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Abstract 

Metal on Metal (MM) hip replacement implants have become a popular 

alternative to traditional metal on polyethylene (MP) devices due to their improved 

wear profiles and reduced associated risk of dislocation, wear debris and 

subsequent osteolysis. MM articulations are most commonly made of cobalt-

chromium alloy and are associated with elevated levels of cobalt and chromium 

ions locally and systemically which may have detrimental effects on patients, 

including to their bone health.  

Osteoblasts are a type of bone cell vital to overall bone function and turnover, and 

cobalt ions have been seen to inhibit osteoblast function by reducing alkaline 

phosphatase activity, calcium deposition and increasing chemokine secretion in 

osteoblasts, which may result in local osteolysis. These toxic effects of cobalt on 

osteoblasts may potentially arise due to metal ions entering tissue via calcium 

channels, and the aim of this project was to try to elucidate whether this theory was 

correct. The effects of acute exposure to cobalt on OST 5 cells, a rat osteoblast cell 

line, in vitro, were measured and calcium channel blockers were used in a bid to 

prevent cobalt-induced toxicity seen in cells, which if successful, would suggest the 

involvement of calcium channels in cobalt uptake. 

Cobalt concentrations ranged from 0.1 – 200 µM, and nifedipine and verapamil 

were expected to block calcium channels at a concentration of 10 µM. Cell viability 

was assessed using neutral red and MTT assays. Cobalt was seen to significantly 

reduce OST 5 cell viability in a dose dependent manner, and though significant 

differences were seen in cobalt-treated and cobalt and verapamil-treated OST 5 

cells, this calcium channel blocker did not significantly prevent cobalt-induced 

toxicity according to the results seen here. Further research must be conducted to 

definitively conclude whether or not calcium channels are involved in the uptake of 

cobalt ions into osteoblasts. 
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1. Introduction 

 

1.1. Hip Joint 

The hip joint is a congruous, synovial ball-and-socket joint formed by the 

articulation of the spherical femur head and the cup-like acetabulum of the pelvis. It 

forms the primary connection between the bones of the lower limb and pelvis. Its 

primary function is supporting the body, in both dynamic and static postures, and is 

the most important joint in retaining balance. The femoral head is held in the 

acetabulum by various ligaments, and the articulating joint surfaces are covered by 

a strong, lubricated layer of hyaline cartilage, which cushions compressive forces 

and lubricates the joint. The acetabulum forms at the union of three bones; the 

ilium, pubis and ischium. The femur head is attached to the shaft by a thin neck 

region often prone to fracture in the elderly, mainly due to the degenerative effects 

of osteoporosis. Various muscles act on the joint, including the hamstring, adductor 

muscles and abductor muscles, to facilitate movement, and as the joint is 

congruous, rotation occurs in all directions.  

 

1.1.1. Hip Replacement 

Hip replacement refers to a medical procedure in which one or more sections of the 

hip joint are replaced by synthetic implants, and is the most successful, inexpensive 

and safest form of joint replacement surgery. Total hip arthroplasty (THA) involves 

replacing the acetabulum and femoral head, and is generally conducted to treat 

pain or joint failure caused by osteoarthritis, a joint disorder due to aging and wear-

and-tear on the hip. The operation aims to reduce pain and improve overall hip 

function, and though it is the most common joint replacement surgery, patient 

satisfaction, both short and long-term, varies greatly.  
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1.1.1.1. History of Hip Replacement 

Hip replacement dates back to 1891, when German Professor T. Gluck attempted 

replacement of the femoral head with ivory and nickel-plated screws (1). The first 

metallic hip replacement was performed by American Dr. Austin T. Moore in 1940 

at Johns Hopkins hospital using a cobalt-chrome alloy, ‘Vitallium’ (1, 2), to replace 

the femur. During the 1940s steel and chrome artificial hips became more 

widespread, but were prone to loosening and wear. A later version of Moore’s 

prosthesis using a fenestrated stem to allow bone ingrowth and longer-term 

attachment was introduced in 1952, and is still currently in use (1). 

 

1.1.1.2. Modern Process 

In 1962, Sir John Charnley designed a cemented, low friction arthroplasty joint 

consisting of a metal femoral head and stem articulated with a polyethylene 

acetabular component, both lubricated with synovial fluid. Due to its lack of friction, 

this design yielded excellent clinical results and was instrumental in the 

development of the modern artificial hip joint and had almost completely replaced 

previous designs by the 1970s (3). The cemented Exeter device was also developed 

during this era in the UK. However, early implants had the potential to loosen, 

become painful and cause bone erosion, which prompted searches for alternative 

methods. In recent times, there have been several evolutionary improvements 

made in the procedure and prostheses of THA. Ceramic is being introduced as an 

implant material in the place of polyethylene, due to reported reductions in joint 

wear. Metal-on-metal (MM) implants are also gaining popularity for this same 

reason, as they have been shown to reduce the need for revision of the acetabular 

component.  
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1.1.2. Hip Resurfacing 

Hip resurfacing (HR) is an alternative to total hip arthroplasty (THA) where only the 

articulating surfaces of the joint are replaced (4); the femoral head is coated with a 

cylindrical metal cap and the acetabulum is replaced just as in a THA (5). Developed 

in the mid 1990’s, especially for younger, physically active patients (6), resurfacing 

offers several advantages over THA; including the preservation of bone stock, if a 

revision should ever be needed (4), the elimination of the problem of femoral shaft 

loosening, restoration of normal joint mechanics (7, 8), reduced stress-shieldings (8, 

9) and superior wear properties (10, 11). Revision of a modern resurfacing 

procedure is claimed to be less problematic than that of THA, in terms of operation 

time, blood loss and functional results (5), an advantage with younger patients who 

may outlive the predicted lifespan of their hip implants. Ball et al, 2007, found the 

results of metal-on-metal hip resurfacing (MM HR) to THA conversion comparable 

to primary THA in terms of surgical effort, safety and clinical outcome (10). 

The first generation HR with metal-on-polyethylene (MP) bearing couples were 

implanted in the 1970s and early 1980s, but poor clinical results were yielded (12, 

13). The introduction of metal-on-metal (MM) articulation renewed the interest in 

HR due to the potential of MM prostheses to survive over 20 year with low wear 

and no osteolysis incidence (14-16). MM THA and MMHR have become the most 

commonly used UK procedures in treating osteoarthritis in patients less than 60 

years of age (17, 18). HR has shown encouraging short-term reports with a low 

incidence of failure, even after the resumption of high-level activities (17, 19, 20). 

Ten year success rates of hip resurfacing from studies in England report success 

equal to or greater than standard THA. In the US, the first modern resurfacing 

device received FDA approval in May 2006, while some 90 000 resurfacings have 

been performed world-wide. However, according to the National Joint Register for 

England and Wales in 2008, the three year revision rate for HR was 4.4% compared 

to 1.3% for cemented THA (www.njrcentre.org.uk), and the Australian Arthroplasty 

Register also reported a higher three year revision rate for hip resurfacing than for 

THA (3.1% v 2.1%) (www.dmac.adelaide.edu/au.aoanjrr) (21).  

http://www.njrcentre.org.uk/
http://www.dmac.adelaide.edu/au.aoanjrr
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1.1.3. Materials used in Hip Replacement 

THA has greatly improved the quality of life of patients suffering from 

traumatic/degenerative joint diseases, but first generation polyethylene prostheses 

released significant amounts of wear particles through friction at the bearing 

interface. This was a major concern for the longevity of these THA (22), as these 

polyethylene wear particles have been cited as a main source of osteolysis (23-25). 

In an attempt to circumvent polyethylene-induced osteolysis and improve implant 

longevity, the orthopaedic industry developed articulations producing minimal 

amounts of wear particles (26-29). Ceramic-on-ceramic (CC) bearings offer high 

wear-resistance, low wear and low noise friction and unanticipated bearing fracture 

(30); highly cross linked polyethylene bearing reduce wear of polyethylene (31), but 

long-term clinical results are not yet available. There has been a resurgence in MM 

arthroplasty, due to their low volumetric wear in hip simulators (32, 33) and in 

clinical practice (14), which results in significantly less wear debris and subsequent 

peri-prosthetic osteolysis (34-36). As a result, many MM implants used over the last 

two decades are still functioning in patients who received implants at a young age 

(37). MM bearings are commonly used among young patients, whose life 

expectancy is greater than that of traditional elderly hip replacement patients, and 

where longevity is particularly important. Extended durability of the hip 

replacement and a reduction in the need for revision are anticipated with MM 

arthroplasty (38, 39). 45% of hip replacements are in men less than 54 years old in 

the UK (40). Though the use of MM bearings eliminate, or substantially reduce the 

need for polyethylene bearings, concern has been expressed about the increased 

particulate and ionic metal generation (39), and the biological implications of these 

metal species. Titanium alloys have been shown to have limitations as articulating 

surfaces and should not be considered for wear couples in THR due to significant 

wear being shown (38). Cobalt and chromium alloy has shown reasonable wear and 

corrosion profiles and continues to be evaluated, in a bid to overcome wear debris-

related issues.  
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1.1.4. Risks and Complications 

Risks and complications are similar to those associated with all joint replacements – 

including femoral neck fracture (41, 42), dislocation, loosening (43), impingement 

(44), infection, osteolysis, metal sensitivity, nerve palsy, pain and death. Andrews et 

al, 2011, cites the most common adverse events necessitating revision after MM 

THA as early prosthetic fracture, the failure of osseo-integration of the prosthesis 

which results in aseptic loosening, unexplained pain and inflammatory masses (21, 

45-49). According to Queally et al, 2009, the leading cause of arthroplasty implant 

failure is wear debris-mediated 

osteolysis with associated aseptic 

loosening (50-52).  ~10% of primary THA 

require revision 10 years after the initial 

procedure (51, 53).  

Smith et al, 2012, carried out an analysis 

of the National Joint Registry of England 

and Wales for primary hip replacements 

between 2003 and 2011; 31 171 of the 

402 051 THA procedures carried out 

were stemmed MM, and these were 

found to fail at high rates. Larger heads 

failed earlier, 3.2% incidence of revision 

was seen for 28 mm and 5.1% for 52 mm 

heads at 5 years in men ages 60 years. In 

younger women, 5 year revision rates 

were 6.1% for 46 mm MM devices compared with 1.6% for MP implants, and CC 

articulations were associated with improved survival by comparison. Failure rate 

statistics such as these have lead to the recall of MM THA and HR devices in recent 

times (54) 

Figure 1.1: X-ray of implanted DePuy ASRTM 

XL MM acetabular hip system prosthesis 

from Mao et al, 2011. 
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1.2. Medical Device Alerts Regarding MM Hip 

Implants 

In recent times, the subject of MM THA and HR has attracted a lot of attention in 

both the media and the medical world. Though previously believed to be at the 

forefront of progress in the area of hip prosthetics, the health hazards of these 

devices are beginning to be documented and reported, as the safety, well being and 

an improved quality of life must ultimately be the aspiration of the procedure.  

In September 2010, the Medicines and Healthcare products Regulatory Agency 

(MHRA) released a medical device alert urging immediate action on the subject of 

DePuy ASRTM (articular surface replacement) MM hip replacement implants 

(MDA/2012/044), in which those involved in the implantation of these prostheses 

were instructed to cease the use of this particular model, return all unused models 

to the manufacturer, and inform all previous recipients of the DePuy ASRTM about 

the recall, and organise follow-up appointments for them. This particular system 

consisted of acetabular cups for resurfacing or replacement, surface replacement 

heads for resurfacing, and XL femoral heads for replacement. DePuy ASRTM hip 

implants have been used in the UK since 2003, and the main reason cited for the 

recall was the prostheses being associated with much higher rates of revision at 5 

years than initially expected. At the British Hip Society annual conference in March 

2011, some alarming figures were presented on MM devices, which displayed 

revision results similar to the withdrawn DePuy ASRTM implant. Research showed 

that 49% of DePuy ASRTM devices needed to be replaced within 6 years, and 12-15% 

of other MM hip devices required revision within 5 years. Pain was reported as the 

first symptom experienced by patients who eventually underwent implant revision, 

and X-rays depicting loosening along with elevated blood levels of chromium and 

cobalt ions were sometimes, but not always seen. MRI scans of cystic and/or solid 

masses and fluid collections were also reported. 

In January 2012, an investigation was launched into MM hip implants by the media 

and several medical regulators due to the occurrence of elevated metal ion levels 
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seen in some MM implant patients and the potential dangers of these events. In the 

UK, media outlets such as the BBC and The Telegraph newspaper felt it was 

necessary to bring this issue to the attention of the public, as concerns were 

growing that risks from this device were beginning to appear much greater than 

previously thought, and Channel 4 news reported that over 30 000 people in the UK 

had received MM hip implants at this time. An MHRA statement released on the 30 

January 2012 assured the threat posed by MM devices was low, with only an 

extreme minority experiencing serious problems, but further investigation and 

monitoring of evidence would be ongoing. 

The most recent medical device alert at the time of this project was issued by the 

MHRA on the 25 June 2012, where updated advice for clinicians managing patients 

with several variations of MM hip implants was given (MDA/2012/036). Four 

different MM hip replacements were listed as carrying a risk; DePuy ASRTM hip 

replacements, MM hip resurfacing implants, MM total hip replacements with a 

head diameter ≥36 mm and also those with a head diameter of >36 mm. The main 

problem outlined in this warning was the development of soft tissue reactions seen 

in the minority of patients who had received one of these implants, caused by a 

reaction to metal wear particles leached from the implant, and the systemic risks 

carried by the entry of these metal particles into the bloodstream. As this will 

adversely affect revision surgery, extra vigilance is recommended in cases of poorly 

performing hip implants, as early revision is important. Follow-up recommendations 

are provided in this alert, in the areas of annual follow-up following implantation, 

appropriate imaging to visualise the prosthesis and whether it appears to have 

undergone corrosion, blood testing to assess blood metal ion levels, and situations 

where revision should be considered, in symptomatic and asymptomatic patients. 

Patients presenting with muscle or bone damage on MRI scans should be of utmost 

concern. 
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Figure 1.2: DePuy ASRTM hip cup and stem (A) and acetabulum cup and spherical femoral head (B). 

The cup surface is grainy in a bid to promote bone ingrowth.  

