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Abstract
Problem: The observed positive effect of the platform-switching concept on periimplant bone level is not well understood. Dental implants may be prone to
tribocorrosion leading to the release of metal ions and particles which may disrupt
bone homeostasis
Objectives: The aim of this project was to compare the amount of corrosion products
released from different implant-abutment couplings with different connection
geometries under accelerated corrosion tests, and to evaluate different osteoblastic
cell responses to the released products.
Materials and methods:
Part I: Titanium cylinders were connected to titanium alloy (Ti-6Al-4V) and cobalt–
chrome alloy abutments forming either platform-switched or platform-matched groups.
Samples were subjected to static immersion in 1% lactic acid for 1 week. Metal ions
released were measured and microscopic analyses were performed pre- and postimmersion to assess corrosion at the interface.
Part II: Osteoblasts were treated with culture media containing different
concentrations of metal ions obtained from the results of part I. Osteoblasts treated
with ion-free culture medium served as the controls. Osteoblastic viability, apoptosis
and expression of genes related to bone resorption were analysed.
Part III: The samples used in part I were incubated with osteoblasts. Viability,
apoptosis and expression of the genes tested in part II were investigated.
Part IV: Titanium implants were coupled with either titanium, gold, cobalt-chrome, or
zirconia abutments forming either platform-switched or platform-matched groups. The
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specimens were subjected to cyclic loading under wet acidic environment. Metal ions
released were measured and microscopic evaluations were performed pre- and postimmersion for tribocorrosion assessment and wear particle characterization.
Results:
Part I: The implant–abutment couplings underwent an active corrosion process
resulting in metal ions released into the surrounding environment. The platformmatched groups demonstrated higher amount of metal ion release.
Part II and Part III: Osteoblastic cell viability, apoptosis, and regulation of bone
resorbing mediators were significantly altered in the presence of both the metal ions
and the different implant-abutment couplings. The observed changes in some of the
biological responses tested were more pronounced in groups representing the
platform-matched implant-abutment couplings.
Part IV: The implant–abutment couplings underwent an active tribocorrosion
processes resulting in metal ions and wear particles released into the surrounding
environment. The platform-matched groups demonstrated higher amount of metal ion
release and more surface damage
Conclusion: Platform-switching concept had a positive effect in reducing metal ion
release and wear features from dental implants which in turn minimised the adverse
osteoblastic biologic responses related to peri-implant bone loss, therefore
highlighting the possible role of corrosion products in the mediation of crestal bone
loss around dental implants
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Research Impact Statement
Implants have become an integral part of restorative dental care and the number of
implants placed increases steadily. Worldwide, an estimated 15 million implants are
inserted per year to replace missing teeth (Müller and Barter, 2016). As the use of
dental implants increases worldwide, it is likely that the biological complications will
also increase. It has been reported that every fifth inserted implant eventually develops
peri-implantitis after masticatory loading for mean period of time of 3.4 to 11 years
(Derks and Tomasi, 2015). Peri-implant bone loss is critical as it affects implant
success. The prevalence of peri-implantitis ranges between 15% and 30 % with a
mean of 22% after 10 years (Derks and Tomasi, 2015, Fretwurst et al., 2018) These
high rates of peri-implantitis are alerting since large number of patients are affected.
The widespread nature of peri-implant bone loss presents challenges to its
management. In fact, limited treatment modalities are available today for the problem
of peri-implantitis or peri-implant bone loss. Hence, to minimise this problem in implant
patients for the future, it would seem necessary to know precisely why marginal bone
resorption happens. Therefore, more research is required, to understand the
pathophysiology of dental peri-implant bone loss and to elucidate the mechanisms
behind it in order to develop future therapeutic strategies.
The presented findings in this in vitro research has the potential to open the door for
better understanding of the problem of “peri-implant bone loss”. It also provided, some
indirect evidence for the possible role of corrosion products in the mediation of crestal
bone loss around dental implants, therefore, partially explaining the positive
radiographic finding when utilising the platform-switching concept. The glimpse of
immunological response pattern to corrosion products released observed in the
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present research advocates the idea of immunological reasons behind peri-implant
bone loss. Therefore, suggesting a forward step in the process of diagnosis of implant
patients to incorporate thorough analysis of the patient’s genetic profile and properly
designed tests to determine patients at risk to the different corrosion products.
Accordingly, the choice of implant-abutment design and alloy combinations would be
customised for patients depending on the immune response profile. This in turn would
minimise the adverse tissue reaction and yield a successful clinical outcome for a large
number of patients.
The findings of this research could also have the potential to open doors for
researchers and manufacturers in the implant industry to look into alternative implant
materials or develop protective coatings for the existing materials that would withstand
the extreme conditions in the oral cavity. This could help minimise the occurrence of
corrosion in future as it is not clear how a corrosion process can be slowed or
interrupted once it has started. Through further study of corrosion and wear resistance
of implant-abutment combinations, one can determine the performance of dental
implants and prostheses. As a result, the reduction of implant material loss by
tribocorrosion can be achieved leading to an increase in the long-term success of
dental implant systems.
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1. Chapter I: Introduction
Since their introduction in the 1950s, dental implants have revolutionised the
practice of dentistry. They have been broadly used for the replacement of missing
teeth in fully and partially edentulous patients. The use of endosseous dental implants
was initiated by the discovery that these titanium implants can be anchored in the
jawbone with direct bone contact (osseointegration) (Branemark et al., 1969,
Branemark et al., 1977). The osseointegration phenomena, was described by Zarb
and Albrektsson (1991) as “a process in which a clinically asymptomatic rigid fixation
of alloplastic material is achieved and maintained in bone during functional loading”
(Zarb and Albrektsson, 1991). This definition indicates that an osseointegrated dental
implant has to meet certain criteria in terms of function, tissue physiology and patient
satisfaction to be considered successful (Esposito et al., 1998). In terms of tissue
physiology, the peri-implant bone level around dental implants is considered a key
parameter for the assessment of implant success. It has been proposed that a mean
radiographic crestal bone loss of less than 1.5 mm is anticipated below the implantabutment junction (IAJ) in the first year after abutment connection and that the vertical
bone loss should be less than 0.2 mm annually following the implant’s first year of
service (Albrektsson et al., 1986, Smith and Zarb, 1989). Decreased peri-implant bone
loss has been observed previously when utilising different approaches related to the
connection geometry of the dental implant-abutment interface, such as platformswitching (Lazzara and Porter, 2006, Canullo et al., 2010a). The exact aetiology and
mechanism behind such enhanced peri-implant bone response has not been
confirmed.
The technique of platform switching necessitates further studies to understand the
biological processes responsible for the observed positive radiographic findings in
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peri-implant crestal bone level. Bone remodeling around dental implants could be
analyzed by studying the orthopaedic literature which sheds light on the possible role
of corrosion products and wear debris which concentrate in peri-implant tissues
(Jacobs et al., 1998, Jacobs et al., 2003, Olmedo et al., 2010). Such products include
metal ions/particles derived from the materials used for the prosthetic treatment. As a
result of the presence of particulate wear debris or corrosion products, a foreign body
reaction would be initiated leading to the development of osteolysis as a direct
consequence of this corrosion (DiCarlo and Bullough, 1992, Jacobs and Hallab, 2006,
Jacobs et al., 2006, Goodman, 2007). Previous studies have demonstrated that debris
in tissues can influence various metabolic pathways leading to cytokine release and
interference of function of various cells such as osteoblasts, macrophages,
lymphocytes, and fibroblasts, thereby disrupting bone homeostasis and contributing
to the development of osteolysis (Jacobs et al., 2001, Vermes et al., 2001a, Sabokbar
et al., 2003, Jacobs et al., 2006, Pearle et al., 2007, Purdue et al., 2007, Hallab and
Jacobs, 2009).
Metals are used for dental and orthopaedic implants because of their mechanical
properties, such as weight-to-strength ratio and good biological performance (Wang
and Fenton, 1996, Whitters et al., 1999). However, metallic devices are susceptible to
corrosion, especially in challenging environments such as the oral cavity. In the hostile
oral environment, Ti and other metals used as abutment materials are prone to
corrosion. Corrosion of dental implants and implants’ superstructures may occur as a
result of mechanical or electrochemical processes (Gittens et al., 2011). Mechanical
loading from occlusal forces leads to micromotion (fretting) between implant and bone
(Gilbert et al., 2009, Gittens et al., 2011) and between the implant and its
superstructure (Sridhar et al., 2016). The combination of micromotion and an acidic
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medium in the oral cavity, due to inflammation, presence of acidogenic bacteria,
fluorides or food intake can cause disruption of the oxide layer protecting the titanium
surface and therefore accelerating the corrosion processes (Sridhar et al., 2015,
Wilson Jr et al., 2015, Yu et al., 2015, Sridhar et al., 2016). The resultant tribocorrosion
phenomena of simultaneous action of wear and corrosion (Mischler, 2008,
Swaminathan and Gilbert, 2012), leads to the release of metal degradation products
which can have deleterious effects to the surrounding peri-implant tissues (Hallab and
Jacobs, 2009, Noronha Oliveira et al., 2017). Mouhyi et al (2012) considered corrosion
to be one of the triggering factors leading to peri-implantitis (Mouhyi et al., 2012). Periimplantitis is an osseointegration pathology (Mouhyi et al., 2012, Qian et al., 2012)
that would jeopardise the stability of the peri-implant bone and therefore affect the
long-term success of dental implants.
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2. Chapter II: Literature Review
2.1 Dental Implants and Peri-implant Bone Loss
Based on fundamental experimental studies performed by the research teams of
Professor Bränemark (Branemark et al., 1969), the use of implant-supported
prostheses has become widely accepted as a predictable well-grounded treatment
modality in dentistry to replace lost or missing teeth in fully and partially edentulous
patients. In 2012, the Association of Dental Implantology in the United Kingdom
estimated that as many as 130,000 implants were being placed every year (ADI, 2012,
Hiscott, 2018). Now the figure is believed to be almost double and expected to
increase further (Hiscott, 2018). In the United States, 3 million people have dental
implants and that number is growing by 500,000 a year (AAID, 2017). According to the
American Academy of Implant Dentistry, the estimated US and European market for
dental implants is expected to reach $4.2 billion by 2022 (AAID, 2017). The high
reported survival rates of 5 to 10 years contributed to the popularity and high demand
for implant treatment (Jung et al., 2012, Pjetursson et al., 2014). Survival rates indicate
that the prostheses continue to exist in clinical service for a certain period of follow-up
but not necessarily free of complications (Pjetursson et al., 2014). Complications might
be classified into biological and technical/mechanical complications. Biological
complications are those related to the tissues surrounding an endosseous dental
implant; the peri-implant mucosa and the peri-implant bone (Heitz-Mayfield and
Bragger, 2015). Peri-implant bone complications often involve destruction of bone
manifested radiographically as loss in bone vertical height and volume. Peri-implant
bone loss is of great importance as it has been established as one of the main criteria
of implant success (Albrektsson et al., 1986).
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2.1.1 Peri-implant bone loss
Peri-implant bone loss is a bone remodelling process considered to be a physiologic
phenomenon (Rossetti and Canullo, 2012); as long as it remains within the physiologic
limits of 1 to 1.5 mm of anticipated vertical bone loss in the first year after abutment
connection and less than 0.2 mm annually in subsequent years (Albrektsson et al.,
1986, Smith and Zarb, 1989). In a clinical study, Cardarpoli et al. evaluated tissue
alterations at implant-supported single-tooth replacements, and demonstrated
radiographic bone-to-implant mean crestal bone loss of 0.9 mm at the time of
abutment connection and crown placement and an additional 0.7 mm loss at 1-year
follow-up visits (Cardaropoli et al., 2006, Canullo, 2012). Similar findings were
documented in longer term studies (Manz, 2000).
A number of combined factors are believed to affect this physiologic process (Atieh
et al., 2010, Qian et al., 2012, Rossetti and Canullo, 2012) and were categorised by
Rossetti and Canullo (Rossetti and Canullo, 2012) into:
1) Patient-related factors: which include genetics, systematic diseases, smoking,
medications and oral hygiene.
2) Local factors: which include bone volume and quantity, keratinised mucosa,
gingival biotype, microbiologic factors, periodontitis and bone biomarkers.
3) Surgical factors: which include flap design and site preparation techniques,
4) Implant-related factors: which include one-versus two piece implants, surfaces
and geometry, submereged versus nonsubmerged systems and implant material.
5) Biologic factors: which involves the biologic width concept
6) Prosthetic factors: which include prosthesis type, implant-abutment connection
stability, abutment removal and reconnection and abutment material and type.
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7) Biomechanical factors: which include immediate versus delayed loading and
parafunctions
The occurrence of crestal bone remodelling has been reported around all dental
implants and it seems to be related to the location of the microgap that is created
between the implant platform surface and prosthetic abutment surface, with reference
to the most coronal bone-implant contact (Hermann et al., 2000a, Hermann et al.,
2001b, Assenza et al., 2003).
The exact mechanism responsible for crestal bone remodelling is not clear. A
number of theories have been proposed to explain this phenomenon.
Mechanical stress theory
The mechanical stress theory is based on the concept that bone remodeling can occur
due to either mechanical overload or under stressing (Shunmugasamy et al., 2011).
Occlusal overload has been defined as “the load that is greater than prostheses,
implant components, or interface tissues, are capable of withstanding without damage”
(Qian et al., 2012, Laney, 2017). Animal studies carried out by Hoshaw et al found
substantial coronal bone loss in loaded experimental dog implants compared the
unloaded groups (Hoshaw et al., 1994). In a monkey experimental model, Isidor
demonstrated that overloading caused marginal bone loss (Isidor, 1996). Clinical
investigations have also demonstrated a link between occlusal over load and marginal
bone loss (Quirynen et al., 1992, Chambrone et al., 2010) but a definitive relationship
has not been established (Oh et al., 2002, Isidor, 2006). On the other hand, Gotfredsen
et al could not demonstrate significant marginal bone loss in response to static loads
(Gotfredsen et al., 2001) . Similarily, Heitz-Mayfield and co-workers revealed that
extreme occlusal load did not cause more marginal bone loss than that of the control
group (Heitz-Mayfield et al., 2004, Qian et al., 2012). Nevertheless, a number of animal
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studies, demonstrated initial crestal bone loss and remodeling in the absence of
occlusal load, a fact that seriously questions the role of occlusal loads during the initial
crestal bone remodeling (Hermann et al., 2000a, Alomrani et al., 2005).
Biologic width theory
The biologic width theory states that minimal dimension of the peri-implant soft tissue
is required to establish biologic mucosal width around dental implants similar to that
of the teeth, therefore, bone resorption may take place to promote the desired soft
tissue attachment to develop (Berglundh and Lindhe, 1996, Hermann et al., 2000b,
Qian et al., 2012). A biologic width around implants has been reported in several
studies which demonstrated that the mean height of supra-alveolar soft tissue was 34 mm. The epithelial dimension was approximately 2 mm and the connective tissue
layer was around 1.5mm (Berglundh et al., 1991, Abrahamsson et al., 1996,
Abrahamsson et al., 1998).However, bone resorption to constitute biological width is
apparently observed in the first year after implant placement and it is not associated
with long term marginal bone loss (Lindhe and Berglundh, 1998, Qian et al., 2012)
Bacterial microleakage theory
The bacterial theory proposes that bacterial microleakage between the implant body
and prosthetic abutment leads to microflora colonising the microgap of the implantabutment interface, thus initiating an ‘”inflammatory front” reaction which in turn leads
to peri-implant crestal bone resorption (Callan et al., 1998, Alomrani et al., 2005). In
an experiment performed by Hermann et al., the location of the microgap was varied
in relation to bone level, and it was found that less marginal bone resorption occurred
when the the microgap was located high up in the soft tissues away from the crestal
bone (Hermann et al., 2001b). The authors declared that the exact cause of the tissue
changes was not clear, but they have explained that infection was due to microgap
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leakage (Qian et al., 2012). These observations were also confirmed by Broggini et al.
who also demonstrated that the peak of inflammatory infiltrate was found about 0.5
mm

coronal

to

the

microgap

and

composed

primarily

of

neutrophilic

polymorphonuclear leukocytes (Broggini et al., 2003, Broggini et al., 2006). Clinical
studies have revealed elevated levels of periodontal pathogens in implants with
marginal bone loss in contrast to implants without marginal bone loss (Hultin et al.,
2002). On the other hand, Renvert et al. (2007) examined more than 900 functioning
implants in situ and demonstrated no significant difference in the microbiota between
implants diagnosed as “healthy” and those diagnosed as “periimplantitis”(Renvert et
al., 2007, Qian et al., 2012). This corroborates the findings that the existence of
periodontal pathogens does not necessarily lead to destructive consequences (Shibli
et al., 2008, Rossetti and Canullo, 2012). Nevertheless, a 3-year clinical study failed
to reveal such an association (Cox and Zarb, 1987).
The aforementioned theories have not totally succeeded in clarifying the precise
mechanisms of peri-implant bone loss (Chvartszaid and Koka, 2011, Wennerberg and
Albrektsson, 2011). Having said that, it was repeatedly seen that the position of the
implant-abutment microgap seems to play an important role in bone remodeling. In 2piece external connection implant systems, the distance between the microgap and
the most coronal bone-to-implant contact was approximately 2mm (Piattelli et al.,
2003) and was established during the first 6 months (Naert et al., 2001) Such bone
remodeling was not seen in one-piece implant systems (Cochran, 2000). In a review
based on published data, Jemt and Albrektsson (Jemt and Albrektsson, 2008)
concluded that “marginal bone loss at implants is a complex problem, caused by many
different factors that are not yet fully understood. A single minded explanatory model
for bone loss at implants is not acceptable” (Qian et al., 2012). Therefore, the exact
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aetiology and mechanism responsible for crestal bone remodeling around dental
implants could not be confirmed. However, efforts have been directed to minimise the
marginal bone resorption through different approaches. One of the approaches that
demonstrated positive radiographic findings in respect to crestal bone level was the
utilisation of the “platform-switched implants” concept

2.2 Platform-switching Concept in Dental Implants
Platform-switching is defined as “a protocol that includes smaller diameter restorative
components that have been placed onto larger diameter implant restorative platforms
– the outer edge of the implant-abutment interface is horizontally repositioned inwardly
and away from the outer edge of the implant platform” (Lazzara and Porter, 2006)
(Figure 2.1).

Figure 2.1 Schematic of platform-switched vs. platform-matched designs (Image from
Clin Implant Dent Relat Res. 2012. 14(6):792-807)

This restorative protocol was reported by the Lazzara and Porter as a technique for
limiting circumferential bone loss around dental implants (Herekar et al., 2014). The
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authors were able to demonstrate with radiographic follow-up that wide-diameter
dental implants restored with this platform-switching technique exhibited a reduced
vertical change in crestal bone height around implants by the inward positioning of the
IAJ compared with conventionally restored matching diameter implants (Lazzara and
Porter, 2006, Canullo, 2012). This phenomenon was discovered by chance when
wide-diameter abutments were initially not available as prosthetic components to
match the wide diameter implants (Lazzara and Porter, 2006, Atieh et al., 2010,
Canullo, 2012, Herekar et al., 2014)
Several controlled studies supported the conception that platform-switched implants
exhibited less crestal bone loss than non-platform-switched implants. (Atieh et al.,
2010, Canullo, 2012, Qian et al., 2012, Herekar et al., 2014). A controlled study by
Canullo and colleagues (2010a) reported that marginal bone loss was inversely related
to the degree of platform-switching after almost 3 years of observation (Canullo et al.,
2010a). In other words, the larger the mismatch between the implant and abutment,
the less bone loss. A recent systematic review concluded that marginal bone loss at
implants with platform-switching was less than at implants with platform-matching with
a mean difference 0.29 mm (Chrcanovic et al., 2015). This mean difference of marginal
bone loss between the procedures was observed to increase with the increase in the
follow-up time and with the increase of the mismatch between the implant platform
and the abutment (Chrcanovic et al., 2015). Buser et al. observed a mean crestal bone
loss for platform-switching of 0.18 mm compared to 2.18 mm when standard platformmatched implants were used (Buser et al., 2010). These positive findings of platformswitching were supported in other clinical studies performed by different investigators
(Vela-Nebot et al., 2006, Canullo and Rasperini, 2007, Hürzeler et al., 2007, Cappiello
et al., 2008, Wagenberg and Froum, 2010). Consequently, an increasing number of
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implant systems incorporated platform-switching into their designs as an innovative
feature for preserving the peri-implant bone (Atieh et al., 2010).
On the other hand, a randomised clinical trial performed by Enkling et al failed to prove
the hypothesis of reduced peri-implant bone loss for platform-switched implants
(Enkling et al., 2011)
Several investigators have tried to explain the concept of platform-switching through
implementing and applying the theories that were earlier proposed to explain crestal
bone remodelling (Atieh et al., 2010, Qian et al., 2012):
1) The biomechanical theory proposed that connecting the implant to a smallerdiameter abutment might limit bone resorption by shifting the stress-concentration
zone away from the crestal bone–implant interface and directing the forces of
occlusal loading along the axis of the implant (Maeda et al., 2007, Pellizzer et al.,
2010, Tabata et al., 2011). However, horizontal shifting of the implant-abutment
connection did not significantly alter the stress generated at the marginal bone
around the dental implants (Canay and Akça, 2009, Schrotenboer et al., 2009).

2) The biologic width theory assumed that shifting the implant-abutment connection
may medialise the location of the biologic width and reduce the marginal bone
resorption (Lazzara and Porter, 2006) based on previously mentioned studies that
showed that placing the IAJ at or below the crestal bone level may cause vertical
bone resorption to re-establish the biologic width (Hermann et al., 2001a, Todescan
et al., 2002). However, the relationship between biologic width and bone loss is
unclear due to lack of clinical studies (Rossetti and Canullo, 2012) and it is not a
relevant factor for long-term marginal bone loss (Qian et al., 2012)
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3) The bacterial theory postulated that platform-switching leads to the shifting of the
microgap cell infiltrate further away from the marginal bone, thereby reducing bone
resorption by embracing the inflammatory cell infiltrate within the angle formed at
the interface away from the adjacent crestal bone (Todescan et al., 2002, Broggini
et al., 2006, Enkling et al., 2009) .

However, the relationship between the

composition of microbiota at the IAJ and marginal bone resorption was recently
questioned (Canullo et al., 2010b)
The technique of platform-switching necessitates further studies to understand the
biological processes responsible for the observed positive radiographic findings in
peri-implant crestal bone level. Bone remodeling around dental implants could be
analysed by studying the orthopaedic literature which sheds light on the possible role
of corrosion by-products and wear debris which concentrate in peri-implant tissues
leading to osteolysis (Jacobs et al., 1998, Jacobs et al., 2003, Olmedo et al., 2010).

2.3 Orthopaedic Literature on Bone Loss Related to Implant
Corrosion and Wear Debris
Bone is a dynamic tissue with a well-balanced homeostasis preserved by both
formation and resorption of bone (Vermes et al., 2001b). Degradation products
resulting from corrosion and wear of the prosthetic materials replacing parts of the
human body such as bones, joints, and tooth roots, are believed to play a pivotal role
in the loss of balance between bone formation and bone resorption (Pioletti et al.,
1999) .This belief emerged when aseptic loosening of orthopedic prosthesis was
diagnosed back in the 1960s (Charnley, 1961, Charnley, 1968), however, it wasn’t
until the 1977 when Willert and Semlitsch first hypothesised that these corrosion and
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wear debris were responsible for such aseptic osteolysis following their observation of
the presence of macrophages in response to wear debris (Willert and Semlitsch,
1977). They concluded that the particles accumulate when pericapsular lymph
drainage is overwhelmed by the particle load, leading to a foreign body response and
eventual loosening of the implant (Willert and Semlitsch, 1977). Since then, osteolysis
has been viewed as a manifestation of an adverse cellular response to
phagocytosable particulate wear and corrosion debris (Jacobs et al., 2001).
Hallab and Jacobs (2009) have classified the degradation products of any metallic
implant prosthesis into two major types of debris: particles and soluble (or ionic) debris.
Particulate wear debris range in size from nanometers to millimeters, while the socalled “metal ions” exist in soluble forms bound to serum protein (specifically or
nonspecifically) (Hallab and Jacobs, 2009). Particles are phagocytosed, initiating a
cascade of foreign body responses which activates different cells to play a role in the
web of interactions that govern periprosthetic bone loss (Ollivere et al., 2012). The
ionic debris on the other hand, can circulate both locally and systemically, penetrate
cell plasma membrane, bind cellular proteins and enzymes, or modulate cytokine
expression (Huk et al., 2004).
The extent of foreign body response to the implant debris depends on their type, size,
and concentration.
Different types of debris induce different responses in the tissue. Implant debris may
be cobalt-chrome (CoCr), Ti or titanium alloys (Ti-6Al-4V), zirconium dioxide (ZrO2),
or aluminium oxide (Al2O3) depending on the prosthesis and all have been shown to
act as biologically active products (Ollivere et al., 2012). It was demonstrated that Ti
and Ti alloy particles do not affect cell viability but are strong stimulators of interleukin-
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6 (IL-6) and prostaglandin E2 (PGE2) release (Agarwal, 2004) . In terms of toxicity,
CoCr and Al2O3 particles are more cytotoxic than Ti particles (Agarwal, 2004). This
was confirmed by the work of Haynes et al (1993) who demonstrated that exposure to
CoCr particles was found to be very toxic to macrophages while titanium-aluminiumvanadium (Ti-6Al-4V) particles were only minimally toxic. On the other hand, exposure
to Ti-6Al-4V increased the release of PGE2, interleukin-1 (IL-1), tumor necrosis factoralpha (TNF-α), and IL-6. These inflammatory mediators were minimally released from
macrophages when they were exposed to CoCr particles (Haynes et al., 1993). The
influence of debris type and composition was also demonstrated in the work of
Lochmann et al who exposed osteoblasts to different types of metal particles
(Lohmann et al., 2000). The authors showed that the number of cells was dependent
on the chemical composition of the metallic particles. Alkaline phosphatase activity
was inhibited more by Ti than the other metals and the production of PGE2 was
increased predominantly when exposed to CoCr particles (Lohmann et al., 2000).
The type of response that host tissue mounts to particles challenge in particular
depends on their size (Ollivere et al., 2012). Larger particles over 50 µm induce fibrous
encapsulation while smaller particles of less than 7 µm are phagocytosed and lead to
macrophage activation and release of a variety of cytokines like interleukins, TNF-α,
PGE2 and metalloproteases (Agarwal, 2004). The difference in the size of particles
generated also affects the rate of development of osteolysis (Agarwal, 2004). Previous
investigations indicate that for an equal mass/volume of debris, smaller particles (e.g.,
0.4 µm) produce a greater inflammatory response than larger particles (e.g., 7.5 µm)
(Dalal et al., 2012).
The concentration of particles has been found to be directly proportional to the
phagocytic response up to a saturation level (Agarwal, 2004). Sun et al (1997)
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demonstrated that the effects of metal ions (Ni, Co, Ti and V) on cell viability were a
function of their concentrations (Sun Zhi et al., 1997).
Many different cell types are involved to a varying degree in the pathogenesis of
osteolysis, including macrophages, lymphocytes, fibroblasts, osteoclasts, and
osteoblasts. Once activated, these cell types are thought to mediate the response to
wear debris, which eventually leads to local bone loss and decreased new bone
formation (Agarwal, 2004, Purdue et al., 2007, O’Neill et al., 2013).

2.3.1 Cells involved in periprosthetic osteolysis
The majority of research to date in relation to osteolysis has focused on macrophages
and osteoclasts.
Macrophages:
Since macrophages are the chief phagocytic cells in periprosthetic membranes,
much attention has been focused on their role in cytokine production and osteoclast
activation (Looney et al., 2006). The phagocytosis of a particulate wear debris
stimulates macrophages/monocytes to secrete mediators of bone resorption, the most
important of which are interleukin1-beta (IL1-β), IL-6, TNF-α, and PGE2 and receptor
activator of nuclear factor kappa-B Ligand (RANKL). A higher level of expression of
cytokines was seen in the cells in close proximity to the failed implant (Ollivere et al.,
2012).
Activating macrophages is essential for the initiation of an osteolytic response. Taira
et al (2006) showed in an in-vitro study that macrophages cultured in the medium with
1 ppm Ti exhibited cell viability of about 60% and TNF-α secretion of about 170%
relative to those of the control cells cultured in the medium without Ti (Taira et al.,
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2006). In another report, Mao and colleages investigated the effects of Ti particles on
the secretory profile of inflammatory cytokines, chemokines, and inflammatory
enzymes in a murine macrophage cell line (Mao et al., 2012). It was shown that Ti
particles increased the production of TNF-𝛼, IL-1𝛽, IL-6, IL-10, monocyte
chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1 alpha (MIP1α) and cyclooxygenase-2 (COX-2) in this cell line in a time-dependent manner (Mao
et al., 2012, Syggelos et al., 2013). Similarly, recent studies have demonstrated that
Co2+ and Cr3+ ions induced TNF-α secretion, mortality, and more specifically
apoptosis, in macrophages. The degree of cell response depended on ion
concentration and exposure time (Catelas et al., 2003). In 2005, Catelas et al also
demonstrated that macrophage mortality induced by metal ions depends on the type
and concentration of metal ions as well as the duration of their exposure. Their results
showed that apoptosis was predominant after 24 h with both Co2+ and Cr3+ ions, but
high concentrations induced mainly necrosis at 48 h. These results point to the
potential for these ions of inducing tissue damage by necrosis if they accumulate in
large concentrations in vivo (Catelas et al., 2005)

Osteoclasts
Osteoclasts are multinucleated cells responsible for bone resorption. Osteoclasts are
differentiated from hemopoietic cells of the monocyte/macrophage lineage under the
control of bone microenvironments (Katagiri and Takahashi, 2002). Osteoclasts are
recruited through expression of MCP-1 and MIP-1α; which may be up-regulated in
peri-prosthetic tissues (Purdue et al., 2007). Modulation of osteoclastic function is via
signal pathways from activated macrophages, chiefly through up-regulation of IL1,
TNF-α and IL-6 (Carmody et al., 2002, Ollivere et al., 2012). Much emphasis has been
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directed towards the importance of RANK and its ligand RANKL in osteolysis. The
RANK receptor is a membrane receptor found predominantly on osteoclasts. Ligand
binding at this receptor is the initiator for osteoclast differentiation (Boyce and Xing,
2007). Osteoprotegerin (OPG) is the antagonist for this pathway. It is secreted by
osteoblasts and regulates osteoclast activity by providing an alternative binding site
for RANKL (Boyce and Xing, 2007, Ollivere et al., 2012). The RANK pathway is a
central regulator of bone turnover. RANKL expression is increased in osteolytic tissue
surrounding loose components, and expression has been localised to macrophages,
giant cells and fibroblasts and osteoblasts. Exposure of fibroblasts, osteoblasts and a
murine calvarial model to wear debris resulted uniformly in an increase in the
RANKL/OPG ratio (Pioletti and Kottelat, 2004, Wei et al., 2005). These observations
confirm the essential role of the RANK/RANKL/OPG pathway in osteolysis (Ollivere et
al., 2012). Particles can also directly influence osteoclasts through phagocytosis of the
particles, which can inhibit type 1 collagen synthesis through nuclear factor-B
signalling and down-regulation of procollagen-1 gene transcription (Roebuck et al.,
2001).
Although osteolysis is predominantly a resorptive process, diminished bone formation
has been well recognised and documented (Vermes et al., 2001b, Goodman et al.,
2006, Purdue et al., 2007, O’Neill et al., 2013). The role of the bone forming cells,
osteoblasts, in periprosthetic osteolysis has been studied less extensively. Altered
osteoblast functions, in response to wear debris and corrosion products may
contribute to the development or progression of periprosthetic bone loss due to the
disruption of bone homeostasis.
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Osteoblasts
Osteoblasts are specialized cells that function in bone formation. Bone tissue mainly
consists of hydroxyapatite crystals and various kinds of extracellular matrix proteins
including type I collagen, osteocalcin, osteonectin, osteopontin, bone sialoprotein and
proteoglycans (Young et al., 1992, Robey et al., 1993). Most of these bone matrix
proteins are secreted and deposited by polarised mature osteoblasts, which are
aligned on the bone surface. The formation of hydroxyapatite crystals in osteoid is also
regulated by osteoblasts. Therefore, the expression of a number of bone-related
extracellular matrix proteins, high enzyme activity of alkaline phosphatase (ALP), and
responses to osteotropic hormones and cytokines are believed to be major
characteristics of osteoblasts (Katagiri and Takahashi, 2002, Mabilleau et al., 2008).
Osteoblasts play an essential role in osteoclast differentiation through RANKL–RANK
interaction. Osteoblasts express RANKL as a membrane-associated factor.
Osteoclast precursors that express RANK, a receptor for RANKL, recognise RANKL
through the cell–cell interaction and differentiate into osteoclasts (Katagiri and
Takahashi, 2002) .
Corrosion and wear debris influence osteoblasts and contribute to peri-prosthetic
osteolysis by two distinct mechanisms. First, the osteoblast’s ability to produce osteoid
may be affected (Vermes et al., 2001a, Fritz et al., 2006) or the number of effective
osteoblasts might decrease through reduced viability and proliferation or metal
induced apoptosis(O’Neill et al., 2013). This will result in reduced bone formation
directly from degradation products or indirectly or by mediators of peri-prosthetic
osteolysis secreted by other cells in the same area (Yao et al., 1997, Vermes et al.,
2001b, O’Neill et al., 2013). Secondly, ions and particles may activate osteoblasts to
secrete proinflammatory mediators that contribute to the overall inflammatory process
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involved in periprosthetic osteolysis (Jacobs et al., 2001, Vermes et al., 2001a,
Sabokbar et al., 2003, Jacobs et al., 2006, Pearle et al., 2007, Purdue et al., 2007,
Hallab and Jacobs, 2009, O’Neill et al., 2013) (Figure 2.2).
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Figure 2.2 Different metabolic pathways involved in peri-prosthetic osteolysis

2.3.1.3.1

Osteoblast viability and proliferation:

If the viability of osteoblasts is adversely influenced by corrosion and wear debris, the
rate of bone formation will decrease (Pioletti et al., 1999). It has been demonstrated
earlier through the work of Lochner and colleagues (2011) that different types of metal
particles have affected the cell viability of human osteoblasts in a dose-dependent
manner (Lochner et al., 2011). Similarly, Mabilleau et al showed that osteoblasts
exposed to Co and Cr ions undergo a dose dependent reduction in proliferation
(Mabilleau et al., 2008). Titanium ions at concentrations of 10 ppm or higher for 24 h
were found to be toxic as they inhibited osteoblast proliferation; however, 5 ppm or
less had no effect (Liao et al., 1999). Additional past studies by Hallab et al have
demonstrated that sublethal concentrations of metal ions influence osteoblast viability
and proliferation. (Hallab et al., 2002).The authors concluded that concentrations of
metal ions associated with toxic osteoblast responses were within the ranges of metal
concentrations reported to exist in periprosthetic tissue. On the other hand, Yao et al
(1997) demonstrated that neither the viability nor the proliferation of Mg-63 was
affected by treatment with Ti particles (Yao et al., 1997).

2.3.1.3.2 Osteoblast apoptosis:
Although several studies have reported on the toxicity and the ability of metal ions
and particles to induce cytokine release in cultured cell systems (Dalal et al., 2012,
Quabius et al., 2012, Nishimura et al., 2014) little is known about the mechanism of
cell death induced by these ions. There are 2 modes of cell death: necrosis and
apoptosis. Necrosis is a passive form of cell death in which the cell responds to injury
by rapid swelling, membrane disintegration, and rupture (Friedman et al., 1993). With
membrane rupture, the released cellular contents initiate a widespread inflammatory
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response. Apoptosis, or programmed cell death, is an active form of cell death and
has been likened to cell suicide where the cell participates in its own demise upon
endogenous or exogenous stimulation. Apoptosis is characterised by cell shrinkage,
chromatin condensation, surface blebbing, and formation of apoptotic bodies
(Friedman et al., 1993, Huk et al., 2004). Throughout the entire process, the cellular
contents remain within an intact membrane. One of the highlights of apoptotic cell
death as it applies to periprosthetic environment is that the entire process terminates
in the elimination of dead cells without the induction of a significant inflammatory
reaction (Huk et al., 2004). Apoptosis quantification is important as it is the normal fate
for the majority of osteoblasts (Jilka et al., 1998). Moreover, an in vitro study showed
that Ti particles can induce apoptosis in osteoblasts (Pioletti et al., 2002). Pioletti et
al (2002) demonstrated that implant particles induced and promoted apoptosis,
especially in less mature osteoblasts. In the same experiment, a higher percentage of
apoptosis induced by the particles was observed in the MG-63 osteoblast-like cells.
The increased susceptibility to apoptosis of the less mature osteoblast could have
important consequences for bone remodeling. Indeed, if less mature osteoblasts
undergo apoptosis in vivo, the number of mature osteoblasts that have to synthesise
new bone will obviously thereby decrease, favouring the resorption process (Pioletti
et al., 2002).

