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Titanium Gorrosion:
Implications For Dental
Implants

ABSTRACT

Titanium has been considered as one of the most biocompatible metals. Studies test-
ing its corrosion resistance have proposed that the titanium oxide layer formed on the
metal surface is lost under certain unavoidable conditions to which it is exposed in the
oral environment. This questions its property of corrosion resistance in the oral cavity.
Hence, there is a need to understand the mechanisms of corrosion, which can help in the
long-term stability and function of implants. Here, we review the possible pathways of
corrosion of titanium in the oral cavity, its implications and proposed methods of preven-
tion of corrosion.

© © 06 0 0 0 0 0000000000000 000000000 0000000000000 00000 0 00

INTRODUCTION

In the current practice of dentistry, the treatment of both complete and
partial edentulism using dental implants has become one of the funda-
mental treatment modalities. Historically, several materials have been
tried as implants for tooth replacement such as ivory & gold." In the
search for the ideal implant biomaterial, the introduction of titanium (Ti)
as a potential biomaterial was a major milestone. The pioneer studies by
Branemark introduced titanium in the dental scenario as a potential im-
plant material.2 Over the next few decades, this material was increasingly
used, studied and accepted as a dental implant material. Its adequate me-
chanical properties, inertness, high biocompatibility and corrosion resist-
ant nature are the main characteristics which make it an excellent material
for dental implant.?

In lieu of the increasing acceptance of implants, the scientific literature
concerning dental implant techniques & survival is extensive and continu-
ously increasing. Recently, in several studies concerning titanium dental
implants, it was noted that titanium particles were observed in cytologic
analysis of periimplant tissues.** Similar observations have been made for
titanium implants in extra oral sites such as hip implants.® These reports
mark a question on the inertness of titanium implants and prove that un-
der various conditions, titanium may corrode and leach into the surround-
ing tissues." This review was written with the aim to summarise the cur-
rent evidence on corrosion of titanium surface from dental implants and
its possible effects in oral cavity.

TITANIUM AS AN INERT BIOMATERIAL

Titanium was first discovered in 1791 by the geologist Reverend William
Gregor.? It is a silvery-white metal with atomic weight of 47.87, density 4.50
gm/cm?, melting point 1668°C and boiling point 3287°C.2 Bothe, Beaton, and
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Davenport in 1940, were the first to observe osseointegration
by implanting titanium in an animal and noticed that it had a
tendency to fuse with the bone.” Later in 1951, Gottlieb Lev-
enthal described osseointegration by placing titanium screws
in rat femurs and observed that the femur fractured when an
attempt was made to remove the screws.® Later in 1952, the
term “Osseointegration” was given by Per-Ingvar Branemark
when he implanted titanium in rabbit tibia to study the blood
flow.2 He noticed that the metal was completely integrated
with the bone and saw the possibilities for human use.

Titanium is the most widely used dental implant material.
Itis considered as the most biocompatible metal available to
be used as intra-oral or extra-oral implants in human body.?
Commercially pure titanium comes in four grades based on
their iron and oxygen content. Currently, the most widely
used titanium for biomedical purposes is Ti-6Al-4V.

Pure titanium metal, when exposed to the environment or
any source of minute amounts of oxygen or nitrogen, im-
mediately reacts to form a dense and an even oxide layer
(TiO2). The process is called passivation. This oxide layer is
around 5 to 10 nm in thickness. It is composed of three lay-
ers i.e. one layer in contact with the metal, an intermediary
layer and one facing the oral cavity. It is the most superficial
layer which aids in osseointegration and has good corrosion
resistant capabilities.® It has low electrical conductivity and
ideally, is insoluble at physiological pH."® At physiological pH,
and normal body temperature & in the absence of interfa-
cial motion or adverse environmental conditions, it shows
minimum bio-corrosion.” The passivity can be stable (self
healing after disruption) or unstable (which does not heal
after being disrupted) depending on the conditions of the
environment. When the passivity is unstable, the titanium
surface is directly exposed to the varying conditions of the
surrounding biologic fluids and tissue.'