 

 

1.3.  Cobalt  

This project focuses on the release of cobalt rather than chromium ions, and their 

potential toxic effects.  Co2+ have been found to be more toxic than Cr3+ in  a variety 

of settings in previous literature, including macrophages (55) and osteoblasts (50, 

56) , though Cr6+
 is believed to be the form of ion in which the metal is released 

from orthopaedic implants, which has the potential to be more toxic than Co2+ and 

Cr3+ due to their smaller size. Higher circulating levels of cobalt ions (Co2+) than 

chromium ions (Cr3+ and Cr6+) have been recorded previously in MM THA and HR 

patients post-implantation, giving rise to the theory that cobalt levels could have 

more implication in the systemic adverse effects seen in these patients (57). One 

reported case of possible systemic toxicity following MM THA reported elevated 

cobalt serum levels, but no elevation in chromium serum levels (58). However, it 

should be noted that chromium levels can be found to be higher in some cases, e.g. 

plasma levels in Rizetti et al, 2009 (57). 

Cobalt (Co; atomic number 27) naturally occurs in chemical combinations and was 

first isolated by George Brandt in the 1730’s in Sweden by reductive smelting. The 

free element has the appearance of a hard, ductile, lustrous bluish-grey metal. It 

has high boiling and melting points (2870 °C and 1495 °C, respectively), and this 

A B 
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temperature stability makes its alloys suitable for use in parts for aircraft engines 

that require magnetic, high-strength and wear/corrosion resistant alloys; it is widely 

used in batteries and electroplating, due to its high resistance to oxidation; it is 

important commercially in its cobalt60 isotope, which is used in the treatment of 

cancer and as a radioactive tracer. It is a useful gamma ray source as it can be 

produced in high activity and predictable quantities. Cobalt is also essential to many 

animals as a trace dietary mineral as it is a component of vitamin B12. In inorganic 

form, it is also an active nutrient for algae, bacteria and fungi. The resistance of 

cobalt to wear and corrosion makes its alloys useful in orthopaedic implants. 

Cobalt-chromium alloys are currently used in prosthetic knee and hip implants (59), 

and cobalt alloys are also useful in dental alloys, for nickel allergy sufferers (60). 

Cobalt-chrome alloy in solid form is very well tolerated by the body, and previous 

literature states in vivo testing shows no pathological changes compatible with 

systemic toxicity (61). 

 

1.3.1. Cobalt Levels in Body Fluids 

Cobalt ions can be generated in the peri-prosthetic space due to electrochemical 

corrosion of metallic particles, or possibly as a result of phagocytosis of cobalt-

chromium (CoCr) particles by cells and the exposure of particles to a series of 

oxidative mechanisms designed to destroy foreign bodies (62-64). Andrews et al, 

2011, claims normal circulating physiological levels of cobalt and chromium to be 

<0.25 µg/L (0.005 µM), but following MM THA, elevated circulating levels of the 

metal ions can occur in hip synovial fluid and peripheral blood (21). Whole blood 

concentrations of cobalt ions (Co2+) can reach 4.6 µM (65), while local hip synovial 

fluid levels have been measured at 30 µM in vivo (66), which are higher than values 

of circulating total chromium ion levels, which have been recorded at 2.3 µM  and 

25 µM for blood and hip synovial fluid concentrations respectively (65, 66). 

Circulating levels of cobalt are usually highest in the first few months after 

implantation, but persistent elevation can occur as late as ten years post-surgery 
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(67). Toxicity caused by these metal ions locally (in the peri-prosthetic space) and 

systemically is a cause of concern for metal on metal implants (50, 68), potentially 

causing chromosomal changes (64, 69), hypersensitivity and instability (45, 70) 

There may also be complex issues present with the definitive collection and analysis 

of metal ion levels, as well as with the statistical methodologies and reporting of 

results and previous literature has shown a characteristic variability in these factors. 

(71). As MM THA is performed more and more frequently, manufacturing 

differences (clearance, roughness, metallurgy, head size, etc.) are apparently 

affecting performance. Modern MM bearings have uniformly shown higher levels of 

blood cobalt and chromium, the principal elements in CoCr alloy used in MM HR 

implants (72), when compared to pre-operative values, and in comparison to the 

levels in MP patients (19, 73-76). Engh et al, 2009, measured 2 year post-operative 

ion levels for 28 mm metal on polyethylene bearings compared with 28 and 36 mm 

metal on metal bearings. The MM cobalt serum, erythrocyte and urine ion levels 

were higher two years post-implantation than MP levels (77). Elevated cobalt ion 

levels are commonly seen in intermediate and long-term follow-up studies of MM 

arthroplasties (67), which have shown to be higher than levels associated with 

bearings of different materials (78). Despite satisfactory short-term implant survival, 

there is an increasing concern that CoCr alloy MM HR implants release a large 

amount of very small wear particles and metal ions (79).  

 

1.3.2. Metal toxicity 

Metal toxicity remains a concern (locally, in peri-prosthetic space, and systemically) 

(80-82). As previously mentioned, substantial levels of metallic products can be 

transferred into the host environment from a metallic device (83, 84). CoCr alloy is 

used for MM bearings, due to its wear performance profile, but cobalt and 

chromium ions are produced by mechanical wear and corrosion in the 

periprosthetic tissue as a result of MM articulation (85, 86).  Cobalt and chromium 

constitute 90% of the CoCr alloy used in MM hip resurfacing implants (87), and 
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particles generated from these alloys have a size range in the nanometer scale (88). 

Although wear rates are lower in MM bearing surfaces, previous research has found 

that the amount of particles generated by these implants can be up to 500 times 

higher than the amount of micrometer sized particles from conventional MP 

bearings (20). Metal nanoparticles corrode to either produce a protective passive 

layer or dissolve into charged free ions (85). Cobalt and chromium ions have been 

detected in solution during metal alloy corrosion (89). However, other studies have 

found that MP bearings can generate 100 mm3 500 nm particles per year, while MM 

implants can generate 1 mm3 40 nm CoCr particles (17, 90). The vast range of metal 

ion generation reported in the literature is one reason why this area needs further 

attentions. These ions will eventually reach the blood circulation where metal ion 

concentration has shown to be significantly elevated (>20 nM) in patients with MM 

THA (75, 91, 92). Periprosthetic tissues cobalt concentration measured in 6 patients 

20 months post-implantation was found to be 1000-times higher than control 

patients (30mg/g vs. 0.03mg/g) (93). The toxicity of released cobalt ions from MM 

THA is a cause for concern (55, 56, 94, 95), but the role of these ions in 

physiopathology of MM THA infection and cytotoxicity has not yet been studied 

fully (96). 

 

1.3.3. Apoptosis  

Petit et al, 2004, analyzed the effects of cobalt and chromium ions on bcl-2, bax, 

caspase-3 and caspase-8 expression; these protein families play a central role in the 

modulation of apoptosis. Cobalt and chromium ions inhibited bcl-2 expression, 

stimulated bax and caspase-3 expression, and Cr ions stimulated caspase-8 

expression also. Therefore, bcl-2 and caspase protein family expression is implicated 

in the induction of macrophage apoptosis, specifically the modulation of expression 

of these proteins  (97). Cateles et al, 2001, analyzed the effects of Co2+ and Cr3+ ions 

on macrophages in vitro, by analyzing the implications of caspase-3 in the apoptotic 

pathway, with Co2+ and Cr3+ both inducing macrophage mortality in a dose-
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dependent manner. Co2+ was found to be more toxic, inducing cell mortality up to 

28% at 10 ppm, compared to 37% at 500 ppm Cr3+ (55). DNA fragmentation was 

induced by both ion types, but at a lower concentration of cobalt. The appearance 

of the caspase-3 active fragment is implicated in several apoptotic pathways. 

Cateles et al, 2003, looked at the effects of cobalt and chromium ions on 

macrophages in a more pro-longed incubation period (94). ELISA results confirmed 

that Co2+ and Cr3+ induced concentration and time-dependent increase of TNF-α, a 

cytokine involved in systemic inflammation which has the ability to induce 

apoptotic cell death. Cell mortality increased as concentrations increased, especially 

at 48 hours. This study found that both Co2+ and Cr3+ induced macrophage 

apoptosis, measured by DNA analysis, with a stronger signal at 24 hours than 48 

hours, suggesting the presence of more necrosis at 48 hours. A subsequent study 

which backed up this result evaluated cell death in vitro by transmission electron 

microscopy in addition to cell death detection ELISA, and also found non-

inflammatory apoptosis predominant at 24 hours, and necrosis predominant at 48 

hours at higher ion concentrations (98). However, the apoptotic effect of Cr6+ was 

not assessed in the above literature, which has also been found to cause apoptosis 

in macrophages (99). 

 

1.3.4. Immunological Effects of Cobalt 

1.3.4.1. Macrophages and Chemokines 

The cytotoxic effects of cobalt ions have been demonstrated in vitro in 

macrophages, by induction of apoptosis and necrosis, TNF-α secretion and 

oxidation of proteins (50, 55, 94, 95, 97, 98). Cobalt has also previously been shown 

to enhance the in vitro secretion of IL-8 and MCP-1 in renal, gastric and colon 

epithelium, as well as monocytes and neutrophils (68), which shows the potent 

bioactivity of cobalt ions in a variety of cell types as well as their potential to induce 

a proinflammatory response.  Products of metallic degradation may be transported 

from the site of implant and distributed systemically. Though the toxicological 
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importance of these trace metallic elevations remains to be elucidated, urine and 

serum metal concentrations may serve as useful tribological markers in the 

performance of MM in vivo (39). MM bearings are reported to release 

approximately three times more cobalt and chromium ions than MP hips (39, 100).  

Concern has been expressed that MP release ions that can cause DNA damage (64) 

and immune dysfunction, in the form of T-lymphocyte reduction (101), and 

threshold levels of blood cobalt and chromium were associated with reduced CD8+ 

T-cell counts (102) following implantation of a MM device. Hart et al, 2006, studied 

the relationship between metal ion levels and lymphocyte counts in patients with 

MM HR and found cobalt and chromium levels significantly elevated in patients 

with reduced lymphocyte numbers. 

 

1.3.4.2. Lymphocytes 

Elevated cobalt and chromium levels have previously been linked to lymphocytic 

DNA damage (103). In a pilot study, Hart et al, 2006, found lower peripheral 

lymphocyte counts in patients with MM hip replacements, compared to MP 

articulation patients (102). Hart et al, 2009, compared Co2+ and Cr3+ levels in whole 

blood and lymphocytes in patients with MM, CC and MP hip replacements, with the 

aim of elucidating whether higher metal ion levels were related to differences in 

lymphocyte counts. CD8+ and CD3+ lymphopenia was present in 15% and 13% of 

patients respectively with unilateral MM hips, and significant differences in 

absolute CD8+ lymphocyte subsets were seen in MM group in comparison to the 

other groups (104). 

 

1.3.5. Pseudotumours 

Concern has recently been expressed about soft-tissue reactions to metal wear 

debris, collectively called pseudotumours (46). These masses (tumours) may be 

cystic or solid (‘pseudo’), and have been referred to as bursae (105), cysts (106) and 

inflammatory masses (107). These pseudotumours can appear with varying levels of 
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interference, from asymptomatic abnormality detected on a scan to a destructive 

lesion leading to revision of MM HR, and are associated with elevated cobalt and 

chromium serum levels (median Co2+ level - 3.8 µg/L or 0.6 µM/L; total chromium 

level median – 11.5 µg/L or 0.2 µM) (46). Hip aspirate cobalt and chromium levels 

have also shown to be higher (Co2+ – 701 µg/L or 12 µM; Cr3+ and Cr6+ – 329 µg/L or 

6 µM)(46). Occurrence of such reactions is rare, and precise prevalence remains 

unknown, but they are becoming increasingly reported (46, 65, 104, 108, 109). 

These reactions have previously been shown following MP THA (110, 111), and 

more recently following MM HR in Pandit et al, 2008, which included reports of 

bilateral pseudotumours in bilateral arthroplasites. In this study, pseudotumours 

were locally destructive, causing the need for revision in the majority of patients 

(46). Another series reported incidence of revision for pseudotumours at 8 years as 

being 0.5% in men, 5% in women over 40 years of age, and 25% in women less than 

40 years of age (112); however, other long-term series have not reported high rates 

(113). Their histology has some features of aseptic-lymphocytic-vasculitic-

associated lesions (ALVAL) (45), although they feature more marked necrosis. This 

histological feature is thought to represent a metal-induced systemic T-lymphocyte 

delayed (type IV) hypersensitivity reaction. This would partly explain the high 

prevalence in females, and bilateral appearance of pseudotumour, which is possibly 

related to previous exposure to jewellery. Based on these findings, delayed reaction 

to cobalt and chromium ions has been suggested to play a role in the aetiology of 

pseudotumours.  

Grammatopoulos et al, 2009, aimed to determine the extent of the problem posed 

by pseudotumours by assessing the outcome of MM HR revised to conventional 

THA due to pseudotumour formation, which was previously claimed to yield good 

results (10, 114). Grammatopoulos states that outcome after revision of MM HR 

depends on indication for revision, and with indications other than inflammatory 

pseudotumours, the outcome was generally good and similar to primary THA. 

Outcome after revision for pseudotumour was poor with major complications 

occurring in ~50% of patients, with ~30% requiring further revision, and this study 
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recommended that patients presenting with symptomatic pseudotumours following 

MM HR should be given early revision to limit soft tissue damage (114). The effects 

on macrophages are also relevant here, due to the histological appearance of 

pseudotumours which are characterized by the presence of macrophages 

surrounding the extensive necrosis of the connective tissue, where metal particle 

clusters can also be found (46, 79). Additionally, macrophages are the dominant 

infiltrating cells that respond rapidly to biomaterial implantation in soft and hard 

tissue (115), and can act as antigen presenting cells in delayed hypersensitivity 

reactions driven by T lymphocytes (116). Kwon et al, 2009, investigated the 

potential cytotoxic effects of cobalt and chromium on Macrophage viability, 

observing dose dependent cytotoxic effects on macrophages in vitro with high 

concentrations of cobalt ions only. Based on the findings of this study, the 

cytotoxicity of high concentrations of metal nanoparticles phagocytosed by 

macrophages in the periprosthetic tissue may be an important factor in the 

pathogenesis of pseudotumours (79). 