2.3.1.3.3 Expression of inflammatory genes
Metal ions and particles may also stimulate osteoblasts to produce proinflammatory
mediators that contribute to the overall inflammatory process involved in periprosthetic osteolysis (Jacobs et al., 2001, Vermes et al., 2001a, Hallab and Jacobs,
2009, O’Neill et al., 2013). It has been shown that cobalt ions stimulate increased
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PGE2 secretion in primary human osteoblasts. This was preceded by up-regulated
cyclooxygenase COX-1 and COX-2 gene expression, enzymes involved in the
synthesis of PGE2, which suggests that the cobalt ions increase PGE2 levels by
inducing the COX enzyme at a transcriptional level (Queally et al., 2009). PGE2 has
been reported to induce osteolysis by stimulating osteoclasts, and increased
osteoclast differentiation (Mayahara et al., 2012, O’Neill et al., 2013).
Numerous studies have confirmed the presence of several cytokines including IL-6
and IL-8 in the peri-prosthetic region (O’Neill et al., 2013). Osteoblasts are capable of
releasing these proinflammatory cytokines (Hallab et al., 2002) which can in turn
activate the differentiation of preosteoclasts into mature bone-resorbing cells
(Sabokbar et al., 2003). IL-8 act as potent chemo-attractants of neutrophils and
macrophages (O’Neill et al., 2013). It has been demonstrated that primary human
osteoblasts exposed to cobalt ions (10 ppm) produced increased levels of IL-8
(Queally et al., 2009). The in vitro migration of neutrophils and monocytes in response
to the experimentally produced IL-8 was also observed, indicating that the chemokine
produced was functional. Secretion of IL-8 by primary human osteoblasts and
osteoblast-like cells in response to cpTi and other experimentally derived corrosion
and wear debris has also been previously reported (Fritz et al., 2002, Fritz et al., 2006,
Lochner et al., 2011). IL-6 was also produced by osteoblast and osteoblast like cells
in response to exposure to both cobalt particles and ions in-vitro (Anissian et al.,
2002). Similarly, Vermes et al reported that particle-stimulated osteoblasts released
IL-6 through phagocytic pathway (Vermes et al., 2001a) This is significant as IL-6 has
been reported to be important in osteoclast development and bone resorption, both
directly and indirectly, via the up-regulation of RANKL (Adebanjo et al., 1998).
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As described earlier, the amount of RANKL relative to OPG which is known as
RANKL/OPG ratio acts as a control mechanism for osteoclastogenesis. (O’Neill et al.,
2013). Cadosch et al revealed that incubation of osteoblast cells with 1 µM Ti (IV)
significantly upregulated expression of RANKL (Cadosch et al., 2010).The authors
concluded that the increased expression of RANKL together with increased levels of
proinflammatory cytokines may stimulate osteoclast differentiation and activity, and
eventually contribute to and lead to aseptic loosening (Cadosch et al., 2010). Using
different concentrations of Co and Cr ions, Zijlstra et al (2012) recently showed that
OPG/RANKL ratio was reduced after 72 h of incubation of osteoblast cells with almost
all Co and Cr concentrations tested (1-100 ppb) (Zijlstra et al., 2012)
These findings clearly suggest that corrosion and wear debris from orthopaedic
implants are involved in the osteolysis not only by favouring bone resorption, as it is
generally accepted, but also by inhibiting bone formation (Pioletti et al., 2002).
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2.4 Corrosion of Dental Implants
For proper osseointegration, several factors must be controlled (Albrektsson et al.,
1981, Albrektsson et al., 2014), including biocompatibility of the implant material,
design and surface of the implant, the condition of the tissues in the implant site, the
surgical

techniques,

and

loading

procedures

(Albrektsson

et

al.,

2014).

Biocompatibility of an implant material is closely related to its susceptibility to corrosion
(Matusiewicz, 2014). Therefore, titanium (Ti) has been the material of choice for dental
implants. Implants made out of Ti and Ti-based materials are the most commonly used
for dental implants therapies owing to their mechanical properties, excellent
biocompatibility and high corrosion resistance (Wang and Fenton, 1996, Whitters et
al., 1999, Alves et al., 2018). The high corrosion resistance of such materials is gained
through the formation of a very thin, stable passive oxide layer that is self-healing, thus
protecting the metal surface from further oxidation.
However, certain environmental conditions, such as those experienced in the oral
cavity, can breach the protective oxide layer formed on the surfaces of these passive
materials and cause corrosion, affecting the mechanical integrity of the implant and
the health of the surrounding tissue (Gittens et al., 2011)
Corrosion is simply the deterioration of a material when exposed to an environment
(Corbett, 2004). In a more detailed definition, it is “the process of interaction between
a solid material and its chemical environment, which leads to a loss of substance from
the material, a change in its structural characteristics, or loss of structural integrity”
(Adya et al., 2005)
Jacobs and colleagues have highlighted two essential features which determine
corrosion of an implant (Jacobs et al., 1998):

66

1. Thermodynamic driving forces, which are related to the oxidation-reduction
reactions for the given electrochemical system. These forces correspond to the energy
required or released during a reaction.
2. Kinetic barriers to corrosion, which are related to factors that physically, obstruct or
prevent corrosion from taking place. An example of a kinetic barrier to corrosion would
be the passivation or formation of a metal oxide passive film on a metal surface (Adya
et al., 2005). Most materials selected for implant applications exhibit this passivation
ability and, thus, have relatively low corrosion rates compared with those of other more
reactive metals. (Gittens et al., 2011).
Corrosion rate depends on temperature, pH, ion concentration, substrate size, and
chemistry (Bhola et al., 2011, Gittens et al., 2011). The physiological oral environment
with its variations in pH and temperature, in conjunction with constant, cyclic implant
loading can significantly elevate corrosion rates. Situations that can enhance corrosion
include extreme acidic conditions which can be found during inflammation, presence
of plaque deposits or food intake (Messer et al., 2009, Messer et al., 2010, Sridhar et
al., 2015, Yu et al., 2015, Sridhar et al., 2016), the use of fluoride solutions (Sartori et
al., 2009), the galvanism phenomena between titanium implants and other metallic
alloys used for common dental procedures (Reclaru and Meyer, 1994, Grosgogeat et
al., 1999, Tuna et al., 2009, Yamazoe, 2010) and the fretting between the implant and
its superstructure (Sridhar et al., 2016). The combination of micromotion and a
corrosive aqueous medium in the oral cavity creates a more complex phenomena
termed “tribocorrosion” which is defined as “material deterioration or transformation
resulting from simultaneous action of wear and corrosion” (Mischler, 2008,
Swaminathan and Gilbert, 2012).
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2.4.1 Corrosion processes in the oral cavity:
Saliva plays a fundamental role in the corrosion of dental implants (Nikolopoulou,
2006). The implant-abutment interface or microgap is continuously exposed to saliva
through the gingival sulcus. Saliva operates as a weak electrolyte, and the oral cavity
can trigger an electrochemical cell promoting dissolution of the oxide layer (DelgadoRuiz and Romanos, 2018). Therefore, the metallic implant system within the wet oral
cavity represent a basic model of an electrochemical cell which is composed of 2
electrodes (anode and cathode) and an aqueous electrolyte serving as a liquid bridge
(Gittens et al., 2011). This cell undergoes two sets of electrochemical reactions:
1) Oxidative (anodic) reactions which generate electrons and ions
2) Reductive (cathodic) reactions which consumes electrons and generates metal
atoms or other molecules
Consequently, considerable currents are produced by the flow of ions and electrons
generated during electrochemical reactions occurring between the corroding metallic
surface (implant and abutment surfaces) and the electrolyte (saliva). Within the hostile
oral environment, the electrochemical cell undergoes different corrosion processes:
Fretting corrosion
Fretting corrosion is caused by continuous micro-motion and friction between a metal
surface against another metal causing mechanical wear which breaks up the passive
oxide layer on the contact surface of the metallic device (Landolt, 2007). Fretting exists
between the dental implant and the bone (Gilbert et al., 2009, Gittens et al., 2011) and
between the dental implant and its superstructure due to chewing forces and repeated
cyclic loading causing metal ion release and particle detachment from the contacting
surfaces (Klotz et al., 2011, Stimmelmayr et al., 2012). Particles accumulating in peri-

68

implant oral mucosa have been analysed by laser ablation inductively coupled plasma
mass spectrometry and the elemental mapping showed accumulated Ti particles of
various sizes with additional contents of Al and V (Flatebo et al., 2011)
Pitting corrosion
Pitting corrosion is produced as localized corrosion attack in a resistant surface. It
occurs as a result of the spontaneous breakdown of the passive film on a flat and
evenly exposed area (Landolt, 2007, Gittens et al., 2011). In the presence of certain
ions like chlorides, the film locally breaks down and rapid dissolution of underlying
metal occurs in the form of pits (Bhola et al., 2011). Pitting also occurs as a result of
elemental impurities or corrosion-susceptible alloying elements on the surface of the
metal. Surface pitting have been observed microscopically by several investigators on
surfaces of Ti implants after immersion in different bacterial solutions (Sridhar et al.,
2015, Sridhar et al., 2016).
Crevice corrosion
Crevice corrosion is a form of local corrosion existing due to the geometry of the
assembly. It takes place in enclosed spaces, such as the microgap crevices between
the abutment and implant or abutment and screw, where oxygen exchange is limited
or obstructed. The reduced oxygen concentration, high concentration of electrolytes
and low pH, which is caused by inhibited diffusion of chemicals into and out of the
space, leads to the initiation and propagation of the crevice corrosion phenomenon
(Reclaru and Meyer, 1994, Adya et al., 2005, Gittens et al., 2011). Crevice corrosion
has been demonstrated as small pits and severe scratches on retrieved implant and
abutment surfaces resulting from crevice geometry and fretting between their
interfaces (Rodrigues et al., 2013).
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Galvanic corrosion
Galvanic corrosion occurs when materials with different electrochemical potentials
are in contact in an electrolyte solution (Reclaru and Meyer, 1994, Bhola et al., 2011,
Gittens et al., 2011). One material undergoes an oxidation reaction (anode), whereas
the other material undergoes a reduction reaction (cathode) (Reclaru and Meyer,
1994, Corbett, 2004, Serhan et al., 2004, Gittens et al., 2011). In the dental implantabutment couplings, two dissimilar alloys come in contact while exposed to saliva
forming an in vivo galvanic cell and the difference between their electrical potential
results in a flow of electrical current between them causing corrosion of the less noble
metal and dissolution of the metal contacting surfaces releasing metal ions
(Chaturvedi, 2009, Gittens et al., 2011). Galvanic corrosion is the most common form
of corrosion taking place in the oral cavity and it could also amplify the magnitude of
corrosion initiated by other processes described earlier (Reclaru and Meyer, 1994,
Grosgogeat et al., 1999, Gittens et al., 2011). The galvanic corrosion of titanium
coupled with prosthodontic alloys has been widely studied in vitro (Geis-Gerstorfer et
al., 1989, Geis-Gerstorfer, 1994, Taher and Al Jabab, 2003, Tuna et al., 2009). GeisGerstorfer and colleagues stated that “the galvanic corrosion of implant/superstructure
systems is important in two aspects: 1) the possibility of biological effects that may
result from the dissolution of alloy components and 2) the current flow that results from
galvanic corrosion may lead to bone destruction” (Geis-Gerstorfer et al., 1991).
Therefore, galvanic coupling of Ti implants with restorative superstructures of
different materials remains a great concern. Currently, a wide range of metal alloys
are available in the market, thus, complicating the problem of selecting one alloy
among the other varieties.
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2.4.2 Alloys for implant prosthesis
Ti and Ti alloys
Titanium is available in various combinations for use in implant dentistry. The term Ti
is frequently used to include all types of pure Ti and Ti alloy. However, it should be
noted that the processing, composition, structure, and properties are quite different
(Wang and Fenton, 1996). Real pure Ti does not exist, because it easily dissolves
oxygen (O), carbon (C), and nitrogen (N) and incorporates them as impurities and
therefore, is described as commercially pure Ti (CPTi) (Hanawa, 2012). CPTi is
classified into four grades, according to its impurity content and mechanical properties
(Table 2.1)
Table 2.1 Composition and mechanical properties of CPTi*
Impurity Limits (Wt %)
Type

Tensile
Strength

0.2%
Yield
Strength

Elongation

N

Fe

O

C

H

(Mpa)

(MPa)

%

Grade I

< 0.03

<0.15

<0.18

<0.10

<0.015

275-412

170

> 27

Grade II

< 0.03

<0.2

<0.25

<0.10

<0.015

343-510

275

> 23

Grade
III

< 0.05

<0.25

<0.35

<0.10

<0.015

481-618

380

> 18

Grade
IV

< 0.05

<0.3

<0.45

<0.10

<0.015

>550

> 440

> 15

* Adapted from (Hanawa, 2012)

Besides grades 1–4, different elements can be added to Ti, creating further grades of
Ti (ASTM#F1295, 2005) to enhance its properties. Grade 5 refers to Ti alloy combining
Ti with Al and V which increased the material’s hardness, while an alloy with palladium
(Pd) increased its corrosion resistance (Ti grade 7 and 11) (ASTM#F1295, 2005,
Jorge et al., 2013). Among the different formulations of Ti alloys, Ti–6Al–4V has been
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the most utilised due to its better physical and mechanical properties in comparison to
CPTi (Jorge et al., 2013).
Various Ti dental implants are available in the market and are categorised into
different classes according to their shape (cylindrical, conical, hybrid) and the mode of
connection to the prosthetic component such as Morse taper, internal hexagon,
external hexagon and dodecagon (Bhola et al., 2011, Revathi et al., 2017)
Ti was selected as an implant material mainly on the basis of its inert behaviour
towards the hard tissues, and the ability to form direct bone contact on its surface
which was known as the osseointegration phenomenon (Branemark et al., 1969,
Branemark et al., 1977, Carlsson et al., 1986). Because of their excellent
biocompatibility and high corrosion resistance, the ADA Council on Scientific Affairs
(ADA, 2003) has classified CPTi and Ti alloys between high noble and noble in the
revised classification system as follows:
1. High noble: noble metals content should be of 60% or greater, and at least 40%
of the noble metals content must be gold (Au)
2. CPTi and Ti alloys: Ti > 85%
3. Noble: noble metals content of between 25 and 60%
4. Base metal: noble metals content is less than 25%
Ti and Ti alloys’ high corrosion resistance originates from the high affinity of Ti towards
oxygen which results in the formation of a thin and stable passive oxide layer that
protects the bulk material underneath from reactive species (Gittens et al., 2011,
Gittens et al., 2014, Revathi et al., 2017). The adherent oxide layer formed on Ti alloys
primarily consists of TiO2 which if damaged, has the ability to reheal immediately under
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normal physiological conditions, thereby making Ti-based implants highly corrosion
resistant in the physiologic oral environment (Revathi et al., 2017). However, in the
presence of acidic conditions, the protective oxide layer can be lost, and corrosion
phenomena can start with subsequent ion release, and when micromotion occurs
between the implant platform surface and the prosthetic abutment due to masticatory
loads, additional particles and ions will be released to the surrounding tissues (Tanaka
et al., 2000, Souza et al., 2015b, Sridhar et al., 2016, Delgado-Ruiz and Romanos,
2018). In a recent study, five Ti implants retrieved due to peri-implantitis were
evaluated (Rodrigues et al., 2013). The analysis revealed features of severe surface
damage demonstrated as rough interfaces, discoloration, severe scratches, cracking
and pitting attack in all the implants. The degree of surface damaged observed
microscopically led the authors to conclude that a large amount of particles debris and
ions was released. These findings appeared to be the result of conjoint mechanism
between chemical attack and mechanically-induced degradation (Rodrigues et al.,
2013)
CPTi is used for implant fixtures more than Ti alloys because of its superior
biocompatibility and corrosion resistance than the alloys. It is also used as an implant
superstructure which when coupled with CPTi implant fixture would produce a drop in
galvanic corrosion because of their equal galvanic potentials (Cortada et al., 2000).
However, when studying galvanic corrosion behaviour of grade 1 CPTi implants
coupled to cast and machined grade 2 CPTi superstructures, Cortada et al. has found
that, although the ion release was minimal, corrosion still existed. Additionally, the
corrosion values were different between the two superstructures although both were
grade 2 CPTi. The authors explained that the existence of corrosion in these coupling
although both metals are Ti, and, generally, corrosion is not be expected in galvanic
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equals, it is in fact produced due to the fact that the two titanium pieces have different
grades of purity, geometry, grain sizes, finished surface and internal stresses (Cortada
et al., 2000).
Ti alloys have been considered a desirable choice for implant superstructures
because in addition to having excellent biocompatibility and high strength to weight
ratio, they also exhibit low modulus of elasticity and enhanced mechanical properties
such as high fatigue strength and fracture toughness (Revathi et al., 2017). The
corrosion of CPTi and Ti6Al4V was evaluated after immersion in artificial saliva in the
presence of fluoride concentrations normally found in the mouth (Souza et al., 2015a).
In the presence of high fluoride concentration, material loss was observed
microscopically on both Ti surfaces. The results showed that CPTi degraded by pitting
corrosion while Ti6Al4V suffered from general corrosion showing microcracks on
surface. Additionally, significant release of Ti, Al, and V ions from the test samples
was detected by inductively-coupled plasma mass spectroscopy (ICP-MS) (Souza et
al., 2015a)

Gold-Based Alloys
The popularity of gold alloys as materials used for implant superstructures is related
to their excellent biocompatibility, corrosion resistance, and mechanical properties
(Wataha, 2002). The higher the gold (Au) content of the alloy, the better its
electrochemical properties (Cortada et al., 2000). However, due to their increased
cost, dental material manufacturers introduced a number of gold-based compositions
with less Au and were referred to as "low gold" alloys. These alloys contained Au in
amounts ranging from 40 to 60% instead of the high Au content of 70 to 75%
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(Leinfelder, 1997). Reduction of the Au content has led to potential lack of corrosion
resistance offered which was overcome by increasing the palladium (Pd) and silver
(Ag) content (Leinfelder, 1997). Coupling Au-based alloy superstructures to Ti implant
have shown to cause negligible galvanism (Reclaru and Meyer, 1994, Cortada et al.,
2000, Keun‐Taek and Kyoung‐Nam, 2004). Tuna et al and other investigators have
demonstrated that Au and Pd-based noble alloys have minimally dissolved and
revealed a small ion release when coupled to Ti implants (Cortada et al., 1997, Tuna
et al., 2009). On the other hand, Brune et al have showed considerable amounts of
Au released from two types of Au-based alloys into artificial saliva after a period of two
months (Brune et al., 1982). Release of Au ions was also confirmed clinically by
Guindy et al. after examining six failed implants with their opposing Au alloy
superstructures (Guindy et al., 2004). The authors microscopically observed extensive
areas of corrosion on the surface of all crowns and implants particularly at the crevice
surfaces of the inside of the crowns. Metal ions including Au were also detected in the
bone tissue collected from the failed implants (Guindy et al., 2004). Additionally, in
an animal study, the soft tissues adjacent to Au abutments showed recession and
significant crestal bone loss, compared to a stable soft tissue seal around Ti abutment.
A finding that would question their biocompatibility (Abrahamsson et al., 1998).

Base metal alloys
In response to concerns over the increased cost of Au alloys, base metal alloys such
as NiCr and CoCr have been introduced to the market. These alloys exhibit superior
mechanical properties and reasonable cost. However, biocompatibility and corrosion
resistance properties are of concern (Wataha, 2002). Oh and Kim have investigated
the electrochemical properties of CoCr superstructures coupled to Ti implants (Keun‐
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Taek and Kyoung‐Nam, 2004). Their results indicated that although these couplings
showed the possibility of galvanic corrosion, it was considered to have low risk.
However, the authors highlighted the fact that even if the galvanic corrosion degree
was not significant, it could accelerate localised crevice or pitting corrosion (Keun‐
Taek and Kyoung‐Nam, 2004). Analysis of CoCr frameworks and Ti frameworks
connected to Ti implants was performed in vitro after immersion in artificial saliva for
different periods up to 30 days (Hjalmarsson et al., 2011b) Material degradation was
observed on both the implants and the frameworks and ions were released.
Quantification of metal ion release showed that leakage of Co ions was greater than
the leakage of Ti and Cr. In addition, this degradation process has altered the surfaces
of the implants and frameworks making them rougher after immersion in saliva.
(Hjalmarsson et al., 2011b).

Zirconia
Zirconia (Zr), zirconium dioxide, (ZrO2) was introduced to the implant industry with
the aim of improving aesthetics. Besides having desirable mechanical properties,
chemical stability, and excellent biocompatibility, Zr have showed favourable gingival
tissue response (Manicone et al., 2007, Chang et al., 2012). However, Zr abutments
have induced various levels of wear to the implant connection (Klotz et al., 2011). In
an in vitro study, Klotz et al have demonstrated that implants connected to Zr
abutments exhibited extensive wear features and more Ti particle release than
implants connected to Ti abutments after cyclic loading for 1,000,000 cycles. The
authors interpreted such difference to be due to the greater hardness values of Zr
compared to that of the CPTi implants (Klotz et al., 2011). Other investigators have
revealed similar findings and have concluded that when two materials with different
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mechanical properties rub against each other, the weaker material will experience
more wear and deformation (Stimmelmayr et al., 2012, Cavusoglu et al., 2014).
Logically, having a flexural strength of more than 1000 MPa, elastic modulus of more
than 200 MPa and hardness of more than 1600 Vickers hardness, this makes Zr more
rigid than Ti (Delgado-Ruiz and Romanos, 2018). When both materials interact under
load, wear of Ti becomes inevitable.
While it is generally agreed that Ti has proved its qualities as a material for implant
fixture, the selection of a suitable alloy for the superstructure remains an open subject
of study. Nevertheless, it is logical to state that the most desirable implantsuperstructure combination is one that could withstand the extreme conditions existing
in the oral cavity without causing adverse biological sequelae.

2.4.3 Biological response to corrosion of dental implants
Despite the excellent properties of Ti, the presence of Ti ions and particles in human
peri-implant biopsies has been reported (Olmedo et al., 2003, Olmedo et al., 2012,
Olmedo et al., 2013, Wilson Jr et al., 2015, Fretwurst et al., 2016, He et al., 2016,
Safioti et al., 2017). Using multiple identification methods, the reported particles size
ranged 100 nm to 54 μm. It has been demonstrated that once Ti particles detach from
the implant surface, they can remain embedded in the peri‐implant tissues or be
transported to distant sites of the body such as lymphatic nodes, lungs, kidneys, and
liver by macrophages (Olmedo et al., 2003, Olmedo et al., 2008, Suarez-Lopez Del
Amo et al., 2018). A detailed evaluation of the particles showed that they were
abundant near the implant and were mostly seen in the soft tissue, particularly inside
epithelial cells and inflammatory cells. It was also noticed that Ti particles were
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engulfed inside the cytoplasm of macrophages and epithelium cells from peri‐
implantitis tissue (Olmedo et al., 2003). It is well documented that phagocytosis of Ti
particles will initiate a cascade of different metabolic pathways altering the basic cell
mechanisms which may lead to reactive lesions, such as pyogenic granuloma and
peripheral giant cell granulomas (Olmedo et al., 2010, Halperin-Sternfeld et al., 2016).
Wilson et al have analysed 36 biopsies of peri-implantitis specimens which have
revealed the presence of foreign bodies, predominantly Ti, surrounded by chronic
inflammatory infiltrates (Wilson Jr et al., 2015).
Different mechanisms were described to explain the presence of Ti ion and particles,
including corrosion of the implant surface and friction at the implant–abutment
interface. (Olmedo et al., 2010, Flatebo et al., 2011, Souza et al., 2015b, Fretwurst et
al., 2018, Suarez-Lopez Del Amo et al., 2018). Blum et al. (2015) explained that during
masticatory loading, the micromotion of the abutment creates wear debris at the
implant-abutment interface which broadens the microgaps aiding the release of wear
particles into the peri-implant tissue (Blum et al., 2015, Fretwurst et al., 2016, Fretwurst
et al., 2018). The continuity of occlusal loading suggest continuous particle release .In
fact, such explanation is supported by the findings of retrieval studies of dental
implants failed due to peri-implantitis (Rodrigues et al., 2013, Schminke et al., 2015)
In those studies, analysis of the failed implants showed features of sever corrosion
and surface damage in all the implants (Rodrigues et al., 2013). Furthermore, gene
and protein expression patterns of peri-implantitis bone tissue associated with these
failed implants were analysed and cells from the osteoblastic lineage derived from the
peri-implantitis samples were characterised (Schminke et al., 2015). The results
showed high expression of inflammation marker IL-8. Stimulation of IL-8 expression
and its receptor in human blood after exposure to dental implants has also been
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demonstrated in vitro (Quabius et al., 2012). As this response was bacterial
independent, the authors concluded that the altered IL-8 expression could indicate
aseptic, at least lipopolysaccharides (LPS)-independent implant loss, which may be
an additional feature in the manifestation of peri-implantitis, possibly triggered by
microscopically small implant ions and particles (Quabius et al., 2012). The influence
of Ti ions released from dental implant surfaces on cytokine production related to
alveolar bone resorption was studied in vivo on rat gingival epithelial tissues (Wachi
et al., 2015). The injection of Ti ions significantly increased the ratio of RANKL to OPG,
therefore, Ti ions may be involved in the deteriorating effects of peri-implant mucositis,
which can progress into peri-implantitis with alveolar bone resorption (Wachi et al.,
2015). On the other hand, Mine et al (2010) revealed that Ti ions at 9 ppm enhanced
the expression of RANKL and OPG mRNAs in osteoblast like cells, but not on gingival
epithelial like cells, suggesting that Ti ions may have adverse effects on bone
remodelling at the interface of dental implants and tissues (Mine et al., 2010).
The topic of degradation products released from dental implants and their association
with peri-implant bone loss has received close attention recently, and has been a
subject of debate among different research groups in the field of implant dentistry
(Albrektsson et al., 2014, Albrektsson et al., 2016, Noronha Oliveira et al., 2017,
Albrektsson et al., 2018, Fretwurst et al., 2018, Mombelli et al., 2018).
The research group led by Tomas Albrektsson has introduced the theory of foreign
body response to dental implants in which osseointegration, basically representing a
foreign body reaction to the implanted material, “is an immune-modulated
multifactorial, and complex healing process where a number of cells and mediators
are involved” (Albrektsson et al., 2014, Trindade et al., 2014, Albrektsson et al., 2016)
This implies that the initial marginal bone resorption around implants is the result of
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different tissue reactions due to the foreign body response. In other words, marginal
bone loss may represent an altered foreign body reaction to treatment and not a
disease process (Albrektsson et al., 2014). This introductory foreign body response to
the implant can be aggravated by various factors disrupting the established state of
foreign body equilibrium. Such disruption leads to a state of dis-balance where bone
resorption dominates over bone formation and where the inevitable chronic
inflammatory state is activated which may lead to significant marginal bone loss and
probably to implant failure (Albrektsson et al., 2014, Trindade et al., 2014, Albrektsson
et al., 2016, Albrektsson et al., 2018). Aggravating factors could be related to the
implant hardware, patient characteristics or surgical hazards. In respect to implant
related factors, ions and particles released from the implant/prostheses combinations
due to corrosion have been suggested to initiate a dis-balanced foreign body
response. In fact, corrosion has been considered one of the main triggering factors
leading to peri-implantitis.(Mouhyi et al., 2012)
Even though leakage of Ti and other metal elements from dental implant prosthesis
might be small in relation to the daily dietary intake of these elements (Brune, 1986,
Hjalmarsson et al., 2011b), corrosion cannot be excluded when discussing toxicity and
hypersensitivity (Wataha et al., 1995, Taylor et al., 1999, Wataha, 2000, Koike et al.,
2007, Ribeiro et al., 2007). In fact, during corrosion, alloys release elements into the
body continuously over short term (days) and long term (months) periods (Wataha et
al., 2001). Consequently, the nature of the released elements, and the quantity and
duration of the exposure are fundamental for the biological responses.
Although the orthopaedic literature is replete with studies regarding the influence of
corrosion products on the biological responses of peri-prostheic cells, the dental
literature, contains little information about the direct interaction between metal ions
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released from dental implants and osteoblasts from peri-implant tissues. This
interaction may provide important insights into the pathogenesis of the observed
marginal bone resorption around dental implants. The potential reactivity of metallic
ions released from different implant-abutment couplings (platform-matched vs.
platform-switched) on osteoblasts is the focus of this research under the presumption
that elevated concentrations of metal ions released from implants or their degradation
products alter the function of peri-implant cells sufficiently to cause adverse clinical
sequelae.
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3. Chapter III: Research Aim and Hypothesis
3.1 Statement of Problem
Peri-implant bone loss may jeopardise the longevity of dental implants. The observed
positive effect of the platform-switching concept on peri-implant bone level is not well
understood although different theories have been proposed to explain it, the aetiology
behind it remains unconfirmed. Dental implants are susceptible to corrosion and wear
under the hostile oral environment and the release of tribocorrosion products from the
implant-abutment complex may contribute to the disruption of bone metabolism
around dental implants.

3.2 Aim of the Research
The major aim of this research was to compare the amount of corrosion products
released from titanium implants coupled with prosthetic abutments of different alloys
and connection geometries (platform-matched vs. platform-switched) and to evaluate
different osteoblastic cell response mechanisms to the released products.

3.3 Research Hypothesis
The improved peri-implant bone response demonstrated by various implant-abutment
connection geometries, such as platform-switching, may be the result of a reduced
amount of metal ions and wear debris released to the surrounding tissues.
3.3.1 Null hypotheses
1st H0: Platform-switching concept has no effect on the amount of metal ion release
from implant-abutment couples
2nd H0: The biologic responses of osteoblasts are not affected by metal ion release
from platform-switched and platform-matched implant abutment couples.
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4. Chapter IV: Development of Research Methodology
4.1 Aim and Objectives
The major part of this chapter has been devoted to selection of the most relevant test
methods, both for corrosion and cell culture testing, as well as determination of
detection limits of instruments and optimisation of techniques. The aims of all the pilot
tests and experiments were:
1.

To assess the sensitivity of the ICP-MS machine to the metals of concern,
determine the instrument detection limits for elements of interest, detect the
interfering elements from the immersion solutions, select the appropriate
isotopes for each element of interest and establish appropriate calibration
methods.

2.

To evaluate the effect of dilutions, and solution volume to surface area ratio,
on the concentration of the released metal ions.

3.

To determine the effect of filtering of collected extracts on total amount of
released ions.

4.

To determine the most appropriate immersion solution.

5.

To investigate whether different concentrations of metal ions prepared in
salt solutions and solution extracts have different effects on viability of
human osteoblast-like cell lines.

6.

To assess whether preparation of metal salt solutions containing metal
elements in concentrations obtained from analysis of the collected solution
extracts would provide a valid alternative approach to tests using the
collected extracts themselves on cells.

7.

To determine the sample size for future tests.
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4.2 Materials and Methods
The various pilot tests carried out in this chapter were preliminary tests intended to aid
in the selection of most appropriate methodologies that would be performed in future
chapters of this dissertation. The first part of these pilot tests was related to corrosion
and metal ion release from some metallic dental implant materials and the second part
was related to biological responses to the released metal ions from these materials.
No statistical analysis was performed, therefore, the results were not conclusive but
were rather utilised to develop definitive research methodology.
4.2.1 Corrosion tests
Preliminary static immersion tests on raw materials
In the static immersion tests as per ISO#10271, the samples are exposed to a
corrosive solution under conditions of relatively no motion between sample and
solution. These tests are intended to provide quantitative data on the metallic ions
released from metallic materials under in vitro conditions relevant to those expected
in the oral cavity (ISO#10271, 2011)

4.2.1.1.1 Test specimens
A total of four specimens were tested, two in cobalt-chrome alloy (CoCr) and two in
commercially pure (CP) titanium (Ti). The CoCr (WILIS®M, Elephant Dental B.V,
Netherland) specimens were tested in the as-received condition; in the form of
cylindrical ingots measuring 11 mm in diameter and 11 mm in height. Ti specimens
were prepared by sectioning the as-received cylindrical grade 1 CPTi ingots (Tritan,
Dentaurum, Germany) to dimensions of 21 mm in diameter and 1.5 mm in thickness
using a slow-speed water-cooled abrasive cut-off wheel (Universal Centre Lathe SN
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50C, TRENS, Slovakia) (Figure 4.1). These alloys were selected as they represented
the implant and abutment materials that would be used in future tests. The
compositions of these alloys is presented in Table 4.1 as given by the manufacturers.

a.

b.

Figure 4.1 Raw materials samples a. Titanium disk b. Cobalt-chrome ingot

Table 4.1 Chemical composition of the alloys in weight % according to the respective
manufacturer.
Element
Material

CoCr

Co

Cr

Mo

W

Mn

Si

63.1

28

6

<1

<1

>1

CPTi grade I

Ti

Fe

N

C

O

H

0.18

0.015

<1

>99.5

0.2

0.03

0.1

4.2.1.1.2 Immersion of specimens in distilled water
Before static immersion, all specimens were ultrasonically cleaned (EMSCOPE
Laboratories Ltd., Bedford, UK) for 2 minutes in ethanol (Sigma-Aldrich, Germany)
(Figure 4.2) , and then rinsed with water and dried with oil & water free compressed
air. Specimens were immersed in different volumes of distilled water with neutral pH
(pH=6.82). One volume was 10 mL while the other was sufficient to produce a ratio of
1 mL of solution per 1 cm2 of sample surface area in accordance with ISO#10271
(ISO#10271, 2011). Therefore, the CoCr ingots were entirely immersed in 10 mL
(CoCr10) and 5.5 mL (CoCr5.5) of distilled water; while Ti discs were completely
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immersed in 10 mL (Ti10) and 8 mL (Ti8) of distilled water. All test tubes (Sterilin Ltd,
Thermo Scientific, UK) were covered with lids to prevent evaporation (Figure 4.3) and
maintained in an incubator (IP100, LTE Scientific Ltd., UK) at 37° C for 7 days. The
pH of the residual solution was recorded after specimens were removed (JENWAY
3340 Ion Meter, Jenway Ltd., UK). Half of the residual solution from each tube was
collected and filtered using 0.22 μm filters (Millex, Merck Millipore Ltd., Germany) to
be analyzed in order to evaluate whether filtering (as a proposed sterilization protocol
for future collected extracts) affects the total amount of ions released. Handling of
specimens was performed using plastic tweezers to avoid any metal contact and
contamination.

Figure 4.2 Samples cleaned in ultarasonicator
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Figure 4.3 Samples completely immersed in solution

An additional test tube with 10 mL distilled water was used as a reference solution
(REF10) and was maintained in parallel with the solutions containing the specimens.
This reference solution was used to establish the impurity level for each element of
interest in the solution. Solution extracts were collected from each test tube, including
reference solution, dissolved in 2% nitric acid (HNO3) (Ultrapur, Merck, Germany),
and stored under refrigeration (4°C) until required for elemental analysis. Solutions
subjected to different test steps and storage methods (incubation at 37° C,
refrigeration at 4°C, and freezing at -18°C) have been analysed to determine the effect
of such procedures on the properties of the immersion solutions.

4.2.1.1.3 Immersion of specimens in artificial saliva
The same specimens in 4.2.1.1.1 were reused again for immersion in artificial saliva
and protocol in 4.2.1.1.2 was also followed. However, one volume of solution was
selected which was 10 mL per each test tube. The purpose was to compare between
the two neutral immersion mediums.
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Different formulas of artificial saliva were investigated and the selected artificial saliva
was prepared according to the AFNOR type formula (Cortada et al., 1997, Tuna et al.,
2009). The composition of the artificial saliva used is presented in Table 4.2. All
constituents were of the highest ordinary grade if not analytic (with purity level of >
99%) (Sigma-Adlrich, MO, USA). The total ingredients with their corresponding
measurements were dissolved in 980 mL of ultrapure high-purity deionised water (18.2
MΩ.cm) (Nanopure Diamond, Barnstead, Triple Red Ltd., UK) using class A
borosilicate volumetric ware at 23 °C on a magnetic stirrer (BioCote, Stuart, Bibby
Scientific Ltd., UK) (Figure 4.4). The pH value was adjusted to 6.7 (JENWAY 3340 Ion
Meter, Jenway Ltd., UK) using 1 M lactic acid (Sigma-Aldrich, Germany) as necessary
just prior to the final volume adjustment to 1000 mL. After preparation, the artificial
saliva was stored under refrigeration (4°C) until it was required for use in order to limit
the growth of microorganisms.

