
DEGREE PROJECT IN MATERIALS SCIENCE AND ENGINEERING, 
SECOND CYCLE, 30 CREDITS 
STOCKHOLM, SWEDEN 2017 

 
 
 
 
 
 

The effect of albumin and 
fibrinogen on the corrosion and 
metal release from a biomedical 
CoCrMo alloy 

 
ZHENG WEI 

 
 
 

KTH ROYAL INSTITUTE OF TECHNOLOGY 
SCHOOL OF INDUSTRIAL ENGINEERING AND MANAGEMENT 



 
 

Abstract 

Corrosion and metal release mechanisms of CoCrMo alloys are at human biological 

conditions not fully understood. The main objective of this master thesis was to 

investigate whether the Vroman effect influences the extent of metal release from 

CoCrMo alloy in mixed protein solutions. The project focuses on the corrosion 

properties and release of cobalt (Co), chromium (Cr) and molybdenum (Mo) from a 

CoCrMo alloy into simulated physiological solutions of pH 7.2-7.4 in the presence of 

proteins. 

The metal release study was performed in phosphate buffered saline (PBS) for 4 and 

24 h at 37 °C with and without different concentration of proteins (bovine serum 

albumin-BSA and fibrinogen-Fbn from bovine plasma). In order to investigate 

whether any Vroman effect could affect the extent of released metals in solutions, 

sequential tests were performed by sampling after 1, 4, 6 and 24 h in solutions that 

were partially replenished after 5 h. Significant metal-induced protein aggregation and 

precipitation were observed in solutions of physiologically-relevant protein 

concentrations (40 g/L BSA and 2.67 g/L Fbn). Cr was strongly enriched in the 

surface oxide of CoCrMo after exposure in all solutions. This was for all solutions 

accompanied by metal release processes dominated by Co. Based on electrochemical 

investigations, the electrochemical activity did not increase, but rather decreased, in 

protein-containing solutions as compared to PBS alone. This could possibly be 

explained by blocking of cathodic areas as a result of protein adsorption. 
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1. Introduction 

1.1. CoCrMo alloys 

Cobalt-chromium-molybdenum (CoCrMo) alloys are cobalt based alloys that widely 

are used for prosthetic implantations, for example dental implants, hip, and knee joint 

replacements [1]., Based on information from the Swedish Knee Arthroplasty, 12,886 

knee implants were in 2015 made using this alloy. The number of hip implants was in 

2014 slightly higher 16,566 [2,3]. CoCrMo alloys are considered to have excellent 

biocompatibility, because they form a passive oxide on the surface of the alloy that 

improves their corrosion resistance [4]. The thickness of this passive oxide is between 

1 and 4 nm, and consists of a mixture of cobalt, chromium and molybdenum oxides 

[5]. There are two kinds of CoCrMo alloys, one with high and another with low 

carbon content., The carbon content depends on the amount of carbon added during 

the casting process, for improved mechanical properties [6]. The high carbon 

CoCrMo alloy contains more carbides, which generally cause a lower corrosion 

resistance, but a higher wear resistance, compared with the low carbon CoCrMo alloy 

[7-8]. The heat treatment during processing, also influence the corrosion performance 

[9]. 

The hip joint is the strongest joint in the human body. It is responsible for many 

movements, such as walking, running and jumping activities. However, because of 

external trauma, osteoarthritis, hip fracture, osteonecrosis of the femoral head and 

other related diseases, the hip joint can be damaged and loose its normal function [10]. 

To alleviate joint pain, correct joint deformity, restore and improve joint motor 

function, total hip replacement has become the best and most commonly used method 

for the hip disease. The total hip prosthesis mainly consists of the femoral head, the 

acetabulum, the acetabular lining and the femoral shaft as illustrated in Fig 1. 



2 
 

 
Figure 1. The structure of the artificial hip joint. 

 

Although CoCrMo alloys exhibit excellent wear and corrosion resistance in joint 

replacements, their further development in the medical field is still limited due to the 

following deficiencies.  

(1) Toxicity of alloy elements: the release of Co and Cr ions has long been the focus 

of several research investigations. Long-term use of CoCrMo alloys result in the 

release of Co and Cr ions from the joint material and transported to tissues, blood, 

and organs. With time, these processes may cause a serious clinical problem such 

as joint implant failure, local osteolysis and/or allergic reactions [11]. 

(2) Debris problem: the CoCrMo alloy exhibits excellent wear resistance as compared 

to alternative artificial joint materials. However, due to medical development and 

younger patients whom need a joint replacement, higher requirements are 

demanded for the service life of joint materials. Patients hope that an artificial 
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joint material after implantation can be used for at least 20 years. This means that 

it must withstand wear problems during the entire usage period. Wear debris may 

cause loosening of the joint replacement, and abrasive particles will become 

concentrated in the tissue and articular surface and cause different diseases and 

failure of the joint [12]. 

