF build process. The vertical sample, being in contact with the build platform for a
longer time, would indeed experience more reheating compared to the horizontal sample
[12]. This could result in more HCP phase being transformed to FCC phase, leading to a

higher proportion of FCC phase in the vertical sample.

This study is limited by its experimental conditions and design. The OCP value of
CoCrMo was found more positive than in past studies [73-75], which may be attributed
to the galvanic potential created by the platinum plated electrode holder, to which all
samples were attached. This plate was also immersed in the solution, which could have
resulted in the increased potential. In addition, this study did not examine tribocorrosion

or the influence of friction, which is important for the biomedical applications of
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CoCrMo alloys. Future studies should examine the tribocorrosion on the CoCrMo alloy

with different print orientations.

6.5 Conclusions

The purpose of this study was to assess the release of metals, corrosion resistance and
microstructure of CoCrMo manufacturing by the LPBF in horizontal (XOY) and vertical
(XO2Z) orientations for as-received and polished surfaces in two relevant simulated
physiological environments: normal and crevice conditions. The following main

conclusions were drawn:

1. The as-received horizontal LPBF CoCrMo exhibited a coarser microstructure than
the vertical plane, with more of the HCP phase present, possibly due to a more rapid

cooling rate.

2. The corrosion resistance was greater in HCI (pH 1.5) than in MES+BSA (pH 7.4)
after 22 h of pre-exposure. This might possibly be explained by a passivation process
supported by the Mo content of the alloy.

3. The amount of Co released from the specimens after 24 hours of exposure in the
MES+BSA was lesser than in the HCI, which was probably due to the occurrence of
protein aggregation and metal precipitation. In contrast, the amount of Cr and Mo were
equal or more released in MES+BSA than in HCI.

4. CoCrMo alloys that have undergone polishing exhibit increased resistance to
corrosion in HCI and MES+BSA (for one orientation) solutions than their as-received

counterparts.

5. The corrosion resistance of the CoCrMo alloy showed only a slight variation

between samples produced in different orientations.

6. The polished vertical sample showed a tendency to release more Cr than the
polished horizontal sample in the MES+BSA (pH 7.2-7.4) solution.
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Chapter 7

{  Conclusions and outlook

7.1 Conclusions

The objectives of this Ph.D. thesis focused on examining the impact of various factors,
such as irradiation, sliding conditions, and manufacturing process, on the oxide
characteristics, metal release process, electrochemical stability, and the bioavailability of
CoCrMo in various simulated synthetic physiological fluids.

Figure 7-1 was created to demonstrate the effects of irradiation, sliding, and printing
orientation on metal release in CoCrMo alloy. The figure shows the mass ratios between
the amounts of metals released before and after irradiation and sliding, as well as the
mass ratio between CoCrMo alloys printed vertically and horizontally using LPBF
technology with different surface treatments. Ratios greater than 1 indicate a positive
effect of the respective condition, while ratios lower than 1 indicate a negative impact.
Figure 7-2 shows the total released amounts of metals from the forged and LPBF
CoCrMo before and after irradiation and sliding, and in different solutions. It proves that
irradiation and sliding can induce the release of metals from the CoCrMo alloys exposed
in the various protein-containing solutions. The LPBF CoCrMo alloys fabricated in
vertical orientation released higher amounts of Cr compared to the horizontal orientation,

suggesting that print orientation may have an impact on metal release.
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Figure 7-2: The total released amount of metals from forged and LPBF CoCrMo in

different solutions, under different conditions (summary of Chapters 3, 4, and 6).

The effect of the irradiation, at a dose of relevance for cancer radiation treatment, on the
metal release and surface passivation was small but detectable. The results indicate that
irradiated CoCrMo alloys release higher amounts of metals directly after irradiation as

compared to non-irradiated CoCrMo alloys (Chapter 3).

Sliding resulted in a lower measurable (non-precipitated) amount of released metals in
PBS and Fbn solutions, but a higher measurable amount in BSA-containing solutions.
Also, the coefficient of friction was greater in the solution containing only Fbn than in the
PBS solution (Chapter 4).

Furthermore, the studies on building direction and surface treatments (Chapters 5-6)
suggest that the as-received horizontal LPBF CoCrMo exhibits a coarser microstructure
than the vertical plane, possibly due to a less rapid cooling rate. The amount of Co
released from the specimens after exposure in MES+BSA was lower than in HCI, which
was probably due to the occurrence of protein aggregation and metal precipitation. In

contrast, the amount of Cr and Mo were equal or more released in MES+BSA than in
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HCI. The polished vertical sample showed a tendency to release more Cr than the
polished horizontal sample in the MES+BSA (pH 7.2-7.4) solution (Chapter 6).

