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1. Introduction

The term biomaterials refers to materials that have been designed to be implanted or placed
inside a live system with the aims to substitute or regenerate tissue and tissue functions.
Williams defines biomaterials as those that are used in devices for biomedical use designed
to interact with biological systems (Williams, 1986). Classically, biomaterials are divided
into four types: polymers, metals, ceramics and natural materials. Two different types of
biomaterials can be combined to obtain a fifth type known as composite biomaterials
(Abramson et al., 2004). Biomaterials are widely used in orthopedic, dental, cardiovascular,
ophthalmological, and reconstructive surgery, among other applications. The discovery of
relatively inert metals and alloys has led to their use in the field of biomedical applications
such as orthopedics and dentistry, and their use in increasing due to their physical-chemical
properties and compatibility with biological surroundings (Ratner et al., 2004). One of the
most frequently employed metallic biomaterials is titanium (Anderson et al., 2004). Though
zirconium is not widely used as a clinical material, it is chemically closely related to and has
several properties in common with titanium (Thomsen et al., 1997). Although both titanium
and zirconium are transition metals, their physicochemical properties such as oxidation
velocity, interaction with water, crystalline structure, transport properties, and those of their
oxides differ quantitatively (Henrich & Cox, 1994); these differences may have an effect on
biological response (Thomsen et al., 1997). Indeed, the use of zirconium and zirconium
alloys to manufacture implants for traumatological, orthopedic, and dental applications has
been reported (Sherepo et al., 2004; Sollazzo et al., 2007).

Titanium and zirconium are highly reactive metals and when exposed to fluid media or air,
they quickly develop a layer of titanium dioxide (TiO,) or zirconium dioxide (ZrO,). This
layer of dioxide forms a boundary at the interface between the biological medium and the
metal structure. It produces passivation of the metal, determining the degree of
biocompatibility and the biological response to the implant (Kasemo 1983, Kasemo &
Lausmaa 1988, Long & Rack, 1998). Titanium dioxide exists naturally, mainly in the form of
three crystalline structures: rutile, anatasa, and brookite. In the case of titanium implants,
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the passive oxide layer is composed of anatase and rutile or anatase alone (Effah et al., 1995;
Olmedo et al., 2008a; Sul et al., 2001). Zirconium, however, does not exist as a free metal in
nature; it occurs as the minerals zircon, or zirconium silicate (ZrSiO,), and the rare mineral
baddeleyite or zirconium dioxide (ZrO;) which has a monoclinic crystal structure
(Zirconium. Mineral Information Institute, 2009). Baddeleyite, also known as zirconia, is the
most naturally occurring form and can be transformed into a tetragonal (1100 °C) or cubic
(2370 °C) crystallographic form depending on temperature (Chowdhury et al.,, 2007;
Manicone et al., 2007).

Titanium is widely used in the manufacture of dental and orthopedic implants due to its
excellent biocompatibility. The latter is defined as the ability of a material to perform with
an appropriate host response in a specific application (Williams, 1987). The use of titanium
dental implants has revolutionized oral implantology. Currently, almost 300,000 patients in
the United States have dental implants. In the area of orthopedics, replacement hip joints are
implanted in more than 200,000 humans each year (Ratner et al., 2004). Dental implants are
surgically inserted into the jaw bone primarily as a prosthetic foundation. The process of
integration of titanium with bone was termed “osseointegration” by Branemark (Branemark
et al., 1977; Chaturvedi, 2009).

No metal or metal alloy is completely inert in vivo. Corrosion is the deterioration of a metal
due to interaction (electrochemical attack) with its environment, which results in the release
of ions into the surrounding microenvironment (Jacobs, 1998). There are “noble” metals
such as rhodium (Rd), palladium (Pd), iridium (Ir) and platinum (Pt), whose resistance to
corrosion is due to their high thermodynamic stability. Passivating metals, such as titanium
(Ti), vanadium (V), zirconium (Zr), niobium (Nb), and tantalum (Ta), however, are
thermodynamically unstable and their resistance to corrosion results from the formation of a
protective oxide layer on their surface (Lucas et al, 1992). Titanium is available as
commercially pure (c.p.) titanium or as Ti-6Al-4V alloy with 6% aluminum and 4%
vanadium. The addition of Al and V increases strength and fatigue resistance; however, this
may affect the corrosion resistance properties and may result in the release of metal ions
(Textor et al., 2001). C.p. titanium and Ti-6Al-4V alloy are the two most common titanium-
based implant biomaterials (Abramson et al., 2004). There are four standard types or grades
of c.p. titanium used for the manufacture of surgical implants, which differ in their content
of interstitial elements. This content determines the mechanical properties of a material: the
higher the content the higher the grade. In other words, grade 1 is the most pure and grade 4
contains the greatest amount of impurities and has the greatest mechanical resistance. C.p.
titanium is used to manufacture dental implants, whereas a Ti6Al4V alloy is used mostly in
orthopedics.