(3) Because of the hardness of CoCrMo alloys, the process of making CoCrMo alloys 

is difficult. Therefore, only forge casting can be used to produce CoCrMo alloys. 

However, this process results in some casting defects, such as coarse grains and 

dendritic structure, which lowers the tensile and fatigue strength. However, this 

problem has been reduced when using 3D printing processes (selective laser 

melting) of e.g. dental implants.  

The development of surface modifications of CoCrMo alloy to reduce these problems 

has therefore lately received more and more attention. 
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2. Background 

2.1. Corrosion and metal release 

2.1.1. Interaction between proteins and surfaces of metal materials. 

When the alloy is implanted in the human body, the protein molecules in the body 

fluid are adsorbed to the surface of the material in a relatively short time. Adsorption 

of proteins and materials may include the following process [13-16]: the electrostatic 

attraction between the metal surface and protein molecules, formation of hydrogen 

bonding between protein molecules and metal surface related to electrostatic 

interaction, charge regulation, and direct binding (metal-protein binding by e.g. 

coordination bonds) [17-18]. The adsorption process of proteins on a metal surface 

includes molecular transfer, adsorption, protein exchange and desorption steps [19]. 

These processes are influenced by many factors. One of the factors is the formation of 

the protein molecule of the peptide chain side chain, amino acid groups on the surface 

of free amino (NH4
+) and carboxyl (COO-) groups. Other important factors include 

(e.g., the type of proteins and their concentration, type and concentrations of ions, pH 

and temperature). In physiological conditions, most proteins are negatively charged 

[20]. When the ionic strength is low, the adsorption process will be repelled by other 

anions (e.g. HPO4
2-). At higher ionic strength, the repulsion of anions is significantly 

weakened.  The surface characteristics of the material is a very important factor 

influencing adsorption processes, where different physicochemical properties such as 

roughness, surface energy, hydrophobicity and surface charge play a role. A smooth 

and hydrophilic 316L stainless steel surface is beneficial to inhibit protein adsorption 

[21] for which protein adsorption is reversible. The surface charge of the surface 

oxide also affects the adsorption of proteins. In acidic analog fluids (pH = 5.4), the 

higher Zeta potential of the metal surface resulted in less amount of albumin 

adsorption [22]. Under the influence of these factors, the adsorption of proteins in 

human body fluids on the surface of the alloy is a process of gradual collision, 

adsorption and protein exchange. Proteins with strong surface binding affinity are 
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eventually adsorbed on the metal surface. The interfacial action between the adsorbed 

protein and the surface of the material affects the corrosion behavior of the alloy. 

Several corrosion accelerating mechanisms may be important: adsorption of proteins 

can cause oxygen deficiency or the attraction of protons, resulting in a less passive 

surface oxide and/or protonation of the surface oxide, and direct chelation of metals 

by proteins can result in a less passive surface oxide or surface oxide dissolution 

[23-25]. 

Protein adsorption may also inhibit the corrosion of metals, mainly in the following 

two ways; first, the adsorbed protein layer forms a barrier between the electrolyte and 

the surface oxide. This may reduce the transport of soluble products and corrosive 

ions, thereby blocking the charge transfer process (especially for the cathodic 

reactions) and result in the dissolution and growth of the surface oxide; second, the 

surface oxide contains the negative charged O2-. Divalent metal ions from body fluids 

may therefore be adsorbed through electrostatic interactions (Ca2+, Mg2+) on the 

surface, which makes the oxide more positively charged and able to attract negatively 

charged proteins or phosphate ions through electrostatic attraction. This can e.g. result 

in the formation of a calcium phosphate protein mixed layer. This layer is frequently 

reported in literature for implant materials [26]. The mixed layer may inhibit ion 

migration and reduce the corrosion dissolution of alloys [27]. 

In the body fluid, dissolved metal cations such as Co, Cr and Ti form soluble 

complexes with the negatively charged proteins, intensifying corrosion of the material 

surface. It has been claimed that this effect is selective, such as albumin easily forms 

complexes with Cr, and fibrin binds easily to Ni and Mo [28]. However, both Co and 

Cr are reported to bind to albumin and serum proteins [29]. 
 