Figure 4.4 Mixing of artificial saliva constituents on a magnetic stirrer
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Table 4.2 Chemical composition of the artificial saliva
Composition
K2HPO4
KCl
KSCN
Na2HPO4
NaCl
NaHCO3
Urea
Lactic acid up to pH 6.7
Total dissolved solids (TDS)

Concentration g/L
0.20
1.20
0.33
0.26
0.70
1.50
1.50
5.69 g/L= 5690 mg/L = 5696.49 ppm

Preliminary static immersion tests with periodic analysis on implant-abutment
couples
Based on the static immersion test in 4.2.1.1, the static immersion test with periodic
analysis was performed in order to evaluate the corrosion rate over time. It provided
information on any change in corrosion rate over the extended time period of the test.
Combined with the corrosion level given by the static immersion test, a more complete
evaluation of the corrosion behaviour of a metallic material for dental applications can
be obtained (ISO#10271, 2011)

4.2.1.2.1 Test specimens
Five commercially pure titanium (CPTi) dental implants 5x11.5mm (OSSEOTITE®
Implants, Biomet 3i, Palm Beach Gardens, USA) with an external hex connection were
used (Figure 4.5a). Further, six cylindrical cobalt–chrome abutments were produced
using CAD/CAM technology and a “laser melting” process (LaserAbutments,
Renishaw, Wotton-under-Edge, UK) (Figure 4.5b). The abutments were designed by
scanning of two UCLA fully castable hexed abutment (UNAB1C & WPC51C, Biomet
3i, Palm Beach Gardens, USA) 12 mm in height but differed in diameter. Three
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abutments were 5mm in diameter (for platform-matched connection) and the
remaining were 4mm in diameter (for platform-switched connection).
Before artificial saliva exposure, 2 implants were connected via screw-retention
(UNIHT, Biomet 3i, Palm Beach Gardens, USA) to the 5mm diameter abutments and
2 to the 4mm diameter abutments. The final implant abutment couples (Figure 4.5c)
formed two groups, where group 1 was platform-matched (CM) while group 2 was
platform-switched (CS). The remaining one 5mm diameter unconnected platformmatched abutment (UM) and one 4mm diameter unconnected platform-switched
abutment (US) as well as the one packaged unconnected implant fixture (UI) remained
unconnected and served as controls.

a

b

c

Figure 4.5 Test specimens a. unconnected implant b. unconnected abutment
c. implant-abutment couple

4.2.1.2.2 Immersion protocol
Before immersion, all specimens were ultrasonically cleaned for 2 minutes in ethanol,
and then rinsed with deionised (DI) water and dried with oil & water free compressed
air. Fresh artificial saliva was prepared as in 4.2.1.1.3 (pH=6.7) and 10 mL was added
to all test tubes. Specimens were immersed such that they did not touch the test tube
surface except in a minimum support line or point and they were completely covered
by artificial saliva (Figure 4.6). All test tubes (Polypropylene Reagent Tubes, Sarstedt,
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Germany) were covered with lids to prevent evaporation and maintained in an
incubator at 37° C for the time schedule specified in Table 4.3

Figure 4.6 A specimen completely immersed in solution

An additional test tube with 10 mL artificial saliva was used as a reference solution
(REF) and was maintained in parallel with the solutions containing the specimens. This
reference solution was used to establish the impurity level for each element of interest
in the artificial saliva. Therefore, a total of 8 samples were tested per each time interval.
After each time period, each specimen was taken out from each test tube with metalfree tweezers, rinsed with DI water, dried with compressed air, and placed into new
test tube with fresh artificial saliva. The pH of the residual solution was recorded after
specimens were removed. 1 mL of residual solution was taken from each test tube,
including reference solution, dissolved in 2% nitric acid (HNO3), and stored under
refrigeration (4°C) until required for elemental analysis. The remaining residual
solutions were stored in freezer (-18° C) for future cell culture tests.
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Table 4.3 Time Schedule for determination of corrosion rate
Time schedule

Time elapsed

Analysis according to ISO

1 day
3 days
3 days
7 days
7 days
7 days
7 days
7 days

1
4
7
14
21
28
35
42

Mandatory
Mandatory
Mandatory
Recommended
Recommended
Recommended
Recommended
Mandatory

Table 4.4 Experimental samples and their corresponding codes
Sample name

Code
REF

Reference solution
Unconnected implant

UI

Unconnected platform-matched abutment

UM

Unconnected platform-switched abutment

US

Implants connected platform-matched cobalt-chrome (2 specimens)

CM

Implants connected platform-switched cobalt-chrome (2 specimens)

CS

4.2.2 Analytic method for quantification of metal ion release
Metal ion measurement was limited to metals comprising >1 wt % of the specimen’s
composition (Puleo and Huh, 1995) in Table 4.1. Therefore, Ti, Co, Cr and Mo were
analysed. The quantification of the ions released into solutions (water or artificial
saliva) was carried out by the use of an Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) (Spectromass 2000, SPECTRO Analytical Instruments Inc.,
Germany). This spectrometric technique facilitates the quantification of chemical
elements in very diluted solutions, even as little as parts per billion (ppb)
(nanograms/millilitre (ng/mL)). This considerable sensibility is due to the use of Argon
(Ar) plasma which works at temperatures between 6000 - 10000° C at which almost
all materials are ionized.
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Sample introduction system and ion detection mechanism
Diluted samples are introduced through a peristaltic pump to a nebuliser, which
produces a very fine aerosol within a spray chamber. The aerosol is carried by the
argon gas into the torch, and then to the high temperature plasma, where the elements
in the sample are desolvated and vaporised (Figure 4.7). Dissociation occurs, and
most elements are fully ionized. Ions are then brought into the mass spectrometer via
interface cones; sampler and skimmer which are metal disks with tiny apertures.
These apertures convert the ions into an ion beam, which is then focused using an
electrostatic ion lens, under high vacuum. Once the ions enter the mass spectrometer,
they are separated by their mass to charge ratio in quadrupole mass filter after which
they would be detected or counted by the detector. The detector translates the number
of ions striking the detector into an electrical signal that can be measured and related
to the number of atoms of that element in the sample via the use of the calibration
standards (Nelms, 2005, Thomas, 2013).
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Sample

Figure 4.7 Schematic of quadrupole ICP-MS

The ability to filter ions on their mass-to-charge ratio allows ICP-MS to supply isotopic
information, since different isotopes of the same element have different masses.
However, there are some instances where the resolution of the conventional
quadrupole instrument is not sufficient enough to eliminate mass overlap resulting
from spectral interferences such as isobaric or molecular (polyatomic) interferences.
Isobaric interferences are caused by the overlapping of the signals of an isotope of
different elements having almost the same mass of the element of interest (Leykin and
Yakimovich, 2012). They were avoided by choosing alternative, non-interfered
element isotope. Therefore, the following isotopes were selected for each element of
interest: Ti48, Cr52, Co59, and Mo98 (Table 4.5). Molecular (or polyatomic) interferences
(May and Wiedmeyer, 1998) are due to the recombination of sample and matrix ions
with Ar or other matrix components such as O, N, Cl, etc. in the cooler regions of the
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plasma. Polyatomic interferences were corrected for by subtracting the value obtained
for the element in the reference solution from the value obtained in the test solution.
Table 4.5 Elements of interest, their isotopes, and most common interferences in
ICP-MS
Element

Isotopes

Ti46
Ti47
Ti

Ti48
Ti49

Abundance

8

Isobaric
Interferences

Ca46

32S14N+, 14N16

O2 +, 15N2 16O+

32S14N1H+, 30Si16O1H+, 32S15N+, 33N14N+, 33S14N+,

7.3
73.8

Polyatomic Interferences

+15N16O2, 14N16O2 1H+, 12C35Cl+, 31P16O+
32S16O+, 34S14N+, 33S15N+, 14N16O18O+, 14N17N2 +,

Ca48

12C4 +, 36Ar12C+
32S17O+, 32S16O1H+, 35Cl14N+, 34S15N+, 33S16O+,

5.5

14N17O21H+14N35Cl+, 36Ar13C+, 36Ar12C1H+, 12C37Cl+,
31P18O+

Cr

Co

Mo

V50
Cr50
V50
Ti50

32S18O+, 32S17O1H+, 36Ar14N+, 35Cl15N+, 36S14N+,

Ti50

5.4

Cr50

4.35

Cr52

83.8

35Cl16O1H+, 40Ar12C+, 36Ar16O+, 37Cl15N+, 34S18O+,

Cr53

9.5

37Cl16O+, 38Ar15N+, 38Ar14N1H+, 36Ar17O+,

Cr54

2.36

Co59

100

Mo92

14.8
9.3
15.9
16.7
9.6
24.1
9.6

Mo94
Mo95
Mo96
Mo97
Mo98
Mo100

33S17O+34S16O+, 1H14N35Cl+, 34S15O1H+
34S16O+, 36Ar14N+, 35Cl15N+ 36S14N+, 32S18O+, 33S17O+

36S16O+, 38Ar14N+, 36Ar15N1H+, 35Cl17O+
36Ar16O1H+, 35Cl17O1H+, 35Cl18O+, 36S17O+, 40Ar13C+
37Cl16O1H+, 40Ar14N+, 38Ar15N1H+, 36Ar18O+,

Fe54

38Ar16O+, 36Ar17O1H+, 37Cl17O+,
43Ca16O+, 42Ca16O1H+, 24Mg35Cl+, 36Ar23Na+,
40Ar18O1H+, 40Ar19F+

Zr92
Zr94

39K2 16O+
40Ar39K16O+, 79Br16O+

Zr96, Ru96

39K41K16O+, 79Br17O+
40Ar2 16O1H+, 40Ca2 16O1H+, 40Ar41K16O+, 81Br16O+

Ru98
Ru001

81Br17O+, 41K2O+

Sample preparation
For quantitative analysis, it is crucial that all of the sample material is entirely dissolved.
This was achieved by acid digestion (Nelms, 2005, Thomas, 2013). Ultra-pure nitric
acid (Ultrapur, Merck, Germany) was added directly to samples from water solution in
an amount sufficient to produce a solution with a 2% nitric acid concentration.
Samples from artificial saliva solution were first diluted in DI water by a factor of 10
(1:10) in order to lower the total dissolved solid (TDS) content of the saliva matrix
(TDS: 5690 mg/L = 5696.49 ppm, Table 4.2) to avoid dramatic sensitivity drifts and
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matrix effects as well as clogging of the nebulizer, the injector tube and the interface
cone orifices of the ICP-MS. Ultra-pure nitric acid was then added to diluted samples
in an amount sufficient to produce a final solution with a 2% nitric acid concentration.

Calibration
Calibration was achieved by external standardisation. The signal intensities of all
elements of interest were measured in a blank as well as in several prepared
standards with different, known elements concentrations. The linear relationship
between the blank-corrected standards on a diagram of signal intensity vs.
concentration was used to establish a calibration curve that was used to calculate the
concentration of the elements in the unknown samples.
For water samples, calibration standards were prepared from a stock multi-element
standard solution (Quality Control Solution for ICP, Epond, Switzerland) of accurately
known composition and concentration. Several standards and blank were prepared by
serial dilution method, where the concentrated standard (1ppm) was diluted in 2%
HNO3 to make up a wide range of element concentrations. The range of elemental
concentrations in the standards was determined to cover the range of concentrations
expected in the samples to be analysed (0, 1, 10, 20, 50, 100, 250, 500, 1000 ppb).
For the artificial saliva samples, matrix effects were compensated for by using matrixmatched calibration solutions in which the matrix of the calibration standards was
adjusted to match that of the saliva sample. Therefore, a custom concentrated
standard was prepared in artificial saliva diluted by a factor of 10 and contained only
the four elements of interest in equal concentration (1ppm) (Sigma-Aldrich, Germany).
Serial dilution followed to prepare the full set of standards.
96

Element release measurements
Release of Ti, Cr, Co, and Mo into immersion solution was measured using the ICPMS. Based on the equations of the linear calibration curves established by analysis of
separately measured standards, the software automatically calculates elemental
concentrations in the unknown samples.
The detection limit of the ICP-MS ranged between 0.3 – 10ppb. The results were
presented as concentration unit (ppb).

4.2.3 Sample size calculation
The ICP-MS results from the pilot static immersion test with periodic analysis were
utilised for sample size calculation with the software StataR (StataCorp, Texas, USA),
using the mean and standard deviation of the concentration data of the released
element tested.
Power Statement: In order to have an 80% chance of detecting a difference of 30% in
mean metal ion release between the two abutment geometries at the 5% level of
significance, it was calculated that 4 implant-abutment couples would be required in
each group. The clinically relevant difference of 30% bone level difference was
obtained from the documented literature regarding the observed difference in crestal
bone loss around platform-matched (1.67 mm) vs. platform-switched (1.19 mm)
implants (Atieh et al., 2010, Herekar et al., 2014)
Sample size calculation was also performed using G*Power 3.1 software which
calculated the effect size d based on the mean and standard deviation from the CS
and CM groups of the pilot results with a power of 0.8. When calculations were
performed using the Ti concentrations, a sample size of 7 was computed, while when
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using the Co ion concentration, the computed sample size was 4. Accordingly, the
mean of the two calculated sample sizes (n=6) was chosen as the sample size for
future tests.

4.2.4 Cell culture tests
Preparation of osteoblast-like cells
As a prototype of human bone cells, human osteosarcoma, the osteoblast-like cell line
MG63 (MG63 Cell Line, SigmaAlderich, Germany) was used.

Resuscitation of frozen MG63 cells
A cryovial of cells was collected from liquid nitrogen storage container and placed in a
water bath at 37°C. The lower half only of the cryovial was submerged and was
allowed to thaw for 1-2 minutes until a small amount of ice remained in the vial and
then transferred to the flow hood cabinet. Slowly, dropwise, the cells were gently
pipetted and resuspended into a centrifuge tube containing 5mL of pre-warmed growth
medium (Dulbecco Modified Eagle’s Medium (DMEM)) (Gibco, Life Technologies,
Thermo Fisher Scientific, UK) to which 10% fetal bovine serum (FBS) (Gibco, Life
Technologies, Thermo Fisher Scientific, UK), 100 μg/mL of penicillin and 10 μg/mL of
streptomycin (Sigma-Aldrich, Germany) has been added. The cells were centrifuged
at 1000 rpm (Sorvall, Legend RT, Thermo Scientific, UK) for 5 minutes, followed by
careful removal of supernatant to remove the dimethyl sulfoxide (DMSO)
cryoprotectant (Sigma-Aldrich, Germany). The supernatant was discarded, and 2-3 ml
of culture media was added to the cell pellet at the bottom of the tube and was mixed
by gentle pipetting to break up clumps prior to cell culturing.
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4.2.4.2.1 Cell culturing
The cell suspension was resuspended into a 75 cm2 flasks (Sarstedt, Germany)
containing pre-warmed growth medium. The cells were cultured at 37°C in a controlled
atmosphere with saturated humidity, 95% air and 5% CO2. Cells were checked
microscopically (Olympus CK2, Microscopy, UK) daily to ensure they are healthy and
growing as expected. Culture media was changed every two to three days. When subconfluency (70-80% confluency); i.e. the end of the logarithmic phase of growth, was
reached (Figure 4.8), the cells were washed with phosphate buffer solution (PBS,
BioWhittaker, Lonza, Belgium) and then trypsin-EDTA (Gibco, Life Technologies,
Thermo Fisher Scientific, NY, USA) (1mL per 25 cm2 of surface area) was added and
the flask was incubated for 3 minutes in order to detach the cells from the 75 cm2 flask.
Proper detachment and floating of cells in the medium was ensured by visual
observation using phase microscopy. Subsequently, inactivation of trypsin was done
by adding serum-containing medium (approximately 3-4 x the volume of trypsin) to the
detached live cells and the cells were centrifuged at 1000 rpm for 5 minutes, followed
by careful removal of supernatant to avoid disturbing the cell pellet. Finally, 5 mL of
media was added to the cell pellet at the bottom of the tube and was mixed by gentle
pipetting to break up clumps prior to cell counting.

99

Figure 4.8 Subconfluent MG63 cells (x4) (Image from PHE-Culture Collections Org.,
ECACC)

4.2.4.2.2 Cell quantification
Cell quantification was based on the trypan blue (Sigma-aldrich, Germany) dye
protocol using haemocytometer (Neubauer, Optik Labor, Germany). In this protocol,
10-20µl of cell suspension was removed under sterile conditions and was mixed in a
small tube with an an equal volume of Trypan Blue (dilution factor=2), by gentle
pipetting (Rainin Classic Pipettes, UK). The haemocytometer was cleaned with 70%
alcohol and both sides of the chamber were filled with approximately 10µl of cell
suspension (Figure 4.9) and was viewed under a light microscope using x4
magnification. The number of viable cells (seen as bright cells) was counted in 4
squares of the central area of both sides of the chamber. The concentration of the
viable cells was calculated using the following equation:
Concentration of viable cells (cells/ml) = A x B x C
A is the mean number of viable cells counted, i.e. total viable cells counted divided by
number of squares
B is the dilution factor
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C is the correction factor (this is provided by the haemocytometer type and for the
Neubauer used, is normally 10,000).

Figure 4.9 Both sides of the chambers of the haemocytometer filled with trypan
blue/cell suspension

Seeding of cells and treatment with metal salt solutions
Mg63 cells were seeded in 24-well plate (Thermo Scientific, Denmark) at a seeding
density of 1x104 cells per well and incubated at 37°C (Jencons Millennium, VWR, UK)
for 24 hrs.
To observe differences in cell viability to different concentrations of metal ions, two
different chromium-chloride metal salt solutions (CrCl3) were prepared (Sun Zhi et al.,
1997, Schmalz et al., 1998). The two CrCl3 concentrations selected, 4ppm and 25ppm,
corresponded to chromium ion leakage from platform switched and platform matched
couples, respectively, from an earlier unpublished study. Therefore, salt solutions were
prepared by dissolving 4 g and 25 g of CrCl3 (Sigma-aldrich, Germany) in 1000 L of
DI water in borosilicate glass bottles. The salt solutions were sterilised under dry heat
at a temperature of 180°C for 3h. Further sterilisation was achieved by filtering the
solutions in the laminar flow hood using 0.22 μm filters (Millex, Merck Millipore Ltd.,
Germany) before adding them into the seeded cells.
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After an incubation period of 24 hrs, cell culture medium was removed from all the
wells, and fresh media was added to two wells acting as a negative control (untreated
cells). The treated cells were exposed to various serial dilutions of salt solutions mixed
with growth medium. The positive control comprised 100% salt solution with the two
different concentrations prepared. The 24-well plate was incubated for 7 days at 37°C
in a controlled atmosphere with saturated humidity, 95% air and 5% CO2. The culture
medium and solutions were replaced with new solutions after 1, 4, and 7 days.

Seeding of cells and treatment with artificial saliva extracts
Residual solutions collected from static immersion with periodic analysis (4.2.1.2) on
day 1, 4 and 7 were sterilised by filtering in the laminar flow hood using 0.22 μm filters
(Millipore) before testing. Mg63 cells were seeded in 48-well plate (Thermo Scientific,
Denmark) at a seeding density of 5000 cells per well. After an incubation period of 24
hrs, cell culture medium was removed from all the wells, and fresh media was added
to three wells acting as a negative control (untreated cells). The treated cells were
exposed to various serial dilutions of the collected artificial saliva extracts mixed with
growth medium. The positive control comprised organotin polyvinyl chloride extracts
in artificial saliva (PVC with tin) (ISO#10993-5, 2009). The 48-well plate was incubated
for 7 days at 37C in a controlled atmosphere with saturated humidity, 95% air and 5%
CO2. The culture medium and extract solutions were replaced with new solutions after
1, 4, and 7 days.
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Cell viability assay
The cell viability assay was conducted at time points of 1, 4, and 7 days. Cell viability
at each time point was determined using Alamar Blue™ (AB) bioassay (AbD Serotec,
UK). AB is a colorimetric assay, based on the selective ability of viable cells to reduce
resazurin from an oxidised blue color to red color (Ansar Ahmed et al., 1994,
Hjalmarsson et al., 2011a). The degree of color change is assumed to be directly
proportional to cell viability (Figure 4.10). The AB reagent was warmed and added to
all wells in a volume sufficient to produce 10% of the total volume of media in each
well. The plates were covered with aluminium foil and subsequently incubated in dark
at 37C for 4 hrs in a controlled atmosphere with saturated humidity, 95% air and 5%
CO2. The AB solution was then transferred to wells in a 96-well cell culture plate for
absorbance measurement at 560 nm and 590 nm using a microplate reader (Tecan,
Infinite M200, Austria). The plate reader provided absorbance data, which were plotted
in terms of cell number based on a standard calibration curve that was established
earlier separately. For the standard curve, cell populations in multiples of 5000 (i.e. 0,
5000, 10000, 20000, 40000, and 80000 cells) were cultured over a 1-day period in a
24-well plate and absorbance measurements were carried out using the same plate
reader.
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-ve

4ppm 25ppm +ve

-ve

4ppm 25ppm +ve

Figure 4.10 Color change of AB dye in response to treatment with different
concentartions of salt solutions containing chromium metal ions. The color change
towards the red indicates more cell viability as seen with the negative control. As the
color shifts towards the blue, the viabilty decreases till it reaches zero viability where
the color of alamar blue completely fades as seen in the positive control.
–ve: negative control, +ve: positive control, 4ppm: test group containing diluted 4ppm
CrCl3, 25ppm: test group containing diluted 25ppm CrCl3:

4.3 Results
4.3.1 Calibration of the ICP-MS
Several attempts were performed to calibrate the ICP-MS using the matrix-matched
external calibration method when artificial saliva samples were tested. For Ti, Cr, and
Mo elements, the isotopes selected for measurements were Ti48, Cr52, and Mo98
respectively (Co has only one isotope Co59). These three isotopes were the most
abundant among the other isotopes of their family (73.8% for Ti48, 83.8% for Cr52, and
24.1% for Mo98). There were also no isobaric interferences on their masses (48, 52,
and 98) from isotopes of other elements present in the atmosphere or in the artificial
saliva matrix, with the exception of Ti48 which could be interfered by Ca48 and Mo98
which could be interfered by Ru98. However, calcium (Ca) and ruthenium (Ru) were
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not present in the saliva constituents, and the abundance of Ca 48 and Ru98 is too low
(0.19% and 1.9% respectively). Another reason for selecting them was that they gave
the best possible linear calibration curves (Figure 4.11 to Figure 4.14) among the other
isotopes which showed less favourable curves. All of the linear curves of the elements
of interest didn’t pass through the zero point giving an offset ranging from 27 cps for
Mo to 3232 cps for Ti. This offset represents the signal intensity that results from
interferences in the ICP-MS. Even when linear calibration curves of the elements of
interest were established, the measurements tended to vary considerably with time
due to drift in ICP-MS. Drifts in ICP-MS were corrected by internal standardisation
performed hourly.
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Figure 4.11 Titanium linear calibration curve plotted as signal intensity versus
concentration
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Figure 4.12 Chromium linear calibration curve plotted as signal intensity versus
concentration
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Figure 4.13 Cobalt linear calibration curve plotted as signal intensity versus
concentration
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Figure 4.14 Molybdenum linear calibration curve plotted as signal intensity
versus concentration
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4.3.2 Quantification of metal ion release from static immersion test on raw
materials
The release of Ti, Co, and Cr in the water and artificial saliva solutions is shown in
Figure 4.15 (Mo was not measured). The highest ion release in water was noted for
the Cr (157.64 ppb) followed by Co (84.64 ppb) both in the 5 ml water solution.
Titanium specimens did not show noticeable Ti ion release (< 1 ppb which was
considered zero) regardless of the solution volume. Filtering of the water solutions
caused approximately 10% reduction in Co and Cr concentrations compared to the
unfiltered samples. On the other hand, Co demonstrated the highest element release
in the saliva solution followed by Ti ions.
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Figure 4.15 Concentrations of metal ions released into the water and artificial saliva
solutions after 1 week of static immersion.
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The pH value of the solutions in each test tube was tested pre and post immersion as
presented in .
Table 4.6. The results revealed that for all test specimens and reference solution, there
was an increase in pH value of approximately 1 - 1.4. However, the increase for test
specimens was closely similar to that of their respective reference solution.
Table 4.6 pH values of test solutions (distilled water and artificial saliva) pre and post
immersion of titanium “Ti” and cobalt-chrome “CoCr” raw material specimens.
Specimen
REF10 water
Ti disk in water
CoCr ingot in water
REF saliva
Ti disk in saliva
CoCr ingot in saliva

Pre-immersion

Post immersion

6.82
6.82
6.82
6.7
6.7
6.7

7.44
7.26
7.28
8.14
8.15
8.11

4.3.3 Quantification of metal ion release from static immersion tests with
periodic analysis on implant-abutment couples
The release of Ti, Cr, Co and Mo ions from the connected and unconnected specimens
is illustrated in Figure 4.16 to Figure 4.19 carried out over time points of 1, 4, 7 and 42
days. Titanium demonstrated higher leakage when the implant was connected to the
abutment (CM= 57ppb, CS=38ppb) compared to that of the unconnected implant
(UI=12ppb). This high release was observed on the first day of exposure to the saliva
solution. Similarly, Cr release was more within the connected specimens. However,
leakage of chromium, though little, started to show by the fourth day of immersion. On
the other hand, the highest leakage of Co was recorded for the unconnected
abutments (UM=188ppb, CS=148ppb) and was observed on the first day of immersion
but considerably decreased after that. However, the accumulative Co ion release over
7 days was the highest among all the elements tested (Figure 4.20). Ion release from
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all the specimens for all the elements decreased gradually with time but continued till
42 days. The total ion release (i.e sum of all elements released) for each specimen
for the 7 days interval is presented on Figure 4.21. The highest total element release
was observed in the connected platform-matched group (CM=318ppb) while the least
release was recorded noted for the unconnected implant (UI=56ppb).
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Figure 4.16 Titanium ion release from connected (CS and
CM) and unconnected implants (UI)
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Figure 4.17 Cobalt ion release from connected (CS and CM)
and unconnected abutments (US and UM)
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Figure 4.18 Chromium ion release from connected (CS and
CM) and unconnected abutments (US and UM)
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Figure 4.19 Molybdenum ion release from connected (CS and
CM) and unconnected abutments (US and UM)
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Figure 4.20 The accumulative release of Ti, Cr and Co ions after 7 days of immersion
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Figure 4.21 The accumulative total element release from each specimen after 7 days
of immersion
The pH values were measured after each immersion period and an increase in the
range of approximately 0.42 to 1.17 pH was noted for all test groups including
reference solution. However, the increase for test specimens was approximately
equivalent to that of their respective reference solution
Table 4.7 pH values of artificial saliva solutions pre and post immersion carried out
over time points of 1, 4, 7 and 42
Specimen
REF
UI
UM
US
CM
CS

Preimmersion
6.7
6.7
6.7
6.7
6.7
6.7

1 day postimmersion
7.12
7.29
7.27
7.38
7.21
7.27

4 days postimmersion
7.38
7.56
7.56
7.54
7.55
7.55

7 days postimmersion
7.33
7.51
7.48
7.53
7.48
7.52

42 days postimmersion
7.74
7.79
7.82
7.82
7.82
7.87

4.3.4 Cell viability assay
A standard curved have been obtained (Figure 4.22) with an equation to calculate the
number of viable cells treated with salt solutions and saliva extracts based on their
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absorbance reading. The results of the Alamar Blue™ cell viability assay carried out
over time points of 1, 4 and 7 days on MG63 cells treated with CrCl3 salt solution with
two concentrations, 4ppm (diluted by a factor of 4 => 75% growth medium:25% CrCl3
salt solution) and 25ppm (diluted by a factor of 4 => 75% growth medium: 25% CrCl3
salt solution) are shown in Figure 4.23 (note that one dilution was presented which is
75% growth medium: 25% salt solution as the other dilutions were not physiologically
compatible). The results demonstrated a reduction in cell viability for both
concentrations of salt solutions when compared to the control for all time periods
tested except for the diluted 4ppm solution on day 4. The diluted 25ppm CrCl3 salt
solution showed less cell viability compared to that of the diluted 4ppm solution for all
the three time points.
The results of viability assay carried out on MG63 cells treated with artificial saliva
extracts were not illustrated as the experiment was not successful due to
contamination.
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Figure 4.22 Standard curve of cell growth plotted as absorbance values vs.
number of cells
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Figure 4.23 Results of Alamar Blue™ assay carried out for MG63 cells in response to
different concentrations of CrCl3 salt solutions.
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4.4 Discussion
The aim of the pilot experiments described in this chapter was to determine the most
appropriate test procedures and analytic methods to be implemented both for
corrosion and biological tests.
4.4.1 Corrosion tests
Corrosion test system and corrosion evaluation method
In this chapter, corrosion of some metallic raw materials and actual titanium implants
connected to CoCr abutments with different diameters representing platform-switched
and platform-matched groups was evaluated by static immersion tests (ISO#10271,
2011) with an analytical method (ICP-MS) to quantify the amount of released elements
given as ion concentration per liter (µg/L or ppb). This method has been adopted by
many researchers in the dental literature (Cortada et al., 1997, Wataha et al., 2001,
Yamazoe, 2010, Hjalmarsson et al., 2011b, Sridhar et al., 2015, Sridhar et al., 2016)
as it provided quantitative data on ion release from metallic dental materials in an in
vitro setting simulating the in vivo oral situation. Other methods to evaluate the
corrosion rate of metallic materials, besides ion release concentration, include: mass
loss, hydrogen evolution and electrochemical corrosion current (Zhen et al., 2013).
Mass loss/gain is the method to evaluate the corrosion rate by measuring the mass
change of samples before and after immersion test. This method however requires
removal of the corrosion products that adheres to samples after immersion and since
the research is concerned about the biological effect of the corrosion products, this
method wasn’t considered, On the other hand, hydrogen evolution can only evaluate
the corrosion properties of metals which can elute gas when immersed in simulated
body fluid, such as Mg alloys (Zhen et al., 2013), Therefore, this method was not
applicable. The electrochemical corrosion current using potentiodynamic polarisation
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test system is a popular method (Taher and Al Jabab, 2003, Tuna et al., 2009, Souza
et al., 2013) used to assess the corrosion susceptibility of metallic materials and
evaluate the corrosion rate and property by testing the open circuit potential (OCP),
polarization curves and electrochemical impedance spectroscopy (EIS) via a threeelectrode system (ISO#10271, 2011, Zhen et al., 2013). It is a type of accelerating
corrosion method, which does not simulate the true corrosion situation in vivo, but
could be used as a basis of corrosion assessment. However, assessment of electrical
potential was not performed in the present studies since the main objective was to
quantify the corrosion product release and compare it between different designs and
to determine the biological effects of such products, rather than studying the corrosion
behaviour of the material itself. Therefore, corrosion evaluation using element leakage
measurement under static immersion was regarded as appropriate (Wataha, 2002)
and clinically relevant, and accordingly, this methodology was implemented. To
complement this quantitative analysis and confirm the existence of corrosion process,
qualitative evaluation of corrosion on the contacting surfaces of the implants and
abutments would be performed in future chapters using scanning electron microscope
(SEM) equipped with energy dispersive spectroscopy to assess corrosion at the
interface and observe any microstructural changes.

Test solution
A critical point on the in vitro evaluation of the corrosion behaviour of dental devices
is reproduction of the oral environment, for which selection of the test solution is
extremely significant. Solutions simulating the biological conditions include 0.9% NaCl
solution, phosphate-buffered saline (PBS), and artificial saliva (Grosgogeat et al.,
1999, Cortada et al., 2000, Tuna et al., 2009). Therefore, the choice of using the
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artificial saliva as electrolyte, open to the atmosphere at 37◦C as test temperature,
was made with the intention to be as close as possible to the clinical conditions (AlHity et al., 2007). The artificial saliva selected did not include calcium (Ca) or
magnesium (Mg), as these species are not stable and precipitate out of solution
(Corbett, 2004), besides Ca48 is an isobaric interference on the abundant Ti48 within
the ICP-MS.
However, even though body fluids are buffered, pH variations are possible such as
during inflammation (Eliaz, 2012). In addition, dental implants are often associated
with dental plaque in which the pH drops to below 4.5 for extended time due to the
presence of acidogenic bacteria in the oral cavity (Grosgogeat et al., 1999, Koike and
Fujii, 2001a, Yu et al., 2015). In a study performed by Yoneyama et al., they explained
that 0.9% NaCl solution simulated the body fluid to a certain extent, but was deficient
in quantitative features, specifically, the reliability of the released Ti ion levels, and
1.0% lactic acid solution was found to be more appropriate (Yoneyama et al., 1993).
This finding was observed in the present study as the saliva solution used, with a pH
measured at 6.7 (Cortada et al., 2000, Hjalmarsson et al., 2011b), was not aggressive
enough, which explains the low overall quantity of metal ions released. An acidic
solution would probably increase element leakage levels and provide more
measurable quantities as suggested by Yoneyama et al (Yoneyama et al., 1993). A
number of other corrosion studies have utilised lactic acid (Geis-Gerstorfer et al., 1991,
Koike and Fujii, 2001b, Yamazoe, 2010) and it is the solution of choice according to
the ISO #10271 (ISO#10271, 2011). Accordingly, 1.0% lactic acid solution with pH 2.3
was chosen for future tests on this dissertation to accelerate the corrosion process
which would result in an extract that contains measurable metal ions. However,
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biological testing of such an extract presents a problem, since the low pH of the extract
is not biocompatible with physiologic conditions of the biological test system (Schmalz
et al., 1998). Therefore, for this dissertation it was suggested to separate the extraction
(corrosion) test from the biological testing procedure.
Solution volume
The ratio of solution volume to sample surface area recommended by the ISO #10271
(ISO#10271, 2011) was 1 ml of solution per 1 cm2 of sample surface area. To the
contrary, the minimum value of volume to surface area recommended by ASTM G3172 was 20mL/cm2 (ASTM#G31-72, 2004) to ensure the volume of test solution large
enough to avoid saturation and accumulation of corrosion products which might retard
further corrosion (Zhen et al., 2013). Therefore, a larger volume would induce more
corrosion but less measured concentrations of released elements as they would be
diluted in the larger solution volume. Yang and Zhang have studied the influence of
volume to surface area ratio on materials corrosion rate by changing the ratio from
0.67 mL/cm2 to 6.67 mL/cm2 (Yang and Zhang, 2009, Zhen et al., 2013). The results
showed that volume to surface area ratio significantly influenced the corrosion rate of
magnesium alloy. The authors suggested that selection of the simulated solution and
the volume to surface area ratio should be based on the bioenvironmental application
of the material in terms what are clinically relevant. The effect of solution volume was
clearly demonstrated in the pilot test on raw materials in which the samples immersed
in the recommended 1mL/1cm2 volume (5.5mL) had measured element concentration
double that of the samples immersed in the volume >1mL/cm2 (10 mL). This explains
the overall low concentration of ions released into the artificial saliva solution in which
the volume was 10 mL ( >1mL/cm2 ). If the standard recommendation for solution
volume of 1 ml of solution per 1 cm2 of sample surface area was followed, a volume of
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≈4.5 mL of solution should have been used for the connected implant-abutment
specimens and ≈2.35 mL for the unconnected specimens. However, the choice of a
10 mL volume was intended to provide sufficient volume of extracts for cell culture
tests. Therefore, it was suggested to separate the corrosion test from the biological
testing procedure and use a more aggressive immersion solution as lactic acid with
the standard recommendation for solution volume (ISO#10271, 2011).

Immersion time
In the present pilot experiments, two protocols for immersion time were tested,
immersion for 1 week for the raw materials and immersion for up to 42 days with
periodic analysis for the implant-abutment couples (ISO#10271, 2011). The latter
protocol evaluated the corrosion rate over time; and in order to simulate the oral
environment, the specimens were placed in fresh artificial saliva after each time period
because corrosion in mouth is a continuous process and ions are removed
continuously with swallowing of saliva and abrasion of food, liquids and toothbrushes
(Kedici et al., 1998, Gil et al., 1999, Al-Hity et al., 2007). Previous research has shown
that the corrosion rate usually decreases as the time increases (Zhen et al., 2013).
This finding was also observed in the present study as the release of elements
decreased after the first few days but continued in a steady manner. Hjalmarsson et
al. also found that the majority of element leakage from the titanium and CoCr metal
occurred after 1 and 7 days of immersion (Hjalmarsson et al., 2011b) However, it
should be noted that in the in-vivo environment, the implanted materials would be
exposed to many physical reactions on their surfaces, such as protein absorption and
cell adherence which could influence the corrosion rate. Therefore, even if the initial
simulated state of the in vitro test was closely relevant to the in situ situation, it would
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have been far different from the real situation over time (Zhen et al., 2013). Therefore,
it was suggested that immersion time would be limited to 1 week which was sufficient
to release measurable amounts of elements for comparison purposes among different
designs. The study of corrosion behaviour and corrosion rate of the materials
themselves was not of a concern in the current research.
Test specimens and abutment alloy
In the present static immersion with periodic analysis, CPTi implants were coupled
to CoCr alloy abutments with different abutment diameter. Base metal alloys have
gained popularity recently as abutment materials due to their favourable mechanical
properties and considerable low price compared to gold alloys. However, several
studies have demonstrated higher tendency of these alloys to corrode when coupled
to titanium implants (Cortada et al., 1997, Chaturvedi, 2009, Hjalmarsson et al., 2011b)
Having different superstructure materials would have an influence on the galvanic
corrosion phenomena. Titanium behaves differently when connected to different
materials; it acts as an anode when connected to a noble metal such as gold, whereas
it is considered the cathode when connected to a base metal (Keun‐Taek and Kyoung‐
Nam, 2004). Therefore, assessing the effect of platform-switching (having smaller
abutment diameter) necessitates using different materials on top of the titanium
implant platform because one of the critical basic rules of corrosion science is that
galvanic corrosion is inversely related to the surface of the anode, which means that
corrosion decreases when the anode surface is larger than the cathode (Grosgogeat
et al., 1999, Roberge, 2008) In the present test, gold was not used as an abutment
material and the CPTi implants represented the cathodic region of the galvanic cells.
Therefore, it was determined to see the effect of different metal alloy abutments in
future tests of this dissertation.
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It should be also noted that the test specimens with all their outer surface area were
in contact to the immersion solution, in other words, the released elements in the
current experiment resulted from element leakage coming from all the implant and
abutment surfaces exposed to the solution which could have overlapped the influence
of the interface mismatch in particular. Therefore, it was decided to coat all the outer
implant and abutment surfaces to limit corrosion to the implant-abutment interface only
in future tests of this dissertation.

ICP-MS results
As a consequence to the aforementioned modifications in test parameters, some
relatively significant limitations appeared, requiring caution when interpreting the
results.
The high variations in elements leached, observed in the ICP-MS results, especially
for the Ti element was related to the sensitivity of such analytic method. Further
limitations were caused by sample preparation, instrument resolution and detection
limits, challenging interferences during measuring processes and examiner’s
experience suggesting the need for validating the measurements obtained from the
current ICP-MS instrument (Spectromass 2000) using a more sensitive instrument
with higher resolution. Another limitation of the machine used when compared with
more recent models was the lack of a collision cell that utilises an auxiliary gas (usually
helium) to overcome the problem of polyatomic interferences that originate from the
solution’s constituents or even from atmospheric and chamber gases (Nelms, 2005,
Thomas, 2013).
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Given the aforementioned limitations, the pilot ICP-MS results of the implantabutment couples showed that the CM produced more ions compared to the CS
samples. A first logical explanation is the different surface areas that were in contact
as this has been shown to influence galvanic corrosion. The amount of corrosion
products was expected to be greater if a more aggressive solution was used, and other
modes of corrosion were introduced, such as fretting corrosion under cyclic loading
which would be considered for future tests in this dissertation. However, those results,
though not significant, were promising to pursue further tests while modifying some
parameters in order to get reliable measurements that would allow accurate
comparisons among the different connection designs.

pH measurements
The observed rise in pH values after immersion was due to loss of CO2 (Gal et al.,
2001, Duffó and Castillo, 2004). The major buffering system of saliva is bicarbonate
NaHCO3 (Darvell, 1978), and is readily lost on standing when exposed to the air
because of the high vapor pressure of CO2 over the solution at values normally
encountered for human saliva (especially at 37°C). This loss was the principal cause
of the rise in pH that was observed on short-term standing (Duffó and Castillo, 2004).

4.4.2 Sample size
Sample size determination could be obtained from other published studies in the
literature that used test parameters similar to those of the present study. However, the
published data were not consistent, and the sample size varied considerably among
different studies. Several investigators have used 3 samples per group (Taher and Al
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Jabab, 2003, Hjalmarsson et al., 2011b, Yu et al., 2015), while others have only used
one sample (Tuna et al., 2009, Sridhar et al., 2015, Sridhar et al., 2016). Few
researchers studying corrosion of dental implants have used 5 samples (Taylor et al.,
1999, Cortada et al., 2000) and the majority of published studies didn’t state the
number of samples tested (Keun‐Taek and Kyoung‐Nam, 2004, Okazaki and Gotoh,
2005, Yamazoe, 2010). Therefore, sample size determination of 6 per group was
based on the ion concentration results from the present pilot tests, which was larger
than most of the published research to ensure reliability of the results.