As previously stated, all the metallic materials employed in surgery as permanent implants
are liable, to a certain degree, to corrosion due to variations in the internal electrolyte milieu
(Jacobs, 1998). Corrosion, one of the possible causes of implant failure, implies the
dissolution of the protective oxide layer. When metal particles/ions are released from the
implant surface, they can migrate systemically, remain in the intercellular spaces near the
site where they were released, or be taken up by macrophages (Olmedo 2003, 2008b). The
presence of metallic particles in peri-implant tissues may not only be due to a process of
electrochemical corrosion but also to frictional wear, or a synergistic combination of the two.
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Systemic and Local Tissue Response to Titanium Corrosion 95

Moreover, mechanical disruption during insertion, abutment connection, or removal of
failing implants has been suggested as a possible cause of the release of particles from metal
structures (Flatebg, 2006; Jacobs, 1998). The release of particles/ions from the implant into
the surrounding biological compartment, their biodistribution in the body, and their final
destination are issues that lie at the center of studies on biocompatibility and biokinetics.
The chemical forms of these released elements have not been identified to date. It is unclear
whether these products remain as metal ions or metal oxides, or whether they form protein
or cell-bound complexes (Brown et al., 1987; Urban et al., 2000). In the particular case of
titanium, little is known about the valence with which it exerts its action, the organic or
inorganic nature of its ligands, and its potential toxicity (Jacobs, 1991).

The potential toxicity and biological risks associated with ions and/or particles released due
to corrosion of metallic implants is a public health concern for the community of patients
who have a prosthesis (orthopedic and/or dental), since these prostheses remain inside the
body over long periods of time. Likewise, the subject of corrosion is of interest to
researchers; corrosion studies aim at avoiding the possible corrosion-related health
problems that may arise when metallic implants are placed in humans. Controlling
corrosion is most relevant for, in order to protect patient health, corrosion should be
negligible. Thus, managing and controlling corrosion of a biomedical implant is a
paramount issue from a biological, sanitary, metallurgic, economic and social point of view.
The current massive use of these metal biomaterials in the biomedical field renders it
necessary to have detailed knowledge not only on their early effects (short term failure) but
especially on their long term effects, given that these materials remain inside the patients
over long periods of time, sometimes throughout their entire life. With the aims to improve
biocompatibility and mechanical resistance, manufacturers of biomedical implants seek to
develop an adequate design with minimal degradation, corrosion, dissolution, deformation,
and fracture.

The study of corrosion requires an interdisciplinary approach including chemists, biologists,
physicists, engineers, metallurgists, and specialists in biomedicine. The Biomaterials
Laboratory of the Department of Oral Pathology of the University of Buenos Aires, the
National Commission of Atomic Energy and the University of San Martin have been
conducting collaborative research on corrosion aimed at evaluating both local tissue
response in the peri-implant microenvironment and the systemic effects and possible
consequences of corrosion, focusing mainly on dental implants (Olmedo et al., 2009).

2. Local effects of corrosion

As mentioned above, the titanium dioxide layer prevents corrosion. However, this layer is
prone to break, releasing ions/ particles into the milieu. The potential risk of corrosion and
the detrimental consequences of corrosion byproducts in the surrounding tissue are issues
of clinical importance (Kumazawa, 2002).

The Biomaterials Department has a Failed Human Dental Implants Service devoted to the in
situ evaluation of the interface, which consists of the implant and the peri-implant tissues,
using systematic histological studies. Studying the implant-tissue interface allows detecting
osseointegration, implant- marrow tissue interface (myelointegration), fibrous tissue
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(fibrointegration) and/or inflammatory reactions. According to the experience of our
laboratory, the most frequent causes of dental implant failure in humans are mobility,
fracture of the metal (fatigue), and early exposure (Guglielmotti & Cabrini, 1997).
Interestingly, implants that had failed due to metal fatigue were found to show satisfactory
osseointegration, in other words, good integration of titanium with bone. This means the
implants were successful from a biological point of view (osseointegration) but a clinical
failure from a mechanical viewpoint. Studying the peri-implant tissue at the metal/tissue
level allows obtaining relevant data to determine the possible cause/causes of implant
failure.

2.1 Tissue response at the metal-tissue interface

Throughout their histologic studies of failed dental implants, Guglielmotti & Cabrini (1997)
consistently observed metal particles inside osseointegrated bone tissue and bone marrow of
implants that had failed due to metal fatigue, thus finding evidence of corrosion of the metal
structure. Similarly, Olmedo et al. (2003a) found macrophages loaded with metal-like
particles in peri-implant soft tissues of failed human dental implants indicating the
occurrence of corrosion processes (Fig. 1 A-B). Microchemical analysis of the metallic
particles inside macrophages using X-ray dispersion (EDX) confirmed the presence of
titanium. It is noteworthy that a greater number of macrophages loaded with particles was
observed in the vicinity of the metal surface than at more distant sites. Likewise, numerous
case reports in the literature describe histological evidence of inflammatory response and
the presence of metallic ions/particles in the tissues adjacent to orthopedic prostheses of
titanium or titanium based alloys (Jacobs, 1998).