2.1.2. Metal release 

Currently, clinical trials suggest that the usage of metal-on-metal (MOM) artificial hip 

joints is satisfactory, but that a variety of complications continue to occur with a large 

number of joint surgeries to be carried out. One of the most noteworthy issues is the 
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increase of metal ion concentrations in body fluids of patients implanted with MOM 

hip prostheses. Follow-up analyses of MOM total hip arthroplasty show that the 

concentration of Co in plasma and urine was significantly higher than measured 

before the surgery [30]. Therefore, there are great concerns and debate on the possible 

danger of these elevated metal ion concentrations in the human body, their possible 

allergenicity, teratogenicity, cytotoxicity and genotoxicity of metal ions. On one hand, 

the cellular behavior of metal ions has been continuously investigated. However, 

specific biological effects of metal ions on humans have not yet been determined, and 

safe limits of metal ions in patients are still under discussion. On the other hand, the 

release process of metal ions is studied in terms of tribology and tribocorrosion of the 

metal hip joint, which provides a basis for improving the wear resistance and 

corrosion resistance of these materials. Released metal ions from the implanted MOM 

hip prosthesis originate directly from metal corrosion (mainly electrochemical 

corrosion), tribocorrosion, possibly metal-protein binding, and indirectly from metal 

debris [31-32]. 

The response of the human body to the implanted object is one of the most important 

factors for a successful implantation of the artificial joint. Any adverse reactions can 

result in joint replacement failure with a subsequent need to remove the implant. The 

initial event after implantation of biomaterials is the adsorption of proteins on the 

implant surface. Adsorbed proteins play an important role in the subsequent cellular 

behavior and the outcome of the implant. Any object that is implanted into the human 

body will be in contact with different body fluids and in seconds be covered with a 

variety of proteins. With the development of artificial joint materials and medical 

science, the physical and mechanical properties of the implant materials should be 

considered, and its compatibility with cells and tissues must be considered.  This is 

especially important for conditions where the surrounding tissue cells can react with 

irritation or toxic reactions, conditions that are important for the service life of the 

implant and its safe use. Therefore, it is necessary to test the properties of these 

materials in biologically relevant environments. The surface wear, or fretting of the 



7 
 

artificial joint, results in the release of metal ions. However, joint wear is not the only 

source of metal release, and joint taper connections may cause significant ion release 

due to crevice corrosion. In addition, the metal surface of the implant will corrode as a 

result of prolonged contact with the body fluid, thereby increasing the release of metal 

ions [33]. 

Alex et al [34] reported that Co ions can can trigger tumor growth. Chen [35] 

investigated the effect of metal ions on monocytes and macrophages in an in vitro 

study and found that Co and Cr ions are toxic to monocytes and, that single 

nuclear/macrophage death will cause more monocytes and macrophages to clear these 

dead cells that release a variety of inflammatory mediators, and that this triggers a 

large number of inflammatory reactions. 

Schaffer et al. [36] found that Co and Cr concentrations were elevated in the blood 

and urine of patients who had undergone replacement of the CoCrMo alloy prosthesis. 

After longer time periods, the levels of cobalt and chromium in the body showed a 

downward trend. Brodner et al. [37] showed that patients with chronic renal failure 

had significantly higher Co and Cr levels in the blood than patients without renal 

failure after undergoing MOM total hip arthroplasty. Heisel et al. [38] studied the 

relationship between activity and metal ion serum concentration in 7 MOM total hip 

arthroplasty patients. None of the patients had any other diseases and had good 

postoperative function. The activity was measured with a pace meter, allowing the 

patient to reduce the amount of exercise in the first week and increase the same two 

weeks later. They found that there was no difference in serum concentrations of Co 

and Cr, and that the concentration of Cr in urine did not change as a function of 

activity. Therefore, the authors suggest that there is no reduce of the amount of metal 

ions in patients undergoing MOM total hip replacement. Hasegaa et al. [39] found 

that patients who used large diameter MOM total hip replacements after 3 months had 

increased metal concentrations in the body. One year after the replacement, the ion 

concentration was not significantly increased. Long-term studies at in-vivo conditions 

should be performed to assess on-going process.  
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3. Method 

3.1. Materials 

The nominal composition of the CoCrMo alloy investigated in this study is shown in 

Table 1. 
Table 1. Nominal composition of CoCrMo (wt %), Co balanced, based on 

supplier information 

 Cr Mo C Si Mn Ni Fe N S 

CoCrMo 27.94 5.85 0.074 0.572 0.593 0.113 0.224 0.181 0.00018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The material was hot worked, supplied by Ionbond, Switzerland, of implantable 

quality, and conformed to the international standards ISO 5832-12, ASTM F799 

thermo-mechanical condition, and ASTM F1537 Alloy 1. 