 

1.3.6. Infection  

Infection following MM THA is a devastating complication, occurring in 1.5-2.5% of 

primary THA, and associated with a significant increase in hospitilization-related 

morbidity and mortality (96, 117). Straphylococcus epidermis is the most common 

etiological agent recovered from infected THA (118). Neutrophils, the first line of 

defence against infection, are potentially exposed to cobalt ions in the peri-

prosthetic tissue by the wear of metal on metal THA. Neutrophils are most exposed 

to the potential effects of cobalt, as these innate immune cells are recruited during 

MM THA infections. While the toxicity of cobalt is still being debated, these ions 

potentially inhibit the Hv1 proton channel, which sustains superoxide production by 

neutrophils. This study shows how the antibacterial activity of human neutrophils 

can be altered by Co2+ in vitro by the inhibition of Hv1 proton channels; 

submillimolar concentrations of cobalt inhibit proton currents, impair cystolic acid 
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extrusion and decrease the production of superoxide. Thus, cobalt reduces the 

ability of human neutrophils to kill two strains of S. Epidermis by up to 7-fold at 

concentrations of 100 mM. By inhibiting proton channels, Co2+ released by metal 

prostheses may therefore promote bacterial infections in patients with MM THA 

(96). 

 

1.3.7. Systemic Effects 

The systemic effects of metal ions remain relatively unknown. Once generated in 

the periprosthetic space, cobalt ions bind to serum proteins (mainly albumin) and 

are transported systemically before being excreted by the renal and gastrointestinal 

systems (45, 55, 67, 78, 86). Elevated serum levels of cobalt have been 

demonstrated systemically, for which the clinical implications have not yet been 

elucidated (94, 97). High concentrations of cobalt chloride have been shown to be 

toxic to the heart and liver in mice (119). In the endocrine system, Co2+ can prevent 

the uptake of iodine into the hormone thyroxine by inhibiting the tyrosine iodinase 

enzyme, which can induce hypothyroidism (120). Cobalt ions can also influence 

oestrogen signalling, by binding to cellular oestrogen receptors (121). A 2007 review 

of toxic effects of orthopaedic metals listed chromium ions as having a greater 

effect systemically, than cobalt ions (122). Cr6+ can induce changes in haemoglobin 

and haematocrit values in blood (123); the ions can also cause hepatocellular 

necrosis with acute ingestion (124) and impair renal function when accumulated in 

epithelial kidney cells (125). Chronic Cr6+exposure can cause detrimental effects to 

male fertility, including decreased sperm count and sperm abnormalities (126). The 

effect of both chromium and cobalt ions on the respiratory system has been 

documented due to occupational exposure, and include an increased incidence of 

asthma and inflammation (127). Increased levels of cobalt and chromium ions have 

been seen in cord blood of women who became pregnant following MM prosthesis 

implantation, suggesting metallic ions may translocate into foetal circulation (128).  
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1.3.7.1. Canada Beer Drinkers Cardiomyopathy 

The story of Quebecs beer-drinkers cardiomyopathy began in August 1965, when 

the first patient was admitted to a Quebec hospital complaining of epigastric pain, 

localized to the upper abdomen. The patient was also short of breath, anxious, 

agitated and cyanotic, especially in the face, neck and abdomen. Cardiovascular 

examination revealed increased heartrate and low blood pressure. The patient 

admitted to regularly drinking ~25 pints of a certain beer a day, and was thus 

diagnosed with what doctors believed to be a rare form of alcoholic 

cardiomyopathy. He was given a large dose of thiamine, recovered slowly and went 

back to work (129). 

Between August 1965 and April 1966, a total of 48 similar cases were seen in 

Quebec; 46 men and 2 women, ranging in ages from 25 to 66 (130). All patients 

were unusually heavy beer drinkers, with an average daily been intake of 24 pints 

per day, and over time it became apparent that the link between patients in this 

series was a preference for Brand XXX beer. This locally-brewed beer is popular in 

Quebec, and at the time of the incident commanded 80% of its market. Cobalt 

sulphate had been added to this beer in order to stabilize foam since July 1965 

(129).   

Most patients were in good health up until shortly, between one and 90 days, 

before admission (130). Gastrointestinal symptoms were the first to appear; 

nausea, vomiting and inability to intake food. Signs of heart failure appeared 

progressively; thoracic pain, dyspnea, ankle oedema, cyanosis, and a regular but 

rapid heartrate. This contrasted with other cardiomyopathies, where arrhythmias 

are common. Arterial emboli were seen in five cases, being the cause of death in 

two of these (129). Patients were given various different treatments; digitalis, 

diuretics, thiamine, anticoagulants, and corticosteroids, for the treatment of shock. 

20 of the 48 patients died, mostly in shock, which was unresponsive to medication; 

14 within 24 hours of admission, one died between 24 and 48 hours, and five more 

after 48 hours (130). There were striking elevations in serum enzymes, which 

correlated with central hepatic necrosis found in the end stages of the disease. 
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Immunological and virological studies were negative, as was the search for toxic 

substances, such as lead and arsenic (129).  

Following discharge, all symptoms, cardiovascular or otherwise, had subsided, 

despite many patients failing to follow correct diet and medication regiments, and 

many returning to their previous drinking habits (129). The syndrome which 

appeared in Quebec between August 1965 and April 1966 was similar to one 

present in Omaha, Nebraska and Minneapolis, Minnesota (131). This study 

recommended experimental reproduction in animals, but believed the 

epidemiological, clinical and pathological evidence seen in Quebec was strong 

enough to establish cobalt as an essential causative factor in this syndrome, though 

as a similar syndrome had not been seen before 1965, despite cobalt previously 

being used in higher dosages than the dose present in Brand XXX beer, evidence 

indicates that other unknown factors may have been present which increased the 

susceptibility of the patients to the toxicity of cobalt (129). 

 

1.3.7.2. Case Studies of Systemic Toxicology 

Two case studies appear in an Australian journal regarding cobalt toxicity in patients 

who received ASR XL Acetabular Hip Systems by DePuy Orthopaedics (58). The first 

of which regards a 73 year old woman who, five years earlier, underwent a hip 

replacement due to osteoarthritis. She presented with neurological symptoms, 

including memory difficulties, depression and cognitive decline; a continuous metal 

taste in her mouth; severe headaches and weight loss. She also complained of mild 

groin pain, but no other hip-related symptoms. X-rays showed that the implant was 

well-fixed and correctly aligned, but displayed mild osteopaenia around the 

acetabular component. Her serum cobalt level was 410 nmol/L (reference range 0 – 

20 nmol/L) and serum chromium level was 240 nmol/L (reference range 0 - 100 

nmol/L). Four years post-implantation, the woman suffered a cerebrovascular 

episode, during which stroke-like symptoms occurred: headaches, disorientation 

and dizziness, nausea and vomiting, and a feeling of being off-balance. Difficulty in 
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remembering names and registering information (written and aural) were cited as 

particularly difficult. The original hip implant was performed in 2006, consisting of a 

large diameter CoCr metal cup and a large modular metal head on a titanium Corail 

stem. In March 2011, a revision total hip replacement was performed, due 

predominantly to the elevated metal concentration and the systemic symptoms, in 

which the metal cup was replaced with a polyethylene cemented cup, and the 

metal head was changed to a ceramic one. Cobalt concentrations of the turbid joint 

fluid were measured at 4218 nmol/L at the time of revision surgery, and 

cerebrospinal fluid showed a cobalt ion level of 9 nmol/L, confirming that the metal 

ions had crossed the blood brain barrier. At an eight week post-surgery follow up, 

the patient felt much improved. She reported greater energy and less fatigue, and 

the disappearance of the metallic taste in her mouth. She also had regained a 

normal appetite and had gained weight. The hip pain dissipated and her serum 

cobalt level dropped from 410 to 60 nmol/L. 

The second case study featured in Mao et al, 2011, discussed a 60 year old male 

who presented with systemic symptoms at a 4 year follow up for a right total hip 

replacement, performed to treat pain and stiffness caused by osteoarthritis, and 

before which he enjoyed general good health. No hip symptoms were reported but 

marked bone loss around the acetabular component was seen by x-ray. Three years 

post-surgery, symptoms began to develop which increased steadily in severity, 

including painful muscle fatigue in limbs and cramps in hands and feet, dyspnoea 

and feeling faint during simple tasks, and the inability to climb a flight of stairs 

without needing to rest. Problems with remembering names and poor 

concentration was also noted and hypertension, which had been previously stable, 

became uncontrolled and required further medication. At this time, the patients 

serum cobalt level measured at 185 nmol/L, and subsequently remained elevated at 

between 213 and 258 nmol/L. Chromium levels were never elevated. A revision THR 

was performed in February 2011 due to systemic symptoms, and the metal head 

and cup were replaced with ceramic and polyethylene versions. There was no 

apparent localised tissue reaction of metal debris. A serum cobalt level of 258 
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Table 1.2: elevated cobalt and chromium levels in various body fluids, references figures in brackets, in a 

patient following MM THA in Rizetti et al, 2009. 

nmol/L at time of revision surgery fell to 42 nmol/L in the eight weeks post surgery. 

At this follow up, the patient reported significant decrease in muscle pains, 

improved energy levels and exercise tolerance. 

 

1.3.8. Neurological Effects 

Rizetti et al, 2009, reports a case study in which a 58 year old patient suffered 

progressive visual and hearing loss, after a left hip arthroplasty, which was revised 

five years later due to rupture of the ceramic head (57). On admission, neurological 

examination showed impairment of cranial nerves II and VIII bilaterally and mild 

distal sensory-motor disturbances. Haematological, infectious, neoplastic, metabolic 

and immunological diseases were subsequently ruled out and the patient 

underwent  various investigative procedures, and within 2 months, the patient was 

completely blind, severely deaf, wheelchair-bound (due to lower limb hyposthenia). 

As tests for immune-mediated processes remained negative, the case was referred 

to toxicology, where raised concentrations of cobalt and chromium were 

unexpectedly found in different biological samples: 

 

 Total Cobalt Ions (µg/L) Total Chromium Ions (µg/L) 

24 hour urine collection 1187 (0.1 – 1.5) 510 (0.05 – 2.2)  

Blood 549 (0.05 – 2.7) 54 (0.1 – 0.5) 

Plasma 90 (0.1 – 0.6) 210 (0.1 – 0.5) 

Cerebrospinal Fluid (CSF) 11.4 (0.05 – 0.15) 4.4 (0.01 – 0.2) 

 

 

Chromium levels were much lower than cobalt levels in all cases except plasma. 

Cobalt-chromium poisoning due to metal wear debris was proposed, although 
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radiology (including CT) showed no sign of prosthetic loosening.  Metal ion chelating 

treatments were administered, which decreased metal ion concentrations, but 

caused only negligible neurological improvement. Resection arthroplasty was then 

carried out, during which infiltration of peri-prosthetic tissue by metallic debris was 

evident, and analysis of peri-prosthetic fluid showed high cobalt and chromium 

concentrations. Evident wear of the head and neck of the removed prosthesis 

supported the endogenous CoCr poisoning hypothesis. In the eight months 

following revision the patient showed progressive improvement, though vision was 

only partially improved. Metal ion concentrations improved, but remained higher 

than reference (57). This study recommends longer term follow up to evaluate 

adverse chronic systemic effects due to prolonged exposure to high serum cobalt 

concentrations (132), including neurological and toxicological examinations 

whenever a patient with a metallic prosthesis complains of visual loss and hearing 

disturbances, limb weakness, numbness or paraesthesia, even in the absence of 

osteoarticular symptoms. 

 

1.4. Osteoblasts 

Wear particles from artificial hip prostheses can induce many adverse cellular 

responses in the periprosthetic area, resulting in an inflammatory reaction and 

subsequent bone loss (50). Multiple cell types (macrophages, osteoclasts, 

osteoblasts, fibroblasts) are activated locally and secrete a range of pro-

inflammatory cytokines and matrix metalloproteins (MMPs) (34-36, 133), e.g. IL-6 

(134), IL-8 (81, 82),  TNF-α (135), PGE2 (80). These mediators contribute to an 

osteolytic cascade, resulting in the direct bone resorption by MMPs, or indirectly via 

osteoclast activation. Bone loss is a very serious risk with hip replacement, as it can 

lead to loosening, infection and reduce the overall lifespan of the device.  

Bone is composed of different cell types and extracellular matrix (ECM), which 

becomes mineralized by calcium hydroxyapatite, which gives bone rigidity and 
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strength (136). Three distinct bone cells exist, two of which have interlinked 

functions; bone-forming osteoblasts and bone-resorbing osteoclasts (137). The 

balance between bone formation and resorption, known as bone remodelling, is 

paramount to healthy bone, and is carried out by factors secreted by osteoblasts, 

which regulate osteoclast differentiation, and factors secreted by osteocytes, the 

third distinct cell, which regulate the activity of both osteoblasts and osteoclasts 

(138). Therefore, the role of the osteoblast is very important in creation and 

maintenance of the skeletal architecture; as well as being responsible for bone 

formation, osteoblasts have the ability to regulate bone-resorption through the 

expression of these ligands, which link to pre-osteoclast receptors, inducing 

differentiation and causing bone resorption. Osteoblasts can also produce 

osteoprotegerin (OPG), which blocks this ligand action, preventing differention and 

resorption (139). Further coordination between osteoblasts and osteoclasts is 

mediated by the release of growth factors from bone during resorption (140).  

The word osteoblast comes from the Greek words for ‘bone’ and ‘germ’. They are 

cells of mesenchymal origin, and when terminally differentiated, they produce most 

of the ECM proteins, e.g. sialoprotein and osteocalcin, and control the 

mineralization of this matrix to form bone (137). Osteoblasts arise from 

osteoprogenitor cells located in deep periosteum layers and bone marrow, and are 

mono-nuclear, specialized cells, with a large golgi apparatus and an abundant rough 

endoplasmic reticulum when active. Osteoblasts form tight junctions with adjacent 

osteoblasts, and have regions of plasma membrane specialized in vesicular 

trafficking and secretion (141). The ability to secrete bone matrix arises as the 

osteoblasts differentiate (139).  

