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Abstract 

 

Joint replacements have been used for over 30 years with considerable success as 

treatment for bone diseases. As a surgical alternative to metal on metal (MoM) total 

hip replacement, hip resurfacing was developed using Cobalt-Chromium (CoCr) 

alloys. However, debris particles are generated by wear at the articulating CoCr 

surfaces. The nanoparticles and ions produced disseminate throughout the body and 

interact with different cell types.  

 

In order to evaluate the effects of CoCr particles and ions released from MoM 

implants, U937 cells and primary human lymphocytes were exposed in vitro to 

artificially produced wear debris derived from an ASR
TM

 MoM hip resurfacing. 

MoM implants release both Cr and Co ions into patientsô circulation, with the latter 

ion being more mobile, and disseminating more widely in the body. U937 cells were 

treated with Co ions before being exposed to wear debris to investigate the scenario 

of patients undergoing revision surgery or receiving a second implant. In addition to 

this, metal ion levels were measured in clinical whole blood samples of patients with 

MoM hip implants and the relationship between those levels and the expression of 

key genes involved in the process of bone remodelling was explored. 

   

The findings from this study demonstrated that exposure to high concentrations of 

CoCr wear debris led to decrease in U937 cell viability after 120h but increased cell 

proliferation of primary human lymphocytes. Moreover, assessment of apoptosis 

revealed that metal debris, but not low concentrations of Co ions (0.1µM), induced 

apoptosis in both U937 cells and primary human lymphocytes. Additionally, results 

showed that whereas cytokine production by U937 cells is affected by both metal 

debris and metal ions, it is mainly affected by metal debris in primary human 

lymphocytes.  

 

Changes in human general toxicology-related gene expression in response CoCr 

wear and Co ions exposure was also evaluated in U937 cells.  Real time PCR 

analysis indicated that CoCr particles were more effective as an inducer of changes 
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in gene expression when cells were pre-treated with Co ions. Together, results 

seemed to suggest that the toxicity of Co ions in macrophages could be related to 

nitric oxide metabolic processes and apoptosis and to IL-2 production modulation in 

lymphocytes. 

 

ICP-MS analysis of culture medium from cells exposed to increasing concentration 

of CoCr wear debris demostrated increasing Co and Cr ion levels representing the 

corrosion process of the metal debris. Since metal wear debris corrodes under 

physiological conditions, the ions released may play an important role in the cellular 

response at the peri-implant tissues. 

 

Finally, whole blood Co and Cr ion levels from patients with MoM implants were 

also analysed by ICP-MS. The ion levels measured were elevated compared to 

patients without implants, and one patient had levels that were just above the 7ɛg/l 

(7ppb) threshold recommended by the Medicines and Healthcare products 

Regulatory Agency (MHRA) for Co+Cr in the circulation. A correlation between the 

ion levels measured and gene expression changes could not be established, due to the 

low number of patients available for this study. 

 

Results from this investigation showed that metal debris tends to be more toxic and 

has a greater influence on gene expression in the presence of Co ion pre-treatment. 

This could have great health implications as it potentially means that patients 

undergoing revision surgery or receiving a second implant may be at higher risk of 

adverse tissue response and implant failure. 
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1. INTRODUCTION  

 

The present work will focus on the toxicity, immunological and gene expression 

effects of cobalt ions and wear debris produced by a metal-on-metal hip resurfacing 

device. This section gives an introductory overview of the hip joint and hip 

replacements as a commonly used option to treat hip diseases. Special attention will 

be given to metal-on-metal devices as the long term consequences to being exposed 

to metal wear particles and ions are still not fully understood. 

 

1.1 The hip joint  

 

The hip joint, scientifically referred to as the acetabulofemoral joint, is 

the joint between the femur and acetabulum of the pelvis and its primary function is 

to support the weight of the body in both static (e.g. standing) and dynamic (e.g. 

walking or running) postures. It allows flexion and extension, adduction and 

abduction, circumduction, and rotation. The hip is a ball-and-socket synovial joint 

(Figure 1.1). A round, cup-shaped structure on the acetabulum, forms the socket for 

the hip joint. The rounded head of the femur forms the ball of the joint. Hyaline 

cartilage lines both the acetabulum and the head of the femur, providing a smooth 

surface for the moving bones to glide past each other. Hyaline cartilage also acts as a 

flexible shock absorber to prevent the collision of the bones during movement. 

Between the layers of hyaline cartilage, synovial membranes secrete watery synovial 

fluid to lubricate the joint capsule (Navarro-Zarza et al., 2012, Field and 

Rajakulendran, 2011). 
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Figure 1.1. Illustration of a n ormal hip joint  (adapted from 

http://www.pennmedicine.org/encyclopedia/em_PrintPresentation.aspx?gcid=100006&ptid=

3). 

 

There are several conditions which can lead to chronic hip pain and disability 

including fracture, inflammatory conditions, synovial abnormalities and tumours 

(Mengiardi et al., 2007). Arthritis is a form of joint disorder that involves 

inflammation of one or more joints. Even though there are over 100 types, 

osteoarthritis (OA) is the most common form of arthritis, a leading cause of 

disability, and the most common cause for hip replacement surgeries (Sanders et al., 

2004). OA begins asymptomatically in the 20s and 30s, with symptoms beginning in 

the 40s through 60s, and becoming more common by the 70s (Shelton, 2013). In OA, 

cartilage covering the end of the bones becomes weaker when the normal process of 

cartilage remodelling becomes altered (Figure 1.2). Without the protection of the 

cartilage, the bones begin to rub against each other and the resulting friction leads to 

pain and stiffness (Desrochers et al., 2013). 
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Figure 1.2. Ill ustration of a diseased hip joint (adapted from 

http://www.pennmedicine.org/encyclopedia/em_PrintPresentation.aspx?gcid=100006&ptid=

3). 

 

1.2 Hip replacements 

 

Prosthetic replacement of human joints is one of the most promising methods in 

treating post-traumatic and degenerative joint diseases (Rosenberg et al., 2006). 

Phillip Wiles is credited with performing the first hip arthroplasty in 1938. It was a 

metal-on-metal total hip made of stainless steel. Its failure was due to loosening and 

this implant is regarded as the precedent of the modern genre (Learmonth et al., 

2007). However, the orthopaedic surgeon Sir John Charnley is considered the father 

of the modern total hip arthroplasty (THA) (Knight et al., 2011, Gomez and 

Morcuende, 2005). Charnley introduced the concept of low friction arthroplasty 

using high-density polyethylene as a bearing material as well as fixing components 

to bone with acrylic cement (Knight et al., 2011).  

 

Total hip arthroplasty (Figure 1.3) is an orthopaedic procedure that involves the 

surgical excision of the head and proximal neck of the femur and removal of the 

acetabular cartilage and subchondral bone. An artificial canal is created in the 

proximal medullary region of the femur and a femoral prosthesis, composed of a 

stem and head, is inserted into the femoral medullary canal. An acetabular 
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component with an articulating surface is inserted proximally into the enlarged 

acetabular space. Finally, these total hip arthroplasty components must be fixed 

firmly to the bone (Siopack and Jergesen, 1995). According to the latest report from 

the Centers for Disease Control, 230,000 THA surgeries were performed in the 

United States alone in 2007 (CDC, 2010) and the demand for THA is expected to 

grow by 172% by 2030 (Kurtz et al., 2007). Considering that the median estimated 

cost of primary hip replacement per patient has been reported to be £5084 (£4588-

£5812) in the UK (Fordham et al., 2012) and $12846 ($12715-$13470) in the United 

States (Antoniou et al., 2004), the increase in THA surgeries can have an financial 

impact on the healthcare systems. 

 

 

Figure 1.3.  Kinds of hip replacements. (adapted from 

http://www.orthopaedicspecialistsct.com/hipResurfacing.asp) 

 

THA is a surgery that serves as the standard treatment of hip disease (Jiang et al., 

2011). However, there are limitations with THA and it has been reported to fail in 

younger patients (Table 1.1) with more active lifestyles (Karas, 2012, Siverling et al., 

2012). Total hip replacements may fail for a variety of reasons including fracture of 

the implant, aseptic loosening, infection, wear, and dislocation (Malchau et al., 

2002). Additionally, as shown in Table 1.1, the rate of failure tends to be greater in 
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females perhaps due to differences in hip anatomy. Developments in THA have been 

directed at the reduction of the rate of failure while accommodating the high-activity 

profile of younger patients (Learmonth et al., 2007). 

 

Age Head size Year 1 Year 3 Year 5 Year 7 

Males 

55 28mm 0.73% 1.89% 3.30% 4.59% 

55 36mm 0.86% 2.22% 3.86% 5.38% 

55 46mm 1.04% 2.70% 4.70% 6.54% 

55 48mm 1.09% 2.81% 4.89% 6.79% 

55 50mm 1.13% 2.93% 5.09% 7.06% 

55 52mm 1.18% 3.05% 5.29% 7.34% 

70 28mm 0.66% 1.70% 2.94% 4.07% 

70 36mm 0.78% 1.99% 3.44% 4.76% 

70 46mm 0.95% 2.43% 4.19% 5.79% 

70 48mm 0.99% 2.53% 4.36% 6.03% 

70 50mm 1.03% 2.63% 4.54% 6.26% 

70 52mm 1.07% 2.74% 4.72% 6.51% 

Females 

55 28mm 0.98% 2.71% 4.82% 7.25% 

55 36mm 1.14%  3.14% 5.58% 8.38% 

55 42mm 1.28% 3.51% 6.23% 9.34% 

55 44mm 1.33% 3.64% 6.46% 9.68% 

55 46mm 1.38% 3.78% 6.70% 10.03% 

70 28mm 0.73% 2.01% 3.56% 5.34% 

70 36mm 0.85% 2.33% 4.13% 6.18% 

70 42mm 0.95% 2.61% 4.61% 6.90% 

70 44mm 0.99% 2.71% 4.79% 7.15% 

70 46mm 1.03% 2.81% 4.97% 7.42% 

Table 1.1. Predicted revision rates for males and females with total hip metal-on-metal 

articulations by age and head size. Percentages are based on 9,445 male and 9,234 female 

uncemented total hip metal-on-metal cases between April 2003 and September 2011 

(National Joint Registry, 2012). 

 

Improvements in surgical techniques, prosthetic designs, and instrumentation have 

allowed the development of hip resurfacing (HR, Figure 1.3) as a surgical alternative 

for younger and more active individuals (Siverling et al., 2012). Several advantages 

of resurfacing over standard THA have been suggested. It conserves bone on the 

femoral side, allows more range of motion, a more normal gait pattern, increased 

activity levels and ease of revision (Quesada et al., 2008, Jiang et al., 2011, Shimmin 

et al., 2008).  
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However, specific risks associated with HR surgery include metal ion dispersion 

from the metal device into the tissues surrounding the implant and blood stream, 

femoral fracture, and femoral component loosening (Nunley et al., 2009, Siverling et 

al., 2012, Quesada et al., 2008).  

 

1.2.1 Implant bearing surfaces 

 

Various hip prosthesis materials have been developed in the past. Repeated trials and 

experimentation with various materials and prosthetic designs culminated in the 

creation of the Charnley low-friction arthroplasty in the 1960s (Harris, 2009, 

Learmonth et al., 2007, Kolundzic et al., 2012). From this point, most hip prostheses 

would consist of an ultra-high-molecular-weight polyethylene (UHMWPE) 

acetabular cup and a metal-alloy femoral component. In cemented techniques, 

polymethylmethacrylate (PMMA) cement is used to fix the femoral component in 

bone, whereas in uncemented arthroplasties, the prosthesis interfaces with bone 

directly (Siopack and Jergesen, 1995). However, the discovery that UHMWPE wear 

and debris formation resulted in synovitis, joint instability, osteolysis, and prosthesis 

loosening (Catelas et al., 2011, Brown et al., 2006, Kolundzic et al., 2012) raised 

concerns about the long-term outcome of total joint replacement surgery. 

Specifically, UHMWPE wear debris was found to stimulate peri-prosthetic cells to 

express pro-inflammatory and pro-osteoclastic cytokines, which resulted in aseptic 

loosening (Gallo et al., 2013). This led to assessment of alternative bearing surfaces 

in an attempt to reduce wear and improve longevity of hip replacement procedures 

(Learmonth et al., 2007, Porat et al., 2012). The wear properties of polyethylene can 

be improved by cross-linking (Joyce et al., 2011). Depending on the processes used, 

cross-linking of UHMWPE alters the bonds between molecular chains, reduces 

crystallinity, alters the free radical content of the material and significantly 

influences the materialôs surface properties (Sethi et al., 2003). Laboratory hip 

simulators using cross-linked polyethylene have demonstrated significant decreases 

in wear rates in comparison to those of conventional UHMWPE (Hermida et al., 

2003, Ries et al., 2001). Moreover, improved wear characteristics of this material 
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have been reported in short-term clinical trials (Learmonth et al., 2007, Joyce et al., 

2011, Huo et al., 2011). 

 

Additionally, hard-on-hard bearing combinations such as metal-on-metal (MoM) and 

ceramic-on-ceramic (CoC), have also been introduced because of their higher wear 

resistance based on volumetric material loss and the presumption that a reduction in 

wear rate would translate into fewer complications and improved implant lifetime 

(Catelas et al., 2011, Porat et al., 2012, Affatato et al., 2010). Alumina ceramics were 

introduced in the 1970s. They have a low coefficient of friction, superior wear rates, 

and are scratch-resistant (Learmonth et al., 2007). However, the major unique 

complications of ceramics are fracture because of their brittle nature (Learmonth et 

al., 2007, Porat et al., 2012) and noise generation (squeaking) (Huo et al., 2011, Porat 

et al., 2012). Modern day metal-on-metal total hip resurfacings were introduced 

approximately 14 years ago (Quesada et al., 2008). They represent approximately 

10% of all hip arthroplasties in developed countries between 1990 and 2010 (Jiang et 

al., 2011, Corten and MacDonald, 2010). The Australian annual report from 2010 

indicates that in 2009-2010, 35996 hip procedures were carried out in Australia and 

MoM accounted for 12% of all implanted arthroplasties (Australian Orthopaedic 

Association National Joint Replacement Registry, 2011). In 2010-2011, 11948 total 

hip replacements were performed in Canada from which 10.1% used MoM bearing 

surfaces (Canadian Joint Replacement Registry, 2013). Additionally, 491505 THA 

procedures were recorded between April 2003 and September 2011 in England and 

Wales and 8% involved MoM articulations (National Joint Registry, 2012). Metal 

bearing surfaces have low wear rates, are not brittle, and are self-polishing, allowing 

for self-healing of surface scratches (Learmonth et al., 2007). The most common 

metallic materials used in total hip joint replacements include titanium alloys, 

stainless steels and cobalt-chromium alloys (Antunes and Lopes de Oliveira, 2012). 

Furthermore, metal-on-metal hip resurfacing bearings are made from high-carbon 

CoCr alloy (Mahendra et al., 2009, Amstutz and Le Duff, 2006) due to their superior 

hardness and resistance to wear compared to Ti alloys. The relative softness of Ti 

alloys compared to CoCr alloys results in poor wear and frictional properties; Ti 

alloys are approximately 15% softer than CoCr alloys. For this reason, Ti alloys are 
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commonly used for nonïweight bearing surface components such as femoral necks, 

stems, and porous coatings (Long, 2008, Navarro et al., 2008) 

 

Even though MoM bearing technology was initially aimed to extend the durability of 

hip replacements and to reduce the requirement for revision, they have been reported 

to release at least three times more cobalt and chromium ions than metal-on-

polyethylene hip replacements (Hart et al., 2006, Savarino et al., 2002, Keegan et al., 

2007, Antoniou et al., 2008). As a result, the toxicity of metal particles and ions 

produced by bearing surfaces both locally in the peri-prosthetic space and 

systemically became a concern (Moroni et al., 2011). The following section gives a 

brief description of metal toxicity.  

 

1.2.1.1 Metal toxicity  

 

Metals are essential components of a variety of biological systems. For example, 

sodium, potassium, magnesium and calcium provide the basis for nerve conduction, 

muscle contraction, stabilization of nucleic acids and other biological systems and 

thus are the dominant metal ions in a cell (Bleackley and MacGillivray, 2011). 

Metals commonly occur in proteins modulating protein function (Okamoto and Eltis, 

2011). Proteins that bind transition metals such as iron, copper, manganese, zinc, 

cobalt and nickel are often catalytic enzymes with the transition metal ion being 

essential for activity. Under physiological conditions, most transition metals can 

exist in multiple valence states, which allows them to participate in the control of 

various metabolic and signalling pathways such as electron transfer reactions, 

oxygen transport, gene regulation and structure stabilization. Metal ions are also 

found as components of prosthetic groups, cofactors and complexes prior to insertion 

into proteins (Okamoto and Eltis, 2011, Bleackley and MacGillivray, 2011)  

 

Although some metals have specific biological functions, high metal concentrations 

can lead to toxicity often through the formation of oxygen radicals (Valko et al., 

2005). The resulting reactive oxygen species can go on to damage cellular 

components including proteins, lipids and nucleic acids eventually leading to cell 
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death. Complex systems have evolved to maintain the delicate balance between 

transition metals as essential nutrients and their potentially damaging role as 

cytotoxins. Perturbations in this balance are observed in the genetic diseases of 

transition metal metabolism stemming from both overload and deficiency that 

manifest in a variety of symptoms (Bleackley and MacGillivray, 2011).  

 

Metal compounds are found throughout the environment (Koedrith and Seo, 2011). 

Individuals who are subject to environmental overexposure to transition metals also 

exhibit a number of diseases related to the toxicity of the metals (Bleackley and 

MacGillivray, 2011). Industrial applications contribute significantly to human metal 

exposure (Koedrith and Seo, 2011) but with increasing numbers of joint replacement 

surgeries around the world; orthopaedic implants have become another important 

route of exposure. Some metals, including arsenic, cadmium, chromium, cobalt, lead, 

mercury, and nickel have been classified as human carcinogens or considered to be 

human carcinogens by the International Agency for Research on Cancer (Koedrith 

and Seo, 2011, Catalani et al., 2012).  

 

The demand for metallic materials in medical devices is largely due to properties 

such as toughness, elasticity, rigidity, and electrical conductivity. They are widely 

used for orthopaedic implants, bone fixators, artificial joints, external fixators, 

among others (Vidal and Munoz, 2009). Metallic biomaterials are composed of a 

variety of metals including aluminium (Al), chromium (Cr), cobalt (Co), nickel (Ni), 

molybdenum (Mo), vanadium (V), titanium (Ti), and iron (Fe) (Cadosch et al., 

2009). The compositions of metal alloys used in hip replacement implants are shown 

in Table 1.2. 
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Alloy Ni N Co Cr Ti  Mo Al  Fe Mn Cu W C Si V 

Stainless steel               

(ASTM F138) 

10.0 

to 

15.5 

< 0.5 À 
17.0 to 

19.0 
À 

2.0 to 

4.0 
À 

61.0 to 

68.0 
À < 0.5 < 2.0 < 0.06 < 1.0 À 

 

CoCrMo alloys 
              

(ASTM F75) < 2.0 À 

61.0 to 

66.0 

 

27.0 to 

30.0 

 

À 
4.5 to 

7.0 
À < 1.5 < 1.0 À À < 0.35 < 1.0 À 

(ASTM F90) 

9.0 

to 

11.0 

À 
46.0 to 

51.0 

19.0 to 

20.0 
À À À < 3.0 < 2.5 À 

14.0 to 

16.0 
< 0.15 < 1.0 À 

 

Ti Alloys 
              

 

CPTi 

(ASTM F67) 

À À À À 99.0 À À 
0.2 to 

0.5 
À À À < 0.1 À À 

Ti-6A1-4V 

(ASTM F136) 
À À À À 

89.0 to 

91.0 
À 

5.5 to 

6.5 
À À À À < 0.08 À 

3.5 to 

4.5 

  

Table 1.2. Elemental compositions (% weight) of metal alloys used in orthopaedic implants. Alloy compositions are standardised by the 

American Society for Testing and Materials (ASTM). (CPTi: commercially pure titanium, Ti: titanium, Al: aluminium, V: vanadium, Co: cobalt, Cr: 

chromium, Mo: molybdenum, Ni: nickel, Fe: iron, Si: silicon, W: tungsten, Cu: copper, C: carbon, N: nitrogen). À indicates < 0.05% (Keegan et al., 

2007, Hallab et al., 2001a, Singh and Dahotre, 2007). 
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CoCr alloy is used in joint replacement devices for knee, ankle, shoulder, elbow, 

wrist, and finger arthroplasty procedures (Long, 2008). Wear debris from these 

articulations is generated by mechanical wear, surface corrosion or a combination of 

both, and consists of both particles and ions (Keegan et al., 2007). Corrosion is the 

visible destruction of a metal caused by interactions with its environment, which may 

cause rupture of a structure or loss of function (Cadosch et al., 2009). The 

physiological environment is considered corrosive. This makes the corrosion of 

metallic materials a slow and continuous process, which leads to the release of metal 

ions (Singh and Dahotre, 2007, Cadosch et al., 2009).  

 

It has been shown that wear debris generated from CoCr MoM articulations can lead 

to local soft-tissue inflammatory response that results in premature failure of the 

implant and systemic effects from prolonged exposure to Cr and Co ions (Davda et 

al., 2011, Griffin et al., 2012).  

 

1.2.1.2 CoCr wear particles 

 

The degradation products of any orthopaedic implant include only two basic types of 

debris: particles and soluble (or ionic) debris (Hallab and Jacobs, 2009). Particulate 

wear debris generated by MoM articulations is in the nanometre size range (Germain 

et al., 2003),  the average particle size range being 30 to 100 nm in size (Catelas and 

Wimmer, 2011). The reduced size of nanoparticles allows their entrance into tissues 

and organs and diffusion throughout the body, and their interaction with different 

types of cells (Lucarelli et al., 2004). 

 

It has been reported that the ingestion by cells of nanometersized wear particles 

occurs by endocytosis or pinocytosis (Shukla et al., 2005). Once ingested by 

macrophages, a host of biologic reactions can occur (Hallab and Jacobs, 2009). For 

example, macrophages may be able to process the particles in such a way that it 

could lead to activation of T cells through antigen presentation. Moreover, once 

inside the cell, the particles could interact directly with proteins or other intracellular 

molecules and interfere with normal biological processes. Additionally, particulate 
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wear debris corrodes and releases metal ions. Increased amounts of metal particle 

debris leads to increased metal ion concentrations, which could lead to release of 

proinflammatory mediators, cytotoxicity, DNA damage, and oxidative stress (Hallab 

et al., 2005b).  

 

1.2.1.3 Chromium 

 

Chromium is the 24th element of the periodic table and has a molecular weight of 

51.9. It exists in a series of oxidation states (0, +3, +6). Trivalent (Cr
3+

) and 

hexavalent (Cr
6+

) compounds are thought to be the most biologically significant. Cr
3+

 

is an essential dietary mineral in low doses. It is required to potentiate insulin action 

and for the normal glucose metabolism. Cr
3+

 is found in most fresh foods and 

drinking water. Dietary sources rich in chromium include bread, cereals, spices, fresh 

vegetables, meats, and fish (Valko et al., 2005). The recommended dietary intake of 

Cr ranges from 50 to 200µg of Cr/day. Chromium plays a beneficial role in glucose 

tolerance and diabetes (Dillon et al., 2000). Its deficiency in humans will lead to 

impaired glucose tolerance, glycosuria, fasting hyperglycemia, and elevated 

circulating insulin and glucagon (Afolaranmi et al., 2008). 

 

After entering the body from an exogenous source, Cr
3+

 binds to plasma proteins 

such as transferrin, an iron-transporting protein. Regardless of the source, Cr
3+

 is 

widely distributed in the body and accounts for most of the chromium in plasma or 

tissues. The greatest uptake of Cr
3+

 as a protein complex is via bone marrow, lungs, 

lymph nodes, spleen, kidney, and liver, the highest being in the lungs (Bagchi et al., 

2002). Moreover, it has been shown that cell membranes are relatively impermeable 

to Cr
3+

. When varying amounts of radioactive Cr
3+

 were added to whole blood in 

vitro, almost all of the radioactivity (94-99%) remained in the plasma with an 

insignificant count retained in the RBC after saline washing. Similar results were 

obtained in vivo (Gray and Sterling, 1950). Similarly, (Dillon et al., 2000) found low 

permeability of Cr
3+

 as shown by the lack of a detectable Cr accumulation in Chinese 

hamster lung V79 cells exposed to Cr
3+

 complexes. Additionally, it has been shown 

that the cellular uptake of Cr
6+

 is several fold greater than that of Cr
3+

 ion, because 
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trivalent chromium is predominantly octahedral and diffuses slowly (Biedermann 

and Landolph, 1990). In contrast to Cr
3+

, Cr
6+

 is rapidly taken up by erythrocytes 

after absorption and reduced to Cr
3+

 inside the cell (Figure 1.4). Cr
6+

 enters the cell 

through non-specific anionic channels, such as the phosphate and sulphate anion 

exchange pathway (Tkaczyk et al., 2009, Raja et al., 2011). Once within the cell, 

Cr
6+

 is reduced metabolically by the redox system to short-lived intermediates Cr
5+

, 

Cr
4+

, and ultimately to the most stable species Cr
3+

 (Fornsaglio et al., 2005, 

Shrivastava et al., 2005, Afolaranmi et al., 2008). Cr
3+

 interacts and forms complexes 

with DNA, protein and lipids resulting in increased chromium intracellular levels 

(Fornsaglio et al., 2005, Shrivastava et al., 2005, Raja et al., 2011). 

 

 

Figure 1.4. Schematic illustrating chromium uptake. This schematic depicts how Cr
6+

 

enters cells readily, while Cr
3+

 on the other hand moves across the cell membrane via much 

slower diffusion and through other processes related to the chemical structure of the attached 

ligands. ROS: reactive oxygen species (adapted from (Gill et al., 2012a)). 

Excretion of chromium occurs primarily via urine, with no major retention in organs. 

Approximately 10% of an absorbed dose is eliminated by biliary excretion, with 

smaller amounts excreted in hair, nails, milk, and sweat. Clearance from plasma is 

generally rapid (within hours), whereas elimination from tissues is slower (with a 

half-life of several days) (Valko et al., 2005).  

 

The toxicity, mutagenicity, and carcinogenicity of chromium compounds are a well-

established phenomenon (De Flora, 2000, Bagchi et al., 2002, Merritt and Brown, 

1995, Tkaczyk et al., 2009). Long-term occupational inhalational exposure to 

chromium levels 100ï1000 times higher than those found in the natural environment 
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have been associated with squamous cell carcinoma and adenocarcinoma in exposed 

workers (MacDonald, 2004). Epidemiological studies carried out in the U.K, Europe, 

Japan and the United States have consistently shown that workers in occupations 

where particulate chromates are generated or used have an elevated risk of 

respiratory disease, fibrosis, perforation of the nasal septum, development of nasal 

polyps, and lung cancer (Nickens et al., 2010). Additionally, during the intracellular 

reduction of Cr
6+

 to the stable Cr
3+

, reactive intermediates (ROS, pentavalent and 

tetravalent chromium species) are generated, which cause a wide variety of DNA 

lesions including CrïDNA adducts, DNAïprotein crosslinks, DNAïDNA crosslinks, 

and oxidative damage (Valko et al., 2005, Codd et al., 2001). 

 

1.2.1.4 Cobalt 

 

Cobalt has a molecular weight of 58.9 and an atomic number of 27. It can occur in 

four oxidation states (0, +2, +3 and +4) (De Boeck et al., 2003). The most common 

oxidation numbers of cobalt are +3 [Co
3+

], and +2 [Co
2+

] which form a number of 

organic and inorganic salts (Valko et al., 2005). Cobalt and its salts are used in a 

variety of processes but the main consumption of Co nowadays is in the production 

of steel and alloys (Catalani et al., 2012). 

 

For the general population the diet is the main source of exposure to Co and it is 

readily absorbed in the small intestine (Catalani et al., 2012, Valko et al., 2005). 

Most of the consumed cobalt is excreted in the urine and very little is retained, and it 

is mainly in the liver and kidneys (Valko et al., 2005). Under physiological 

conditions, this element is mostly accumulated in the liver, kidneys, heart, and 

spleen, while minimum concentrations are found in the blood serum and tissues of 

the brain and pancreas (Kravenskaya and Fedirko, 2011). Molecular details of cobalt 

uptake are not well known and whether Co enters mammalian cells via a specific 

transporter is not known either (Bleackley and MacGillivray, 2011, Catalani et al., 

2012). However, it is likely that it is transported into the cells by broad-specificity 

divalent metal transporters (Bleackley and MacGillivray, 2011). It has been shown 

that P2X7, a transmembrane ionotropic receptor, is involved in the uptake of divalent 
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cations and Co (Virginio et al., 1997). In the same way, a protein named divalent 

metal transporter 1 (DMT1) has been shown to have a broad substrate specificity 

favouring divalent metals including Co
2+

 (Park et al., 2002, Griffin et al., 2005, 

Forbes and Gros, 2003). Additionally, (Kasten et al., 1992) suggested that the 

cellular uptake of Co was mediated by active transport ion pumps (i.e. Ca
2+/

Mg
2+

 

ATPase and the Na
+
/K

+
 ATPase) and endocytosis. 

 

The only biological known function of cobalt is its integral part of vitamin B12, 

which is incorporated into enzymes that participate in reactions essential to DNA 

synthesis, fatty acid synthesis and energy production (Bleackley and MacGillivray, 

2011, Catalani et al., 2012). Examples of such enzymes are methyltransferases, such 

as methionine synthase (MetH), which catalyzes methionine biosynthesis both in 

mammals and bacteria (Randaccio et al., 2010). 

 

Even though cobalt has a role in biological systems, overexposure results in toxicity 

due to excess (Bleackley and MacGillivray, 2011), which promotes the development 

of hypoxia and increases in the level of reactive oxygen species (ROS), suppresses 

synthesis of ATP, initiates apoptotic and necrotic cell death (Kravenskaya and 

Fedirko, 2011). Cobalt ions can directly induce DNA damage, interfere with DNA 

repair, DNAïprotein crosslinking and sister chromatid exchange (Valko et al., 2005). 

The exact mechanism for cobalt carcinogenicity remains to be elucidated but it has 

been established that cobalt-mediated free radical generation contributes to the 

toxicity and carcinogenicity of cobalt (De Boeck et al., 2003).  

 

1.2.1.5 Metal ion levels in patients with CoCr hip implants 

 

Circulating physiological levels of cobalt and chromium are normally <0.25ɛg/l 

(0.005ɛM). Elevated levels of cobalt and chromium ions occur in both the hip 

synovial fluid and in peripheral blood after MoM hip replacement (Andrews et al., 

2011). Currently, whole blood is the most commonly used sample to monitor Co and 

Cr levels in the body (Liu et al., 2011). In blood, metal ions are transported both in 

the plasma and within the blood cells. In the case of chromium, it has been shown 
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that the ions are readily taken up by red blood cells causing variability in the ratio of 

metal in the intra- and extracellular compartments (Merritt and Brown, 1995). The 

concentration of metal ions in the serum corresponds only to the extracellular 

component. Therefore, determination of whole blood concentrations is a better 

measure of systemic exposure to metal ions (Daniel et al., 2007b). 

 

There is concern about the toxicity and biological effects of such ions both locally 

and systemically since increased Co and Cr ion levels in blood have been reported in 

patients with CoCr implants (Clarke et al., 2003, Dunstan et al., 2005, Daniel et al., 

2007a, Antoniou et al., 2008, Tkaczyk et al., 2010b, Bisseling et al., 2011, Lavigne et 

al., 2011, Friesenbichler et al., 2012, Penny et al., 2013). Moreover, there have been 

cases of particularly high blood ion concentrations. Wretenberg (2008) reported high 

concentrations of Co (22.92ɛg/l) and Cr (19.43ɛg/l) in blood from a patient with a 

McKeeïFarrar MoM hip prosthesis after 37 years of implantation. Similarly, 

Fritzsche et al., (2012) reported high whole blood ion levels of Co (138µg/l) and Cr 

(39µg/l) in a 41-year-old patient with bilateral MoM Birmingham Hip Resurfacing 

(BHR) implants  3 months after  surgery.  