 

3.2. Exposure plan 

10 groups of single solution exposure tests (Table 2) and 4 groups of sequential 

solution tests (Table 3) were performed. All of the CoCrMo disks were grinded by 

1200 grit SiC paper (with water) and ultrasonically cleaned in acetone and isopropyl 

alcohol for 7 min subsequently, and then dried by nitrogen gas. All of the grinded 

samples were then stored for 24±1 h in a desiccator to enable the formation of a 

well-defined passive film at room temperature prior to exposure. The surface 

passivation has an influence on the adsorption kinetics when the passivation time is 

lower than 1 h [40]. All disks were positioned with their entire surfaces exposed to the 

solution in acid-cleaned polyethylene vessels. The ratio between the surface area and 

volume was about 1cm2/1mL. All samples were disk-shaped with a diameter of 2.2 

cm and 0.2 cm thickness, with a total surface area of approximately 9 cm2 (measured 

for each disk individually). 9 mL solution was added to each of the disks. 

Phosphate buffered saline (PBS) was prepared by mixing 8.77 g/L NaCl, 1.28 g/L 

Na2HPO4, 1.36 g/L KH2PO4, all of analytical grade, in ultrapure water adjusting the pH 
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to 7.2-7.4 using 50% NaOH. The protein solutions were prepared from PBS adding 

bovine serum albumin (BSA, Sigma Aldrich A7906) and/or fibrinogen from bovine 

plasma (Fbn, Sigma Aldrich F8630). All exposures were conducted in a Stuart 

platform-rocker incubator at 37±0.5 °C at dark conditions and agitated bi-linearly at 

12° inclinations and 22 cycles/min. 

 

CoCrMo alloy disks were exposed in five different single solutions for 4 and 24 h, 

compiled in Table 2. Each group contains triplicate samples and one blank sample 

(without CoCrMo disk). 

 
Table 2. Single solution exposures and durations 

Media Duration 

PBS, pH 7.2-7.4 4 h, 24 h 

PBS+Fibrinogen (10g/L), pH 7.2-7.4 4 h, 24 h 

PBS+BSA (10g/L), pH 7.2-7.4 4 h, 24 h 

PBS+Fibrinogen (10g/L)+BSA (10g/L), pH 7.2-7.4 4 h, 24 h 

PBS+Fibrinogen (2.67g/L)+BSA (40g/L), pH 7.2-7.4 4 h, 24 h 

 
Table 3. The list of CoCrMo alloy exposure in sequential solution. 

First solution (10 mL) Second solution (5 mL) 

PBS, pH 7.2-7.4 PBS, pH 7.2-7.4 

PBS+BSA (40 g/L) , 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 (5.74 g/L) , pH 7.2-7.4 

 

For the sequential tests, CoCrMo alloy disks were exposed in two subsequent 

solutions shown in Table 3. Solution samples were sampled after 1, 4, 6 and 24 h as 

shown as Fig 2. 
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Figure 2. Illustration of sequential test exposure. 

 

The volume of the solution samples collected in the sequential test exposure was 2.5 

mL after 1, 4 and 6 h, and the remaining volume (up to 7.5 mL) after 24 h. The second 

solution was added after 5 h. After the sequential exposure, the CoCrMo alloy disks 

were taken out from the solution, rinsed by ultrapure water and stored in the 

desiccator for further analysis by X-ray photoelectron spectroscopy (XPS). The 

solution samples were stored frozen prior to digestion. 

 

All vessels, which were in contact with the solutions, were prior to exposure 

acid-cleaned in 10% HNO3 for at least 24 h, washed four times by ultrapure water 

(18.2 MΩcm, Millipore, Sweden) and dried in ambient laboratory air. Ultrapure water 

was used as solvent for all solutions. 

The experimental approach is similar to a parallel, already published [41], study on 

stainless steel. 

 

3.3. Digestion 

Due to the formation of hydrogels and potential loss of analyte, it is necessary to 

digest the entire protein solutions before solution analysis by means f atomic 

absorption spectroscopy (AAS). All solution samples were stored at -25 °C before 

digestion. For digestion, all protein samples were first (after defrosting) acidified to a 

pH below 2 with 65 vol-% nitric acid. 2 mL of single solution samples (Table 2) or 
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2.5 mL of the sequential solution samples (Table 3) were diluted with ultrapure water 

and 0.5 mL 30% ultrapure hydrogen peroxide to a total volume of approximately 10 

mL. In order to digest the protein solutions completely, it was necessary to add 0.5 

mL ultrapure hydrogen peroxide several times during the digestion procedure until the 

protein solution was transparent and odorless. The samples were digested by an UV 

digester (Metrohm 705 UV digester) at a temperature between 90 and 95°C.	

After the digestion, the final volume was recorded and the dilution factor, DF, was 

calculated based on the final volume divided by the initial solution volume. 