 

1.4.1. Cobalt and Osteoblasts 

Previous studies have shown that short-term exposure to metal species may affect 

human osteoclast and osteoblast function and survival (21); high concentrations of 

Co2+ (above 10 µg/mL) have been cytotoxic to osteoblasts and can reduce their cell 
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activity in vitro (142), including osteoblast proliferation (56, 142, 143), viability (56, 

143) and function (142-144). Co2+ has proved more toxic than Cr3+ (50, 56). In the 

periprosthetic tissue, cobalt ions have induced local effects, such as apoptosis, 

necrosis, chemokine secretion (IL-8 and MCP-1) and TNF-α secretion in both 

macrophages and osteoblasts (50, 55, 56, 70, 84, 94, 95, 97, 98, 122). Cobalt and 

chromium have both inhibited the release of osteocalcin and the synthesis of Type I 

collagen from human osteogenic sarcoma cells (at concentrations of 10-100 ng/ml) 

(145). It has also been shown that short term exposure to cobalt ions at sub-lethal 

doses can decrease resorptive activity in rat osteoclasts (146). However, the longer-

term effect of chronic exposure of human osteoblasts to clinically relevant cobalt 

ion concentrations is unknown. Queally et al, 2009, showed cobalt ions significantly 

reduce alkaline phosphatase activity and calcium deposition in human osteoblasts 

(50). This study was the first to demonstrate that cobalt ions stimulated the 

expression and secretion of chemokines from primary human osteoblasts, which 

contributes to osteolysis by the recruitment of inflammatory leukocytes and 

osteoclastic cells to the peri-prosthetic area and may interfere with bone ingrowth 

onto the implant (50). This study also showed that cobalt ions directly inhibited 

osteoblastic function, thereby possibly contributing to osteolysis by suppressing 

bone formation at the bone implant interface. The reduction in osteoblastic 

function has been directly correlated to the degree of toxicity, supporting the 

hypothesis that adverse local cellular responses (particularly necrotic responses) 

associated with metal debris from implanted metallic devices may be due in part to 

metal ions released from implants or from particulate debris (143). The importance 

of osteoblasts in overall bone regulation and function, and how this may be 

impeded by interaction with cobalt ions combined with the severity of osteolysis 

caused by MM hip prostheses forms the basis of why an osteoblast cell line was 

selected for cobalt toxicity testing in this project. 
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1.5. Calcium Channels 

It is important to elucidate the mechanism by which cobalt ions enter cells and 

exert their effects, both locally and systemically, in order to gain a proper 

understanding of this toxicity and how it may be prevented in MM THA and HR 

patients. Cobalt is commonly regarded as a calcium channel blocker, with the ability 

to penetrate cells via calcium channels and reduce calcium influx (147-150). This 

gives rise to the hypothesis that cobalt may elicit its toxic effects via these channels. 

Also, previous literature has found that L-type calcium channels are present in 

osteoblasts (151), and the entry of cobalt through these channels may be the 

pathway by which cobalt wear particles induce osteolysis in patients with MM hip 

devices.  

Calcium channels are ion channels in the plasma membrane permeable selectively 

to calcium ions and they can be ligand-gated or voltage-dependent (VDCC). VDCCs 

are found in all excitable cells (152, 153), including muscle, neurons, glial cells and, 

at lower levels in most non-excitable cells, such as osteoblasts (154). The 

development of Ca2+ signals is a tightly regulated cellular process involving 

concerted actions of plasma membrane and intracellular Ca2+ channels (154). VDCCs 

are closed at resting membrane potential and are activated (opened) in response to 

membrane depolarization, which allows Ca2+ enter the cell from extracellular space. 

The transient increase in intracellular calcium levels characterizes calcium signals 

and triggers a variety of physiological effects, depending on the cells involved, e.g. 

muscular contraction. Ca+ channels, along with Na+ and K+ channels, form the 

superfamily of voltage-gated ion channels.  

L-type calcium channels are a subset of VDCCs, and referring to the length of 

activation, the “L” stands for long-lasting. L-type calcium channels are widely 

expressed in skeletal muscle, smooth muscle and cardiac nodal tissue, where they 

are believed to play an important role in pacemaker currents and action potentials. 

However, the importance of L-type calcium channels in human physiology is not 

restricted to cardiovascular indications; they have been found in neurons, and bone, 
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endocrine and sensory cells, and play roles in neuronal plasticity (155), modulation 

of neuronal firing (156) and gene-expression (157), memory (158), controlling mood 

and drug-related behaviours (159, 160), vision and hearing (161), the release of a 

variety of hormones and neurotransmitter, and skeletal muscle contraction (162).  

 

1.5.1. Calcium Channels and Osteoblasts 

Duncan et al, 1998, reported that calcium channels play fundamental roles in 

cellular responses to external stimuli, including mechanical forces and hormonal 

signals in osteoblasts and bone cells of osteoblast lineage (154). Previous literature 

(163, 164) reports L-type VDCCs playing an important role in the influx of Ca2+ into 

osteoblasts after a mechanical stimulus.  Calcium channel blocker nifedipine has 

shown the ability to reverse a mechanically-induced increase in extracellular matrix 

proteins, osteopontin and osteocalcin (163), and another previous study has shown 

that in vivo blockage of L-type VDCCs by both nifedipine and verapamil, another 

calcium channel blocker, substantially suppressed a mechanically-induced bone 

formation increase (165). Inhibition of L-type VDCCs, removal of extracellular Ca2+ 

and plasma membrane depolarization could inhibit gap junction-mediated 

intracellular calcium signalling in osteoblast cells (166). 

Another study found that parathyroid hormone (PTH) and mechanical loading might 

act synergistically on bone formation in vivo (167). Mechanical loading and PTH 

together enhanced bone formation significantly, and this enhancement was found 

to be suppressed by verapamil, indicating that L-type VDCCs mediate load-induced 

bone formation and enhancement of bone adaptation by PTH in vivo. Previous 

literature also describes how verapamil and nifedipine interact with osteoblasts via 

L-type VDCCs, promoting their differentiation by stimulating alkaline phosphatase 

activity (168). Regulation of bone turnover is complex and regulated by many 

factors, including hormones, growth factors, cytokines, etc. (169), but little is known 

about the signals coupling bone formation to bone resorption. L-type calcium 

channels are also proposed to modulate paracrine signals between bone-forming 
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osteoblasts and bone-resorbing osteoclasts at local sites of bone remodelling (154, 

170), and signalling between these bone cells is important in bone homeostasis and 

regulating bone remodelling (169, 171, 172). 

 

1.5.2. Calcium Channel Blockers 

A calcium channel blocker (CCB) is a chemical that disrupts the movement of 

calcium (Ca2+) through calcium channels and they have widespread clinical uses as 

anti-arrhythmics and anti-hypertensives. Currently approved CCBs bind to L-type 

calcium channels and by blocking calcium entry into vascular and cardiac cells, they 

exert vasodilative and cardiodepressive properties, e.g. decreased contractility, 

heart rate and conduction velocity. Vasodilation causes a reduction in total 

peripheral resistance, while decreased contractility reduces cardiac output, and the 

end result is a drop in blood pressure. CCBs are also used in the treatment of angina 

pectoris pain, which is caused by a deficient oxygen supply to the heart – 

vasodilation increases cardiac blood and oxygen supply. 

There are three classes of CCBs that bind specifically to L-type VDCCs (165), which 

differ in chemical structure as well as their selectivity for cardiac or vascular L-type 

VDCCs. Dihydropyridines, e.g. nifedipine, have high vascular selectivity; 

phenylalkamines, e.g. verapamil, are relatively selective for the myocardium and 

less effective as vasodilators; and benzothiazepines, e.g. diltiazem, have both 

cardiodepressive and vasodilative actions.  

 

 1.5.2.1. Verapamil and Nifedipine 

90-100% of verapamil is absorbed when administered orally, but due to a high first-

pass metabolism, bioavailability is in the much lower 20-35% range. It is 90% bound 

to plasma proteins and has a volume of distribution of 3-5 L/kg. It is metabolised in 

the liver to ~12 inactive metabolites, 70% of which are excreted as metabolites by 

the kidneys. Onset of action is 1-2 hours after oral dosage and the half-life with 
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chronic doses is 4.5-12 hours (173). Verapamil is used in the treatment of angina, 

arrhythmias and hypertension.  

Nifedipine has a bioavailability of 84-89%, when administered in extended release 

form, with 92-98% binding to protein. It has a half life of ~2 hours; 7 hours for 

extended release nifedipine. It is metabolised by gastrointestinal and hepatic means 

and 60-80% is excreted renally as metabolites. Patients are warned against 

consuming grapefruit or grapefruit juice while taking nifedipine, as the drug 

interaction raises the blood level of nifedipine, possibly by lowering CYP3A4 activity 

(174). NIfedipine is used in the treatment of hypertension. 

 

1.6. Aim of Project 

Previous studies on primary human osteoblasts showed effects at nifedipine 

concentrations of 10 µM, where it significantly altered TGF-β1 calcium signalling 

increases in α5 integrin expression (172). Similarly, human osteoblast-like cells, 

SaSO-2, treated with 10 µM verapamil for 30 minutes significantly inhibited a shear-

stress induced increase in TGF-β1 mRNA levels, with which L-type voltage-gated 

calcium channels are believed to be involved (175). Verapamil was seen to elicit 

therapeutic effects at lower doses also; one experiment utilising an osteoblast-like 

clonal osteosarcoma cell line found that treating cells for 90 days with 1.5 µM 

verapamil was sufficient to inhibit a PTH-induced increase in free cytosolic calcium 

by 50% (176), by blockade of phase I calcium channels. Based on these 

observations, a range of 0.1 – 100 µM was used, with the belief that the therapeutic 

concentration desired would fall between these two concentrations.  

Cobalt was used in the concentration range 0.1 – 200 µM in accordance with 

previous literature; Using SaOS-2 cells, Zijlstra et al, 2012, carried out their 

experiment with concentrations of 1, 10 and 100 µM, reporting significant 

reductions in the number of osteoblast like cells, compared to control groups, at 10 

and 100 µM, after 24, 48, 72 and 96 hours (177). This range of cobalt concentrations 
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correlates with elevated circulating cobalt levels recorded in previous literature in 

whole blood, up to 4.6 µM (65), and local hip synovial fluid, up to 30 µM (66) 

following MM THA. Also, in vivo cobalt levels in Australian journal Mao et al, 2011, 

were recorded in serum at 185 – 410 nmol/L (0.185 – 0.410 µM) and joint fluid at 

4218 nmol/L (4.218 µM), and these also fell within the concentration parameters of 

this project (58). 

Although L-type VDCC blockers have previously been claimed to elicit inhibitory 

effects on osteoblastic function, and their long-term use can produce adverse 

effects on normal bone metabolism, the aim of this experiment is to find the 

maximum dose of verapamil and nifedipine tolerated by the OST 5 cells in vitro, in a 

bid to elicit therapeutic effects without causing toxicity. Investigation will then be 

carried out into whether, at this therapeutic dose, the CCBs will prevent the cobalt-

induced toxicity in the OST 5 cells. If it were possible to elucidate beyond doubt that 

cobalt elicits its toxicity via L-type voltage-gated calcium channels, and if it were 

possible to control these effects by blockade of these channels, it could help 

eradicate metal toxicity in MMTHA patients, reducing pain, distress and other 

symptoms, and ultimately the need for revision. 

To summarize, the aim of this project is: 

 Measure the acute effects of exposure to increasing concentrations of cobalt 

ions on OST 5 cell in vitro to discover the concentrations at which toxicity 

occurs 

 Measure the acute effects of exposure to increasing concentrations of 

calcium channel blockers, nifedipine and verapamil, on OST 5 cells to 

discover the highest concentrations at which toxicity does not occur 

 Elucidate whether cobalt ions act via calcium channels by investigating 

whether cells pre-treated with a toxic concentration of cobalt would show 

reduced toxicity when a non-toxic concentration of calcium channel blocker 

is also administered; i.e. discover whether calcium channel blockers can 

prevent cobalt-induced toxicity in OST 5 cells in vitro. 
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2. Materials and Methods 

 

 

Material Laboratory 

Sabouraud Dextrose Liquid Medium Oxoid, UK 

Brain Heart Infusion Broth Oxoid, UK 

Versene Sigma Aldrich, UK 

Trypsin Sigma Aldrich, UK 

Dulbecco’s Modified Eagle Medium 

(DMEM) 

Lonza, UK 

Penicillin/Streptomycin Sigma Aldrich, UK 

Non-Essential Amino Acids (NEAA) Lonza, UK 

Foetal Bovine Serum (FBS) Biosera, UK 

Cobalt Chloride  Alfa Aesar, UK 

Nifedipine Sigma Aldrich, UK 

Verapamil Sigma Aldrich, UK 

DMSO  Sigma Aldrich, UK 

PBS Sigma Aldrich, UK 

NR Sigma Aldrich, UK 

MTT Sigma Aldrich, UK 

Ethanol Sigma Aldrich, UK 

Glacial Acetic Acid BDH, UK 

Phalloidin-FITC Sigma Aldrich, UK 

Methanol Fisher, UK 

Bovine Serum Albumin (BSA) Sigma Aldrich, UK 

Formalin Sigma Aldrich, UK 

Table 2.1: A List of all chemicals used throughout the course of the experiment, and the laboratory 

from which they originated. Chemicals were Analar grade where appropriate. 
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Immunomount Mounting Fluid Thermo Electron, USA 

Propidium Iodide Invitrogen, UK 

CFDA Invitrogen, UK 

 

2.1. OST 5 Cells 

Ost 5 cells are a rat osteoblast cell line cultured in vitro with a ~10% foetal bovine 

serum medium, non-essential amino acids and penicillin/streptomycin in an 

incubator at 37°C. Prior to beginning experimentation, it was ensured that the OST 

5 cells tested negative for bacteria and fungi by incubation with microorganism 

culture media, Sabouraud Dextrose Liquid Medium and Brain Heart Infusion Broth, 

and were therefore considered sterile. All work on OST 5 cells, up to the point of 

preparation for cell viability assays, was carried out in a class II Laminar flow hood, 

which provided the aseptic environment necessary for cell culture experiments.  

 

 2.1.1. Medium Preparation 

Dulbecco’s Modified Eagle Medium (DMEM) was used, which is a cell culture 

medium containing a higher concentration of amino acids, vitamins and glucose 

than many other media types. To 500 mL DMEM, 50 mL Bovine Foetal Serum (BFS) 

was added to supply the cells with growth factors. 5 mL each of 

streptomycin/penicillin and non-essential amino acids were also added as an 

antibiotic to prevent bacterial infection occurring in the cell culture and to reduce 

the metabolic burden on the cells and allow cell proliferation, respectively. Medium 

is kept at 4 °C and must be pre-warmed to 37 °C before using.  

 

2.1.2. Passaging Cells 

Cells were passaged twice a week, to prevent the cultures becoming over confluent. 