 

Several studies have been carried out to investigate the levels of metal ions release 

from well-functioning as well as failed MoM hip implants. As a result, a wide range 

of metal ion level values have been reported in whole blood and serum from a wide 

range of patients (Table 1.3). Higher levels of Co and Cr ions have been measured in 

blood of patients with MoM hip implants when compared to patients with metal-on-

polyethylene (MoP) or ceramic-on polyethylene (CoP) devices (Dunstan et al., 2005, 

Hart et al., 2006, Rasquinha et al., 2006, Antoniou et al., 2008, Malviya et al., 2011, 

Moroni et al., 2012). Furthermore, elevated Co and Cr ion levels in blood and high 

wear volumes have been associated with pain (Davda et al., 2011, Hart et al., 2009, 

Langton et al., 2010) pseudotumors (Matthies et al., 2012, Hasegawa et al., 2012, 

Kwon et al., 2011), and implant failure (Hart et al., 2011, Davda et al., 2011, Hart et 

al., 2010).  
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Table 1.3 also shows that higher levels of Co ions, when compared to Cr, are 

generally measured. Cobalt corrodes faster than chromium under physiological 

conditions (Xia et al., 2011b) and, opposite to Cr, Co ions tend to remain mobile, 

which is reflected in the higher levels measured in blood, allowing them to reach 

remote organs (Afolaranmi et al., 2012). Elevated Co concentrations in patients with 

MoM implants are a concern, since increased cobalt levels in blood have also been 

reported to be associated with neurological (hand tremor, incoordination, cognitive 

decline, depression, vertigo, hearing loss, and visual changes) (Oldenburg et al., 

2009, Tower, 2010), cardiac (myocardiophaty) (Gilbert et al., 2013, Dadda et al., 

1994, Seghizzi et al., 1994) and endocrine (Keegan et al., 2007, Oldenburg et al., 

2009) symptoms. Oldenburg et al. (2009) reported a case of severe cobalt 

intoxication due to prosthesis wear of a total hip arthroplasty. In this case a 55-year-

old man developed hypothyroidism, peripheral neuropathy, and cardiomyopathy 

related to the deterioration of the metal femoral head and a Co concentration in blood 

of 625µg/l. Table 1.4 summarises the range of metal ions and metal particles 

typically measured in human body fluids and tissue with and without MoM 

replacements. 

 

In addition to the above, data from the seventh annual report of the National Joint 

Registry for England and Wales showed high failure rates for MoM hip prostheses, 

which led to the market recall of the DePuy ASR
TM

, both the Resurfacing and XL 

Systems in August 2010 (DePuy International Ltd, Leeds, UK) (MDA/2010/069). 

Following this, the Medicines and Healthcare products Regulatory Agency (MHRA) 

safety alert in September 2010 drew attention to the long term biological safety of all 

types of MoM hips. In this document the MHRA explained the details behind the 

safety alert and included four situations in which measurement of blood metal ions in 

patients were recommended: 1) in patients who have symptoms associated with loose 

MoM bearings; 2) in patients showing radiological features associated with adverse 

outcomes including component position or small component size; 3) if the patient or 

surgeon are concerned regarding the MoM bearing; and 4) if there is concern about 

patients with higher than expected rates of failure. The MHRA have suggested that 

combined whole blood cobalt and chromium levels of greater than 7ppb (7µg/l) are 
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associated with significant soft-tissue reactions and failed MoM hips 

(MDA/2010/069). 
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Table 1.3. Metal ion levels measured in body fluids from patients with MoM hip replacements 

Author, 

date 
Implan t Body fluid Follow up 

Mean concentration (ɛg/l) 

 Co Cr  

Clarke et al. 

(2003) 

Birmingham hip 

resurfacing (BHR), 

Cormet 2000 

(THA), both MoM 

Serum 
Median time 

16 months 

Resurfacing  2.24*  2.76*  

THA  1.30*  0.99*  

Lhotka et al. 

(2003) 

Metasul, 

SIKOMET-SM2, 

both MoM THA 

 

Whole blood 42-48 months 

Control 

nanograms of 

element per 

gram of dry 

sample 

weight 

0.70ng/g 0.21ng/g 

Metasul 

immediate 

postoperative 

period 
3.23ng/g 7.78ng/g 

42-48 months 16.95ng/g 25.62ng/g 

SIKOMET-SM21 

immediate 

postoperative 

period 
8.13ng/g 14.27ng/g 

42-48 months 27.66 ng/g 36.35ng/g 

Dunstan et 

al. (2005) 
THA MoM, MoP  Whole blood 

Mean of 30 

years 

Control (no implants) 0.69ng/g 2.18ng/g 

MoP 0.48ng/g 2.00ng/g 

MoM revised to MoP 0.65ng/g 2.16ng/g 
MoM radiologically stable 1.97ng/g 2.17ng/g 
MoM radiologically loose 35.50ng/g 2.70ng/g 

Hart et al. 

(2006) 
THA MoP, MoM Whole blood 

Up to 60 

months 
MoP 2.48 0.28 
MoM 4.18 1.78 

Iavicoli et al. 

(2006) 
THA MoM Serum 

Mean of 15.3 

months 
Patients 14.00 2.88 

Controls 3.46 1.47 
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Table 1.3. Metal ion levels measured in body fluids from patients with MoM hip replacements 

Author, 

date 
Implant  Body fluid Follow up 

Mean concentration (µg/l) 

 Co Cr 

Rasquinha et 

al. (2006) 

THA MoM, CoP 

(ceramic-on 

polyethylene) 
Serum 

Minimum of 5 

years 

CoP 0.20 0.08 

MoM 2.35 3.48 

Witzleb et 

al. (2006) 

BHR 

(Resurfacing), 

Metasul (THA), 

both MoM 

Serum 2 years 

THA 1.70 1.22 

Resurfacing 4.28 5.12 

Control (implant free)  0.25* < 0.25* 

Daniel et al. 

(2007a) 
MoM resurfacing  Whole blood Up to 4 years 

Pre-op 0.20 0.30 
1 year 1.30 2.40 

4 years 1.20 1.10 

Grubl et al. 

(2007) 
MoM THA Serum 

Minimum of 

10 years 
Median 0.75 0.95 

Ziaee et al. 

(2007) 
MoM resurfacing Whole blood 

Mean of 53 

months 
Control 0.34 0.20 
Patients 1.39 1.28 

Antoniou et 

al. (2008) 

MoM (THA and 

resurfacing), MoP 

(THA) 
Whole blood 1 year 

Control 1.75 0.05 
MoM THA 2.60 0.60 

MoM resurfacing 2.40 0.50 
MoP THA 1.65 0.05 

De Haan et 

al. (2008) 
MoM resurfacing Serum 

Mean of 3.4 

years 

steep (component abduction  

Ó 55Á) 
9.80 9.70 

non-steep (component abduction 

 < 55°) 
2.40 3.60 

Wretenberg 

(2008) 
MoM THA (Case 

report) 
Whole blood 37 years  22.92 19.43 

Hart et al. 

(2009) 
Painful MoM 
resurfacings 

Whole blood 
median of 27 

months 
Unilateral 4.50* 3.00* 

Bilateral 10.60* 7.90* 
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Table 1.3. Metal ion levels measured in body fluids from patients with MoM hip replacements 

Author, 

date 
Implant  Body fluid Follow up 

Mean concentration (µg/l) 

 Co Cr 

Lazennec et 

al. (2009) 
MoM THA Serum 9 years 

Unilateral 1.55 1.49 
Bilateral 2.03 2.99 

Hart et al. 

(2010) 
Failed MoM 

resurfacing 
Whole blood 

Mean  

51 months 
 112.64 61.71 

Langton et 

al. (2010) 
MoM resurfacing 

(ASR, BHR) 
Whole blood 

minimum of 
12 months 

ASR  2.74* 4.16* 
BHR  1.80* 4.19* 

Adverse reactions 69.00 29.30 

Davda et al. 

(2011) 

Symptomatic 

MoM, both THA 

and resurfacing 

Synovial 

fluid 
Mean of 36 

months 

Unexplained pain  1127.00* 1337.00* 

Defined cause of failure  1014.00* 1512.00* 

Hart et al. 

(2011) 
MoM, both THA 

and resurfacing 
Whole blood 39-42 months 

Failed  6.90* 5.00* 

Well-functioning 1.70* 2.30* 

Kim et al. 

(2011) 
MoM resurfacing Serum 2 years 

Pre-op 0.11 0.23 
2 years 1.79 2.70 

Kwon et al. 

(2011) 

Asymptomatic 

pseudotumors 

MoM resurfacing 
Serum 

Mean of 61 

months 

Control (MoP THA) 0.60 0.50 
Non-pseudotumor  1.90* 2.10* 

Pseudotumor 9.20* 12.00* 

Malviya et 

al. (2011) 
MoM, MoP, THA Whole blood 2 years 

MoM 5.21 2.78 
MoP 1.61 0.79 

Fritzsche et 

al. (2012) 

bilateral MoM 

resurfacing 

followed 
by unilateral MoM 

THA (Case report) 

Whole blood, 

aspirate of  
pseudotumor 

3 months after 

revision 

surgery 

Blood 138.00 39.00 

Aspirate of pseudotumor 258.00 1011.00 

Hasegawa et 

al. (2012) 
MoM THA Serum 2 years 

Pre-op 0.30 0.20 

Well-functioning 2.30 1.60 
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Author, 

date 
Implant  Body fluid Follow up 

Mean concentration (µg/l) 

 Co Cr 

Matthies et 

al. (2012) 
MoM, both THA 

and resurfacing 
Whole blood 

Median of 39 

months 
No pseudotumor 2.9 3.2 

Pseudotumor 11.0 6.7 

Moroni et al. 

(2012) 
MoP, MoM THA Serum 

Minimum of 

18 months 

MoP 
Males 0.84 0.59 

Females 0.7 0.44 

MoM 
Males 4.26 1.28 

Females 5.76 4.12 

Table 1.3. Metal ion levels measured in body fluids from patients with Mo M hip replacements. *Ion concentrations expressed as median 

values. THA= total hip arthroplasty, MoM= metal-on-metal, MoP= metal-on-polyethylene. 

 

Human body fluids  Co (µg/l) Cr (µg/l) 

Serum 

Control 0.20-3.46 0.15-1.47 

Well-functioning TJA 1.55-5.76 0.99-4.12 

Failed TJA 9.20 12.00 

Synovial fluid  

Control 5.00 3.00 

Well-functioning TJA 588.00 385.00 

Failed TJA 1127.00 1512.00 

Whole blood 

Control 0.20-2.48 0.28-4.00 

Well-functioning TJA 1.80-5.21 0.60-4.19 

Failed TJA 4.50-138 3.00-61.71 

  Particle wear conentrations 

Peri-implant ti ssue  67.00mg-48.10g 

Table 1.4. Typical Concentrations of Metal in Human Body Fluids and in Human Tissue with and Without MoM Total Joint Replacements. 

Control: subjects without any MoM prosthesis (Matziolis et al., 2003, (Kempf and Semlitsch, 1990, Sargeant and Goswami, 2007, Hallab and 

Jacobs, 2009).  
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1.3 Immune response 

 

Table 1.3 summarised part of the evidence demonstrating that blood cobalt and 

chromium ion levels are elevated in patients with MoM devices, which may lead to 

adverse immunological and cellular responses. In order to understand the 

biomaterial-tissue reactions following metal debris and ion release after hip 

arthroplasty, a broad overview of the immune system is given in this section. 

 

The principal functions of the immune system are the recognition with subsequent 

elimination of foreign antigens, formation of immunologic memory, and 

development of tolerance to self-antigens (Luckheeram et al., 2012). The body is 

primarily protected from foreign invasion by the innate immune system, which is 

geared towards discriminating between self and alien/abnormal molecular patterns 

and mounting the first set of inflammatory and defence responses (Stow et al., 2009, 

Lucarelli et al., 2004).  

 

An important feature for long-term survival and function of biomaterials is that they 

do not elicit a detrimental immune response. The foreign body reaction is the 

primary reaction of the nonspecific immune system that is evoked by the 

implantation of foreign materials (Luttikhuizen et al., 2006). In vivo, the initial 

responses are acute and chronic inflammation characterized by monocytes and 

lymphocytes, respectively (Brodbeck et al., 2005). Host response to a prosthesis or 

prosthetic debris results in the formation of a fibrous synovial-like membrane 

surrounding the prosthesis (Wang et al., 1996). This membrane consists 

predominantly of fibroblasts, macrophages, and endothelial cells and actively 

degrades the adjacent bone by the concerted action of the different cell types. A 

variety of factors, such as mechanical loading, may contribute to the formation of 

this membrane. However, little is known about the early phases of formation and it is 

considered to be a foreign body reaction initiated by wear debris particles from the 

prosthesis (Pap et al., 2001). A greater number of macrophages has been found in the 

interface membrane of patients with osteolysis compared to patients without 

osteolysis (Wang et al., 1996). It is believed that mononuclear phagocytic cells in the 
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pseudomembrane surrounding the implant phagocytose wear particles and become 

activated. This activation results in the release of pro-inflammatory cytokines, such 

as interleukin (IL) 6 (IL-6), tumour necrosis factor Ŭ (TNF-Ŭ), and inflammatory 

mediators, such as prostaglandin E2 (PGE2), which stimulate osteoclastic bone 

resorption (Ingham et al., 2000). 

 

1.3.1 Monocytes and macrophages 

 

Monocytes derive from the myeloid progenitor cells in the bone marrow (Hume, 

2006). They circulate through the blood and lymphatic system and are recruited to 

sites of tissue damage and infection (Geissmann et al., 2010). Circulating monocytes 

give rise to a variety of tissue resident macrophages throughout the body, as well as 

to specialized cells such as dendritic cells (DCs) and osteoclasts (Gordon and Taylor, 

2005). Pro-inflammatory, metabolic and immune stimuli elicit increased recruitment 

of monocytes to peripheral sites, where differentiation into macrophages and DCs 

occurs, contributing to host defence and tissue remodelling and repair (Geissmann et 

al., 2010). 

 

Tissue macrophages have a broad role in the maintenance of tissue homeostasis, 

through the clearance of senescent cells and the remodelling and repair of tissues 

after inflammation (Gordon and Taylor, 2005). Macrophages are among the first 

innate immune cells recruited to a site of invasion, and to come into contact with 

foreign agents (Stow et al., 2009, Lucarelli et al., 2004). They are equipped with a 

broad range of pathogen-recognition receptors that make them efficient at 

phagocytosis (Geissmann et al., 2010) and induce production of inflammatory 

cytokines to recruit and activate other cells to initiate adaptive immune responses 

(Aderem and Ulevitch, 2000). 

 

Macrophages become classically activated by exposure to two signals: response to 

interferon ɔ (IFNɔ), which primes macrophages for activation, and Toll like receptor 

(TLR) ligation, which results from exposure to a microbe or microbial product such 

as lipopolysaccharides (LPS) (Mosser, 2003, Mantovani et al., 2002). Classical 
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macrophage activation gives rise to effector cells, usually referred to as M1, which 

kill microorganisms and tumour cells and produce inflammatory cytokines including 

IL-1 and TNFŬ (Lucarelli et al., 2004, Mantovani et al., 2004). On the other hand, 

IL-4 and IL-13 induce a distinct activation program, referred to as óalternative 

activationô, or M2 macrophages (Mantovani et al., 2004, Mantovani et al., 2002, 

Gordon and Martinez, 2010, Martinez et al., 2009), which tune inflammatory 

responses and adaptive T lymphocyte responses, allergy, immunoregulation, killing 

and encapsulation of parasites, matrix deposition and remodelling (Mantovani et al., 

2004).  

 

Macrophages that attach and recognize a foreign material show typically a classically 

activated phenotype secreting inflammatory cytokines, ROS, and degradative 

enzymes and displaying high phagocytic capacity (Xia and Triffitt, 2006). 

Macrophage phagocytosis of wear debris from joint replacement components is 

thought to be a crucial step in the pathogenesis of osteolysis and aseptic loosening. In 

addition to this, it has been suggested that biomaterial-adherent macrophages secrete 

cytokines that could attract and activate circulating T-lymphocytes, including IL-1ɓ, 

TNFŬ, IL-6, and IL-8 (Figure 1.5) (Brodbeck et al., 2005). 

 

 

 

Figure 1.5. Schematic of the transition from blood-borne monocyte to biomaterial 

adherent monocyte/macrophage at the tissue/implant materia l interface. 
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1.3.1.1 U937 cells 

 

The U937 cell line originated from a human histolytic lymphoma, possessing 

immature pro-monocytic characteristics, and is believed to retain the capacity to 

differentiate into monocytes/macrophages by various inducers such as PMA (phorbol 

12-myristate 13-acetate) (Chabot et al., 2001), TPA (12-O-tetradecanoylphorbol-13-

acetate), VD3 (1, 25-dihydroxyvitamin D3), retinoic acids, DMSO and IFNɔ (Wang 

et al., 2011). It has been shown that U937 cells have comparable responses to 

polyethylene particles (Matthews et al., 2001) and metal ions (Wang et al., 1996, 

Petit et al., 2004b) to primary macrophages in terms of cytokine release. 

 

Wang et al. (1996) evaluated the effects of titanium, cobalt and chromium ions, at 

concentrations ranging from 0.01 to 100ng/ml, on the release of bone-associated 

cytokines (IL-lɓ, IL-6, TNF-Ŭ, and TGF-ɓl) by primary human blood 

monocytes/macrophages and monocyte-like U937 cells upon lipopolysaccharide 

(LPS) stimulation. They also investigated the effects on cell viability and cell 

proliferation in vitro. They obtained comparable responses between human blood 

monocytes/macrophages and monocyte-like U937 cells and demonstrated that the 

three metal ions modulate cytokine release and cell proliferation in vitro. 

Specifically, their results show that the metal ions significantly enhanced the 

production of the bone-resorbing cytokines IL-lɓ, IL-6, and TNF-Ŭ and the 

proliferation of monocytes/macrophages. On the other hand, these metal ions 

inhibited the production of the bone-forming cytokine TGF-ɓl after 24h of exposure.  

 

In addition, a number of macrophage cell lines have been used to study the effects of 

prosthesis wear debris, e.g. murine cell lines J774, P388D1, and IC-21 (Glant and 

Jacobs, 1994, Shanbhag et al., 1994, Jones et al., 2006, Voronov et al., 1998, Schwab 

et al., 2006). However, the response of these cells has not been fully validated in 

comparison to primary macrophages or monocytes. Factors such as cell maturity or 

the stage of differentiation, or the species or donor tissue from which the cells were 

derived, could potentially affect their response (Matthews et al., 2001). All these led 

Matthews et al. (2001) to compare the response of three human cell lines of 
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monocytic lineage (Monomac-1, THP-1, and U937) challenged with polyethylene 

particles of known size and dose in order to identify a suitable model cell line for in 

vitro studies of cell-particle interactions. In this study, Monomac-1 cell line failed to 

synthesize osteolytic mediators in response to polyethylene particles. Furthermore 

the response of the THP-1 cells was shown to be very irregular. Whilst THP-1 cells 

were unresponsive to challenge with the 7.2mm particle fraction they responded both 

to the very large particles (88mm) at a ratio of 10mm
3
 per cell and to the other 

particle sizes at concentrations as low as 0.1ɛm
3
 particles per cell. Only the response 

of the U937 cell line was comparable to that of primary macrophages. 

 

The human U937 macrophage-like cells have been chosen as the cell culture model 

in previous studies into the effects of different kinds of metals, particles, and ions. 

This cell line has also been chosen to study immune and molecular responses caused 

by prosthesis wear particles and ions by several authors. For example, Iwama et al. 

(2001) examined the effects of As2O3 on the activities of mitogen-activated protein 

(MAP) kinases, intracellular pH, and the production of reactive oxygen species in 

U937 cells to clarify the mechanism of induction of apoptosis in tumour cells by 

arsenic trioxide (As2O3). Ingham et al. (2000) compared the osteolytic potential of 

wear debris generated from different formulations of bone cement, used in total hip 

arthroplasty, in mononuclear phagocytes (U937 cells) in vitro. Similarly, Howling et 

al. (2003) investigated cytotoxic effects on U937 cells of the wear debris from 

carbon-based composite acetabular cup materials articulating against alumina 

ceramic femoral counterfaces. Germain et al. (2003) compared the effects cobaltï

chromium and alumina ceramic wear particles at various doses on the viability of 

U937 cells. All these investigations illustrate how U937 cells have been selected to 

study an array of effects of wear debris particles of different nature.  

 

Additionally, human macrophages (PMA-differentiated myelomonocytic U937 cells) 

were exposed in vitro to increasing concentrations of TiO2, SiO2, ZrO2, or Co 

nanoparticles (up to 400ɛg/10
6
 cells), and their inflammatory response examined as 

the expression of TLR receptors and co-receptors, and cytokine production (Lucarelli 

et al., 2004). Tkaczyk et al. (2010a) studied the effect of chromium and cobalt ions 
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on the expression of antioxidant enzymes in U937 cells. Raghunathan et al. (2010) 

exposed FFC cell line and U937 cell line to 0, 0.05, 0.1, and 0.5µM Cr
6+

 

continuously for 3 weeks and studied the changes in protein expression. These 

studies contribute to the body of evidence showing that the human U937 

macrophage-like cells have been widely used as a cell culture model to investigate 

the effects and mechanisms of toxicity of a range of particles and ions. U937 cells 

are an alternative to isolating a pure population of monocytes/macrophages from 

human peripheral blood mononuclear cells, which could result in a mixed cell 

population. Moreover, they resemble macrophage behaviour in vivo, which are the 

main cells present in peri-prosthetic tissues that engulf foreign bodies by 

phagocytosis. Table 1.5 shows a compilation of investigations showing the U937 cell 

line as a model for studying the biological response to wear debris and ions. 
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Table 3.1. Studies of the effects of wear debris and ions derived from various materials on U937 cells 

Author  Aim/Treatment  Summary of Results 

Wang et al. 

(1996) 

Monocytes/macrophages were exposed to 

titanium, chromium or cobalt in vitro, and the 

production of IL-lɓ, IL-6, TNFŬ and TGF-ɓl by 

the cells upon stimulation with lipopolysaccharide 

(LPS). This was done in order to test the 

hypothesis that soluble metals could modulate 

cytokine release by activated 

monocytes/macrophages. 

The release of IL-lɓ was enhanced by titanium, chromium and cobalt, the release of TNF-Ŭ by 

titanium and chromium, and of IL-6 by titanium. All three metal ions inhibited the release of 

TGF-ɓl. Titanium and chromium, but not cobalt, enhanced blood monocyte/macrophage 

proliferation in response to LPS while only titanium enhanced U937 cell proliferation in 

response to LPS. The metals in concentrations ranging from 0.01 to 100ng/ml did not 

stimulate the cells to secrete detectable cytokines in the absence of LPS. The metals did not 

reduce cell viability and induce cell injury after 72 h incubation with the cells. The data 

suggest that the three metals at clinically relevant concentrations modulated cytokine 

expression, whereas they did not induce any cytotoxic effects. 

Ingham et al. 

(2000) 

Cement debris particles were co-cultured with 

U937 cells at two particle volume (ɛm
3
) to cell 

number ratios of 10:1 and 100:1. 

None of the cement particles tested at a ratio of 10ɛm
3
 particles/macrophage had any effect on 

IL-1, TNF-Ŭ or IL-6 production by the cells. When tested at the higher ratio of 100ɛm
3
 

particles/macrophage, the cells were activated and released osteolytic cytokines. All seven 

cement debris types stimulated high levels of TNF-Ŭ and there were no statistically 

differences between the levels generated for each cement debris type. The levels of IL-6 and 

IL-1ɓ generated by macrophages in response to cement debris were considerably lower than 

the levels of TNF-Ŭ. 

Matthews et 

al. (2000) 

Particles with mean sizes of 0.24, 0.45, 1.71, 7.62 

and 88 µm were co-cultured with cells for 24 

hours prior to assessment of cell viability and 

production of the osteolytic mediators IL-1beta, 

IL-6, TNFŬ and, in supernatants from murine 

phagocytes, PGE2 and GM-CSF. All particle 

fractions were evaluated at particle volume (µm
3
) 

to cell number ratios of 10:1 and 100:1 (and, 

additionally, 0.1:1 and 1:1 for U937 cells). 

Although the results for the cell line were highly variable, stimulation with phagocytosable 

particles (range 0.1 to 15 µm) resulted in enhanced levels of cytokine secretion by both 

murine macrophages and U937 cells. The most biologically active particles were sub-

micrometre in size. However, U937 cells responded to wear debris at much lower particle 

volume to cell number ratios (>0.1 µm
3
 per cell) than the murine cells (> 10 µm

3
 per cell). No 

GM-CSF was produced by particle or LPS stimulated murine macrophages. Similarly, U937 

cells failed to secrete any IL-1ɓ. Neither macrophage population responded to stimulation 

with the largest (88 µm) particles. 

Matthews et 

al. (2001) 

The response of three human monocytic cell lines 

(Monomac-1, U937 and THP-1) to challenge with 

polyethylene particles of known size and dose 

was evaluated. Particles with a mean size of 0.21, 

0.49, 4.3, 7.2, and 88µm were co-cultured with 

the cells for 24 hours prior to the assessment of 

cell viability and production of the pro-

inflammatory cytokines, IL-1ɓ, IL-6 and TNFŬ.  

Only the response of the U937 cell line was demonstrated to be comparable to that of primary 

macrophages. Particle volume to cell number ratios of 10:1 or greater significantly enhanced 

levels of cytokine secretion with particles within the phagocytosable size range (0.1 to 10µm) 

being the most biologically active.  
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Table 3.1. Studies of the effects of wear debris and ions derived from various materials on U937 cells 

Author  Aim/Treatment  Summary of Results 

Germain et al. 

(2003) 

The cytotoxicity of cobalt-chromium and alumina 

ceramic wear particles was compared to 

commercially available cobaltïchromium (9.87 ± 

5.67ɛm) and alumina ceramic (0.503 Ñ 0.19ɛm) 

particles. The effects of the particles on the cells 

over a 5 day period at different particle volume 

(ɛm
3
) to cell number ratios were tested and 

viability determined using ATP-Lite
TM

: 

Clinically relevant CoCr particles 50 and 5mm
3
 per cell reduced the viability of U937 cells by 

97% and 42% and reduced the viability of L929 cells by 95% and 73%, respectively. At 50 

mm
3
 per cell, the clinically relevant ceramic particles reduced U937 cell viability by 18%. 

None of the other concentrations of the clinically relevant particles were toxic. The 

commercial CoCr and alumina particles did not affect the viability of either the U937 or the 

L929 cells. 

Howling et al. 

(2003) 

The effects on cell viability of the carbonïcarbon 

composite material P25-CVD on U937 cells. 

Culture of P25-CVD with U937 cells at all the particle-volume to cell-number ratios tested 

had no significant effect when compared to the cell-only controls and gave results very similar 

to the latex-bead controls. 

Shardlow et 

al. (2003) 

The aim was to generate particulate wear debris 

from a simulated stem-cement interface under 

sterile conditions. This debris was then co-

cultured with U937 cells and the response 

measured by immunoassay of four of the 

cytokines implicated in the pathogenesis of 

periprosthetic osteolysis. 

Polymethylmethacrylate (PMMA) pins containing different radiopaque additives, 9.2% 

barium sulphate (CMW 1; DePuy) and 15.6% zirconium dioxide (Palacos R; Schering-

Plough, Welwyn, UK), were tested in sliding wear tests against a stainless-steel counterface 

with the Vaquasheen surface finish. Both cements stimulated the release of pro-osteolytic 

TNFŬ from the U937 monocytic cell line, in a dose-dependent fashion. There was a trend 

towards greater TNFŬ release with Palacos cement than CMW cement at the same dose. 

Palacos particles also caused significant release of IL-6, another pro-osteolytic cytokine, while 

CMW did not. The particulate cement debris produced did not stimulate the release of 

GMCSF or IL1ɓ from the U937 cells. These results may explain the cytokine pathway 

responsible for bone resorption caused by particulate PMMA debris. 

Williams et al. 

(2003) 

The aim of this study was to examine the wear 

particles produced from thick (>10 µm) surface 

engineered coatings: TiN, CrN or CrCN 

articulating with a CoCr alloy substrate. Surface 

engineered coatings were articulated against 

themselves in a simple geometry model. The wear 

particles generated were characterized by TEM 

and the cytotoxic effect on U937 macrophage and 

L929 fibroblast cells assessed. 

The CrN and CrCN coatings showed a decrease in wear compared to the CoCr bearings and 

produced small (less than 40 nm in length) wear particles. The wear particles released from 

the surface engineered bearings also showed a decreased cytotoxic effect on cells compared to 

the CoCr alloy debris. 
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Table 3.1. Studies of the effects of wear debris and ions derived from various materials on U937 cells 

Author  Aim/Treatment  Summary of Results 

Lucarelli et al. 

(2004) 

PMA-differentiated U937 cells were exposed to 

non-toxic concentrations of TiO2, SiO2, ZrO2, or Co 

nanoparticles, and the expression of TLR receptors 

and co-receptors, and cytokine production was 

examined. 

Exposure to nanoparticles of ZrO2 upregulated expression of viral TLR receptors TLR3 and TLR7. 

TiO
2
 and ZrO

2
 nanoparticles also increased expression of TLR10. On the other hand, TLR9 

expression was decreased by SiO2 nano-particles, and expression of the co-receptor CD14 was 

inhibited by Co nanoparticles. SiO2 nanoparticles induced production of inflammatory cytokines 

IL-1ɓ and TNF-Ŭ. Other ceramic nanoparticles had little influence on cytokine production, either in 

resting macrophages, or in LPS-activated cells. Generally, Co nanoparticles had an overall pro-

inflammatory by reducing anti-inflammatory IL-1Ra and inducing inflammatory TNF-Ŭ. 

Petit et al. 

(2004a) 

The purpose of this study was to analyze the effect 

of Co
2+

 and Cr
3+

 ions on the expression of bcl-2, 

bax, caspase-3 and caspase-8 to better understand 

the mechanisms leading to ion-induced apoptosis in 

macrophages. 

 Co
2+

 ions inhibited bcl-2 expression with significant effect (p<0.05) after 16 h and a maximal 52% 

inhibitory effect after 24 h. Co
2+

 stimulated bax expression with a significant stimulation (p<0.05) 

after 8 h and a maximal 1.75-fold increase after 16 h. Co
2+

 also stimulated the expression of the 

active fragment of caspase-3 as well as caspase-3 activity, with maximal increase after 24 h. Co
2+

 

ions had no effect on caspase-8 expression or activity. Cr
3+

 ions inhibited bcl-2 expression with 

significant effect (p<0.05) after 16 h and a maximal 43% inhibitory effect after 24 h. Cr
3+

 

stimulated bax expression showed significant stimulation (p<0.01) after 8h and a maximal 2.25-

fold increase after 24 h. Cr
3+ 

ions also stimulated the expression of the active fragments of caspase-

3 and -8, as well as the activities of both proteases. The effect of Cr
3+

 ions on the expression of both 

caspase active fragments was maximal after 16 h incubation. 

Yagil-Kelmer 

et al. (2004) 

The goal of this study was to compare the effect of 

two sizes of alumina ceramic particles, 0.5 and 1.5 

µm, on the cellular response of both U937 cells and 

primary human blood monocytes obtained from 

healthy volunteers. The cellular response was 

measured by quantifying gene expression of 12 

cytokines using TaqMan RT-PCR. 