 

3.4. Atomic absorption spectroscopy (AAS) 

The concentrations of Co, Cr, and Mo in the solution samples were analyzed by 

means graphite furnace atomic absorption spectroscopy, GF-AAS (Perkin Elmer 

AA800 analyst). The instrument was calibrated by the following standard 

concentrations: 0 (1vol-% nitric acid), 10, 30 and 60 µg/L for Co; 0, 10, 30, 60 and 80 

µg/L for Cr; and 0, 10, 30 and 45 µg/L for Mo, diluted from stock solutions of each 

metal (Perkin Elmer standards). Quality control samples of known concentration were 

analyzed every 5th sample. Triplicate readings were performed for each solution 

sample. The blank concentrations were <1.68 µg/L Co, <1.21 µg/L Cr, and <0.94 

µg/L Mo. In most cases, the sample concentrations largely exceeded the blank 

concentrations. The limits of detection, calculated as three times the highest standard 

deviation of the blank values, were 1.68 µg/L Co, 1.21 µg/L Cr, and 0.94 µg/L Mo. 

 

The released and non-precipitated amount of metal (Meaq) in solution in the unit of 

µg/cm² was then calculated as follows: 

𝑀𝑒#$
µ𝑔
𝑐𝑚) =

(𝑐,#-./0
µ𝑔
𝐿 − 𝑐3/#45

µ𝑔
𝐿 ) ∗ 𝑉	 	𝐿

𝐴	(𝑐𝑚)) ∗ 𝐷𝐹 

Where csample is the measured sample concentration, cblank is the corresponding blank 

concentration, V is the exposure volume (9 mL), A is the total surface area (about 9 

cm²), and DF the dilution factor. If cblank > csample, this is denoted as “<blank” in the 
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figures. The mean value of three independent samples (with the blank values 

subtracted) is presented with the standard deviation shown as error bars or error 

values.  

 

3.5. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy, XPS, (UltraDLD spectrometer, Kratos Analytical, 

Manchester, UK) measurements were performed using a monochromatic Al Kα X-ray 

source (150 W). Measurements were performed on two separate surface areas of each 

disk, approximately sized 300×500 µm2, in order to analyze the composition of the 

surface oxide. The information depth is less than 10 nm. All measurements were 

performed on the CoCrMo alloy disks that had been exposed in the four sequential 

solutions, as well as on one reference sample that was non-exposed (only grinded, 

cleaned, and air-exposed). 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 reference. 

 

3.6. Open circuit potential (OCP) 

Open circuit potential (OCP) and linear polarization resistance (LPR) measurements 

were performed to investigate the electrochemical activity of the CoCrMo surfaces 

during exposure to the sequential solutions using the same experimental conditions as 

described in Table 3, but with different volumes (initial volume 130 mL). Because of 

the electrochemical experiment set-up, the ratio between the surface area and volume 

was lower than 1 cm2/1 mL (0.03 cm2/mL). Half of the surface area of the CoCrMo 

disk was exposed to the solution. After 5 h, half of the first solution was replaced by 

the second solution. Four electrochemical cells were positioned in a water bath 

controlled at 37±0.5 °C using a contact thermometer placed in a cell filled with same 

volume of PBS. A PARSTAT multichannel PMC Chassis instrument, equipped with 6 

PMC-1000 (AC/DC) channels, was used to measure and control the potential and 

current. The counter electrodes were platinum wires, and the reference electrodes 
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were Ag/AgCl saturated KCl electrodes. Figure 3 shows the electrochemical 

experimental set-up. 

 
Figure 3. The set-up of the electrochemical experiment. 

 

For all measurements, the CoCrMo alloy disks were prepared as for the metal release 

investigations, that is, ground, cleaned and stored in desiccator for 24 h. 

The open circuit potential measurements were conducted for 24 h, and the corrosion 

resistance measurements were performed after 1, 2, 4 and 24 h. Independent duplicate 

measurements were performed for each test condition. 

The corrosion resistance (Rp) was computed using the VersaStudio 2.50.3 software. 

 

3.7. Nanoparticle tracking analysis (NTA) 

In order to estimate the formation of nanoparticles/precipitates from metal ions in 

PBS, nanoparticle tracking analysis (NTA, Malvern Nanosight NS300) was used 

(acquisition time 10 s). PBS, PBS containing 0.6 mM Cr from potassium 
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chromium(III) oxalate trihydrate in water, PBS containing 0.6 mM Ni from NiCl2 in 

water, and PBS containing 0.2 mM Co from CoCl2 in water, 0.2 mM Ni, and 0.2 mM 

Cr were analyzed. Ni was investigated for comparison. 