4.4.3 Cell culture tests
The in vitro screening test discussed in this chapter was designed to observe whether
different concentrations of metal ions would cause different osteoblastic cell response
demonstrated as a change in cell viability. It was also designed to determine whether
treating the cells with salt solutions containing ion concentrations representing those
measured in corrosion tests provides a reliable and reproducible method for future
biological tests.

Cell type
Since peri-implant bone loss is the final outcome of decreased bone formation and
increased bone resorption, studying the cells that contribute to both cascades would
be justified. Metal ions and wear debris influence the biology of osteoblasts and
contribute to peri-implant bone loss by two mechanisms; first, the osteoblast’s ability
to synthesise bone might be affected and secondly, the osteoblast’s production of
proinflammatory mediators that enhance bone resorption might be stimulated (Yao et
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al., 1997, Vermes et al., 2001b, O’Neill et al., 2013). Selection of osteoblasts in
particular, and not other cells involved in bone osteolysis, provides a wide variety of
metabolic pathways for assessments considering the two cascades: reduced bone
formation and increased bone resorption.
As a prototype of human bone cells, the osteoblast cell line MG63 was used in the
current pilot experiments. The MG63 human osteosarcoma cell lines represent an
immature osteoblast and are available in unlimited number without the need for time
consuming isolation or ethical approval, with the advantage of more reliable
reproducibility (Czekanska et al., 2012). They tend to proliferate rapidly and show an
unlimited life span which delivers a phenotypically stable cell population (Lischer et al
2012). These properties have made them an attractive tool for in vitro investigations
relating to bone remodelling and formation. However, despite their practical
advantages, the tumor origin of osteosarcoma cells produced significant phenotypic
differences (Rodan et al., 1988, Saldaña et al., 2011). The osteoblast-like cells also
differ considerably from primary osteoblasts in their morphology, mitotic rate and
expression profile of several cytokines, growth factors and matrix proteins, as well as
in their mineralisation activity (Bilbe et al., 1996, Benayahu et al., 2001, Pautke et al.,
2004). Moreover, the sensitivity of MG63 cells to subtle changes in ion concentrations
expected in the proposed corrosion tests might be questionable as previous research
has shown that treatment with Ti particles decreased viability of primary osteoblasts,
while doses of particles in a similar range were not cytotoxic for MG-63 cells (Yao et
al., 1997, Vermes et al., 2001a, Saldaña et al., 2011).The use of primary bone cells in
this project would be preferable to the use of immortalised cell lines, as the primary
cells are capable of the full range of expression of osteoblast markers and are normal
cells that have not undergone neoplastic transformation or transfection to immortalise
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them (Maniatopoulos et al., 1988, Taylor et al., 1999). Therefore, primary human
osteoblasts were suggested for future biologic tests in this dissertation as they were
more relevant for clinical studies.

Cell treatment methods
Different sources of metal ions have been used in cytotoxic studies (Wataha, 2012,
Grillo et al., 2013): (a) the collected extracts obtained from the dissolution of a metallic
sample ex-situ and then added to the cell culture (Granchi et al., 1998, Wataha et al.,
2001, Bumgardner et al., 2002) (b) the dissolution of metal samples in-situ (Wataha et
al., 1992, Bumgardner and Lucas, 1995, Grill et al., 2000) and (c) the prepared metal
salts added to the cell culture (Craig and Hanks, 1990, Schmalz et al., 1998, Huk et
al., 2004, Fleury et al., 2006). The approach of treating cells with prepared metal salt
solutions having ion concentrations obtained from chemical analysis of extracts from
corrosion tests was suggested by Schmalz et al. as a solution to the problem of testing
extracts obtained from standard corrosion tests with low pH (2.3 pH) which was
incompatible to in vitro cell cultures (Schmalz et al., 1998). A two-step procedure was
proposed to reduce these problems: 1) Perform a chemical analysis of the element
release separately in standard corrosion solution pH=2.3, then 2) Prepare a test
solution with metal salts based on the concentration obtained from the chemical
analysis. This metal salt solution can then be tested on cell cultures (Sun Zhi et al.,
1997, Schmalz et al., 1998). However, this approach may have problems with
sensitivity, for example some elements may not be detected but may still influence the
cytotoxicity (Wataha et al., 1992). Further, metal salt solutions have often been shown
to have negative effects on cell cultures, even at sub toxic concentration while metal
specimens exhibited less toxicity (Schmalz et al., 1998, Geurtsen, 2002). Therefore,
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this should be taken into account when interpreting the results. Taira et al. (Taira et
al., 2006) has proposed another method for preparing culture media containing 1 ppm
of Ti ions by diluting filtered Ti standard solution for ICP (which contained 1,000 ppm
Ti ions dissolved in 20% HCl solution) 1,000 times with original serum supplemented
culture medium. This methodology is different from the present preparation method in
that it doesn’t require extra step of diluting the element chloride salts in water first
followed by dry heat sterilisation of the solution, then filtering it before mixing it with
the culture media. Therefore, the Taira et al method would provide a feasible approach
for future biologic tests.
Treating cells with artificial saliva extracts had several shortcomings. The extraction
was not performed in a sterile environment using aseptic techniques (ISO#10993-5,
2009). This explains the contamination incorporated during the experiment although
the extracts were filtered for sterility. Another drawback of this method was that the
cellular exposure concentration of the extractables in saliva were lower due to the
greater dilution in culture medium as compared to the actual concentration in the
extracts themselves or compared to extraction in culture medium with serum if
performed. The standard tests for cytotoxicity on extracts recommend a physiological
extraction solution such as cell culture medium or physiologic saline solution.
However, in this study extraction was carried out in artificial saliva solution under nonsterile conditions. Therefore, before adding the extracts onto cells they were sterilized
by filtering, then diluted with cell culture medium. These two steps would decrease
the amount of metal ions to be tested on cells. Filtering of water samples actually
resulted in a 10% decrease in the amount of elements released. However, filtering of
extracts in order to sterilise them was not reported in the literature, and the feasibility
of this approach remains questionable. Furthermore, this method requires stocking up
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sufficient volume of extracts to perform different biological tests with a minimum of
three replicates which would necessitate larger sample size of immersed specimens
or increasing the volume of the extracting vehicle, i.e. immersion solution, leading to
extract containing minimum amounts of metal ions as experienced in the present
experiment.
Another method that would allow both qualitative and quantitative assessment of
cytotoxicity would be test by direct contact (Taylor et al., 1999, ISO#10993-5, 2009).
In this method, each sterilised specimen would be placed over the seeded cell layer
within each well. It is a convenient and reliable method that omits the need for extra
intermediate steps as seen with test on extracts. Therefore, testing by direct contact
together with testing using prepared metal ion-containing culture media following Taira
et al (Taira et al., 2006) technique were suggested for future biologic tests in this
dissertation.

Cell viability results
Although cytotoxicity of a material, which focuses on the viability of cells, is not the
only property relevant to its biocompatibility, it is one of the basic biological properties
that must be assessed.
The concentrations used to prepare the CrCl3 salt solution in this study (4ppm and
25ppm) corresponded to chromium ion leakage from platform-switched and platformmatched couples, respectively, found in extracts from a previous unpublished study.
However, those extracts were the result of

accelerated corrosion using

potentiodynamic polarization and they were far above the concentrations found in the
present study. Given the aforementioned limitations, the results showed reduction in
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cell viability proportional to chromium ions concentration.

Again, this was an

encouraging initial result.
Cell viability of osteoblasts is only one metabolic pathway that might be influenced
by ion concentration. The results could be different for other cell types and metabolic
pathways (Sun Zhi et al., 1997, Taylor et al., 1999). Therefore, based on the literature,
different cellular responses to metal ions were suggested in future tests in this
dissertation such as metal-induced apoptosis (Pioletti et al., 2002, Huk et al., 2004)
and expressions of genes related to bone resorption (Vermes et al., 2001b, Hallab and
Jacobs, 2009, Lochner et al., 2011) .

4.5

Conclusion

Based on the aforementioned pilot experiments, the following methodologies were
developed:
1. Accelerated corrosion test
This would be achieved by static immersion of implant-abutment couples (n=6) for
1 week in more aggressive solutions such as lactic acid (pH 2.3) and adjusting the
volume of immersion solution to be sufficient to produce a ratio of 1 mL of solution
per 1cm2 of sample surface area (ISO#10271, 2011). This pathway would separate
the corrosion tests from the cell culture tests.
2. Biological responses to corrosion products
Since corrosion would be assessed using lactic acid with low pH which is not
compatible with cell cultures, it was necessary to perform separate biological
screening tests (cell viability, apoptosis and inflammatory gene expressions) to
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determine the effect of the released corrosion products on primary human
osteoblasts. This would be achieved by:
a. Treating the cells with prepared culture media containing ion concentrations
obtained from the results of ICP-MS analysis from the accelerated corrosion
test following the Taira et al. method (Taira et al., 2006)
b. Direct approach by placing the implant-abutment couplings specimens directly
on cell cultures (ISO#10993-5, 2009)
3. Accelerated corrosion test under cyclic loading
To simulate the different corrosion processes that exist within the oral cavity,
implant-abutment couplings would be subjected to cyclic loading in a wet acidic
environment (pH 2.3) in order to assess the element leakage that results from
the combination of galvanic and fretting corrosion.
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5. Chapter V: In-Vitro Accelerated Corrosion of Implantabutment Couples under Static Immersion Conditions
5.1 Aim and Objectives
The aim of this chapter was to compare the amount of metal ions released from
different platform-matched and platform-switched implant-abutment couplings as a
result of accelerated corrosion under static immersion conditions.
1. To measure the amount of metal ion release from connected and unconnected
implants and abutments (quantitative analysis of corrosion)
2. To compare the amount of metal ion release between platform-matched and
platform-switched implant-abutment couplings within each abutment material.
3. To compare the amount of metal ion release between different abutment
materials within each abutment size.
4. To compare the amount of metal ion release between connected and
unconnected implants and abutments.
5. To assess corrosion microscopically at the implant-abutment interfacial
surfaces (qualitative analysis of corrosion)

Part of this chapter has been published in the International Journal of Oral
Science:
Alrabeah, G. O., Knowles, J. C. & Petridis, H. 2016. The effect of platform
switching on the levels of metal ion release from different implant-abutment
couples. Int J Oral Sci., 8, 117-125 (Appendix A)
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5.2 Materials and Methods
5.2.1 Preparation of test specimens
Forty two commercially pure titanium (CPTi) cylinders were fabricated to serve as
dental implants (36 were connected to abutments and 6 remained unconnected).
These implants were prepared by sectioning the as-received 6mm diameter machined
titanium rods (Medical grade titanium; Grade II, ASTM F67-13, Fort Wayne Metals,
County Mayo, Ireland), into smaller cylinders each measuring 6mm x 10mm. Each
cylinder was further machined to create a screw hole with screw threads tapped on
one end producing an implant platform surface with a diameter of 6mm (Figure 5.1).

6mm

10 mm

Figure 5.1 Titanium machined cylinder represnting an implant fixture.

The abutments used were divided into two main groups according to their material.
The first group (T) consisted of 24 prefabricated titanium alloy abutments (Ti-6Al-4V)
(Grade 5 Ti Alloy, Zimmer Dental Inc, UK) with 18 abutments to be connected to
implants and 6 abutments to remain unconnected. The connected samples of this
group (T) were further divided into three subgroups according to the abutment’s
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platform diameter. Three platform diameters were selected for the connected samples;
6mm, 5mm and 4mm with 6 samples in each group (Figure 5.2). The 6mm platform
diameter represented the platform-matched group (M), while the 5mm (SW) and 4mm
(S) diameter represented the platform-switched groups with two different amounts of
mismatch between the implant and abutments. The unconnected abutments (UT) had
a 4mm platform diameter (n=6).

6mm

5mm

Platform-matched
(M)

Platform-switched wide
(SW)

4mm

Platform-switched
(S)

Figure 5.2 Three sizes of abutments representing platform-matched and platformswitched groups

The second abutment group (C) consisted of 24 cobalt–chrome (CoCr) abutments
(18 to be connected to implants and 6 to remain unconnected) and were produced
using CAD/CAM technology (computer assisted designing/computer assisted
manufacturing) and a “laser melting” process (LaserAbutments, Renishaw, Wottonunder-Edge, UK). This ‘additive’ process is also called ‘3D printing’ because it builds
up each framework in a series of successive thin layers of 0.020 mm thick. A highpowered laser beam is focused onto a flat bed of powdered metal (in this case CE
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marked CoCr) and the selected areas fuse into a thin solid layer. A second layer of
powder is then spread over the first before the laser creates the next ‘slice’ of each
LaserAbutment (Renishaw, 2012). When all layers are complete, the super-smooth,
prepolished implant interface is created (Figure 5.3). These abutments were designed
by scanning of three titanium abutments from the first group which all measured 4mm
in height but differed in their platform diameter (6mm, 5mm, and 4mm). Therefore, the
connected samples of the second group (C) were also divided into three subgroups
according to the abutment’s platform diameter similar to that of the titanium group. The
unconnected CoCr abutments (UC) had a 4mm platform diameter (n=6).

Figure 5.3 LaserAbutments with a rough outer surface and smooth implant interface

The platform surface of all the abutments and implants was subjected to wet polishing
on a 4000 grit silicon carbide polishing discs (RotoForce-1, Stuers, Copenhagen,
Denmark). To ensure standard polishing among specimens, customised acrylic blocks
were constructed. Within each acrylic block, there were six holes or compartments to
hold the implants or abutments, which were stabilized with silicon putty (3M, ESPE.,
USA) (Figure 5.4). The acrylic blocks holding the samples were then mounted to the
arm of the Stuers polishing apparatus (Figure 5.5) after which an automated polishing
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protocol was initiated following set parameters of pressure, speed and time. Following
polishing, all the implants and abutment specimens were separately cleaned by rinsing
for 2 minutes in 70% ethanol in an ultrasonicator (Branson 5800, Connecticut, USA).
The specimens were then rinsed in deionized water and dried with oil and water free
compressed air according to ISO#10271 (ISO#10271, 2011). All the surfaces of the
implants and abutments were coated with commercial resin (Kiko, Milan, Italy) except
for the contacting surfaces of the platform to limit the corrosion effect to the interfacial
area only (Figure 5.6). (*Different types of commercial nail varnishes have been
examined for material dissolution in 1% lactic acid using visual inspection and ICP-MS
analysis)
The composition of the implant and abutment materials used in this study is
presented in Table 5.1.

Figure 5.4 Customised acrylic blocks holding the samples for polishing

135

Figure 5.5 Acrylic blocks mounted to the arm of the Stuers polishing apparatus

a.

b.

Figure 5.6 A coated implant (a.) and abutment (b.)

Table 5.1 Chemical composition of the implants’ and abutments’ alloys in weight %
according to the respective manufacturer.
Element
Material
Co

Cr

Mo

W

Mn

Si

CPTi grade II
CoCr

Ti

V

Al

>99.5
63.1

24.7

5.4

5.1

<1

>1

N

C

O

H

0.2

0.03

0.1

0.18

0.015

<1
91

Ti6Al4V*

Fe

4

6

*Chemical composition was obtained by elemental analysis using Energy-Dispersive X-ray Spectroscopy and
wasn’t provided by the manufacturer.

136

5.2.2

Immersion protocol

Before exposure to the immersion solution, 36 implants were connected to their
assigned abutments using hexed titanium screws, and tightened manually with the
screwdriver (Biomet 3i, Palm Beach Gardens, USA) (Figure 5.7). The remaining 6
implants as well as the remaining 6 Ti abutments and 6 CoCr abutments remained
unconnected. A total of 54 specimens (n=6) formed 9 groups (Table 5.2).

Figure 5.7 Implant–abutment couples with three abutment sizes

Table 5.2 Samples groups and their corresponding codes.
Code

Number of
samples

Unconnected implant

UI

6

Unconnected titanium abutment (4mm)

UT

6

Unconnected cobalt-chrome abutment (4mm)

UC

6

Connected platform matched titanium abutment (6mm)

TM

6

Connected platform switched titanium abutment (5mm)

TSW

6

Connected platform switched titanium abutment (4mm)

TS

6

Connected platform matched cobalt-chrome abutment (6mm)

CM

6

Connected platform switched cobalt-chrome abutment (5mm)

CSW

6

Connected platform switched cobalt-chrome abutment (4mm)

CS

6

Sample name

Total

54
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Fresh 1% lactic acid aqueous solution (comprising 0.1 mol/L lactic acid and 0.1
mol/L sodium chloride) was prepared immediately before use (pH=2.3) according to
ISO 10271. This concentration was achieved by dissolving 0.8 ml of an 85% lactic acid
solution (Sigma-Aldrich, Germany) and 0.585 g of sodium chloride powder (NaCl)
(Sigma-Aldrich, Germany) in 100 ml of deionised water. A volume sufficient to produce
a ratio of 1 ml of solution per 1cm2 of sample surface area was added to all test tubes
(ISO#10271, 2011). Specimens were statically immersed and they were completely
covered by lactic acid (Figure 5.8). All test tubes (Eppendorf Safe Lock, Eppendorf,
USA) were covered with lids to prevent evaporation and were maintained in an
incubator at 37° C for one week under static conditions in accordance with ISO 10271
(ISO#10271, 2011).

Figure 5.8 An implant–abutment couple sample statically immersed in 1% lactic acid
solution for 1 week at 37 °C.

An additional test tube with a completely coated titanium cylinder immersed in 1 ml
of test solution was used as a reference and was maintained in parallel with the
solutions containing the specimens. This reference solution was used to establish the
impurity level for each element of interest in the lactic acid solution. After 7 days,
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extracts of immersion solution were collected from each test tube, including reference
solution, diluted in deionised water by a factor of 10 (1:10) in order to lower the total
dissolved solid (TDS) concentration of the lactic acid and sodium chloride solution
(TDS: 15850mg/l, diluted to 1585mg/l). This step is mandatory before introducing the
sample to the ICP-MS instrument. Ultrapure nitric acid (HNO3) (Ultrapur, Merck,
Germany) was then added to diluted samples in an amount sufficient to produce a
final solution with a 2% HNO3 concentration. The digested samples were stored under
refrigeration (4°C) until required for elemental analysis.

5.2.3 Quantification of metal ion release
The quantification of the metal ions released from the implant-abutment couples into
the immersion solutions was carried out using Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) (Varian/Bruker 800-MS Series, Analytical West, Inc., Corona,
USA) (Figure 5.9). Elements analyzed were titanium (Ti), vanadium (V), aluminium
(Al), cobalt (Co), chromium (Cr), and molybdenum (Mo). The results were presented
as part per billion (ppb). Measurements below the detectable limit (0.03 ppb) were
regarded as 0 ppb. The standard reagents were Ti, V, Al, Co, Cr and Mo ultrapure
single element standard solutions for ICP-MS for with concentration＝1000 ppm in 2%
HNO3 solution (TraceCERT®, Sigma-Aldrich Company Ltd.,Dorset, England). These
single element standard solutions were mixed together and diluted to 1 ppm with
unused immersion solution, then serially diluted to a final concentration of 20, 10 and
5 ppb for instrument calibration.
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Figure 5.9 The Varian/Bruker 800-MS Series ICP-MS used for metal ion quantification

5.2.4 Observation of the contacting surfaces of the implant and abutment
before and after immersion
Before connecting the abutments to the implants, two representative specimens
from each subgroup of the abutments and their corresponding implants were randomly
selected for examination of the contacting platform surfaces under scanning electron
microscope (SEM) (FEI, Eindhoven, Netherlands). Each component was wiped with
an ethanol-soaked fibre-free tissue and was mounted in a G301 aluminum specimen
stub using electroconductive silver paste (Electrodag 1415) (Agar Scientific, Stansted,
Essex, UK) (Figure 5.10). Secondary electron images were taken in high vacuum
(2.9x10-5 mBar) with a beam of 5 kV, working distance of 10 mm and spot size of 3.0
at X35, x150 and x1000 magnification. Energy dispersive spectroscopy x-ray (EDX)
(Inca 400 EDX, Oxford Instruments Analytical, High Wycombe, Buckinghamshire, UK)
analyses at 50x magnification with a beam of 20 kV, working distance of 10 mm and
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spot-size of 5.0 were also performed on five spot areas of each contacting surface to
assess the elemental composition (Figure 5.11).
After the immersion test, the same two representative specimens that were
examined prior to immersion test were disconnected, cleaned and examined again
under SEM and EDX to assess corrosion at the interface. To ensure reproducibility
and comparability of the images, an orientation mark was placed close to the interface
on the outer edge of each sample prior to imaging. Those marks helped to remount
the sample for the after-immersion imaging in the same pre-immersion imaging
position.

Figure 5.10 An implant fixed with electroconductive silver paste on the aluminum SEM
stub
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Figure 5.11 An SEM/EDX image illustarting the five spot areas selected for elemental
analysis.

5.2.5 Statistical analysis
Levene’s test was employed to test for homogeneity using SPSS version 22.0 (IBM
SPSS Statistics, IBM, Tokyo, Japan). When the distribution was homogenous (P >
0.05), One-way ANOVA was used, followed by post hoc multiple comparisons test
applying a Bonferroni correction to find patterns between subgroups within each
abutment material. The Kruskal-Wallis test was employed when the distribution was
not homogenous (P < 0.05) followed by pairwise comparisons to find differences
between groups within the same abutment material. Mann-Whitney’s test and
independent sample t test were used for detecting differences between the connected
and unconnected groups. Independent sample t test was used to compare the total
ion release between the Ti and CoCr abutment groups within the same abutment’s
size. The significance level was set at 5% (P < 0.05)
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5.3 RESULTS
5.3.1 Metal ion release
Generally, Ti release was the highest among all the elements tested (P <0.05)
ranging from 440ppb for the UT group to 1250 ppb for the TM group, regardless of
abutment size, abutment material or whether samples were connected or not.
Effect of abutment size (platform-matched vs. platform-switched):
5.3.1.1.1 Implants connected to Ti alloy abutments
For Ti element, the highest release was recorded for the implant connected to
platform-matched Ti abutment group (TM=1250ppb). This elevated release was not
significantly different (P >0.05) from the other two platform-switched groups (Figure
5.12 a.). On the other hand, V demonstrated the highest release in the implant
connected to platform-matched Ti abutment group as well (TM=60ppb), which was
statistically significantly higher than the other two platform-switched groups
(TSW=36ppb, TS=38ppb) (P <0.05) (Figure 5.12 b.). Similarly, Al release was
statistically significantly higher in the TM group (67ppb) than the other two platform
switched groups (TSW=57ppb, TS=59ppb) (P <0.05) (Figure 5.12 c.).

5.3.1.1.2 Implants connected to CoCr abutments
On the other hand, the release of Ti from the implants connected to CoCr abutments
group was higher in the CS group (993ppb), however, it was not significantly different
than the platform matched group (CM) (P >0.05), but was significantly higher than the
CSW group (P<0.05) (Figure 5.13 a.). Co was the second highest element to be
released with its highest release being measured in the implant connected to platformmatched CoCr abutment group (CM=219ppb) (P<0.05). The release of Co significantly
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decreased as the size of the abutment decreased in the connected samples (P<0.05)
demonstrating its lowest release in the implant connected to platform-switched cobaltchrome abutment group (CS=85ppb) (Figure 5.13 b.). Similarly, Cr and Mo had the
same tendency as Co where their highest release was observed in the implant
connected to platform-matched CoCr abutment group (CM) and as the size of the
cobalt-chrome abutment decreased, the Cr and Mo leakages also decreased
significantly (P<0.05) (Figure 5.13 c and d).
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Figure 5.12 Metal ion release for (a.) Ti, (b.) V and (c.) Al elements from implants
connected to Ti alloy abutments (Ti-6Al-4V) after static immersion for 1 week in 1%
lactic acid solution. The results are expressed as median concentrations in parts per
billion (ppb) and quartiles. (*P < 0.05)
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Figure 5.13 Metal ion release for (a.) Ti, (b.) Co, (c.) Cr and (d.) Mo elements from
implants connected to CoCr alloy abutments after static immersion for 1 week in 1%
lactic acid solution. The results are expressed as mean concentrations in parts per
billion (ppb) ± standard deviation. (*P < 0.05)
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Effect of coupling (connected vs. unconnected):
The release of Ti from the unconnected implant (UI) was compared to the release of
Ti from the implants that were connected to CoCr abutments because the abutment
doesn’t contain Ti in its composition which would add to the total Ti release. The UI
showed significant higher release of Ti (UI=998ppb) when compared to the connected
implants in the CM and CSW groups (P < 0.05), however, no differences between the
release of Ti from the UI and the CS group (P > 0.05) (Figure 5.14).
When comparing the release of Co, Cr, and Mo from the UC group to that of the
connected abutment of the same size (CS), it was found that the release of Co was
significantly higher in the UC (103pp) group (P < 0.05). However, there was no
significant difference in Cr & Mo release between UC and CS groups (P > 0.05) (Figure
5.15)
The release of V and Al was significantly lower in the UT (V=17ppb, Al=10ppb)
compared to its release from connected abutment of the same size (TS) (P < 0.05)
(Figure 5.16). The release of Ti was considerably high from the UT (440ppb) though it
wasn’t statistically compared to the connected abutment (TS) because Ti was also
coming from the implant. However, if we combine the mean Ti release from the UI plus
the mean Ti release from the UT (998 + 440 = 1438 ppb), the sum is higher than the
mean Ti release from the TS (1186ppb).
Effect of abutment material (Ti alloy vs. CoCr alloy)
The implant-abutment couplings from the Ti alloy abutment groups showed higher total
release of ions compared to implant-abutment couplings from the CoCr abutment
groups within each abutment size. This was statistically significant between the TM
and CM and between the TSW and CSW groups (P < 0.05) (Figure 5.17).
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Figure 5.14 Ti release from unconnected implants (UI) vs connected implants
(CM,CSW, and CS) The results are expressed as mean concentrations in parts per
billion (ppb) ± standard deviation. (*P < 0.05)

Figure 5.15 Co, Cr and Mo release from unconnected (US) and connected (CS) CoCr
abutments. The results are expressed as mean concentrations in parts per billion
(ppb) ± standard deviation. (*P < 0.05)
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Figure 5.16 V and Al release from unconnected (UT) and connected (TS) Ti alloy
abutments. The results are expressed as median concentrations in parts per billion
(ppb) and quartiles. (*P < 0.05)

Figure 5.17 Total ion release from the implant-abutment coupling groups.
Comparisons between implants connected to Ti alloy abutments and implants
connected to CoCr alloy abutments within each abutment size. The results are
expressed as mean concentrations in parts per billion (ppb) ± standard deviation. (*P
< 0.05)
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5.3.2 Pre and post immersion SEM
Post immersion SEM images showed active corrosion process demonstrated as pitting
areas and dark spots on the interfacial surfaces of both the implants and their opposing
abutments in the majority of representative samples from test groups when compared
to the pre immersion images (Figure 5.18 to Figure 5.23). The pitting areas, however,
were more pronounced closer to the outer borders of the implants and abutment
interfacial surfaces (Figure 5.24). Prominent pitting was also observed close to the
inner hex areas of some abutments (Figure 5.25).
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a. TM abutment
x150

x1000

Post-immersion

Pre-immersion

X35

Post-immersion

Pre-immersion

b. TM implant

Figure 5.18 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the TM group at x35, x150 and x1000 magnification. Pitting
areas and black spots were scattered post-immersion on the implant and abutment
interfaces in different locations, some denoted with red arrows
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a. TSW abutment
x150

x1000

Post-immersion

Pre-immersion

x35

Post-immersion

Pre-immersion

b. TSW implant

Figure 5.19 Pre- and post-immersion SEM images of an (a.) abutment and (b) its
opposing implant from the TSW group at x35, x150 and x1000 magnification. Pitting
areas and black spots were scattered post-immersion on the implant and abutment
interfaces in different locations, some denoted with red arrows
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a. TS abutment
x150

x1000

Post-immersion

Pre-immersion

x35

Post-immersion

Pre-immersion

b. TS implant

Figure 5.20 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the TS group at x35, x150 and x1000 magnification. Pitting
areas and black spots were scattered post-immersion on the implant and abutment
interfaces in different locations, some denoted with red arrows
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a. CM abutment
X150

X1000

Pre-immersion

x35

Post-immersion

*

Post-immersion

Pre-immersion

b. CM implant

Figure 5.21 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the CM group at x35, x150 and x1000 magnification (* at
x58) Pitting areas and black spots were scattered post-immersion on the implant
and abutment interfaces in different locations, some denoted with red arrows
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a. CSW abutment
x150

x1000

Post-immersion

Pre-immersion

x35

Post-immersion

Pre-immersion

b. CSW implant

Figure 5.22 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the CSW group at x35, x150 and x1000 magnification. Pitting
areas and black spots were scattered post-immersion on the implant and abutment
interfaces in different locations, some denoted with red arrows
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a. CS abutment
x150

x1000

Post-immersion

Pre-immersion

x35

Post-immersion

Pre-immersion

b. CS implant

Figure 5.23 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the CS group at x35, x150 and x1000 magnification. Pitting
areas and black spots were scattered post-immersion on the implant and abutment
interfaces in different locations, some denoted with red arrows
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a. Abutments
TM

TSW

TS

CM*

CSW

CS

TM

TSW

TS

CM

CSW

CS

b. Implants

Figure 5.24 Post-immersion SEM images of (a.) abutments and (b.) their opposing
implants showing pitting corrosion and dark spots towards the outer border of their
interfacial surfaces at x1000 magnification (* at x150)
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CS abutment

TSW abutment

Post-immersion

Pre-immersion

CSW abutment

Figure 5.25 SEM images of some abutments showing pitting areas towards the inner
hex areas in the post-immersion compared to pre-immersion images at x150
magnification.
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5.3.3 Pre and post immersion EDX analysis
EDX analysis of the interfacial contacting surfaces of the implants showed the
presence of mainly Ti element (>99.9 %) (Figure 5.26). No elements from the
abutment materials were deposited on the implants neither from the implants into the
abutment surfaces of all representative specimens from test groups, whether
connected to CoCr alloy or Ti alloy abutments of different sizes, after 7 days of
immersion in 1% lactic acid (Figure 5.27 and Figure 5.28). Additionally, there were no
major differences in the element content between the pre and post EDX analysis of
the surfaces of any of the examined implants, Ti alloy and CoCr alloy abutments from
all three sizes (Figure 5.29).

Figure 5.26 Post immersion EDX analysis of an implant connected to platform-matched
CoCr abutment (CM) showing the presence of mainly Ti element
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a. CSW abutment

b. CSW Implant

Figure 5.27 Post-immersion EDX analysis of an (a.) abutment and (b.) its
opposing implant from the CSW showing no deposition of elements from implant
into abutment and vice versa.
160

a. TSW abutment

b. TSW Implant

Figure 5.28 Post-immersion EDX analysis of an (a.) abutment and (b.) its opposing
implant from the TSW showing no deposition of elements from implant into abutment and
vice versa.
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Figure 5.29 Pre- and post-immersion EDX elemental analysis of the contacting
surfaces of implants and their opposing abutments in weight %. A) Implant connected
to a platform-matched titanium abutment (TM) and B) Implant connected to a platformswitched cobalt–chrome abutment (CS) before and after immersion for 1 week at 37°
in 1% lactic acid solution. The results are expressed as mean composition in weight
% ±standard deviation. n=2.
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5.4 DISCUSSION
In the present chapter, metal ion release from titanium implants connected to Ti alloy
and CoCr alloy abutments with different diameters, representing platform-switched
and platform-matched groups, was measured after accelerated corrosion tests under
static immersion conditions (ISO#10271, 2011). Metal ion release was quantified using
ICP-MS which revealed that amount of ion release from the platform-switched groups
was less than the amount released from the platform-matched groups. Other corrosion
tests could include electrochemical testing using potentiodynamic polarisation.
However, assessment of electrical potential was not performed in this study because
when investigating the biologic effects of corrosion products; element leakage
measurement is considered appropriate (Wataha, 2002, Hjalmarsson et al., 2011b)
Two abutment materials were used in this study; a titanium alloy (Ti-6Al-4V), and a
cobalt-chrome metal alloy which were fabricated according to common laboratory and
clinical protocols used for the fabrication and coupling of prosthetic superstructures to
dental implants. Having two different superstructure materials would have an influence
on the galvanic corrosion phenomena. In vitro studies have shown that Ti usually acts
as a cathode when coupled with various alloys. Titanium may act as an anode in
certain couples with high-noble alloys or Ti alloys of specific microstructure (Reclaru
and Meyer, 1994, Cortada et al., 2000, Taher and Al Jabab, 2003, Yamazoe, 2010).
The results of the current study however, did not show a statistical difference in Ti
release from the implants between the CoCr alloy and the Ti-based metal alloy;
regardless of the Ti coming from the Ti-6Al-4V abutment itself. Therefore, this might
indicate that the implant acted as a cathode in all the couples tested. It would be
interesting to see the effect of gold alloy abutments in future chapters of this
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dissertation, where the Ti implant would represent the anodic region of the galvanic
cell.
5.4.1 Metal ion release
The ICP results showed that metal ions were released from the immersed samples
into the aqueous lactic acid solution in various concentrations. The fact that ions were
released confirms the existence of a corrosion phenomenon occurring on the surface
as electrochemical reactions resulting in dissolution of metal and/or loss of ions (AlHity et al., 2007). Similar results, regarding ion release from implant-abutment alloy
couplings have been reported in other laboratory studies, although no direct
comparison could be made due to different methodologies in terms of set up, time,
electrolytic medium, temperature, acidity, and alloy selection.

Hjalmarsson et al

(2011) tested material degradation of CoCr and Ti frameworks coupled with Ti
implants for up to 30 days and found elemental leakage of Ti, Co and Cr as in the
current study although the concentrations differed (Hjalmarsson et al., 2011b).
Yamazoe (2010) tested various combinations of Ti alloys and metal alloys, using 3
months of immersion in 1% lactic acid. When a Ti alloy, similar to the one used in the
current study, was coupled to CPTi, comparable amounts of V and Ti leached
(Yamazoe, 2010). In a previous study, Tuna et al. (2009) studied ion leakage of alloyimplant couples similar to the ones utilised in the current study. After 3 days in artificial
saliva, all elements were detected but in a significantly higher concentration compared
with the results of the current study except for Ti which was lower than the present
data (Co: 1.21ppm; Cr: 0.479ppm; Mo: 0.122ppm; Mn: 0.011ppm and Ti: 0.181ppm)
(Tuna et al., 2009).