Particle to cell ratio of 100:1, 0.5µm ceramic particles provoked higher amounts of IL-lŬ, IL-1ɓ, 

IL-8, 1L-10 and TNF-Ŭ steady state mRNA by U937 cells. Higher variability of cytokine 

expression in primary blood monocytes compared to the cell line, however, a similar trend was 

observed. A differential response to ceramic particle size was shown, which may imply that 0.5 µm 

particles are less biocompatible. 

Luo et al. 

(2005) 

The effects of Co
2+

 and Cr
3+

 ions  were examined 

on the expression of genes encoding MMP-1, one 

of the principal proteinases capable of degrading 

native fibrillar collagens in the extracellular matrix 

(ECM), its inhibitor TIMP-1, and TNF-Ŭ. Human 

U937 macrophages were incubated in suspension or 

on phosphorylcholine (PC)-polymer coated surfaces 

for 24h with Co
2+

 and Cr
3+

 ions. 

Both Co
2+

 and Cr
3+

 ions induce the expression of MMP-1, TIMP-1, and TNF-Ŭ mRNA in a dose-

dependent manner in cell suspensions. Tyrosine kinase inhibitors have different effects on these 

stimulatory effects. Indeed, genistein has only partial inhibitory effect on MMP-1 and TIMP-1, 

with even less effect on TNF-Ŭ expression. In contrast, herbimycin A completely blocks MMP-1 

and TNF-Ŭ while partially inhibiting TIMP-1. However, Co
2+

 and Cr
3+ 

ions had no effect on the 

expression of MMP-1 and TIMP-1 in macrophages cultured on the PC-polymer, suggesting that the 

attachment of U937 macrophages to the PC-polymer surfaces may modify their gene expression. 

These findings indicate that activation of MMP-1, TIMP-1, and TNF-Ŭ by Co
2+

 and Cr
3+

 ions is 

regulated by tyrosine kinases. 
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Table 3.1. Studies of the effects of wear debris and ions derived from various materials on U937 cells 

Author  Aim/Treatment  Summary of Results 

Petit et al. 

(2005) 

To investigate the putative modification of the 

cellular redox state by metal ions from MM 

prostheses, the study examines the effect of Co
2+

 

and Cr
3+

 ions on protein oxidation in U937 cells. 

Co
2+

 and Cr
3+

 ions induced a time- and dose-dependent protein oxidation reaching 6.5 and 2.9 

times the control after 72 h, respectively, which were inhibited by the antioxidant glutathione 

monoethyl-ester. The oxidized proteins are mainly found in the cytoplasmic fraction of the 

cells and are absent from the nucleus. 

Petit et al. 

(2006b) 

To better understand the cellular effect of wear 

particles and metal ions, the aim was to 

investigate the effect of Co
2+

 and chromium Cr
3+

 

ions, as well as UHMWPE and Al2O3 particles, 

on the nitration of proteins in U937 cells. 

Results showed that Co
2+

 and Cr
3+

 ions induced the nitration of a 79 ± 4kDa proteins in a 

time- and dose-dependent manner. The stimulation was significant (p < 0.05) after 24 h with 

10 ppm Co
2+

 and reached a plateau level between 48 and 72 h. With Cr
3+

, the stimulation was 

significant (p < 0.05) only after 48 and 72 h. The effect of both Co
2+

 and Cr
3+

 ions was 

inhibited by glutathione monoethyl-ester that provides protection against oxidative stress. 

However, ultrahigh-molecular-weight-polyethylene and alumina ceramic particles had no 

significant effect on the nitration of proteins. The nitrated proteins are mainly found in the 

cytoplasmic fraction of cells and are absent from the nucleus. 

Sylvie et al. 

(2010) 

 The biological effects of bone substitutes 

presented to U937 cells in vitro as micron- or 

nanometer-sized particles were evaluated. The 

hydroxyapatite (HA) (550 nm) and beta-

tricalcium phosphate (beta-TCP) (550 nm) 

nanoparticles were incubated with U937 cells, 

and cell cycle modification, specific antigen 

expression, and the extent of cell death 

determined. 

Results provide evidence of the absence of cytotoxicity, and show that nanoparticles do not 

induce more apoptosis than microparticles in U937 cells. Although morphologic evidence of 

stimulation of U937-cells was found by confocal microscopy, neither bone substitute altered 

the distribution of the cells into different phases of the cell cycle.  

The flow cytometry results showed no differences in the expression of adherence and 

activation markers. 

 

Table 1.5. Studies of the effects of wear debris and ions derived from various materials on U937 cells. 
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1.3.2 Lymphocytes 

 

The lymphocyte population is mainly made up of the thymus-derived lymphocytes 

(T-lymphocytes), bone-marrow-derived (B-lymphocytes), and the natural killer cells 

(NK cells). T-lymphocytes mediating the cellular immunity, along with B 

lymphocytes mediating humoral immunity, provide adaptive immunity, which work 

in close collaboration with the innate immune system (Luckheeram et al., 2012).  

 

The T-lymphocytes interact with other cell types by either direct cell-cell interactions 

or by soluble paracrine mechanisms (Brodbeck et al., 2005). The T-lymphocyte 

population may be further split into two subclasses, cytotoxic (CD8+) T-cells and T-

helper (CD4+) cells. Cytotoxic T-cells interact directly with the target cell usually in 

response to intracellular invaders, such as viruses. The interactions between CD8+ T-

lymphocytes and target cells lead to the induction of target cell apoptosis. On the 

other hand, CD4+ cells interact with a variety of cell types either directly or through 

cytokine messengers, inducing a variety of responses depending upon the nature of 

the original signal and the cytokines released (Luckheeram et al., 2012, Brodbeck et 

al., 2005).  

 

Activated T lymphocytes at the implant site are assumed to be the source of both IL-

4 and IL-13 and have been shown to enhance macrophage fusion to form foreign 

body giant cells on the surface of implanted biomaterials (Franz et al., 2011, Chang 

et al., 2009). The presence of lymphocytes surrounding the implant indicates that 

these cells may be the source driving the fusion and may play a critical role in the 

foreign body reaction (Anderson, 2009). Additionally, there is evidence of the 

involvement of lymphocytes in aseptic loosening from studies that correlated metal-

specific lymphocyte response to poor implant performance (Hallab et al., 2005) and 

lymphocytic infiltration around metal-on-metal arthroplasties has also been reported 

(Davies et al., 2005). 
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1.3.3 Cytokines 

 

Cytokines are protein, peptide or glycoprotein cell signalling immunomodulatory 

molecules that are primarily concerned with inter-cellular communication (Goodman 

and Ma, 2010). They elicit biological responses, including cell activation, 

proliferation, growth, differentiation, migration, and cytotoxicity (Tarrant, 2010). 

Cytokines generally have autocrine and paracrine functions, and act via specific cell-

surface receptors as part of both the innate and adaptive immune response. When the 

receptors are activated, the result is a cascade of events leading to downstream 

signals that alter transcription factors, and up/down-regulation of specific genes. 

There is great redundancy in cytokine functions; several cytokines often have very 

similar actions (Goodman and Ma, 2010, Stow et al., 2009). 

 

As mentioned in previous sections of this chapter, after implant stabilization in joint 

replacement occurs, wear of the bearing surfaces is the major issue limiting longevity 

of the prosthesis. The presence of wear debris stimulates both local and systemic 

cellular reactions. Cytokines are released by acute and chronic inflammatory cells 

and amplify the inflammatory response. The secretory pathways, routes, organelles 

and molecular machinery that control cytokine secretion must be regulated (Stow et 

al., 2009); otherwise, these cytokines could intensify the reaction to wear debris in an 

unfavourable way favouring osteolytic lesions.  

 

1.4 Osteolysis and Aseptic loosening 

 

Aseptic loosening was first recognized in the early 1960s by John Charnley 

(Archibeck et al., 2001). Osteolysis and subsequent aseptic loosening are the most 

common causes of failure of total joint replacement (TJR) (Geng et al., 2010). 

Initially termed ñcement diseaseò and then ñparticle diseaseò (Harris, 1994) 

osteolysis is thought to occur as a host response to a variety of particles that may 

originate at several locations around a joint replacement (Germain et al., 2003). 

These locations include the articulating surfaces, modular component interfaces, 

fixation surfaces, and devices used for adjuvant fixation (Archibeck et al., 2001).  
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Although the wear volumes produced by MoM articulations have been estimated to 

be 40ï100 times lower than metal-on-polyethylene bearings (Borruto, 2010), the 

main drawback of a metal articulation is the production of metal debris due to the 

combined effect of mechanical and corrosive wear (Langton et al., 2011). Current 

evidence indicates that the size of wear particles generated by MoM articulations is 

in the nanometre size range (Germain et al., 2003),  the average particle size range 

being 30 to 100 nm in size (Catelas and Wimmer, 2011). The reduced size of 

nanoparticles allows their entrance into tissues and organs and diffusion throughout 

the body, and their interaction with different types of cells (Lucarelli et al., 2004).  

 

The progressive loss of bone adjacent to an implant has been attributed to a 

granulomatous inflammatory reaction induced by particulate implant wear debris at 

the boneïimplant interface (Vasudevan et al., 2012). Metal wear particles stimulate 

local macrophage and fibroblast recruitment (Gordon et al., 2010). Macrophages are 

unable to clear such particles because they are non-biodegradable. This results in the 

accumulation of wear debris in the bone-prosthesis micro-environment potentially 

leading to a chronic state of inflammation (Vasudevan et al., 2012). In addition, 

when particles are phagocytosed in sufficient amounts, the macrophages enter an 

active state of metabolism and release pro-inflammatory cytokines (Table 1.6), 

including IL-1, IL-6, and TNFŬ; chemokines and growth factors that alter the 

balance of osteoclast and osteoblast activities. This accelerates osteoclast formation 

and bone resorption resulting in periprosthetic osteolysis (Matsusaki et al., 2007, 

Gordon et al., 2010). Figure 1.6 illustrates how complex the particle-induced 

osteolysis process can be. 
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Cytokine Main Function 

IL-1Ŭ and IL-1ɓ Produced by many cell types including macrophages. IL-1 activates 

macrophages, neutrophils and endothelial cells, stimulates fibroblasts 

and osteoclasts, and induces prostaglandin E2 and collagenase 

synthesis. 
IL-6 Produced by macrophages, T cells, fibroblasts and other cell types. It 

activates T and B cells and induces B cells to differentiate and secrete 

immunoglobulins. It also stimulates bone resorption by recruiting 

mature osteoclasts and by activating them through an autocrine 

mechanism. 
TNFŬ Produced by activated lymphocytes, monocytes, macrophages and 

other cells. It stimulates fibroblasts and granulocytes. It stimulates 

bone resorption by enhancing the recruitment and the activation of 

osteoclasts 
IFNɔ Produced by T cells, macrophages, and dendritic cells. It stimulates 

macrophages inducing direct antimicrobial and antitumor 

mechanisms as well as up-regulating antigen processing and 

presentation pathways. It enhances activated killer cells, orchestrates 

leukocyte attraction and directs growth, maturation, and 

differentiation of many cell types. 

Table 1.6. Pro-inflammatory cytokines. Main pro-inflammatory cytokines reported to be 

produced at the peri-implant tissues related to osteolysis and aspetic loosening (Goodman 

and Ma, 2010, Valles et al., 2006, Schroder et al., 2004, Fiorito et al., 2003). 
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Figure 1.6. Schematic diagram of the debris-induced inflammation process.  Process is 

mainly mediated by macrophages, where macrophages ingest debris which results in the 

release of cytokines causing inflammation and acceleration of osteoclast formation. NADPH: 

nicotinamide adenine dinucleotide phosphate. ROS: reactive oxygen species. IL -1ɓ: 

interleukin 1ɓ. NFəɓ: nuclear factor kappa-B. IL-6: interleukin 6. IL-8: interleukin 8. IL-2: 

interleukin 2. IFNɔ: interferon ɔ. TNFŬ: tumor necrosis factor Ŭ. MCP-1: monocyte 

chemotactic peptide-1. RANKL: Receptor activator of nuclear factor kappa-B ligand. TLR: 

Toll like receptor; LPS: lipopolysaccharides (adapted from Hallab and Jacobs, 2009).  

 

In a TJR undergoing aseptic loosening, areas of lysis appear around the prosthesis at 

the bone-prosthesis interface. In the early stages, the condition is often 

asymptomatic, but as it progresses, the areas of lysis enlarge until the prosthesis 

becomes mechanically unstable and the patient experiences pain. In the later stages, 

the localized lysis may compromise bone stock (Atkins et al., 1997). When osteolysis 

is detected, revision surgery is required in order to avoid bone loss to an extent that 

would be too difficult to treat later on (Aspenberg et al., 2011).  
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1.5 Aims of the present study 

 

Despite the success of hip replacements as a treatment for hip diseases, the sections 

above have summarised the present concern regarding the toxicity of metal particles 

and ions produced at the articulation site of a MoM implant. In addition to this, metal 

debris is thought to play an important part in osteolysis and subsequent aseptic 

loosening, which is the main cause of implant failure. It is essential to determine the 

potential effects of long-term exposure to metal ions and debris, as well as the 

implications of revision surgery in terms of metal pre-exposure. As a result, this 

thesis has been focussed on investigating the interactions of Co ions and metal wear 

debris with macrophages and lymphocytes, as well as their potential to affect gene 

expression. It was decided to focus on Co ions due to the potential of high levels of 

Co reaching remote organs, which poses a risk for multi-organ overexposure and 

toxicity in MoM hip replacements patients. The objectives of the individual studies 

comprising the thesis are:  

 

¶ Assess the toxicity of Co-Cr nanoparticles released from a resurfacing 

implant and Co ions on U937 cells, an immortalised human monocyte-like 

cell line, in vitro. 

¶ Explore the relationship between changes in gene expression and apoptosis in 

vitro with the release of metal ions derived from incubation with the metal 

wear debris. 

¶ Assess the toxicity of Co-Cr nanoparticles released from a resurfacing 

implant and Co ions on primary human lymphocytes. 

¶ Establish a storage protocol for fresh clinical blood samples collected with 

EDTA tubes from patients with hip implants, that allows extraction of RNA 

suitable for molecular applications. 

¶ Explore whether in vivo gene expression in peripheral blood cells of key 

genes involve in bone remodelling process is related to circulating whole 

blood metal ion levels of patients with MoM hip implants. 
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2. GENERAL METHODS  

 

This chapter contains general methods which were applied in several parts of the 

thesis. Some more specific methods are detailed in the relevant chapters. 

 

2.1 Cells 

 

The following cell types were used throughout the research: 

¶ U937 cells, a human leukemic pre-monocyte lymphoma cell line (European 

Collection of Cell Cultures; Wiltshire, UK). 

¶ Primary dendritic cells (DCs), derived directly from mouse bone marrow. 

¶ Primary human lymphocytes, isolated from Buffy Coat (Scottish Blood 

Transfusion Service; Glasgow, UK) within 5h of preparation from blood 

samples. 

 

2.1.1 Culturing of U937 cells 

 

U937 cells were chosen for this investigation as they have been shown to have 

comparable responses to wear debris (Wang et al., 1996, Matthews et al., 2001, Petit 

et al., 2004b) to primary macrophages in terms of cytokine release. Moreover, these 

cells were available in the laboratory. Additionally, due to the cost of buffy coat, it 

was decided not to carry out experiments with primary cells.  

 

U937 cells were cultured in 30ml of complete RPMI-1640 medium in 75cm
2
 culture 

flasks (TPP; Switzerland) at 37
o
C, 5% (v/v) CO2. Complete RPMI-1640 medium  

consisted of RPMI-1640 (Lonza, Slough, UK) medium supplemented with 10% (v/v) 

foetal calf serum (FCS), L-glutamine (2mM), penicillin (5000 units), streptomycin 

(5mg/ml) (all from Life Technologies; Paisley, UK). These cells were routinely split 

every three days at a ratio of 1:10. This was achieved by taking 3ml of cell 

suspension into a fresh 75cm
2
 culture flask containing 27ml of fresh complete RPMI-

1640 medium. 
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2.1.2 Activation of U937 cells 

 

Phorbol 12-myristate 13-acetate (PMA) is commonly used to induce U937 cell 

differentiation into actively phagocytosing macrophages (Hewison et al., 1992, 

Chabot et al., 2001, Vongsakul et al., 2011, Huang et al., 2001, Boukes and van de 

Venter, 2012). After PMA exposure, monocytes become adherent and form cell 

aggregates indicative of differentiation into macrophages (Yagil-Kelmer et al., 2004, 

Blottiere et al., 1995, Matsusaki et al., 2007). However, different molar 

concentrations of PMA, ranging from 1nM to 100nM, have been used and the 

activation process has been reported to take place from 24h up to 5days after PMA 

exposure (Hewison et al., 1992, Vongsakul et al., 2011, Yagil-Kelmer et al., 2004, 

Matsusaki et al., 2007, Bainbridge et al., 2001, Lucarelli et al., 2004). 

 

In this study, PMA (Sigma-Aldrich; Dorset, UK) was used to induce U937 cell 

activation. Three different concentrations of PMA were evaluated in order to 

determine the most appropriate concentration and exposure time. For this purpose, 

PMA was diluted to 5ɛM, 10ɛM, and 100ɛM in DMSO (Sigma-Aldrich; Dorset, 

UK). These concentrations were diluted 1:1000 in culture medium to treat the cells 

with 5nM, 10nM, and 100nM final concentrations of PMA. Cells were exposed for 5 

days checking on adhesion and aggregation every 24 hours. Photos were taking on a 

Zeiss Imager.Z1 microscope and a Nikon DIAPHOT microscope with a Nikon 

CoolPix 4500 digital camera.  

 

Each concentration of PMA was incubated in duplicate for each time point. Controls 

with no PMA were also incubated in duplicate. U937 cells were cultured in 24-well 

plates at a density of 2x10
5
cells/well. In order to avoid contamination, independent 

plates were used for each end point and each microscope. The size of the wells of 24-

well plates combined with the diameter of the Zeiss microscope lenses restricts the 

visualisation area to the centre of the well. To be able to visualise the whole area 

cells were growing on, a sterile cover slip was placed into each of the wells before 

culturing the cells to be analysed with the Zeiss microscope. Plates were incubated at 

37ºC under 5% (v/v) CO2. After 48 hours, 500ɛl of medium (from the initial 1ml) 
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was carefully removed from the wells and replaced with 1ml of fresh medium with 

the corresponding PMA concentration. 

 

At each time point, images were taken from wells with a Nikon CoolPix 4500 digital 

camera using the Nikon microscope; and cover slips using both dry and wet lenses 

(20X) of the Zeiss microscope. For imaging with the wet lenses, cover slips were 

carefully washed with PBS before taking them into petri dishes. Then, 2ml of PBS 

were added to the petri dishes containing the cover slips for microscopy. 

Additionally, U937 cells were cultured in 96-well plates at a density of 

2x10
4
cells/well and were incubated with each concentration of PMA being analysed 

by MTT assay at each time point. Controls with no PMA were also incubated in 

triplicate. At each end point, cells were washed with PBS. The MTT reduction assay 

was carried out as described in Section 2.1.8. 

 

2.1.3 Assessment of activated U937 phagocytosis activity 

 

Polymorphonuclear neutrophils (PMNs) and peripheral blood mononuclear cells 

(PMNCs), provide the first line of defence of the innate immune system and are 

commonly referred to as ñprofessional phagocytesò due to their high phagocytic 

activity (Mesaik et al., 2008, Lunov et al., 2010, Colucci-Guyon et al., 2011). In 

order to provide evidence that activated U937 cells were capable of phagocytosis, 

they were incubated with latex beads and images were taken after 1, 2, 3, 4, 5, 24, 

48, and 120h. 

 

2.1.3.1 Preparation of Beads 

 

200µl of latex bead suspension (carboxylate-modified polystyrene, fluorescent 

yellow-green- aqua suspension, 2.5% solids, 1µm particle size. Sigma-Aldrich; 

Dorset, UK) were added to 20ml of sterile PBS. 2ml of the bead suspension were 

then placed in sterile microtubes and centrifuged at 13,000rpm for 10 min. Most of 

the PBS was then removed, leaving approximately 100µl/tube. All beads were then 
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combined and transferred to a 25cm
2
 tissue culture flask containing 5ml of serum-

free RPMI. In order to sterilise to beads, the flask was left under UV light overnight. 

 

2.1.3.2 Addition of beads to cells 

 

It has been suggested that osteoblasts possess the ability to phagocytose particles 

<1µm in size (Lohmann et al., 2000, Saad et al., 1998, Reilly et al., 1997). Since the 

latex beads in this experiment are 1µm in size, immortalised rat osteoblast cells were 

used as controls. The cell line (Ost-5) was produced by transfecting neonatal rat 

osteoblasts at passage 4 with pUK42, a plasmid (10.9kb) containing the complete 

sequence of SV40, except for a 6bp deletion at the origin of replication. This plasmid 

also contains the RSVneo gene which provides Geneticin resistance, and selection of 

positively transfected cells was by resistance to the antibiotic Geneticin (G418, 

Gibco) (McKay et al., 1996). Ost-5 cells were seeded at 5x10
4
cells/well for the 

shorter end points and at 5x10
3
cells/well for the 48 and 120h end points. Activated 

U937 cells were seeded at 1x10
5
cells/well in a 24-well plate containing sterile 13mm 

glass coverslips. Cells were allowed to attach overnight. At this point 100µl of bead 

suspension was added to each well. Beads were incubated with cells for 1, 2, 3, 4, 5, 

24, 48, and 120h in triplicates. At each time point coverslips were removed from the 

wells, transferred to petri dishes and cells washed gently with PBS. In order to 

visualise the cells, PI staining was carried out. Since PI is impermeable to intact 

plasma membranes but penetrates the plasma membrane of dead cells (Bank, 1988), 

cells were fixed with 4% (v/v) formalin for 20min and washed 3X with PBS. 

Following fixation, cells were stained with PI for 1min and washed 3X with PBS. 

2ml of PBS were added and cells were viewed using a Carl Zeiss Axio Imager 

microscope under a 40X (numeric aperture of 0.80) water immersion lens. 

Fluorescence was excited using a mercury lamp and emission recorded using a 

fluorescein isothiocyanate (FITC)/Rhodamine filter block (485/515-530nm; 546/580-

563nm). Digital images and z-stacks were captured and analysed using AxioVision 

4.6 software. 
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2.1.4 Isolation of primary human lymphocytes 

 

Human buffy coat samples were collected on the day of the experiment. All samples 

had been given by anonymous healthy donors no more than 5h before collection. 

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation using Histopaque-1077 (Sigma-Aldrich; Dorset, UK) from 60ml of 

Buffy Coat under sterile conditions. In order to achieve this, 60ml of buffy coat were 

added to 60ml of serum free RPMI-1640. 30ml of diluted buffy coat were then gently 

layered onto 15ml of Histopaque-1077 in a 50ml centrifuge tube. The four tubes 

were then centrifuged at 600xg for 25 minutes, with the brake set to óoffô, which 

allowed four distinct layers to be formed in each tube (Figure 2.1). Once the top layer 

was removed and discarded, the cellular layer from each tube was aspirated and 

resuspended in 45ml of serum free RPMI-1640. Cell suspensions were then 

centrifuged at 250xg for 10 minutes and the supernatant aspirated. This step was 

repeated twice more. Following this, lymphocyte enrichment was achieved as 

previously described (Martin-Romero et al., 2000). Briefly, PBMCs 

(2.5x10
6
cells/ml) were incubated in a 75cm

2
 culture flask with complete RPMI-1640 

for 1 hour at 37°C, 5% CO2. The medium with the non-adherent cell suspension was 

then transferred to a fresh culture flask and incubated for a further hour to further 

deplete the monocyte population and yield an enriched lymphocyte population in 

suspension.   

 

 

Figure 2.1 Isolation of peripheral mononuclear cells from buffy coat. 
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2.1.5 Isolation of primary murine dendritic cells (DCs) 

 

Female BALC/c mice were killed by dislocation of the cervical vertebrae, and 

sprayed with alcohol. A pocket was cut in the skin of the rear leg and the skin was 

peeled away. Using a piece of tissue to help hold the lower part of the leg, the upper 

leg was pulled to dislocate the knee joint. Once dislocated, the femur was excised 

and the excess of muscle attached to it removed. It was then placed in serum free 

RPMI-1640 medium. The ankle joint was broken by pushing it against its natural 

direction. The tibia was then excised, cleaned and placed in serum free RPMI-1640 

medium. When all the bones needed were excised, they were transferred to the cell 

culture laboratory. 

 

Under sterile conditions the bones were transferred to the lid of a petri dish. To the 

bottom of the petri dish, 10ml of fresh serum free RPMI-1640 medium were added. 

The ends of the bone were carefully cut to expose the marrow. Using forceps, the 

bone was held over the fresh medium in the petri dish. Using a syringe (5-10ml) and 

a 26G needle (BD Bioscience; Oxford, UK), the marrow plug was flushed from the 

inside of the bone from both ends of the bone. With the needle, the bone marrow was 

aspirated to create a single cell suspension. Once all the bones had been flushed, the 

cells were transferred to a 50ml centrifuge tube and spun at 250xg for 5min. The 

supernatant was then removed and cells were resuspended in complete RPMI-1640 

medium containing 10% (v/v) GM-CSF (culture supernatant from X63 myeloma 

cells transfected with mouse GM-CSF cDNA, kindly supplied by Dr Owain 

Millington; Strathclyde Institute of Pharmacy and Biomedical Sciences, University 

of Strathclyde, Glasgow, UK). Following this, the bone marrow cell concentration 

was adjusted to 5x10
5
cells/ml and cultured in 6-well plates (Nunc A/S; Roskilde, 

Denmark). Fresh complete medium was added to the cell cultures every 3 days.  

 

2.1.6 Preparation of metal ion solutions 

 

Freshly weighed cobalt chloride (CoCl2) (Alfa Aesar; Lancashire, UK) was dissolved 

in sterile distilled water and filter-sterilized, using a 0.2ɛm filter, to give a 100mM 
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stock solution of Co
2+

. This was then used to prepare the required Co
2+ 

concentration 

in complete RPMI-1640. These solutions were all made freshly on the day of the 

experiment. 

 

2.1.7 Preparation of metal wear debris 

 

CoCr wear debris was kindly donated by DePuy International (Leeds, UK). The wear 

debris was produced over 250,000 cycles from a size 39mm DePuy Articular Surface 

Replacement (ASR,) joint on a multistation hip joint simulator. This particular size 

was chosen as it represents a medium size hip. Additionally, hip joint simulators 

have been shown to produce clinically relevant cobaltïchromium wear particles 

(Germain et al., 2003, Papageorgiou et al., 2007a). 

 

The wear debris, which was suspended in distilled water, was centrifuged at 3500xg 

for 10 minutes. The majority of the water was aspirated. The remaining suspension 

was heat treated (180°C for 5hr, 60kPa) in a Stable Temp vacuum oven (Cole-

Parmer; London, UK) to eliminate the remaining water and destroy any endotoxins. 

The dry debris was then suspended in sterile phosphate buffered saline (PBS; Life 

Technologies; Paisley, UK), and stored at 4°C until required. 

 

2.1.8 Assessing sterility of treated wear debris 

 

In order to assess the presence of microbial contamination in the treated metal debris, 

DCs that had been growing for 6 days were washed with 2ml of complete RPMI-

1640 medium and harvested. Cells were then seeded at 1x10
6
cells/well in two 6-

well-plates in complete RPMI-1640 medium supplemented with GM-CSF. After an 

overnight incubation at 37ºC and 5% (v/v) CO2, the supplemented medium was 

removed and replaced with complete RPMI-1640 and the appropriate treatments: 

debris (0.2mg/1x10
6
cells), lipopolysaccharide (1ɛl/ml; Sigma-Aldrich; Dorset, UK) 

or sterile PBS (100ɛl PBS/3ml RPMI). After 24h incubation, activation status of 

CD11c
+
 DCs was characterized on a FACS Canto flow cytometer using the 
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monoclonal antibodies and relevant isotype controls (eBioscience; Hatfield, UK) 

listed in Table 2.1 and following the protocol described in Section 2.1.9. 

 

Antibody  Isotype control  Purpose 

CD11c-PE Armenium hamster IgG-PE Expressed on DCs 

CD40-APC Rat IgG2a-APC Expressed on activated cells 

MHC Class II FITC Rat IgG2b-FITC Expressed on activated cells 

Table 2.1. Monoclonal antibodies and isotype controls used to assess CD11c
+
DC 

activation 

 

2.1.9 Surface antigen staining of cells for flow cytometry 

 

Cells in suspension were transferred to FACS tubes (BD Biosciences; Oxford, UK), 

centrifuged for 5min at 350xg and the supernatant aspirated off. The cells were then 

washed twice with FACS Buffer (10% (v/v) FCS and 0.02% (w/v) sodium azide 

(Sigma-Aldrich; Dorset, UK) dissolved in PBS), and then centrifuged for 5min 

(350xg) and the supernatant removed. In half the tubes, cells were then resuspended 

in FACS Buffer containing Fc block (2.4G2 hybridoma supernatant) and the 

appropriate combinations of fluorochrome-conjugated monoclonal antibody. In the 

other half, cells were resuspended in FACS Buffer containing Fc block and the 

relevant isotype control to identify any non-specific binding. All the tubes were then 

vortexed gently and incubated for 15min in the dark at room temperature. The tubes 

were then centrifuged for 5min at 350xg and the supernatant removed. 2ml of FACS 

buffer were added to each tube and they were then centrifuged for 5min at 350xg. 

The supernatant was removed and this step was repeated. Finally, the cells were 

suspended in 400ɛl FACS Flow and mixed thoroughly. The samples were then 

analysed on a FACS Canto flow cytometer using FACSDiva (BD Biosciences; 

Oxford, UK) software. 
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2.1.10 Characterisation of wear debris derived from a metal-on-metal hip 

resurfacing 

 

CoCr wear debris was kindly donated by DePuy International (Leeds, UK) (details in 

section 2.1.7). Images were produced and the elemental composition of the CoCr 

wear debris analysed. A sample of the artificially produced wear debris suspended in 

distilled water as well as wear debris generated in situ from a hip implant patient 

(obtained during the revision surgery of a total hip replacement) were kindly 

processed and gold coated by Dr Thomas Yip using an Edwards S150 sputter coater 

at the Chemical and Process Engineering department, Strathclyde University. 

Briefly, debris was centrifuged and mounted on SEM stubs. Stubs were then placed 

in the vacuum chamber of the sputter coater, which was then sealed. The vacuum 

pump was switched on until the pressure in the chamber dropped to 8x10
-2
torr. At 

this point, argon gas was released into the chamber until the pressure reached 2x10
-

1
torr. High voltage was then adjusted to 50mA to initiate plasma coating. To generate 

a thin layer of gold, coating was stopped after 1min. Argon gas was then released 

into the chamber to bring the pressure up to atmosphere. Following this, SEM stubs 

were taken to a Field Emission Scanning Electron Microscope (FE-SEM) (Hitachi 

SU-6600, Hitachi; Germany) to be imaged at magnifications of 100-1000x. The 

sample was then transferred to a Scanning Electron Microscope (SEM) (Hitachi TM-

1000, Hitachi; Germany). Energy Dispersive X-ray Spectroscopy (EDS) was used 

for quantitative analysis of elemental composition. Hitachi TM-1000 and EDSwift-

TM software was used to obtain the images and chemical spectra of the wear debris. 