In the confined closures of extra oral implants, the titanium
implant follows the expected behaviour of an inert bioma-
terial. However, in the oral cavity, implants are exposed to
hostile conditions such as the plaque biofilm and its by-prod-
ucts, variations in temperature & pH, functional micromo-
tion, salivary variations, plasma, a variety of ions including
sodium, chlorine, potassium, oxygen, bicarbonate, proteins
and different kinds of edibles.”™ Such environment may dis-
rupt the oxide layer irreversibly and stimulate corrosion of
titanium implants. In a recent review on titanium as a bio-
material, it was concluded that the main source of titanium
exposure in humans was dental and medical implants. Also,
despite being considered highly biocompatible, the most
likely cause of release of Ti was in the presence of biological
fluids and tissue, especially in the case of dental implants.™
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TITANIUM CORROSION

Corrosion is the graded degradation of materials by electro-
chemical or chemical process.”™ The protective oxide layer of
titanium is not completely inert to corrosive attack. Vijayara-
ghavan et al in 2012 have reported that, in its fully passive
form, the corrosion rates of titanium are quite low and within
the maximum acceptable corrosion rate for ideal biomaterial
design at 0.13 mm/year.'® However, titanium can become as
corrosive as other base metals if the oxide layer is lost irre-
versibly.”” The corrosion of titanium begins after its implanta-
tion when it comes in contact with the biologic tissues. Olme-
do et al. in 2013 performed cytologic analysis of peri-implant
tissues in patients with and without peri-implantitis and con-
cluded that regardless of presence of inflammatory response,
titanium is released in ion or particle form into the surround-
ing tissues.> Such studies on peri-implant soft tissues to detect
signs of metal corrosion and tissue reactions were first done
on extra-oral implants where they found metal-protein com-
plexes and chronic inflammation in the soft tissues.®

MECHANISMS OF CORROSION:

Titanium corrosion seems to be a multifactorial process.
Many factors have been proposed that may directly or indi-
rectly influence the same." These are a combination of mainly
mechanical and electrochemical factors. Different ways by
which corrosion of titanium implant may occur in the oral cav-
ity are as follows:

MICROBIOLOGICALLY INFLUENGED CORROSION
(MIC)/ BIO-CORROSION

This is the deterioration of a metal or metal alloy due to the
metabolic reaction and products from micro-organisms in a
biofilm. Biofilm formation on the surface of dental implants
is unavoidable as the oral cavity is the portal of entry for mi-
croorganisms and harbours large number of microorganisms.
Species that colonize dental implants include the same spe-
cies that are found in healthy gingiva and in gingivitis sites.?°
Mombelli et alin 2011, assessed the characteristics of biofilm
in peri-implant disease and found that they are similar to that
of the biofilms in chronic periodontitis.?' Subramani et al in
2009, reported that streptococci were predominant initial
colonizing microbes.? The factors that affect biofilm forma-
tion on the surface of an implant include the composition of
the biofilm, the speed of biofilm formation, the surface en-
ergy, roughness, chemical characteristics of the implant, the
abutment materials, and the prosthetic components.?? The
bacterial products including enzymes, exo-polymers, organic
and inorganic acids, volatile compounds including ammonia
or hydrogen sulphide are frequently central in assisting tita-
nium corrosion. These products when accumulate may affect
the cathodic/anodic reactions at the metal interface.?®* One or
more of these products are present in plaque biofilm.?* MIC
occours in one or more of the following ways:
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Role of organic compounds: Bacteria form and release vari-
ous organic compounds during glycolysis pathways which
reduce the pH.% These include products such as lipopolysac-
charide, lactate, formate and succinate. Souza et al. in 2013
demonstrated that presence of bacterial colonies, such as S.
mutans, have a negative impact on the biocompatibility and
corrosion resistance of titanium.? Barao et al. in 2014 per-
formed a study on the attachment of Porphyromonas gingi-
valis to corroded titanium surfaces, and concluded that cor-
rosion of titanium significantly increased the attachment of
pathogenic bacteria to the implant surface.?” Gil et al. in 2012
evaluated the effect of bacteria on mechanical properties of
titanium and found that they cause pitting type of corrosion
and significantly deteriorate the properties of the implant
which may reduce the life of implant.?®

Yu et al in 2015 found that in presence of bacterial lipopol-
ysaccharides at a pH of 4-7, the dissolution of titanium was
significant. However, in a pH of 2 the release was inhibited.
The authors concluded by saying that at the commonly en-
countered body conditions, bacterial LPS increases titanium
corrosion.?® As a result to all the above factors, the oxide layer
in corresponding areas on the implant is lost and the surface
of the implant is thus exposed. This exposed surface comes in
contact with different concentrations of oxygen in its micro-
environment. The areas with less concentration of oxygen act
as anode and those with more concentration act as cathode.
As a result of this, the corrosion process begins with the lib-
eration of metal particles from anode zones into the saliva.>®