On Thursdays, a small (5 mL) culture flask was passaged, in a split ratio of 1:10 to 
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reduce cell numbers, into a large (75 cm2) and a fresh small (25 cm2) flask. On 

Mondays, the small flask was passaged as before into another small flask, and the 

contents of the large flask were used experimentally. All surplus material was 

discarded. The flask was emptied of medium and washed out twice with versene 

(large flask – 10 mL; small flask – 5 mL), before 1-2 mL trypsin-versene was added 

and the flask was allowed to stand for ~5 minutes. Versene/EDTA 

(ethylenediaminetetraacetic acid) is a chelating agent which lifts certain cells into 

suspension by binding to metal cations. Combined trypsin-versene removes cells 

from the bottom of the flask into suspension, by cleaving proteins which bond the 

cells to the flask. Versene was added to trypsin to enhance its activity, by removing 

extracellular matrix calcium and magnesium, exposing the peptide bonds of the cell 

surfaces to hydrolysis by trypsin. Versene was stored at room temperature, and 

trypsin-versene was stored frozen at 0 °C, and was placed in a 37 °C incubator to 

thaw before using. After passaging, culture solutions were made up to 10 mL and 30 

mL in small and large flasks respectively with medium.  

 

 2.1.3. Counting Cells 

On Monday (day 1) of experimental 

weeks, medium was emptied from the 

large flask and the cell culture was 

washed twice with versene and 2 mL of 

trypsin-versene is added to lift cells into 

suspension. The flask often needed to be 

tapped to ensure all cells became 

detached. The content of the flask was 

made up to 10 mL with medium, and when homogenous, a pipette was used to 

apply 0.1 mL of cell solution to a haemocytometer slide, covered with a cover slip, 

for cell counting. The OST 5 cells were then viewed on the 3x3 haemocytometer 

grid under a microscope, and were counted in the top left and bottom right box 
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using a cell counter (including cells resting on the top and left lines of each box) and 

the average (A) of these two figures was obtained – A x104 = the number of cells/mL 

of solution.  

96 well plates were used, and approximately 5x103 cells were placed in each well, a 

number that was subsequently reduced to 2.5x103 cells after cells were visibly over-

confluent in week 1. Depending on how many plates were needed per week, the 

desired cell number was multiplied by the number of wells to be used. The total cell 

number needed was then divided by the cells/mL reading calculated by the 

haemocytometer cell counting to give the volume of cell solution needed.  

 

                                          

                   
                                     

 

The total medium volume to fill each well with 200 µL of media, whilst ensuring that 

approximately the correct cell number was placed in each well, was calculated by 

the following equation: 

 

                                                                          

 

The total medium volume consisted of the calculated volume of cell solution 

needed from the above equation, made up to the correct volume with medium. 

When the solution had been correctly prepared, a multiple-tipped pipette and 

troughs were used to place 200 µL of the solution into all wells of each plate being 

used, with the exception of outer wells, which are prone to more evaporation in the 

incubator, and therefore cells were not placed here. Pipette tips and troughs were 

sterilised by microwaving for 5 minutes before use. Well plates were then incubated 

for 24 hours to ensure the cells were firmly attached to the bottom of wells before 
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medium was removed and concentrations of cobalt or calcium channel blockers 

were applied to the cells.  

 

2.2. Cobalt Concentrations 

Solid cobalt chloride (CoCl2.6H2O) (MW = 237.93) was diluted in distilled H2O to 

make a 10 mM stock solution (0.0594825 g/25 mL), which was passed through a 0.2 

µM filter to remove any contaminates and stored at 4°C. The stock solution was 

then diluted with medium to obtain various concentrations in the range of 1 – 200 

µM over the course of the 6 week experimentation period.  

 

2.3. Nifedipine Concentrations 

Solid nifedipine (MW = 346.3) is insoluble in H2O, and was therefore diluted in 

DMSO to make a 100 mM stock solution (0.3463 g/10 mL). The stock solution must 

be 100 mM, as opposed to 10 mM, as the vehicle DMSO is toxic to cells in high 

concentrations and must be diluted 1000-fold (i.e. 0.1% DMSO). This stock solution 

need not be filtered as DMSO will not support any bacterial growth, and can be 

stored at 4 °C. The nifedipine stock solution was then diluted serially using medium 

to make concentrations in the range of 0.1 – 100 µM and was used as a calcium 

channel blocker in week 3.  

 

2.4. Verapamil Concentrations 

Solid verapamil (MW = 491.9) was diluted in distilled H2O to make a 10 mM stock 

solution (0.123 g/25 mL) and passed through a 0.2 µm filter to remove impurities. 

Again, this solution was stored at 4 °C. Dilutions were carried out on the stock 

solution with medium to make concentrations in the same concentration range as 
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with nifedipine (0.1 – 100 µM) and was used as a calcium channel blocker in weeks 

4 through to 6.  

 

2.5. Administration of Cobalt, Nifedipine and Verapamil 

to OST 5 Cells  

Weeks 1 and 2 

Varying concentrations of cobalt were added to the OST 5 cells 24 hours after 

seeding the cells in well plates, with the aim of assessing the effect of the metal on 

cell viability and growth. In week 1, concentrations of 1 – 100 µM of cobalt were 

used and viability was quantified by NR and MTT assays at 24 and 48 hours. In week 

2, concentrations of 10 – 200 µM were used, and viability was quantified at 72 

hours, in addition to at 24 and 48 hours, post cobalt treatment. The control in these 

weeks was medium. 

 

 

Concentration Volume of 

Cobalt Stock 

(10 mM) 

Volume of 

Medium 

Rows of 

Wellplate 

Final 

Volume 

Dilution Factor 

(from stock) 

100 µM (A) 200 µL 19.8 mL 10, 11 20 mL 1:100 

50 µM (B) 100 µL 19.9 mL 8, 9 20 mL 1:200 

10 µM (C)  20 µL 19.98 mL 6, 7 20 mL 1:1000 

1 µM (D) 2 mL (Sol. C) 18 mL 4, 5 20 mL 1:10 (from 10 

µM) 

Control  - 20 mL 2, 3 20 mL - 

 

 

Table 2.1: Dilution procedure for final cobalt concentrations in week 1 
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Table 2.2: Dilution procedure for final nifedipine concentrations in week 3 

 

Weeks 3 and 4 

Nifedipine and verapamil were added in increasing concentrations to the OST 5 cells 

24 hours after cell seeding in weeks 3 and 4, respectively, to assess the LD50 of these 

calcium channel blockers, in a bid to identify the drug which causes the least toxic 

effects to the OST 5 cells. The less toxic of these drugs would then be used as a 

calcium channel blocker in an attempt to block cobalt entry into cells and 

counteract the cobalt-induced toxicity. NR and MTT assays were again used to 

assess toxicity of both drugs. The control in these assays was medium, but in the 

case of nifedipine, 0.1% DMSO was necessary in the control medium, as a vehicle 

control, to avoid inaccuracies in assessing toxicity. 

 

 

Concentration Volume of 

Nifedipine  

(100 mM) 

Volume of 

Medium 

Rows of 

Wellplate 

Final 

Volume 

Dilution 

Factor 

100 µM (A) 25 µL 24.975 mL 10, 11 25 mL 1:1000 

10 µM (B) 2.5 mL (Sol 

A) 

22.5 mL 8, 9 25 mL 1:10 (from Sol 

A) 

1 µM (C) 2.5 mL (Sol 

B) 

22.5 mL 6, 7 25 mL 1:10 (from Sol 

B) 

0.1 µM (D) 2.5 mL (Sol 

D) 

22.5 mL 4, 5 25 mL 1:10 (from Sol 

C) 

Control - 24.975 mL  

(25 µL DMSO 

– 0.1%) 

2, 3 25 mL - 
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Table 2.3: Dilution procedure for final verapamil concentrations in week 4 

 

Concentration Volume of 

Verapamil  

(10 mM) 

Volume of 

Medium 

Rows of 

Wellplate 

Final 

Volume 

Dilution 

Factor 

100 µM (A) 250 µL 24.75 mL 10, 11 25 mL 1:100  

10 µM (B) 2.5 mL (Sol 

A) 

22.5 mL 8, 9 25 mL 1:10 (from Sol 

A) 

1 µM (C) 2.5 mL (Sol 

B) 

22.5 mL 6, 7 25 mL 1:10 (from Sol 

B) 

0.1 µM (D) 2.5 mL (Sol 

C) 

22.5 mL 4, 5 25 mL 1:10 (from Sol 

C) 

Control - 25 mL 2, 3 25 mL - 

 

 

Also in weeks 3 and 4, the respective drug was added to separate plates of OST 5 

cells at 24 hours after cell seeding for 2 hours in a bid to block calcium channels 

before any administration of cobalt, after which the drug was removed and a 

combination of calcium channel blocker (increasing concentrations) and cobalt 

(fixed concentration) was added to the wells. 100 µM was the cobalt concentration 

chosen, as this had shown to be toxic in weeks 1 and 2. The control in these assays 

was 100 µM cobalt, and this served to assess if the addition of calcium channel 

blocker will result in toxicity being lower in these wells, than in cobalt-only wells.  

All plates at weeks 3 and 4 underwent MTT and NR assays at 24 and 48 hours. 
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Table 2.4: Dilution procedure for combined cobalt and nifedipine concentrations in week 3 

Table 2.5: Dilution procedure for combined cobalt and verapamil concentrations in week 4 

 

Nifedipine 

Concentration 

Cobalt 

Concentration 

Volume of 

Nifedipine  

(100 mM) 

Volume of 

Cobalt  

(10 mM) 

Volume of 

Medium 

Final 

Volume 

100 µM 100 µM 10 µL 100 µL 9.89 mL 10 mL 

10 µM 100 µM 1 mL Sol A  

(Table 2.2) 

100 µL 8.9 mL 10 mL 

1 µM 100 µM 1 mL Sol B 

(Table 2.2) 

100 µL 8.9 mL 10 mL 

0.1 µM 100 µM 1 mL Sol C 

(Table 2.2) 

100 µL 8.9 mL 10 mL 

Control 100 µM - 100 µL 9.9 mL 10 mL 

 

 

 

Verapamil 

Concentration 

Cobalt 

Concentration 

Volume of 

Verapamil  

(10 mM) 

Volume 

of Cobalt  

(10 mM) 

Volume of 

Medium 

Final 

Volume 

100 µM 100 µM 100 µL 100 µL 9.80 mL 10 mL 

10 µM 100 µM 1 mL Sol A 

(Table 2.3) 

100 µL 8.9 mL 10 mL 

1 µM 100 µM 1 mL Sol B 

(Table 2.3) 

100 µL 8.9 mL 10 mL 

0.1 µM 100 µM 1 mL Sol C 

(Table 2.3) 

100 µL 8.9 mL 10 mL 

Control 100 µM - 100 µL 9.9 mL 10 mL 
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Table 2.6: Dilution procedure for combined cobalt (alternations) and verapamil (fixed) 

concentrations in weeks 5 and 6 

 

Weeks 5 and 6 

In weeks 5 and 6, four 24 hour cell-seeded plates were treated with increasing 

concentrations of cobalt (MTT and NR at 24 and 48 hours), for which the control 

was medium. 

A further 4 plates were treated with 10 µM verapamil for 2 hours, which was then 

removed and a combination of cobalt (increasing concentrations) and verapamil 

(fixed concentration) was added. Verapamil was chosen as the calcium channel 

blocker in the final weeks of experimentation, as it exhibited a much lower LD50 

than nifedipine, and a 10 µM concentration was chosen as no toxic effects were 

apparent at this level in week 3. The aim in weeks 3 and 4 was to compare the 

viability of cobalt treated cells with cobalt and verapamil treated cells, to attempt to 

quantify the ability of verapamil to reduce the toxic effects of cobalt on OST 5 cells, 

and thus help to elucidate whether cobalt-induced toxicity takes place via calcium 

channels.  

 

Verapamil 

Concentration 

Cobalt 

Concentration 

Volume of 

Verapamil  

(10 mM) 

Volume 

of Cobalt  

(10 mM) 

Volume of 

Medium 

Final 

Volume 

10 µM 200 µM 15 µL 300 µL 14.685 mL 15 mL 

10 µM 100 µM 15 µL 150 µL 14.835 mL 15 mL 

10 µM 50 µM 15 µL 75 µL 14.910 mL 15 mL 

10 µM 10 µM 15 µL 15 µL 14.970 mL 15 mL 

10 µM Control 15 µL - 14.985 mL 15 mL 
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2.6. Viability Assays 

The spectrophotometer used for all cell viability assays was a Shimadzu UV-Vis UV-

2401PC, and the plate reader used was a Labsystems Multiskan Ascent.  

 

 2.6.1. PBS 

Two phosphate buffer solutions (PBS) were made up by dissolving PBS tablets in 

500 ml distilled water. Naturally assuming a pH of 7.4, one PBS solution was left at 

this pH, while HCL was added dropwise to the other solution to get a pH of 6.75. 

 

 2.6.2. Neutral Red 

Neutral red (NR) is used as a vital stain. It readily penetrates the cell membranes of 

viable cells and, being slightly cationic, binds to anionic sites on the lysosomal 

matrix. As neutral red accumulates in the lysosomes, the colour intensity increases 

(178). 

5 mg neutral red is dissolved in 100 ml neutral pH PBS, incubated overnight at 37 °C 

and passed through a 0.2 µm filter, to remove any undissolved crystals remaining. 

This can be stored at 4 °C for several weeks.  

 

Method 

When cells are ready for NR staining, all surrounding medium was removed, 100 µL 

NR solution was added to each well and the plate was incubated at 37 °C for 3 

hours. NR was then removed, and each well washed with 200 µL neutral PBS. 100 

µL destain was then added to each well, and the plate was shaken for ~30 minutes, 

or until a homogenous colour was seen in all wells, allowing a better determination 

of viability, expressed as colour intensity. Destain was created by adding 1 mL 

glacial acetic acid to 50 mL ethanol and 49 mL distilled H2O in a fume hood. 
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Absorbance was measured at 540 nm, after the plate reader has been allowed 

warm up for ~30 minutes.  

 

 2.6.3. MTT  

MTT assays are colorimetric viability assays which measure enzyme activity in living 

cells, by the ability of the enzymes to reduce MTT to formazan, which gives a purple 

colour. Dimethyl sulfoxide (DMSO) is used to dissolve the purple formazan 

produced into a soluble, coloured solution, the absorbance of which can be 

quantified by a spectrometer. 