Titanium is widely used in oral and maxillofacial materials such as grids, fixation plates,
screws, and distractors. According to a number of studies reported in the literature, the
removal of titanium miniplates after bone healing is complete is unnecessary precisely due
to the excellent biocompatibility and corrosion resistance properties of titanium. This is
beneficial to the patient since a second surgery is avoided (Rosenberg et al., 1993). Moreover,
some authors suggest that miniplates must be removed only when they cause patient
complaints and in cases of wound dehiscence or infection (Rosenberg et al., 1993). However,
as mentioned above, no metal or alloy is completely inert in vivo. In this regard, some
authors claim that titanium miniplates should be removed to allow for physiologic bony
adaptation and avoidance of a foreign body reaction (Ferguson, 1960; Katou et al., 1996;
Moran et al., 1991; Rosenberg et al., 1993; Young-Kyun et al., 1997).

Thus, whether titanium miniplates or grids should be removed after bone healing is
complete remains controversial to date. Bessho & lizuka (1993) examined 113 titanium
miniplates that had been retrieved after miniplate fixation of mandibular fractures, and
identified surface depressions apparently caused by pitting corrosion (Matthew et al., 1996).
Zaffe et al. (2003) evaluated the pre and post-implantation surface features and surface
alterations of titanium grids and plates in patients and observed, among other alterations,
the presence of pitting on the surface of one of the grids. Experimental studies analyzing the
biological effect of a type of localized corrosion, pitting corrosion, on the peri-implant
environment have been conducted at our laboratory (Olmedo, 2008c). Pitting corrosion
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A

Fig. 1. A) Failed dental implant that shows tissue fragments obtained by curettage of the
surgical bed. B) Photomicrograph of macrophages near the surface of the implant (—). Note
the presence of particles in their cytoplasm. Ground section. Orig. Mag. X1000

produces local attack, especially on isolated spots of the passivated metal surface,
propagating into the metal. The histologic results of our studies showed scarce
osseointegration at the bone-implant interface, i.e. the lack of a union between the bone
tissue and the surface of the implant; osseointegration was only observed at sites where the
metal remained passivated (areas with no pitting and/or surface alterations) (Fig. 2 A,B).
The decrease in the percentage of osseointegration in the areas corresponding to the pits
would be associated to a change in the chemical composition and/or structure (e.g.
crystallography) of the oxide on the pit surface. It is important to point out that the presence
of particulate corrosion and wear products in the tissue surrounding the implant may
ultimately result in a cascade of events leading to periprosthetic bone loss (Jacobs, 1998;
Urban, 1994). The microchemical analysis of corrosion products by energy dispersive x-ray
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analysis (EDX) in the peri-implant milieu revealed the presence of titanium. It is noteworthy
that craters, pits, surface cracks, and depressions may appear during the preparation of the
sheets that will be used to manufacture miniplates (Matthew et al., 1996) and may be
potential sites for the initiation of corrosion. The results obtained in our study by scanning
electron microscopy showed initiation of pitting in areas with surface cracks. Titanium
exhibits the greatest resistance to generalized corrosion, pitting corrosion, and crevice
corrosion compared to other metals or alloys used in oral surgery, such as stainless steel or
chromium-cobalt (Matthew et al., 1996). The severity of corrosion and the quantity of
corrosion products that are released may depend not only on the susceptibility to corrosion
of the implant material but also on the tissue response to the implant and to the surgical
procedures used during implantation (Moberg et al., 1989). The histological results of our
study showed the presence of corrosion products around the implant, both outside and
phagocytosed in macrophages. In various cases the products of corrosion were found
around the blood vessels (Fig. 2 C), in keeping with the histological study of soft tissue
adjacent to titanium implants reported by Meachim & Williams (1973) and Torgersen et al.
(1995). The observation of metal particles located intracellularly or in association with
vessels may represent a biologic response aimed at eliminating the foreign material
(Meachim & Williams, 1973; Schliephake et al., 1993; Torgersen et al., 1995).

The properties and quality of the implant material, the shape of the implant, and the
handling and surgical procedure are of crucial importance for an optimal biologic
performance of any implant device. Unstable conditions in the fracture area after
osteosynthesis lead to continuous fretting at the screw/plate interface. Removal of the
passivating surface oxide and oxygen depletion in the crevices between plate and screws
increase the risk of both crevice corrosion and fretting attack (Williams, 1982). It is
speculated that an increased mechanical stability during healing may reduce the fretting
component, and thereby reduce corrosion. The adverse local effects caused by pitting
corrosion suggest that titanium plates and grids should be used with caution as permanent
fixation structures.

Fig. 2. A and B) Bone tissue-implant interface. A) Control case showing adequate
osseointegration (OI) of the bone tissue (B) with the surface of the titanium implant (I). B)
Experimental case (pitting corrosion). Note the irregularities on the implant surface (I) and
bone tissue (B) far from the surface (lack of osseointegration). C) Blood vessel in the bone
marrow near an implant surface and products of corrosion (—) in the vicinity. Ground
sections. Orig. Mag. X1000
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Based on the aforementioned observations, the occurrence of corrosion phenomena at the
interface is of paramount importance to the clinical course of both dental and orthopedic
implants since such phenomena could be a possible cause of mid-term implant failure.