These in vitro findings corroborates with the results of in vivo

studies which have shown the presence of metallic ions in peri-implant tissues
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(Ektessabi et al., 1996, Tsuboi et al., 1996, Wennerberg et al., 1997, Passi et al., 2002,
Zaffe et al., 2003).
The high variations in elements leached, observed in the ICP-MS results, especially
for the Ti element was related to the sensitivity of such analytic method. Further
limitations are caused by sample preparation, instrument resolution and detection
limits, challenging interferences during measuring processes and examiner
experience. However, it was still clear from the ICP-MS results that the platformmatched group within each abutment material demonstrated relatively higher element
leakage compared to the other platform-switched groups (approximately 2-fold higher
for V, Co, Cr and Mo). These differences in element release were statistically
significant for V, Al, Co, Mo and Cr. An initial explanation for these results might be
the different surface areas that were in contact, as this has been shown to influence
galvanic corrosion. As this experiment was a static corrosion test, the amount of
corrosion products would be expected to increase if more modes of corrosion were
introduced, such as fretting corrosion. To the author’s knowledge, there is no
published study that has looked into elemental leakage from implant-abutment couples
with different connection geometries, and hence the results of this study are not
directly comparable to other studies with concern to the effect of abutment size and
amount of platform mismatch.
Although Ti is a material with a high corrosion resistance compared to other metallic
materials used in oral rehabilitation (Grosgogeat et al., 1999), it demonstrated the
highest leakage among all the elements tested in this study. This finding was in
agreement with the results obtained by Okazaki and Gotoh in 2005 where they showed
that Ti release in lactic acid solution (pH=2.6) was higher than the release of Co, Cr,
Mo, V and Al in the same solution (Okazaki and Gotoh, 2005). These authors also
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demonstrated that the release of Ti in lactic acid was higher than its release in all the
other physiologic solutions tested. Similarly, Koike and Fuji showed that the release of
Ti was high in lactic acid (pH=2.5) and its release increased as the pH level decreased
This behaviour of Ti was probably due to the dissolution of the protective titanium oxide
(TiO2) film in aggressive environmental conditions, with high concentration of
electrolytes and low pH, such as those experienced in the present study. This
highlights the influence of electrolytic solution and the degree of its acidity in corrosion
testing. Natural or artificial saliva have been used as solutions (Reclaru and Meyer,
1994, Sharma et al., 2008, Tuna et al., 2009) in an attempt to mimic in vivo conditions.
Other studies have used different concentrations of NaCl, sea water or acidic solutions
(Geis-Gerstorfer, 1994, Al Odwani et al., 1998, Sharma et al., 2008). Proteins have
also been added to solutions although their role in corrosion processes has not been
clarified yet (Williams et al., 1988, Khan et al., 1999b, Virtanen et al., 2008). Natural
saliva has a pH ranging from 5.2 to 7.8 (Edgar, 1990) and the level may fall below 5.5
for short periods of time before buffering mechanisms regulate acidity. Even though
body fluids are buffered, pH variations still exist during inflammation (Eliaz, 2012). In
addition, dental implants are often associated with dental plaque in which the pH drops
to below 4.5 for extended time due to the presence of acidogenic bacteria in the oral
cavity (Grosgogeat et al., 1999, Koike and Fujii, 2001a, Yu et al., 2015). The test
solution used in this study was 1% lactic acid solution with a pH of 2.3. Therefore the
absolute values of elemental release may differ in vivo.
The ion release of Ti and Co from the unconnected samples was higher than their
corresponding samples from the connected groups. Hjalmarsson et al showed similar
results in a study investigating material degradation from implant retained CoCr and
Ti frameworks (Hjalmarsson et al., 2011b). The authors measured the release of Ti,
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Co and Cr from connected and unconnected frameworks in artificial saliva and
demonstrated higher metal ion release from the unconnected frameworks in all
elements tested. This could be due to a wider surface area that was in direct contact
with the electrolyte leading to chemical material dissolution. The present findings seem
to be consistent also with another research which found that as a result of galvanic
coupling less titanium was dissolved (Geis-Gerstorfer et al., 1989). Taken together,
these results suggest that even in the same environmental conditions, materials of the
same design and composition may behave differently, with regard to their corrosion
behaviour, depending on the mode in which they exist in such environment (connected
or unconnected, and loaded or unloaded). Accordingly, different modes of corrosion
are anticipated leading to different amounts of corrosion products.
Another important finding was that the implant-abutment couplings from the Ti alloy
group showed higher total ion release than those from the CoCr alloy group within the
same abutment size. The increased level of ion release from the Ti implant/Ti alloy
abutment combination was also observed in previous study that have examined the
effect of different material combination with titanium alloy and have found that the ion
release levels (Ti and V elements) were higher when titanium alloy was used in
combination with pure titanium than when it was used with other dental alloy
combinations (Yamazoe, 2010). This might be related to differences in the microstructure between the CPTi and the Ti alloy which have markedly influenced the
release, and the level of release increased when the micro-structure of titanium was
different (Yamazoe, 2010). However, it is important to bear in mind that the elements
measured with ICP-MS were limited to those comprising more than 5% of the chemical
composition of the materials tested which was considered a limitation. The CoCr alloy
abutments contained in their composition other elements in weight percentages of
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≤5% (Mn, W, Si and Fe), if these elements were measured, the results might be
different. Prior studies have stated that the amount and type of ions released from an
alloy could not be expected from the composition of the alloy (Wataha et al., 1991,
Hanawa, 2004). In earlier biocompatibility testing of Ti-6Al-4V immersed in PBS, Ti
which is the main component was almost not detected, while Ni which was absent in
chemical analysis data and Fe which was a trace element were detected from filtrated
solution. Similarly, large amount of Mo which was a trace element in stainless steel
was detected in culture medium when the alloy was worn-in there (Sasada, 1995,
Hanawa, 2004). These studies indicate that even trace elements in an alloy could not
be negligible from the viewpoint of metal ion release (Hanawa, 2004) and that
corrosion of a dental alloy is a very complex process dependent not only on material
combinations, but also many other factors as, among others, alloy’s composition, size,
microstructure, surface conditions and treatment and certain environmental conditions
around the alloy (Al-Hity et al., 2007).
Corrosion results in the release of metallic ions into the surrounding tissues; this can
initiate and stimulate an initial inflammatory response, and a consequent toxic,
mutagenic and/or carcinogenic reaction (Grosgogeat et al., 1999). The concentration
of metal ions or particles has been found to be directly proportional to the phagocytic
response up to a saturation level (Agarwal, 2004). Sun et al. demonstrated that the
effects of metal ions (Ni, Co, Ti and V) on cell viability were a function of their
concentrations (Sun et al., 1997). Some biological processes do not require large
differences in metal ion concentrations to cause a change in the biological response.
Zijlstra et al., using more clinically relevant concentrations (1-100ppb) which were also
close to the concentrations found in the present study, recently showed that Co and
Cr ions reduced the cell number, cell activity and the expression of osteoprotegerin
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(OPG) and receptor activator of nuclear factor kappa B ligand (RANKL), which are
significant for bone formation and resorption (Jing et al., 2015), in human osteoblasts
with almost all the concentrations tested (1-100ppb) (Zijlstra et al., 2012). The
observed reduction was also dependant on the ion dosages of Co and Cr (Zijlstra et
al., 2012). The fact that differences in the amount of metal ions released have been
detected in the present study between platform-matched and platform-switched
suggests that such differences may lead to differing in biological responses in the
surrounding tissues. The platform-switched samples released relatively lower
amounts of metal ions, with a statistically significant decrease for V, Al, Co, Cr, and
Mo. Moreover, the decrease was proportional to the amount of mismatch for the Co,
Cr and Mo elements. Similar clinical results, regarding the effect of the amount of
mismatch, have been recently published by Canullo et al. who reported that marginal
bone loss was inversely related to the degree of platform switching after almost 3 years
of observation (Canullo et al., 2010a)

5.4.2 SEM observations
SEM

observations

were

performed

on

the

contacting

surfaces

of

the

implants/abutments, where increased corrosion was expected due to crevice
corrosion phenomena taking place in addition to galvanic corrosion. The specimens
were not subjected to any load, in contrast to a clinical situation. Load and friction
between the coupled surfaces may lead to a localised breakdown of protective oxide
layers, thus accelerating corrosion process (Gilbert, 1997, Khan et al., 1999a,
Komotori et al., 2007, Denaro et al., 2008). The SEM images showed active corrosion
processes featured as pitting areas and dark spots on the surfaces of both the Ti
implants and abutments. Those corrosion features were obvious particularly on the
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CoCr abutments regardless of their sizes. This finding was in agreement with the
results of Tuna et al who demonstrated that the CoCr superstructures were extremely
prone to corrosion (Tuna et al., 2009). However, the authors observed no significant
change in the SEM images of the Ti implants before and after corrosion. This
discrepancy between the present study and Tuna’s findings with regards to Ti
corrosion could be due the different electrolytic medium utilised. Tuna et al. immersed
their coated samples in an Afnor type (Cortada et al., 2000) artificial saliva buffered to
pH 6.7. Another reason could be due to different modes of corrosion tests between
the two studies and the use of different implant materials with different surface finish
(Tuna et al., 2009) In the present study machined titanium cylinders were utilised to
represent the implant part of the couplings and were constructed from cpTi grade II.
Although this might be considered a limitation, titanium cylinders representing the
implant fixtures are thought to be appropriate and have been used by several
investigators when measuring metal ion leakage with no loading conditions (Reclaru
and Meyer, 1994, Cortada et al., 2000, Yamazoe, 2010)
SEM observations in this study have also showed that corrosion was more prominent
at the outer borders of the contacting surfaces from which the solution leaks through
the microgap into the interface. Therefore it could be assumed that the closer the
contacting surfaces are to the surrounding tissues, as in the platform-matched
abutments, the closer the degradation products are able to reach the tissues and
therefore the more biological effects are expected. In other words, as the implant
abutment mismatch increases, the further the degradation products are from reaching
the tissues, therefore, providing a possible explanation for the clinical results reported
by Canullo et al. (Canullo et al., 2010a). However, further in vitro and in vivo
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investigations are needed to validate such correlation and therefore, caution must be
considered when drawing conclusions.
Pitting areas were also observed close to the inner hex area which possibly were the
result of a localised crevice corrosion occurring in geometrical confinement of the
contact areas of the implants, abutments and abutment screws to which the access of
the lactic acid solution from the environment was limited leading to concentration cell,
areas with different oxygen concentration, taking place with consequent high corrosion
rate (Gittens et al., 2011). Another possible explanation might be due to leakage of
the acidic medium through the access hole of the screw which was not sealed with
composite in contrast to the clinical practice.

5.4.3 EDX analysis
EDX analysis revealed that the elements present on both implant and abutment
surfaces were similar pre and post immersion which seem to be consistent with other
research (Barão et al., 2012). EDX was used in this study to quantify the elemental
components of the implant and abutment contacting surfaces. Although it is a good
technique used in electrochemistry to characterise the passive film, it has some
limitations in showing surface conditions. Further studies are necessary using other
techniques such as X‐ray photoelectron spectroscopy (XPS) to evaluate in more
details the oxide layer on the Ti implant surface as well as the abutment surface (Barão
et al., 2012). However, it is a valid quantitative tool and has been used by several
investigators for elemental analysis (Cortada et al., 2000, Theologie-Lygidakis et al.,
2007, Barão et al., 2012, Wilson Jr et al., 2015). The results of EDX analysis didn’t
show the presence of Co, Cr, Mo, Al or V on the examined areas of the implants nor
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the presence of Ti on the CoCr abutments after the accelerated corrosion procedure,
in other words there wasn’t any deposition of the abutment’s elements on the implants’
surface and vice versa. This finding suggests that corrosion products are completely
released into the surrounding environment of the implant abutment couple and that
such products gain access to the peri-implant tissues through the microgap. The
presence of corrosion products in peri-implant tissues has been confirmed in histologic
analysis of biopsies of peri-implantitis specimens (Wilson Jr et al., 2015). The
histopathologic findings demonstrated the presence of foreign bodies surrounded by
chronic inflammatory infiltrates. The foreign bodies were of different elemental
composition, however, titanium was predominant. The authors suggested that the
appearance of titanium element in the peri-implantitis biopsies could be due to implant
corrosion (Wilson Jr et al., 2015). The results of the present study support this
possibility and suggest that implant-abutment couples undergo active corrosion
process in the oral environment which leads to the release of metal ions to the peri
implant tissues. The level of metal ion release was reduced when using platformswitched implant-abutment couplings. This observed positive effect could be
correlated to the positive radiographic findings in respect to crestal bone level when
utilizing the “platform-switching” concept, thereby, providing for the first time some
indirect evidence for the possible role of corrosion products in the mediation of crestal
bone loss around platform-switched dental implants and therefore proposing a new
theory behind crestal bone remodelling around dental implants. However, due to the
extremely complex nature of interactions between dental biomaterials and the
biological oral environment, complete understanding of the possible clinical
consequences of the various amounts of corrosion elements released in this study is
not possible. Therefore, further research is required looking into the effects of the
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various element concentrations on various metabolic pathways related to bone
homeostasis.

5.5 Conclusions
Within the limitations of the current study, the results led to the following conclusions:
1. The implant abutment couples underwent an active corrosion process resulting
in metal ion release to the surrounding solution.
2. Titanium was the highest element to be released, followed by Co, Al, V, Cr then
Mo.
3. The release of Co, Cr, Mo, Al and V was higher in the platform-matched groups.
4. The highest amount of total metal ions released was recorded for the platformmatched groups.
5. The release of Ti and Co from the unconnected implant and abutment groups
was higher than the release from the connected groups.
6. Ion release from the implants connected to Ti alloy abutments was higher than
the total ion release from the implants connected to CoCr abutments.
7. Corrosion features in the form of pitting were prominent towards the outer
borders of the contacting surfaces of the implants and abutments.
8. Platform-switching concept has a positive effect in reducing the levels of metal
ion release through corrosion processes from the implant-abutment couples
into the surrounding environment.
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6. Chapter VI: In-Vitro Biological Responses to Corrosion
Products Released from Implant-abutment Couples
under Static Immersion Conditions
6.1 Aim and Objectives
The aim of this chapter was to investigate whether the metal ions released from the
different implant-abutment couplings tested in chapter V, which were subjected to
accelerated corrosion, would induce adverse biologic reactions in primary human
osteoblastic

cells

cultured

with

conditioned

culture

media

containing

the

concentrations of metal ions obtained from the results of the previous chapter. The
tests in chapter VI would determine whether the observed differences in ion levels
released from the implant-abutment couplings with different connection geometry
(platform-matched vs. platform switched) were significant on a cell metabolic level in
order to alter the extent of such biologic responses and change the peri-implant bone
homeostasis. More specifically the aims of this chapter were:
1. To evaluate cell viability of primary human osteoblasts cultured with different
concentrations of metal ions over 21 days.
2. To assess early apoptosis of primary human osteoblasts cultured with different
concentrations of metal ions after 24 hrs of exposure.
3. To analyse the expression of genes related to bone resorption (IL-6, IL-8, COX2, Caspase-8, OPG and RANKL) from primary human osteoblastic cells
cultured with different concentrations of metal ions after 1, 3 and 21 days of
exposure.
4. To compare the cellular responses between osteoblasts cultured with metal
ions released from platform-matched implant-abutment couplings and
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osteoblasts cultured with metal ions released from platform-switched implant
abutment couplings.
5. To correlate the present findings with the results of Chapter V.

* This chapter has been published in the Journal of Dentistry:
Alrabeah, G. O., Brett, P., Knowles, J. C. & Petridis, H. 2017. The effect of metal
ions released from different dental implant-abutment couples on osteoblast
function and secretion of bone resorbing mediators. Journal of Dentistry, 66,
91-101 (Appendix B)
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6.2 Materials and Methods
6.2.1 Preparation of Culture Media Containing Metal Ions
Five different conditions of culture media solutions were prepared containing different
levels of metal ions obtained from the respective 5 groups of chapter V which
evaluated the levels of metal ions released from different implant abutment couples as
a result of accelerated corrosion (Alrabeah et al., 2016). The metal ions corresponded
to the following groups: implants connected to platform-matched titanium (Ti6Al4V)
abutments (TM), implants connected to platform-switched wide titanium (Ti6Al4V)
abutments (TSW), implants connected to platform-matched cobalt-chrome (CoCr)
abutments (CM), implants connected to platform-switched wide cobalt-chrome
abutments (CSW) and unconnected titanium implants (UI). The amount of mismatch
was 0.5 mm between the platform-switched and platform-matched abutments. The
concentrations of the measured elements which were used in this chapter are
presented in Table 6.1. To prepare culture medium containing these concentrations,
single element standard solutions for ICP-MS for each measured element (titanium
(Ti), vanadium (V), aluminum (Al), cobalt (Co), chromium (Cr) and molybdenum (Mo))
were utilized with concentration＝1000 ppm in 2％ HNO3 solution (TraceCERT®,
Sigma-Aldrich Company Ltd.,Dorset, England). Each single standard solution of each
element was sterilised by passing through 0.22 μm membrane filters (Millex, Merck
Millipore Ltd., Germany) before diluting in culture medium (Clonetics™ OGM™
BulletKit™, Lonza, Walkersville, MD, USA). To reach the desired concentrations of the
test solutions, the single element standard solutions were serially diluted 1000 times
with the serum-added culture medium, under pH monitoring, according to the method
described by Taira et al (Taira et al., 2006). No visual precipitation was formed after
adding the standard elements and the pH of the prepared solutions was measured
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immediately after preparation (pH= 7.8). Metal ion-free culture medium was used as a
reference solution (REF) and served as the control group (pH= 7.8).

Table 6.1 Levels of metal ions (ppb) present in treated culture media solutions based
on the results of Chapter V.
Levels of Metal Ions (ppb)

Test Groups

Code

Unconnected implant

UI

998

TM

1250

67

60

1377

TSW

1080

57

36

1137

CM

678

219

27

10

934

CSW

623

122

11

6

762

Connected platform
matched titanium alloy
abutment (6mm)
Connected platform
switched titanium alloy
abutment (5mm)
Connected platform
matched cobalt-chrome
abutment (6mm)
Connected platform
switched cobalt-chrome
abutment (5mm)

Ti

Al

V

Co

Cr

Mo

Total
998

6.2.2 Cells and Cell Cultures:
Osteoblastic cells were purchased from Lonza (Clonetics™ Normal Human
Osteoblast Cell System, NHOst, Lonza, Walkersville, MD, USA). Cells were cultured
in monolayer in osteoblast basal medium (OBM™, Clonetics™ OGM™ BulletKit™,
Lonza, Walkersville, MD, USA) containing 10% fetal bovine, 0.1% Gentamicin
Sulfate/Amphotercin-B and 0.1% Ascorbic acid (OGM™ SingleQuot™, Lonza,
Walkersville, MD, USA) and incubated at 37˚ C in a humidified atmosphere of 5% CO2
and 95% air. The cell cultures were microscopically examined daily and displayed the
elongated polygonal morphology typical of osteoblasts in culture (Figure 6.1). The
culture medium was changed every two days. At 70–80% confluency (Figure 6.1),
adherent cells were detached using 0.25% trypsin/EDTA solution (Trypsin EDTA,
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Gibco, Life Technologies, Thermo Fisher Scientific, NY, USA) (refer to chapter IV
4.2.4.1 for detailed culturing and subculturing techniques). Osteoblastic cells of
passages 4-6 were used for the experiments. All experiments were performed three
times.

Figure 6.1 Adherent osteoblastic cells with characteristic elongated
polygonal morphology at 70-80% confluency

6.2.3 Cell Viability Assay
For viability experiments, the osteoblastic cells were transferred to 24-well plates and
were seeded in triplicate at a density of 3000 cells/well. The cells were allowed to
attach for 24 hrs, then the metal ion-free medium was replaced by the respective metal
ion-containing medium. Cells incubated with metal ion-free medium served as test
controls. The cell viability assay was conducted at time points of 1, 4, 7, 10, 14 and 21
days. After 21 days, RNA was extracted for later gene expression analysis. Cell
viability at each time point was determined using Alamar Blue™ (AB) bioassay (AbD
Serotec, UK). Absorbance measurements were performed at 560 nm and 590 nm
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using a microplate reader (FLx800, BioTek Instruments Ltd, UK). Reduction of AB by
cells was calculated as the percentage reduction from the blue oxidised form of AB to
red reduced form according to the following equation:
𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒐𝒇 𝒂𝒍𝒂𝒎𝒂𝒓𝑩𝒍𝒖𝒆
=

𝑭𝒍 𝟓𝟗𝟎 𝒐𝒇 𝒕𝒆𝒔𝒕 𝒂𝒈𝒆𝒏𝒕 − 𝑭𝒍 𝟓𝟗𝟎 𝒖𝒏𝒕𝒓𝒆𝒂𝒕𝒆𝒅 𝒄𝒐𝒏𝒕𝒓𝒐𝒍
𝑋100
𝑭𝒍 𝟓𝟗𝟎 𝒐𝒇 𝟏𝟎𝟎% 𝒓𝒆𝒅𝒖𝒄𝒆𝒅 𝒂𝒍𝒂𝒎𝒂𝒓𝑩𝒍𝒖𝒆 − 𝑭𝒍 𝟓𝟗𝟎 𝒖𝒏𝒕𝒓𝒆𝒂𝒕𝒆𝒅 𝒄𝒐𝒏𝒕𝒓𝒐𝒍

Where: Untreated control is a cell-free culture media subjected to similar incubation
conditions as the test groups and control (REF)
Fl 590= Fluorescent intensity at 590nm emission (560 excitation)
The resultant AB reduction percentages represented the percentage of cell viability
and was used in statistics for viability comparison between test groups and the metal
ion-free control (REF).
(*P.S. The cell viability calculation protocol in this chapter was different from the one
performed earlier in chapter IV 4.2.4.4 in which the absorbance data were plotted in
terms of cell number based on a standard calibration curve)

6.2.4 Flow Cytometric Analysis of Early Apoptosis
For apoptosis experiments, the cells were transferred to 24-well plates and were
seeded in triplicates at a density of 50 000 cells/well. The cells were allowed to attach
for 24 hrs, then the metal ion-free medium was replaced by the respective metal ioncontaining medium for a period of 24 hrs. Cells incubated with metal ion-free medium
served as test controls. At the end of the 24 hrs exposure period, the cells were
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trypsinised then collected by centrifugation and washed twice with cold phosphate
buffer solution (PBS, BioWhittaker, Lonza, Belgium). The cells were then resuspended in 500 μl Annexin Binding Buffer and aliquots (5 μl) of Phycoerythrin
Annexin V and Propidium Iodide (PI) Staining Solution (FITC Annexin V Apoptosis
Detection Kit II, BD Pharmingen™, BD Bioscience, UK) were added to each test tube
(BD Falcon™ round-bottom tubes, BD Bioscience, UK) following manufacturer
instructions. Extra wells with seeded cells were used as staining controls to calibrate
flow cytometry and set-up compensation and quadrants as follows: unstained cells
supplemented with metal-ion free media (-ve control), cells stained with FITC Annexin
V (no PI) and were supplemented with apoptotic media (+ve control A) cells stained
with PI (no FITC Annexin V) and were supplemented with apoptotic media (+ve control
B) and cells stained with both FITC Annexin V and PI and were supplemented with
apoptotic media (+ve control AB). The samples were placed into a fluorescence
activated cell sorting (FACS) flow cytometer (EPICS XL®, Coulter Corporation,
Florida, USA) for analysis. A minimum of 10,000 events in the target area was
recorded for each sample (Figure 6.2).
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Figure 6.2 An output graph of a flowcytometer of one REF sample divided into four
quadrants: A1-percentages of dead cells A2- percentages of dead + apoptotic cells
A3- percentages of apoptotic cells A4- percentages of live cells

6.2.5 Gene Expression Analysis
RNA levels of IL-6, IL-8, COX-2, Caspase-8, OPG and RANKL expressed by
osteoblastic cells were analysed after incubation with metal ion-containing media for
1, 3 and 21 days. Cells incubated with metal ion-free medium served as test controls.
Cells were seeded onto 24-well plates in triplicates at different densities based on the
exposure period to the metal ion-containing media. For the 1- and 3-day exposure
periods, cells were seeded at a density of 50 000 cells/well or 25 000 cells/well
respectively. For the 21-day exposure period, RNA was extracted from the same cells
that were initially seeded for the viability assay after conducting the 21-day time point
viability analysis.
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RNA Extraction
After each exposure period, culture medium was removed from the wells, cells were
washed twice with phosphate buffered saline solution (PBS, BioWhittaker, Lonza,
Belgium) and were immediately lysed using the lysis buffer of an RNA extraction kit
(RNeasy®Plus Mini Kit, QIAGEN GmbH, Hilden, Germany). Total RNA was extracted
according to the protocol of the manufacturer. Quantity and purity of the RNA were
determined by 260/280 nm absorbance measurements using TECAN plate reader for
nuclide acid quantification (i-Control Software 1.10, NanoQuant Plate Application,
Infinite M200, TECAN, GmbH, Austria) as presented for example in Table 6.2 where
each sample was measured twice (A1-A2, B1-B2,…etc).

The concentration

represents the quantity while the purity was determined by the ratio (>1.9 was
considered good quality RNA). The concentration was used to calculate the volume of
RNA needed for each sample for later cDNA synthesis using the following equation:

𝑉𝑜𝑙𝑢𝑚𝑒 =

Mass
Concentration

Where Mass= number of moles (in this case 100ng)
(If the volume was over 20 μl, it was left as is, but if it was below 20 μl, it was topped
by nuclease free water to make it a total of 20 μl.
The remaining RNA was stored at -80˚C until complementary DNA (cDNA) synthesis
was performed.
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Table 6.2 RNA concentration determined by the Nuclied Acid Quantification
Application for some experimental samples after 1 day of exposure
RNA
A1
A2
B1
B2
C1
C2
D1
D2
E1
E2
F1
F2
G1
G2
H1
H2

260

280

0.0349
0.0299
0.0342
0.0272
0.0401
0.0366
0.0353
0.0366
0.0352
0.0378
0.0422
0.0424
0.0461
0.0479
0.0393
0.0396

0.0143
0.0113
0.013
0.0105
0.0158
0.0142
0.0144
0.0132
0.0142
0.0161
0.018
0.0176
0.0191
0.0197
0.017
0.0162

Concentration
ng/µl
27.92
23.92
27.36
21.76
32.08
29.28
28.24
29.28
28.16
30.24
33.76
33.92
36.88
38.32
31.44
31.68

Ratio
2.44
2.65
2.63
2.59
2.54
2.58
2.45
2.77
2.48
2.35
2.34
2.41
2.41
2.43
2.31
2.44

Sample
ID
CM3
CM3
CS1
CS1
CS2
CS2
CS3
CS3
UI1
UI1
UI2
UI2
UI3
UI3
REF1
REF1

cDNA Synthesis
First strand cDNA was generated by reverse transcription of 100 ng total RNA per
sample using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems™, Thermo Fisher Scientific, NY, USA) according to the manufacturer
instructions in a final reaction volume of 20 μL(10 μl RNA + 10 μl cDNA master mix).
The cDNA master mix was prepared according to Table 6.3. cDNA was amplified by
polymerase chain reaction (PCR) in a thermal cycler (PTC-100™ Programmable
Thermal Controller, MJ Research Inc., MA, USA). Thermal cycling conditions were as
follows: 10 min at 25°C, 120 min at 37°C, 5 min at 85°C after which temperature
gradually drops to 4°C. The resulting cDNA was stored at -20˚C until further analysis.
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Table 6.3 Reagents used for cDNA master mix preparation and their volume
Component

Volume/reaction (µL)
2
0.8
2
1
4.2

10X RT buffer
25X dNTP Mix (100mM)
10X RT Random primers
MltiScribe reverse transcriptase
N free H2O

Real-time quantitative polymerase chain reaction (RT-qPCR) assays
For RT-qPCR, 5 μL of the abovementioned diluted cDNA was added to TaqMan Fast
Universal PCR Master Mix and TaqMan Gene Expression Assay primer/probe mixes
(TaqMan® Gene Expression Assays, Applied Biosystems™, Thermo Fisher Scientific,
NY, USA) according to the manufacturer’s instructions to achieve a final reaction
volume of 25 μL (Table 6.4). Gene expression was measured using primer–probe sets
specific for human IL-6 (Hs00985639_m1), IL-8 (Hs00174103_m1), COX-2 (PTGS2)
(Hs00153133_m1),

Caspase

8

(Hs01018151_m1),

RANKL

(TNFSF11)

(Hs00243522_m1), OPG (TNFRSF11B) (Hs00900358_m1) and glyceraldehyde 3phosphate dehydrogenase (GAPDH) (Hs03929097_g1) by means of RT-qPCR using
7300 Real Time PCR System (Applied Biosystems™, Thermo Fisher Scientific, NY,
USA). Gene specific primers and the TaqMan qPCR mastermix for FAM™ reporter
dye were purchased from TaqMan® (TaqMan® Gene Expression Assays, Applied
Biosystems™, Thermo Fisher Scientific, NY, USA). Each cell sample was assayed for
each gene a minimum of three separate times in 96-well optical plates with primer
concentrations of 0.8 mM. The PCR protocol consisted of: initiation at 1 cycle at 50°C
for 2 min and 1 cycle at 95°C for 10 min, followed by amplification for 40 cycles at
95°C for 15 sec and 60°C for 1 min. Ct data were collected via Sequence Detection
Software 1.4 (7300 System SDS software RQ Study Application, Applied Biosystems).
Gene expression was normalised to housekeeping gene (GAPDH) and expressed
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relative to the reference control group (REF) for each incubation time using the 2 -∆∆Ct
method (Livak and Schmittgen, 2001). The ratio of RANKL/OPG was calculated by
dividing the normalised fold expression of both genes within the same sample. Since
the experiment was performed in triplicate and the PCR reactions were also performed
in triplicate, there were 54 data points collected.

Table 6.4 Reagents used for qPCR reaction and their volume
Component

Volume (µl)

TagMan® Universal PCR master Mix

12.5

TagMan® probes

1.25

cDNA

5

Nuclease free water

6.25

Total

25ul/reaction

6.2.6 Statistical Analysis
All data were expressed as mean and standard deviation. For viability and apoptosis
analysis, statistically significant differences were tested by univariate analysis of
variance (ANOVA) using SPSS version 22.0 (IBM SPSS Statistics, IBM, Tokyo,
Japan) (P < 0.05). For gene expression analysis, statistically significant differences
were tested by multivariate repeated measures (ANOVA) statistical model where all
54 data points were used to fit this model. Comparisons were performed between each
test group and the control (REF) within each incubation period, between platform-
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matched and platform-switched groups within each abutment material, between
connected and unconnected groups, and between the two different abutment
materials within the same connection geometry. Levene’s test of homogeneity of
variance was employed (α = 0.05), following the assumption of equal variances. When
equal variances were assumed (P > 0.05) the Bonferroni post hoc test was used to
analyze significant differences between test groups. Whereas when equal variances
were not assumed (P < 0.05) the Dunnett’s T3 post hoc test was used to analyse
significant differences between the test groups. To confirm statistically significant
differences between the platform-matched groups and the platform-switched groups
within each abutment material, t-test for two independent samples was used (P <
0.05).
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6.3 Results
6.3.1 Effect of metal ions on cell viability
The percentages of reduction reaction from the blue oxidised form of AB to red
reduced form over the 21-day time period, which represented the percentages of cell
viability, are presented in Figure 6.3. There was statistically significant lower cell
viability in the TM and TSW groups (P < 0.001) compared to the control (REF) and to
the UI groups after 1 day of exposure. The CM had also lower cell viability compared
to the control (REF) (P < 0.01). The cell viability in the TSW was also significantly
lower than the cobalt-chrome abutment of the same diameter (CSW) (P < 0.01). On
day 4 the TM, TSW and CM continued to have lower cell viability compared to the
control (P < 0.001) and to the UI group (TM and TSW (P < 0.001), CM (P < 0.05)). The
platform-matched CoCr abutment group (CM) also showed lower cell viability
compared with the platform-switched group of the same material (CSW) on day 4 (P
< 0.01). The TM and TSW groups had also less cell viability compared to their
counterparts of the cobalt-chrome abutments CM (P < 0.05) and CSW (P < 0.001)
respectively. These differences in cell viability continued to exist on day 7, however,
the differences between the platform-matched and the platform-switched counter parts
were not significant. (P > 0.05). On day 10, the TM was the only group that showed
less cell viability when comparing with the control (P < 0.05). After 14 days of
exposure, the cell viability was not different among all groups (P > 0.05). However,
on day 21, the CM and CSW groups had significant lower cell viability than the control
(P < 0.001) and the UI group (P < 0.005). The CM group also showed less viability
than the TM group (P < 0.01)
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with respect to the control REF,┌┐represent statistical difference between platform-matched and platform-switched within each
material, between connected and unconnected goups, and between the two different abutment materials within the same connection
geometry.

Figure 6.3 Osteoblast reduction of Alamar Blue™ (%) in response to exposure to metal-ion containing culture media. Osteoblastic
cells were treated with metal ion-containing culture medium and the reduction in the Alamar Blue™ was measured over time points
of 1, 4, 7, 10, 14 and 21 days of exposure. The results were expressed as mean percentage reduction (%) ± standard deviation, n=
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05), asterisk above error bars represent statistical differences
9 per group

6.3.2 Effect of metal ions on early apoptosis
All groups of osteoblastic cells exposed to metal ion-containing media showed
significantly higher percentage of apoptosis after 24 h compared to the control (UI,
TM, CM, and CSW (P < 0.001), TSW (P < 0.005)) (Figure 6.4). The percentage of
apoptotic cells did not differ significantly between the different ion concentration
groups (P > 0.05)

Figure 6.4 Osteoblast induction of early apoptosis (%) in response to exposure to
metal-ion containing culture media. Osteoblastic cells were treated with metal ioncontaining culture medium and the induction of apoptosis was analysed after 24 hrs
of exposure. The results were expressed as mean percentage apoptosis (%) ±
standard deviation, n= 9 per group
(* = P ≤0.001, ** = P < 0.005), asterisk above
error bars represent statistical differences with respect to the control REF)
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6.3.3

Effect of metal ions on gene expression
Interleukin-6 expression

Osteoblastic cells cultured with different metal ion types and concentrations released
a higher amount of IL-6 compared to the non-stimulated reference group (REF) (UI,
TM, TSW and CM (P < 0.001), CSW (P < 0.05)) (Figure 6.5). This increase of IL-6
expression was directly proportional to the concentration of metal ions after 1 day of
exposure. In particular, cells from the TM group increased the production of IL-6 by 3
fold in the first 24 h compared to the REF (P < 0.001) and the increase was also
significantly higher compared to the osteoblastic cells of the platform-switched TSW
group (P < 0.001), and to that of the UI group and the CoCr group with same abutment
diameter (CM) (P < 0.001). Osteoblastic cells in the CM group also showed statistically
higher expression of IL-6 compared to the CSW group after 1 day (P < 0.005) but less
expression than the UI group (P < 0.001). After 3 days of exposure, there was a
significant tendency for cells incubated with metal ions released from implants
connected to Ti alloy abutments (TM and TSW) to release more IL-6 compared to the
REF group (P < 0.001) and compared to their counterparts from the CoCr groups (CM
and CSW) (P < 0.001). Moreover, after 3 days, osteoblasts from the TM group
demonstrated higher IL-6 expression compared to cells from the TSW group (P < 0.01)
and to the cells of the UI (P < 0.001). On the other hand, the CoCr abutment groups
(CM and CSW) demonstrated downregulation of IL-6 expression which was
significantly lower than the UI group (P < 0.001) and compared to their counterparts
from the Ti abutments groups (TM and TSW) (P < 0.001). A longer incubation time (21
days) caused higher IL-6 levels from osteoblastic cells in all experimental groups with
an average expression 2-fold higher than the REF group (P < 0.001). This increase of
IL-6 was already observed at the lowest metal ion concentration group (CSW) after 21
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days of incubation. No statistical difference was observed between the test groups at
the 21-day duration point of the experiment.