Role of inorganic compounds: In the plaque biofilm several
inorganic components are present which may directly or in-
directly affect titanium corrosion. Various oxidizing bacteria
produce inorganic by-products as a result of various interac-
tions. Some of the inorganic products that can be found as
by products include MnCl,, FeCl, FeO, Fe,0, and sulphuric
acid. These compounds along with the released metal ions
and chloride ions in the saliva form other corrosive products
which pre-dispose the implant to increased corossion.'®*' In
the presence of albumin (a physiological component) along
with hydrogen peroxide (an inflammatory compound), the
rate of metal release from titanium alloy is much higher than
both of them alone.®

Also, the passage of titanium ions to the bacteria, especially
to the sulphur found in bacteria, caused by corrosion may
create weak points and initiate fatigue cracks which propa-
gate further causing fracture of implant.?® As the corrosion of
metal takes place, it may lead to increased attachment of bac-
terial pathogens to the implant surface. This forms a vicious
circle where the biofilm formation leads to corrosion of tita-
nium surface which in turn favours attachment of pathogenic
bacteria to the surface.

EJPRD
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GALVANISM

When dissimilar alloys of prosthesis or restorations hav-
ing different corrosion potentials, contact each other in the
presence of an electrolyte (saliva), it results in the generation
of electric current between them.?®* One of the metal acts as
cathode and the other as anode and in the presence of the
current, leaching of the anodic ions takes place. It has been
seen that titanium in contact with other restorative materi-
als such as gold alloys, Ni-Cr, Ag-Pd and Co-Cr alloys leads to
galvanism and subsequently, causes break in the protective
oxide layer leading to corrosion.’”® A study which evaluated
the susceptibility of titanium coupled with different restora-
tive materials to galvanic corrosion concluded by stating that
Ni-Cr-Be alloy when coupled to titanium resulted in higher
galvanic corrosion when compared to Co-Cr-Mo, Ni-Cr and
Fe-based alloys. Noble restorative (Au-, Ag-, and Pd-based) al-
loys were least susceptible to galvanic corrosion when cou-
pled with titanium.3* It has been varyingly reported to be the
most common/least likely cause of corrosion of dental im-
plants.? Also, it has been proposed that galvanic corrosion
may enhance the corrosion initiated by other mechanisms.

MECHANICALLY ASSISTED CREVICE CORROSION/
TRIBOCORROSION

This is an umbrella term used which includes a complex in-
teractions at the crevice initiated or assisted by mechanical
micromotions. This can include but is not limited to fretting
corrosion, pitting corrosion, crevice corrosion and stress cor-
rosion. It is the combined effect of material wear and chemi-
cal corrosion. Each masticatory cycle is a small tribocorrosion
cycle where wear is happening because of occlusal load in
presence of a chemical i.e. saliva.®>> The combination of high
magnitudes of applied mechanical stress plus simultaneous
exposure to corrosive environment can result in failure of me-
tallic materials by cracking.” In a study, Riberio & co-workers
in 2005 assessed the tribocorrosion behaviour of grade 2 tita-
nium in contact with artificial saliva and additives under vary-
ing motion and found that titanium showed highest weight
loss in presence of citric acid.> Also, in another study by Addi-
son & co-workers in 2012, it was found that even in absence of
obvious macroscopic wear, implant corrosion may occur due
to micromotion and localized corrosion in crevices.*”

Fretting corrosion is caused due to the micromotion of an
implant in function. The micromotion induces titanium parti-
cle release in two ways. First, the repeated motion of separate
metallic components (implant and abutment) against each
other may disrupt the continuity of the passivating layer on
the contact surfaces and hence, the implant gets exposed. For
re-passivation solution dissolved oxygen is consumed. This
results in a deficiency of oxygen and excess of ions such as
chlorides. These then react with the titanium to form titanium
chlorides. These chlorides are highly unstable and hydrolyze
to form hydrochloric acid and titanium corrosion products.
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Second, this may also lead to some amount of microscopic
mechanical wear from the two surfaces in contact.'