A 10 mM MTT solution was made up by dissolving 0.4143 g MTT in 100 ml PBS pH 

6.75, and filtering the resulting solution through a 0.2 µm filter to remove 

undissolved crystals. At 4 °C, the MTT solution can be stored for 2 weeks.  

 

Method 

Once cells are ready, the surrounding medium was removed from all wells, before 

the addition of 50 µL of MTT solution to each well and the plate was incubated for 4 

hours at 37 °C. The MTT solution was then removed by pipette, removing as much 

as possible so as not to affect the final colour, whilst taking care not to remove the 

formazan product created. Plates were centrifuged (5 minutes at ~3500 rpm) to 

ensure cells remain at the bottom of the wells. 200 µL DMSO was added to dissolve 

formazan, and was mixed to an even colour by pipetting up and down twice in each 

well before the absorbance is read at 540 nm. 

 

2.7. Confocal Microscopy and Photography 

In week 7, OST 5 cells were set up and stained with a number of chemicals to be 

viewed under a confocal microscope and photographed. Cells were seeded in either 
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24 well plates, 1.56 x 104 cells per 2 cm2 well, or 9.6 cm2 petri dishes, 7.5 x 104 cells 

per dish. After 24 hours, seeded cells were divided into four groups, with 2 

dishes/wells per group: medium only control; cobalt only sample (100 µM); 

verapamil only sample (10 µM); combined cobalt and verapamil sample (100 and 10 

µM respectively). Staining, viewing and photography all took place at 48 hours post 

treatment, where, based on assay results, effects were more likely to be seen than 

at 24 hours. The confocal microscope used for the following was a Carl Zeiss Axio 

Imager Microscope and the software used alongside the microscope was Axiovision 

4.6. 

 2.7.1. Staining for Actin using Phalloidin-FITC 

Phalloidin binds in a highly-selective manner to actin, a protein found in all 

eukaryotic cells, which forms microfilaments, and is a cytoskeletal subclass. The 

main function of actin is to mechanically support cells and provide routes for 

cytoplasmic trafficking and signal transduction (179). Phalloidin can be labelled with 

fluorescent analogues to investigate in high-contrast the distribution of the protein 

using light microscopy, in this case, the fluorescent green dye fluorescein (FITC). In 

this experiment, phalloidin-FITC was used to determine the structure of the 

cytoskeleton in each case, and observe the effects that verapamil and cobalt had on 

OST 5 cells in comparison with the control sample, and the combined cobalt and 

verapamil treated sample. 

Phalloidin is an extremely toxic substance, a peptide isolated from the Amanita 

phalloides ‘death cap’ mushroom. It must be handled with care and all waste must 

be disposed of through correct chemical means; collected in appropriate, labelled 

containers taking care to ensure no phalloidin or washings enter drains, and 

disposal is entrusted to an Industrial Waste Disposal Company. 

0.1 mg Phalloidin-FITC was dissolved in 1 mL methanol, injected directly into the vial 

through the rubber seal without opening it. This is carried out in a fume hood for 

safety. 4 mL 1% w/v BSA (bovine serum albumin) in PBS was added, giving a dilution 
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of 1/50. The solution was aliquoted into Eppendorff tubes and stored at -20 °C in 

the dark.  

Method 

OST 5 cells are seeded in 24 well plates on 13 mm diameter glass coverslips. After 

the designated time, medium is removed and the wells are washed with warm PBS 

(37 °C). The cells are then fixed with 4% formalin in PBS in the fume hood for 20 

minutes, before being washed three times with PBS.  

 

Staining 

During the staining preparations, all materials must be kept in the dark (i.e. under 

tin foil, or a dark container). The cells were incubated with Phalloidin-FITC (diluted 

to 1/500 in PBS – a 1/10 dilution in PBS was performed on the 1/50 Phalloidin-FITC 

above) in a moist chamber for 1 hour, before being washed three times in PBS (the 

cells being allowed to steep in PBS for 5 minutes each time). Glass coverslips were 

removed from wells using forceps, excess PBS drops were removed and they were 

affixed to slides using Immunomount mounting fluid and viewed using fluorescence 

microscopy with a dry lens at magnification of x20.  

 

 2.7.2. Cell Viability Staining using Propidium Iodide and 

CFDA 

Propidium Iodide (PI) is a fluorescent, intercalating agent used as a DNA stain in cell 

viability evaluation. It can be used to differentiate between apoptotic, necrotic and 

normal cells. It binds to DNA, intercalating between bases and once bound, it 

fluoresces. Cell permeable dye, carboxyfluorescein diacetate (CFDA) gives a strong, 

detectable green fluorescence, produced by hydrolysis inside the cell, with 

negligible cell death. PI produces red fluorescence by interacting with the nuclei of 

dead cells. Cell Viability can be detected by observing the ratio of green stain 
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(representing live cells) to red stain (representing dead cells) visible under the 

microscope.  

200 µg Propidium Iodide (PI) was diluted in 20 mL PBS pH 7.4. As CFDA may leak 

from cells with time, cells must be prepared for staining and viewed one at a time, 

to avoid specimens standing for prolonged periods of time, which may impair 

viewing. 

 

Method 

The medium was removed from all petri dishes, which were then washed twice with 

neutral PBS. 2 mL PI was added to petri dishes and they were incubated in the dark 

for 1 minute. PI was removed and discarded to the appropriate waste bottle, and 

dishes were washed a further three times with neutral PBS, the washes being 

discarded to the same waste bottle. 2 mL CFDA (25 µM in pH 6.75 PBS – CFDA is pH 

dependent, and must be used with PBS at pH 6.75) was added to dishes and they 

were incubated in the dark at room temperature for 5 minutes. CFDA was removed 

and discarded in a separate waste bottle, and cells were washed three times with 

pH 6.75 PBS, which was discarded to the same waste bottle as the CFDA. 3ml pH 

6.75 PBS was added to each petri dish, and specimens were viewed immediately 

using fluorescence microscopy at 620 nm with a wet lens at a magnification of x20. 

 

2.8. Statistics 

Statistics were performed using Minitab software, version 16. One way Analysis of 

Variance (ANOVA) testing was performed to compare absorbance means of 

different concentration groups and controls in cobalt, nifedipine and verapamil-

treated cells. When significance was seen between means of test groups, Post Hoc 

Fisher LSD (least significant difference) testing was carried out to explore all 

possible pair-wise comparisons for significance. 
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Independent 2-sample Student’s t-tests compared cobalt-treated cells with cobalt 

and verapamil-treated cells at each concentration of cobalt. This test is used as the 

samples, from two different populations, are independent of each other, with a 

similar distribution. Microsoft Excel was used to plot scatter graphs of viability 

results and dose-response curves of cobalt and calcium channel blockers, from 

which the LD50 values could be obtained.  
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3. Results 

3.1. Effect of Cobalt on OST 5 Cell Viability 

Data on graphs are expressed as the concentration of cobalt versus the value of NR 

absorbance or the reduction of MTT, which are both directly proportional to cell 

viability, as these actions are a measure of live cellular activity. A decrease in NR 

absorption and MTT reduction is indicative of a decrease in cell viability. 

Cobalt-treated OST 5 cells showed a dose-dependent decrease in NR absorbance 

and MTT reduction. This was apparent at 24 hours post cobalt treatment, but a 

greater effect was seen after 48 hours (see graph 3.2). At 24 hours, both NR (A) and 

MTT (B) assays showed similar absorbance/reduction scores. At 48 hours, there was 

more variation between the two assays, with NR (A) showing slightly higher scores 

at lower concentrations than MTT (B), but both expressed similar 

absorbance/reduction scores at the highest concentration used (200 µM). In week 

2, viability was also assessed at 72 hours post cobalt-treatment, but as similar 

results to those of 48 hour post treatment were yielded here, this time point was 

not used again. Also, it was decided that a concentration of 100 µM cobalt would be 

used in subsequent experimental stages, where a fixed control of cobalt was 

needed, as toxicity was evident at this concentration. 
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Graph 3.1: The effect of increasing concentrations of cobalt on the viability of OST 5 cells at 24 

hours, shown by NR (A) and MTT (B) assays. Cobalt was seen to decrease cell viability in a dose-

dependent manner. Data are expressed as mean±SD; n = 12. ANOVA testing showed significant 

differences between control and cobalt-treated groups in NR and MTT assays. p > 0.05. Post-hoc 

Fisher analysis found significant differences at 24 hours in comparing the control group with 100 

and 200 μM; 10 μM with 100 (just NR) and 200 μM; 50 μM with 200 μM (just NR); CI = 95%. 
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The absorbance data were statistically analysed using Minitab 16, and attempts 

were made to significantly distinguish the means of control groups from cobalt-

treated groups using one-way Analysis of Variance (ANOVA). The null hypothesis, 

being that the mean of all groups was equal, was rejected in the NR and MTT assays 

at 24 and the NR assay at 48 hours, indicating significant differences between 

cobalt-treated cells and the control-untreated cells in these assays. Significance was 

not seen in the 48 hour MTT assay. However, ANOVA testing does not provide 

sufficient information on the individual groups, and Post-hoc Fisher analysis was 

therefore performed to elucidate which cobalt-treated cell groups differed 
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Graph 3.2: The effect of increasing concentrations of cobalt on the viability of OST 5 cells at 48 

hours, shown by NR (A) and MTT (B) assays. Cobalt was seen to decrease cell viability in a dose-

dependent manner. Data are expressed as mean±SD; n = 12. ANOVA testing showed significant 

differences between control and cobalt-treated groups in NR assay, but failed to identify significant 

differences in MTT assays at 48 hours; p > 0.05. Post-hoc Fisher analysis found significant 

differences at 48 hours between all groups in NR assay, but no significance was seen between any 

groups in MTT assay; CI = 95%.  
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significantly from the control and from each other. Significant differences between 

various groups were seen in both MTT and NR assays, with the exception of the 

MTT assay at 48 hours. In the 24 hour NR and MTT assays, significant differences 

were seen when comparing the control group to the 100 and 200 μM groups, 

comparing 10 μM with 200 μM group, and in the NR, but not the MTT assay, 

significant difference was seen between the 10 and 100 μM groups and the 50 and 

200 μM treated cells. At 48 hours, Post-hoc Fisher analysis showed significant 

differences between all groups of the NR assay. 

Dose response curves were constructed from the MTT and NR assay results, 

expressing all results as a percentage of the control and plotting against the log10 

concentration of cobalt to obtain LD50 values. At 48 hours post cobalt treatment, 

the LD50 values were calculated as 98.08 µM from the NR assay and 169.69 µM from 

the MTT assay. This offered further suggestion that a concentration of 100 µM 

cobalt is a sufficiently toxic level of the metal to allow us to subsequently 

investigate the effect of calcium channel blockers on the toxicity. 
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3.2. Effect of Nifedipine on OST 5 Cell Viability 

 3.2.1. Nifedipine 

Nifedipine was the first of two calcium channel blockers to be used experimentally 

in a bid to prevent cobalt-induced toxicity in these cells by blocking entry of the 
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Graph 3.3: Dose response curves were plotted, viability versus the log10 scale of cobalt concentration, 

to obtain LD50 values shown by NR (A) – 98.08 µM; and MTT (B) – 169.69 µM at 48 hours; n = 12. 
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Graph 3.4: Dose response curves were plotted for nifedipine at 48 hours; viability versus the log10 

scale of nifedipine concentration, to obtain LD50 values shown by NR (A) – 6.28 µM; and MTT (B) – 

6.70 µM; n = 12. 

metal ions, and dose-response curves were again plotted to obtain the LD50 of 

nifedipine. Ideally, the calcium channel blocker would have as high an LD50 as 

possible while still exerting its desired effect; it would block the calcium channels 

effectively, while producing a low toxic response in the cells.  However, the LD50 

values obtained at 48 hours post nifedipine treatment from the NR and MTT assays, 

although consistent with each other, were considerably lower than those for cobalt, 

at 6.28 and 6.70 µM, respectively. According to these results, nifedipine is a more 

toxic chemical than cobalt to OST 5 cells, an undesirable trait for a calcium channel 

blocker in this experiment (refer to graph 3.4). 
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3.2.2. Nifedipine and Cobalt (100 µM fixed) 

As with cobalt assays, a more visible decrease in NR absorbance and MTT reduction 

was seen at 48 hours than 24 hours post nifedipine treatment (refer to graph 3.5). 

Nifedipine shows a steady decrease in absorbance/reduction at low concentrations, 

before dropping dramatically at 10 µM (potentially very toxic level, as LD50 

calculated at ~6 µM), where it levels off and remains steady until 100 µM. 

Interestingly, the error bars indicating variation between values was not as great for 

MTT as they had been for cobalt (see graph 3.2) When nifedipine was combined 

with cobalt, a cobalt concentration of 100 µM was chosen, as it had shown to be 

cytotoxic to OST 5 cells in previous stages of the experiment, and a concentration of 

known toxicity was necessary, in order to investigate whether or not the calcium 

channel blockers would have a reducing effect on this toxicity. One-way ANOVA was 

again used to significantly differentiate the control group from the nifedipine-

treated groups and confirm that the drug had an effect on the OST 5 cells. 

Significant differences were reported from the ANOVA data, and Post-hoc Fisher 

testing was carried out, which showed that the control, and the 0.1 and 1 μM 

nifedipine-treated cell groups differed significantly from the 10 and 100 μM groups, 

which did not differ from each other significantly.  

When increasing concentrations of nifedipine are combined with a fixed 100 µM 

concentration of cobalt, in both assays there was an increase in absorbance after 

the control, in the NR at 0.1 µM and in the MTT assay at 1 µM, before a steady 

dose-dependent decrease through 10 µM to 100 µM, where both assays reach an 

absorbance level of ~0.05.  This increase could potentially mark the region in which 

nifedipine is exerting a therapeutic effect over the toxic effect of 100 µM cobalt. 