In terms of corrosion resistance, the studies found that as-received LPBF CoCrMo
surfaces exhibit lower corrosion resistance than abraded surfaces. This is in contrast to
the metal release, which is mainly determined (in this case, at pH 7.4) by solution
chemistry. The orientation of LPBF CoCrMo surfaces showed slight variations in
microstructure and corrosion resistance but did not have a significant impact on cell
viability or bioactivity (Chapter 5 and Chapter 6). Comparing the solution compositions
in Chapters 5 and 6, it appears that the phosphate-containing solutions (PBS, in Chapters
3-5) had a corrosion-inhibiting effect and resulted in precipitation of cobalt and

chromium phosphates, which was not the case in Chapter 6 (MES+BSA solution).

The studies on the effect of the concentration and types of proteins on the metal release of
CoCrMo surfaces suggest that proteins can induce significant precipitation of metals and
protein aggregates, especially at high protein concentrations, leading to a strong
underestimation of released metals, especially under sliding conditions and for released
Co and Cr. This effect was minor for released Mo. Additionally, protein aggregates were
found to precipitate on the surface of CoCrMo, potentially leading to changes in surface

chemistry and metal release (Chapter 3, 4 and 6).

These findings have important implications for the design and development of implant
materials intended for use in high-protein environments, such as those found in the
human body. It is important to consider the potential impact of protein aggregation and
metal precipitation on the performance of CoCrMo materials and to optimize their
composition and surface properties to minimize metal release and maintain optimal

corrosion resistance.
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7.2 Outlook

In this work, metal release, surface characterizations, corrosion behavior and bioactivity
have been investigated for the CoCrMo alloy under different exposure conditions. In the
field of CoCrMo as implant materials, there is a continued need for ongoing research and
development to improve the safety and minimize potential health hazards. Future work in
the field of implant materials should focus on the following aspects:

1. To gain a better understanding of the impact of metal release on patient health, it
is necessary to conduct further biocompatibility studies and develop more effective
strategies for monitoring and mitigating this effect. This can be achieved by using in-vivo
models to study the biocompatibility of implant materials under various conditions.

2. To advance our understanding of the impact of tribocorrosion on metal release in
CoCrMo alloys, as well as the interplay between mechanical wear and corrosion, further
research is essential. This can be accomplished using experimental and computational
methods, which can provide a deeper understanding of the fundamental mechanisms

governing tribocorrosion.

3. It is necessary to investigate the fundamental mechanisms underlying protein
aggregation in CoCrMo alloys, using advanced analytical techniques and computational
methods, to identify the key factors that contribute to protein adsorption, protein-protein

interactions, and the formation of protein aggregates.

4. Developing a comprehensive database of metal release from CoCrMo alloys can
provide a valuable resource for researchers and engineers in the field of biomedical
engineering. The database could include information on the chemical and physical
properties of CoCrMo alloys, the specific conditions under which the alloys were
exposed to, the time frame of exposure, the type and concentration of protein solutions
used, and the corresponding amounts of metal released or corrosion parameters measured

under those conditions.

5. To mitigate underestimation of released metals, phosphate-containing buffers

should be avoided, and it is recommended to investigate any corrosion-inhibiting effects
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and the formation of solids from metal ions by solution components. It is also
recommended to standardize in-vitro metal release tests. The standard needs to be
specific to the metal or alloy, since the formation of solid precipitates is specific to the
metal and solution.
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Appendices

Appendix A: Chapter 5 Supplementary

200 pm

400 pm

100 ym

400 pm

Figure S1: Voids in printing in (a, b) XY direction including gas porosities and (c, d)
XZ directions including gas porosities and lack of fusion. Images by means of

optical microscopy.
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Figure S4: As-received XY: XPS wide spectrum and Co 2p, Cr 2p, Mo 3d, O 1s, and
C 1s high-resolution spectra. The red points/lines are the raw data, the brown line is
the background, the black line is the envelope fit, and the individually fitted species

are colored as indicated.
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Figure S5: Abraded XZ: XPS wide spectrum and Co 2p, Cr 2p, Mo 3d, O 1s,and C
1s high-resolution spectra. The red points/lines are the raw data, the brown line is
the background, the black line is the envelope fit, and the individually fitted species
are colored as indicated.
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Figure S6: Abraded XY: XPS wide spectrum and Co 2p, Cr 2p, Mo 3d, O 1s,and C

1s high-resolution spectra. The red points/lines are the raw data, the brown line is

the background, the black line is the envelope fit, and the individually fitted species

are colored as indicated.
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