Pitting corrosion is an extremely localized form of corrosion
that occurs in the presence of ions like chlorides & sulphides.
Exposure to these cause localized breakdown of the passi-
vating layer and causes dissolution of the underlying metal.
This causes formation of localized pits where corrosion takes
place. This is not a very commonly seen mechanism of corro-
sion in dental implants.®® Surface irregularities in forms of pits
and/or crevices on the implant may also lead to pit corrosion.
It has been proposed that it may lead to some implant failures
because of high concentration of forces at abutment-implant
body interface.®

ENVIRONMENTAL FACTORS

Effects of fluorides

The acidic nature of fluoride ions may disrupt the protective
TiO2 layer formed on the metal surface. This may inhibit os-
seointegration of the metal to the bone. A study done by Prob-
ster et al. in 2008, on effect of fluoride prophylactic agents
including gels and fluoride mouthrinse on titanium surface
concluded that these agents have effects comparable to that
of hydrofluoric acid in causing severe surface changes.*® Siiril
& Knnenin 1992, performed a study on the application of fluo-
ride on commercially pure titanium and stated that, repeated
application of topical fluorides should be avoided on titanium
surfaces.*! Oral hygiene practices like tooth brushing with a
medium bristled brush along with fluoridated toothpastes can
also alter the surface roughness of implants. A soft bristled
brush would be less detrimental to the surface of titanium.
However, case specific consideration is required while choos-
ing the toothbrush for the patients with implants.*

Corrosion due to pH variations

Change in the pH of the environment might significantly al-
ter the corrosion resistance of titanium. Apart from the micro-
bial by-products several other factors such as the pH of saliva,
varioations due to food and beverages may cause the pH of
oral cavity to wide pH (2-11) changes. Hence, an ideal bioma-
terial to be placed in the oral cavity should have the prop-
erties to resist decomposition in oral environment. Titanium
was found to dissolve in corrosive solutions of pH 2.4, 5.6 and
10.8. This dissolution may lead to reduction in fracture resist-
ance leading to failure of implant.** In another study, it was
demonstrated that titanium lost its corrosion resistance at pH
less than 6.2.# According to a study titanium exhibited poor-
est corrosion resistance at a pH of 7.5. Scanning electron mi-
croscopy results showed that pH levels of 6.5, 7.5, and 9.0 led
to substantial surface corrosion.** Such pH fluctuations may
influence the corrosion resistance of titanium.
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SYSTEMIC FACTORS

Apart from the above mentioned local factors, systemic fac-
tors may also have the potential to affect titanium corrosion.
The influence of hyperglycemia and acidic pH on implant cor-
rosion was studied and the results showed that implants in
dextrose containing solution were more prone to corrosion,
and the acidic pH further increased the corrosion rate.*® An-
other study which was done to determine the corrosion re-
sistance of titanium alloy at various dilutions of dextrose and
lipopolysaccharide concluded that titanium dental implants
are at a higher risk of corrosion in diabetic patients.*” Hence,
uncontrolled diabetics may be more prone to corrosion of ti-
tanium implants.

MISCELLANEOUS

A study done by Assuncao et al. in 2014 stated that hydro-
gen peroxide is contraindicated post-operatively after implant
placement owing to the enhanced titanium corrosion demon-
strated by it. Cetylpyridinium chloride and chlorhexidine di-
gluconate can be the mouthwashes of choice in patients with
dental implants.*®

CONSEQUENCES OF TITANIUM CORROSION

Several studies have attributed various clinical findings to
the loss of titanium from the surface of dental implants. How-
ever, a direct cause response relationship between titanium
corrosion and any clinical outcome has not been established.
The following responses at macro & micro physiological level
have been observed as a consequence to titanium corrosion.

Cellular consequences: Corrosion by-products released into
the surrounding tissues initiate certain cellular response de-
pending on the size, shape, composition, charge and number
of particles.* Titanium has shown to have a cytotoxic effect
in concentration dependent manner.* Voggenreiter et al. in
2007 demonstrated that macrophages phagocytize these tita-
nium particles and get activated.>®