The cobalt-nifedipine curves scores much lower on the absorbance axes initially 

than the nifedipine curve (100 µM cobalt control v medium control) for NR and MTT 

assays, until in both assays, the nifedipine only curve drops below the cobalt-

nifedipine curve at 10 µM nifedipine, before both curves level off at the same score 

at 100 µM. We concluded that nifedipine was in itself too toxic to OST 5 cells to 

allow us to make any conclusions about its effect on cobalt toxicity, and we 
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therefore changed to another calcium channel blocker, verapamil, to see was it less 

toxic, enabling its use with cobalt. 
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Graph 3.5: The effect of increasing concentrations of the calcium channel blocker nifedipine, and the 

effect of a fixed concentration of cobalt (100 µM) in combination with increasing concentrations of 

calcium channel blocker nifedipine on OST 5 cell viability at 48 hours, as shown by NR absorbance (A) 

and MTT reduction (B). Nifedipine was seen to decrease viability in a dose-dependent manner. Data 

are expressed as mean±SD; n = 12. Cobalt and nifedipine combined were seen to show lower viability 

at low concentrations, higher viability at a concentration of 10 µM nifedipine, and similar viability 

results at 100 µM nifedipine, than nifedipine alone. ANOVA analysis showed significant differences in 

the means of nifedipine-treated groups compared to controls in NR and MTT assays (p > 0.05). Post-

hoc Fisher analysis showed that each the control, 0.1 and 1 μM cobalt-treated groups differed 

significantly from the 10 and 100 μM groups in the NR and MTT assays at 48 hours; CI = 95%. 
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3.3. Effect of Verapamil on OST 5 Viability 

 3.3.1. Verapamil 

 

 

 

 

LD50 figures obtained from the verapamil NR and MTT assays were much higher at 

3.65 x 1029 and 387.61 µM, respectively, than those of the nifedipine assays. 

Verapamil proved to be a much less toxic chemical than both cobalt and nifedipine. 

A higher dose of verapamil than nifedipine was therefore permitted, making it a 

more desirable calcium channel blocker, and it was therefore used in the further 

stages of this experiment.  
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Graph 3.6: Dose response curves were plotted for verapamil at 48 hours; viability v. the log10 scale of 

nifedipine concentration, to obtain LD50 values shown by NR (A) – 3.65*1029 µM; and MTT (B) – 387.61 

µM; n = 12. 
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3.3.2. Verapamil and Cobalt (100 µM fixed) 
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Graph 3.7: The effect of increasing concentrations of the calcium channel blocker verapamil, and 

the effect of a fixed concentration of cobalt (100 µM) in combination with increasing concentrations 

of calcium channel blocker verapamil on OST 5 cell viability at 48 hours, as shown by NR absorbance 

(A) and MTT reduction (B. Verapamil was seen to generally decrease absorbance in a dose-

dependent manner. Data are expressed as mean±SD; n = 12. Cobalt and verapamil combined were 

seen to show similar results, slightly higher at low concentrations, to verapamil alone in the NR 

assay, and in the MTT assay, cobalt and verapamil showed lower viability at low verapamil 

concentrations than verapamil alone, but similar results were seen at concentrations of 100 µM 

verapamil. ANOVA analysis showed significant differences in the means of verapamil-treated groups 

compared to controls in MTT and NR assays (p<0.01). Post-hoc Fisher analysis showed that the 10 

μM verapamil-treated group differed from all other groups of the NR assay, and 100 μM verapamil-

treated group differed from all other groups, as well as 0.1 and 10 μM verapamil differing 

significantly from each other in the MTT assay. CI = 95%. 
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In verapamil-treated OST 5 cells at 48 hours, the NR assay showed a steady increase 

in absorbance as concentration increased, with viability peaking at 10 µM verapamil 

before dropping down, where the 100 µM verapamil point shows a similar score to 

the 0.1 µM point. This would suggest that verapamil at these concentrations is non-

toxic, and even appears to increase cell numbers, with 10 µM appearing the most 

therapeutic concentration, and this was used in further stages of this experiment in 

a bid to prevent cobalt-induced toxicity, without exhibiting further toxic effects to 

cells. However, the MTT assay at 48 hours showed slightly different results. The only 

concentration which exhibits higher MTT reduction than the control is at 0.1 µM, 

and the increase is minor. After this point, there is a steady dose-dependent 

decrease in reduction as verapamil concentration increases. The MTT reduction for 

the control and all verapamil concentrations is much higher than the NR 

absorbance. One-way ANOVA testing was again used to prove there were significant 

differences in the means of verapamil-treated cells in comparison to the control 

mean, and the data then underwent Post-hoc Fisher analysis which showed a 

significant difference between the 10 μM group in comparison with the control and 

all other verapamil-treated groups in the NR assay. The MTT assay showed more 

varied results, reporting significant differences between the 100 μM verapamil 

group in comparison to all other groups, and also significant difference was seen 

between 0.1 and 10 μM verapamil. The significance difference seen at 10 μM 

verapamil in the NR assay is unsurprising due to the visible peak on graph 3.7 seen 

at this concentration.  

When viability of cobalt and verapamil combined was assessed, the NR and MTT 

assays showed similar results and curves on their respective graphs. In the NR assay, 

there was a dose-dependent decrease in absorbance, with the exception of the 0.1 

µM point, which was lower on the graph than all other concentration points. 

However, all points on the cobalt and verapamil curve fall above their respective 

points on the verapamil only curve. The MTT assay cobalt and verapamil curve 

displays more erratic points than the NR assay, with all verapamil concentrations 

exhibiting higher MTT reduction points than the control, the highest of which being 
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at 0.1 µM, after which it drops dramatically to a point slightly higher than that of 

the control for 1 and 10 µM, before rising again slightly at 100 µM. Again, all points 

on the cobalt and verapamil curve fall above those of the verapamil only curve, with 

the exception of the 100 µM point, where absorbance of both curves were very 

similar.    

 

 

3.3.3. Verapamil (10 µM fixed) and Cobalt 

In the final stage of the experiment, a concentration of 10 µM verapamil was used 

as it showed, in a previous MTT assay of this experiment, a non-toxic, and potential 

calcium channel-blocking effect on the OST 5 cells. It was decided that this was the 

verapamil concentration at which the drug was most likely to have a reducing effect 

on the cytotoxicity caused to the OST 5 cells by cobalt, which was administered in 

increasing doses, in an attempt to investigate the interaction with verapamil.  

At 24 hours, theNR assay shows general dose-dependent decreases in absorbance 

in both the combined cobalt-verapamil group and the cobalt-treated group. 

Independent 2-sample Students’ t-tests were carried out to compare absorbance 

levels at every concentration of cobalt between the two groups, and significant 

differences were seen at 50 and 100 µM in this NR assay. All points on the cobalt 

only curve fall above those on the cobalt and verapamil curve, besides the control. 

In the MTT assay, the effect of cobalt on absorbance was more erratic than the NR 

assay and it did not appear to represent a dose-dependent decrease in cell viability, 

as at 10 and 200 µM, absorbance was higher than at their respective previous 

points on the curve. Also, in this assay, two points of the cobalt only curve lay below 

the corresponding points of the cobalt and verapamil curve, 10 and 100 µM. The 

cobalt and verapamil curve of the MTT assay followed a dose-dependent MTT 

reduction decrease similar to the one seen in absorbance in the NR assay, with the 

exception of the 200 µM point, which has a higher reduction than at 100 µM. 

Independent 2-sample Student’s t-tests showed significance between the two 
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groups at only 10 µM cobalt. All points on the MTT assay graph were much lower 

than the points on the NR assay graph. 

  

 

  

 

 

 

At 48 hours, the NR and MTT assays exhibited similar results to the assays at 24 

hours. All points on the cobalt curve in the NR assay fall above those on the cobalt 

and verapamil curve, with the exception of the 200 µM mark. Significance was 
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Graph 3.8: The effect of cobalt on the viability of OST 5 cells when combined with a fixed 

concentration of calcium channel blocker verapamil (10 µM) at 24 hours, shown by NR (A) and 

MTT (B) assays. Data are expressed as mean±SD; n = 12. Independent 2-sample Students t-tests 

showed significance at 50 and 100 μM in NR and at 10 μM in MTT; p > 0.05. 
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shown by t-test between the cobalt and cobalt-verapamil groups at cobalt 

concentrations of 10, 50 and 100 µM. The cobalt generally follows a dose-

dependent decrease pattern, but at 1 µM, the absorbance is higher than the 

control. The cobalt and verapamil curve follows an obvious dose dependent 

pattern, which can be likened to the same curve at 24 hours. The MTT assay 

displays a dose-dependent decrease in MTT reduction in the cobalt and verapamil 

curve, and also in the cobalt only curve, with the exception of the last point, which 

shows an increase from the previous point. Students t-test found significance 

between the two treatment groups at 10 and 200 µM. Again, most points of the 

cobalt curve fall above the corresponding points of the cobalt and verapamil curve.  

According to the results from these viability assays, and the graphs constructed 

from the results, the addition of a fixed concentration of verapamil (10 µM) to 

increasing concentrations of cobalt does not significantly raise the NR absorbance 

or MTT reduction of the OST 5 cells, in comparison to cells treated with only cobalt. 

Therefore, the verapamil does not appear to prevent the cobalt-induced 

cytotoxicity observed in this experiment. 
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Graph 3.9: The effect of cobalt on the viability of OST 5 cells when combined with a fixed 

concentration of calcium channel blocker verapamil (10 µM) at 48 hours, shown by NR (A) and 

MTT (B) assays. Data are expressed as mean±SD; n = 12. Independent 2-sample Students t-tests 

showed significance at 10, 50 and 100 μM cobalt (NR) and in the control and at 10 and 200 μM 

cobalt; p > 0.05. 
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3.4. Osteoblast Images 

 3.4.1. Unstained OST 5 Cell Images 

  L 

 

 

 

 

 

 

 

Images were taken of the unstained OST 5 cells under a microscope at a 

magnification of x200 at 48 hours post-treatment with control, 10 µM verapamil, 

combined 10 µM verapamil and 100 µM cobalt combined, and 100 µM cobalt. The 

cells appeared much less confluent in the verapamil (B), and the combined 

verapamil and cobalt (C) treated cells, in comparison with the control (A). There 

appears to be more empty space between the cells, which are aggregated in 

Figure 3.1: The visible effects of fixed concentrations of 10 µM verapamil (B), a combination of 100 

µM cobalt and 10 µM verapamil (C) and 100 µM cobalt (D) on OST 5 cells, cultured for 24 hours, 

compared to a control (A) at 48 hours post-treatment. There were notable deviations in 

appearance of cells in all groups when compared to the control cells, but the cobalt and 

cobalt+verapamil treated groups bore resemblances to each other. 
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clusters, especially in the verapamil group. There are less nuclei visible in the cobalt 

(D) treated cells, and the cells themselves appear much more granular than the cells 

of the other groups. However, the cobalt-treated image (D) appears to have less 

empty space between cells than in verapamil (B) and cobalt-verapamil (C) treated 

cells. Dose-response curves for verapamil and cobalt in this experimentation show a 

decrease in OST 5 cell viability for both chemicals, with the latter exhibiting a more 

toxic response. The reduction in living cells in the above images correlates with the 

reduction in living cells exhibited by the dose-response curves. However, the 

appearance of the cells in the verapamil (B) and cobalt-verapamil (C) treated cells 

suggests that verapamil has an effect on the morphology of these cells. 

 

 

3.4.2. Phalloidin-FITC Stained OST 5 Cells 

Cells were seeded for 24 hours before treatment, and all images were taken 48 

hours post-treatment. Phalloidin-FITC staining showed visible reductions in the 

presence of actin in all treatment groups in comparison to the control (A). The 

control group showed a multidimensional presence of actin layers with few gaps. In 

verapamil (B) and verapamil and cobalt (C) treated cells, there is an obvious 

decrease in the volume of actin filaments; there appears to be less 3-dimensional 

layers of actin and more gaps between filaments. The actin also appears to be a 

brighter colour in the control group (A) when compared to group B and C. The 

cobalt treated (D) group displays actin much more sparsely than the control; there 

is very little 3D layering and there are much more gaps between filaments than in 

all other groups. Groups B and C seem to have a similar level of actin filaments 

present in these images, and cobalt-treated cells seemed to have less actin 

filaments present compared to cells treated with verapamil as well as cobalt. Actin 

filaments appear to be distributed evenly throughout all cells observed in control 

group and all treatment groups.  
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3.4.3. Propidium Iodide (PI) and CFDA Stained OST 5 Cells 

As with the phalloidin-FITC staining, cells were seeded for 24 hours before 

treatment, and all images were taken at 48 hours post-treatment. When cells were 

stained for viability with propidium iodide and CFDA, there were noticeable 

differences between all treatment groups in comparison to the control. The cells 

appear confluent in the control group (A), with very little open space between cells 

visible. There are similar amounts of red staining visible in both the control (A) and 

verapamil group (B), ~ 4 small dots, but less green staining overall is seen in group 

B. The verapamil-treated (B) group showed less confluence and more space 

Figure 3.2: Phalloidin-FITC staining for actin on control (A), 10 µM verapamil-treated (B), 10 µM 

verapamil and 100 µM cobalt-treated (C) and 100 µM cobalt-treated (D) cells using fluorescence 

microscopy viewed at x200 with a dry lens. OST 5 cells seeded for 24 hours, treated for 48 hours.  
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Figure 3.3: Cell viability staining using PI and CFDA on control (A), 10 µM verapamil-treated (B), 100 

µM cobalt and 10 µM verapamil-treated (C) and 100 µM cobalt-treated (D) cells using confocal 

microscopy viewed at x200 using a wet lens. OST 5 cells were seeded for 24 hours, treated for 48 

hours. 

between cells, but appears to show greater cell viability than in the verapamil and 

cobalt-treated (C) cell group, which exhibits a greater red stain presence than either 

the control or the verapamil groups, along with much less green stain, which is 

much less bright in appearance. The cobalt-treated (D) cells seem to show very little 

cell viability in comparison to the control cells, with the vast minority of the image 

occupied with cells and very little green stain visible. There are small areas of red 

stain present in the cobalt group image (D), but less than in the cobalt-verapamil 

group (C). This staining implies that verapamil has much less of an effect on cell 

viability than cobalt, and the addition of verapamil to the cobalt may even increase 

cell viability in this case.  
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4. Discussion 

This study confirmed that cobalt significantly reduced viability of OST 5 cells in a 

dose dependent manner. The reduced viability in NR assay is represented by 

decreased absorbance, indicative of damage to cell lysosomes which, when healthy, 

red NR dye accumulates, increasing in intensity. NR assay at 24 hours confirmed 

significant reduction in viability in higher cobalt concentrations (≥ 100 µM) and in 

concentrations ≥ 10 µM at 48 hours, which suggested that the toxic effects of cobalt 

were increased with incubation time. Though the MTT graphs exhibited similar 

curves to the NR graphs, significant differences was not seen between control cells 

and cobalt-treated cells in the MTT 48 hour assay, and this is most likely due to the 

large standard deviation in the figures of cells of each group, especially at 200 μM 

(Graphs 3.1, 3.2). 