 

2.1.11 Exposure of U937 cells to wear debris and metal ions 

 

Resting and activated U937 cells, with and without Co pre-treatment, (cultured as 

described in Section 2.1.1) were seeded at 1x10
5
cells per well in 96-well culture 

plates and incubated with 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells, and 

0.2mg/1x10
6
cells wear debris in the absence or presence of Co ions in complete 

RPMI-1640 at 37
o
C, 5% (v/v) CO2 for 24, 48, and 120 hours. Additionally, resting, 

Co pre-treated resting, activated and Co pre-treated activated U937 cells seeded at 
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1x10
4
cells per well in 96-well culture plates were exposed to 5mg/1x10

6
cells of wear 

debris and 0.1µM Co ions, individually and combined, in complete RPMI-1640 at 

37
o
C, 5% (v/v) CO2 for 24 and 120 hours.  

 

2.1.12 Exposure of lymphocytes to wear debris and metal ions  

 

Isolated peripheral human lymphocytes (prepared as described in section 2.1.4) were 

exposed to metal wear debris and Co
2+

 in a resting state. Lymphocytes were cultured 

(1x10
5
cells/well) in 96-well round-bottom plates (100ɛl/well) with 5mg wear 

debris/1x10
6
cells, 0.1ɛM of Co

2+
 and 5mg wear debris/1x10

6
cells combined with 

0.1ɛM of Co
2+

 in complete RPMI-1640. Cultures were carried out for 24, 48, and 

120h at 37°C under 5% (v/v) CO2 air. For apoptosis analyses, debris concentration 

was 2.5mg wear debris/1x10
6
cells.  

 

2.1.13 MTT assay for cell viability 

 

The MTT assay is a colorimetric assay system, which measures the reduction of the 

yellow tetrazolium salt MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) into a blue formazan product by dehydrogenases and reducing agents 

present in metabolically active cells. The water-insoluble formazan that accumulates 

within viable cells may be extracted with organic solvents and estimated by 

spectrophotometry. The amount of formazan production is proportional to the 

number of viable cells, the dehydrogenase activity and the incubation time 

(Mosmann, 1983).  

 

In order to make a 10mM solution of MTT, 414.3mg of MTT (Sigma-Aldrich; 

Dorset, UK) were dissolved in 100ml of PBS, which had been adjusted to pH 6.75 by 

the addition of HCl. This solution was sterile filtered with a 0.2ɛm filter and stored 

in the dark at 4ºC until required. 

 

At each culture end-point, 96-well plates (TPP; Switzerland) were centrifuged for 

5min at 350xg. Supernatant was carefully removed and cells resuspended in 50ɛl of 
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MTT solution. Following an incubation period of 4h at 37ºC, cells were centrifuged 

(350xg, 5min) and supernatant removed. Cells were then resuspended in 200ɛl of 

dimethyl sulfoxide (DMSO; Sigma-Aldrich; Dorset, UK) to dissolve the formazan 

product. The absorbance of light was measured at 540nm immediately using a 

Thermo Scientific Multiskan Ascent spectrophotometer plate reader. 

 

2.1.14 Neutral red assay for cell viability 

 

The Neutral Red (NR) assay is based on the ability of viable cells to incorporate and 

bind the NR dye in the lysosomes. Damage to cell surface or lysosomal membranes 

results in decreased dye uptake. The NR destain solution is used to extract the dye 

from the viable cells and the absorbance of solubilised dye is then determined 

spectrophotometrically. Quantification of the extracted NR by spectrophotometry has 

been correlated with cell numbers by equating the intensity of the red colour with the 

number of cells (Repetto et al., 2008). 

 

5mg of NR powder (Sigma-Aldrich; Dorset, UK) were dissolved in 100ml of PBS 

pH 7.4. The solution was incubated overnight at 37°C and undissolved crystals were 

filtered out with a 0.2ɛm filter. The filtered solution was stored at 4ÁC. The NR 

destain was prepared  by mixing together 50ml ethanol (Sigma-Aldrich; Dorset, UK), 

1ml glacial acetic acid (Sigma-Aldrich; Dorset, UK) and 49ml distilled water and 

was then stored in a flammable solvent cupboard. 

 

At each culture end point, 96-well plates were centrifuged for 5min at 350xg. 

Supernatant was carefully removed and cells resuspended in 100ɛl of NR solution. 

Following an incubation period of 3h at 37ºC, cells exposed to NR were centrifuged 

(350xg, 5min) and supernatant removed. Cells were then resuspended in 200ɛl of 

PBS and centrifuged again. After discarding the supernatant, 100ɛl of NR destain 

solution was added. A homogeneous colour was obtained by placing the culture plate 

on an orbital shaker for at least 30min. The absorbance of light was measured at 

540nm immediately using a Thermo Scientific Multiskan Ascent spectrophotometer 

plate reader. 
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2.1.15 Analysis of cell morphology and viability via microscopy 

 

In order to assess the effects on cell morphology and viability, cells were stained 

with Acridine Orange (AO; Sigma-Aldrich; Dorset, UK) and Propidium Iodide (PI; 

Life Technologies; Paisley, UK). PI is impermeable to intact plasma membranes, but 

it easily penetrates the plasma membrane of dead or dying cells and intercalates with 

DNA or RNA forming a bright red fluorescent complex. AO is a membrane-

permeable, monovalent, cationic dye which binds to nucleic acids in the cells to 

produce a fluorescent green product (Bank, 1987, Bank, 1988). 

 

35mm
2
 petri dishes (BD Falcon; Oxford, UK) were coated with 1ml 0.01% (v/v) 

poly-L-lysine (Sigma-Aldrich; Dorset, UK). After 10 minutes, the poly-L-lysine was 

aspirated off and petri dishes allowed to dry at room temperature overnight. Cells 

were then seeded onto the coated dishes. At each culture end point, medium was 

aspirated off and cells gently washed twice with PBS. 1ml of a 1:1 AO+PI solution 

was added and the cells incubated in the dark for 1 minute. The AO+PI solution was 

aspirated off and cells gently washed three times with PBS. 2ml of PBS were added 

and cells were viewed using a Carl Zeiss Axio Imager microscope under a 40X water 

immersion lens with a numeric aperture of 0.80. Fluorescence was excited using a 

mercury lamp and emission recorded using a fluorescein isothiocyanate 

(FITC)/Rhodamine filter block (485/515-530nm; 546/580-563nm) for AO and PI. 

Fluorescence was stable allowing digital images to be captured using AxioVision 

v.4.6 (Zeiss, Germany). Analysis of images was carried out with both AxioVision 4.6 

and the freeware ImageJ v.1.47q (http://rsbweb.nih.gov/ij/download.html).   

 

2.1.16 Cell proliferation assay 

 

Cell proliferation was determined by a non-isotopic BrdU Cell Proliferation 

Immunoassay kit (Merck Chemicals; Nottingham, UK). This immunoassay 

quantifies cell proliferation by incorporating BrdU into the newly synthesized DNA 
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strands of actively proliferating cells. The kit provided all the agents and solutions 

required. 

 

Briefly, the BrdU label was diluted 1:2000 into fresh complete RPMI-1640 medium. 

To label the DNA, 20ɛl of this working solution were added to cells in 96 well plates 

during the final 4 hours of the experiment. Plates were then centrifuged (300xg for 

10min) and the supernatant aspirated. Cells were then fixed, permeabilized and DNA 

denatured by adding 200ɛl of the supplied fixative/denaturing solution to each well. 

Plates were incubated for 30min at room temperature and the fixative/denaturing 

solution was then aspirated. 100ɛl of anti-BrdU antibody diluted in antibody dilution 

buffer were added to each well and incubated with the cells for 1h at room 

temperature. Cells were washed 3 times with 1X wash buffer, making sure each well 

was filled completely. 100ɛl of peroxidase goat anti-mouse IgG HRP conjugate 

diluted in conjugate diluent were added to each well and incubated with the cells for 

30min at room temperature. At the end of this time, cells were washed as described 

above. Plates were then flooded with dH2O and contents removed by inverting them 

over the sink and tapping them on paper towels. 100ɛl of substrate solution were 

added to each well and the plates incubated in the dark at room temperature for 

15min. 100ɛl of stop solution were added to each well in the same order as the 

previously added substrate solution. The absorbance was then measured in each well 

using a Thermo Scientific Multiskan Ascent spectrophotometer plate reader at dual 

wavelengths of 450-540nm. 

 

2.1.17 ELISA  

 

Cytokine levels were determined by collecting supernatants from appropriate cell 

cultures. These were then assayed using Ready-SET-Go! enzyme-linked 

immunosorbent assay (ELISA) kits (eBioscience; Hatfield, UK). The kit provided all 

components required except wash buffer, which consisted of 0.05% (v/v) Tween-20 

(Sigma-Aldrich; Dorset, UK) diluted in PBS, and the stop solution (2M H2SO4, 

Fisher Scientific; Loughborough, UK). 
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Briefly, ELISA plates were coated with 100ɛl/well capture antibody diluted in 

coating buffer. Plates were sealed and incubated overnight at 4ºC. Following this 

incubation, wells were aspirated and washed 5 times with 250ɛl/well wash buffer 

allowing the plate to soak for 1min between each wash. After the last wash, plates 

were dried by tapping them on paper towels. Plates were then blocked by adding 

200ɛl/well of 1X assay diluent and incubating for 1h at room temperature. Liquid 

was aspirated and plates washed as described before. Standards, at concentrations 

between 0-500pg/ml for TNFŬ and IFNɔ, 0-250pg/ml for IL-2, and 0-200pg/ml for 

IL-6 were prepared using 1X assay diluent to obtain a standard curve. 100ɛl/well of 

each standard or collected supernatant were added to the appropriate wells. Plates 

were sealed and incubated for 2h at room temperature. Following this period, wells 

were washed as described before, and 100ɛl/well of detection antibody diluted in 1X 

assay diluent were added to each well. Plates were sealed again, incubated for 1h at 

room temperature, then washed as previously described and 100ɛl/well of Avidin-

HRP diluted in 1X assay diluent added. They were sealed and incubated for 30min at 

room temperature. Wells were then aspirated and washed 7 times allowing the plates 

to soak for 2min between each wash. 100ɛl/well of substrate solution were added, 

and the plates were sealed again, and incubated for 15min at room temperature. 

Following this final incubation period, 50ɛl/well of stop solution were added. The 

absorbance was finally measured using a Thermo Scientific Multiskan Ascent 

spectrophotometer plate reader at dual wavelengths of 450-570nm. 

 

2.1.18 ICP-MS Analysis of metal ion concentrations 

 

2.1.18.1 Metal ion concentrations in culture medium  

 

Experiments were carried out to determine the extent of metal ion release when wear 

debris was incubated with cultured cells in vitro. 

 

In order to assess the effects of foetal calf serum (FCS) and pH on the metal ion 

release, 2.5mg metal wear debris /1x10
6
cells were incubated for 24h in RPMI-1640 

medium in the presence and absence of FCS and complete RPMI-1640 medium, pH 
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4. Every condition was carried out in triplicate and controls of each condition with no 

metal debris were also present. To analyse the correlation between debris 

concentration and metal ions released 0.2, 0.5, 1, 2.5, and 5mg metal wear debris 

/1x10
6
cells were incubated in complete RPMI-1640 for 24h at 37°C and 5% (v/v) 

CO2. Every concentration was carried out in triplicate and controls with no metal 

debris were also present. At 24h, culture medium from each well was collected into 

microcentrifuge tubes and stored at -80°C until ICP-MS analysis. In addition to this, 

culture medium from cells exposed for 120h to 5mg debris/1x10
6
cells, 0.1µM Co, 

and a combination of 5mg debris /1x10
6
cells and 0.1µM Co were also analysed.  

 

All samples were diluted 10-fold in serum free RPMI-1640 medium, and centrifuged 

at 13,200 rpm for 15 minutes. Generally, 500ɛl of each sample were added to 4.5ml 

of RPMI-1640. Each sample was then sonicated. Standards were prepared by diluting 

Multielement Standard Solution 1 for ICP (Sigma-Aldrich (Fluka); Dorset, UK) in 

RPMI-1640 at the concentrations shown in Table 2.2. Samples were analysed using 

an Agilent 7700x octopole collision system ICP-MS (Agilent Technologies; 

Wokingham, UK) in helium gas mode using Scandium (Sc) as internal standard. The 

quantification is based on the maximum signal for a particular isotope, also referred 

to as peak height. Five readings are taken, and the result obtained is the mean value. 

 

 Metal Ions (µg/L) 

Standards Cobalt Chromium Molybdenum 

Blank (0) 0 0 0 

1 1 5 5 

2 10 50 50 

3 50 250 250 

4 200 1000 1000 

5 500 2500 2500 

Table 2.2. ICP-MS standards. 

 

2.1.18.2 Metal ion concentrations in U937 cells 

 

In order to determine cellular up-take of the ions released into the culture medium 

during incubation with  CoCr wear debris, resting U937 cells (cultured as described 
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in Section 2.1.1) were seeded at 1x10
5
cells/ml in 24-well plates and exposed to 0, 

0.2, 0.5, 1, 2.5, and 5mg debris /1x10
6
cells for 24h at 37°C and 5% (v/v) CO2. 

 

Cells in suspension were centrifuged at 350xg for 5min. Culture medium was 

aspirated off and cells were washed twice with PBS. After the second wash, PBS was 

discarded and pellets were sonicated for 30min at 45°C. Cell lysates were then 

resuspended in 1ml of ultrapure water (18mʍύ and stored at -20°C overnight. They 

were then allowed to thaw at room temperature and centrifuged at 13,200rpm for 

15min. All samples were diluted 5-fold in 2% (v/v) HNO3, and each sample was then 

sonicated. Standards were prepared by diluting Multielement Standard Solution 1 for 

ICP (Sigma-Aldrich (Fluka); Dorset, UK) in 2% (v/v) HNO3 at the concentrations 

shown in Table 2.2. Samples were analysed as described in Section 2.1.13.1. 

 

2.1.19 Flow cytometry analysis of apoptosis 

 

Cell viability assays carried out in Chapter 3 will show that the 5mg 

debris/1x10
6
cells concentration was highly cytotoxic. As a result, the arbitrary 2.5mg 

debris/1x10
6
cells concentration was chosen for the analysis of apoptosis and gene 

expression. Although arbitrary 2.5mg debris/1x10
6
cells is still a high dose, it would 

allow to detect early apoptosis and isolate enough amounts of RNA. The 

concentration of Co ions was the same throughout this investigation as it represents 

the whole blood threshold suggested by the MHRA for patients with MoM 

articulations (MDA/2010/069). 

 

Resting U937 cells and Co pre-treated resting U937 cells were seeded at 

2.5x10
5
cells/ml in 12-well plates to be treated with 2.5mg/1x10

6
cells of metal debris, 

0.1µM Co and a combination of 2.5mg/1x10
6
cells of metal debris and 0.1µM Co. 

Non-treated resting U937 cells were used as controls. Experiments with freshly 

isolated lymphocytes were carried out in a similar manner: cells were seeded at 

2.5x10
5
cells/ml in 12-well plates to be treated with 2.5mg/1x10

6
cells of metal debris, 

0.1µM Co and a combination of 2.5mg/1x10
6
cells of metal debris and 0.1µM Co. 

Non-treated lymphocytes were used as controls. In both cases, all treatments were 



55 

 

carried out in triplicate. Cells were exposed to the treatments for 24 and 48h before 

being analysed by FACS. 

 

Cell suspensions were transferred into FACS tubes and centrifuged for 5min 

(350xg).The supernatant was aspirated and the cells resuspended in 200µl of FACS 

buffer. Following this, the cells were centrifuged for 5min (350xg) and supernatant 

discarded. The cells were then resuspended in 100µl Annexin binding buffer (0.01M 

HEPES, 0.14M NaCl and 2.5mM CaCl (all Sigma-Aldrich; Dorset, UK) in distilled 

water (pH 7.4)). 5ɛl of Annexin V- phycoerythrin (PE) and 5ɛl of 7-

Aminoactinomycin D (7-AAD) (both BD Bioscience; Oxford, UK) were then added 

to each tube. Tubes were vortexed and incubated at room temperature for 15min in 

the dark. Following this incubation period, 200ɛl of Annexin binding buffer and 

200ɛl of FACS Flow (BD Bioscience; Oxford, UK) were added to each tube. 

Calibrite
TM

 beads (BD Bioscience; Oxford, UK) were used to adjust instrument 

settings, set fluorescence compensation, and check instrument sensitivity. The data 

were recorded using a FACSCanto flow cytometer (BD Bioscience; Oxford, UK) 

using FACSDiva software.  

 

2.1.20 Western blot analysis of apoptosis 

 

Resting U937 cells and Co pre-treated resting U937 cells were seeded at 

2.5x10
5
cells/ml in 25cm

2
 culture flasks (TPP; Switzerland) to be treated with 

2.5mg/1x10
6
cells metal debris, 0.1µM Co and a combination of 2.5mg/1x10

6
cells 

metal debris and 0.1µM Co. Non-treated resting U937 cells were used as controls. 

Cells were exposed to the treatments for 24 and 48h before being analysed by 

western blot. 

 

Anti-PARP recognizes Poly-ADP-Ribose-Polymerase (PARP; Roche; West Sussex, 

UK), a 113kD protein that binds specifically at DNA strand breaks (Demurcia and 

Demurcia, 1994). PARP is also a substrate for certain caspases (for example, caspase 

3 and 7) activated during early stages of apoptosis (Nicholson et al., 1995). These 

proteases cleave PARP to fragments of approximately 89kD and 24kD. Detection of 
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the 89kD PARP fragment with anti-PARP thus serves as an early marker of 

apoptosis. 

 

2.1.20.1 Preparation of cell homogenates 

 

Cell suspensions were transferred from culture flasks to centrifuge tubes and 

centrifuged at 350xg for 5min. Culture medium was discarded and cells washed 

twice with PBS and centrifuged at 350xg for 5min between each wash. The pellet 

was resuspended in 500µl of 0.1M Sodium Phosphate buffer (NaPi) pH 7.6 (see 

composition in Appendix 1). Cells were then homogenised using seven strokes of a 

motor driven Teflon-glass homogeniser. Homogenates were split into three 150µl 

aliquots to be stored at -80°C for Western blotting and one 50µl aliquot to measure 

the total protein content. 

 

2.1.20.2 Measurement of total protein content 

 

Total protein content was determined for each sample with Lowry assay (Lowry et 

al., 1951). For this purpose, solution A (2% w/v Na2CO3, 1% w/v CuSO4 and 1% 

w/v NaK tartrate; all Sigma-Aldrich; Dorset, UK) and solution B (1:4 dilution of 

Folinôs in distilled H2O; Sigma-Aldrich; Dorset, UK) were prepared.  Bovine serum 

albumin standards (BSA; Sigma-Aldrich; Dorset, UK) were made up in test tubes as 

shown in Table 2.3. 50µl of each sample was diluted with 950µl 0.5M NaOH 

(Sigma-Aldrich; Dorset, UK). 5ml of solution A were added to standards and 

samples, which were mixed and incubated at room temperature for 10min. After this, 

0.5ml of solution B were added and mixed immediately. Samples and standards were 

incubated at room temperature for 30min before being read at 725nm against water 

blank. 

 

Protein Concentration µg/ml 

 0 25 50 100 150 200 

BSA (ml) 0.000 0.125 0.250 0.500 0.750 1.000 
0.5M NaOH (ml) 1.000 0.875 0.750 0.500 0.250 0.000 

Table 2.3. Protein standards. 
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2.1.20.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) 

 

Glass plates were cleaned with 70% (v/v) alcohol and assembled in the casting 

chamber. Gels were cast as shown in Table 2.4 (all reagents Sigma-Aldrich; Dorset, 

UK). Resolution gel was cast first and allowed to set. Stacking gel was cast over the 

resolution gel. Combs were inserted into the stacking gel before allowing it to set. 

Meanwhile, samples were prepared at 1mg/ml in Laemmli buffer (Sigma-Aldrich; 

Dorset, UK) and boiled for 2min in sure-lock microcentrifuge tubes. The gel 

sandwiches were then clicked into the electrode and the upper chamber filled with 

1X electrophoresis buffer (Tris/Glycine/SDS; Sigma-Aldrich; Dorset, UK). Combs 

were removed making sure the buffer filled the wells, and the chamber was then 

placed in the tank and filled with buffer. Samples (10mg/well) were loaded in the 

wells, and the electrophoresis run at 50mA until it had run almost to the bottom of 

the gel. 

 

   Solutions Stacking gel 10% Resolution Gel 

Acrylamide/bis-acrylamide (40% stock) 1ml 5.625ml 
Stacking gel buffer 2.5ml - 
Resolving gel buffer - 5.625ml 

1.5% ammonium persulfate 0.5ml 1.125ml 
Distilled water 6ml 10.125ml 

N,N,Nǋ,Nǋ-Tetramethylethylenediamine (TEMED) 10ml 17.5ml 

Table 2.4. Reagents for casting gels.  

 

2.1.20.4 Western Blot 

 

While the gels were running the transfer buffer (Towbinôs buffer) was prepared as 

follows: 2100ml distilled water, 600ml methanol (Fisher Scientific; Loughborough, 

UK) and 300ml 10X Tris/Glycine transfer buffer (Sigma-Aldrich; Dorset, UK). The 

scotch brite pads and filter paper (Sigma-Aldrich; Dorset, UK) were soaked in the 

transfer buffer for 15min. The Immobilon-P membrane (Merck Millipore; Watford, 

UK) was soaked in methanol before placing it in transfer buffer for 15min. Once gels 

had run, the gel sandwich was removed from the tank and placed in transfer buffer 
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for a few minutes. Transfer cassettes were prepared as shown in Figure 2.2. Cassettes 

were placed in the tank which was partially filled with transfer buffer, with the black 

side of the cassette at the negative side of the tank. It was run overnight at 200mA. 

 

 

Figure 2.2. Transfer cassettes. 

 

In order to develop the membranes, Tris Buffered Saline (TBS; Sigma-Aldrich; 

Dorset, UK) was prepared from 10X stock and then Tween Tris Buffered Saline 

(TTBS) was made up by adding 0.5ml of Tween 20 to 1L of 1X TBS. As blocking 

agent, 3% (w/v) gelatin (Sigma-Aldrich; Dorset, UK) was prepared in TTBS. The 

membranes were placed in this gelatine solution for 1hr at 37
o
C while shaking. The 

gelatin was then poured off, and membranes washed for 5min in TTBS while 

shaking. Anti-PARP (1:2000) in 1% (w/v) gelatin in TTBS was added, and the 

membranes shaken for 1hr at 37
o
C. Antibody was poured off and membranes washed 

3 times with shaking in TTBS for 5min. Secondary antibody was prepared in 1% 

(w/v) gelatin in TTBS (anti rabbit IgG-ALP 1:1000; Bio-Rad; Hertfordshire, UK) 

and shaken with the membranes for 1hr at 37
o
C. Antibody was poured off and 

membranes washed twice shaking in TTBS and once in TBS for 5min. To visualise 

the bands on the membranes, the alkaline phosphatase detection system (Bio-Rad; 

Hertfordshire, UK) was used according to the manufacturerôs recommendations. 

Membranes were then dried between 2 sheets of filter paper, scanned within a 
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CanoScan N670U scanner and the software CanoScan toolbox 4.1 (Canon; 

Middlesex, UK) to be analysed by ImageJ version 1.47q. 

 

2.1.21 Minimum Information for Publication of Quantitative Real -Time PCR 

Experiments (MIQE) 

 

The Minimum Information for Publication of Quantitative Real-Time PCR 

Experiments (MIQE) is a set of guidelines that describe the minimum information 

necessary for evaluating and publishing quantitative real-time PCR (qPCR) 

experiments results (Bustin et al., 2009, Bustin et al., 2010). The aim of the MIQE 

guidelines is to provide the reader with all the information required to either repeat 

the experiment or be able to judge whether the data are sound. The guidelines cover 

all the steps of a qPCR assay, which include sample acquisition, handling, and 

preparation, quantification of nucleic acids, reverse transcription, qPCR and data 

analysis. Figure 2.3 gives an overview of some of the suggested information to be 

included in a report or publication.  

 

The MIQE guidelines were followed in the current study in both cells and whole 

blood experiments. Detailed information regarding each step of the RT-qPCR 

experiments is given in the appropriate sections. Additionally, a MIQE checklist is 

given in Appendix 3.  
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Figure 2.3. Key criteria delineating essential technical information required for the 

assessment of a RT-qPCR experiment. Accession number: unique identifier of a 

nucleotide sequence. In silico: BLAST specificity analysis. NTC: no template controls 

(H2O). NAC: no amplification controls (RT- controls) (adapted from Bustin et al., 2010). 

 

2.1.22 Isolation of total RNA  

 

In order to extract total RNA from U937 cell cultures the GenElute Mammalian 

Total RNA Miniprep Kit (Sigma-Aldrich; Dorset, UK) was used. The protocol 

followed was the one suggested by the manufacturer in the kit manual. All steps were 

carried out at room temperature and an overview is given in Figure 2.4. 

 

Briefly, resting and activated U937 cells were harvested and pelleted. Culture 

medium was removed and 500ml of lysis solution/2-mercaptoethanol mixture added 
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to lyse cells and inactivate RNases. To remove cellular debris and shear DNA, the 

lysed cells were pipetted into a GenElute filtration column. They were then 

centrifuged at maximum speed for 2min to complete the cell disruption and the 

filtration column discarded. 500ml of 70% ethanol solution were added, the mixture 

vortexed and 700ml of the lysate/ethanol mixture were taken into a GenElute binding 

column. Centrifugation at maximum speed for 15sec binds the total RNA in solution 

to the silica-based binding column. The flow-through liquid discarded. The binding 

column was placed back into the collection tube to apply any remaining 

lysate/ethanol mixture to the column. The centrifugation was repeated as described 

above. To remove any contaminating genomic DNA carryover which may interfere 

with the downstream reverse transcribed-PCR-based gene expression analysis, the 

optional on-column DNase I digestion procedure was included, which used an On-

Column DNase I Digestion Set (Sigma-Aldrich, Dorset, UK). The binding column 

was then transferred to a fresh 2ml collection tube. 50ml of the elution solution were 

added to the binding column to release the total RNA and centrifuged at maximum 

speed for 1min. To maximise recovery, a second 50ml volume of the elution solution 

was added to the binding column and centrifuged at maximum speed for 1min. Both 

eluates were collected in the same tube. 5ml aliquots were taken to determine the 

purified RNA concentration, purity and integrity and the remaining RNA was stored 

at ï80°C.  

 

RNA concentration was determined in a 5µl aliquot by measuring the absorbance at 

260 nm (A260) in a NanoDrop 2000c spectrophotometer (Labtech International, 

UK). RNA purity was also determined by the NanoDrop 2000c spectrophotometer as 

the ratio of the readings at 260 nm and 280 nm (A260/A280). Finally, RNA integrity 

was assessed in a 5µl aliquot by determining the RNA Quality Indicator (RQI) 

number, which  is automatically generated by the Experion Automated 

Electrophoresis System (Bio-Rad; Hertfordshire, UK)  using an algorithm that 

compares three regions of an electrophoretic profile to a series of degradation 

standards. 
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Figure 2.4. Overview of total RNA isolation from U937 cells.  

 

2.1.23 cDNA synthesis 

 

SuperScript III Reverse Transcriptase (Life technologies; Paisley, UK) was used to 

generate cDNA templates from the RNA extracted from U937 cells for use in 

reverse-transcribed polymerase gene reactions (RT-PCR). Briefly, 1µl of oligo(dT)24 

(500ng/µl,  Eurofins MWG Operon; London, UK), 4µg of total RNA, 1µl of 10mM 

dNTP mix (Eurofins MWG Operon; London, UK) and nuclease-free water (Sigma-

Aldrich; Dorset, UK) to 13µl were added to a nuclease-free microcentrifuge tube. 

The mixture was then heated to 65°C for 5min and incubated on ice for at least 1min. 

After this, the contents of the tube were collected by brief centrifugation and 4µl of 

5X first-strand buffer, 1µl of 0.1M DTT, 1µl of RNaseOUT recombinant RNase 
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inhibitor (Life technologies; Paisley, UK) and 1µl of SuperScript III RT (200 

units/µl) were added. Controls with nuclease-free water instead of SuperScript III 

were also carried out for each RNA sample. Such reactions were designated as the 

sample ñRT-ò control as it would provide a check for any persisting contaminating 

genomic DNA.  A PCR carried out using an aliquot of this as the template should not 

generate any products. The cDNA reactions were mixed by pipetting gently before 

incubating at 50°C for 60min. In order to inactivate the reverse transcriptase, the 

reactions were heated at 70°C for 15min. cDNA was then stored at -20°C. 

 

2.1.24 StellARray
TM

 gene expression array 

 

The StellARray
TM

 Gene Expression System (Lonza; Switzerland) is a quantitative 

polymerase chain reaction (qPCR)-based method and provides profiling of 

biologically focused gene sets. Gene expression array analysis with the standard 

Human General Toxicology 96 StellARray
TM

 was performed in order to identify 

genes related to the toxic effects of metal wear debris and ions on U937 cells. Cells 

were exposed to the combination of 2.5mg/1x10
6
cells wear debris and 0.1µM Co for 

120h. Untreated resting U937 cells were used as control. The procedure was carried 

out as recommended by the manufacturer. Briefly, a supermix was prepared by 

adding 998µl nuclease free water to 1056µl SYBR
®
 Select Master Mix (Applied 

Biosystems, UK). To obtain a sample-specific working solution, 106µl template 

(33.3ng/µl) cDNA was added to 2006µl supermix. Following this, the foil seal was 

removed from the StellARray plate and 20µl of sample-specific working solution 

were added to each well. Once it had been ensured that all reagents were at the 

bottom of the wells, the plate was sealed with an optical adhesive plate cover. The 

optical adhesive plate cover is an optically clear plate seal designed for optical 

assays, such as real-time PCR. The plate was incubated at room temperature for 

15min. prior to loading into a StepOnePlus Real-Time PCR system (Applied 

Biosystems, UK). Thermal cycling conditions were set for a standard run as shown 

on Table 2.6 (Section 2.1.19), which was followed by a melting curve analysis to 

check for nonspecific amplification. Quantification cycles (Cq) from the 

amplification curves were obtained from the Applied Biosystems StepOne Plus 
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software v2.1. Further data analysis was performed with the Global Pattern 

RecognitionÊ software (Bar Harbor Biotechnology Inc, USA) which is partnered 

with the StellARray
TM 

system. 

 

2.1.25 Primer design and efficiency determination 

 

Individual SYBR green primer sets for dye-base quantitative real-time PCR were 

designed using the software GeneRunner (Hasting Software, USA). The parameters 

for designing the primers were: have a length between 20 and 25 nucleotides, have a 

melting temperature (Tm) higher than 59°C but lower than 62°C, have a percentage 

of guanine-cytosine (GC) of between 40-60%, and produce an amplicon between 100 

and 150bp long. Although a DNase treatment was included in the RNA isolation 

process to avoid genomic DNA contamination, primer sets were designed to span 

exon-exon junctions. In this way, only cDNA from mRNA gene transcripts will be 

amplified, not genomic copies of the gene (Sandhu and Acharya, 2005, Del Aguila et 

al., 2005). In the cases where the introns were smaller than 100bp, primers were 

designed to sit on the exon-exon junctions in a 50/50 ratio. Thus, if an intron were to 

be present (i.e. genomic DNA) only 50% of the primer sequence would anneal and 

the amplification reaction would not take place. Since some of the target genes have 

several variants, the multiple sequence alignment software, MUSCLE (Edgar, 2004); 

http://www.ebi.ac.uk/Tools/msa/muscle/) was used to align the variants and help 

with the process of targeting a unique region for a particular transcript. Specificity of 

each set of primers was verified with the Primer-BLAST tool (Ye et al., 2012); 

http://www.ncbi.nlm.nih.gov/tools/primer-blast) to make sure that the primers would 

not amplify unwanted products. Primer sequences, Tm, and amplicon size are 

summarised in Table 2.5.  