2.2 Peri-implant mucosa response

The gingiva around dental implants is called peri-implant mucosa, and consists of well-
keratinized oral epithelium, sulcular epithelium, and junctional epithelium with underlying
connective tissue. Between the implant surface and epithelial cells are hemidesmosomes and
the basal lamina (Newman & Flemming, 1988).

Gingival hyperplasia, mucositis, and peri-implantitis have been described amongst the soft
tissue complications associated to dental implants (Adell et al., 1981; Lang et al., 2000). The
causes that lead to the development of reactive lesions associated to dental implants have
not been fully elucidated to date. In this regard, our research group has reported two clinical
cases of reactive lesions in the peri-implant mucosa (inflammatory angiohyperplastic
granuloma and peripheral giant cell granuloma) associated to dental implants, in which the
presence of metallic particles was detected histologically (Fig. 3 A-B). The presence of
metallic particles in the studied tissue suggests that the etiology of the lesions might be
attributed to a corrosion process of the metal structure (Olmedo et al., 2010).

--""/',‘

Fig. 3. A) Clinical intraoral photograph showing an exophytic lesion (—) in the area of the
first lower right molar. B) Reactive lesion (pyogenic granuloma). Note the significant
vascular proliferation and the presence of metal-like particles inside macrophages (—). H-E;
Orig. Mag. X400

Abraham et al. (2006) demonstrated the presence of titanium in saliva and gingival fluid of
patients carrying titanium dental implants. According to the authors, the highest titanium
levels corresponded to patients carrying implants over longer periods of time, thus
indicating that titanium accumulates in peri-implant gingival tissue. Oral exfoliative
cytology is a diagnostic method which involves the study and interpretation of the features
of cells exfoliated from the oral mucosa (Diniz-Freitas et al., 2004). Thus, we performed an
exploratory work using exfoliative cytology around the peri-implant mucosa of human
dental implants (Nalli et al., 2009). The cytological smears of patients carrying dental
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implants exhibited metal-like particles varying in quantity, shape, and size. The particles
were found both inside and among epithelial cells and macrophages.

The results of the study showed that ions/particles are released from the surface of the
implant into the biological milieu. Both epithelial cells and macrophages located in the peri-
implant area are able to capture these metal-like particles. Thus, exfoliative cytology is a
simple, minimally-invasive, well-tolerated technique, which may prove useful to detect
metal particles in cells exfoliated from the peri-implant mucosa, and be a valuable method
to monitor dental implant corrosion.

The peri-implant milieu consists of bone tissue, soft tissues, and saliva. Biochemical changes
in the peri-implant environment may lead to implant corrosion. According to Abraham et al.
(2006) the molecular mechanism of interaction between metal ions and biological molecules
or cells remains unclear to date.

The release of ions/particles can cause pigmentation of soft tissues adjacent to an implant
(metallosis). Metallosis is defined as aseptic fibrosis, local necrosis, or loosening of a device
secondary to metal corrosion and release of wear debris (Black et al., 1990; Bullough, 1994).
It involves deposition and build-up of metallic debris in the soft tissues of the body. In a
previous study we evaluated histologically tissue response in human oral mucosa
associated to submerged titanium implants, using biopsies of the supra-implant oral mucosa
adjacent to the implant cover screw (Olmedo et al., 2007a). We observed the presence of
different sized particles inside cells or phagocytosed in macrophages in epithelial and
connective tissue (Fig. 4 A-B). Interestingly, the titanium particles in the superficial layers of
the epithelium might have been associated not only with the cover screw surface but also
with other exogenous sources. For example, titanium oxide (TiO,) is widely used in food
products, toothpastes, prophylaxis pastes and abrading and polishing agents, which have
been reported in oral biopsies (Koppang et al., 2007).

Microchemical analysis by EDX revealed the presence of titanium in the particles.
Immunohistochemical staining with antibodies anti CD68 and anti CD45RO was positive,
confirming the presence of macrophages and T lymphocytes associated with the metal
particles. In agreement with other reports, (Evrard et al., 2010; Lalor et al., 1991; Matthew et
al., 1996;) the T-lymphocyte infiltrate would seem to suggest the presence of an immune
response mediated by cells.

Scanning electron microscopy allowed visualizing depressions and irregularities on the
surface of the studied metal cover screws. Both unused cover screws and those removed
from patients exhibited alterations on their surface. As mentioned previously, craters, pits,
surface cracks and depressions may appear during the preparation of the sheets that will be
used to manufacture miniplates (Matthew et al.,, 1996), and be potential sites for the
initiation of corrosion. Based on this observation, it would seem advisable for professionals
to handle cover screws with utmost care since the observed scratches were most likely
caused during placement or removal of the cover screws and could also be potential sites for
the initiation of corrosion.

The potential long-term biological effects of particles on soft tissues adjacent to metallic
devices should be further investigated as these effects might affect the clinical outcome of
the implant.
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Corrosion is not only a local problem since the particles released during this process can
migrate to distant sites. This issue is of particular interest to biocompatibility studies.