Figure 6.5 Interleukin-6 expression by osteoblasts in response to exposure to metalion containing culture media. Osteoblastic cells were treated with metal ion-containing
culture medium and the expression of IL-6 was analysed after 1, 3 and 21 days of
exposure. The results were expressed as mean fold change ± standard deviation, (n=
3 independent samples x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01,
†= P < 0.05), asterisk above error bars represent statistical differences with respect to
the control REF,┌┐represent statistical difference between platform-matched and
platform-switched within each material, between connected and unconnected
specimens, and between the two different abutment materials within the same
connection geometry.
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Interleukin-8 expression
In the first 24 h of exposure, IL-8 expression followed the same pattern that was seen
with IL-6 release in which osteoblastic cells cultured with metal ions released a higher
amount of IL-8 compared to the non-stimulated REF cells (P < 0.05) (Figure 6.6). This
increase of IL-8 expression was again directly proportional to the concentration of
metal ions of the connected groups after 1 day of exposure. Cells in the TM group
exhibited a major increase in IL-8 expression (25-fold, P < 0.05) compared to cells in
the REF group, as well as compared to all other test groups including the platformswitched titanium abutment group (TSW) (P < 0.05). The groups of Ti alloy abutments
(TM and TSW) demonstrated higher release IL-8 compared to the UI group and to
their counterparts from the CoCr groups (CM and CSW) (P < 0.05). The platformmatched CoCr group (CM) showed also higher expression of IL-8 compared to the
platform-switched group (CSW) (P < 0.05). After 3 days of incubation, the TM and
TSW groups continued to show higher IL-8 release compared to the control group (P
< 0.001) and to the UI and CoCr abutment groups. However, the initial elevated
expression of IL-8 inverted to a downregulated expression after longer incubation of
21 days (Figure 6.6). This was significant for osteoblastic cells in the CM (P < 0.005)
and TSW groups (P < 0.05) after 21 days compared to the reference.
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Figure 6.6 Interleukin-8 expression by osteoblasts in response to exposure to metalion containing culture media. Osteoblastic cells were treated with metal ion-containing
culture medium and the expression of IL-8 was analysed after 1, 3 and 21 days of
exposure. The results were expressed as mean fold change ± standard deviation, (n=
3 independent samples x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01,
†= P < 0.05), asterisk above error bars represent statistical differences with respect to
the control REF,┌┐represent statistical difference between platform-matched and
platform-switched within each material, between connected and unconnected
specimens, and between the two different abutment materials within the same
connection geometry.
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COX-2 expression
After 1 day of incubation, osteoblastic cells cultured with metal ions showed significant
increase in expression of COX-2 in all test groups , except CSW (UI (P < 0.001), TM
(P < 0.01) TSW and CM, (P < 0.05), compared to the reference (REF)(Figure 6.7).
Although cells in the TM group showed the highest mean COX-2 expression among
the test groups (~5 fold) it was not statistically significant from the TSW (P > 0.05) after
1 day but was significantly higher than the UI (P < 0.05) and the CM group (P < 0.005)
Osteoblastic cells in the CM group expressed statistically significant higher levels of
COX-2 compared to cells of the CSW group (P < 0.05). After 3 days of incubation,
there was a significant decrease in the expression of COX-2 in all test groups that
represented connected implant-abutment couples (TM and CM (P < 0.01), TSW and
CSW (P < 0.05) compared to the REF and the UI groups. Osteoblastic cells treated
with metal ions from TM group showed down-regulation of COX-2 levels after 21 days
of incubation (P < 0.05) compared to the REF and compared to the platform-switched
group of the same material (TSW) (P < 0.05). Both platform-matched groups (TM and
CM) had significantly downregulated COX-2 expression compared to the UI group (P
< 0.001 and P < 0.05, respectively).
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Figure 6.7 COX-2 expression by osteoblasts in response to exposure to metal-ion
containing culture media. Osteoblastic cells were treated with metal ion-containing
culture medium and the expression of COX-2 was analysed after 1, 3 and 21 days of
exposure. The results were expressed as mean fold change ± standard deviation, (n=
3 independent samples x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01,
†= P < 0.05), asterisk above error bars represent statistical differences with respect
to the control REF,┌┐represent statistical difference between platform-matched and
platform-switched within each material, between connected and unconnected
specimens, and between the two different abutment materials within the same
connection geometry.
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Caspase-8 expression
Caspase activity was not influenced by metal ions in the first day of exposure (P >
0.05) (Figure 6.8). However, after 3 days of incubation, there was a down regulation
of Caspase-8 secretion from osteoblastic cells treated with metal ions from the
platform-matched CoCr abutment group (CM) compared to the reference (P < 0.05)
and to the UI group (P < 0.001). This decrease in Caspase-8 production was also
evident in groups TM and CM (P < 0.01) after longer incubation time (21 days) when
compared to the REF and to the UI groups.
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Figure 6.8 CASPASE-8 expression by osteoblasts in response to exposure to metalion containing culture media. Osteoblastic cells were treated with metal ioncontaining culture medium and the expression of CASPASE-8 was analysed after 1,
3 and 21 days of exposure. The results were expressed as mean fold change ±
standard deviation, (n= 3 independent samples x 3 repeats)
(* = P ≤0.001, ** = P
< 0.005, *** = P < 0.01, †= P < 0.05), asterisk above error bars represent statistical
differences with respect to the control REF,┌┐represent statistical difference
between platform-matched and platform-switched within each material, between
connected and unconnected specimens, and between the two different abutment
materials within the same connection geometry.
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RANKL and OPG expression
RANKL expression was up-regulated in all test groups after 1 day of incubation when
compared to the REF (UI and CM (P < 0.05) TM, TSW and CSW (P < 0.005)) (Figure
6.9) in a dose dependent manner within the connected groups. This upregulation was
significantly observed in the TM group (≈ 10 folds) which was higher than its platformswitched counterpart (TSW) (P < 0.05), and higher than the UI and CM groups (P <
0.01 and P < 0.005 respectively).The TSW showed also higher expression compared
to the UI (P < 0.005) and the CSW (P < 0.0) groups. The increased RANKL expression
in the TM group continued for the 3-day incubation period being higher than the REF,
TSW and CM groups (P < 0.05). However, the initial elevated expression of RANKL
inverted to a downregulated expression after longer incubation of 21 days. This was
significant for osteoblastic cells in the TM, TSW (P < 0.01) and CM (P < 0.05) groups
after 21 days compared to the reference (REF).
On the other hand, OPG production was not significantly influenced in most
experimental groups except for the TM group, where it was down-regulated (P < 0.001)
compared to the REF and to all test groups including its platform-switched counterpart
(TSW) in the first day of exposure (Figure 6.10). The OPG expression didn’t vary
significantly among groups after 3 and 21 days of exposure (P > 0.05).
These variable expressions led to higher ratios of RANKL/OPG in all test groups after
1 day of incubation compared to the REF (UI and CM (P < 0.001), TM and TSW (P <
0.05) and CSW (P < 0.005)) (Figure 6.11) with the highest ratio observed in the
osteoblastic cells of the TM group (22-fold) which was significantly higher compared
to all the test groups (P < 0.05) including the platform-switched titanium abutment
group (TSW) (P < 0.005). Moreover, the cell cultures of the CM group showed
increased RANKL/OPG ratio compared to cultures in the CSW and UI groups (P <
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0.001). After 3 days of incubation, the RANKL/OPG ratio continued to show higher
values in the TM group compared to the REF (P < 0.05), the TSW (P < 0.01) and the
CM (P < 0.05). On the other hand, the ratio pf RANKL/OPG significantly decreased in
the CM (P ≤ 0.001) and CSW (P ≤ 0.05) when compared to the REF and to the UI (P
< 0.05) groups after 3 days of exposure. After longer incubation time of 21 days, the
ratio RANKL/OPG in almost all conditions (except for the UI and CSW) was
significantly lower than the REF (TM (P < 0.005), TSW and CM (P < 0.001)) (Figure
6.11).
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Figure 6.9 RANKL expression by osteoblasts in response to exposure to metal-ion
containing culture media. Osteoblastic cells were treated with metal ion-containing
culture medium and the expression of RANKL was analysed after 1, 3 and 21 days of
exposure. The results were expressed as mean fold change ± standard deviation, (n=
3 independent samples x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01,
†= P < 0.05), asterisk above error bars represent statistical differences with respect
to the control REF,┌┐represent statistical difference between platform-matched and
platform-switched within each material, between connected and unconnected
specimens, and between the two different abutment materials within the same
connection geometry.
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Figure 6.10 OPG expression by osteoblasts in response to exposure to metal-ion
containing culture media. Osteoblastic cells were treated with metal ion-containing
culture medium and the expression of OPG was analysed after 1, 3 and 21 days of
exposure. The results were expressed as mean fold change ± standard deviation, (n=
3 independent samples x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01,
†= P < 0.05), asterisk above error bars represent statistical differences with respect
to the control REF,┌┐represent statistical difference between platform-matched and
platform-switched within each material, between connected and unconnected
specimens, and between the two different abutment materials within the same
connection geometry.
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Figure 6.11 Ratio of RANKL/OPG expression by osteoblasts in response to exposure
to metal-ion containing culture media. Osteoblastic cells were treated with metal ioncontaining culture medium and the Ratio of RANKL/OPG was analysed after 1, 3
and 21 days of exposure. The results were expressed as mean fold change ±
standard deviation, (n= 3 independent samples x 3 repeats)
(* = P ≤0.001, ** = P
< 0.005, *** = P < 0.01, †= P < 0.05), asterisk above error bars represent statistical
differences with respect to the control REF,┌┐represent statistical difference
between platform-matched and platform-switched within each material, between
connected and unconnected specimens, and between the two different abutment
materials within the same connection geometry.
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6.4 Discussion
The current chapter, evaluated cell viability, apoptosis and expression of genes
related to bone resorption in human osteoblastic cells in response to varying
concentrations of metal ions, representing the amounts released from platformmatched and platform-switched implant abutment couples, as a result the accelerated
implant corrosion experiment in chapter V (Alrabeah et al., 2016). The biologic
responses tested were significantly altered in the presence of metal ions. The
observed adverse responses were directly proportional to the metal ion concentration
which was mainly observed in the first 24 hrs of exposure. Although the concentrations
tested were not obtained from a clinical in situ study, they were physiologically relevant
to the findings of He et al (He et al., 2016) who recently demonstrated that the average
content of Ti in the jaw bones of implant patients was 1940 µg/kg or ppb. Concentration
of metal ions or particles has been reported to be directly proportional to the phagocytic
response up to a saturation level (Agarwal, 2004). Sun et al showed that the effects of
metal ions (Ni, Co, Ti and V) on cell viability were a function of their concentrations
(Sun Zhi et al., 1997).
6.4.1 Cell viability
Cell viability in the present study was also influenced by the high concentrations of the
metal ions in the TM, TSW, and CM groups, which caused a reduction in cell viability
of osteoblastic cells exposed to these concentrations for up to one week of incubation.
High concentrations of metal ions representing the platform-matched group TM
continued to reduce cell viability for longer incubation periods. This could be due to
high levels of V, which is classified among the most toxic metals that reduced
osteoblasts viability to levels less than 50% of control values between approximately
0.05 and 0.3 mM (Hallab et al., 2002). Sun et al have also ranked V to be the first
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among the metal ions tested in terms of cytotoxicity (Sun Zhi et al., 1997). The authors
have also found Co and Ti to be highly cytotoxic and their effects on cell viability were
a function of their concentration. However, Ti ions alone in the UI group, though high,
did not affect the cell viability. This finding is in agreement with several studies that
showed that Ti ions in the concentration range of 1 to 9 ppm had no significant effects
on the viability of osteoclast-like cells, osteoblast-like cells, epithelial-like cells or
splenocytes (Mine et al., 2010, Nishimura et al., 2014). Therefore, it could be
suggested that the presence of a mixture of different types of metal ions and particles,
as in the situation with tribochemical corrosion processes of alloys in the oral cavity,
may be more cytotoxic to the cells in direct contact than exposure to a single type of
metal ion or particle and that Ti ions alone were not cytotoxic in concentrations of ≈1
ppm. Metal ions and particles both play a role by triggering different metabolic
pathways (Jacobs et al., 2001, Hallab and Jacobs, 2009). Particulate wear debris are
a source of metal ions since they have large surface area and they are prone to
dissolution resulting in measurable increases different ions (Hallab et al., 2002,
Mabilleau et al., 2008). Therefore the particle-induced osteolysis may also be due to
increased levels of metal ions coming from the particles themselves and not merely
due to particle phagocytosis. (Hallab et al., 2002). Several studies also tend to use
metal particles as opposed to ions to stimulate various cell types, however, it is not
clear whether the particles stimulate adverse cell reactions leading to osteolysis
directly via phagocytosis or via ionic products released as a result of corrosion
(Queally et al., 2009) which act biologically through different metabolic pathway
(Hallab and Jacobs, 2009). A study by Haynes et al (Haynes et al., 1993)
demonstrated that there is a difference in cellular response to different types of metal
alloy wear particles that are of the same size. The authors (Haynes et al., 1993) found
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that CoCr particles were likely to be more toxic than the Ti6Al4V particles. Although
the present study tested metals ions rather than particles, the results revealed similar
tendency in which Co, in ion form, from the CoCr abutment groups (CM and CSW)
was more cytotoxic after 21 days of incubation. However, in earlier exposure times, 1
to 7 days, the Ti6Al4V ions adversely affected cell viability more than the CoCr ions.

6.4.2 Apoptosis
The current study found that the presence of metal ions in culture media induced
programmed cell death, apoptosis, in human osteoblastic cells. This finding is in
agreement with the results of earlier studies, using different cell types (Huk et al., 2004,
Catelas et al., 2005) which demonstrated that the exposure of macrophages to Co and
Cr ions for a short period (24hrs) mostly stimulated apoptosis. Pioletti et al (2002),
using particles rather than ions, showed that implant particles stimulated apoptosis,
particularly in less mature osteoblasts (Pioletti et al., 2002). The high susceptibility to
apoptosis of the less mature osteoblast could affect bone remodelling. If less mature
osteoblasts undergo apoptosis in vivo, the quantity of mature osteoblasts available to
synthesise new bone will also decrease, favoring the resorption process. Cell death is
the eventual outcome of cells undergoing apoptosis which is featured by cell
shrinkage, surface blebbing, chromatin concentration and generation of apoptotic
bodies (Huk et al., 2004). These features differentiate it from necrotic cell death.
However, microscopic evaluation was not performed in the present study. Besides,
cells undergoing necrosis were not quantified as the assay does not distinguish
between cells that have already undergone an apoptotic cell death and those that have
died as a result of necrotic pathway; because in either case the dead cells will have
damaged membranes and will stain positive with both FITC Annexin V and PI. It would
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be interesting to correlate the flow cytometry measurements with microscopic analysis
in future studies. In order to confirm the occurrence of apoptosis in the examined
osteoblastic cells, the expression of caspase-8, a protein involved in apoptosis
signaling, was measured but no correlation was found with the increase in the
percentage of apoptotic cells. The apparent discrepancy between the levels of
caspase activity and the percentage of apoptotic cells could be explained by the nature
of the assays (Pioletti et al., 2002). The percentage of apoptotic cells is a cumulative
measurement of cells currently undergoing apoptosis as well as cells that are dead
but not completely degraded. On the other hand, the measurement of caspase activity
is an image of the current enzymatic activity, but the activated caspases will initiate a
proteolytic cascade that will eventually lead to their complete cleavage and
inactivation. In contrast, Pioletti et al demonstrated increased caspase activity up to
the last exposure point of 72 hrs (Pioletti et al., 2002). A possible explanation for this
observed difference in results may be that in the present study, caspase-8 was
evaluated while the previous study (Pioletti et al., 2002) had measured caspase-3.
Both caspases are important mediators in apoptosis, and further studies should be
performed in this area to clarify this discrepancy.

6.4.3 Gene Expression
The results of this study also demonstrated that the presence of metal ions in the
culture media of human osteoblastic cells induced the production of pro-inflammatory
cytokines in a dose dependent manner. IL-6 is an important marker for chronic
inflammatory processes and is assumed to cause osteoclast activation (Lochner et al.,
2011). The results of this study demonstrated that osteoblastic cells from the cultures
representing ions form the platform-matched groups (TM) and (CM) demonstrated
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higher expression of IL-6 compared to cells in the platform-switched groups within the
same material respectively (TSW) and (CSW). Interestingly, Ti ions alone continued
to stimulate IL-6 secretion which indicated that Ti by itself could induce adverse
reactions not necessarily demonstrated as direct toxicity or reduced cell viability, but
rather an adverse effect at genetic level leading to a cascade of events in a different
metabolic pathway contributing to the development of osteolysis (Jacobs et al., 2001,
Vermes et al., 2001a, Sabokbar et al., 2003, Jacobs et al., 2006, Pearle et al., 2007,
Purdue et al., 2007, Hallab and Jacobs, 2009). Increased secretion of IL-6 by
stimulated osteoblastic cells in this study corroborates the earlier findings of Vermes
et al and Hallab et al (Vermes et al., 2001a, Hallab et al., 2002) who confirmed that IL6 is present and continuously secreted by ion and particle-stimulated cells in the periprosthetic space, and that its long-term in vivo autocrine and paracrine effects are
critical in the pathogenesis of the peri-prosthetic osteolysis.
The expression of IL-8, which acts as potent chemo-attractant of neutrophils and
macrophages, was also directly proportional to the concentration of metal ions and
was most marked for the cells in the platform-matched Ti6Al4V abutment group (TM).
However, the enhanced chemokine expression of IL-8 did not continue after longer
incubation times which may be due to the fact that IL-8 is usually expressed
immediately, as early as 1 hr after exposure to a stimuli (Quabius et al., 2012) and
reaching maximal levels in 2 hours of exposure (Harada et al., 1994) after which it
starts to decline (Quabius et al., 2012). Other investigators have also demonstrated
this decline of expression levels (Fritz et al., 2002, Lochner et al., 2011, Quabius et
al., 2012). Up-regulation of IL-8 has been documented in vivo in patients with periimplantitis (Schminke et al., 2015). Hence, by triggering IL-8, osteoblastic cells may
attract more inflammatory cell infiltrates and contribute to their migration into the peri207

implant tissue and thus enhancing the inflammatory reaction to dental implants and
their corrosion products (Wilson Jr et al., 2015).
To assess the stimulation of PGE2 production, we examined if this occurs at a
transcriptional level by using real time PCR to measure the expression of COX-2
enzyme, a key enzyme involved in prostaglandin synthesis (O’Neill et al., 2013). The
activation of COX-2 expression was associated with higher concentrations of metal
ions (>765 ppb). The influence of abutment mismatch was mostly evident within the
CoCr abutment groups. Queally et al (Queally et al., 2009) also observed an increase
in COX-2 secretion from osteoblasts exposed to Co and Cr ions which suggested that
the cobalt ions increased PGE2 levels by inducing the COX enzyme at a
transcriptional level (Queally et al., 2009, O’Neill et al., 2013). PGE2 has been reported
to induce osteolysis by stimulating osteoclasts, and increased osteoclast
differentiation (Mayahara et al., 2012, O’Neill et al., 2013)
Additionally, the enhancement of expression of RANKL by osteoblastic cells following
metal ions stimulation was also detected in the present study in a dose dependent
manner. The RANKL/OPG ratio was higher in cell cultures of the platform-matched
titanium alloy group (TM) compared to those in the platform-switched group (TSW).
This tendency was also observed in the CoCr abutment groups. The alteration of the
ratio of RANKL to OPG triggers the imbalance of bone metabolism, an important
causative factor of pathologic bone resorption (Mine et al., 2010). Therefore, the
results of this study suggested that metal ions could alter cellular components in
osteoblastic cells regulating osteoclast differentiation. Mine et al also demonstrated
that Ti ions at 9 ppm altered the expression of RANKL and OPG mRNAs in osteoblastlike cells after 24 hrs of exposure (Makihira et al., 2010, Mine et al., 2010). However,
the concentrations tested in that study were far higher than the concentrations
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investigated in the present study. Using more clinically relevant concentrations, which
were also close to the concentrations used in the present study, Zijlstra et al (Zijlstra
et al., 2012) recently showed that RANKL/OPG ratio was increased after 72 hrs of
incubation of osteoblast cells with almost all Co and Cr concentrations tested (1-100
ppb). The observed elevation was also dependent on the ion dosages of Co and Cr.
The exact mechanism underlying the down-regulated expression of RANKL and
some other genes tested in the present study after longer incubation periods with
metal ions is not clearly understood, however, one might suspect some cellular stress
due to continuous exposure to the Alamar Blue dye for prolonged incubation periods
(Erikstein et al., 2010). Another explanation for the lower expression of some genes
after such prolonged exposure periods might result from lower cell amounts caused
by higher apoptotic rates and compromised cell viability (Lochner et al., 2011).
Although the observed down regulation cannot be fully explained, it pointed out that
metal ions altered the function of stimulated osteoblastic cells at a transcriptional level
which could lead to changes in the normal fate of these cells and consequently
affecting their ability for bone formation.
This study has demonstrated, for the first time, that the increased levels of metal ions
released from corrosion of platform-matched compared to platform-switched implant
abutment couples (Alrabeah et al., 2016) resulted in an increase in the expression and
secretion of cytokines and chemokines related to bone resorption from human
osteoblastic cells mostly after 24 hrs of exposure to the metal ions. Changes in
cytokine levels have a crucial effect on immune and inflammatory responses
(Nishimura et al., 2014, Trindade et al., 2014), and the outcome of bone loss may be
attributable to the relative imbalance of these cytokines. The results of this study might
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provide further insight into the possible role of corrosion products on the etiology of
bone loss around dental implants.

6.5 Conclusions
Within the limitations of the present in vitro study, the results indicated the following:
1. Osteoblastic cell viability, apoptosis, and regulation of bone resorbing
mediators were significantly altered in the presence of metal ions.
2. Titanium ions alone did not influence cell viability but adversely influenced
apoptosis and secretion of IL-6, IL-8, COX-2 and RANKL in the first 24 hours
of exposure.
3. The presence of a mixture of different metal ions was found to induce more
adverse reactions than the presence of titanium ions alone, mainly in cell
viability and the expression of IL-6, Il-8, COX-2 and RANKL.
4. Induction of early apoptosis was adversely influenced in the presence of metal
ions regardless of their type or concentration.
5. The change in most cytokine and chemokine levels expressed was directly
proportional to the metal ion concentration mainly in the first 24 hrs of exposure.
6. The metal ions representing the platform-matched titanium alloy implantabutment couplings showed the most prominent adverse reactions compared
to ions representing the platform-switched couples.
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7. Chapter VII: In-Vitro Biological Responses to Implantabutment Couples Immersed in Culture Media
7.1 Aim and Objectives
The aim of this chapter was to investigate whether the different implant-abutment
couples tested in chapter V, which were subjected to accelerated corrosion leading to
the release of different levels of metal ions, would induce adverse biologic reactions
in primary human osteoblasts in direct contact with these couples, and to determine
whether the connection geometry (platform-matched vs. platform switched) of these
couples would also have an effect on the extent of such biologic responses in
correlation to the observed effect of metal ion levels tested on chapter VI. More
specifically, the aims of this chapter were:
1. To evaluate cell viability of primary human osteoblasts in response to direct
contact with implant-abutment couples over 21 days.
2. To assess early apoptosis of primary human osteoblasts in response to direct
contact with implant-abutment couples after 24 hrs of exposure.
3. To analyse the expression of genes related to bone resorption (IL-6, IL-8, COX2, Caspase-8, OPG and RANKL) in response to direct contact with implantabutment couples after 1, 3 and 21 days of exposure.
4. To compare the cellular responses between osteoblasts in contact with
platform-matched and osteoblasts in contact with platform-switched implant
abutment couples.
5. To compare the present results with the previous findings in chapter V and VI,
and confirm the correlation between the implant-abutment-connection
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geometry with its associated ion release and the adverse cellular responses
measured.

7.2 Materials and Methods
7.2.1 Preparation of test specimens
The implant-abutment couplings tested in this experiment were the same specimens
described in chapter V (5.2.1) in which CPTi cylinders were fabricated to serve as
dental implants. The superstructures were either Ti alloy or CoCr alloy abutments
which were further divided into three groups according to the abutment’s platform
diameter (Figure 7.1).

6mm
Implant
(I)

5mm

6mm
Platform-matched
(M)

Platform-switched
(SW)

4mm
Platform-switched
(S)

Figure 7.1 Implants and abutments

The platform surfaces of all the abutments and implants were subjected to wet
polishing on a 4000 grit silicon carbide polishing discs (LaboPol-5, Stuers,
Copenhagen, Denmark). Following polishing, all the implants and abutment
specimens were separately cleaned by rinsing for 2 minutes in 70% ethanol in an
ultrasonicator (Branson 5800, Connecticut, USA). The specimens were then rinsed in
deionised water and dried with oil and water-free compressed air according to
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ISO#10271 (ISO#10271, 2011). The specimens were further subjected to several
steps of sterilisation prior to testing.
7.2.2 Sterilisation of test specimens
For sterilisation and disinfection prior to testing, specimens were transferred to a
laminar flow hood cabinet for further cleaning. Within the flow hood cabinet, the
specimens were first rinsed with sterilised distilled water (water sterilized by
autoclaving), then submersed in 95% ethanol for 20 minutes and then soaked for 5
minutes in sterilised distilled water after which they were rinsed two times with the
sterile water (Wataha et al., 1995, Watanabe et al., 2004). The specimens were placed
over a sterile tissue paper and were allowed to air dry within the flow hood cabinet.
The specimens were then transferred into a sterile 24-well plate cover and were placed
in an ultraviolet (UV) light chamber in which they were exposed to UV irradiation for
20 minutes (Stanford et al., 1994) (Figure 7.2)

Figure 7.2 Uncoupled cylinders and abutments placed in an UV light chamber for
sterilisation.
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7.2.3 Assembly of test specimens
Assembly and fixing of specimens took place under sterile conditions and specimens
were handled aseptically with sterile talc-free gloves and sterilised plastic tweezers in
the laminar flow hood. Eighteen implants were connected to their assigned abutments
using hexed titanium screws, and tightened manually (Figure 7.3). The implantabutment couplings and additional three unconnected implants were securely
attached to the sterile plastic cover of a 24-well plate using double-sided adhesive
carbon tabs (12 mm diameter) (Elektron Technology UK Ltd., UK) (Figure 7.4). The
21 fixed specimens were exposed to UV irradiation for an additional 20 minutes before
direct exposure to cultured cells to insure sterility of the carbon tabs.

Figure 7.3 Implant coupled to abutment

Figure 7.4 Samples securely fixed on the plastic cover of a 24-well plate
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7.2.4 Additional test specimens for static immersion and collecting of culture
media extracts
Additional 18 implant-abutment couplings and 3 unconnected implants were
assembled aseptically and each was statically immersed in serum-free culture medium
(OBM™, Clonetics™ OGM™ BulletKit™, Lonza, Walkersville, MD, USA) in a volume
sufficient to produce a ratio of 1 ml of solution per 1cm2 of sample surface area (≈ 3.2
mL) (Figure 7.5). All sterile centrifuge test tubes containing the samples were
maintained in an incubator at 37° C in a humidified atmosphere of 5% CO2 and 95%
air for one week under static conditions in accordance with ISO#10271 and
ISO#10993-5 (ISO#10993-5, 2009, ISO#10271, 2011). Additional 3 test tubes with
sample-free culture medium were used as a control (REF) and were maintained in
parallel with the culture medium containing the specimens. This control would
represent responses to the environmental conditions that the immersion solution has
been subjected to (such as refrigerating, freezing and thawing). Therefore, a total of
24 samples (n=3) were used (Table 7.1). After 7 days, specimens were removed from
the tubes, pH was measured, and the media in each sample tube from the same group
were combined together in one larger tube. Therefore, 8 large tubes were collected,
each representing one test group, and were kept in -18° C, forming a reservoir of
culture medium extracts for future tests. 1 mL of culture media solution was collected
from each group tube, including the control, dissolved in 4% nitric acid (HNO3) for
elemental analysis using ICP-MS (pilot).
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Figure 7.5 An implant-abutment couple immersed in serum-free culture medium

Table 7.1 Samples’ groups and their corresponding codes
Sample name

Code

Number of
samples

Sample-free culture medium

REF

3

Unconnected implant

UI

3

Implant connected to platform-matched titanium abutment (6mm)

TM

3

TSW

3

Implant connected to platform-switched titanium abutment (4mm)

TS

3

Implant connected to platform-matched cobalt-chrome abutment (6mm)

CM

3

CSW

3

CS

3

Implant connected to platform-switched wide titanium abutment (5mm)

Implant connected to platform-switched wide cobalt-chrome abutment (5mm)
Implant connected to platform-switched cobalt-chrome abutment (4mm)
Total

24
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7.2.5 Cells and Cell Cultures:
The culturing of primary human osteoblastic cells followed exactly the same
procedures described in chapter VI (6.2.2). Osteoblastic cells of passages 4-6 were
used for the experiments.

7.2.6 Biological response tests on cells directly exposed to implant-abutment
couplings
A novel direct exposure technique of test specimens to the cultured cells was devised
and followed in the current experiments using sample-attached lids (SAL). The SAL
technique allowed the plate cover to serve as a vehicle or carrier to hold the specimens
directly over the cultured cells. The samples were flipped vertically having the
abutment facing downward, supported from the above implant base and suspended
over the attached monolayer of cells without touching the cells as seen in Figure 7.6
and Figure 7.7. The samples were immersed in the culture media up to the level of the
implant platform.

Figure 7.6 Inverted-sample-attached lids (SAL) were used to directly expose the
specimens to the cells attched to the base of the well.
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Figure 7.7 Schematic of the direct exposure test set-up using SAL technique.

Cell Viability Assay
For viability experiments, osteoblastic cells were seeded in a 24-well plates in triplicate
at a density of 3000 cells/well and the plate was covered with specimen-free lid. The
cells were allowed to attach for 24 hrs, after which the culture medium was replaced
by fresh media. To directly expose the cells to the specimens, the sample-free lid was
replaced by the SAL. Three wells of specimen-free culture medium were used as a
reference solution (REF) and served as the control group. Therefore, a total of 24
samples (n=3) were used for each experiment and all experiments were repeated
three times (Table 7.1).
The cell viability assay was conducted at time points of 1, 4, 7, 10, 14 and 21 days
following the same protocol described in chapter VI (6.2.3) using Alamar Blue™ (AB)
bioassay (AbD Serotec, UK). At each time point, the culture medium was replaced
with a fresh media and the attached specimens were rinsed thoroughly with PBS. After
21 days, RNA was extracted for later gene expression analysis.

Flow Cytometric Analysis of Early Apoptosis
For apoptosis experiments, osteoblastic cells were seeded in a 24-well plates and in
triplicates at a density of 50 000 cells/well and the plate was covered with specimen218

free lid. The cells were allowed to attach for 24 hrs, after which the culture medium
was replaced by fresh media and the sample-free lid was replaced by the SAL for a
period of 24 hrs. Three wells of specimen-free culture medium were used as a
reference solution (REF) and served as the control group. Therefore, a total of 24
samples (n=3) were used for each experiment and all experiments were repeated
three times (Table 7.1).
At the end of the 24 h exposure period, the cells were collected for analysis of early
apoptosis following the same protocol described in chapter VI (6.2.4).

Gene Expression Analysis
RNA levels of IL-6, IL-8, COX-2, Caspase-8, OPG and RANKL expressed by
osteoblastic cells were analysed after direct incubation with implants and implantabutment couplings for 1, 3 and 21 days. Cells incubated with sample-free medium
served as test controls. Cells were seeded onto 24-well plates in triplicates at different
densities based on the direct exposure period to the implant-abutment couplings. For
the 1 and 3-day exposure periods, cells were seeded at a density of 50 000 cells/well
or 25 000 cells/well respectively. At the end of the 3-day exposure period, extracts of
culture medium were collected from the wells for elemental analysis using ICP-MS
(pilot). For the 21-day exposure period, RNA was extracted from the same cells that
were initially seeded for the viability assay after conducting the 21-day time point
viability analysis.
The protocol for RNA extraction, cDNA synthesis and RT-qPCR assays followed
exactly the procedures described in chapter VI (6.2.5).
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7.2.7

Biological response tests on cells treated with culture medium extracts

The collected extracts were thawed and then supplemented with 10% fetal bovine
before exposing them to the cells. Osteoblastic cells treated with collected extracts of
culture media were tested for cell viability (1 experiment) and for early apoptosis using
a different FACS instrument (FACScan, Becton Dickinson) (3 experiments). Additional
wells with seeded cells supplemented with fresh growth medium (FGM) were used as
a negative control (FGM). The cell viability assay, however, was carried over 14 days
only as the volume of the collected extracts was not sufficient to cover 21 days, neither
was the volume sufficient to conduct gene expression experiments.

7.2.8 Post-immersion observation of some implants and abutments interfaces
After the end of 21-day period of direct exposure tests to cell cultures, some
representative specimens from different groups were randomly selected for
examination of the contacting surfaces under SEM after immersion to observe any
corrosion features.

7.2.9 Statistical Analysis
All data were expressed as mean and standard deviation. For viability and apoptosis
analysis, statistically significant differences were tested by univariate analysis of
variance (ANOVA) using SPSS version 22.0 (IBM SPSS Statistics, IBM, Tokyo,
Japan) (P < 0.05). For gene expression analysis, statistically significant differences
were tested by multivariate repeated measures (ANOVA) statistical model where all
54 data points were used to fit this model. Comparisons were performed between each
test group and the control (REF) within each incubation period, between platform220

matched and platform-switched groups within each abutment material, between
connected and unconnected groups, and between the two different abutment
materials within the same connection geometry. Levene’s test of homogeneity of
variance was employed (α = 0.05), following the assumption of equal variances. When
equal variances were assumed (P > 0.05) the Bonferroni post hoc test was used to
analyse significant differences between groups. Whereas when equal variances were
not assumed (P < 0.05) the Dunnett’s T3 post hoc test was used to analyse significant
differences between the groups.

7.3 Results
7.3.1 Effect of direct exposure to test specimens on cell viability
The percentages of reduction reaction from the blue oxidised form of AB to red
reduced form over the 21-day time period, which represented the percentages of cell
viability, are presented in Figure 7.8. There was statistically significant lower cell
viability in the TM group compared to the control (REF) after 1 day of incubation (P <
0.005). On day 4, all the implant-abutment couplings groups as well as the
unconnected implants had significant lower cell viability compared to the control (REF)
(P < 0.001) and (P < 0.05) respectively. However, cell viability of the connected
couplings was lower than that of the unconnected implants (P < 0.05). The platformmatched groups TM and CM were significantly lower in cell viability when compared
to their smaller diameter platform-switched counterparts within the same abutment
material, the TS and CS (P < 0.001). On day 7, all the test groups continued to show
less viability compared to the control (P < 0.005). The CM and CSW had also lower
cell viability than the UI (P < 0.001) and (P < 0.01) respectively. On day 10, all the
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implant-abutment couplings had lower cell viability compared to the control (REF) (P
< 0.001), while the UI group was not different from the control but was statistically
different from the TM, CM and CSW groups (P < 0.001). The platform-matched CM
group showed less cell viability than the platform-switched CS within the same
abutment material. On day 14, all the implant-abutment couplings were significantly
different from the control (REF) and from the unconnected implant group (UI). The cell
viability in the CoCr abutment group decreased significantly as the abutment diameter
increased having the least viability in the CM group (P < 0.001). It was also noted on
day 14 that the viability in the CM group was less than that of the TM (P < 0.001)
having the same abutment diameter but different abutment material. Differences
between groups of same abutment diameter but different abutment material was also
seen between the CS and the TS groups (P < 0.001). On day 21, the implant-abutment
couplings continued to show less viability than the control and the UI group (P < 0.001).
The CM and TM had less cell viability than their counterparts CS and TS groups (P <
0.05 and P < 0.005 respectively). It was also noted on day 21 that the viability in the
TSW group was less than that of the CSW (P < 0.05) having the same abutment
diameter but different abutment material.
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Figure 7.8 Osteoblast reduction of Alamar Blue™ (%) in response to direct exposure to specimens. Osteoblastic cells were incubated
directly with specimens and the reduction in the Alamar Blue™ was measured over time points of 1, 4, 7, 10, 14 and 21 days of
exposure. The results were expressed as mean percentage reduction (%) ± standard deviation, n= 9 per group
(* = P ≤0.001, **
= P < 0.005, *** = P < 0.01, †= P < 0.05), asterisk above error bars represent statistical differences with respect to the control REF,
┌┐represent statistical difference between platform-matched and platform-switched within each material, between connected and
unconnected specimens, and between the two different abutment materials within the same connection geometry.

7.3.2 Analysis of early apoptosis
Effect of direct exposure to test specimens on early apoptosis
All groups of osteoblastic cells exposed to implant-abutment couplings showed
significantly higher percentage of apoptosis after 24 hrs compared to the control (TM,
TSW, CM, and CSW (P < 0.001), TS (P < 0.01) and CS (P < 0.005)) (Figure 7.9). The
percentage of apoptotic cells did not differ significantly between the UI and the control
groups (P > 0.05), however, the UI had less apoptosis compared to the TM (P < 0.001),
TSW (P < 0.05) and CM (P < 0.001). The TM group had more apoptosis than both
platform-switched groups of the same abutment material, the TSW and TS (P < 0.001).
Similarly, the CM showed more apoptosis than that of the CSW and CS groups (P <
0.05)
Effect of treatment with culture media extracts on early apoptosis
All groups of osteoblastic cells exposed to extracts representing unconnected implants
and implant-abutment couplings presented with significantly higher percentage of
apoptosis after 24 hrs compared to the two controls FGM and REF (P < 0.001), TS (P
< 0.01) (Figure 7.10). The percentage of apoptotic cells did not differ significantly
between the FGM and REF (P > 0.05). The implant-abutment coupling groups had
higher percentage of apoptosis compared to that of the unconnected implant group UI
(TM, CM and CSW P < 0.001, while TSW and CS P < 0.005) except for the TS group
(P > 0.05). The TM group had more apoptosis than both platform-switched group TS
of the same abutment material (P < 0.05). Similarly, the CM showed more apoptosis
than that of CS group (P < 0.05)
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Figure 7.9 Osteoblast induction of early apoptosis (%) in response to direct exposure
to samples. Osteoblastic cells were incubated directly with specimens and the
induction of apoptosis was analysed after 24 hrs of exposure. The results were
expressed as mean percentage reduction (%) ± standard deviation, n= 9 per group
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05), asterisk above error bars
represent statistical differences with respect to the control REF,┌┐represent
statistical difference between platform-matched and platform-switched within each
material, between connected and unconnected specimens, and between the two
different abutment materials within the same connection geometry.
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Figure 7.10 Osteoblast induction of early apoptosis (%) in response to collected
extracts. Osteoblastic cells were incubated extracts collected from static immersion
of samples in culture media and the induction of apoptosis was analysed after 24
hrs of exposure. The results were expressed as mean percentage reduction (%) ±
standard deviation, n= 9 per group
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01,
†= P < 0.05), asterisk above error bars represent statistical differences with respect
to the negative control FGM and reference solution control (REF),┌┐represent
statistical difference between platform-matched and platform-switched within each
material, between connected and unconnected specimens, and between the two
different abutment materials within the same connection geometry.