 

In order to avoid under- or overestimation of the expression levels of 8 target genes, 

the efficiencies of each primer set were calculated. For this purpose, cDNA from 

untreated U937 cells was diluted to 100, 50, 10, 4, and 1ng. Triplicate real-time PCR 

reactions were run for each sample, containing 10ɛl SYBR® Select Master mix 

(Applied Biosystems, UK), 3µl of forward primer (1pmol/µl), 3µl of reverse primer 
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(1pmol/Õl) and cDNA template to a total volume of 20ɛl with molecular biology-

grade H2O. 

 

Gene Primer sequences (5ô-> 3ô), (nucleotides) Tm 
Amplicon 

size (bp) 

NOS2 

Sense GTGCAAACCTTCAAGGCAGCCT (22) 59.3 

127 Anti-

sense 
TGAGTCCTGCACGAGCCTGTAGTG (24) 60.3 

LTA 

Sense TGCTGCTCACCTCATTGGAGACC (23) 60.1 

123 Anti-

sense 
CTGGTGGGGACCAGGAGAGAATT (23) 59.2 

BAG1 

Sense  TGCCCAAGGATTTGCAAGCTG (21) 59.7 

113 Anti-

sense  
TTCTGGCAGGATCAGTGTGTCAATC (25) 59.9 

GADD45A 

Sense AACATCCTGCGCGTCAGCAAC (21) 59.7 

137 Anti-

sense  
AGATGAATGTGGATTCGTCACCAGC (25) 60.1 

FOS 

Sense  ACGCAGACTACGAGGCGTCATCC (23) 61.3 

142 Anti-

sense 
GCCAGGTCCGTGCAGAAGTCC (21) 60.4 

B2M 

Sense AGATGAGTATGCCTGCCGTGTGAAC (25) 60.3 

110 Anti-

sense 
CAAATGCGGCATCTTCAAACCTC (23) 59.5 

HPRT1 

Sense  CCCTGGCGTCGTGATTAGTGATG (23) 60.2 

138 Anti-

sense 
CGAGCAAGACGTTCAGTCCTGTCC (24) 60.9 

GAPDH 

Sense AGCCTCCCGCTTCGCTCTC (20) 58.2 

125 Anti-

sense 
ACCAAATCCGTTGACTCCGACC (23) 58.7 

Table 2.5 Primer sequences, melting temperatures (Tm) as calculated by GeneRunner 

and amplicon size. 

 

 

2.1.26 SYBR Green quantitative real-time PCR 

 

U937 cell gene expression assays were carried out using SYBR Green-based 

quantitative real-time RT-PCR. Oligonucleotide primers for these assays were 

designed as described in Section 2.1.25. 

 

Briefly, for each reaction, 10µl of SYBR Select Master Mix (2X, Life Technologies; 

Paisley, UK), 3µl of forward primers (1pmol/µl), 3µl of reverse primers (1pmol/µl), 
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1µl cDNA (33.3ng/µl) and 3µl of nuclease-free water were added to a nuclease-free 

microcentrifuge tube. Negative controls with nuclease-free water and ñRT-òcDNA 

reaction mixture were also set up. Master mixes for each assay were prepared with 

the primers, nuclease-free water and SYBR select. The components were mixed 

thoroughly and centrifuged briefly to eliminate any air bubbles. 19µl of each master 

mixture were transferred to the corresponding wells of optical 8-tube strips (Applied 

Biosystems; Paisley, UK). Finally, 1µl of cDNA was added to the reactions, and 1µl 

of nuclease-free water or ñRT-òcDNA reaction product was added to the 

corresponding controls. Tubes were sealed with optical 8-cap strips (Applied 

Biosystems; Paisley, UK) and loaded into a StepOnePlus Real-Time PCR system 

(Applied Biosystems; Paisley, UK). Thermal cycling conditions were set for a 

standard run as shown on Table 2.6, which was followed by a melting curve analysis 

to check for nonspecific amplification. Quantification cycle (Cq) values were 

calculated by the StepOnePlus software (v2.1). Once finished, the reactions were 

stored at 4°C to be further analysed via horizontal electrophoresis.  

 

Standard Cycling Mode (Primer Tm Ó60ÁC) 

Step Temperature Duration  Cycles 

UDG Activation 50°C 2min Hold 

AmpliTaq DNA Polymerase, UP 

Activation 
95°C 2min Hold 

Denature 95°C 15sec 
40 

Anneal/Extend 60°C 1min 

Table 2.6. PCR thermal cycling conditions 

 

2.1.27 Horizontal gel electrophoresis 

 

In order to verify that the primer sets were working appropriately, gel electrophoresis 

was carried out using a horizontal submarine mini-gel apparatus (Bioscience 

Services, London, UK). For this purpose, a 2% (w/v) agarose gel solution was 

prepared by adding 1g of AgarGel H/M (Continental Laboratory Products; 

Northampton, UK) to 50ml of 1X Tris-Borate-EDTA (TBE; Sigma-Aldrich; Dorset, 

UK) buffer. This solution was microwaved at high power for 1 minute and 30 

seconds. 2µl of a 10mg/ml solution of ethidium bromide (Sigma-Aldrich; Dorset, 

UK) were added to the agarose solution, which was then poured into the 
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electrophoresis chamber. The comb was positioned and the gel was allowed to set for 

10 minutes. 6µl of ethidium bromide were added to 80ml of TBE for the running 

buffer. Once the gel set, the running buffer was poured into the chamber and the 

comb removed. 6µl of HyperLadder II (Bioline; London, UK) were loaded into the 

first well to serve as molecular weight marker lane. 15µl of each PCR reaction were 

mixed with 2µl of DNA loading buffer (Bioline; London, UK) and loaded into the 

corresponding well. The gel was run for 1h at 50 volts using a BioMax MBP300 

electrophoresis powersupply (Kodak, London, UK). The ethidum bromide stains 

DNA during the electrophoresis and this enables the PCR products to be visualised 

under UV light. Once finished, the gel was imaged and analysed with the InGenius 

Bio Imaging system (Syngene; Cambridge, UK) and GeneSnap image acquisition 

software (Syngene; Cambridge, UK). 

 

2.2 Analysis of blood samples 

 

2.2.1 Storing clinical blood samples 

 

Whole blood samples were collected in EDTA tubes and delivered to the laboratory 

on the same day of collection. Upon arrival at the laboratory, blood samples were 

divided into 500ɛL aliquots. To minimise RNA degradation, 1.2ml of RNAlater
®
 

(Life Technologies; Paisley, UK Life Technologies; Paisley, UK) was added to each 

sample. Samples were incubated overnight at 4
o
C and then stored at -80

o
C. 

 

2.2.2 ICP-MS Analysis of metal ions 

 

Metal ion concentrations were measured in whole blood. All samples were diluted 

10-fold using the solubilisation matrix solution (Table 2.7; all reagents Sigma-

Aldrich; Dorset, UK). 500ɛl of whole blood was mixed with 2.5ml of the dilution 

matrix in a plastic vial and 2ml of ultrapure water (18mʍύ were added. The final 

solution was then sonicated. Standards were prepared by diluting Multielement 

Standard Solution 1 for ICP (Sigma-Aldrich (Fluka); Dorset, UK) in 2% (v/v) HNO3. 

The samples were then analysed using ICP-MS as described before. 
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Reagent 
% in solution 

(w/v) 

Quantity for 1L 

solution 

1-Butanol 1.5% 15ml 

EDTA (acid) 0.01mM 2.9224mg 

Triton X-100 0.07% 0.7ml 

Ammonium 

hydroxide 
0.7mM 26.92ml 

Ultrapure Water Make up to volume Make up to 1l 

Table 2.7. Preparation of solubilisation matrix solution  

 

 

2.2.3 Isolation of total RNA that includes the small RNA fraction 

 

In order to extract RNA from blood samples the RiboPureÊ-Blood Kit (Life 

Technologies; Paisley, UK) was used. Using the modified protocol provided with the 

kit, total RNA that includes the small RNA fraction (RNA< 200nts) was isolated. 

 

2.2.3.1 Sample Collection, Cell Lysis, and RNA Purifica tion 

 

Initial experiments were conducted to show the efficacy of RNAlater in terms of 

preservation of blood RNA.  The maximum period of RNA stability under different 

conditions was assessed and details of these experiments are given in Chapter 6. 

 

Samples in RNAlater solution were centrifuged for 1min at maximum speed in a 

microcentrifuge. Supernatant was then aspirated and discarded. Archive samples (not 

stored in RNAlater solution) were mixed by gently inverting the collection tube 

several times. After this, 800ɛl Ribopure lysis solution were added to 300ï500ɛl 

anticoagulated whole blood in a 2ml microfuge tube, or to the cell pellet from 

RNAlater-stabilized samples. Samples were then vortexed vigorously inverting the 

tube to be sure the solution was homogenous. 10ɛl of the Ribopure sodium acetate 

solution were added, and the samples were vortexed and stored on ice for 5min. 

500ɛl of the Ribopure supplied Acid-Phenol:Chloroform were added to the cell 

lysate, after which it was vortexed for 30sec. To separate the aqueous and organic 

phases, samples were centrifuged at room temp for 1min at maximum speed in a 
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microcentrifuge. The aqueous (upper) phase containing the RNA was then 

transferred to a 15ml screw-cap tube and the lower phase was discarded. 1ml of 

Ribopure denaturation solution and 2.7ml of 100% ethanol were sequentially added 

and each mixed thoroughly by vortexing.  

 

Before starting the process of final RNA purification, 110ɛl per sample of elution 

solution were heated to 75°C in an RNase-free tube. The RNA sample was bound to 

a Ribopure filter cartridge by successively applying 700ɛl of sample, centrifuging for 

a few seconds to let the liquid pass through, emptying the collection tube and 

repeating. The filter flow-through liquid was discarded every time. The Ribopure 

filter cartridge was then transferred into a 2ml collection tube, 700ɛl of 70% 

ethanol/30% denaturation solution applied to the filter cartridge and the sample 

centrifuged for 5ï10sec to allow  the solution to pass through the filter. The flow-

through liquid from the collection tube was discarded and the filter cartridge was 

replaced into the same collection tube. This process was repeated twice with 700ɛl 

aliquots of 80% ethanol/50mM NaCl. After discarding the flow-through from the last 

wash, the filter cartridge was replaced in the same collection tube and centrifuged for 

1min to remove residual fluid from the filter. The Ribopure filter cartridge was 

transferred into a labelled collection tube and 150ɛl elution solution applied to the 

centre of the filter. The cap was closed and the assembly was left at room temp for 

1min to allow dissociation of the RNA from the column. It was then centrifuged for 

20ï30sec at maximum speed to recover the RNA in the collection tube. 

 

2.2.3.2 DNase I Treatment 

 

To remove any contaminating genomic DNA from the eluted RNA, 1/20th volume 

20X DNase Buffer and 1ɛl DNase I (8U/ɛl) were added to the RNA and mixed 

gently. The samples were then incubated for 30min at 37°C. Following this, a 

volume of Ribopure DNase inactivation reagent equal to 20% of the volume of RNA 

treated was added. Tubes were vortexed briefly to thoroughly mix the DNase 

inactivation reagent with the RNA, and incubated at room temperature for 2min. The 

tubes were vortexed twice during this period to resuspend the DNase inactivation 
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reagent. Samples were then centrifuged at maximum speed for 1min in a 

microcentrifuge to pellet the DNase inactivation reagent. 5ml aliquots were taken to 

determine the purified RNA concentration and integrity and the remaining RNA was 

stored at ï80°C.  

 

RNA concentration, purity and integrity were determined as described in Section 

2.1.22 of the current Chapter. 

 

2.2.4 cDNA synthesis 

 

First-strand synthesis of cDNA from RNA obtained from whole blood was carried 

out using Superscript III reverse transcriptase as in Section 2.1.23, however, for the 

whole blood studies, 400ng of RNA was used in each reverse transcriptase reaction.  

 

2.2.5 Stability of RNA after up to 10 Freeze/Thaw Cycles of storage 

 

Whole blood samples in the presence and absence of RNAlater were frozen at -80ºC 

for 15 minutes and thawed at room temperature for 15 minutes. This was repeated 

several times in an attempt to replicate the real life situation where clinical samples 

may undergo several freeze/thaw cycles. RNA was extracted with the RiboPure 

Blood Kit after 0, 3, 6, and 10 freeze/thaw cycles, and RNA concentration and 

integrity were assessed as previously described. 

 

2.2.6 Taqman quantitative real-time PCR 

 

In order to analyse gene expression of clinical whole blood samples, TaqMan Gene 

Expression Assays (Table 2.8.) and TaqMan Gene Expression Master Mix (all 

Applied Biosystems; Paisley, UK) were used.  

 

Briefly, for each reaction 1µl of 20X TaqMan® Gene Expression Assay, 10µl 2X 

TaqMan® Gene Expression Master Mix, 1µl cDNA (8ng/µl) and 8µl of nuclease-

free water were added to a nuclease-free microcentrifuge tube. Negative controls 
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with nuclease-free water and ñRT-òcDNA reaction product were included. Master 

mixes for each assay were prepared with the primers, nuclease-free water and 

TaqMan® Gene Expression Master Mix. The components were mixed thoroughly 

and centrifuged briefly to eliminate any air bubbles. 19µl of each master mixture 

were transferred to the corresponding wells of optical 8-tube strips. Finally, 1µl of 

cDNA was added to the reactions, and 1µl of nuclease-free water or ñRT-òcDNA 

reaction product was added to the corresponding controls. Tubes were sealed with 

optical 8-cap strips and loaded in a StepOnePlus Real-Time PCR system. Thermal 

cycling conditions were set for a standard run as shown on Table 2.6. Cq values were 

calculated by the StepOnePlus software (v2.1) 

 

Gene Assay Assay ID 
Amplicon 

length 

TNF receptor-associated 

protein 1 (TRAP1) 

TaqMan® Probes 

TRAP1 
Hs00212474_m1 64 

Folylpolyglutamate synthase 

(FPGS) 

TaqMan® Probes 

FPGS 
Hs00909430_m1 69 

2,4-dienoyl CoA reductase 

1, mitochondrial (DECR1) 

TaqMan® Probes 

DECR1 
Hs01051812_m1 67 

Peptidylprolyl isomerase B 

(cyclophilin B) (PPIB) 

TaqMan® Probes 

PPIB 
Hs00168719_m1 67 

Tumor necrosis factor 

(ligand) superfamily, 

member 11 (RANKL) 

TaqMan® Probes 

TNFSF11 
Hs00243522_m1 67 

Tumor necrosis factor 

receptor superfamily, 

member 11b (OPG) 

TaqMan® Probes 

TNFRSF11B 
Hs00900358_m1 74 

Tumor necrosis factor 

receptor superfamily, 

member 11a, NFKB 

activator (RANK) 

TaqMan® Probes 

TNFRSF11A 
Hs00187192_m1 67 

 Table 2.8.TaqMan gene expression assays. 

 

2.2.7 Effects of RNA integrity on qRT-PCR results 

 

qRT-PCR reactions were carried out with RNA of varying qualities extracted from 

fresh whole blood samples obtained from patients with metal on metal hip implants. 

For this purpose, RNA was extracted as previously described from whole blood 

samples in the presence of RNAlater that had undergone freeze/thaw cycles. cDNA 

was synthesised from both intact and degraded RNA (Section 2.2.4) and real time 
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PCR reactions carried out (Section 2.2.6) for four genes that have been previously 

validated as whole blood reference genes in humans (Stamova et al., 2009).  
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3. EFFECTS OF COBALT I ONS AND WEAR METAL DEBRIS DERIVED 

FROM A HIP RESURFACING ON U937 CELLS IN VITRO  

 

3.1 Introduction  

 

The most common cause of failure of total hip arthroplasty is aseptic loosening of the 

implant. The adverse tissue response to prosthesis wear particles is an important 

contributor to bone loss around the implant (Luo et al., 2005). As discussed in 

Chapter 1, host response to a prosthesis or prosthetic debris results in the formation 

of a fibrous synovial-like membrane surrounding the prosthesis (Wang et al., 1996). 

It is believed that mononuclear phagocytic cells in the pseudomembrane surrounding 

the implant phagocytose wear particles and become activated. This activation results 

in the release of pro-inflammatory cytokines, such as IL-6 and TNF-Ŭ, and 

inflammatory mediators, such as PGE2, which stimulate osteoclastic bone resorption 

(Ingham et al., 2000). 

 

As mentioned in Chapter 1, U937 cells have been used as cell culture model for a 

variety of research related to implant wear debris. However, the mechanisms of 

toxicity of metal particles and ions are poorly understood. This raises concerns about 

the long term effects of exposure to metal debris particularly as younger, more active 

patients are being offered MoM joint replacement for end-stage bone disorders (Rao 

et al., 2012).  Inspite the number of investigations that have been carried out, none of 

them have treated the cells with metal ions (i.e. Co) before exposing the cells to wear 

particles. 

 

In the current study, U937 cells in both resting and activated states were exposed to 

metal wear debris derived from a MoM resurfacing implant and Co ions in order to 

evaluate their toxicity in terms of changes in cell morphology, viability, cytokine 

production, and proliferation. Moreover, in an attempt to understand host response to 

a device after revision surgery, U937 cells were treated with Co ions before being 

exposed to the metal wear debris. Since the MHRA have suggested combined whole 

blood cobalt and chromium levels of 7ppb (7µg/l) as a threshold for patients with 
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MoM devices (MDA/2010/069), 0.1µM Co was chosen as the cobalt concentration 

for the treatments. 

 

3.2 Aims 

 

To assess the toxicity of Co-Cr nanoparticles released from a resurfacing implant and 

Co ions, as well as the effect of treating cells with Co ions prior to exposure to wear 

debris, on an immortalised human cell line in vitro by: 

 

¶ MTT and NR assays for viability 

¶ Fluorescent microscopy to evaluate changes in morphology 

¶ ELISA to measure cytokine production 

¶ BrdU proliferation test 

 

3.3 Results 

 

3.3.1 Activation of U937 cells with PMA  

 

As discussed previously, the human U937 cell line is a common model for the 

investigation of monocyte/macrophage characteristics and phagocytosis. Upon 

stimulation with PMA, U937 cells become adherent, form cell aggregates, the 

number of lysosomes and phagosomes in the cytoplasm increases (Lessig et al., 

2011), and they develop phagocytosis activity (Spittler et al., 1997, Boukes and van 

de Venter, 2012). In this study, U937 cells were exposed to different concentrations 

of PMA for 5 days in order to determine the appropriate concentration and exposure 

time that would result in cell activation. Changes in cell aggregation and adhesion 

were documented every 24h by imaging the cultures (Figure 3.1 and Figure 3.2).  

 

Even though resting U937 cells are non-adherent cells, they tend to sit at the bottom 

of the wells creating a homogenous layer giving the impression that they have 

adhered to the surface (Figure 3.1 (20X dry lens images) and Figure 3.2). In order to 

avoid mistaking this phenomenon with actual cell activation, it was decided to image 
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cells by using both wet and dry coverslips. When comparing the dry and wet lens 

images (20X) in Figure 3.1, it becomes clear that non-adherent cells are easily 

washed off the coverslips.  It can also be seen in both figures that adhesion and 

aggregation occur when cells are exposed to 10 and 100nM PMA for at least three 

days when compared to the control (0nM). However, such changes were not 

observed when cells were exposed to 5nM PMA. In Figure 3.1 and Figure 3.2, the 

10nM and 100nM images from 72h of exposure show cell aggregates characteristic 

of the differentiation process of U937 cells.  

 

 

 

 

A 
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Figure 3.1 Carl Zeiss Axio Imager Microscope images of U937 cells. U937 cells exposed 

to different concentrations of PMA (0, 5, 10 and 100nM) for five days and imaged every 24h 

with both dry and wet lenses (20X). A: all PMA concentrations and time points. B: Larger 

images of 0 and 5nM PMA concentrations at 24, 72 and 120h. C: Larger images 10 and 

100nM PMA concentrations at 24, 72 and 120h.Yellow arrows point to cell aggregates 

indicative of activation.  

 

 

B 

C 
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Figure 3.2. Nikon Microscope images of U937 cells (20X). U937 cells exposed to different 

concentrations of PMA (0, 5, 10 and 100 nM) for five days and imaged every 24h. Purple 

arrows point to cell aggregates indicative of activation. A: All PMA concentrations and 

timepoints. B: Larger images at 24, 72 and 120h. 

 

The differentiation of U937 cells was also verified with a MTT metabolic assay after 

a 24, 48, 72, 96, and 120h exposure to PMA. MTT shows that there was a significant 

increase (p<0.05) in adherent cell numbers after being exposed to 10 and 100nM of 

PMA for at least 72h (Figure 3.3). These results are in agreement with the 

obsevations discussed above. Resting cells tend to sit at bottom of the wells but are 

easily whased off during the performance of the MTT assay. Contrary to this, 

activated cells adhere to the surface and remain in the wells throughout the assay and 

therefor significantly higher amounts of formazan can be measured. There was no 

significant difference between the effect caused by 10 and 100nM concentrations. 

B 
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Figure 3.3. Presence of U937 cells after 24, 48, 72, 96 and 120h exposure to PMA, 

measured by MTT. Results are absorbance values (Mean ± SEM, n=3). 0nM corresponds to 

control values. *Significantly different from control values (p<0.05) by one-way ANOVA 

followed by Dunnettôs multiple comparison test. 

 

3.3.2 Activated U937 phagocytosis activity 

 

Fluorescent latex beads were used in order to provide evidence of activated U937 

cells phagocytosis activity (Figure 3.5).This activity was documented after 1, 2, 3, 4, 

5, 24, 48, and 120h. Ost-5, an immortalised rat osteoblast cell line was used as a 

control (Figure 3.4). Images suggest that the beads remain mainly in suspension for 

the first 2h since only a few beads could be observed after 2h of incubation. 

Nevertheless, the amount of precipitated beads increased over time. When comparing 

the images between the two cell lines over time, there seems to be fewer beads 

directly on the plastic surface of the U937 cultures. This could be an indication of the 

phagocytosis activity of the activated U937 cells. Additionally, the fact that beads 

seem to be restricted to the cell shape, particularly evident in Figure 3.5.F, also 

suggests that the beads are being phagocytised by the activated U937 cells.  
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Figure 3.4. Fixed Ost-5 cells and latex beads (40X). PI stained activated cells (red) and 

FITC-modified latex beads (green). A) 1h, B) 2h, C) 3h, D) 4h, E) 5h, F) 24h, G) 48h and H) 

120h. 

 

 

Figure 3.5. Fixed activated U937 cells and latex beads (40X). PI stained activated cells 

(red) and FITC-modified latex beads (green). A) 1h, B) 2h, C) 3h, D) 4h, E) 5h, F) 24h, G) 

48h and H) 120h. 
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In order to further show that latex beads were not just sitting on top of the activated 

U937 cells,  images of planes at various depths within a sample (z-stacks) were taken 

at various time points. In Figure 3.6 two individual cells are followed from the top 

surface through to the bottom after 5h incubation with the latex beads. The average 

size of U937 cells is approximately 15µm (Opydo-Chanek et al., 2010, Lessig et al., 

2011). Fluorescence slides were captured using the z-stack imaging technique, over a 

total distance of 13.905µm. Moving through the sequence (following the cell circled 

in red) we can see the latex beads within the cells come into focus at a depth of 

approximately 5.208µm (slide 3, Figure 3.6) and then moving out of focus again at a 

depth of approximately 12.161µm (slide 7, Figure 3.6); the localisation of the beads 

in this central region indicates they have been internalised and are fully encapsulated 

by the cells. 

 

 

Figure 3.6. Images of planes at various depths within a 5h activated U937 cell sample 

(40X). PI stained activated cells (red) and FITC-modified latex beads (green). Coloured 

circles follow single cells through the changing depth. Sequence starts at the left upper 

corner. Image depths are at the left upper corner of each individual image and are as follows: 

1) 1.732µm, 2) 3.470µm, 3) 5.208µm, 4) 6.947µm, 5) 8.685µm, 6) 10.423µm, 7) 12.161µm, 

8) 13.899µm and 9) 15.637µm. 

 

1 2 3 
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7 8 9 
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3.3.3 Characterisation of CoCr wear debris 

 

Wear debris produced on a hip simulator from a DePuy ASR resurfacing implant is 

shown in Figure 3.7. The hip simulator replicates the motion of the human hip. The 

acetabular cup can be positioned in a number of ways relative to the machine axes. 

Either the ball or cup can be the fixed or mobile partner. A Plexiglas chamber or flex 

sleeve surrounds the hip joint to hold the lubricating fluid. A physiological load 

profile mimics the in vivo walking load with a frequency of typically one cycle per 

second (Brown and Clarke, 2007). For this investigation, the acetabular inserts were 

mounted at 35° to the horizontal plane and positioned anatomically. The femoral 

components were positioned vertically below the cups resulting in the contact region 

developing on the pole. The simulator had flexionïextension -15° to 30° (on the 

head) and internalïexternal rotation of ±10° (on the cup) to replicate the motions and 

kinematic paths applied during normal gait. The lubricant (destilled water) was 

collected at the end the 250,000 cycles. 

 

The SEM images show different shapes and sizes varying from the nano to the micro 

scale. These images suggest that the particulate debris aggregates. Infiltrate from a 

hip implant patient obtained during the revision surgery was also imaged (Figure 

3.8). Similarly, there seems to be different shapes and varying sizes. Additionally, 

this particulate debris appears to be aggregated and attached to protein. 
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Figure 3.7. Scanning Electron Microscopy images of simulator generated wear debris 

from an ASR hip implant. Images taken at A) 100kX, B) 50kX, C) 15kX and D) 5kX with 

a FE-SEM Hitachi SU-6600. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Scanning Electron Microscopy images of wear debris from the implant 

retrieved from a patient undergoing revision surgery. Images taken at A) 40kX, B) 12kX, 

C) 3kX and D) 1kX with a FE-SEM Hitachi SU-6600. 

! . 

/ 5 

! . 

/ 5 



84 

 

The composition of simulator generated wear debris (Figure 3.9) and an implant 

retrieved from a patient undergoing revision surgery (Figure 3.10) was analysed with 

Energy Dispersive X-ray Spectroscopy (EDS), which indicated that both types of 

debris are primarily composed of cobalt and chromium.  

 

 

Figure 3.9. Energy Dispersive X-ray Spectroscopy of simulator generated wear debris 

from an ASR hip implant. 
 

 

Figure 3.10. Energy Dispersive X-ray Spectroscopy of sample from a patient 

undergoing revision surgery. 
 

Analysis of 25 simulator generated particles showed a mean composition of 59.57% 

cobalt and 40.43% chromium (Figure 3.11). On the other hand, 25 particles from the 

infiltrate of a patient undergoing revision surgery showed a mean composition of 

10.43% cobalt, 83.05% chromium and 6.52% titanium (Figure 3.11). Interestingly, 

traces of organic material (i.e. carbon) were also detected. In both cases, 

molybdenum could not be detected.  It is important to note that the retrieved implant 
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debris sample was composed of a much greater percentage of chromium than the 

debris from the artificial simulator. 

 

 

Figure 3.11. Composition of simulator generated CoCr wear debris from an ASR hip 

implant and infiltrate from a patient undergoing revision surgery, analysed by EDS. 

Results are means ± SEM, n=1 (25 independent measurements of 1 biological replicate). 

 

 

3.3.4 Sterility of CoCr wear debris to be used in cell culture experiments 

 

The sterility of the simulator generated CoCr alloy metal wear debris was evaluated 

in order to avoid the possibility that the effects observed and measured would be the 

result of exposure to contaminants present in the particles and not the particles 

themselves. 

 

For this purpose, dendritic cells (DCs) were cultured in complete RPMI-1640 alone 

or supplemented with sterile PBS, 1ɛg LPS, or 0.2mg metal debris /1x10
6
cells. DCs 

express receptors, such as TLR, which upon binding their ligands activate the cells 

by triggering differentiation pathways that culminate in the acquisition of a mature 

phenotype characterized by high surface expression of MHC class II (MHC II) and T 

cell co-stimulatory molecules (e.g. CD80, CD86, and CD40) (Vega-Ramos and 

Villadangos, 2013). Exposure of DCs to LPS (positive control) resulted in cell 

activation documented as a significant increase in surface expression of both 

stimulatory proteins CD40 and MHC II (Figure 3.12). On the other hand, endotoxin 

free PBS did not elicit a cell response. Moreover, heat-treated metal debris 
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resuspended in endotoxin free PBS did not cause an increase of either of the 

stimulatory proteins validating the sterility of the particles. 

 

 

Figure 3.12. Activation of CD11c+ dendritic cells (DCs). Results are mean percentages of 

DCs expressing stimulatory surface proteins (±SEM, n=3) following 24h culture in complete 

RPMI-1640 alone or supplemented with sterile PBS, 1ɛg LPS or 0.2mg metal debris 

/1x10
6
cells. *Significantly different from metal debris values (p<0.05) by one-way ANOVA 

followed by Dunnettôs multiple comparison test. 

 

3.3.5 Effects of metal debris and ions on cell viability measured by MTT and 

NR 

 

3.3.5.1 Resting U937 cells exposed to CoCr wear debris and Co ions 

 

The effects of three different concentrations of CoCr wear debris on the viability of 

resting U937 cells were measured in terms of metabolic activity (MTT) and cell 

number (NR). For this purpose, cells were exposed to 0.05mg/1x10
6
cells, 

0.1mg/1x10
6
cells and 0.2mg/1x10

6
cells wear debris for 24, 48, and 120h. Figure 3.13 

summarises the results of both MTT (Figure 3.13.A) and NR (Figure 3.13.B). There 

was a significant increase in metabolic activity of cells exposed for 24h to all three 

concentrations of debris, as measured by the increase of MTT. This initial increase 

gradually decreases reaching control levels at 120h as seen in Figure 3.13.A. On the 

other hand, no significant difference in NR results suggested no change in cell 

number in cells treated with metal debris when compared to controls (Figure 3.13.B). 

These results seem to suggest that at low concentration, CoCr wear debris may not 

affect cell viability. 
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Figure 3.13. Resting U937 cell viability after 24, 48 and 120h of exposure to 

0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells and 0.2mg/1x10

6
cells wear debris. Results are 

absorbance values (±SEM, n=15) where 0mg represents control untreated 

cells.*Significantly different from control values (p<0.05) by one-way ANOVA followed by 

Dunnettôs multiple comparison test. 

 

Aseptic loosening usually leads to revision surgery (Maezawa et al., 2009, Naal et 

al., 2011, Sehatzadeh et al., 2012). In an attempt to elucidate what the effects of the 

metal ions that are already present in these patients may have in terms of the 

biological response to the new device, cells were pre-treated with 0.1µM Co for 4 

days before being treated with metal wear debris and a combination of debris and 

0.1µM Co. Following treatments, cell viability was measured in terms of metabolic 

activity (MTT) and cell number (NR) after 24, 48 and 120h. Figure 3.14 summarises 

the results from both MTT (Figure 3.14.A-C) and NR (Figure 3.14.D-F) assays. 