 

3.8. Statistical calculations 

The student’s t-test of unpaired data with unequal variance was used in the software 

KaleidaGraph 4.0 for independent samples (different CoCrMo disks). The student’s 

t-test of paired data was performed using the same software as the sequential tests for 

solution samples at different time points (same CoCrMo disk). A p-value below 0.05 

is considered as a statistically significant difference. 
 

  



15 
 

4. Results and discussions 

4.1. Total metal release 

The total amount of Co, Cr and Mo in solution released from CoCrMo disks after 4 h 

and 24 h exposure in PBS, PBS+10g/L Fbn, PBS+10g/L BSA, PBS+10g/L BSA+ 10 

g/L Fbn, or PBS+40g/L BSA+ 2.67g/L Fbn are shown in the Figure 4.  

 
Figure 4. Released and non-precipitated amounts (µg/cm2) 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. 
 

The released amounts of Co in the PBS solution is approximately twice as high after 

24 h compared with 4 h. This difference is statistically different (p=0.027). The 

released amount of Cr in the PBS solution after 24 h is also statistically significantly 

larger than after 4 h of exposure (p=0.012). Based on the NTA analysis, released Cr 

ions do not form any significantly higher number of particles in PBS as compared to 

the particles in PBS alone, as shown in Figure 5. The opposite situation holds true for 

Co, most probably related to the formation of Co-phosphates in solution. However, in 

the presence of proteins, these ions may instead bind to proteins and cause protein 

agglomeration that can result in sedimentation and loss of metals from the solution 
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[43-44]. In order to accurately interpret and determine these effects, precipitation of 

Co in PBS alone and of all metals in protein solutions need to be considered. 

 
Figure 5. Number size distribution of particles in PBS, PBS+Co/Cr/Ni, PBS+Cr, and 
PBS+Ni observed by means of NTA. A lower camera level means a higher intensity of 

detected particles. 
 

Based on the data, the released and non-precipitated amounts of Co, Cr and Mo 

increased in all cases with exposure time, except for PBS containing 2.67 g/L 

Fibrinogen and 40 g/L BSA.  

A significant increase in released concentrations of Mo was evident in 10 g/L Fbn 

after 24 h compared with 4 h of exposure (p=0.039). Previous investigations of the 

same material [45] show similar concentrations of release Co in PBS after 24 h 

compared with 4 h. However, the concentration increased significantly after 168 and 

720 h. This difference was attributed to the fraction of released Co that formed 

Co-phosphate particles in PBS and precipitated out from solution. The observed 

reduction in concentration of Co between the 4 and 24 h in PBS containing 2.67 g/L 

Fibrinogen and 40 g/L BSA was not significant (p = 0.37), but revealed a descending 

trend that may be caused by metal-protein complexation and concomitant 
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agglomeration [43-44]. The released and non-precipitated amount of Mo was higher 

in PBS+10 g/L Fbn compared with PBS+10 g/L BSA (p = 0.002). Compared with 

PBS, the released amounts of Cr were significantly higher in PBS containing 10 g/L 

Fbn (p = 0.00081) after 24 h. However, the released amount of Mo in PBS + 10 g/L 

BSA was lower than in PBS (p = 0.0029) and in PBS+10 g/L Fbn+10 g/L BSA after 4 

h. Most strikingly is that the measured amounts of metals in solution are fairly similar 

in all these different solutions. These findings are contradictory to the behavior of e.g. 

stainless steel [42], and also different compared with findings for the sequential 

solutions, see the Table 4 below. 

 
Table 4. Released and non-precipitated amount (µg/cm2) of Co, Cr and Mo in solution 
from disks of CoCrMo alloy exposed to different solutions (pH 7.2-7.4) at 37 °C for 4 
and 24 h. Average values and standards deviations for three independent coupons are 

shown with their corresponding blank values subtracted. 

 Exposure 

time (h) 

PBS PBS+10 

g/L BSA 

PBS+10 

g/L Fbn 

PBS+10 g/L 

BSA+10 

g/L Fbn 

PBS+40 g/L 

BSA+2.67 

g/L Fbn 

Co 4 0.26 

±0.08 

0.25 

±0.02 

0.26 

±0.07 

0.39 

±0.07 

0.4 

±0.1 

24 0.50 

±0.02 

0.29 

±0.07 

0.32 

±0.03 

0.5 

±0.2 

0.3 

±0.1 

Cr 4 0.006 

±0.001 

0.012 

±0.004 

0.016 

±0.001 

0.019 

±0.008 

0.014 

±0.003 

24 0.011 

±0.001 

0.017 

±0.006 

0.018 

±0.005 

0.02 

±0.01 

0.014 

±0.003 

Mo 4 0.007 

±0.001 

0.0008 

±0.0002 

0.004 

±0.002 

0.007 

±0.002 

0.005 

±0.003 

24 0.0108 

±0.0005 

0.0013 

±0.0004 

0.008 

±0.001 

0.009 

±0.005 

0.006 

±0.003 
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Figure 6. 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 5.34 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 (c.f. Fig. 2). 