According to dose-response curves, nifedipine appeared more cytotoxic to OST 5 

cells than cobalt, and was substituted by the less toxic verapamil, which displayed 

an LD50 which was of a much higher concentration than both nifedipine and cobalt. 

In this study, nifedipine a dose-dependent reducing effect on the OST 5 cells, 

exhibited by the decreased absorbance of NR and the reduction of MTT and 

increasing concentrations of nifedipine did not significantly alter the extent of 

cobalt-induced toxicity, at a fixed concentration of 100 µM cobalt, in OST 5 cells at 

the concentrations and time scales measured. Combined nifedipine and cobalt-

treated cells showed lower absorbance figures at 10 and 100 µM nifedipine, than 

the 100 µM cobalt only control at 48 hours (Graph 3.5). 

However, in graph 3.7, verapamil and cobalt combined have significantly higher 

MTT reduction at 100 µM verapamil – 100 µM cobalt, than in the control of 100 µM 

cobalt at 48 hours. This may suggest the involvement of verapamil and calcium 

channels in the alteration of the toxic effects of cobalt. However, this is not strong 

evidence, as it is not seen in the NR assay of the same time point. Interestingly, 
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there is a significant increase in absorbance at 10 µM verapamil compared with the 

control and 1 µ verapamil, and this indicates an increase in cell numbers. Graph 

curves depicting the viability scores of 10 µM verapamil in combination with 

increasing cobalt concentrations closely followed the curves of increasing 

concentrations of cobalt only, at 24 and 48 hours (Graphs 3.8, 3.9). Though 

significance was seen between groups of the cobalt-treated and verapamil and 

cobalt-treated graphs at various concentrations of cobalt, the vast majority of this 

significance indicated that cobalt-treated cells exhibited higher absorbance levels 

than verapamil and cobalt-treated cells, in both MTT and NR assays at 24 and 48 

hours. Therefore, there was no significant evidence seen in these viability assays 

that the calcium channel blocker verapamil had a limiting effect on the toxicity 

exerted by cobalt on OST 5 cells. 

Differences in NR and MTT assay viability absorbance may be due to the fact that, 

though both a capable demonstrator of viability, they work by different 

mechanisms; NR measures the ability of the intracellular lysosymes to bind and 

retain the red dye, while MTT measures the respiratory capacity of the cell. The 

generally-higher viability scores seen in NR assays across the experiment, in 

comparison to MTT viability scores, may be due to the fact that MTT is a slightly 

more sensitive assay in assessing toxicity regarding material as small as 

nanoparticle-sized (180).  

Unstained OST 5 photos magnified at x200 show that cells treated with verapamil 

and a combination of verapamil and cobalt portray a much less confluent picture 

than that of the untreated, control group. The cells appear to be fewer in number, 

indicating that cell division has been inhibited. Cells appear less confluent in the 

cobalt-treated group, compared to the control, and the cells appear noticeably 

more granular than in all other groups. The phalloidin-FITC stained cells portray 

multidimensional layers of actin filaments in the control group. There is an obvious 

decline in 3-dimensional actin layering in verapamil, cobalt, and combined 

verapamil and cobalt-treated OST 5 cells, with the latter being the most affected, 
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displaying extremely sparse filaments. This is again most likely to be due to the cells 

growing less densely, with cell division having been inhibited. As the function of 

actin protein in the cell cytoskeleton is to provide mechanical support and aid 

cytoplasmic trafficking and signalling, a reduction in the presence of actin may 

suggest less viable cells are present, and that proliferation may have been altered 

by the cobalt, and the verapamil and cobalt-verapamil combination in the other 

groups. There is no evidence to suggest apoptosis occurs in these OST 5 cells. In 

apoptotic cells, actin moves to encircle the cell membrane, making it stronger so 

that cell contents to do leak out, and this does not appear to occur in these images. 

Viability testing with propidium iodide and CFDA exhibited similar results in control 

and verapamil-treated cells, where there is much green stain visible, suggesting 

confluent and viable cells. Verapamil and cobalt treated cell images appear less 

confluent than control cell images, where more space can be seen between cells. 

Cobalt-treated cells appear to have decreased substantially in number compared to 

the control. Very little cells can be seen in this image. Distinctive loss of membrane 

integrity cannot be seen in these pictures, which is a reason apoptosis would be 

suspected as a method of cell death here over necrosis. PI has become a widely-

used method of evaluating apoptosis in cells, relying on the fact that apoptotic cells 

are characterized partly by DNA fragmentation, and this chemical binds to and 

labels DNA, making it possible to analyse cellular DNA content (181). A TUNEL assay 

would be another method by which to further confirm or deny the incidence of 

apoptosis in these cells.  However, the cells do not appear to be withdrawing from 

each other, which is a classic indication of apoptosis. Also, there is a lack of red 

staining seen in these images here, and combined with the dwindling 

concentrations of green staining this may suggest that, rather than being 

responsible for cell death, the cobalt may be affecting and perhaps halting cell 

proliferation, resulting in a reduced number of cells, without an increased 

occurrence of cell death. MTT and NR assays support this theory also, with viability 

assays measure a decrease in viability, not necessarily cell death, and a reduction in 

viable cells could be responsible for the decreases seen in NR absorbance and MTT 
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reduction in this project. Also, cobalt-treated cells appeared less confluent than 

control cells at 48 hours when examined under microscope in well plates prior to 

viability assays being carried out. 

 

4.1. Are Calcium Channels Involved? 

It would appear from the results obtained in this experiment that cobalt does not 

exert its toxic effects via L-type voltage-dependent calcium channels (VDCCs). 

However, there is not enough conclusive evidence present here to completely 

eradicate the theory, based on the viability assay results seen following the addition 

of the calcium channel blockers. One would envisage that had calcium channels 

been involved in the toxicity seen in these OST 5 cells, their blockage would be 

sufficient to significantly reduce the effects of cobalt, thus increasing the viability 

scores seen in NR and MTT assays, which failed to occur. Previous experimentation 

has suggested that at concentrations of 10 µM, verapamil has inhibited cellular 

processes in osteoblasts believed to be governed by L-type voltage-gated calcium 

channels (175) and, at concentrations of as low as 1.5 µM, verapamil has prevented 

a PTH-induced increase in free cytosolic calcium by 50% (176).  

However, sufficient steps to ensure verapamil had completely blocked all calcium 

channels at a dose of 10 µM were not taken in this experiment. Also, had the 

calcium channels been adequately obstructed by verapamil, would it be possible for 

cobalt to act via different channels? It would be beneficial to investigate the effects 

of cobalt on alternative entry routes into osteoblasts, and ultimately, other cells 

also.  

Further investigation must be carried out to help clarify the results seen here, and 

help further elucidate the relationship between calcium channels and cobalt 

toxicity. Firstly, Ca2+ regulation could be monitored in cells, to ensure that verapamil 

and nifedipine were adequately obstructing calcium channels at the concentrations 

used. Calcium imaging is carried out by fluorescent protein indicators which can 
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chelate calcium ions. The fluorescent dye Fura-2, a pentacarboxylate calcium 

indicator developed in the 1970s, is considered the most popular fluorescent 

cystolic calcium probe (182), allowing the monitoring of the free cytosolic 

concentration of calcium, [Ca2+]i, in living cells. Fura-2-acetoxymethyl ester (Fura-

2AM) is the membrane-permeable derivative of Fura-2, which regenerates into 

Fura-2 once diffused into cells when cellular esterases remove the acetoxymethyl 

ester group. Fura-2 becomes excited at 340 – 380 nm of light, and the emissions at 

these wavelengths directly correspond to the amount of intracellular calcium 

present. If the calcium channel blockers used in this experiment were sufficient in 

their concentrations, [Ca2+]i would be lower in verapamil/nifedipine treated groups 

in comparison to the control group.  

Another method by which to assess the adequacy of the calcium channel blockers 

would be to introduce a calcium channel agonist, and investigate whether the 

actions of the agonist were revoked by the concentrations of the antagonists, 

verapamil and nifedipine, used in this experiment. Bay K8644 is a known L-type 

voltage-gated calcium channel agonist. This chemical is primarily used 

experimentally in this manner, and has been known to increase [Ca2+]i in a 

concentration-dependent manner in osteoblasts (163) and human oral cancer cells 

(OC2) (183). Bay K8644 has also stimulated the secretion of bone matrix protein 

osteocalcin in osteoblast-like osteosarcoma cells, and increases bone creation and 

bone resorption (184); the resorption seen was impeded by desmethoxyverapamil, 

a verapamil type radioligand developed for studying calcium channels (185). This 

Bay K8644-induced Ca2+ influx has also previously been blocked by nifedipine (183). 

If, at the concentrations used in this study, the increase of [Ca2+]i is blocked,  the 

nifedipine and verapamil would be considered to have impeded the action of Bay 

K8644, and are therefore sufficient in these concentrations as calcium channel 

antagonists.  
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4.3. Alternative Materials in Total Hip Arthroplasty 

Due to the recent adverse attention commanded by the use of metal in hip 

prosthetics, and the ongoing pursuit to develop the most inert and compliant 

implant possible for human use, other materials are continually being assessed and 

considered for clinical application. Presently, there exists no faultless alternative 

material to cobalt chromium for use in THA; there are pros and cons associated with 

every potential substance.  

 

 4.3.1. Ceramics 

Alumina ceramic (Al2O3) is an example of one such material, investigated due to its 

reported good performance as a bearing material in terms of annual wear (89, 186, 

187). However, to avoid excessive wear, extreme care must be taken during the 

positioning of the device (188), and impingement at the femoral neck can lead to 

wear and osteolysis (189). Less volumetric wear is believed to occur over time in 

ceramic on ceramic (CC) implants, rather than MM, as alumina is a harder material 

(i.e. Young’s modulus is higher) (190, 191), but more, smaller particles are expected 

to be released from the former (192). There is little known about the accumulation 

of alumina ceramic wear debris in the periprosthetic tissue and its effect in vivo, in 

comparison to what is known about MM and MP wear debris and its effects. The 

potential effects of these particles on cells must be determined in order to establish 

the probable long-term effects of the generation of these particles in vivo. In a 

study using histiocytes and fibroblasts, Germain et al, 2002, found Al2O3 particles to 

be toxic in nanoparticle size, possibly due to the lowering at this size in the 

oxidation state of alumina, which is usually stable in large particles. However, these 

particles were still seen to be less cytotoxic than CoCr particles in this study (89).  

Zirconia ceramic was proposed to be tougher, with improved wear properties, than 

alumina ceramic (193). But the case studies investigated in this paper did not put to 

rest the concerns of ceramic being a brittle substance that can break, and the 

improved zirconia ceramic could not eliminate the incidence of catastrophic 
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breakage. The dilemma with these devices involves choosing low wear ceramic, 

which carry a risk of fracture, or higher wear cobalt-chromium, which will not 

fracture. Hummer et al, 1996, recommended a return to cobalt-chromium as the 

material of choice given all the information available at the time (193). Park et al, 

2006, also recommended discontinued use of alumina ceramic, due to catastrophic 

breakage, and an audible squeaking noise has been reported with CC implants, 

which could irritate the patient (194, 195). 

 

 4.3.2. Titanium 

Titanium alloys are strong and excellently tolerated by the body, and have long 

since been used successfully in dental implants. However, despite desirable 

mechanical characteristics, they exhibit a low resistance to wear. Titanium alloys 

are used in THA, not as the articulating surface, but as the stem component, 

coupled with a femoral head constructed from another material in order to avoid 

the titanium stem being subjected to abrasion and rubbing. An attractive 

characteristic of titanium is its elasticity; an elastic stem can evenly distribute and 

transport stresses applied from the body’s weight through the whole stem. 

Corrosion of the titanium stem is also rare, due to passivation by titanium oxide 

(196). However, these implants are not without their problems, as intractable pain 

and crevice corrosion leading to cortical hypertrophy have been reported in 

association with titanium stems (196). 

 

4.4. What’s Next for Cobalt-Chromium in THA? 

Cobalt was the focal point of this experiment, rather than chromium, due to its 

ability to enter cells quickly and be transported readily to all organs of the body, 

indicating great potential for widespread systemic damage. Higher circulating levels 

of cobalt ions than chromium also indicate the implications cobalt has for adverse 
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systemic effects in patients, as well as the local damage it has been seen to cause in 

the periprosthetic area of MM THA and HR patients. 

While it is insisted that patients with CoCr hip prostheses who experience such 

adverse effects outlined in this study are in the extreme minority, with a process 

that is being carried out at such an increasing rate worldwide and one which is vital 

to the treatment of osteoporosis, any related adverse reaction encountered must 

be regarded a cause of concern and investigated thoroughly. The results observed 

in this experiment draw parallels with previous work, whether or not the effects are 

mediated via calcium channels, using these concentrations of cobalt in lymphocytes 

(197) and human osteoblast-like SaSO-2 cells (177). 

 

4.4.1. Infection Control  

Another method to potentially reduce need for revision in MM THA and HR is to 

attempt to prevent the development of infection, which has previously been cited 

as a main reason for implant failure. Emerging antibiotic-resistant strains of 

common bacteria pose a serious problem for MM implants and implant-related 

infections. Though the percentage of patients who develop implant-associated 

infections is low, the procedure is gaining popularity, so there is a demand for new 

methods of preventing these infections. A recent article in Nature magazine (April 

2012) discussed mechanisms for the controlled release of antimicrobials at the site 

of implant. These included the administration of a matrix, serving as a depot for 

antimicrobial agents, with the implant, antimicrobial coatings on titanium 

components to prevent intramedullary infection, the use of the antimicrobial silver 

ion for incorporation into pre-coated implants, and fatty acid cis-2-deconoic acid 

(C2DA) has shown the potential to prevent biofilm formation, and disrupt pre-

existing biofilms (198), which may be beneficial as targeting infections established 

in biofilms is difficult (199). 
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Further research must be devoted to elucidating how cobalt operates at a cellular 

level and every mechanism by which it elicits its toxic systemic and local tissue 

effects. When a further understanding of cobalt is obtained, investigation can be 

carried out into eradicating all adverse cobalt-induced reactions, particularly wear, 

loosening, and osteolysis, the three dominant concerns recognised in THA, while 

still utilising cobalt-chromium MM prostheses.  
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