,_.' EHT = 20,00 kv WD = 9.0 mm Mag= 400KX Signal A = InLens

Fig. 4. A) Human oral mucosa covering an implant cover screw. Note the presence of
titanium particles (—) inside cells or phagocytosed in macrophages at the epithelium-
chorion interface. H-E. Orig. Mag. X1000. B) Scanning Electron Microscopy of an area of
mucosa with particles. Note the fine particles (—) among connective tissue elements. Orig.
Mag. X4000

3. Studies on the dissemination of titanium towards other biological
compartments

The local effect of corrosion and subsequent release of ions/metal-like particles into the peri-
implant biological milieu could compromise other biological compartments. The chemically
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active metal ions/particles may bind to the surrounding tissues but may also bind to
proteins and be disseminated in the vascular and lymphatic systems to distant organs
(Jacobs et al., 1991; Woodman et al., 1984a).

Studies in the field of orthopedic implants show that titanium ions enter neighboring tissues
reaching the internal milieu and are excreted through urine (Jacobs et al., 1991). A number
of researchers have found metal ions in body organs and fluids. Jacobs et al. (1991) studied
osseointegrated coxofemoral prostheses made of 90% titanium-6%aluminum-4% vanadium
and showed that ions of all three metals entered the plasma and were excreted through
urine. A study at autopsy by Urban et al (2000) demonstrated the presence of metal-like and
plastic particles from coxofemoral and knee-replacement prostheses in the liver, spleen, and
lymph nodes.

3.1 Deposition of titanium and zirconium in organs with macrophagic activity.
An experimental model

As mentioned previously, titanium and zirconium implants have a protective dioxide (TiO>
or ZrO,) layer on their surface. This layer determines biocompatibility and forms a
boundary at the interface between the biological milieu and the implant, decreasing their
reactivity and partially avoiding corrosion (Jacobs et al., 1998; Kasemo, 1983; Long & Rack,
1998). In order to evaluate the dissemination routes of corrosion products and estimate the
intensity of the deposits in different biological compartments, our research group has
developed experimental models with animals intraperitoneally injected with TiO; or ZrO;
(Cabrini et al. 2002, 2003; Olmedo et al. 2002, 2003b, 2005, 2008a).

Though it holds true that the experimental doses employed in those studies are high in
terms of a normal in vivo situation, they served the purpose of our studies since they allow
rapid observation of the adverse effects of particles in the studied tissue (Olmedo et al.,
2011). Our studies included histologic observation and quantitation of titanium and
zirconium deposits in organs with macrophagic activity such as the liver, spleen, and lungs
(Fig. 5 A-C), (Olmedo et al., 2002), and showed that at equal doses and experimental times
titanium content in organs was consistently higher than zirconium content. Macrophages
are cells that respond rapidly to in vivo implantation of a biomaterial, including metals,
ceramics, cement, and polymers. Their response depends mainly on the size and structure of

PERC T VG, o ek e A N P /S N
Fig. 5. Titanium deposits in organ parenchyma of an animal injected with TiO» A) Liver.
Deposition in liver cells (hepatocytes) (—) can be seen clearly. Grenacher carmin stain. Orig.
Mag. X400. B and C) Spleen and lung, respectively. Note the amount of titanium (—)
deposits. Grenacher carmin stain. Orig. Mag. X400
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the material (Anderson et al., 2004; Lu et al., 2002; Solheim et al., 2002; Takebe et al. 2003; Xia
& Triffitt, 2006). Particles that are smaller than the macrophages themselves (< 10 um) can be
easily phagocytosed. However, the larger particles (10-100 pm) are ingested by giant,
multinucleate cells (Brodbeck et al., 2005). The biokinetics of TiO, and ZrO, microparticles
depends on differences in physicochemical properties of the particles, such as size, shape
and/or crystal structure (Olmedo et al., 2011).

3.2 An experimental model

Experimental studies performed at our laboratory showed the presence of titanium and
zirconium particles in monocytes in the blood (Fig. 6) and blood plasma (Olmedo et al.,
2003b, 2005). Several transport mechanisms have been described for titanium, e.g. systemic
dissemination by the vascular system in solution or as particles (Meachim & Williams, 1973);
lymphatic dissemination as free particles or as phagocytosed particles within macrophages
(Urban et al., 2000), dissemination of particles to the bone marrow by circulating monocytes,
or as minute particles by the vascular system (Engh et al., 1997). Several studies on the bond
between metal and proteins have contributed to the understanding of the dissemination of
metals. Nickel, chromium, and cobalt would seemingly migrate bound to blood cells and/or
proteins in serum and tissue fluids (Brown et al., 1987; Merritt et al., 1984). Aluminum is
seemingly transported by transferrin (Alfrey, 1989). Uranium is transported linked to
proteins, to citrates and to carbonates (Leggett, 1989).