The error bars show the standard deviation of independent triplicate disks. 
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Figure 6 shows released and non-precipitated amounts of Co, Cr and Mo in solution 

for the four sequential solutions. Compared with the reference measurements, Table 1 

and Fig. 4, the total measured amounts of Co, Cr, Mo in the solution “PBS, PBS” 

were slightly higher (only statistically significant for Co after 24 h). The total released 

amounts of Co, Cr, Mo in “BSA, BSA”, “Fbn, Fbn” and “BSA, Fbn” were almost the 

same (no statistically significant difference). As evident from the measured amounts 

of Co, Cr and Mo in the reference measurements, the total amount of metal release 

from the CoCrMo alloy in the sequential tests was significantly lower than the 

reference measurements (statistically significant for Cr after 4h, -0.02033). This effect 

is most probably influenced by the experimental set-up (Fig. 2), since all solution 

samples were pipetted from the top of the tubes, and therefore any protein aggregates 

that had precipitated on the CoCrMo disks were removed from the solution after the 

exposure. These precipitates were visible on the surface of the disks after exposure 

and before rinsing, Fig. 7.  
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Figure 7. Visual appearance of protein precipitates presents on the surface of a 

CoCrMo disk after exposure in 10 g/L BSA solution and before rinsing (the paper 
tissue below the disk enables a the surface to be discerned from the plastic container). 
 

After rinsing, the disk surfaces appeared shiny. Future studies should therefore also 

investigate measurements of the metal content of the rinsing water. Previous findings 

show that Co and Cr ions induce albumin aggregation and precipitation [46-48], 

effects that depend on the albumin concentration, temperature and the metal ion 

concentration. According to the metal release investigations of this study (both single 

and sequential solution tests), it seems that the CoCrMo alloy releases more Co (but 

not Cr and Mo) in the PBS solution as compared to the PBS solutions containing 

proteins. However, it is difficult to draw any conclusions about the Vroman effect 

(exchange of surface adsorbed proteins by larger proteins) because of the substantial 

influence of protein precipitation on the total measured amount of released metals 

from CoCrMo alloy in the sequential measurements. 

 



21 
 

 
Figure 8. 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 5.34 g/L Fbn (BSA, Fbn); exposed at 
37 °C	for 24 h; studies by means of X-ray photoelectron spectroscopy; significant 

differences are indicated by asterisks: * p<0.05, **p<0.01; n=2. 
 

Figure 8 shows the relative metal composition (based on the mass of oxidized metals) 

of the outermost surface oxide of CoCrMo alloy after grinding (1200 grit SiC paper) 

and after exposure to the four sequential solutions for 24 h, by means of XPS analysis. 

All surface oxides were composed of oxidized Co (Co 2p3/2 line at 782.3±2.3 eV), Cr 

(Cr 2p3/2 at 577.7±0.8 eV) and Mo (Mo 3d at 232.6±0.3 and 235.8±0.1 eV 

corresponding to MoO3) all exposed CoCrMo disks revealed an enrichment of Cr, a 

reduced amount of Co, and an increased amount of Mo in the surface oxide 

(significant differences are indicated in the figure). An enrichment of Cr (p<0.05) in 

the surface oxide exposed to “PBS, PBS” as compared to the non-exposed reference 

is in agreement with previous findings [5]. No significant difference in surface 
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composition was observed for samples exposed to the four sequential solutions. 

Binding energies and their assignments are compiled in Table 5.  

 
Table 5. 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 [32-35]. 

Sample Binding energya (eV) Assignment 

Co 2p3/2 
778.8±0.16 Co metal 

782.3±2.3 Oxidized Co 

Cr 2p3/2 
574.6±0.16 Cr metal 

577.7±0.8 Cr(III) 

Mo 3d 
228.2±0.2, 231.3±0.2 Mo metal 

232.6±0.3, 235.8±0.1 MoO3 

N 1s 
394.4±0.07(if no BSA) Metal nitride 

399.5±0.9 Amine/amide species 

C 1s 

285.0 C-C, C-H bonds 

286.7±0.2 C-N, C-O bonds 

288.5±0.3 C=C-O, O=C-N bonds 

O 1s 

530.7±0.3 Lattice oxide 

531.8±0.3 Hydroxide, hydrated, or 

defective oxide 

533.2±0.3 Water, organic oxide 
aall binding energies normalized to C 1s at 285.0 eV 
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Figure 9. Open-circuit potential of CoCrMo disks exposed to four sequential solutions 