Similarly to the results discussed above, there was a significant increase of metabolic 

activity in resting cells treated for 24h with debris and the combination of debris and 

Co, as measured by an increase in MTT. Such increase was also observed in Co pre-

treated cells. At 48 and 120h, metabolic activity continued to be elevated particularly 

in cells exposed to the combination of wear debris and 0.1µM Co. In general, cell 

number did not seem to be affected by the treatments as no significant differences 

were measured by the NR assay, the exception being cells exposed to 

0.2mg/1x10
6
cells metal debris for 120h. These results seem to suggest that these 

treatments may not be toxic for resting U937 cells. Additionally, at each end point, 

MTT and NR results from non Co pre-treated cells were compared to results from Co 

pre-treated cells to determine if the Co pre-treatment had an impact on cell viability. 
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Although some differences were observed, it is difficult to establish a general 

conclusion since a general trend could not be observed. 
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Figure 3.14 Resting and resting Co pre-treated U937 cell viability after 24, 48 and 120h of exposure to 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells 

and 0.2mg/1x10
6
cells wear debris. Results absorbance values (±SEM, n=6) where controls are untreated cells (0mg). *Significantly different from 

control values. ÀSignificant difference between non Co pre-treated cell and Co pre-treated cell values (p<0.05) by 2 sample t-Test. 
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Since the debris concentrations used in the previous experiments did not seem to 

have a major effect on cell viability and high metal particles and ions concentrations 

in tissue surrounding the implant at revision surgery have been previously reported 

(Matziolis et al., 2003, Maezawa et al., 2009, Sehatzadeh et al., 2012), it was decided 

to increase the wear debris concentration. As a consequence, resting and Co pre-

treated resting U937 cells were exposed to 5mg debris/1x10
6
cells, 0.1µM Co and the 

combination of 5mg debris/1x10
6
cells with 0.1µM Co. Viability was assessed after 

24 and 120h of treatment in terms of metabolic activity (MTT) and cell number 

(NR). Figure 3.15 summarises the results from both assays.  

 

After 24h of exposure, MTT shows significant increase in cell metabolic activity in 

cells treated with Co ions and the combination of Co ions and debris. Moreover, 

MTT shows significant increase in metabolic activity of Co pre-treated cells exposed 

to debris and Co ions separately. (Figure 3.15.A). However, NR shows a significant 

decrease on cell number for Co pre-treated resting cells treated with wear debris and 

the combination of wear debris and Co ions when compared to control untreated 

resting U937 cells (Figure 3.15.C). After 120h, NR shows a significant decrease in 

cell number for both resting U937 and Co pre-treated resting U937 cells compared to 

control when treated with 5mg debris/1x10
6
cells and the combination of metal debris 

with 0.1µM Co (Figure 3.15.D). Similarly, MTT shows a significant decrease in cell 

metabolic activity for both resting U937 and Co pre-treated resting U937 cells 

compared to control when treated with 5mg debris/1x10
6
cells and the combination of 

metal debris with 0.1µM Co (Figure 3.15.B). Interestingly, there was a significant 

increase in both cell number and metabolic activity of cells treated with Co ions 

alone, as measured by NR and MTT. In addition to the above, the effects on resting 

U937 and Co pre-treated resting U937 cells were compared in order to establish if 

the pre-treatment with Co ions made a difference to the effects caused by the 

exposure to metal debris and Co. At 24h, there is a significant difference in the effect 

caused by 5mg debris/1x10
6
cells in cell number and on the effect of the combination 

of 5mg debris/1x10
6
cells and 0.1µM Co on metabolic activity. At 120h, there is a 

significant difference on the effects of combined 5mg debris/1x10
6
cells and 0.1µM 
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Co on cell number. These results seem to suggest that chronic exposure to high 

concentrations of wear metal debris could have a detrimental effect on cell viability. 

 

  

  

Figure 3.15 Cell viability at 24 and 120h measured by Neutral Red and MTT. Results 

are absorbance values (Mean ± SEM, n=9) where control values correspond to resting 

untreated cells. *Significantly different from control values (p<0.05) by one-way ANOVA 

followed by Dunnettôs multiple comparison test. ÀSignificant difference between non Co 

pre-treated cell and Co pre-treated cell values (p<0.05) by 2 sample t-Test. 

 

3.3.5.2 Activated U937 cells exposed to CoCr wear debris and Co ions 

 

The experiments with resting U937 cells described above were also carried out with 

activated U937 cells. Therefore, the viability of activated U937 cells was measured 

in terms of metabolic activity (MTT) and cell number (NR) after a 24, 48, and 120h 

exposure to 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells, and 0.2mg/1x10

6
cells wear debris.  

Figure 3.16 summarises the results from both MTT (Figure 3.16.A) and NR (Figure 

3.16.B). There was a significant increase in metabolic activity of cells exposed to 

0.2mg debris /1x10
6
cells for 24h, which decreased by 48h. There was no significant 
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difference in number of treated cells and controls. These results seem to suggest that 

low concentrations of CoCr debris do not have a detrimental impact on activated 

U937 cell viability, which is in agreement with the effects observed on resting U937. 

However, these findings seem to indicate that the metabolic activity of activated cells 

was less affected than the activity of resting cells, as measured by MTT after 24h of 

treatment. 

 

  

 

Figure 3.16 Activated U937 cell viability after 24, 48 and 120h of exposure to 

0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells, and 0.2mg/1x10

6
cells wear debris. Results are 

absorbance values (±SEM, n=15) where control are untreated cells (0mg). *Significantly 

different from control values (p<0.05) by one-way ANOVA followed by Dunnettôs multiple 

comparison test. 

 

Additionally, activated cells were also pre-treated with 0.1µM Co before being 

treated with metal debris and a combination of debris and Co. Cell viability was then 

measured in terms of metabolic activity (MTT) and cell number (NR) after 24, 48, 

and 120h. Figure 3.17 summarises the results from both MTT (Figure 3.17.A-C) and 

NR (Figure 3.17.D-F). The main effects were observed after 120h of treatment. 

These results suggest that activated U937 cell were more susceptible to chronic 

exposure to the combination of debris and Co ions, as there was significant increase 

in both MTT and NR (Figure 3.17.C and F). These findings differ from the effects 

observed on resting cells, which may suggest different mechanisms of wear debris 

toxicity depending on cellular activation state. Furthermore, at each end point, MTT 

and NR results from non-Co pre-treated cells were compared to results from Co pre-

treated cells to determine if the Co pre-treatment had an impact on the biological 

response to wear debris in terms of cell viability. Significant differences were 
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observed mainly in cell number, as measured by NR, after 120h of treatment with the 

combination of debris and Co ions (Figure 3.17). These differences suggest that the 

pre-exposure to Co ions could affect the biological response to wear debris. 

Moreover, these results in conjunction with the results from resting cells seem to 

indicate that cells respond differently to metal wear debris depending on their 

activation state.  
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Figure 3.17 Activated and activated Co pre-treated U937 cell viability after 24, 48, and 120h of exposure to 0.05mg/1x10
6
cells, 

0.1mg/1x10
6
cells and 0.2mg/1x10

6
cells wear debris. Results are absorbance avlues (±SEM, n=6) where controls are untreated cells (0mg). 

*Significantly different from control values (p<0.05) by one-way ANOVA followed by Dunnettôs multiple comparison test. ÀSignificant difference 

between non Co pre-treated cell and Co pre-treated cell values (p<0.05) by 2 sample t-Test. 
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In addition to the above, activated cells were also exposed to higher concentrations 

of wear debris. For this reason, activated and Co pre-treated activated U937 cells 

were exposed to 5mg debris/1x10
6
cells, 0.1µM Co, and the combination of 5mg 

debris/1x10
6
cells with 0.1µM Co. Viability was assessed after 24 and 120h of 

treatment in terms of metabolic activity (MTT) and cell number (NR). Figure 3.18 

summarises the results from both assays. 

 

Opposite to the effects seen with the resting cells, after 24h of treatment there were 

no significant differences in cell viability of activated cells as measured with both 

MTT and NR (Figure 3.18.A and C). On the other hand and similarly to resting cells, 

activated cells showed significant decrease in both cell number and metabolic 

activity after being exposed to 5mg debris/1x10
6
cells and the combination of debris 

and 0.1µM Co for 120h (Figure 3.18.B and D). These findings suggest that chronic 

to metal wear debris has detrimental effects on cell viability. Furthermore, the effects 

on activated U937 and Co pre-treated activated U937 cells were compared in order to 

establish if the pre-treatment with Co of the cells affected their response to the 

exposure to metal debris and Co. Significant differences were mainly observed on 

metabolic activity as measured by MTT after 24h of treatments (Figure 3.18.A). 

These differences may indicate that the pre-exposure to Co ions could modulate the 

cellular response to metal wear exposure. This could be of great importance to 

patients with MOM implants undergoing revision surgery as it could potentially 

mean that the metal ions that are already present in their system may affect the 

biological response to the new device. 
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Figure 3.18 Cell viability at 24 and 120h measured by Neutral Red and MTT. Results 

are absorbance values (Mean ± SEM, n=9) control values are untreated activated cells. 

*Significantly different from control values (p<0.05) by one-way ANOVA followed by 

Dunnettôs multiple comparison test. ÀSignificantly different from non Co pre-treated cell 

values (p<0.05) by 2 sample t-Test. 
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(PI) at 24, 48 and 120h, cells were viewed under a Carl Zeiss Axio Imager 

microscope (Figure 3.19.A-D, more detail can be seen in larger images in Appendix 

2.1). 

 

No obvious effect of any of the treatments on cell morphology on either resting or Co 

pre-treated resting U937 cells was observed when compared to controls after 24, 48 

and 120h of exposure. 
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Figure 3.19 Fluorescence microscopy images (40X) following PI (Dead cells, red)/AO 

(Live cells, green) staining of resting U937 and Co pre-treated resting U937 cells 

exposed to 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells, and 0.2mg/1x10

6
cells wear debris for 

24, 48 and 120h. A: Resting U937 cells exposed to 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells 

and 0.2mg/1x10
6
cells wear debris. B: Resting U937 cells exposed to 0.05mg/1x10

6
cells, 

0.1mg/1x10
6
cells and 0.2mg/1x10

6
cells wear debris in combination with 0.1µM Co. C: Co 

pre-treated resting U937 cells exposed to 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells and 

0.2mg/1x10
6
cells wear debris. D: Co pre-treated resting U937 cells exposed to 

0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells and 0.2mg/1x10

6
cells wear debris in combination with 

0.1µM Co. Images are representative of 5 independent images from each sample at each end 

point. 

 

The effects of high wear debris concentrations on cell morphology of resting and Co pre-

treated resting U937 cells were also assessed. Figure 3.20 and Table 3.1 show the 

effects of 5mg debris/1x106cells, 0.1µM Co and 5mg debris/1x106cells+0.1µM Co after 

24 and 120h exposure on cellular morphology following staining with AO and PI. Cells 

were mainly circular and fluoresced green indicating that they were generally healthy 

following 24h treatment (Figure 3.20.A) and an evident change in the morphology of 

either resting nor Co pre-treated resting U937 cells was not observed when compared 

to control. After 120h, cells treated with 0.1ɛM Co did not seem to change 

morphologically. However, in the presence of metal debris the majority of cells 

appeared apoptotic; there was cell blebbing and shrinkage (Figure 3.20). Moreover, a 

decrease in cell number when compared to control was observed (Figure 3.20.B and 

Table 3.1, more detail can be seen in larger images in Appendix 2.2). 
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Figure 3.20. Fluorescence microscopy images (40X) following PI (Dead cells, red)/AO 

(Live cells, green) staining of resting U937 and Co pre-treated resting U937 cells 

exposed to 5mg debris/1x10
6
cells, 0.1µM Co and 5mg debris/1x10

6
cells + 0.1µM Co. A: 

24h of exposure. B: 120h of exposure. Images are representative of 5 independent images 

from each sample at each end point. ñBò indicates cell blebbing, ñSò indicates cell shrinkage 

and ñNò indicates necrotic. 

 

End 

point 

U937 

cells 

Mean number of viable cells (AO, live cells, green)±SEM 

Control  
5mg 

debris/1x10
6
cells 

0.1µM Co 

5mg 

debris/1x10
6

cells + 

0.1µM Co 

24h 

Resting 13.80±2.10 9.50±1.31 8.36*±1.06 6.50*±0.78 

Co pre-

treated 

resting 

- 7.45*±1.58 5.77*±0.54 5.42*±0.83 

120h 

Resting 29.86±5.76 4.60*±0.93 42.60±6.67 4.20*±0.73 

Co pre-

treated 

resting 

- 2.50*±0.34 29.13±3.44 2.33*±0.42 

Table 3.1. Mean number of viable resting U937 cells as recorded by Confocal Laser 

Scanning Microscopy following staining with Acridine Orange and Propidium Iodide. 
Results are data recorded from a total of 30 independent images from each sample 

(Mean±SEM). *Significantly different from control values (p<0.05) by one-way ANOVA 

followed by Dunnettôs multiple comparison test. 
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3.3.6.2 Activated U937 cells exposed to CoCr wear debris and Co ions 

 

The effects of the three low concentrations of CoCr wear debris on cell morphology 

were also assessed on activated and Co pre-treated activated U937 cells with 

fluorescence microscopy at each end point. For this reason, cells were treated with 

0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells, and 0.2mg/1x10

6
cells wear debris and the 

combination of debris and 0.1µM Co. Following staining with AO and PI at 24, 48, 

and 120h, cells were viewed under a Carl Zeiss Axio Imager microscope. AO is a 

weak base that accumulates mainly in the acidic compartments, preferentially 

lysosomes (Olsson et al., 1989, Canonico and Bird, 1969, Antunes et al., 2001, 

Hornung et al., 2008, Kirkegaard et al., 2010). AO fluoresces green in its monomeric 

state and binds to nuclear and cytosolic DNA and RNA. When AO concentrates in 

the lysosomes, the formation of dimers takes place and they fluoresce red (Liao et al., 

2008, Lessig et al., 2011, Hornung et al., 2008, Denamur et al., 2011). In addition to 

this, increased numbers of cellular organelles in the cytoplasm, namely mitochondria 

and lysosomes, is considered a feature of macrophage differentiation (Lopes et al., 

2006, Lessig et al., 2011, Daigneault et al., 2010). Figure 3.21 seem to show greater 

accumulation of AO in activated U937 cells when compared to resting U937 cells 

(Figure 3.19), which could be indicating an increased in the number of lysosomes, 

providing another evidence of cell activation. Following 24, 48, and 120h treatment, 

cells were mainly circular and fluoresced green indicating that they were generally 

healthy. Some of the images in Figure 3.21 show a few bigger cells, which could due 

to cells going through division cycle. However, it would seem that cells, particularly 

cells pre-treated with Co after 120h treatment, were displaying some apoptotic 

features (more detail can be seen in larger images in Appendix 2.3).  
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Figure 3.21. Fluorescence microscopy images (40X) following PI (Dead cells, red)/AO 

(Live cells, green) staining of activated U937 and Co pre-treated activated U937 cells 

exposed to 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells and 0.2mg/1x10

6
cells wear debris for 24, 

48 and 120h. A: Activated U937 cells exposed to 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells and 

0.2mg/1x10
6
cells wear debris. B: Activated U937 cells exposed to 0.05mg/1x10

6
cells, 

0.1mg/1x10
6
cells and 0.2mg/1x10

6
cells wear debris in combination with 0.1µM Co. C: Co 

pre-treated activated U937 cells exposed to 0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells and 

0.2mg/1x10
6
cells wear debris. D: Co pre-treated activated U937 cells exposed to 

0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells and 0.2mg/1x10

6
cells wear debris in combination with 

0.1µM Co. ñLò indicates lysosomes, ñBò indicates cell blebbing, ñSò indicates cell shrinkage 

and ñNò indicates necrotic. 
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The effects of high debris concentrations on activated cell morphology were also 

assessed. Figure 3.22 shows the effects of 5mg debris/1x10
6
cells, 0.1µM Co and 5mg 

debris/1x10
6
cells+0.1µM Co after 24 and 120h exposure on cellular morphology 

following staining with AO and PI (more detail can be seen in images of Appendix 

2.4). After 24h of exposure, there does not seem to be an evident change in the 

morphology of neither activated nor Co pre-treated activated U937 cells when 

compared to control. However, after 120h treatment, there was a decrease in cell 

number of cells in the presence of debris but not Co ions. Furthermore, the few cells 

observed appeared to be mainly apoptotic (Figure 3.22.B, more detail can be seen in 

larger images in Appendix 2.4). 

 

 

 
Figure 3.22. Fluorescence microscopy images (40X) of activated U937 and Co pre-

treated activated U937 cells exposed to 5mg debris/1x10
6
cells, 0.1µM Co and 5mg 

debris/1x10
6
cells + 0.1µM Co. A: 24h of exposure. B: 120h of exposure. ñBò indicates cell 

blebbing, ñSò indicates cell shrinkage. 
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End 

point 

U937 

cells 

Mean number of viable cells (AO, live cells, green)±SEM 

Control  
5mg 

debris/1x10
6
cells 

0.1µM Co 

5mg 

debris/1x10
6

cells + 

0.1µM Co 

24h 

Activated 17.79±2.58 12.36±1.75 15.71±1.22 10.64*±1.05 

Co pre-

treated 

activated 

- 15.62±3.00 13.77±1.92 9.69*±1.12 

120h 

Activated 16.86±1.41 5.79*±1.30 15.93±1.70 5.21*±1.09 

Co pre-

treated 

activated 

- 5.57*±0.84 17.90±1.99 5.00*±0.90 

Table 3.2. Mean number of viable activated U937 cells as recorded by Confocal Laser 

Scanning Microscopy following staining with Acridine Orange and Propidium Iodide. 
Results are data recorded from a total of 30 independent images from each sample 

(Mean±SEM). *Significantly different from control values (p<0.05) by one-way ANOVA 

followed by Dunnettôs multiple comparison test. 

 

3.3.7 Effects of metal debris and ions on U937 proliferation as measured by 

BrdU 

 

In the previous sections of this chapter, it was shown that the main effects on cell 

viability and morphology were observed in the presence of a high wear debris 

concentration. Consequently, it was decided to assess the effects of such high 

concentration on cell proliferation and cytokine production. In this section, changes 

in cell proliferation in response to metal debris and ions exposure are described. 

 

3.3.7.1 Resting U937 cells exposed to CoCr wear debris and Co ions 

 

In order to determine if high concentrations of metal wear debris could have an effect 

on cell proliferation, resting and Co pre-treated resting U937 cells were exposed to 

5mg debris/1x10
6
cells, 0.1µM Co and the combination of 5mg debris/1x10

6
cells and 

0.1µM Co. Proliferation was then measured via BrdU assay following 24h exposure. 

Cells in the presence of metal debris seem to have had lower proliferation (Figure 

3.23). Additionally, the effects on resting U937 and Co pre-treated resting U937 cells 

were compared in order to establish if the pre-treatment with Co influenced the cell 
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response to the treatments. Co pre-treated resting cells proliferated significantly less 

than non Co pre-treated resting cells when exposed to 0.1µM Co alone, as measured 

by BrdU (Figure 3.23). These findings could suggest a potential role of Co ions in 

the inhibition of resting U937 cell proliferation. 

 

 

Figure 3.23 Resting U937 cell proliferation at 24h measured by BrdU. Results are 

absorbance values (Mean ± SEM, n=8) where controls are resting untreated cells. 

ÀSignificant difference between non Co pre-treated cell and Co pre-treated cell values 

(p<0.05) by 2 sample t-Test.  

 

3.3.7.2 Activated U937 cells exposed to CoCr wear debris and Co ions 

 

Activated U937 and Co pre-treated U937 cells were also exposed to 5mg 

debris/1x10
6
cells, 0.1µM Co and the combination of 5mg debris/1x10

6
cells and 

0.1µM Co. The effects on cell proliferation were determined with the BrdU assay 

following 24h exposure. Contrary to the observations from resting U937 cells, the 

exposure to 0.1µM Co caused a significant decrease in the proliferation of activated 

U937 cells (Figure 3.24). Moreover, the effects on activated U937 and Co pre-treated 

activated U937 cells were compared in order to establish if the pre-treatment with Co 

influenced the cell response to the treatments. Figure 3.24 shows that Co pre-treated 

activated cells proliferated more than non Co pre-treated activated cells in the 

presence of metal wear debris but no difference was observed in the presence of Co 

ions alone. These findings differ from the results of resting cells, which suggest that 
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cellular activation state may influence the biological response to metal particles and 

ions. 

 

  

Figure 3.24 Activated U937 cell proliferation at 24h measured by BrdU. Results are 

absorbance values (Mean ± SEM, n=8) where controls are activated untreated cells. 
*
Significantly different from control values (p<0.05) by one-way ANOVA followed by 

Dunnettôs multiple comparison test. ÀSignificant difference between non Co pre-treated cell 

and Co pre-treated cell values (p<0.05) by 2 sample t-Test. 

 

3.3.8 Effects of metal debris and ions on cytokine release measured by ELISA 

 

As mentioned before, the main effects on cell viability and morphology were 

observed in the presence of a high wear debris concentration. In an attempt to better 

understand how such high debris concentration was affecting the cells, the levels of 

production of IL-6, TNF-Ŭ, and IFN-ɔ were measured by ELISA and results are 

described below. 

 

3.3.8.1 Resting U937 cells exposed to CoCr wear debris and Co ions 

 

Resting and Co pre-treated resting U937 cells were exposed to 5mg 

debris/1x10
6
cells, 0.1µM Co and the combination of 5mg debris/1x10

6
cells and 

0.1µM Co for 24 and 120h. At each end point, the levels of IL-6, TNF-Ŭ, and IFN-ɔ 

secreted by the cells were measured in the culture medium of each sample.  

Figure 3.25 shows that untreated resting cells (controls) were secreting the three 

cytokines at each culture end point. It also shows that there was no statistical 
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difference between the levels of cytokines secreted by treated and untreated cells. 

Results from resting and Co pre-treated resting U937 cells were compared in order to 

establish if the pre-treatment with Co affected the response to the exposure to metal 

debris and Co. The Co pre-treatment did not cause a significant difference to the 

levels of cytokine secretion at either 24 or 120h.  
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Figure 3.25. Cytokine secretion levels of resting and Co pre-treated resting U937 cells at 24 and 120h of exposure to 5mg debris/1x10
6
cells, 

0.1µM Co and 5mg debris/1x10
6
cells + 0.1µM Co. 
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3.3.8.2 Activated U937 cells exposed to CoCr wear debris and Co ions 

 

Secretion levels of IL-6, TNF-Ŭ, and IFN-ɔ were also measured in the culture 

medium of activated and Co pre-treated activated U937 cells exposed to 5mg 

debris/1x10
6
cells, 0.1µM Co and the combination of 5mg debris/1x10

6
cells and 

0.1µM Co for 24 and 120h. Figure 3.26 shows that untreated activated cells 

(controls) were secreting the three cytokines at each culture end point. It also shows 

that secretion by treated cells of IL-6 and TNF-Ŭ significantly decreased after 24h 

exposure. However, IFN-ɔ secretion levels did not seem to be affected by the 

treatments. After 120h exposure, cells in the presence of metal debris, but not Co 

ions alone, secreted significantly less IL-6 than control cells. Moreover, all 

treatments caused significant decrease in the secretion of TNF-Ŭ but did not seem to 

affect the secretion of IFN-ɔ. Additionally, results from activated and Co pre-treated 

activated U937 cells were compared in order to establish if the pre-treatment with Co 

made a difference to the effects caused by the exposure to metal debris and Co. Co 

pre-treated activated cells exposed to 0.1µM Co for 120h secreted significantly less 

TNF-Ŭ than non Co pre-treated cells.  
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Figure 3.26. Cytokine secretion levels of activated and Co pre-treated activated U937 cells at 24 and 120h of exposure to 5mg 

debris/1x10
6
cells, 0.1µM Co and 5mg debris/1x10

6
cells + 0.1µM Co. *Significantly different from control values (p<0.05) by one-way ANOVA 

followed by Dunnettôs multiple comparison test. ÀSignificant difference between non Co pre-treated cell and Co pre-treated cell values (p<0.05) by 2 

sample t-Test. 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

C
y
to

k
in

e
 l

e
v
e

l 
(p

g
/m

l) 

IL -6 24h 

*  *  *  *  *  *  
0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

400.0

C
y
to

k
in

e
 l

e
v
e

l 
(p

g
/m

l) 

TNFŬ 24h 

*  *  *  *  *  
0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

C
y
to

k
in

e
 l

e
v
e

l 
(p

g
/m

l) 

IFNɔ 24 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

C
y
to

k
in

e
 l

e
v
e

l 
(p

g
/m

l) 

IL -6 120h 

*  *  
*  *  

0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

400.0

C
y
to

k
in

e
 l

e
v
e

l 
(p

g
/m

l) 

TNFŬ 120h 

* 
*  

*  
*  

*  

*  

Ϟ 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

C
y
to

k
in

e
 l

e
v
e

l 
(p

g
/m

l) 

IFNɔ 120h 

Control activated U937 PreCo activated U937



112 

 

3.3.9 Summary of major findings  

 

In this chapter, the effects of Co ions and CoCr wear debris derived from a hip 

resurfacing on cell morphology, viability, proliferation, and cytokine secretion by 

resting and activated U937 cells have been studied. The main findings of this 

investigation are: 

 

¶ Low concentrations of metal debris (0.05mg/1x10
6
cells, 0.1mg/1x10

6
cells, and 

0.2mg/1x10
6
cells wear debris) did not seem to be cytotoxic for either resting or 

activated cells 

¶ High concentrations of metal debris (5mg debris/1x10
6
cells) had a detrimental 

effect on the viability of  both resting and activated U937 cells 

¶ The high debris concentration was more toxic for resting cells after pre-treating 

cells with Co ions (Figure 3.15) 

¶ Exposure to 5mg debris/1x10
6
cells for 24h did not seem to affect cell proliferation  

¶ Cytokine release by U937 cells was affected by both metal debris and metal ions  

 

Results from this chapter are also summarised in Table 3.3. 
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U937 

cells 
Parameter 

Metal wear debris concentration ± 0.1µM Co   

Low (0.05, 0.1 and 0.2mg 

debris/1x10
6
cells) 

High (5mg debris/1x10
6
cells)  

Resting 

Viability  
Did not cause a significant effect on cell 

viability. 

A significant decrease in both cell number and metabolic activity was 

observed even at the 24h time point. The high debris concentration was 

more toxic for resting cells after pre-treating resting cells with Co ions. 

Morphology 

No obvious effect on cell morphology on 

either resting or Co pre-treated resting 

U937 cells was observed when compared 

to controls after 24, 48 and 120h of 

exposure. 

After 120h of exposure, very few cells could be visualised and a great 

number of them appeared to be apoptotic. 

Proliferation 
Parameter not evaluated with low metal 

debris doses. 

Although there was no significant difference when compared to controls, 

cells in the presence of metal debris seem to have had lower proliferation. 

Cytokine secretion 
Parameter not evaluated with low metal 

debris doses. 

There was no statistical difference between the levels of cytokines secreted 

by treated and untreated cells. 

Activated 

Viability  
Did not cause a significant effect on cell 

viability. 

Significant decrease in both cell number and metabolic activity after 120h 

of exposure. 

Morphology 

No obvious effect on cell morphology. 

However, increased number of lysosomes 

and cell size, compared to resting cells, 

were observed. 

After 120h of exposure, there was a decrease in cell number of cells that 

could be visualised. The few cells observed appeared to be mainly 

apoptotic 

Proliferation 
Parameter not evaluated with low metal 

debris doses. 

Opposite to the effects seen in resting cells, a significant decrease in the 

proliferation of activated cells was observed in cells treated only with 

0.1µM Co   

Cytokine secretion 
Parameter not evaluated with low metal 

debris doses. 

Contrary to results from resting cells, there was a significant decrease in 

IL-6 and TNF-Ŭ secretion by activated cells. 

Table 3.3. Summary of main results from Chapter 3. 
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3.4 Discussion 

 

Cobalt and chromium ions have been the subject of many studies because metal on 

metal hip implants are mainly cobalt chromium (CoCr) alloys. CoïCr alloys are 

usually composed of 62ï67% Co, 27ï30% Cr, 5ï7 % Mo,  and ~1% Ni (Singh and 

Dahotre, 2007) and relative percentage weight estimations (by SEM) of metals from 

Co-Cr implants showing 52.5% Co, 43.5% Cr, and 3.9% Mo have been reported 

(Case et al., 1994). The femoral and acetabular components of ASR implants 

(Articular Surface Replacement; DePuy; Leeds, UK) are made of high carbon (Ó 

0.2%) content CoCr alloy (ISO 5832-12: Co Balance, Cr 26.0ï30.0%, Mo 5.0ï7.0%, 

Ni 1.0% max., Si 1.0% max., Mn 1.0% max., Fe 0.75% max., C 0.35% max., N 

0.25% max.) (Dearnley, 1999). EDS analysis of the simulator generated wear debris 

from an ASR implant showed a metal composition consistent with the composition 

of the CoCr alloy used in the fabrication of such implants. On the other hand, tissue 

retrieved from a patient undergoing revision surgery showed a higher percentage of 

Cr than Co. Similarly to these findings, Xia et al. (2011) performed EDS analysis on 

biopsies from MoM peri-implant tissue retrieved at a revision surgery and found Cr 

but not Co to be the predominant component of the wear nanoparticles in the tissue. 

Metal particles have been shown to accumulate in tissues adjacent to the implant 

(Case et al., 1994, Langton et al., 2010). As these particles corrode, Cr and Co ions 

are released. Since Co is more soluble than Cr, Co corrodes faster leaving mainly Cr 

in the local environment (Xia et al., 2011a). It was described in Chapter 1 how Cr 

and Co ions enter the cells and bind in tissues. Contrary to Cr, Co ions tend to remain 

mobile, as greater Co concentration (compared to Cr) in blood and remote organs 

have been reported (Afolaranmi et al., 2012). These interaction mechanisms of the 

metal ions may explain why a higher percentage of Cr than predicted from alloy 

composition of retrieved implant was observed.  

 

In the current study, CoCr wear debris from an ASR hip implant was found to range 

in size and shape. These irregularly shaped particles ranged from the nanometre scale 

to micrometre particles; some of the latter were aggregates of the smaller particles. 

These observations are in agreement with a variety of studies that have reported the 
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tendency of nanoparticles to aggregate in solution and body fluids (Domingos et al., 

2009, Ward et al., 2009, Sajjadi et al., 2013). Additionally, previous SEM images of 

simulator generated CoCr wear particles (Germain et al., 2003, Papageorgiou et al., 

2007a) and CoCr paticles retrieved from patients (Xia et al., 2011a, Topolovec et al., 

2013) have revealed particle aggregates. The composition analysis of the particles 

retrieved from the revision patient showed organic material (i.e. C) providing 

evidence that the metal wear debris binds to macromolecules such as proteins. These 

findings also agree with previous reports of deposition of CoCr wear particles in 

MoM peri-implant surrounding tissues in vivo (Korovessis et al., 2006, Papageorgiou 

et al., 2007b, Mahendra et al., 2009). The aggregation of the nanoparticles in 

conjunction with the protein binding could potentially mitigate the adverse 

immunological response in vivo, since by being bound to autologous proteins the 

immune cells may not recognise the particles as foreign bodies.  

 

In addition to the above, due to the irregular nature of the wear particles it was 

difficult to accurately quantify their number or measure their surface area. Therefore, 

the dose for in vitro studies was quantified as a dry mass which could easily be 

suspended in sterile PBS and added to the culture medium. 

 

Clinically, the acetabular cup is commonly positioned at an angle of 45° to the 

vertical axis of the acetabulum (Figure 3.27). During gait, the direction of the force 

vector is approximated as 10° medial, resulting in a 55° angle between the face of the 

cup and the direction of the joint reaction force vector (Williams et al., 2008). 

However, even small variations in the positioning angle may have a detrimental 

effect in terms of wear volumes, as it has been reported that cup angles with a mean 

of 57° resulted in edge loading and increased wear (Morlock et al., 2006). Previous 

simulator testing of 39mm ASR
TM

 bearings positioned at a 55° angle over 2 million 

cycles showed a wear rate production of around 8mm
3
 of debris per million cycles 

during both the initial bedding-in stage (between zero and 1 million cycles) and the 

steady-state (Leslie et al., 2008, Williams et al., 2008). The wear debris used in the 

current study was also produced from a size 39mm ASR
TM

 joint. Since these 

conditions mentioned above emulate the common clinical practice, the wear rate 
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production of 8mm
3
 of debris per million cycles was assumed to represent the 

physiological scenario for a 39mm ASR
TM

 joint.  

 

 

Figure 3.27. Cup angular position in vivo and in the simulator (Williams et al., 2008). 