Fig. 6. Blood smear. Titanium particles are evident in a peripheral blood monocyte (—).
Safranin stain. Orig. Mag. X1000

The fact that metals bind mainly to albumin would explain their widespread presence in the
body. The metallic ions that result from the process of corrosion would thus disseminate to
tissues, bind to albumin and enter the circulation exerting their effect at remote sites. Testing
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for titanium or zirconium in the blood (cells and/or plasma) of patients carrying an implant
(coxofemoral implant, dental implant, plates and screws for fracture fixation, metallic panels
for reconstructive surgery of large areas of the body) may serve as a method to detect the
presence of a corrosion process of the metallic structures (Olmedo et al, 2003b).

3.3 Effect of titanium and zirconium deposition on the lungs: Generation of
Superoxide anion (O2) in alveolar macrophages. An experimental model

It is known that trace metals can increase physiological production of reactive oxygen
species (ROS) which, without a compensatory increase in antioxidative species, can lead to
tissue damage (Gottschling et al., 2002; Kawanishi et al., 2002; Maziere et al., 2003). Studies
conducted at our laboratory have shown the presence of titanium and zirconium particles in
alveolar phagocytes immunohistochemically identified as CD68 macrophages (Olmedo et
al., 2008b). Evaluation of oxidative metabolism of alveolar macrophages exposed to these
oxides has shown an increase in generation of ROS. However, it must be pointed out that
ROS levels in animals exposed to ZrO, were found to be markedly lower than those of
animals exposed to TiOs.

As mentioned previously, the layer of titanium dioxide is crystallographically composed of
anatase or a combination of anatase and rutile. Studies on generation of superoxide anion
(Oy) in alveolar macrophages performed at our laboratory showed that rutile is less
bioreactive than anatase. Our results suggest that a rutile coating on metallic biomaterials
would improve their biocompatibility properties (Olmedo et al., 2008a).

4. Clinical implications of corrosion

The results of our studies on failed human dental implants and data obtained using the
experimental models developed at our laboratory show that any titanium surface can suffer
corrosion processes and release particles into the local and systemic biological milieu.

The peri-implant milieu consists of bone tissue, soft tissues, and saliva. Biochemical changes
in the peri-implant environment may lead to implant corrosion (Laing, 1973). Thus, titanium
implant corrosion is affected not only by the concentration of electrolytes but also by saliva
pH (Duff6 et al., 1999; Nikolopoulou, 2006) which can vary in areas around dental implants
(Meffert et al., 1992). Lotthar et al. (1992) reported that titanium does not withstand a large
number of chemical substances. These substances may be in foods, saliva, tooth pastes, and
prophylactic agents. They decompose foodstuffs, change plaque metabolism, and cause
corrosion (Lotthar et al., 1992; Siirild & Kononen, 1991). The drop in pH in the electrolytic
milieu as a result of local inflammatory processes would seem to stimulate the process of
corrosion (Duff6 et al., 1999). Abraham et al. (2006) demonstrated the presence of titanium
in a wide range of concentrations in saliva and gingival fluid of patients with titanium
dental implants.

Significant decreases in pH have been observed in traumatized tissues; indeed pH drops to
as low as 4 during the wound healing process (Duff6 et al., 1999; Laing, 1973). These low
values increase tissue aggressiveness toward the metallic materials. In previous works we
found that the decrease in the pH of the electrolytic milieu resulting from local
inflammatory processes also stimulates the corrosion process (Duffé et al., 1999).
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A corrosion process can decrease the fatigue resistance of the metal compromising metal
resistance, which could eventually cause implant fracture (Adya et al., 2005; Guindy et al.,
2004 ; Nikolopoulou, 2006; Tagger Green et al., 2002). It has been reported that the
infiltration of saliva between the suprastructure (nickel-chromium-molybdenum alloy) and
the implant (pure titanium) can trigger corrosion processes (galvanic corrosion) due to
differences in electrochemical potentials. This causes the release of ions, such as nickel or
chromium ions, from the alloy in the crown or bridge to the peri-implant tissues and
subsequently results in bone resorption. The latter compromises implant stability,
eventually causing implant fracture (Tagger Green et al., 2002).

Metal corrosion can affect the close contact between the implant and the bone tissue
(osseointegration). The ions/metallic particles from coxofemoral prostheses can be
phagocytosed by macrophages stimulating the release of cytokines, which contribute to
bone resorption by activating osteoclasts. In addition to increasing bone resorption, the
released particles may inhibit osteoblast function decreasing bone formation and
contributing to osteolysis (Allen et al., 1997; Dowd et al., 1995).

The products of metallic implant corrosion behave as haptens generating a hypersensitive
reaction that involves the release of inflammatory mediators, known as cytokines, and
macrophage recruitment (Hallab et al., 2001; Jiranek et al., 1993; Yang & Merrit, 1994). It
remains unclear to date whether it is the hypersensitivity to metal that causes implant
failure or vice versa (Hallab et al, 2001). It also remains controversial whether an
inflammatory process generates corrosion or whether corrosion triggers an inflammatory
reaction. Thus, hypersensitivity to titanium as an implant material in oral and maxillofacial
surgery probably occurs more commonly than has been reported in the literature (Matthew
& Frame, 1998). There are reports of cases where titanium allergy mainly appeared as the
fundamental cause of urticaria, eczema, oedema, redness and pruritus of the skin or
mucosa, either localized, at distant sites, or generalized (Sicilia et al, 2008). However, the
clinical relevance of allergic reactions in patients with titanium dental implants remains
debatable (Javed et al., 2011).