226

7.3.3 Effect of direct exposure to test specimens on gene expression
Interleukin-6 expression
Osteoblastic cells exposed to platform-matched implant-abutment couplings (TM and
CM) showed significantly higher IL-6 expression after 1 day compared to the control
(P < 0.005 and P < 0.001 respectively) (Figure 7.11). The platform-matched CM group
was also higher in IL-6 release than both platform-switched counter parts (CSW and
CS) (P < 0.05). The CSW group has also demonstrated an upregulation of IL-6
expression compared to the control (P < 0.01). On day 3, the CM group continued to
show upregulated IL-6 expression which significantly higher than UI and TM groups
only (P < 0.05). After 21 days of exposure, the TM demonstrated the highest IL-6
expression compared to the control (P < 0.001), to the UI group (P < 0.001) and to its
platform-switched counter parts, TSW (P < 0.005) and TS (P < 0.01) respectively.
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Figure 7.11 Interleukin-6 expression by osteoblasts in response to direct exposure to
samples. Osteoblastic cells were incubated directly with specimens and the
expression of IL-6 was analysed after 1, 3 and 21 days of exposure. The results were
expressed as mean fold change ± standard deviation, (n= independent samples x 3
repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05), asterisk above
error bars represent statistical differences with respect to the control REF,┌┐
represent statistical difference between platform-matched and platform-switched
within each material, between connected and unconnected specimens, and between
the two different abutment materials within the same connection geometry.
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Interleukin-8 expression
On day 1, the secretion of IL-8 was upregulated in the platform-matched groups, TM
(P < 0.01) and CM (P < 0.05) compared to the control (REF) (Figure 7.12). The
upregulated expression of IL-8 continued on day 3 for the TM (P < 0.01) and CM (P <
0.001) groups compared to the control. The IL-8 expression in the CM group was also
higher than that of the unconnected implant, UI (P < 0.001) and from the platformswitched counterpart CS (P < 0.005). Also on day 3, the TSW and the CSW showed
increased IL-8 secretion compared to the control (P < 0.05 and P < 0.001 respectively).
At 21 days of exposure, the expression of IL-8 was downregulated on the groups of
implants connected to titanium abutments compared to the REF (TM P < 0.001, TSW
and TS P < 0.005). The downregulation in TM group was also significantly lower than
that of the TS group (P < 0.001).
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Figure 7.12 Interleukin-8 expression by osteoblasts in response to direct exposure
to samples. Osteoblastic cells were incubated directly with specimens and the
expression of IL-8 was analysed after 1, 3 and 21 days of exposure. The results
were expressed as mean fold change ± standard deviation, (n= independent
samples x 3 repeats) (* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05),
asterisk above error bars represent statistical differences with respect to the
control REF,┌┐represent statistical difference between platform-matched and
platform-switched within each material, between connected and unconnected
specimens, and between the two different abutment materials within the same
connection geometry.
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COX-2 expression
Osteoblastic cells exposed to platform-matched implant-abutment couplings (TM and
CM) showed significantly higher COX-2 expression after 1 day compared to the control
(P < 0.001) (Figure 7.13). Upregulation of COX-2 expression was also significant in
the CSW (P < 0.001) and CS (P < 0.005) compared to the control (REF). On day 3, all
the implant-abutment coupling groups, except CS group, had higher expression of
COX-2 (P < 0.005). The platform-matched groups demonstrated the highest release
of COX-2 (more than 5 folds) compared to the control and to the unconnected implants
group (P < 0.001). The platform-matched CM group was also higher in COX-2 release
than both platform-switched counterparts (CSW and CS) (P < 0.01 and P < 0.001
respectively). At 21 days of exposure, all the osteoblastic cells incubated directly with
specimens had increased COX-2 expression compared to the control (P < 0.001). The
TM and CM groups were also higher in COX-2 expression compared to the
unconnected implants (P < 0.05 and p < 0.001 respectively). The platform-matched
TM group also presented with higher values of expression compared to its platformswitched counterpart TS (P < 0.01).
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Figure 7.13 COX-2 expression by osteoblasts in response to direct exposure to
samples. Osteoblastic cells were incubated directly with specimens and the
expression of COX-2 was analysed after 1, 3 and 21 days of exposure. The results
were expressed as mean fold change ± standard deviation, (n= independent samples
x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05), asterisk

above error bars represent statistical differences with respect to the control REF,┌
┐represent statistical difference between platform-matched and platform-switched
within each material, between connected and unconnected specimens, and between
the two different abutment materials within the same connection geometry.
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CASPASE-8 expression
There was an upregulation of CASPASE-8 expression in all test groups on day 1,
however, the increase was only statistically significant in the UI (P < 0.01), TM (P <
0.001), CM (P < 0.005) and the CSW (P < 0.05) groups compared to the control (REF)
(Figure 7.14). On the other hand, no difference in CASPASE-8 expression was
observed among all the groups on day 3 (P > 0.05). At 21 day of exposure, the implantabutment coupling groups have showed down-regulated CASPASE-8 expression
which was statistically significant in the TSW, TS, CM and CSW compared to the
control (P < 0.001) and to the unconnected implants (P < 0.05) groups (Figure 7.14).
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Figure 7.14 CASPASE-8 expression by osteoblasts in response to direct exposure to
samples. Osteoblastic cells were incubated directly with specimens and the
expression of CASPASE-8 was analysed after 1, 3 and 21 days of exposure. The
results were expressed as mean fold change ± standard deviation, (n= independent
samples x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05),
asterisk above error bars represent statistical differences with respect to the control
REF,┌┐represent statistical difference between platform-matched and platformswitched within each material, between connected and unconnected specimens, and
between the two different abutment materials within the same connection geometry.
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RANKL and OPG expression
RANKL expression was upregulated by two folds in the platform matched TM group
on the first day of exposure compared to the control (P < 0.001) (Figure 7.15). This
upregulation was also significant compared to the UI group (P < 0.005) and to its
platform-switched counterpart TSW (P < 0.05). On day 3, no difference in RANKL
expression was observed among all the groups (P > 0.05). After 21 days of exposure,
all test groups showed significant down regulation in RANKL expression compared to
the control (P < 0.05) except for the CS group (P > 0.05). The down-regulation in the
CM group was also more than that of its platform-switched counterparts, CSW (P <
0.01) and CS (P < 0.001).
On the other hand, the OPG expression was significantly decreased in the TM and
TSW groups compared to the control (P < 0.05), to the UI (P < 0.001), to the TS (P <
0.001) and to the CoCr abutments with the similar connection geometry (P < 0.001) ,
CM and CSW respectively. The release of OPG was not different among all groups
after 3 and 21 days of exposure (P > 0.05). (Figure 7.16)
These variable expressions led to high ratio of RANKL/OPG in the TM group after
one day of exposure compared to all groups (P < 0.05) (Figure 7.17). The TSW had
also an increased RANKL/OPG ratio compared to the control, UI and the CSW groups
(P < 0.005). The ratio on day 3 was not different among all the groups. However, on
day 21 RANK/OPG ratio has significantly decreased in the UI, TM and CM groups
compared to the control (P < 0.05).
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Figure 7.15 RANKL expression by osteoblasts in response to direct exposure to
samples. Osteoblastic cells were incubated directly with specimens and the
expression of RANKL was analysed after 1, 3 and 21 days of exposure. The results
were expressed as mean fold change ± standard deviation, (n= independent samples
x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05), asterisk
above error bars represent statistical differences with respect to the control REF,┌┐
represent statistical difference between platform-matched and platform-switched
within each material, between connected and unconnected specimens, and between
the two different abutment materials within the same connection geometry.
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Figure 7.16 OPG expression by osteoblasts in response to direct exposure to
samples. Osteoblastic cells were incubated directly with specimens and the
expression of OPG was analysed after 1, 3 and 21 days of exposure. The results
were expressed as mean fold change ± standard deviation, (n= independent
samples x 3 repeats) (* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05),
asterisk above error bars represent statistical differences with respect to the
control REF,┌┐represent statistical difference between platform-matched and
platform-switched within each material, between connected and unconnected
specimens, and between the two different abutment materials within the same
connection geometry.
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Figure 7.17 Ratio of RANKL/OPG expressed by osteoblasts in response to direct
exposure to samples. Osteoblastic cells were incubated directly with specimens and
the ratio of RANKL/OPG was analysed after 1, 3 and 21 days of exposure. The results
were expressed as mean fold change ± standard deviation, (n= independent samples
x 3 repeats)
(* = P ≤0.001, ** = P < 0.005, *** = P < 0.01, †= P < 0.05), asterisk
above error bars represent statistical differences with respect to the control REF,┌
┐represent statistical difference between platform-matched and platform-switched
within each material, between connected and unconnected specimens, and between
the two different abutment materials within the same connection geometry.
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7.3.4

Post-immersion SEM examination

Post immersion SEM images showed corrosion features in the form of pitting areas
and dark spots on the interfacial surfaces of both the implants and their opposing
abutments in all the examined samples (Figure 7.18)

A. Implant connected to CM
Post-immersion

Pre-immersion

Post-immersion

X1000

X150

Pre-immersion

b. CM abutment

C. Implant connected to TM

Pre-immersion

Post-immersion

Post-immersion

X1000

X150

Pre-immersion

D. TM abutment

Figure 7.18 Pre- and post-immersion SEM images of implants (A & C) and their
opposing abutments (B & D) after 21 days of immersion in culture media at x150 and
X1000 magnification. Pitting areas and black spots were scattered post-immersion on
the implant and abutment interfaces in different locations, some denoted with red
arrows
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7.3.5 ICP-MS analysis
The ICP-MS analysis results were not subjected to statistical analysis because the
collected extracts from each sample was combined with other samples from the same
group, therefore n=1 in each group. However, the following presentation of these
results was intended to aid in discussion and interpretation rather than drawing
conclusions, therefore it was referred to as “pilots”.
Analysis of extracts collected from serum-containing culture medium from the
24-well plate after 3 days of direct exposure to osteoblasts
Figure 7.19 presents the amount of Ti, V, Co, Cr and Mo measured in the serumcontaining culture media extracts collected from the 24-well plate after 3 days of direct
exposure to osteoblasts. All the elements, except for Co, were measured in very low
quantities (≤ 3.2 ppb). Cr level was zero. Co concentrations was elevated reaching
143ppb in the CM group.

Analysis of extracts collected from serum-free culture medium after static
immersion for 7 days
The release of Ti, Co and Cr from the implant-abutment groups is presented in Figure
7.20. Co demonstrated the highest element release followed by Ti element. It was
evident from the figure that the element release decreased as the abutment size
decreased within each abutment material.
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Figure 7.19 Release of Ti, V, Co, Cr and Mo elements from the implant-abutment
couplings groups after 3 days of direct incubation with osteoblasts in serum-contaning
culture medium (n=1)

Concentration in ppb

250

Ti
Cr

191

200

Co
150

131

123

100
67

56

54

48

50

44
27
8

0
TM

TSW

TS

CM

0

0

CSW

CS

Figure 7.20 Release of Ti, Co and Cr elements from the implant-abutment couplings
groups after 7 days of static immersion in serum-free culture medium (n=1)
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7.4 Discussion
In this chapter, we have evaluated cell viability, apoptosis and expression of genes
related to bone resorption in osteoblastic cells after direct exposure to different
platform-matched and platform-switched implant-abutment couplings as well as
uncoupled implant cylinders. The biological responses tested were adversely altered
in the presence on the implant-abutment couplings. The adverse responses were
more prominent in the platform-matched groups. The direct immersion of the samples
into the osteoblastic cell cultures was performed using a novel direct exposure
technique (SAL). In this technique, the samples did not touch the cultured cells,
therefore, the observed adverse cellular reactions were in fact responses to
substances being leached or released from the immersed samples. Clark and Williams
have stated that even under passive conditions in which the metal oxide film
breakdown is not observed, metals and alloys will be releasing ions into the
surrounding tissue at a finite rate (Clark and Williams, 1982). The leached substances
in the present study were in fact metal ions which was confirmed by the ICP-MS
analysis of the serum-free collected extracts and the serum-containing growth medium
from the cultured cells’ wells in contact with the samples.
The release of metal ions confirmed the occurrence of corrosion phenomena which
may have developed as result of chemical dissolution in the presence of an electrolyte
medium, galvanic coupling of dissimilar metals of the implant and abutment placed in
physical contact in an electrically conductive medium and crevices that were formed
at the surface contact areas of the implants, abutments and abutment screws (Taylor
et al., 1999, Chaturvedi, 2009). The occurrence of corrosion was also confirmed by
the SEM images which showed pitting areas and dark spots on the implant and
abutment interfaces. The corrosive medium in the current study was the culture
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medium (pH 7.8) which is basically a NaCl (saline)-protein mixture with a variety of
other salts, buffers, and nutrients added for cellular nutrition (Wataha et al., 2001); and
it is well known that chloride solutions are among the most aggressive environments
in the corrosion aspect (Clark and Williams, 1982). Okazaki et al. (Okazaki and Gotoh,
2005) examined the release of metal ions from metallic dental alloys including CPTi
grade II, Ti-6Al-4V alloy and Co-Cr-Mo casting alloy in different immersion solutions
including culture medium and demonstrated various element release levels into the
serum-containing medium ranging from zero for Ti to ≈400 ppb for Co. The findings of
the present preliminary ICP-MS results were in agreement with the previous work of
the Okazaki group in which the measured ion concentration of titanium was very low
(≤3.2 ppb) while Co levels reached up to 143 ppb. One possible explanation to the low
measured quantities of Ti and other elements in the serum-containing medium from
the cell culture wells compared to the serum-free medium (Ti ≤67 ppb) from the
immersion tubes would be the collection time since the extracts were collected from
the cell culture well after 3 days while the specimens in the serum-free tubes were
immersed for one week which might influence the release of some elements that
appear to show increased release with time (Wataha et al., 1999). Another explanation
would be the collection protocol, since the aspiration of medium from the wells involves
tilting or inclining the plate slightly and placing the tip of the pipette gently on one side
of the well wall in order not to scratch or damage the cells attached to the base of the
well. This step did not allow for complete aspiration of the solution from the well,
leaving a thin ion-rich layer of uncollected medium adherent to the cell monolayer.
One would also expect that the released ions, which exist in soluble state, were bound
to serum protein forming metal-protein complexes that entered the cell through the
permeable cell membranes which in turn might mediate the biologic reactivity as has
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been found in the present study (Hallab et al., 2000, Jacobs et al., 2003, Hallab and
Jacobs, 2009). In fact, the results of the work of Hallab et al (Hallab et al., 2000) have
indicated that metal released from implant degradation does not exist as unbound ionic
or colloidal forms in the serum but rather specifically bound to proteins (Hallab et al.,
2000). The presence of protein was clearly important and appeared to play an
important role in the corrosion process. Although the majority of protein in the cell
culture medium was fetal bovine serum (FBS), the presence of other proteins (e.g.,
immunoglobulins, fibronectin) may have also played a role. The mechanisms by which
proteins or other smaller molecules altered the corrosion of the alloys is not clear, but
probably involve the adsorption of proteins or other molecules onto the alloy surface
(Wataha et al., 2001). Therefore, the reasons why the quantity of Ti as well as Cr and
other elements released from the implant-abutment couplings into the serumcontaining culture medium, became almost zero are not clarified using only this
immersion test and the simple digestion method used to prepare the samples for ICPMS analysis. A more advanced protein separation methods having greater resolution
(e.g., anion exchange chromatography, 2-D polyacrylamide electrophoresis, high
pressure liquid chromatography) and a more detailed analysis of the oxide film formed
on each metal surface seems to be necessary, however, this was beyond the scope
of this chapter.
The oxide film on the CPTi surfaces might be subjected to minor alterations during
implant preparation procedures such as sterilisation techniques (Stanford et al., 1994).
The traditional steam autoclaving, creates a surface oxide that is contaminated with
various ions of N, F, Mg, Si, and Cl (Keller et al., 1990, Klauber et al., 1990). Therefore,
to avoid altering the metal surfaces and contamination of the surface oxides,
sterilisation through deep alcohol cleaning and rinsing with purified water (Wataha et
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al., 1995, Taylor et al., 1999, ISO#10993-5, 2009) followed by exposure to ultraviolet
light (UV) (Stanford et al., 1994, Taylor et al., 1999) was performed in the present
study as an alternative to standard autoclaving and dry heat treatments. The use of
UV irradiation for the treatment of implants has been suggested to be an efficacious
clinical procedure and demonstrated favorable tissue reactions in vivo (Stanford et al.,
1994). Other sterilisation techniques, such as argon plasma cleaning, have been
documented to alter the phenotypic expression of osteoblastic cells. The authors have
claimed that this influence appeared to be affected by the macroscopic surface
morphology of the implant surface (Stanford et al., 1994). The direct effect of implant’s
surface morphology and roughness on cellular responses and adhesion has been
extensively studied in the literature (Martin et al., 1995, Deligianni et al., 2001,
Schneider et al., 2003) and to avoid the influence of this variable on cellular responses
in the present study, the novel SAL technique have been established.
The current innovative in vitro model might fall into a category between the direct
and indirect models described by Wataha in 2012 (Wataha, 2012). It would be more
accurately classified as a modified direct model. This model fits its intended purpose
to test biological responses of cultured cells to degradation products released from the
immersed portion of the hanging solid material. There was no barrier as agar or filters
which might influence the results (Wennberg et al., 1983) or interrupt the flow of the
released products. The culture medium served as a conductive electrolyte delivering
the released substances to the cells from the samples that were in the same well and
exposed to the same incubation conditions as the cultured cells without direct physical
contact to the cultured cells. Therefore, variables related to material surface energy,
contact angle, roughness and other material characteristics were avoided. Those
variables however, might have influenced the level of metal ion release and
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degradation products which in turn might affect the cells and that’s the main purpose
of this technique; to test the biologic responses to the released substances and not to
the material itself.
The effect of surface roughness on metal ion release cannot, however, be neglected
and have been discussed earlier in chapters two and five which might explain some
of the different responses to abutments with same size but different materials as was
seen on cell viability on day 14, where the CM group had more pronounced effect
compared to the TM group. The CoCr abutments in the present study had a rougher
outer surface which might have caused more element release than the smoother
machined Ti-6Al-4V alloy abutments having the same size (Arslan et al., 2010). The
external surfaces of the abutments in the present biological tests, were not coated
which might have led to more ion release and therefore more pronounced adverse
reaction whereas those surfaces were coated in the corrosion test in chapter 5 to limit
the corrosion to the interfacial area only. The reason for not coating the external
surfaces of the abutments as done in the corrosion tests earlier was to have more
control over contamination as it was challenging to sterilise the resin varnish with
alcohol and also not to induce biologic responses to the released substances from the
coating material itself which might influence the results. Hjalmarsson et al
(Hjalmarsson et al., 2011a) showed similar negative response in fibroblasts and
epithelial cell viability to CoCr alloy than to Ti. The authors suggested that these
differences could only be explained by the material per se and not by the minor
differences in surface structure (Hjalmarsson et al., 2011a). It should be noted,
however, that the previous authors have tested CPTi and not Ti alloy (Ti-6Al-4V). The
Ti-6Al-4V, as well as the Co-Cr-Mo represent a complex multi element systems where
synergistic activity may be present creating different effect than where each element
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can have alone (Clark and Williams, 1982). This phenomenon has been clearly
observed in the present study where the unconnected CPTi cylinders (UI) showed
favourable viability after one week of exposure compared to the connected implantabutments. This finding was also observed in chapter VI (Alrabeah et al., 2017) where
the Ti ions alone had no adverse effect on cell viability. However, it should be noted
that cell viability was affected by the presence of the UI in the first week of exposure
which wasn’t the case with the pure ions alone. The CPTi cylinders, although highly
pure (Ti > 99%), contained some trace elements of iron (Fe) which might explain the
discrepancy in results between the present UI samples and the pure Ti ions in chapter
VI (UI). Although the Fe content is very small in the Ti cylinders used (<1%), it is well
known that element release is not proportional to the amount of an element in the alloy
(Wataha et al., 1991, Wataha, 2000), therefore, its release is extremely difficult to
predict based on its chemical composition. Since detailed ICP-MS analysis has not
been performed to cover all element content in the alloys tested, neither in this study
nor in the earlier corrosion test in chapter V (Alrabeah et al., 2016), it would be
extremely difficult and complex to determine whether the adverse reactions observed
between the two different abutment materials were due to the type of the released
element or due to concentration of each released type or due to both. Therefore the
discussion of the biologic responses would focus on the comparisons between the
different sizes within the same abutment material to spotlight the influence of platform
switching. (Alrabeah et al., 2016) However, the effect of type and concentration of
elements was discussed in chapter VI (Alrabeah et al., 2017) where known levels of
released elements were tested.
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7.4.1 Cell Viability
It was evident that osteoblastic cell viability was influenced by the presence of the
specimens, mainly the implant-abutment couplings, which have reduced cell viability
compared to the control as well as to the unconnected implants after two and three
weeks of exposure. This observation is in agreement with the previous findings of
Hjalmarsson et al who demonstrated that epithelial cells as well as fibroblasts
cultivated with CoCr and CPTi cylinders showed reduced cell viability with a stronger
negative response to cobalt-chrome alloy (Hjalmarsson et al., 2011a). Other
investigators have also demonstrated reduced cell viability in response to some
prosthetic and implant materials (Sabaliauskas et al., 2011). However, it should be
noted that the majority of published in-vitro biologic research have looked into the
effect of prepared unconnected discs or cylinders and not implant-abutment coupling
as the present study, except for the work of Taylor et al (Taylor et al., 1999) who
investigated the effect of the coupling of titanium implants and dissimilar metal
abutments on osteoblast differentiation. Therefore, the results of the present study
could not be completely compared with other findings. However, it was clearly evident
that the unconnected CPTi cylinders were less cytotoxic than the connected implants
and that the cell viability was not affected after longer incubation periods in the UI
group. This could be due to the galvanic situation present in the implant-abutment
coupling groups which could have enhanced the metal ion release from the couplings
and therefore enhanced the adverse reactions. Another reason could be the
composition of the implant-abutment couplings vs. the unconnected implants. The
soluble Co and V released from Co and Ti-based abutment alloys, respectively, are
among the most toxic metals that have shown to reduce proliferation and viability of
osteoblasts and other periprosthetic cells (Hallab et al., 2002, Hallab et al., 2005).
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Although the influence of the implant-abutment mismatch on cell viability was only
statistically significant in some time points, but there was an obvious general trend
showing that the larger the mismatch, the more favorable the cell viability. In other
words, osteoblastic cell viability was inversely related to the abutment size which
means that the groups corresponding to the platform-matched couplings had less
viability than the other platform-switched groups within the same abutment material.
The most logical explanation to this particular cell response could be due to less ion
release from the platform-switched groups, as was confirmed in chapter V (Alrabeah
et al., 2016), which could be correlated to previously reported findings that viability of
osteoblasts was inversely proportional to the particle and ion concentration (Pioletti et
al., 1999, Lochner et al., 2011, Dalal et al., 2012).

7.4.2

Apoptosis

Although apoptosis is a normal fate of the majority of osteoblasts (Jilka et al., 1998),
the stimulation of osteoblast apoptosis reduces bone formation in the periprosthetic
region, which could contribute to the total volume loss of bone around dental implants.
It was evident in the present study, that metal ions have induced apoptosis in both
groups of osteoblasts, those treated with metal ions from collected extracts as well as
those which were in direct exposure to the immersed samples. This finding was also
supported by the upregulation of CASPASE-8 production after 1 day of exposure in
most test groups. Similarly, Pioletti et al. have found that Ti induced a caspase
dependent apoptosis of osteoblasts (Pioletti et al., 2002). Although the authors have
used Ti particles rather than actual implants as the present study, it is important to
bear in mind that metal ions are also released from the particles themselves as well
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as directly from implant surfaces (Vermes et al., 2001b). Therefore, it is difficult to
anticipate whether the cellular reactions in response to particle stimulation were
related to the particles per se or to the ions released from such particles as each form
acts biologically through different metabolic pathways (Hallab and Jacobs, 2009).
Interestingly, the platform-matched groups demonstrated higher levels of apoptosis
compared to the platform-switched groups within the same material and this could be
due to higher amounts of metal ions released from the platform-matched groups. This
finding was not observed in the previous chapter VI (Alrabeah et al., 2017). A logical
explanation for this discrepancy would be the fact that the prepared ion-containing
culture media in chapter VI did not include all the metal ions that were released into
the culture media in the present study, which might have a different impact on cell
responses. These finding highlight the importance of considering apoptosis in the
overall response to metal exposure (Pulido and Parrish, 2003) and a number of issues
remain to be addressed including the composition- and concentration-specific
responses.
7.4.3 Gene Expression
The results of the present study have found that the implant-abutment couplings,
mostly the platform-matched groups, had a profound impact on genes that code for
inflammatory cytokines and genes involved in bone homeostasis. Based on the earlier
findings in chapter V, the platform-matched groups released higher levels of metal ions
compared to their platform-switched counterparts which could explain the increased
expressions of the genes tested in the present study from the platform-matched
groups.
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Although the upregulation of IL-6 was not remarkable in all test groups, it was
noticeable in the platform-matched groups after 24 hrs of exposure which could be
due to higher ion release as explained earlier. It has been demonstrated by several
investigators (Shida et al., 2000, Vermes et al., 2001a, Hallab et al., 2002, Lochner et
al., 2011, Dalal et al., 2012) that titanium ions and particles, as well as CoCr, increased
the signal levels for IL-6 in a dose dependent manner. On the other hand, Shida et al
have also showed that the release of IL-6 from Ti-stimulated osteoblast-like cells
occurred in a time dependent manner which disagrees with the findings of the present
experiment (Shida et al., 2000). The apparent contrast between these data and the
current data could be attributed to lower cell number caused by higher apoptotic rates
and compromised viability after longer exposure periods (Lochner et al., 2011) and
based on the assumption that only viable cells are capable of releasing IL-6 (Hallab et
al., 2002). The production of IL-6 by osteoblasts is significant as IL-6 has been
reported to be important in osteoclast development and bone resorption, both directly
and indirectly, via the up-regulation of RANKL (Adebanjo et al., 1998, O’Neill et al.,
2013).
Stimulated osteoblasts have also produced increased levels of IL-8 which was
significant in the platform-matched groups reaching up to 4-folds higher than the
control after 3 days of exposure. The release of IL-8 from osteoblasts in response to
implant materials was also confirmed by the work of Kubies (Kubies et al., 2011). The
authors illustrated distinctively high expression of IL-8 from osteoblasts after cultivation
onto a wide range of commercially available implant materials regardless of the
material surface roughness. On the other hand, Quabius et al, using actual dental
implants, have demonstrated that titanium implants led to a more pronounced increase
in IL-8 gene expression when compared with zirconia implants after incubation in
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human blood (Quabius et al., 2012). However, the magnitude of IL-8 expression in the
work of Quabius et al group was far higher (>65-folds) than the levels expressed in
the current study. The apparent difference between these data and the current data
could be attributed to either the different cells types used, osteoblasts versus whole
blood or the different incubations times (Quabius et al., 2012). Several investigators
have also showed that osteoblasts incubated with titanium and CoCr particles and
ions exhibit upregulated IL-8 chemokine expression (Fritz et al., 2002, Fritz et al.,
2006, Queally et al., 2009, Lochner et al., 2011)

These data indicate that the

periimplant stimulated osteoblasts, although not the major source of chemotactic
factors in the periprosthetic space, may be an early and direct contributors in the
initiation of the chronic periprosthetic inflammatory responses (Vermes et al., 2001b,
Fritz et al., 2002, Fritz et al., 2006, Goodman and Ma, 2010, O’Neill et al., 2013)
Interestingly, the release of COX-2 was upregulated and the effect lasted for
extended periods of exposure in most test groups, being more pronounced in the
platform-matched couplings. It has been documented that COX-2 is dramatically
upregulated during inflammation and usually increases in parallel with PG production
and clinical inflammation (Crofford, 1997). Queally et al (Queally et al., 2009) also
observed an increase in COX-2 secretion from osteoblasts exposed to Co and Cr ions
which corroborates with the present results. This suggests that one of the pathogenic
mechanisms of periimplant tissue inflammation in vivo may be the synthesis of COX2 by osteoblastic cells in response to ion release in conjunction with PGE2 production.
(Queally et al., 2009, O’Neill et al., 2013). Increased levels of PGE2 have been
demonstrated in the peri-prosthetic area and have been shown to have a significant
role in the pathogenesis of peri-prosthetic osteolysis (Vermes et al., 2001b, Mayahara
et al., 2012, O’Neill et al., 2013)
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The expression of bone turnover regulatory proteins RANKL and OPG have also
been investigated in the present experiment. Although there was a slight increase in
RANKL expression after 24 hrs of exposure to implant-abutment couplings from
osteoblasts, these increases were not statistically distinct except for the platformmatched Ti alloy group. The OPG on the other hand, was down regulated in some
groups which coincide with previous research showing that OPG was produced in
lesser amounts when osteoblasts were exposed to particles which altered the
RANKL/OPG ratio in favour of osteoclastogenesis leading to increased bone
resorption (Atkins et al., 2009, O’Neill et al., 2013).
The higher gene expression levels of cytokines and chemokines tested from
stimulated osteoblasts, although was mostly observed in the first 24 hrs of exposure,
this indeed, support the direct involvement of osteoblastic cells in inflammatory
processes in response to corrosive end products (Jonitz-Heincke et al., 2017). In fact,
the results of Zijlstra et al, using clinically relevant ion concentrations, could indicate
that long-term ion exposures are not necessarily more harmful than short-term
exposures (Zijlstra et al., 2012)
To our knowledge, this is the first in-vitro test that examined the effect of different
implant-abutment couplings on osteoblast production of inflammatory cytokines and
chemokines related to bone resorption, therefore the results could not be precisely
compared to previous investigations. However, it appears that element release from
alloys is necessary but not a sufficient condition for all cytotoxicity as stated by Wataha
et al. (Wataha et al., 1991, Wataha et al., 1995, Wataha et al., 1999) In other words,
elements must be released for cytotoxicity to occur, but not all element release cause
cytotoxicity. Therefore, the observed adverse reactions in osteoblasts were the result
of ion release from the immersed samples and that the pronounced responses in the
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platform-matched couplings were due to higher amounts of ion release from those
groups. Having said that, it is obvious then that the proposed theories explaining
periimplant bone loss; the biologic width theory, the bacterial theory and the
mechanical theory; cannot be proposed here to explain the present adverse biological
responses of the bone cells. Therefore, if we consider the corrosion product theory to
explain the present in-vitro situation, it would then be logical to consider it for the invivo peri implant bone changes around dental implants.

7.5 Conclusions
Within the limitations of the present in vitro study, the results indicated the following:
1. Osteoblastic cell viability, apoptosis, and regulation of bone resorbing
mediators were adversely altered in the presence of implant-abutment
couplings.
2. Titanium implants alone did not influence apoptosis and secretion of cytokines
and chemokines tested but adversely influenced cell viability up to one week of
exposure.
3. The adverse biologic responses were more prominent in the platform-matched
implant-abutment couplings.
4. The observed cytotoxic responses in osteoblastic cells were due to metal ion
release from the immersed samples into the surrounding medium as a result of
corrosion.
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8. Chapter VIII: In-Vitro Accelerated Tribocorrosion of
Implant-abutment Couples under Cyclic Loading

8.1 Aim and Objectives
The aim of this chapter was to compare the amount of metal ions released from
different platform-matched and platform-switched implant-abutment couplings as a
result of accelerated tribocorrosion test. More specifically, the aims of this chapter
were:
1. To measure the amount of metal ion release from implants-abutment couplings
(quantitative analysis of corrosion)
2. To compare the amount of metal ion release between platform-matched and
platform-switched implant-abutment couplings within each abutment material.
3. To compare the amount of metal ion release between different abutment
materials within each abutment size.
4. To assess corrosion microscopically at the implant-abutment interfacial
surfaces (qualitative analysis of corrosion)
5. To identify fretting corrosion features and characterise the released wear
particles.

* Part of this chapter has been published in the Journal of Dental Research:
Alrabeah, G. O., Knowles, J. C. & Petridis, H. 2018. Reduction of
Tribocorrosion Products When Using the Platform-Switching Concept. J Dent
Res, 97, 995-1002 (Appendix C)
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8.2 Materials and Methods:
8.2.1 Preparation of test specimens
A total of 48 commercially pure titanium (CPTi) dental implants 5x15mm with external
hex connection (BAi, Southern Implants, South Africa) (Figure 8.1) were connected to
UCLA abutments forming either platform-matched (5mm abutment diameter) or
platform-switched (4mm abutment diameter) implant-abutment couplings. The
couplings were further divided into four subgroups according to abutment materials:
pure titanium, cobalt-chrome alloy, gold alloy and zirconium dioxide (zirconia) and
therefore forming 8 groups (n=6) as follows: platform-matched titanium abutments
(TM), platform-switched titanium abutments (TS), platform-matched cobalt-chrome
abutments (CM), platform-switched cobalt-chrome abutments (CS), platform-matched
gold abutments (GM), platform-switched gold abutments (GS), platform-matched
zirconia abutments (ZM), and platform-switched zirconia abutments (ZS) (Figure 8.2).
Titanium, cobalt-chrome and zirconia abutments were prefabricated UCLA abutments
from Southern Implants (Figure 8.3). The gold abutments were UCLA-type gold base
from Southern Implants over which high precious gold (Matticast R, Cookson Dental,
UK) was cast following manufacturer recommendations (Figure 8.4). The composition
of the implant and abutment materials used in this study is presented in Table 8.1.
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Figure 8.1 commercially pure titanium dental implants 5x15mm with external hex
connection from Southern Implants (* image from Southern Implants Brochure)

Figure 8.2 The implant abutment couplings divided into 8 groups according to
abutment size and material.
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a.

c.

b.

Figure 8.3 Platform-switched abutments
d. Zirconia

d.

a. Titanium

b. Cobalt-chrome

c. Gold

Figure 8.4 UCLA-type gold base from Southern Implants over which high precious
gold was cast following manufacturer recommendations (Courtesy of Michael
Wisebloom, Prosthodontic laboratory at EDI)

Table 8.1 Chemical composition of the implants’ and abutments’ alloys in weight %
according to the respective manufacturer.
Material

Composition %

CPTi grade IV
(implant/abutment)

Ti > 99.5%;

Cobalt-chrome alloy
abutment

Co  64.76%; Cr  27.51%; Mo  5.46%; Mn  0.67%; Si  0.66%;
Fe  0.40%; Ni  0.19%; N  0.19%; other < 0.05%

Gold alloy abutment
“Ceramicor”

Au  60%; Pd  20%; Pt  19%; Ir  1%

Zirconia abutment

ZrO > 91%; Y O  5.25%; Al O  0.26%; other < 0.02%
2

O  0.37%; Fe  0.12%; C  0.05%; other < 0.04%

2

2

3
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8.2.2 Implant mounting
Each implant was vertically embedded in acrylic resin (Specifix–20, Struers,
Denmark) within a 20 mL plastic container (Azlon, SciLabware Limited, Stoke-onTrent, UK). To standardise the implant mounting procedure, the container’s snap-on
lid was used to hold the screwdriver/wrench insert (I-WI-22M, Southern Implants,
South Africa) to which the implant was anchored with a screw. The screwdriver’s
shank was marked to the desired depth and inserted through a hole positioned 7 mm
from the lid’s border (Figure 8.5 a.). On the opposite side of the lid, a triangular
aperture was created by cutting a triangular section out of the lid to allow for pouring
of the resin (SpeciFix20, Struers, Germany) which was mixed manually for 1 minute
at a ratio of 1:5 of monomer:polymer following manufacturer instructions and using
wooden spatula to avoid contact with metal and contamination. The resin was poured
through the triangular aperture created on the lid up to the level of the implant’s first
thread (Figure 8.5 b.) leaving 1-2 mm of exposed implant surface (Figure 8.6). The
mounted implants and the unconnected abutments were separately cleaned by rinsing
for 2 minutes in 70% ethanol in an ultrasonicator (Branson 5800, Connecticut, USA).
The specimens were then rinsed in deionized water and dried with oil and water free
compressed air according to ISO#10271 (ISO#10271, 2011). External surfaces of the
abutments were coated with commercial resin to limit corrosion to the interfacial area
(Figure 8.7).

.
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a.

b.

Figure 8.5 a. The screwdriver inserted to the desired depth through a hole positioned
7 mm from the lid’s border. b. The screw driver holding the implant in place by a
tightened screw while the resin was poured through the triangular aperture on the other
side of the lid

Figure 8.6 An implant embedded in acrylic resin so that the area 1-2 mm below the
interfacial platform is exposed to the solution and the abutment can be connected
exposing 1-2 mm of implant surface below the platform surface.
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Figure 8.7 Coated CoCr abutments

8.2.3 Immersion protocol under cyclic loading
Immediately before testing, each embedded implant was connected to its assigned
coated abutment using hexed titanium screw (TSH2, Southern Implants, South Africa),
and torqued to 32 Ncm (I-Ratchet I-TW-45, Southern Implant, South Africa). The
assembled sample was placed on a customized 30º inclined stainless-steel jig fixed to
the loading instrument (Figure 8.8 a.). Fresh 1% lactic acid aqueous solution (0.1 mol/l
lactic acid and 0.1 mol/l sodium chloride) was prepared immediately before use
(pH=2.3) (ISO#10271, 2011). A volume sufficient to produce a ratio of 1ml of solution
per 1cm2 of exposed sample surface area was added to the container which was
enough to cover the interfacial area of the couplings (Figure 8.8 b.)
The samples were subjected to 240.000 cycles of 30º off-axis mechanical loading in
a universal hydraulic testing instrument (Dartec HC10, Dartec Limited, UK) for 24 hrs.
A maximum load of 100 N was applied according to a sinusoidal curve with frequency
of 2.7 Hz. (ISO#14801, 2007) (Figure 8.9 a.). The cyclic load was applied vertically in
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a unidirectional manner via a flat brass indenter to the palatal side of the abutment
close to the incisal edge. During testing, containers were sealed with paraffin film
(Parafilm M®,Bemis®, Wisconsin, USA) to avoid contamination and evaporation of
the solution (Figure 8.9 b.). An additional plastic container filled with set acrylic resin
and supplemented with 2 mL of 1% lactic acid solution was used as a reference placed
next to the testing area and was maintained in parallel with the test containers of the
specimens (Figure 8.10). This reference solution was used to establish the impurity
level for each element of interest in the lactic acid solution.

b.

a.

Figure 8.8 a. An assembled sample placed on the customized 30º inclined stainlesssteel jig b. Solution volume enough to cover the interfacial area of the couplings
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a.

b.

Figure 8.9 Accelerated tribocorrosion test setup. a. Schematic of test assembly used
for performing the wet tribocorrosion tests. b. The assembled sample was securely
fixed to the loading instrument and sealed with paraffin film during cyclic loading for
24 h.

Figure 8.10 Reference container with lactic acid solution maintained in parallel with
the test containers of the specimens.
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After 24 hrs of cyclic loading, containers were covered with lid and maintained in a 30º
inclined static position using a customised jig (Figure 8.11), to insure that the interfaces
were completely covered with solution, in an incubator at 37° C for six days under
conditions of relatively no motion between sample and solution (ISO#10271, 2011).
Overall, the whole aqueous immersion lasted 7 days.
After 7 days, extracts of immersion solution were collected from each container,
dissolved in 2% nitric acid, and stored under refrigeration (4°C) until required for
elemental analysis.

Figure 8.11 Samples maintained in an inclined static position in the incubator for 6
days after cyclic loading.
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8.2.4 Quantification of metal ion release
The quantification of metal ions released from the implant-abutment couplings into
lactic acid solutions was carried out using Inductively Coupled Plasma-Mass
Spectrometry (Varian/Bruker 800-MS Series, Analytical West, Inc., Corona, USA).
Elements analysed were those comprising > 5% of the chemical composition of the
material which were titanium (Ti), cobalt (Co), chromium (Cr), molybdenum (Mo),
zirconium (Zr), yttrium (Y), gold (Au), platinum (Pt) and palladium (Pd). The results
were presented as part per billion (ppb). Measurements below the detectable limit
(0.03 ppb) were regarded as 0 ppb. The standard reagents were Ti, Co, Cr, Mo, Au,
Pd, Pt, Y and Zr ultrapure single element standard solutions for ICP-MS for with
concentration＝1000 ppm in 2% HNO3 solution (TraceCERT®, Sigma-Aldrich
Company Ltd.,Dorset, England). These single element standard solutions were mixed
together and diluted to 1 ppm with unused immersion solution, then serially diluted to
a final concentration of 20, 10 and 5 ppb for instrument calibration.

8.2.5 Examination of the implant and abutment interfaces before and after
immersion
Representative specimens from each group were randomly selected for examination
of the contacting surfaces before and after immersion under SEM (XL30 FEG, Philips,
Surrey, UK) with the imaging software Saturn (E.L.I. SPRL, Labuissiere, Belgium)
equipped EDX (Inca400 EDX, Oxford Instruments Analytical, UK) to assess corrosion
and identify any wear particles at the interface (Figure 8.12). Optical microscopy was
also used after testing for some samples (Leica DMRD, Meyer Instruments, USA). The
plastic containers with the embedded implants were trimmed on an 80 grit silicon
carbide grinding discs (LaboForce, Stuers, Copenhagen, Denmark). The base of the
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container was ground up to a level exposing the apex of the implant to allow for
electrical conductivity between the sample and the SEM aluminium stub through the

Post-loading

Pre-loading

silver adhesive paste.

Post-loading ZS abutment under EDX

Post-loading CM implant under SEM

Figure 8.12 Representative specimens mounted on the aluminum SEM stub for preand post-loading SEM/EDX analysis
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8.2.6 Analysis of wear particles from additional samples
To allow for more wear particle collection and characterisation, four additional samples
were used. Four implants were connected to platform-matched abutments; one from
each material. The mounted samples were subjected to the same loading protocol
mentioned earlier, but the immersion solution was neutral 0.9% NaCl (Sigma-Aldrich,
Germany) in order to observe any particles which would have been digested in the
acidic medium of the main experimental groups. After 24 hrs of cyclic loading, the
immersion solutions containing corrosion and wear debris were collected for analysis
under transmission electron microscope (TEM) and SEM.
For TEM analysis, 1 mL of the collected extract was placed in an Eppendorf safe lock
tube and centrifuged for 30 min at 10000 rpm in a micro centrifuge (Thermo Fisher
Scientific, UK). A volume of 50 µL was aspirated from the bottom of the tube and
diluted in alcohol after which it was dispensed over the 3.05 mm diameter carbon film
coated TEM copper grids with 200 square mesh (EMS, Science Services GmbH,
Germany) and examined under TEM/EDX (Figure 8.13).