 

The density of the CoCr alloy used to produce the wear debris was ~8.32mg/mm
3
 

(Medley et al., 1996), as a result, 8mm
3
 of wear would equate to 66.56mg of debris 

per million cycle. It has been reported that a very active person can walk up to 3.5 

million cycles per year (Schmalzried et al., 1998, Gill et al., 2012b), assuming that 

the prosthesis is in situ for 25 years that would equate to 5824mg of debris produced 

in the total life-time of the prosthesis. There are 5-6 litres of blood in an adult male 

human and 4-5 litres in an adult female human. There are  an average of 7000 white 

blood cells per microlitre of blood (range: 5000-10000cells/µl) in an adult human 

(Martini et al., 2011). Taking 5 litres as the average volume of blood, there are 

~35000x10
6 

white blood cells in an adult human. This equates to white blood cells 

being exposed to ~0.2mg/1x10
6
cells. As a consequence, a concentration of 0.2mg 

debris/1x10
6
cells was implemented as the top debris concentration for the initial 

viability and morphology testing. Since this represents a life-time quantity of wear 

debris produced in the conditions described above, the author acknowledges that 

0.2mg debris/1x10
6
cells is a high dose. However, a number of investigations 
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studying the biological effects of CoCr wear nanoparticles have been carried out, 

with higher doses ranging from 1.6mg/1x10
6
cells to 83.2mg/cell (Germain et al., 

2003, Papageorgiou et al., 2007b, Papageorgiou et al., 2007a, Williams et al., 2003, 

Mostardi et al., 2010). Interestingly, they do not mention how they determined such 

concentrations. 

 

A number of studies have shown that metal wear particles and high levels of metal 

ions, particularly cobalt and chromium, have a cytotoxic effect on a variety of cells 

in vitro (Allen et al., 1997, Fleury et al., 2006, Petit et al., 2006). Most of these 

investigations have been focused mainly on the short-term exposure, acute cell 

response, or limited to evaluation of one parameter like cell viability or cytokine 

levels. Moreover, studies carried out with U937 cells have been performed either 

with resting U937 cells or activated U937 cells. In this study, exposure for up to 5 

days to debris concentrations up to 0.2mg/1x10
6
cells wear debris were not found to 

be cytotoxic for either resting or activated U937 cells. 

 

Metallosis is a complication of total joint replacement (Romesburg et al., 2010, Day 

et al., 2013). The term metallosis is used to describe the infiltration of metallic wear 

debris into the periprosthetic structures, including soft and bony tissues (Chang et al., 

2005, Khan et al., 2009, Romesburg et al., 2010). It can occur in the joint capsule, 

around the acetabular cup, and around the femoral stem. It can be the result of 

dissociation, fracture or wear and corrosion of the joint prostheses components 

(Khan et al., 2009, Chang et al., 2005, Sporer and Chalmers, 2012). Amounts of 

material wear ranging from 67mg (Matziolis et al., 2003) to 48.1g (Kempf and 

Semlitsch, 1990) have been reported. Metallosis has been associated with adverse 

tissue reactions and increased ion concentrations in peri-implant tissue and whole 

blood (O'Brien et al., 2013). It can cause pain, formation of a mass with occasional 

cystic change, osteolysis and systemic effects related to metal hypersensitivity 

(Romesburg et al., 2010). A hallmark of metallosis is that of metallic staining of the 

tissues. Macroscopically, the hip pseudocapsule contains a black-stained synovium. 

Microscopically, there is local necrosis with histiocytic and granulomatous reaction 

around the deposits of metallic particles. In cases of severe metallosis, there is 
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radiographic opacification of the peri-prosthetic soft tissue planes by the deposition 

of metallic debris (Khan et al., 2009), known as the ñbubble signò (Su et al., 2003), 

as well as osteolytic lesions (Chang et al., 2005). 

 

Both resting and activated U937 cells were studied and a high wear debris 

concentration was chosen in an attempt to mimic a metallosis environment 

surrounding an implant. In vitro, the pathophysiological pathways of the 

inflammatory cascade triggered by Toll-like receptor-4 are widely studied using 

stimulation of macrophages with lipopolysaccharide (LPS) derived from Gram-

negative bacteria (Okoko and Oruambo, 2008, Hougee et al., 2005, Chen et al., 2010, 

Dorresteijn, 2006). However, in vitro protocols using various stimuli (i.e. DMSO, 

Retinoic acid, Vitamin D3, phorbol 12-myristate 13-acetate (PMA), IFN-ɔ), either 

alone or in combination, have been developed to induce U937 terminal 

differentiation into mature macrophages and study the inflammatory response (Baek 

et al., 2009, Blottiere et al., 1995, Liao et al., 2008, Larrick et al., 1980, Caron et al., 

1994). PMA exerts its biologic effects by altering gene expression through the 

activation of protein kinase C (PKC) and modulating the activity of transcriptional 

factors such as nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) 

and activator protein 1 (AP1) (Garcia et al., 1999, Daigneault et al., 2010). To the 

authorôs knowledge, there is no evidence in the literature of U937 cells being 

stimulated with LPS to study the biological effects of hip implant wear debris. 

Contrary to this, PMA has been used previously to activate U937 cells in implant 

wear debris related studies (Matsusaki et al., 2007, Yagil-Kelmer et al., 2004, 

Bainbridge et al., 2001, Lucarelli et al., 2004). As a consequence, PMA was chosen 

as the U937 cell activating stimulus. 

 

In the current study, it has been shown that the metal wear debris used is free of 

endotoxins, which means that the changes seen in the cells exposed to the debris are 

due to the metal debris and not to contaminants that could have been present within 

the debris. The high metal debris concentration, 5mg/1x10
6
cells, proved to be 

cytotoxic for both resting and activated U937 cells. Evidence of this can be found on 

the Carl Zeiss Axio Imager Microscope images as well as the Neutral Red and MTT 
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results, mainly after 120h of treatment when very few cells could be found. This 

could explain why no morphology changes were observed. Since the 5mg/1x10
6
cells 

of metal debris are so toxic, cells died before we observed a change to their 

morphology. The evidence gathered in this study is probably not enough to conclude 

whether or not exposure to the Co ions or the metal debris resulted in the maturation 

and activation of resting U937 cells. However, in vivo studies have reported high 

numbers of macrophages in tissues surrounding metal-on-metal prosthesis (Catelas 

and Wimmer, 2011, Bhamra and Case, 2006, Tuan et al., 2008) and their activation 

upon interaction with metal wear nanoparticles has been suggested to be a 

nonspecific inflammatory response to the wear products (Catelas and Wimmer, 2011, 

Kranz et al., 2009, Catelas et al., 2011). 

 

Bone necrosis is a feature of metallosis (Ollivere et al., 2009). The findings in the 

current study suggest that the extensive necrosis associated with metallosis (Ollivere 

et al., 2009, Romesburg et al., 2010) is not limited to bone and includes other cell 

types. Typical histological changes related to metallosis include perivascular 

lymphocyte infiltration, inflammation, and the accumulation of macrophages loaded 

with metal debris (Ollivere et al., 2009). These factors in conjunction with the high 

levels of osteolytic cytokines released by  the macrophages eventually lead to bone 

loss and aseptic loosening (Romesburg et al., 2010).  

 

Severe metallosis often requires the complete removal of all hip replacement 

components (Kempf and Semlitsch, 1990, Ollivere et al., 2009, Matziolis et al., 

2003, Ebreo et al., 2011). However, with extensive metallosis, excision of the 

pseudomembrane using electrocautery can produce sparks, which are potentially 

hazardous (Su et al., 2003). The deposition of metallic debris could also be so 

extensive that excision of all the compromised tissue may not be possible. In the 

current investigation, a pre-treatment with cobalt ions was carried out to simulate the 

conditions of a revision surgery in order to find out if such pre-exposure would have 

an effect on cell response to newly derived metal wear debris and ions. Results seem 

to indicate that the exposure to wear debris had a pronounced detrimental effect on 

cell number and metabolic activity of cells pre-treated with Co, especially after an 
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incubation period of 120h. It has to be taken into account that cells pre-treated with 

Co at the 120h end point would have been exposed to Co for 9 days in total. This 

suggests that the toxic effects of the treatments could be the result of a chronic 

exposure rather than an acute one. This could mean that in patients the effects of 

cobalt ions and nanoparticles released from metal implants may be additive in terms 

of adverse effects. Since resting U937 cells are not mature active phagocytes, these 

findings suggest that it is the Co ions rather than the metal wear debris that are 

causing the cellular response. In addition to this, the metal particles could be 

releasing soluble products, such as Co and Cr ions, which could be internalised by 

the resting cells causing the effects seen.  

 

It is accepted that the presence of implant devices and wear debris incites a foreign 

body inflammatory reaction (Anderson et al., 2008). The macrophages that engulf 

the particles release inflammatory cytokines that may cause the peri-prosthetic 

osteolysis leading to implant loosening (Romesburg et al., 2010). In the present 

study, secretion of IL-6, TNF-Ŭ, and IFN-ɔ by U937 cells exposed to wear debris and 

Co ions was examined. The lower secretion of IL-6 and IFN-ɔ by resting cells treated 

with 5mg/1x10
6
cells of metal debris after 120h are in agreement with lower cell 

numbers, as measured by NR. However, TNF-Ŭ levels did not seem to have been 

affected by the metal debris treatments. Since there are fewer cells to produce this 

cytokine, these results could actually indicate a higher TNF-Ŭ level of expression. 

Moreover, when the resting U937 cells were pre-treated with Co, all treatments 

caused higher TNF-Ŭ release when compared to the non-pre-treated cells. These 

findings support the hypothesis that the cellular response is caused by chronic 

exposure to metal particles and ions. Moreover, they suggest that the Co ions 

released from the implant and from the wear particles play an important role in long-

term survival of a MoM implant in vivo. For example, for a patient that has one 

MoM device, this could mean that, if in need of a second MoM hip implant on the 

other hip, the survival and function of this new joint may be impaired by the 

presence of the Co ions derived from the first device. In the case of activated cells, 

the lower level of secretion of IL-6 and TNF-Ŭ by cells treated with 5mg/1x10
6
cells 

of metal debris after 120h could be due to the lower cell number. On the other hand, 
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IFN-ɔ levels do not seem to have been affected by the metal debris treatments. Given 

that there are fewer cells to produce and release this cytokine, these results could 

potentially be indicating a higher IFN-ɔ level of expression. In addition to this, when 

the activated U937 cells were pre-treated with Co, all treatments caused higher IFN-ɔ 

release when compared to the non-pre-treated cells. These results again suggest a 

larger impact of a chronic exposure and a key role of Co ions. They also suggest that 

the biological response may be influenced by the cellular activation state.  

 

Previous studies have reported that nanoparticles can adsorb cytokines, such as IL-6 

and TNF-Ŭ, distorting ELISA assay outcomes (Veranth et al., 2007, Kocbach et al., 

2008, Brown et al., 2010, Kroll et al., 2012). Thus, it is possible that the reduction in 

cytokines release levels detected in the current study might be a result of the cytokine 

adsorption onto the CoCr particles. However, such a decrease was not seen evenly 

across samples and cytokine levels from resting cells were affected differently than 

levels from activated cells. As a consequence, the findings from this investigation 

cannot be entirely attributed to particle adsorption. 

 

Bone remodelling involves tight regulation of three proteins, receptor activator of 

NF-əB ligand (RANKL), receptor activator of NF-əB (RANK), and osteoprotegerin 

(OPG). These proteins are key determinants of osteoclastogenesis and regulate bone 

resorption  (Takayanagi, 2005). As mentioned in Chapter 1, pro-inflammatory 

cytokines such as IL-6, and TNF-Ŭ can accelerate osteoclast formation and bone 

resorption. By upregulating RANKL expression on osteoblasts, these pro-

inflammatory cytokines accelerate RANKL signalling, and thus directly contribute to 

osteolysis (Oishi et al., 2012). In biomaterials research, TNF-Ŭ, IL-1, and other pro-

inflammatory cytokines are also known as mediators of the foreign body reaction, an 

inflammatory response that can cause both severe tissue damage and premature 

failure of implanted materials (Mountziaris and Mikos, 2008). IFN-ɔ promotes innate 

immune responses by activating macrophages. In parallel, IFN-ɔ exerts regulatory 

functions to limit tissue damage associated with inflammation-like suppressing 

osteoclastogenesis (Hu and Ivashkiv, 2009).  
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According to the above, the results from this study seem to suggest that the high 

concentration of metal debris in combination with Co ions not only have a direct 

effect on cell viability but also influence cell function. Moreover, these findings 

could potentially mean that the survival and well-functioning of MoM devices could 

be compromised in patients undergoing revision surgery or receiving a second 

device. The potential increase in TNF-Ŭ level by the resting cells could be a factor 

contributing to the osteolysis process, while the potential increase in IFN-ɔ 

production by the activated cells could be a cellular effort to counteract tissue 

damage. This also suggests that the cellular activation state affects the biological 

response to wear debris and caution should be taken when choosing in vitro models 

to study immune and molecular responses. 
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4. CORRELATION BETWEEN GENE EXPRESSION, APOPTOSIS AND 

METAL ION LEVELS ON U937 CELLS IN VITRO  

 

4.1 Introduction  

 

The previous chapters have described how particulate debris can provoke biological 

tissue responses, including vascularized granulomatous tissue formation along the 

implant-to-bone interface, inflammatory cell (macrophages, lymphocytes) influx, 

bone resorption, osteolysis, and finally loss of prosthesis fixation (Zhang et al., 

2009).  

 

Over the past few years numerous investigations have been carried out to study the 

effects of different ions and particulate wear debris on the expression of an array of 

genes in vitro. TNF-Ŭ, IL-1, and IL-6 are cytokines that have been reported as 

playing a central role in the induction of implant osteolysis (Algan et al., 1996, 

Merkel et al., 1999, Stea et al., 2000b). Extensive work has been carried out on 

cytokine production by macrophages in response to wear debris. Sethi et al. (2003) 

studied the macrophage response to cross-linked UHMWPE and compared it to 

conventional UHMWPE as well as titanium-alloy (TiAlV) and cobaltïchrome alloy 

(CoCr). At 24 and 48h, macrophages cultured on TiAlV and CoCr alloy expressed 

higher levels of IL-1Ŭ, IL-1ɓ, IL-6 and TNF-Ŭ and than when grown on UHMWPE 

materials according to qRT-PCR analysis. Jakobsen et al. (2007) compared surfaces 

of as-cast and wrought CoCrMo alloys and TiAlV alloy when incubated with mouse 

macrophage J774A.1 cells and reported a significant increase in the levels of 

expression of TNF-Ŭ, IL-6, IL-1Ŭ and ɓ from cells incubated with alloys compared to 

non-stimulated cells. Garrigues et al. (2005) used microarrays to investigate 

alterations in the phenotype of macrophages as they interact with UHMWPE and 

TiAlV alloy particulate wear debris. Their findings further validate the important 

roles of TNF-Ŭ, IL-1ɓ, IL-1Ŭ, IL-6, MIP1Ŭ and MIP1ɓ in osteolysis.  

 

As well as macrophages, other cell types have been reported as being involved in the 

biological response to implant wear debris. As a result, there are similar studies on 
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monocytes, lymphocytes, osteocytes, and osteoblasts. For example, the effects of 

CoCr particles on osteocytes were tested by Kanaji et al. (2009) CoCr treatment of 

MLO-Y4 osteocytes significantly up-regulated TNFŬ gene expression after 3 and 6h 

and TNF-Ŭ protein production after 24h, but down-regulated IL-6 gene expression 

after 6h. MG-63 osteoblasts were treated by Vermes et al. (2001) with titanium, 

titanium alloy, chromium orthophosphate, polyethylene and polystyrene particles and 

they reported that each type of particle significantly suppressed procollagen alpha1[I] 

gene expression (p<0.05), whereas other osteoblast-specific genes (osteonectin, 

osteocalcin, and alkaline phosphatase) did not show significant changes. Koulouvaris 

et al. (2008) studied the role of particulate debris in macrophage activation and 

inhibition of osteogenic signalling in vitro by exposing human  monocytes and MG-

63 cells to Ti and PMMA particles. Both Ti and PMMA particles induced up-

regulation of chitinase (CHIT1) in human CD14+ monocytes. Titanium particles 

reduced expression of a regulator of osteogenesis (BMP4) and induced IL-8 

expression in MG-63 cells. Murine MC3T3-E1 preosteoblasts were treated with TiO2 

nanoparticles of different sizes (32nm and 5nm) by Zhang et al. (2005) and they 

found that these nanoparticles increased granulocyte-macrophage colony stimulating 

factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF) gene 

expression. The effect of particulate derivatives of nickel and cobalt alloys on the 

mRNA levels of chemokine receptors CCR1 and CCR2 on monocytes/macrophages 

from whole blood were analysed by Fujiyoshi and Hunt (2006). Although there were 

no significant differences in the level of CCR1 mRNA in monocytes/macrophages 

incubated with NiCr particulates, there was a down-regulation in the level of CCR2 

in cells incubated with NiCr and CoCr particles. All these investigations indicate that 

wear debris and metal ions derived from MoM implants can cause an adverse tissue 

response by modulating gene expression on several types of cells, which suggests 

that osteolysis and subsequent aseptic loosening is the result of the concerted action 

of the different cell types. 

 

Previous studies have stated that ions released from the wear debris could also affect 

gene expression. It has been reported that Cr
+3

 and Co
+2

 ions could induce damage to 

proteins in macrophage-like cells in vitro, probably through the formation of reactive 
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oxygen species (ROS) (Petit et al., 2005, Petit et al., 2006a). U937 cells were 

exposed to Cr
+6

 and Co
+2

 ions by Tkaczyk et al. (2010). Cr
+6

 induced the protein 

expression of Mn-superoxide dismutase, Cu/Zn superoxide dismutase, catalase, 

glutathione peroxidase, and heme oxygenase-1 (HO-1) but had no effect on the 

expression of their mRNA whereas Co
+2

 induced the expression of both protein and 

mRNA of HO-1. The overexpression of HO-1 has been suggested to play an 

important role in cellular protection against oxidant-mediated cell damage (Chen et 

al., 2000, Rothfuss and Speit, 2002). This suggests that the results from Tkaczyk et 

al., (2010) show that Cr and Co ions cause oxidant-mediated cell damage. Type-I 

collagen gene expression was evaluated by Hallab et al. (2002) treating MG-63 cells 

with increasing concentrations (from 0.001 to 10 mM) of a variety of metal ions 

including Co and Cr. At toxic concentrations (1mM), Co depressed osteoblast 

function by significantly decreasing the levels of type I collagen gene expression to 

40% of control values. Queally et al. (2009) showed that 10ppm cobalt ions induce 

chemokine secretion in primary human osteoblasts by measuring the up-regulation of 

IL-8 and MCP-1 gene expression in osteoblasts stimulated with 0ï10 ppm Co
2+

. The 

level of expression of matrix metalloproteinases and tissue inhibitors of 

metalloproteinases in U937 cells exposed to Co
2+

 and Cr
3+

 ions for 24h was 

determined by Luo et al. (2002) who showed that these ions induce up-regulation in a 

dose-dependent manner. These findings suggest that Co and Cr ions may modulate 

bone tissue remodelling. These studies provide more evidence of potential gene 

expression modulation by wear debris and ions derived from MoM implants. 

 

A great number of investigations have looked at various aspects of aseptic loosening. 

As mentioned above, the response of various cell types including macrophages, 

fibroblasts and osteoblasts to implant wear debris has been explored and the 

molecular mechanisms of this process have been proposed. In the current study, a 

general human toxicology microarray assay was carried out in order to select a short 

list of genes for further analysis. Based on the results from this assay, the genes 

lymphotoxin alpha (LTA), BCL2-associated athanogene (BAG1), growth arrest and 

DNA-damage-inducible alpha (GADD45A), inducible nitric oxide synthase (NOS2) 
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and FBJ murine osteosarcoma viral oncogene homolog (FOS) were selected to be 

analysed in the context of prosthetic wear debris. 

 

LTA (lymphotoxin alpha, LTŬ), a member of the TNF family, is an inflammatory 

mediator that influences multiple processes such as activation, proliferation, 

differentiation, and death induction in many different cell types. It is mainly 

produced by lymphocytes during a variety of autoimmune and infectious diseases 

(Kagi et al., 1999). LTŬ is secreted as the homotrimer LTŬ3 or complexed on the cell 

surface with LTɓ, predominantly as LT-Ŭ1ɓ2 heterotrimers (Chiang et al., 2009). 

Induction of LTŬ and LTɓ gene transcription is tightly regulated by specific 

transcription factors in hematopoietic and non-hematopoietic cells. Uncontrolled 

activation of these genes leads to inflammatory-associated disorders (Remouchamps 

et al., 2011). It has been shown to induce apoptosis in murine and human T 

lymphocytes in vitro (Sarin et al., 1995), to be one of the main messengers involved 

in the response to acute toxic stress caused by LPS (Novoselova et al., 2006), and to 

mediate the monocyteïendothelial interaction via the classical NFəB pathway 

following TNFRI/PI3K activation in human umbilical vein endothelial cells (Suna et 

al., 2009). 

 

BAG1 (BCL2-associated athanogene) is a multifunctional protein able to delay cell 

death by a synergistic action with BCL2 (Aveic et al., 2011). It exists as multiple 

isoforms which are differentially localized in the cell and interacts with a diverse 

array of molecular targets, including the BCL2 apoptosis regulator (Townsend et al., 

2005). It has been described as a part of the regulation of apoptotic, transcriptional, 

and proliferative pathways, as well as cell signalling and differentiation (Aveic et al., 

2011). Since the initial demonstration of BAG1 as an antiapoptotic molecule, BAG1 

overexpression has been shown to inhibit apoptosis induced by a wide range of 

inducers in various cell types, including activation of cell surface death receptors, 

radiation, chemotoxic drugs and heat shock (Townsend et al., 2003). This has led to 

several reports on the significance of BAG1 in human cancer (Townsend et al., 2003, 

Turner et al., 2001, Tang, 2002, Cutress et al., 2002). 
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The family of growth arrest and DNA damage (GADD) proteins is comprised of five 

members that are mostly localized in nuclei and co-ordinately regulated. These 

include GADD34, GADD45Ŭ, GADD45ɓ, GADD45ɔ, and GADD153 (Siafakas and 

Richardson, 2009). The GADD group of nuclear proteins are regulatory molecules 

that function primarily to protect cells and ensure survival by inducing cell cycle 

arrest, DNA repair and ultimately promoting apoptosis (Siafakas and Richardson, 

2009). Expression of GADD45Ŭ is stimulated by a range of DNA-damaging agents 

including UV radiation, hypoxia, peroxynitrite free radicals, low pH, arsenic, Cr(VI) 

compounds, cisplatinum, cadmium, and many other soil, air, and water pollutants 

(Moskalev et al., 2012, Hollander et al., 1993, Son et al., 2010, Nickens et al., 2010). 

GADD45 proteins also modulate immune responses by stimulating proliferation of T 

helper 1 cells (Moskalev et al., 2012). 

 

The FOS (FBJ osteosarcoma oncogene) gene family consists of 4 members: FOS, 

FOSB, FOSL1, and FOSL2. These genes encode leucine zipper proteins that can 

dimerize with proteins of the JUN family, thereby forming the transcription factor 

complex AP-1 (Marks-Konczalik et al., 1998). FOS is a critical factor involved in 

osteoclast development and activation (Chen et al., 2011). The bones of FOS-

deficient mice are osteopetrotic and highly deficient in osteoclasts (Regunathan et al., 

2002). The effects of heavy metals on FOS expression have been studied. It has been 

shown that tungsten, nickel, and cobalt cause dose-related induction of FOS 

expression (Miller et al., 2004). There are also several studies on the effects of 

cadmium on the levels of expression of FOS (Chen et al., 2011, Kondo et al., 2012) 

and the role of FOS in cadmium-induced bone loss (Regunathan et al., 2002, 

Bhattacharyya, 2009). Moreover, it has been suggested to have a pivotal role in nitric 

oxide synthase 2 (NOS2) expression in airway epithelial cells (Chambellan et al., 

2009, Marks-Konczalik et al., 1998). NOS2, which is inducible in diverse cell types 

by cytokines, converts L-arginine to L-citrulline, and nitric oxide (NO) (Xu et al., 

2003). NOS2 is widely expressed in every type of tissue and cell after transcriptional 

induction following exposure to a vast array of immunologic and inflammatory 

stimuli (Marks-Konczalik et al., 1998, Zeidler and Castranova, 2004). Activity of 

NOS2 has been associated with inflammatory tissue damage in human diseases (Xu 
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et al., 2003). NO produced by macrophages is an important component of host 

defense against pathogens and tumor cells (Kim et al., 2002). It has been reported 

that mercury inhibits NO and NOS2 expression induced by interleukin-1ɓ (IL-1ɓ) in 

pancreatic islet ɓ-cells (Eckhardt et al., 1999) and that in BALB/c murine 

macrophage cells (J774A.1) it inhibits NO production through decreases in NOS2 

mRNA and protein (Kim et al., 2002). On the other hand, it has been shown that lead 

treatment in vitro at early developmental stage of bone marrow-derived macrophages 

enhances NOS2 gene expression and NO production through IL-1ɓ and IL-6 (Song 

et al., 2001). 

 

As mentioned above, even though a vast spectrum of toxicology studies has been 

carried out on LTA, BAG1, GADD45A, FOS, and NOS2, their gene expression 

levels have not been analysed from the orthopaedic point of view. In addition to this, 

the general human toxicology microarray assay results seemed to suggest that the 

expression of these genes could be affected by metal ions released from MoM 

implants. These genes are involved in key cellular and immunological processes 

which could potentially be unbalanced by particulate and soluble wear debris derived 

from implant devices. Understanding the impact of CoCr wear debris on the 

expression of these genes may contribute to even better comprehension of the 

periprosthetic osteolysis process and the potential effects of circulating debris.  

 

In addition to gene modulation contributing to wear particle-induced osteolysis, some 

recent in vivo and in vitro studies showed that direct or indirect induction of cell 

death was involved in the wear particle-induced bone resorption (Zhang et al., 

2012b). Apoptosis is a complex, highly regulated cell death process that can result 

from a range of developmental, genetic, and environmental cues including injury, 

mild toxic stimuli, loss of cell attachment to matrices, and loss of trophic signals 

needed to maintain cell viability (Cardoso et al., 2009). It is a necessary biological 

process involved in embryonic development, tissue remodelling, and regulation of 

the immune system. Yet, several pathological conditions have been associated with 

unintended or uncontrolled induction of apoptosis (Au et al., 2006), as seen in 
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cancer, autoimmune disorders, neurodegenerative disease and toxin-induced disease 

(Li et al., 2000). 

 

Apoptosis can be initiated either via an extrinsic or intrinsic pathway, with the 

extrinsic pathway being initiated by cell surface receptors and the intrinsic pathway 

being initiated by a mitochondria mediated death signalling cascade (Chen et al., 

2001, Shin et al., 2009). The early apoptotic events include changes in membrane 

structure, membrane permeability and mitochondrial potential. These early changes 

are followed by alterations in the chromatin structure, DNA strand breaks with 

formation of DNA fragments, decreases in nuclear DNA content and shrinkage in 

cell size (Ciapetti et al., 2002).  

 

A variety of signalling systems activate apoptosis, such as surface receptors for 

cytokines (mainly TNF), expression of genes (c-myc, bax), DNA injury through a 

mechanism driven by p53 protein, injury to the cell membrane or to mitochondria 

(Stea et al., 2000a). Macrophage apoptosis in the interface membrane has been 

suggested to play an important role in the pathogenesis of aseptic loosening. It has 

been shown that apoptosis occurs in the interface membrane of aseptic loosening of 

total hip/knee replacements by using 20 specimens of bone-implant interface 

membrane for in situ localization of apoptotic changes, namely bcl-2/bax expression 

and DNA fragmentation (Zhang and Revell, 1999). In a similar study, 54 biopsies 

taken from the tissue surrounding loosened hip joint prostheses were examined. In 

situ apoptotic cell identification was performed by the detection of single- and 

double-stranded DNA breaks that occurred in the early stages of apoptosis. 

Apoptotic cells were present in a higher percentage in tissue sections where metal 

particles were present (24% apoptotic cells) if compared to areas where no metallic 

wear (6%), or plastic wear (2.8%) or ceramic wear (1.5%) was observed (Stea et al., 

2000a). Using TUNEL staining, DNA laddering and immunodetection of PARP, a 

high incidence of apoptosis in cells at the interface membranes harvested at the time 

of hip revision surgery from 25 failed THRs was also revealed (Huk et al., 2001).  
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It has also been suggested that different apoptosis pathways may be triggered by 

implant wear debris. Fas receptor, BAK and caspase-3 cleavage were evaluated 

immunohistochemically in capsules and interface membranes from patients with 

aseptic hip implant loosening. A strong expression of cleaved caspase-3, Fas and 

BAK in macrophages, giant cells and T-lymphocytes was observed. The fibroblasts 

showed cleaved caspase-3 and BAK, but no Fas staining. Increased proliferation of 

macrophages and fibroblasts was also found (Landgraeber et al., 2008). Analysing 

periprosthetic interface membranes from 23 patients undergoing revision operations 

for aseptic loosening of hip joint prostheses, it was reported that death receptor 

pathway, mitochondria/cytochrome c caspase-dependent pathway and endoplasmic 

reticulum stress pathway are involved in the process of macrophage apoptosis (Yang 

et al., 2011). Similarly, it has been reported that the mode of cell death is dependent 

on the ion type and concentration as well as the duration of incubation. With short 

incubation times, the non-inflammatory process of apoptosis was predominant. With 

longer incubation times and high concentrations of ions, however, necrosis 

predominated (Huk et al., 2004). In lymphocytes from interface membranes from 

patients with aseptic hip implant loosening, (Landgraeber et al.) (2009) observed that 

the intensity of the apoptotic process tended to follow the radiological changes and 

stages of osteolysis. 

 

Using an in vivo murine air pouch model of inflammation, the apoptotic changes 

associated with various shapes of UHMWPE particles were evaluated for the 

correlation of wear debris-induced inflammation and macrophage apoptosis by 

(Yang et al.) (2002). At 7 days post-particle introduction, there was a significant 

increase in the number of apoptotic cells present in the air pouch membrane 

containing the elongated-UHMWPE particles, compared with pouches containing 

globular particles or non-particle controls. The apoptotic cells were predominantly 

focused within the contact zone of the UHMWPE particle deposit, and often 

accompanied by local inflammatory reactions. 

 

The bone marrow stroma contains mesenchymal stem cells (MSCs), multipotential 

cells capable of differentiating into various mesenchymal lineages such as bone, 
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cartilage, tendon, ligament, and muscle (Bruder et al., 1994). In procedures such as 

THA, the MSCs are likely to be subjected to prolonged and direct exposure to 

implant devices (Wang et al., 2003). (Haleem-Smith et al.) (2012) observed that 

exposure to submicron-size titanium (Ti) particles results in reduced osteogenic 

differentiation and proliferation, and enhanced apoptosis in human (h) MSCs. (Wang 

et al.) (2003) reported direct and indirect induction of apoptosis in hMSCs in 

response to titanium particles. Exposure of hMSCs to commercially pure Ti (cpTi) 

particles diminished cell viability through the induction of apoptosis in a manner 

dependent on particle dosage and time. Following 72h culture in conditioned 

medium collected from cpTi-loaded cell cultures, hMSCs exhibited increased 

apoptosis compared to cells cultured in conditioned medium from non-particle-

loaded controls suggesting that soluble factors released in response to particulate 

stress are capable of inducing apoptosis. 