Mineral elements play a critical role in the physiology and pathology of biological systems.
Titanium is a nonessential element in that (a) no enzymatic pathway has been elucidated
that requires titanium as a cofactor, (b) there does not appear to be any homeostatic control
of titanium, and (c) titanium is not invariably detected in the newborn (Woodman et al,
1984b). Thus, the presence of titanium in the body, titanium biokinetics, and the potential
biological effects of titanium are of great interest to researchers.

The toxicology of titanium is a current issue of debate. According to epidemiological
studies, inhalation of powder containing titanium has no deleterious effect on the lungs
(Daum et al., 1977, Ferin & Oberdorster, 1985). Other studies, however, suggest an
association between titanium particles and pleural pathologies (Garabrant et al., 1987),
granulomatous diseases, and malignant neoplasms of the lung. Our experimental studies
have shown the presence of a considerable amount of titanium particles not only in alveolar
macrophages but also in hepatocytes (Olmedo et al., 2008b). The accumulation of particles in
the liver could compromise liver function as described by Urban et al. (2000). The authors
associated the presence of titanium particles in a patient to granulomatous reactions and
hepatomegalia. Various studies have reported the presence of macrophages related to failed
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prostheses, both orthopedic and dental (Adya et al., 2005; Langkamer et al., 1992; Lee et al.,
1992; Olmedo et al., 2003; Urban et al., 2002).

As to carcinogenic potential, there are scant reports on the potential development of
malignant tumors associated with prosthetic structures in humans (Jacobs et al., 1992). The
carcinogenic potential of the released metal ions and the development of associated
neoplasias are still controversial issues. Within this context, the need arises to record cases
that will contribute to monitor the potential association between tumor development and
placing of a prosthetic structure (Apley, 1989; Brien et al., 1990; Goodfellow, 1992). Features
such as ionic valence, particle concentration and size and hypersensitivity have been
proposed to explain the potential association between malignant transformation and a
metallic implant (Jacobs et al., 1992). In the field of Orthopedics in particular, metallic
biomaterials are widely used to manufacture surgical materials such as prostheses for hip
replacement or internal fixation devices, and surgeons who deal with traumatic, neoplastic,
and degenerative disorders of the skeletal muscle system routinely handle these materials.
The potential toxicity of some of the metals most frequently employed in the manufacture of
orthopedic implants (titanium, aluminum, vanadium, cobalt, chromium, nickel) has been
reported (Elinder & Friberg, 1986; Gitelman, 1989; Jacobs et al., 1991; Jandhyala & Hom,
1983; Langard & Norseth; 1986; Sunderman, 1989; Urban et al., 2000; Williams, 1981). Their
carcinogenic potential has been evaluated in animal experimental models (Hueper, 1952;
Lewis & Sunderman, 1996; Sinibaldi et al., 1976). The development of tumors at the implant
site has been described. Most of the tumors were osteosarcomas or fibrosarcomas associated
with stainless steel internal fixation devices (Black, 1988a). However, few reports discuss the
potential development of malignant tumors associated to prosthetic structures in humans
(Jacobs et al., 1992). Several mechanisms potentially involved in implant-related
sarcomatous degeneration have been proposed. However, a direct cause-effect relation
between the metal and sarcomatous degeneration in patients has not been demonstrated to
date (Black, 1988b; Brown et al., 1987; Case et al., 1996, Goodfellow, 1992). As regards
titanium specifically, there are reports of neoplasia in association with dental implants, such
as squamous cell carcinoma (Gallego et al., 2008) osteosarcoma (McGuff et al., 2008) and
plasmacytoma of the mandible (Poggio, 2007). It is of note that TiO, was classified by the
International Agency for Cancer Research, as possibly carcinogenic to humans (Group 2B)
(Baan et al., 2006).

In this regard, our research group reported a case of sarcomatous degeneration in the
vicinity of a stainless steel metallic implant, thus adding to the pool of information that may
allow determining more accurately the potential toxicity of metallic implants and the risks
associated with their use (Olmedo et al., 2007b).

Regarding the use of titanium and zirconium as implantable materials, Thomsen et al. (1997)
found that both titanium and zirconium have a positive effect on tissue-material interaction.
A previous experimental study conducted at our laboratory on bone tissue response to an
implant, showed greater peri-implant bone thickness and volume in bone surrounding
zirconium implants as compared to that around titanium implants (Guglielmotti et al.,
1999). Zirconium is chemically related to, and has several properties in common with
titanium (Thomsen et al., 1997). According to several researchers (Johansson et al., 1994;
Sherepo & Red’ko, 2004; Thomsen et al., 1997; Yuanyuan & Yong, 2007), the elasticity,
corrosion resistance, and other physico-mechanical properties of zirconium and its alloys
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make them a suitable material for biomedical implants. Because zirconium offers superior
corrosion resistance over most other alloy systems, better behavior in biological
environments can be presumed (Stojilovic, 2005). Nevertheless, it is not widely used as a
clinical material at present (Thomsen et al., 1997), since commercial manufacture of implants
from zirconium or its alloys seems to be unfeasible due to the high cost of this material
(Sherepo & Red’ko, 2004). The potential uses of zirconium-based materials for prosthetics
and dental applications should be strongly considered and further investigated in
laboratory and clinical settings.