*Image from Science Services website

Figure 8.13 A 3.05 mm diameter TEM copper grids with 200 square mesh for observation
of particles under TEM
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For the SEM analysis, 1mL of the collected extract was placed in a centrifuge tube,
vortexed and then filtered through 0.015µm filter membrane (Nuclepore Track-Etch
Membrane, Whatman®, Merck, Germany) (Figure 8.14). The filter membrane
containing the particles was fixed on an aluminum SEM stub using double-sided
adhesive carbon tabs (20 mm diameter) (Elektron Technology UK Ltd., UK), coated
with carbon (Polaron Equipment Ltd., Watford, England) (Figure 8.15) and examined
under SEM/EDX for wear particle characterisation.

Figure 8.14 Filtering of the collected solutions through 0.015µm filter membrane for
SEM particle analysis.
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Figure 8.15 Carbon coating of the filter mebrane for SEM analysis.

8.2.7 Statistical Analysis
All data were expressed as mean and standard deviation. Differences in metal ion
release between groups were tested by univariate analysis of variance (ANOVA) using
SPSS version 22.0 (IBM SPSS Statistics, Tokyo, Japan) (P<0.05). Levene’s test of
homogeneity of variance was employed (α=0.05). Bonferroni post hoc test was used
to analyse significant differences between test groups following the assumption of
equal variances (P>0.05). Whereas when equal variances were not assumed (P<0.05)
the Dunnett’s T3 post hoc test was used. To confirm significant differences between
platform-matched and platform-switched groups within each abutment material, t-test
for two independent samples was used (P<0.05).
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8.3 Results
8.3.1 Metal ion release
Total amount of combined metal ion release
The highest amount of total metal ion release was recorded for the CM group (P <
0.001) while the least release was seen in the TS group (P < 0.001) (Figure 8.16). It
was apparent from Figure 8.16 that all platform-switched groups showed statistically
significant decrease in total metal ion release compared to their platform-matched
counterparts within each abutment material groups (P < 0.001).
When comparing the total ion release between different abutment materials but same
abutment size, the following orders from highest to lowest ion release was significantly
observed: CM>GM>ZM>TM and CS>GS>ZS>TS in the platform-matched and
platform-switched groups respectively (P < 0.05) (Figure 8.16)
From the statistical analysis of the data in Figure 8.16, it was seen that the order of
total metal ions released from highest to lowest from all test groups regardless of their
abutment size was as follows: CM > GM≈CS > ZM≈GS > ZS≈TM > TS (P < 0.05).

Single element release
Ti ions were released from all test groups with their highest release (108ppb) observed
in the GM group (P < 0.001) followed by GS≈ZM >CM≈ZS≈TM>CS≈TS in a
descending order (Figure 8.17). All platform-switched groups showed statistically
significant decrease in their single-element release except for Au, Pt, and Pd from the
gold abutment groups which were minimally released (<1ppb) with no significant
difference between GM and GS (P >0.05).
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In the CoCr abutment material, Co was the highest element to be released (147ppb)
(P < 0.001) followed by Cr, then Ti and the least release was recorded for Mo element
(P < 0.001) (Figure 8.17). On the other hand, the highest element to be released in
the zirconia abutment groups was Ti (53ppb), followed by Zr then Y (Figure 8.17).

Figure 8.16 Total amount of combined metal ions released from different combinations
of implant-abutment couplings after 7 d of aqueous immersion in 1% lactic acid
solution. The results are expressed as mean concentration in parts per billion (ppb) ±
standard deviation. n = 6 per group (*P < 0.001)
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Figure 8.17 Ion release for Ti, Co, Cr, Mo, Zr and Y from the different combinations of
implant-abutment couplings after 7 d of aqueous immersion. The results are
expressed as mean concentration in parts per billion (ppb) ± standard deviation. n = 6
per group (*P < 0.001, **P < 0.05).
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8.3.2 Pre and post-immersion surface analysis of the implant and abutment
interfaces
Post-immersion SEM images showed surface tribocorrosion features such as pitting
areas, dark spots, fretting scars, cracks, deformation areas, and material delamination
on the interfacial surfaces of implants (mainly) and their opposing abutments
compared to pre-immersion uniform machined platform surfaces of pristine implants
and abutments (Figure 8.18 to Figure 8.25). However, the pre-immersion images of
the gold abutments (GM and GS) did not show a uniform surface but rather a stained
surface with smear like effect and impurities (Figure 8.22 and Figure 8.23). Wear
features in the form of bands of fretting lines were observed on most implant platforms
mainly towards the compressed side of the implant (Figure 8.26) and were also seen
on the Ti abutments (Figure 8.27). Surface cracks were observed on ZS abutment at
the inner hex area (Figure 8.28). At higher magnification of x1000, cracks on the oxide
layer on Ti implants were also seen on implants connected to CM abutment (Figure
8.29). Other forms of wear features were demonstrated as areas of deformation on
the implant external hex in the form of surface burnish with material delamination and
fretting scars (Figure 8.30). Damage of the implant’s external hex was also confirmed
under light microscopy (Figure 8.31).
Images of the platform-matched groups showed damaged outer implant border in
the form of crooked irregular outer edge unlike the uniform border of the platformswitched groups (Figure 8.32). The crooked irregular outer border was also seen in
some abutments from the TM and ZM groups in the compressed side compared to
pre-loading images (Figure 8.33). Material delamination was also spotted under EDX
Inca software images of an implant connected to CM abutment (Figure 8.34). Light
microscopy has also shown chipped Ti particle from the outer edge of an implant
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connected to ZM abutment (Figure 8.35). Material chipping was not limited to the
implant outer edge of platform-matched implants only, but was also seen in the inner
hex area of gold abutments in which pieces of abutment were chipped off (Figure
8.36). In the platform-switched groups, the fretting lines were limited to the implant
surface in contact with the opposing abutment of smaller diameter (Figure 8.37 and
Figure 8.38).
Post-immersion SEM images of the interfacial surfaces have also revealed the
presence of particles of various sizes and shapes scattered on the implant and
abutment surfaces (Figure 8.39). Numerous particles were identified under EDX to be
debris from the acrylic block due to grinding (Figure 8.40). Other particles were actually
Ti wear particles that were embedded within particulates slurry smudging over the
surfaces of either implants or abutments (Figure 8.41). Ti particles were also seen
enclosed within chlorine droplets in the inner hex area of some abutments (Figure
8.42). Different wear particles were observed adherent to the implant and abutment
surfaces (Figure 8.43). Few particles were composed of Zr, indicating their deposition
from the abutment into the implant (Figure 8.43 a.). Adherent particles were mostly
spotted near the hex and the majority were Ti particles (Figure 8.43 b. and c.) reaching
up to 48µm in length (Figure 8.43 d.)
Post-immersion surface elemental analysis showed no major changes on the implant
composition which mostly consisted of Ti (Figure 8.44 a.). There were trace amounts
of other elements, such as Co, Cr and Mo deposited on implant surfaces in low weight
% composition (Figure 8.44 b.) However, EDX analysis of abutment surfaces revealed
deposition of Ti element from implants onto some abutments (Figure 8.44 c. and d).
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Pre-immersion

b. TM implant

a. TM abutment

Post-immersion

Figure 8.18 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the TM group at x35 and x150 magnification. Postimmersion
images showing surface tribocorrosion features such as pitting and fretting scars
compared to the pre-immersion uniform prestine surface.
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Post-immersion

b. TS implant

a. TS abutment

Pre-immersion

Figure 8.19 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the TS group at x35 and x150 magnification. Postimmersion
images showing surface tribocorrosion features such as pitting and fretting scars
compared to the pre-immersion uniform prestine surface.
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Pre-immersion

b. CM implant

a. CM abutment

Post-immersion

Figure 8.20 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the CM group at x35 and x150 magnification. Postimmersion
images showing surface tribocorrosion features such as pitting and fretting scars
compared to the pre-immersion uniform prestine surface.
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Post-immersion

b. CS implant

a. CS abutment

Pre-immersion

Figure 8.21 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the CS group at x35 and x150 magnification. Postimmersion
images showing surface tribocorrosion features such as pitting and fretting scars
compared to the pre-immersion uniform prestine surface.
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Post-immersion

b. GM implant

a. GM abutment

Pre-immersion

Figure 8.22 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the GM group at x35 and x150 magnification. Pre-immersion
images of Au abutment showing stained surface with smear like effect and
impurities, however, more pitting was observed post immersion.
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Pre-immersion

a. GS abutment

Post-immersion

b. GS implant

*

Figure 8.23 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the GS group at x35 and x150 magnification (* at x200). Preimmersion images of Au abutment showing stained surface with smear like effect
and impurities, however, more pitting was observed post immersion.
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Pre-immersion

b. ZM implant

a. ZM abutment

Post-immersion

Figure 8.24 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the ZM group at x35 and x150 magnification. Postimmersion
images showing surface tribocorrosion features such as pitting, damaged outer
borders and fretting scars compared to the pre-immersion uniform prestine surface.
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Pre-immersion

a. ZS abutment

Post-immersion

b. ZS implant

*

Figure 8.25 Pre- and post-immersion SEM images of an (a.) abutment and (b.) its
opposing implant from the ZS group at x35 and x150 magnification (* at x50)
Postimmersion images showing surface tribocorrosion features such as pitting and
fretting scars compared to the pre-immersion uniform prestine surface.
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Opposite to compressed side

ZM implant

GM implant

CM implant

TM implant

Compressed side

Figure 8.26 Bands of fretting lines towards the compressed side of implants connected
to platform-matched abutments while the side opposite to compression of the same
implant was devoid of fretting scars (at x500 magnification) (images of TM and CM
taken with the EDX Inca software).
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Compressed side

TS abutment

TM abutment

Opposite to compressed side

Figure 8.27 Bands of fretting lines towards the compressed side of Ti abutments while
the side opposite to compression of the same abutment was devoid of fretting scars
(at x150 and x500 magnification).
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Figure 8.28 Surface crack at the inner hex area of a ZS abutment (at x150 and x500
magnification)

Figure 8.29 Cracks in the oxide layer on the implant platform surface connected to CM
abutment (at x1000 magnification).

285

a.

b.

c.

d.

Figure 8.30 Permanent damage of the external hex in the form of a burnished surface
with material delamination of implant connected to a. TS b. CS c. GM and d. ZM (at
x150 magnification)
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Figure 8.31 Damaged external hex of an implant connected to TS abutment under light
microscope (courtesy of Anna Di Laura and Harry Hothi from the Department of
Orthopaedics and Musculoskeletal Science at UCL, Stanmore campus)
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TM.

TS.

CM.

CS.

ZM.

ZS.

Figure 8.32 Irregular crooked outer borders at the compressed side of implants
connected to platform-matched abutments TM, CM and ZM while their counter parts
from the platform-switched groups show uniform outer border (x500 magnification).
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Post-loading

ZM abutment

TM abutment

Pre-loading

Figure 8.33 Irregular crooked border of platfom-matched abutments TM and ZM
post-loading compared to unifirm borders before loading (at x500 magnification)

Figure 8.34 Delamination of surface layer near the outer border of an implant
connected to CM abutment at x50 and x500 magnification
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Figure 8.35 A shiny metal piece chipped off the outer edge of an implant connected to
ZM abutment under light microscope.

GS

GS

GM

GM

Figure 8.36 Pieces of abutment material chipped off the inner hex area of gold
abutments GS and GM
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Figure 8.37 Post-immersion SEM images of an implant connected to ZS showing
fretting lines confined to the implant platform area in contact with the opposing
abutment of smaller diameter, the area beyond the opposing abutment was devoid of
fretting scars

CS.

GS.

Figure 8.38 Post-immersion SEM images of an implant connected to CS and GS
abutments showing fretting lines confined to the implant platform area in contact with
the opposing abutment of smaller diameter, the area beyond the opposing abutment
was devoid of fretting scars.
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a. CM implant

b. CM abutment

Figure 8.39 Particles of various sizes and shapes scattered over the interfacial surface
of implants and abutments. a. Implant connected to CM abutment b. CM abutment
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a.

Ti: 60.16%
O: 27.8%
P: 3.08%
Si: 2.25%
S: 1.6
Cl: 2.36%
Ca: 2.75%

b.

Ti: 62.03%
O: 28.2%
Na: 2.63%
Si: 2.82%
Cl: 1.9%
Ca: 2.42%

Figure 8.40 Numerous particles on the implant surfaces being identified under EDX as
acrylic debris from grinding a. Implant connected to CM b. Implant connected to TS
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Figure 8.41 Titanium particles embedded within a slurry of particles and chlorine
debris on the surface of TS abutment.
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Figure 8.42 Ti particles enclosed within chlorine droplet in the inner hex area of a GM
abutment.
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a.

b.

c.

d.

Figure 8.43 Postimmersion SEM images and EDX analysis of wear particles on the
implant-abutment interfaces a. Wear particles adherent to the platform surface of an
implant connected to ZM abutment with few of them being Zr particles b. Ti particles
adherent to the hex area of a GS abutment. c. Ti particles adherent to the hex area
of a ZS abutment. d. Ti particle measuring 48 μm in length adherent to CS abutment
interface.
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Figure 8.44 Postimmersion EDX elemental analysis of implant-abutment interfaces.
a. Implant platform consisting mainly of Ti element on most selected areas of an
implant. b. Deposition of trace amounts of Co, Cr, and Mo on the external hex of an
implant connected to CM abutment c. Deposition of Ti element from the implants
on the inner hex area of a GS abutment. d. Deposition of Ti element from the
implants on the crack within the inner hex area of a ZS abutment.
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8.3.3 Analysis of wear particles in the filtered NaCl extracts
The analysis of collected NaCl extract solutions under TEM was not sufficient enough
to show considerable amount of particles due to sensitive preparation steps which
could have led to loss of particles. Few images though have showed some particles
which were identified to be Ti under EDX ranging in size from 73 nm to 362 nm in
length (Figure 8.45). On the other hand, analysis of the filtered extracts under SEM
revealed the presence of numerous particles in the collected NaCl solutions of various
compositions and sizes from all the implant-abutment combinations tested as
illustrated in Figure 8.46 to Figure 8.49. EDX analysis of particles revealed their nature
to be either metal particles, chlorine crystals (Figure 8.47 c. and Figure 8.48 c.) or
metal particles engulfed within the chlorine crystals. The majority of wear particles
were Ti with variable sizes reaching up to 50µm in length (Figure 8.46 a.). Few Zr
particles were observed from the extracts collected from the ZM group (Figure 8.49
c.).
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a.

c.

b.

Figure 8.45 TEM images showing scattered Ti particles collected from NaCl solutions
after cyclic loading of an implant connected to ZM abutment. a. Section from the
square mesh grid under TEM at x135 magnification. b. Ti particle engulfed within a
chlorine crystal at x31000 magnification measuring 362 nm c. Ti particles at x25000
magnification measuring 169 nm and 73 nm in length
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a
b

c

a

b

c

Figure 8.46 Scattered particles collected from NaCl solutions after cyclic loading of an
implant connected to TM abutment a. and b. and c. Ti particles
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a
b

a

b

c

Figure 8.47 Scattered particles collected from NaCl solutions after cyclic loading of an
implant connected to CM abutment a. Ti particle engulfed within chlorine b. Ti
Particles with traces of Cr c. chlorine crystals
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a

a

b

c

Figure 8.48 Scattered particles collected from NaCl solutions after cyclic loading
of an implant connected to GM abutment a. Titanium particle b. Ti particle
engulfed within chlorine c. chlorine crystals
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a

b

a

b

c

Figure 8.49 Scattered particles collected from NaCl solutions after cyclic loading of an
implant connected to ZM abutment a. and b. Ti particles with traces of Zr c. Zr
particles
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8.4 Discussion
The present chapter (Alrabeah et al., 2018) has quantitatively and qualitatively
assessed tribocorrosion at the interface of different platform-matched and platformswitched implant-abutment couplings by dynamic immersion tests, (ISO#10271,
2011). Metal ion release due to corrosion was measued and it was found that the
platform-switched iimplant-abutment couplings had less ion release than their
platform-matched counterparts. The corrosion test set-up was composed of four
components: 1) galvanic component due to the presence of two different contacting
metallic structures (abutment and implant) in contact with an electrolyte creating an
electrical cell and 2) mechanical component due to the cyclic loading applied causing
fretting and micromotion between the implant and abutments and 3) Chemical
component due to the lactic acid used, and 4) Crevice due to the interface geometry.
The combination of the above corrosion mechanisms, also termed “tribocorrosion”
(Swaminathan and Gilbert, 2012), has led to the release of tribocorrosion products in
the form of metal ions and particulate debris. The accelerated tribocorrosion tests were
performed in a simplified in-vitro wear simulating an acidic oral environment.
(ISO#14801, 2007, ISO#10271, 2011). Testing conditions in the present study were
selected to simulate as best as possible the in vivo conditions. The implants were
embedded in epoxy resin with an elastic modulus of higher than 3 GPa (ISO#14801,
2007) to be as close to that of alveolar bone (Scherrer and de Rijk, 1993, Dittmer et
al., 2012). The epoxy resin (Specifix20) used was not soluble in lactic acid according
to manufacturer data sheet, and therefore, the ion release was not influenced or
interfered by the chemical composition of the embedding material. The load force of
100 N during cyclic loading was chosen based on reported levels of physiological
chewing forces, which range between 20 N and 120 N (Schindler et al., 1998,
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Sarafidou et al., 2012). Chewing frequency also varies among individuals and is
influenced by the texture and consistency of the food being chewed with an average
of 101 chewing cycle per minute, 1.6 Hz, (Junqueira et al., 2016). The loading
frequency in the present study was 2.7 Hz, which was slightly higher than the 2 Hz
recommended by the ISO for testing in liquid media (ISO#14801, 2007). This
frequency was chosen to keep the cyclic loading part of the experiment within a period
of 24 hrs per specimen to suit the convenience of the examiner and fit into a feasible
schedule. Other investigators have used frequencies of similar magnitude or even
higher for artificial aging (Sarafidou et al., 2012, Sridhar et al., 2016). The load was
applied 30° off-axis which follows the direction of load on the palatal aspect of anterior
teeth as described by the standard for fatigue testing of implants and implemented by
previous studies (ISO#14801, 2007, Dittmer et al., 2012, Freitas-Junior et al., 2012,
Shemtov-Yona et al., 2014, Sridhar et al., 2016). Although the experimental set-up
was quite similar to the testing conditions described in ISO (ISO#14801, 2007), a
modified study design was implemented since the aim of the study was to assess
corrosion under loading and not to test implant fracture strength, therefore, the
dynamic fatigue testing was not performed until failure of the components, but rather
with a fixed number of mechanical cycles (240,000) to simulate a certain period of
wear. It has been stated that most wear simulation methods lack the scientific
evidence to prove that the in vitro simulation corresponds to the in-vivo situation
(Heintze et al., 2005), however, it has been claimed that 1,200,000 cycles in the
simulator correspond to 5 years in-vivo (Heintze, 2006, Aldegheishem et al., 2015)
and therefore, a total number of 240,000 cycles was chosen in this study to simulate
a one year of masticatory clinical service.
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During mastication, micro-movements occur between prosthetic modular interfaces
causing fretting between the implant and abutment contacting surfaces, leading to
wear (Souza et al., 2015b). Wear particles of various sizes, shapes and compositions
have been observed in the present study under SEM either in the collected NaCl
solutions or adherent to the contacting surfaces of the implants or abutments. This
finding confirms that dental implants may undergo fretting corrosion leading to the
release of metal particles to the peri-implant tissues which could explain the
appearance of titanium particles in the peri-implantitis biopsies examined by Wilson et
al (Wilson Jr et al., 2015). The presence of titanium particles in jaw bones of patients
with dental implants was also confirmed by He et al (He et al., 2016) who showed Ti
particles with sizes between 0.5µm and 40µm in the jawbone marrow tissues near the
implants. These findings are in accordance with the observations of the present study
which revealed particles sizes to be in the range between submicron to 50µm. These
metallic particles accumulate in periprosthetic tissues and elicit multinucleated giant
cells and bone marrow fibrosis (Schminke et al., 2015, Wilson Jr et al., 2015, He et
al., 2016). Particle release was not quantified in the present study neither was the
material loss due to wear measured, however, it is well known that particles are a
source of metal ions since they have large surface area and they are prone to
dissolution resulting in increased ion levels (Hallab et al., 2002). This fact would
suggest that the increased levels of metal ions released from platform-matched
couplings could be due to more particles being released and dissolved from these
groups. In fact, it was evident from the SEM images that wear features were
accentuated on the platform-matched couplings. Fretting exists when two surfaces are
in contact rubbing against each, and therefore, the present fretting features were
limited to the contacting surfaces of the implants and abutment. Hence, in the platform-
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switched implants, the fretting lines on the implant platform were only observed on the
surface that was in contact with the opposing smaller diameter abutment, in other
words, the 0.5 mm wide circumference or rim of unopposed implant platform, which
counts for 20% of the total surface area of the implant platform, was devoid of any
fretting lines. Therefore, it could be assumed that if all implant surface in contact with
abutment has some forms of fretting features, the platform-switched implants would
have 20% less fretting corrosion features than the platform-matched implants. This
assumption was supported by the results of the ICP-MS which demonstrated that all
platform-switched groups had less metal ion release compared to their platformmatched counterparts. The platform-matched implants did not only demonstrate more
fretting bands on their horizontal platform surfaces as a result of more surface area in
contact with their opposing abutments, but were also susceptible to more permanent
damage on the outer edges of their platforms particularly on the compressed side of
the implant. This was featured on the SEM images as irregular deformed borders with
material chipping off the edges. These damaged rims were one source of particles
directly released to the surrounding environment. Particles not only dissolve to leach
out more ions in the oral cavity, but also can be phagocytosed, activating different cells
to play a role in the web of interactions that govern peri-prosthetic bone loss (Vermes
et al., 2000, Vermes et al., 2001a, Jacobs et al., 2006, Ollivere et al., 2012). Another
area in which wear features were prominent was the external hex of the implant and
its opposing hex area of the abutment which were damaged and flakes of material
were chipping off providing another source of particles. These damages not only cause
biological complications to the peri-implant tissues, but might also cause mechanical
complications that affect implant longevity (Jung et al., 2012). Additionally, damages
to the interfacial surfaces due to load and friction were expected to alter the surface
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roughness of the implant and abutment platforms (Sridhar et al., 2016). Although the
post immersion images of the implant surfaces seem to show somehow a rougher
surface, the observation and comparison of implant surfaces through SEM
magnification images may not be sufficient enough for comprehensive surface
characterisation as other precise analytic techniques. A previous study (Hjalmarsson
et al., 2011b) examined the contact surfaces of implants coupled to Ti and CoCr
frameworks with the use of optical interferometry and demonstrated an increase of
implant surface roughness after connection with the superstructures and immersion in
artificial saliva for 30 days.

Although there was no loading component in this

respective study, the longer immersion time and different medium (artificial saliva)
could provide an explanation regarding this difference in results. In a fatigue test setup
for dental implants immersed in bacterial culture, Sridhar et al (Sridhar et al., 2016)
have showed post loading implants surface roughness using optical microscopy
equipped with a depth-up feature that captures 3D profiles (Keyence VHX-5000,
Itasca, Ill). However, the authors examined the outer surface of the implant body and
not the interfacial surfaces of the implant and abutments as the present study, and
they have concluded that permanent damage to surface layers can affect
osseointegration and deposition of metal ions in the surrounding tissues can trigger
adverse tissue reactions (Sridhar et al., 2016). It should be noted however, that wear
and fretting corrosion was not the only source for ion release in the present study but
rather a combination of other forms of corrosion processes such as chemical, crevice
and galvanic corrosion that occurred due to the existence of several factors such as
acidic environment, geometry, surface chemistry and alloy combinations of the
implant-abutment interfaces.
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An increasing number of dental alloys are being utilised as abutment materials in
order to improve their clinical performance. However, when dissimilar alloys are placed
in direct contact within the wet oral cavity, galvanic corrosion occurs (Chaturvedi,
2009, Gittens et al., 2011). As explained in earlier chapters, Ti behaves differently
when connected to different materials; it represents the anodic region in the galvanic
cell when connected to a noble metal such as gold, whereas it is considered the
cathode when connected to a base metal. The effect of such galvanic phenomena was
clearly noted in the results of this study, the more precious the abutment material was,
such as in the gold abutment group, the more Ti was released, unlike the gold which
was barely released. As the nobility of the abutment material decreased as in the CoCr
abutment group, Ti release decreased as it became the cathodic region of the galvanic
cell leading to greater release of anodic Co ions. These findings are in agreement with
the results of Tuna et al with regards to element release from the implant
superstructures (Tuna et al., 2009). Those authors demonstrated that the ion release
from the CoCr based abutments was higher than the ion release from the gold based
abutments. However, Ti release from the implants was not affected by the abutment
material and was relatively the same among all test groups unlike the results of the
present study. The reason behind such difference could be due to the differences in
test settings (artificial saliva pH=6.7 vs. 1% lactic acid pH=2.3 and potentiodynamic
polarisation vs. wet mechanical loading) and differences in the material compositions,
grain sizes, surface finish as different implant systems were utilised (Cortada et al.,
2000).
The influence of material characteristics such as microstructure, grain size and
surface chemistry on corrosion and ion release was clearly observed when comparing
the results of the present chapter with those of chapter V where static immersion alone
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was performed (Alrabeah et al., 2016). It was expected that ion release will be more
when other forms of corrosion processes take place such as the current fretting
corrosion design. The amount of ions released from the couplings were much more
less in the present study with regards to Ti element, however, the trend for platformmatched couplings to release more ions than their platform-switched counterparts
remained the same between the two experiments. The observed difference in Ti levels
could be due to several factors. First, although both implant fixtures were CPTi, they
were of different grades; grade 2 for the static immersion while the present test used
grade 4. Both grades are corrosion resistant and certified for medical use but have
different grades of purity, geometry, grain sizes, finished surface and internal stresses
(Cortada et al., 2000). Besides, grade 4 have recently found a niche as a medical
grade titanium in the implant market as having superior corrosion resistance properties
(Supraalloys, 2018). Second, the implant fixtures in chapter V were titanium cylinders
sectioned from the as received titanium rods and the access screw hole was machined
at an external laboratory then polished by the examiner using polishing disks whereas
the fixtures in the present study were actual implants manufactured and treated with
specialised protocols by Southern Implants. Therefore, the two implants were
manufactured from different Ti grades, different machining and polishing processes
and different manufactures which in combination could have influenced the material
microstructure, surface chemistry and grain size between the two structures although
they were of the same chemical composition. Third, the size of the implants was also
different being larger in the cylinders used in chapter V with a diameter of 6mm while
the present implants were 5mm in diameter. Last, the access hole of the screw in the
static immersion test was not blocked and was completely immersed and exposed to
the lactic acid solution allowing the fluid to flow thorough it, whereas the screw access
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in the present experiment was above the solution level limiting the entry of fluid through
the micro gap circumference only.
The intention of using different abutment materials as mentioned earlier was to
place the Ti implant under different galvanic potential and not to compare ion release
from different materials having the same size of abutments, although it was presented
in the results. However, it was worth noting that although the Ti-Zr combinations seem
to release less ions than the Ti-Co and Ti-Au couplings, they demonstrated more wear
features than all other combinations and the majority of the observed Ti particles under
SEM were released from this group. Several studies have revealed similar
observations (Klotz et al., 2011, Stimmelmayr et al., 2012). From a biological point of
view, this finding highlights the importance of considering an abutment material with
least wearing effect on the titanium implants as Ti particles have been observed
histologically in cases of peri-implantitis (Tawse-Smith et al., 2012, Wilson Jr et al.,
2015)
The present study showed that Ti superstructures were superior among all abutment
materials tested with regard to total metal ion release (TS=11ppb, TM=30ppb). This
finding is in corroboration with the results of Cortada et al. (Cortada et al., 1997,
Cortada et al., 2000) who demonstrated that implants coupled with Ti superstructures
presented low value of ion release. The authors have considered this ion release
(<40ppb) to be very small to cause cytotoxicity (Cortada et al., 1997, Cortada et al.,
2000). However, it should be noted that metal particles were observed in the present
study under SEM adherent to the interfacial surfaces of the implants and abutments;
and if such particles were dissolved, higher values of ions would have been measured.
The low levels of measured ion release might be less concerning biologically, as
Cortada et al declared, if the ion release declines with time, but if the release increases
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with time, the risk of biological damage should not be neglected. Time is one of the
most important parameters in corrosion science and the changes occurring to the
material surface over time might cause the material to behave differently depending
on the state of the surface (Zhen et al., 2013). Although the factor of time was not
incorporated in the present experiment as in the case with other studies (Tuna et al.,
2009, Yamazoe, 2010), its influence has been highlighted in the pilot experiments in
chapter IV. In addition, the current research group have looked into the elemental
leakage in correlation with time in a recent master degree project (Silva, 2017). In this
project, implants were coupled with different gold abutments and the specimens were
subjected to loading conditions similar to those described in the present study. Multiple
ion release measurements were taken at different time intervals. The results were in
line with the findings of the present study in which Ti was released in considerable
amounts whereas Au, Pt, and Pd were barely released. Titanium release have also
increased with time significantly (Silva, 2017). Continued release of Ti to the
surrounding peri-implant tissues is of major concern. It should also be noted that,
although CPTi was the most favourable abutment material in relation to ion release,
when implants where connected to platform-matched Ti abutments, the total ion
release increased to a level not significantly different from the total ion release of the
implants connected to platform-switched zirconia abutments. This observation
highlights the great influence of platform-switching on ion release among different
materials. Therefore, the interaction of abutment material and size should be
considered when selecting implant superstructures in clinical practice. Having said
that, the question of “would equal levels of total metal ions but different compositions,
as seen in TM and ZS, have the same biological effects?” remains unanswered.
Further studies are already being conducted by the current research group, looking
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into the effect of such various element concentrations on various metabolic pathways
related to bone homeostasis. Although the concentrations of metal ions released in
the current study seems to be of small magnitude, they were sufficient enough to
reduce the viability of gingival epithelial cells as demonstrated by a recent master
degree project (Anusornsit, 2017). In this project, the viability of human gingival
epithelial cells was evaluated after exposure to culture media prepared containing ion
concentrations equivalent to those found in the present study for the Ti and CoCr
abutments groups. Metal ion culture media solutions corresponding to the CoCr
abutments reduced cell viability after 7 days exposure with significant reduction
observed in solutions corresponding to the platform-matched group (CM) (Anusornsit,
2017).
Biological effects of tribocorrosion products have been widely studied in the
orthopeadic literature (Jacobs et al., 2006, Dalal et al., 2012, Ollivere et al., 2012).
Hallab and Jacobs have classified the degradation products of orthopaedic implants
into two basic types of debris: particles and ionic debris (Hallab and Jacobs, 2009).
Particulate wear debris range from nanometers to millimetres in size, while metal ions
exist in soluble forms bound to serum protein. Both types of degradation debris were
observed in the present study at various levels and the biologic response to such
tribocorrosion products is of great concern as each type acts biologically through
different metabolic pathways (Hallab and Jacobs, 2009). As highlighted earlier, the
inflammatory response to metal ions or particles is proportional to their concentration
(Sun Zhi et al., 1997, Agarwal, 2004). Significant differences in the concentration of
metal ions released from platform-matched and platform-switched implant-abutment
couples have been documented in the present study. Based on the analysis of
orthopaedic literature regarding the role of implant tribocorrosion products in peri313

prosthetic osteolysis, and the earlier work presented in the previous chapters and
published recently (Alrabeah et al., 2016, Alrabeah et al., 2017, Alrabeah et al., 2018),
we believe that platform-switching concept has a positive effect in the reduction of
tribocorrosion products and therefore suggest that such reduction would lead to less
inflammatory cell response, which in turn would lead to less marginal bone loss
through different cell metabolic pathways that are still not fully understood.

8.5 Conclusions
Within the limitation of the present study, the results indicated the following:

1. The implant–abutment couplings underwent different forms of tribocorrosion
processes resulting in the release of metal ions and wear particles into the
surrounding environment.
2. The platform-matched groups demonstrated higher amount of metal ion release
and more surface damage.
3. Ti ions were released from all the implant-abutment couplings tested.
4. The highest release of Ti was observed in implants connected to gold
abutments in the dynamic immersion test.
5. Wear features were more prominent on the implant surfaces than on the
abutments.
6. Implants connected to Zr abutments had the most wear features among all
groups.
7. The majority of particles released were Ti particles.
8. The wider the area of contact between the implant and abutment, the more
wear was demonstrated.
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9. Platform-switching concept has a positive effect in the reduction of
tribocorrosion products released from the dental implants and abutment
couplings.
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9. Chapter IX: Summary, Conclusions and Future Research
9.1 Summary and Conclusions
The reasons behind marginal bone loss around dental implants are not well
understood and controversies exist in the literature among different theories
advocated to explain the mechanism responsible for the clinically observed reduction
in peri-implant crestal bone levels. The occurrence of crestal bone loss seems to be
related to the location of the microgap that is created between the implant platform
surface

and

prosthetic

abutment

surface.

This

implant-abutment

interface

encompasses the reciprocal action of the internal and platform surfaces of the implant
connection and the surface of the abutment connection. This interface is susceptible
to tribocorrosion within the hostile oral environment. The material properties, the
connection geometry, the magnitude, direction and duration of the masticatory loads,
the temperature, pH and composition of saliva, the presence of fluoride, food and
inflammation, and the microflora can all influence the amount of metal ions and
particles released as a result of tribocorrosion from the implant-abutment interface into
the surrounding environment, which in turn may contribute to the disruption of bone
metabolism around dental implants. Of high importance among these factors, is the
connection geometry. Modifying the connection geometry of the implant-abutment
interface through utilising the platform-switching concept has decreased marginal
bone loss clinically.
This research proposed the theory of “tribocorrosion products” which might offer a
biological explanation and understanding of the aetiopathogenesis of “periimplant
bone loss”. It hypothetised that the improved peri-implant bone response
demonstrated by utilising the platform-switching concept might be the result of reduced
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amount of metal ions and wear debris released to the surrounding tissues, which in
turn, might minimise biological adverse tissue reactions.
The hypothesis was tested through subjecting different implant-abutment couplings
with different connection geometries and abutment alloys to two modes of accelerated
corrosion tests; static immersion and dynamic immersion under cyclic loading. The
effect of released metal ions was tested on human osteoblastic cells by analysis of
three cellular responses; viability, apoptosis and expression of genes related to bone
resorption. The in vitro tests assessing osteoblastic responses were performed
utilizing two methods; indirect exposure and direct exposure (novel technique).
Within the limitations of the various experiments performed in this research, the
obtained results have led to the following conclusions:
1. The implant-abutment couplings underwent an active corrosion process under
the accelerated static immersion conditions resulting in metal ion release to the
surrounding solution. Corrosion features were prominent on the outer borders
of the contacting surfaces of the implants and abutments.
2. The implant–abutment couples underwent different forms of corrosion
processes (tribocorrosion) under the accelerated dynamic immersion with
cyclic loading resulting in the release of metal ions and wear particles into the
surrounding environment. The majority of particles released were Ti particles.
3. Ti ions were released from all the implant-abutment couplings tested under both
accelerated corrosion tests. The highest release of Ti was observed in implants
connected to gold abutments in the dynamic immersion test.
4. Wear features were more prominent on the Ti implant surfaces than on the
abutment surfaces.
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5. Implants connected to Zr abutments had the most wear features among all
groups.
6. The wider the surface area of contact between the implant and abutment
surfaces, the more wear was demonstrated.
7. The platform-matched groups demonstrated higher amount of metal ion release
and more surface damage.
8. Osteoblastic cell viability, apoptosis, and expression of genes related to bone
resorption were adversely altered in the presence of metal ions in the culture
medium and the presence of implant-abutment couplings in the culture wells.
9. The observed cytotoxic responses in osteoblastic cells to the immersed
implant-abutment couplings indicated metal ion release into the surrounding
medium as a result of corrosion.
10. The presence of a mixture of different metal ions in culture medium was found
to be more toxic and have induced more adverse reactions than the presence
of Ti ions alone.
11. The change in most cytokine and chemokine levels expressed was directly
proportional to the metal ion concentration in the culture medium, and the effect
was more pronounced in the first 24 hrs of exposure.
12. The observed adverse biologic responses were more prominent in the groups
of metal ions representing the platform-matched implant-abutment couplings
and in the immersed platform-matched implant-abutment couplings.
13. Platform-switching concept has reduced the levels of metal ion release and
wear features through tribocorrosion processes from the implant-abutment
couplings into the surrounding environment. The results of this research have
demonstrated that such reduction could lead to a reduced inflammatory cell
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response, which in turn could lead to less marginal bone loss through different
cell metabolic pathways that are still not fully understood.
On the basis of the literature, these observed in vitro results may be correlated to the
in vivo positive radiographic findings in respect to crestal bone levels when utilising
the “platform-switching” concept, thereby, possibly providing some biologic plausibility
to the proposed theory of the role of corrosion products in the mediation of crestal
bone loss around dental implants.

9.2 Future Research
The extreme complexity of the oral cavity necessitates further research to understand
the nature of interactions between dental implant corrosion products and the biological
oral environment. Future research is unlimited in this aspect but could include:
-

Simulating more closely the clinical situation through implementing an ex-vivo
model in which implants are placed in cell-rich jaw cadavers under aseptic
conditions.

-

Incorporation of bacterial biofilms to further mimic the oral environment

-

Investigating different metabolic pathways related to osteoblasts such as
alkaline phosphatase activity, expression of bone-related extracellular matrix
proteins, procollagen α1 gene expression, type-I collagen synthesis and many
more.

-

Examine different cells present in the peri-implant tissues such as lymphocytes,
macrophages, epithelial cells, fibroblasts, mesenchymal cells and many more
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and investigate different biomarkers related to bone resorption such as matrix
metalloproteinases.
-

Establishing an accurate and sensitive method to quantify the released metal
particles and measure the volume loss

-

Designing a model for finite elemental analysis for detailed tribocorrosion
analysis.

-

Simulating the actual loading conditions through the use of chewing simulators
and incorporation of fretting polarisation curves.

-

Placement of platform-matched and platform-switched implants in vivo and
analysing ion release from samples of gingival crevicular fluid.

-

Collecting retrieved implants for comprehensive analysis of corrosion using
sensitive imaging modalities.

-

Evaluating corrosion and associated products released from different implant
abutment designs and materials (internal vs. external connection, original vs
non-original components and many more).
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