 

Cytotoxicity and genotoxicity of metal compounds have been studied in a variety of 

systems in human carcinogenesis (Akita et al., 2007). Apoptosis was originally 

viewed as a normal physiologic process by which correct functional cellular 

population dynamics are maintained through the apoptotic loss of cell populations 

carrying abnormal genetic information. It is known that metals under certain 

circumstances can induce apoptosis (Chen et al., 2001). Some researchers have 

suggested that the preferential induction of macrophage apoptosis in peri-prosthetic 

tissue would be a desirable therapeutic modality since no inflammatory response is 

generated and therefore it may create a more favourable peri-prosthetic environment 

(Huk et al., 2001, Catelas et al., 2001). On the other hand, the presence of apoptosis 

in the peri-prosthetic membrane may be alternatively considered as a contributing 

detrimental factor in arthroplasty failure rather than a preventive element of 

osteolysis (Sabbatini et al., 2010). If uncontrolled apoptosis is induced, recognition 

and clearance of cells undergoing apoptosis may be overwhelmed and cells would 

start leaching their contents perpetuating the inflammatory response. Moreover, 

chronic and lower dose exposure of cells or tissues to metals may perturb or even 

inhibit appropriate apoptosis, leading to the accumulation of cells with carcinogenic 

potential (Chen et al., 2001).  
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4.2 Aims 

 

The aim of this chapter was to explore the relationship between changes in gene 

expression and apoptosis in vitro with the release of metal ions derived from 

incubation of culture medium with the metal wear debris. Of particular interest was 

to assess the potential effect of cell pre-treatment with Co ions on gene expression 

and apoptosis. 

 

4.3 Results 

 

4.3.1 Protocol development for ICP-MS analysis of culture medium 

 

ICP-MS analysis was carried out in order to find out if metal ions were being 

released from the CoCr wear debris used to treat the cells, and, if so, to quantify the 

levels of such ions. In the current study, a protocol for the processing and ICP-MS 

analysis of cell culture medium was developed. This development was necessary due 

to the lack of an existing protocol in the research laboratory to carry out this analysis. 

Details of this development are given below. As a starting point culture medium 

samples were diluted with the solubilisation matrix solution used for whole blood 

samples. Brifely, all samples and standards were diluted using the solubilisation 

matrix solution used for whole blood samples (Table 2.6, Section 2.2.2). 500ɛl of 

culture medium sample or standard was added to 2.5ml of the dilution matrix in a 

plastic vial. 2ml of deionized water (18mɋ) was then added into each vial. A final 

solution of 5ml was attained giving a 10X dilution of the samples and each sample 

was then sonicated. Standards were prepared by diluting TraceCERT
®
, 1000mg/l Co 

in nitric acid, TraceCERT
®
, 1000mg/l Cr in nitric acid and TraceCERT

®
, 1000mg/l 

Mo in nitric acid (all Sigma-Aldrich (Fluka); Dorset, UK). Final concentration of 

standards used were 0.001, 0.01, 0.1, 1, 10, and 100µg/l. Samples were then analysed 

using an Agilent 7700x octopole collision system ICP-MS (Agilent Technologies; 

Wokingham, UK) in helium gas mode using Rhodium as internal standard. 
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Results from this first analysis showed that the detection limits required could not be 

achieved due to poor internal standard recovery from the culture medium samples. 

Figure 4.1 shows that the internal standard recovery was outside the 90-110% range 

in the samples. The instability of the analysis was likely to be due to a space charge 

effect as a result of the EDTA salt, which would cause a reduction in sensitivity. A 

space charge effect is an effect created by matrix ions interfering with the ion 

focussing of the analyte ions, which leads to poor sensitivity and detection limits 

(Thomas, 2008). This realisation led to reviewing the matrix components and 

preparing a new matrix with EDTA acid. Additionally, even though the set of data 

obtained could not be considered due to the poor internal standard recovery, it 

seemed to suggest that the ion concentration in some samples were outside the 0-

100µg/l range. Moreover, it came to our attention that the standard solutions were 

not the most appropriate for ICP-MS analysis. Consequently, a new set of standards 

were prepared by diluting Multielement Standard Solution 1 for ICP (Sigma-Aldrich 

(Fluka); Dorset, UK) in the modified solubilisation matrix to obtain 0, 0.1, 1, 10, 50, 

100 and 500µg/l final concentrations of Cobalt. Since the multielement standard 

solution composition includes 22 elements in different concentrations, Cobalt 

(10mg/l) was chosen as the reference to prepare the standards. Figure 4.2 shows that 

although the internal standard (Rh) recovery remained within the 90-110% range, it 

fluctuated greatly during the run. 
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Figure 4.1. ICP-MS Internal standard (ISTD) recovery. Red dotted line marks acceptable range limits (90-110%) for internal standard recovery. 

Red dots represent the samples that are outside the range (outlier setting) Rh: Rhodium. Standards: 0, 0.001, 0.01, 0.1, 1, 10, and 100ppb (0, 0.001, 

0.01, 0.1, 1, 10, and 100µg/l).  
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Figure 4.2. ICP-MS Internal standard (ISTD) recovery. Red dotted line marks acceptable range limits (90-110%) for internal standard recovery. 

Rh: Rhodium. Standards: 0, 0.1, 1, 10, 100, 500 and 1000ppb (0, 0.1, 1, 10, 100, 500 and 1000µg/l).  



136 

 

Based on this, the possibility of the culture medium samples not being stable in the 

dilution matrix was considered and an analysis of internal standard recovery (Rh, Sc, 

In) in a set of standards diluted in serum-free RPMI-1640 was performed. Figure 4.3 

shows that there is minimal fluctuation in the internal standard recovery of the three 

candidates for internal standard. The generally flat slope of the internal standard 

recovery curve shows that there was no loss of sensitivity when implementing 

RPMI-1640 as the diluting matrix. Additionally, the mean (±SEM, n=3) detection 

limit for Co and Cr was 0.048µg/l (±0.019) and 0.097µg/l (±0.028), respectively. As 

a result, from this point on, analysis of metal ion levels in culture medium samples 

were carried out by diluting the samples in serum-free RPMI-1640 and following the 

protocol described in Section 2.1.18.1. In Chapter 7, it is shown that Sc is the least 

fluctuating internal standard in the analysis of whole blood samples. So, it was 

decided to use Sc as internal standard for all ICP-MS analysis. Figure 4.4 shows that 

the recovery of the internal standard from culture medium samples was stable with 

minimal fluctuation during the analysis. 
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Figure 4.3. ICP-MS internal standard recovery of the candidates Sc, Rh, In. Red dotted line marks acceptable range limits for internal standard 

recovery. Graph representative of three independent repetitions. Sc: Scandium. Rh: Rhodium. In: Indium. 
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Figure 4.4. ISTD recovery from ICP-MS analysis of culture medium samples. Red dotted line marks acceptable range limits for internal 

standard recovery. Sc: Scandium. Std: standard Graph representative of three independent repetitions. 
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4.3.2 Metal ions release into cell culture medium 

 

Experiments were carried out to determine the extent of metal ion release when wear 

debris was incubated with cultured cells in vitro. 

 

Metal debris was incubated under different conditions (Section 2.1.17.1) in order to 

analyse the effects that some variables have on the amount of metal ions released 

into the culture medium. Analysis of ICP-MS results found that CoCr wear debris 

release metal ions into culture medium (Table 4.1Error! Reference source not 

found.). There was no significant difference (p>0.05) in ion release in the presence 

and absence of FBS. However, the acidic pH had a considerable effect as seen in the 

significant increase (p<0.05) in the ion concentrations measured. Co was the ion 

predominantly released in all cases. 

 

Condition 
Mean Concentration [ µg/l ] ± SEM 

Cr Co Mo 

RPMI - FBS 0.15±0.12 0.03±0.03 3.17±0.33 

RPMI + 10% FBS 0.19±0.06 0.09±0.09 6.32±0.16 

RPMI - FBS + CoCr 

wear debris 
15.91±1.65* 1226.56±38.97* 127.82±4.28* 

RPMI + 10% FBS + 

CoCr wear debris 
18.18±2.64* 1259.41±39.58* 124.60±2.70* 

pH4 RPMI + 10% FBS 

+ CoCr wear debris 
372.10±14.45* 3182.85±115.68* 222.26±7.69* 

Table 4.1. Metal ions in RPMI-1640 in the presence and absence of metal wear debris. 

Results are expressed as mean values (±SEM, n=3). *Significantly different from RPMI + 

10% FBS values (p<0.05) by one-way ANOVA followed by Dunnettôs multiple comparison 

test. 

 

Different concentrations of metal debris (0, 0.2, 0.5, 1, 2.5, and 5mg 

debris/1x10
6
cells) were incubated in cell culture medium for 24h at 37°C and 5% 

(v/v) CO2 in order to analyse the correlation between debris concentration and metal 

ions released (Table 4.2). Analysis of ICP-MS results found a significantly (p<0.05) 

increasing amount of ions released with increasing wear debris concentrations. Once 

again, Co was the ion with the highest concentrations detected.  
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Debris 

concentrations 

(mg/10
6
 cells) 

Cr (µg/l)     

Mean± SEM 

Co (µg/l) 

Mean± SEM 

Mo (µg/l) 

Mean± SEM 

0.2 2.61±0.54 165.85±13.90 12.47±1.41 

0.5 4.94±0.54 329.73±19.28 28.49±1.82 

1.0 10.08±0.20 731.95±16.00 60.53±1.58 

2.5 19.47±0.33 1560.06±30.60 147.97±2.32 

5.0 26.83±0.80 2485.11±101.83 245.90±10.10 

Table 4.2. Metal ions released from different concentrations of wear metal debris. 
Results are expressed as mean values (±SEM, n=6). All values are significantly different 

from control (0mg debris/1x10
6
cells) values (p<0.05) by one-way ANOVA followed by 

Dunnettôs multiple comparison test. 

 

 

Considering these findings and to complement the viability and cytokine release 

results discussed in chapter 3, metal ion levels were measured in culture medium 

from resting (Figure 4.5) and activated (Figure 4.6) cells exposed for 24 and 120h to 

5mg debris/1x10
6
cells, 0.1µM Co and a combination of 5mg debris/1x10

6
cells and 

0.1µM Co.  

 

ICP-MS results showed significantly (p<0.05) higher concentrations of Cr and Co 

ions in the culture medium of both resting and activated cells exposed to metal wear 

debris when compared to control. In the presence of wear debris, significantly higher 

levels of Co and Cr ions were measured after 120h exposure compared to levels at 

24h. Additionally, significantly higher levels of both metal ions were observed in 

cells pre-treated with 0.1µM Co compared to non-Co pre-treated cells. Moreover, 

significantly higher concentrations of Co than Cr were measured in the medium from 

both resting and activated cells in the presence of metal debris and 0.1µM Co. 
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Figure 4.5. Metal ion concentrations in culture medium from resting U937 cells. Cells 

were exposed for 24 and 120h to 5mg debris/1x10
6
cells, 0.1µMCo and a combination of 

5mg debris/1x10
6
cells and 0.1µMCo. PreCo: cells pre-treated with 0.1µM Co. Results are 

expressed as mean values (±SEM, n=3).*Significantly different from control (untreated 

resting cells) values (p<0.05) by one-way ANOVA followed by Dunnettôs multiple 

comparison test. À120h values significantly different from 24h values by two-sample t-Test 

(p<0.05). 
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Figure 4.6. Metal ion concentrations in culture medium from activated U937 cells. Cells 

were exposed for 24 and 120h to 5mg debris/1x10
6
cells, 0.1µM Co and a combination of 

5mg debris/1x10
6
cells and 0.1µM Co. PreCo: cells pre-treated with 0.1µM Co. Results are 

expressed as mean values (±SEM, n=3).*Significantly different from control (untreated 

resting cells) values (p<0.05) by one-way ANOVA followed by Dunnettôs multiple 

comparison test. À120h values significantly different from 24h values. 

 

 

Co and Cr ion levels measured in culture medium from activated cells were 

significantly higher than levels in medium from resting cells in the presence of metal 

debris. Activated macrophages contribute to the extracellular acidification during 

inflammatory reactions (Park et al., 2012), which in turn would enhance the release 

of ions from the metal debris. These findings complement the results documented in 

Chapter 3 and illustrate the contribution of metal ions in metal wear debris toxicity. 
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4.3.3 Cellular metal ion up-take 

 

U937 cells were exposed to varying metal debris concentrations (0, 0.2, 0.5, 1, 2.5, 

and 5mg debris/1x10
6
cells) fro 24h at 37°C and 5% (v/v) CO2 in order to detect 

cellular up-take of ions released into the culture medium during incubation with 

CoCr wear debris. Analysis of ICP-MS results found significantly higher (p<0.05) 

levels of Co than Cr in cells after all treatments (Table 4.3). Mo could not be 

detected (mean detection limit ± SEM, 0.040±0.020, n=6). There is an increase in ion 

levels with increasing wear debris concentrations. However, there is a slight decrease 

in ion levels when cells were exposed to 5mg debris/1x10
6
cells probably due to the 

fact that this concentration has been shown to be cytotoxic (Chapter 3). Once again, 

these findings demonstrate that the toxicity seen in Chapter 3 is not solely due to the 

metal nanoparticles and that metal ions contribute greatly to such toxic effects. 

 

Debris 

concentrations 

(mg/10
6
 cells) 

Cr (fg/cell) 

Mean± SEM 

Co (fg/cell) 

Mean± SEM 

0.2 3.18±1.27 10.18±0.64 

0.5 5.09±0.64 24.17±1.27 

1.0 3.75±0.06 32.44±1.10 

2.5 16.54±0.64 122.14±2.92 

5.0 14.63±0.64 110.05±3.18 

Table 4.3. Cellular ion up-take. Results are expressed as mean values (±SEM, n=6). All 

values are significantly different from control (0mg debris /1x10
6
cells) values (p<0.05) by 

one-way ANOVA followed by Dunnettôs multiple comparison test. 

 

4.3.4 Apoptosis analysis of U937 cells following exposure to CoCr wear debris 

and Co ions 

 

In order to assess apoptosis, 1x10
5
cells/ml resting U937 cells, with and without Co 

pre-treatment, were exposed for 24 and 48h to 2.5mg debris/1x10
6
cells, 0.1µM Co 

and 2.5mg debris/1x10
6
cells plus 0.1µM Co, in 12-well plates at 37°C and 5% (v/v) 

CO2. 
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4.3.4.1 Flow cytometry of resting U937 cells following 24 and 48h exposure to 

CoCr wear debris and Co ions 

 

Flow cytometry using Annexin V/FITC and 7-AAD double staining allowed 

distinction between cells that were viable, in early stages of apoptosis, in late stages 

of apoptosis and necrotic. This was possible as Annexin V binds to the negatively 

charged phospholipid phosphatidylserine (PS) which is redistributed from the inner 

to outer layer of the cell membrane during apoptosis. Cells in early stages of 

apoptosis are not permeable to 7-AAD but bind to Annexin V. Cells which bind to 

Annexin V, and are permeant to 7-AAD, are in the later stage of apoptosis as the cell 

membrane is compromised. Cells which have 7-AAD bound to DNA, but are not 

Annexin V positive are said to be necrotic, as they are non-viable but not through 

apoptotic mechanisms. 

 

Flow cytometry analysis revealed that after exposure to 2.5mg debris/1x10
6
cells and 

2.5mg debris/1x10
6
cells with 0.1µM Co, the number of cells with externalized PS 

started to increase by 24h of treatment. This increase became significant by 48h of 

exposure. Metal wear debris induced a greater PS externalization in cells that had 

been pre-treated with Co (Figure 4.7). 
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Figure 4.7. Early apoptosis, late apoptosis and necrosis of resting U937 and Co pre-treated resting U937 cells measured by FACS. Cells were 

exposed for 24 and 48h to 2.5mg debris/1x10
6
cells, 0.1µM Co and a combination of 2.5mg debris/1x10

6
cells and 0.1µM Co. Results are mean values 

(±SEM, n=6). PreCo: cell pre-treated with 0.1µM Co. *Significantly different from control values (p<0.05) by one-way ANOVA followed by Dunnettôs 

multiple comparison test. 
À
Significantly different from non-Co pre-treated cells. 
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4.3.4.2 Western blot of resting U937 cells following 24 and 48h exposure to CoCr 

wear debris and Co ions 

 

Western blot analysis validated the flow cytometry results by showing the 

fragmentation of PARP after 48h of exposure to 2.5mg debris/1x10
6
cells and 2.5mg 

debris/1x10
6
cells with 0.1µM Co (Figure 4.8). PARP is cleaved by members of the 

caspase family (for example, caspase 3 and 7) during early apoptosis (Nicholson et 

al., 1995, Ding et al., 2009). These proteases cleave PARP to fragments of 

approximately 89kD and 24kD and detection of one or both fragments has been used 

as a hallmark of apoptosis (Mudter and Neurath, 2007, Gambi et al., 2008). 

 

Figure 4.8 shows the fragmentation of PARP in the presence of wear debris but not 

in the presence of 0.1µM Co after 48h of treatment. These results together with flow 

cytometry findings suggest that the mechanism of cell death could correlate to 

particle concentration. High concentrations of wear debris may be more likely to 

induce necrosis, results in Chapter 3 are evidence of this; and lower concentrations 

may be more likely to induce apoptosis.  

 

        

Figure 4.8. Detection of PARP and PARP fragments by western blot as indication of 

early apoptosis of resting U937 and Co pre-treated resting U937 cells. Cells were 

exposed for 24 and 48h to 2.5mg debris/1x10
6
cells, 0.1µM Co and a combination of 2.5mg 

debris/1x10
6
cells and 0.1µM Co. Lane 1: Molecular marker. Lane 2: untreated cells 

(control). Lane 3: U937 cells + 2.5mg debris/1x10
6
cells. Lane 4: U937 cells + 0.1µM Co. 

Lane 5: U937 cells + 2.5mg debris/1x10
6
cells with 0.1µM Co. Lane 6: Co pre-treated U937 

cells + 2.5mg debris/1x10
6
cells. Lane 7: Co pre-treated U937 + 0.1µM Co. Lane 8: Co pre-

treated U937 cells+ 2.5mg debris/1x10
6
cells with 0.1µM Co. Figure A shows intact PARP 

(113kDa) after 24h for all treatments. Figure B shows fragmentation of PARP (89kDa and 

24kDa) after 48h of treatment with debris and debris with Co. 
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4.3.5 Gene expression analysis of resting U937 cells following 120h exposure to 

CoCr wear debris and Co ions 

 

4.3.5.1 StellARray
®
 gene expression array 

 

This toxicology array used here was specifically designed to profile the expression of 

the 94 top ranked genes important for monitoring the metabolic responses against 

drugs and other toxins. Primer pairs present on this array are specific for genes 

involved in DNA damage and repair processes, apoptosis, cell cycle, electron 

transport, growth and proliferation, metabolite transporters, and stress response 

genes. 

 

Lonza recommend the use of the Global Pattern RecognitionÊ (GPR) software (Bar 

Harbor Biotechnology Inc, USA) with the StellARray system data to define the 

invariant normalizer genes from the experiment. Analysis is performed by logging 

into Gene Expression Arrays System 

(https://www.bhbio.com/BHB/(S(pbw4hguf2capymwtwa13fam5))/GUI/Account/Login.aspx

?ReturnUrl=%2fBHB%2fGUI%2fAP%2fGPR.aspx), selecting the appropriate 

StellARray product, uploading the data and submitting it for analysis. A HTML or 

Excel formatted file is generated which gives a ranked list of genes and links to MGI 

and NCBI gene pages. 

 

In the current study, the standard Human General Toxicology 96 StellARray was 

used in order to identify genes related to the toxic effects of metal wear debris and 

ions on resting U937 cells. The procedure was carried out as recommended by the 

manufacturer and is detailed in Section 2.1.23. GPR compared the qPCR results from 

treated and untreated cells and gave a ranked list of genes by fold change value 

(Table 4.4). 
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Rank Gene Name 
Fold 

Change 
Rank Gene Name 

Fold 

Change 
Rank 

Gene 

Name 

Fold 

Change 

1 AHR -21.92 33 XPC -2.09 65 FOS 3.40 

2 PPARD -10.88 34 E2F1 -2.06 66 UNG 3.67 

3 CDK2 -9.09 35 ERCC3 -1.72 67 CYP2F1 3.75 

4 ABCC1 -7.08 36 DNAJA1 -1.72 68 BAG1 3.96 

5 BCL2L1 -6.89 37 EPHX1 -1.67 69 CYP2D6 4.55 

6 RAD23A -5.48 38 CASP8 -1.60 70 FGF2 4.61 

7 CYB5R3 -5.18 39 NFKB1 -1.58 71 ABCC2 4.71 

8 MYC -4.70 40 RAD51 -1.37 72 MAOA 6.22 

9 ERBB2 -4.70 41 TNF -1.35 73 TRPV6 7.34 

10 XDH -4.51 42 MLH1 -1.32 74 CYP2A13 9.16 

11 HSPA5 -4.42 43 BCL2 -1.29 75 FASLG 17.58 

12 GSR -4.33 44 CASP3 -1.28 76 LTA 22.25 

13 PPARGC1A -4.24 45 CYP27B1 -1.26 77 NOS2 25.74 

14 SOD1 -3.96 46 HSPA1B -1.08 78 ABCB1 37.69 

15 GPX1 -3.93 47 XRCC2 -1.07 79 ESR2 50.07 

16 IGF1R -3.90 48 ACADSB 1.11 80 CYP3A4 50.77 

17 ARNT -3.57 49 CYP1A1 1.15 81 EGFR 74.85 

18 MDM2 -3.42 50 HSPB1 1.17 82 CYP1A2 154.99 

19 HSPA1A -3.40 51 TNFRSF1A 1.23 83 CYP7A1 228.49 

20 BAX -3.28 52 CYP8B1 1.31 84 CYP1B1 234.92 

21 XPA -3.13 53 HSPA1L 1.33 85 CYP4B1 297.35 

22 CHEK2 -3.10 54 CCND1 1.39 86 ABCB4 329.93 

23 CDK4 -3.02 55 POR 1.43 87 MGMT 483.04 

24 ERCC1 -2.86 56 CDKN1A 1.51 88 CYP7B1 514.13 

25 DDIT3 -2.82 57 CDKN1B 1.52 89 IGFBP6 659.85 

26 HSP90AA1 -2.63 58 NQO1 1.81 90 CYP11A1 659.85 

27 CCNE1 -2.57 59 TRADD 1.81 91 CYP2B6 895.16 

28 BRCA1 -2.42 60 CYP2E1 1.82 92 CYP2C9 952.78 

29 MSH2 -2.37 61 GPX2 1.99 93 CYP24A1 1301.54 

30 CAT -2.34 62 HIF1A 2.24 94 FMO1 2313.72 

31 CDKN2A -2.32 63 FMO4 2.47    

32 PRDX1 -2.12 64 GADD45A 2.98    

Table 4.4. GPR results derived from resting U937 cells treated with 2.5mg/1x10
6
cells 

wear debris and 0.1µM Co for 120h. Fold change values are displayed with respect to the 

control group. For example, AHR (rank position 1) is down-regulated ~22 fold in treated 

cells. The genes of interest are highlishted in gray.  
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Gene Set Enrichment Analysis (GSEA) is a microarray data analysis method that 

uses predefined gene sets and ranks of genes to identify significant biological 

changes in microarray datasets (Tang et al., 2013). The gene sets are groups of genes 

that share common biological function, chromosomal location, or regulation and are 

defined based on prior biological knowledge, e.g., published information about 

biochemical pathways or co-expression in previous experiments. The goal of GSEA 

is to determine whether members of a gene set S are randomly distributed throughout 

the list L or primarily found at the top or bottom, in which case the gene set is 

correlated with phenotypic difference (Subramanian et al., 2005). Toppgene is an on-

line portal for GSEA and candidate gene prioritization based on functional 

annotations and protein interactions (Chen et al., 2009). Exposure to metal ions may 

cause early cellular changes that could induce a deviation from a normal biological 

pathway. As the cellular levels of exposure increase, the metal ions could potentially 

interact with a molecular target to induce perturbation of cellular function (Figure 

4.9). At low levels of exposure, adaptive stress responses are activated to try to 

restore the pathway to produce its normal outputs. At high enough levels of exposure 

and internal dose, perturbation exceeds the homeostatic capacity of the adaptive 

responses, and cell injury occurs (Bushnell et al., 2010). 

 

 
 

Figure 4.9. Schematic overview of a biological process perturbation. (adapted from 

Bushnell et al., 2010). 
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The StellARray gene set was submitted to Toppgene for analysis. After screening the 

biological processes identified by this on-line portal and taking into account the 

results from the StellARray profiling, five genes were chosen (Table 4.5) for further 

expression investigation in U937 cells treated with metal debris and ions.  

 

Biological Process Gene Name 

Regulation of cell death BAG1, LTA 

Regulation of programmed cell death BAG1, LTA 

Response to toxin FOS 

Negative regulation of growth LTA 

Response to metal ions BAG1, FOS 

Regulation of cell proliferation NOS2, LTA 

Nitric oxide metabolic process NOS2 

Oxygen and reactive oxygen species metabolic process 
GADD45A, 

NOS2 

Table 4.5. Genes chosen for further expression analysis. LTA  (lymphotoxin alpha): 

inflammatory mediator that influences multiple processes such as activation, proliferation, 

differentiation, and death induction in many different cell types (Kagi et al., 1999). BAG1 

(BCL2-associated athanogene): multifunctional protein able to delay cell death by a 

synergistic action with BCL2 (Aveic et al., 2011). GADD45A (growth arrest and DNA 

damage): nuclear protein involved in cell cycle arrest, DNA repair and apoptosis (Siafakas 

and Richardson, 2009). FOS (FBJ osteosarcoma oncogene): involved in osteoclast 

development and activation (Chen et al., 2011). NOS2 (inducible nitric oxide synthase): 
inducible by cytokines, converts L-arginine to L-citrulline, and nitric oxide (Xu et al., 2003). 

 

4.3.5.2 Primer specificity 

 

Forward and reverse SYBR Green primers were then designed for each of the 

shortlisted genes to target all their variants and to generate a product bigger than 

100bp but smaller than 150bp. SYBR Green is a dye that binds in the minor groove 

of double-stranded DNA (dsDNA) in a sequence independent way. When it binds, its 

fluorescence increases over 100-fold (Deprez et al., 2002). However, since SYBR 

Green binds indiscriminately to dsDNA, primer-dimer artifacts or other non-specific 

products contribute to the detected fluorescence (Zipper et al., 2004), which is why it 

requires melting curve analysis to determine the specificity of the amplification 

(VanGuilder et al., 2008).  

 

Post-PCR melting curve analysis is a technique used for determining the presence of 

primer-dimer artifacts or other non-specific products and to ensure reaction 
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specificity. PCR products can be distinguished by their melting curves because the 

melting curve of a product is dependent on GC content, length and sequence 

(VanGuilder et al., 2008).  

 

If the fluorescence of SYBR Green is monitored continuously throughout a 

temperature cycle, product denaturation can be observed as a rapid loss of 

fluorescence near the melting (denaturing) temperature (Wittwer et al., 1997). A melt 

curve is produced by gradually increasing the temperature, thereby gradually 

denaturing an amplified DNA target. Since SYBR Green is only fluorescent when 

bound to dsDNA, fluorescence decreases as duplex DNA is denatured. The highest 

rate of fluorescence decrease is generally at the melting temperature of the DNA 

sample (Tm) (Ririe et al., 1997). The Tm is defined as the temperature at which 50% 

of the DNA sample is double-stranded and 50% is single-stranded. The Tm is 

typically higher for DNA fragments that are longer and/or have a high GC content 

(von Ahsen et al., 2001).  

 

Since a SYBR Green dye-based chemistry was used in the current study, specificity 

of qRT-PCR was assessed with melting curve analysis after every run (Figure 4.10) 

and with horizontal gel electrophoresis (Section 2.1.20).  

 

The StepOneÊ software v2.1, plots the melt curve as derivative fluorescence (-Rô) 

vs. temperature. A single peak at a high temperature (>75°C) in all reactions and 

nothing, or very little, detected in the no-template controls, showed high specificity 

(Figure 4.10). Since some of melting curve analysis showed non-specific product 

formation, the PCR reactions were qualitatively assessed on ethidum bromide-

stained agarose gels. Each gene expression assay displayed a single product of the 

desired length and no bands were present in the negative controls. Only PCRs with 

cDNA from cells treated with 2.5mg/1x10
6
cells wear debris showed non-specific 

products in the presence of GAPDH primers. These non-specific products are likely 

to be primer dimers (primers attached to each other) due to the lack of a full length 

amplicon resulting in an excess of primers (Figure 4.12.A).  
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Figure 4.10. Melting curve analysis. Curves showing peaks of specific product at >78°C 

and some non-specific product at lower temperatures. A) GAPDH. B) HPRT. C) B2M. D) 

NOS2. E) LTA. F) BAG1. G) GADD45A. 

 

Following PCR, horizontal gel electrophoresis of negative control and cDNA 

reaction mixtures was performed as a qualitative assessment of the real-time PCR. 

Two different negative control reactions were included for each gene, namely H2O 



154 

 

and RT-. Negative controls were included to monitor contamination to ensure that 

the fluorescence measured during the PCR corresponds to product amplification 

(Bustin et al., 2010). H2O reactions helped monitor PCR contamination and 

contained all the PCR reagents but instead of 1µl of cDNA template, 1µl of nuclease 

free water was added. In a similar way, RT- reactions helped monitor potential carry 

over contamination from the cDNA synthesis. These reactions contained all the PCR 

reagents but instead of 1µl of cDNA template, 1µl of reverse transcriptase free 

reaction (from the cDNA synthesis) was added. These reactions should not generate 

amplification products during the PCR process.  



155 

 

 

Figure 4.11. Horizontal gel electrophoresis of PCR amplification products from untreated resting U937 cells (control). HyperLadder II 

(Bioline, UK) molecular ladder was used. A) Amplification products of GAPDH (lanes 2-4), HPRT (lanes 5-7), B2M (lanes 8-10), NOS2 (lanes 11-

13) and LTA (lanes 14-16). C) Amplification products of BAG1 (lanes 2-4), GADD45 (lanes 5-7) and FOS (lanes 8-10). Lane 1 in B) and B) shows 

the HyperLadder II molecular ladder. There are three lanes for each gene: the first two lanes are negative control reactions (H2O and RT-) and the 

third lane is the cDNA reaction. 
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Figure 4.12. Horizontal gel electrophoresis of PCR amplification products from resting and Co pre-treated resting U937 cells exposed to 

2.5mg debris/1x10
6
cells for 120h. A) Amplification products of GAPDH (lanes 2-6), HPRT (lanes 7-11), B2M (lanes 8-10), B) NOS2 (lanes 11-13) 

and LTA (lanes 14-16). C) Amplification products of BAG1 (lanes 2-4), GADD45 (lanes 5-7) and FOS (lanes 8-10). Lane 1 in A), B) and C) shows 

the HyperLadder II molecular ladder. There are five lanes for each gene. The first three lanes are negative control reactions (H2O, RTU937- and 

RTPreCoU937-). The fourth lane is the cDNAU937 reaction and the fifth is the cDNAPreCoU937 reaction.  
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Figure 4.13. Horizontal gel electrophoresis of PCR amplification products from resting and Co pre-treated resting U937 cells exposed to 

0.1µM Co for 120h. A) Amplification products of GAPDH (lanes 2-6), HPRT (lanes 7-11), B2M (lanes 8-10). B) NOS2 (lanes 11-13) and LTA 

(lanes 14-16). C) Amplification products of BAG1 (lanes 2-4), GADD45 (lanes 5-7) and FOS (lanes 8-10). Lane 1 in A), B) and C) shows the 

HyperLadder II molecular ladder. There are five lanes for each gene. The first three lanes are negative control reactions (H2O, RTU937- and 

RTPreCoU937-). The fourth lane is the cDNAU937 reaction and the fifth is the cDNAPreCoU937 reaction. 

 

 

 

 

 