5. Nanotechnology - nanotoxicology

Nanotoxicology is a field of applied sciences involving the control of matter on an atomic or
molecular scale, i.e. between 1 and 100 nanometers. Nanotechnology allows creating
materials, devices, and systems by controlling matter on a nanometric scale taking
advantage of new phenomena and properties (physical, chemical, and biological) that
appear at a nanometric scale (Drexler 1986; Mendongaa et al., 2008).

The aim of applying the principles of nanotechnology to biomaterials (orthopedics and
dentistry) is to create materials than can be applied directly to bone tissue, mimicking the
natural nanostructure of human tissues by controlling the surface of the implant at a
nanometric scale. This would improve the interaction between the implant surface with
ions, biomolecules, and cells, favoring the biocompatibility properties of the bioimplant
(Mendongaa et al., 2008). For example, titanium implants with nanostructured coatings,
films, and surfaces that seemingly improve the integration of bone tissue with the surface
of the implant (osseointegration) and decrease the risk of implant corrosion are currently
being developed. Although nanotechnology and its valuable contributions seek to provide
answers to the increasing demands of different areas, it is important to understand that
these advances may not only bring great advantages but also problems and health risks
that must be carefully analyzed and prevented. Thus, nanoparticles may involve
deleterious effects to humans or the environment. The fields that study these effects are
nanotoxicology (Oberdorster et al., 2005) and nanoecotoxicology (Kahru & Dubourguier,
2009).

Nanoparticles can enter the body by inhalation, ingestion, injection, and/or through the skin
(Oberdorster et al., 2005). In addition, they can generate inside the body as occurs when they
are released from the surface of metallic implants and biomedical devices, such as
coxofemoral prostheses, grids, plates, screws, and distractors used in surgery (Revell, 2006).
Little is known about the effect, biodistribution, and final destination of nanometric particles
(between 1 and 100 nanometers) inside the body. Given that nanoparticles have a larger
surface area per unit of mass compared to microparticles, they may be more bioreactive and
potentially more detrimental to human health. Although micro and nanoparticles can be
chemically similar, their particular physico-chemical properties such as size, shape, electric
charge, concentration, bioactivity and stability, may cause a different biological response.
Analyzing the chemistry involved in the release of nanoparticles from metallic surfaces,
their size, the quantity that enter the biological milieu, the site where they are transported
to, and the immediate and long-term physico-pathological consequences of these particles is
a challenge to nanotoxicology and biocompatibility studies (Fig. 7 A-C).
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Fig. 7. A) Scanning Electron Microscopy of TiO; nanoparticles (10nm). B) Monocyte (1)
containing nanometric titanium particles (5nm) can be observed in the hepatic sinusoid. (h)
hepatocyte, (¢) erythrocyte. X4000. C) Higher magnification allows identifying particles
clustered close to the nucleus (—). X16000

6. Conclusions

No metal or alloy is completely inert in vivo. Whether noble or passivated, all metals will
suffer a slow removal of ions from the surface, largely because of local and temporal
variations in microstructure and environment. The potential risk of corrosion and the
possible detrimental consequences of corrosion byproducts to tissues are issues of clinical
importance.

The biologic effect of corrosion is a public health concern for the community of patients who
have a prosthesis (orthopedic and/or dental), since these prostheses remain inside the body
over long periods of time.

Evaluation of tissues around metallic devices is important since the presence of
ions/particles and their potential local biological effects might affect implant outcome.
Corrosion is one of the possible causes of implant failure after initial success. Metal
corrosion can affect close contact between the implant and the bone tissue
(osseointegration).

The issue of corrosion is not only a local problem since particles resulting from this process
could migrate systemically and deposit in target organs. The long term effects of these
deposits are yet to be clarified. Mineral elements play a critical role in the physiology and
pathology of biological systems. Titanium is a nonessential element; thus, the presence of
titanium in the body, titanium biokinetics, and the potential biological effects of titanium are
of great interest to researchers.

“In situ” degradation of a metallic implant is an unwanted event since it alters the
structural integrity of the implant. Implant manufacturers must attempt to develop methods
that reduce the diffusion of metal into the tissues in order to minimize the deleterious effects
of corrosion.

We believe further investigation, in particular long-term research, is necessary to advance in
the understanding of the factors involved in implant corrosion and establish basic
guidelines for their use in clinical implantology. Handling and controlling corrosion of a
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biomedical implant is essential from a biological, sanitary, metallurgic, economic, and social
viewpoint.

Lastly, it is important to highlight that the adverse effects of corrosion described in the
present chapter will not invariably occur in all patients with implants since biological
response varies among individuals.
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