(pH 7.2-7.4); PBS followed by PBS (Seq 1); PBS+40 g/L BSA followed by PBS+40 
g/L BSA (Seq 2); PBS+2.67 g/L Fbn followed by PBS+2.67 g/L Fbn (Seq 3); PBS+40 
g/L BSA followed by PBS+5.34 g/L Fbn (Seq 4); at 37 °C	for 24 h. Data shown for 2 

independent replicate measurements (denoted A and B). 
 

Figure 9 shows results from the open circuit potential (OCP) measurements for 

CoCrMo disks exposed to the four sequential solutions at 37 °C	for 24 h. Half of the 

solution was replenished after 5 h with the second solution. After approximately 

11-14 h (during the night), evaporation of the solutions became evident in the OCP 

measurements and, after the night, more ultrapure water (MQ) was therefore added. 

This might have affected the results due to, e.g., precipitation of salts at the disk 

surfaces. According to previous research of potentiodynamic polarization of the 

CoCrMo alloy in 1 M NaCl [35], the corrosion potential (Ecorr), which is related to the 

OCP, was approximately -500 mV (vs. Ag/AgCl sat. KCl). This value is lower than 

the OCP measured in the sequential solutions (1 M NaCl), and may be related to 

different solutions and experimental set-ups. In general, no evident effect was 
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observed as a result of the exchange of solution, in particular seen in Seq 4 (BSA, 

Fbn), Fig. 9. This is in contrast to findings for the stainless steel grade AISI 303 by 

means of a similar experimental set-up [41] and demonstrates that the influence of 

proteins is different for CoCrMo alloys. The reason is most probably related to the 

fact that CoCrMo is not susceptible to pitting corrosion. The measured open circuit 

potential of Seq 4 (BSA, Fbn) was slightly higher and more stable as compared to the 

reference sequential tests (Seq 1, 2 and 3). However, during the first 5 h, this 

measurement is expected to be similar with Seq 2 (BSA, BSA), which is not the case. 

It can be speculated that the OCP is largely influenced by the blocking of cathodic 

reactions by adsorbed proteins, which results in an increased OCP as compared to 

measurements in PBS alone and to literature findings in NaCl solutions. 

 

Taken together, our data suggests a strong interaction of proteins (both albumin and 

fibrinogen) with Co, Cr, and Mo forming protein aggregates that can precipitate from 

solution. However, the electrochemical activity does not increase, since the 

measurable amount of metal release is either the same or reduced (due to precipitation 

of aggregates), and the surface oxide composition does not change in 

protein-containing solutions as compared with PBS (pH 7.2-7.4) without proteins. 

Further studies should investigate the total amount of released metals, i.e. also 

consider released metals in protein precipitates, as well as the effect of friction, which 

is important in articulating implant materials of CoCrMo. 

 

4.2. Views about social and ethical aspects 

According to all results of this master thesis, it can be confirmed that the artificial 

implants can be corroded and release Co, Cr and Mo in human lung fluid. These 

interactions are possibly harmful to the human body and can cause the failure of 

prosthetic implantations. It is important to companies and patients to reduce the 

failure of implants.  
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5. Conclusions 

The main objective of this research was to investigate whether the Vroman effect 

(exchange of surface adsorbed proteins by larger proteins) influences the extent of 

metal release from a CoCrMo alloy in mixed protein solutions. The following main 

conclusions were drawn: 

(1) Significant metal-induced protein aggregation and precipitation were observed in 

solutions of physiological-relevant protein concentrations (40 g/L BSA and 2.67 

g/L Fbn). Precipitation of these aggregates resulted in an underestimation of the 

measured amount of released metals in solution and needs to be considered in 

future studies (the metal content of precipitated aggregates need to be analyzed in 

parallel). 

(2) Cr was strongly enriched in the surface oxide of CoCrMo in all solutions, a 

process that was accompanied by metal release dominated by Co for all 

investigated solutions.  

(3) The release of Co higher after 24 h as compared with 4 h in PBS, but not the case 

in protein-containing solutions (most probably due to protein precipitation).  

(4) The measurable amount of metals in solution was very similar, or reduced (due to 

protein precipitation) in all protein-containing solutions as compared with PBS 

alone. 

(5) The electrochemical activity did not increase, but was rather reduced in 

protein-containing solutions as compared to PBS alone, possibly due to blocking 

of cathodic reactions. 
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