Titanium ions released may also increase the production
of cytokines which may lead to release of pro- inflammatory
and pro-osteoclastogenic cytokines which may clinically lead
to peri-implant mucositis or periimplantitis.” Nishimura et al.
in 2003 examined the effect of titanium ions on the LPS (Li-
popolysaccharide) stimulated murine splenocytes and found
significant increase in the levels of pro-inflammatory and pro-
osteoclastogenic cytokines including interleukin 1B, interleu-
kin 6, interleukin 10, interferon-y, tumor necrosis factor-a,
and granulocyte macrophage-colony stimulating factor.>" In a
study assessing the effect of Ti particles on peri-implant cells
including osteoblasts, fibroblasts, and lymphocytes it was
found that the corrosion products released from Ti-based al-
loys are most likely to mediate toxicity to peri-implant cells.>?
Also, in another study it was seen that, Ti particles may cause
initiation of apoptosis, elevated the products of lipid peroxi-
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dation and may oxidatively damage cell DNA.>* Another study
demonstrated that Ti- particles may be endocytosed by hu-
man mesenchymal stem cells and cause reduced rates of cell
adhesion and proliferation, reduced differentiation to osteo-
genic lineages and increased apoptosis. This may result in
impairment of the innate healing capacity of the peri-implant
tissues.>

These findings were corroborated by other studies which
evaluated peri-implantitis by collecting samples of peri-im-
plant mucosa and crevicular fluid and examining cytokine
levels. Duarte & co-workers in 2006 assessed the gene expres-
sion of IL-12, IL-4, IL-10 and TNF-alpha in peri-implant disease
and concluded that these factors play an important role in
initiation and progression of peri-implant disease.> Haynes
and co-workers showed that titanium-aluminum-vanadium
particles induced significantly higher release of pro-inflamma-
tory cytokines including prostaglandin E2, TNF, IL-1 and IL-6.
Thiese pro-inflammatory cytokines in turn have the capacity
to tilt the balance of the tissue towards the pro-inflammatory
side which is followed by sequelae such as peri-implant tissue
destruction and bone loss.*

Bone loss: RANK/RANKL is the main axis that regulates bone
loss.* Titanium causes activation of kinases and transcription
factors including tyrosine kinase c-src, mitogen-activated pro-
tein kinases, and the nuclear factor-kB (NF-kB) cascade.®’ This
results in release of large quantities of proinflammatory oste-
oclastogenic factors such as TNF, IL-1a and IL-1, IL-6, RANKL
and PGE2. These may eventually lead to osteoclastogenesis,
subsequent osteolysis and bone loss.* In a study assessing
the titanium uptake by human T-lymphocytes after bio-cor-
rosion, it was found that Ti significantly increased expression
of CD69+ and CCR4+ cells and the production of RANKL which
may lead to local inhibition of osteoblast function and activa-
tion of osteoclastogenesis leading to bone loss.>®

The corrosion products may also inhibit osseointegration
of the implants by hampering the growth of hydroxyapatite
crystals. Olmedo et al. in 2010 studied peri-implant soft tissue
sections and concluded that the presence of macrophages in
these tissues as a result of corrosion process plays a vital role
in failure of implants as these particles inhibit mineralisation
of bone leading to local osteolysis and loss of stability of the
implant.*

Clinical manifestations: Clinically, several consequences
have been attributed to titanium corrosion. The soft tissues
surrounding implants may become pigmented because of
discharge of metal particles (metallosis).” Pain and swelling
in the region of implant in the absence of any infection may
result.’”> Corrosion may cause leaching of metal which in turn
leads to dimensional changes between prosthetic crown and
abutment or between abutment and implant. These dimen-
sional changes may influence the direction of mechanical
load, thus causing failure of implant.>®

EJPRD
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Fracture of the implant is one of the possible complications
affecting dental implants. The fissures and cracks developed
on the implant due to leaching of metal may decrease its re-
sistance to fatigue leading to fracture of implant.”® Implant
fractures is a multifactorial phenomenon. Due to a combined
effect of stress and dissolution (tensocorrosion), the fatigue
strength of the implant is reduced (corrosion fatigue) and the
implant may become more prone to fractures.®® The corrosion
products can cause inflammation, bone resorption and subse-
quent aseptic loosening of the implant.®

Titanium allergy: According to Schramm & Pitto in 2010, ti-
tanium ions released due to corrosion may cause hypersen-
sitivity reaction by binding to the host proteins and forming
haptens or by initiating degranulation of leukocytes.®'%? Differ-
ent cases with various clinical findings such as glottis edema,
spontaneous exfoliation of implants, eczema in response to
titanium implants have been reported.®

Dissemination of titanium to other biological compartments:
The corrosion products which may be released, are not local-
ised to the tissues around implants, but may disseminate to
differentsites in the body.* Studies done on titanium implants
in the field of orthopaedics have shown that the titanium ions
released into the surrounding tissues also circulate to other
regions in the body and are excreted through urine.®> Traces
of metals were found in different organs of the body.*® An ex-
perimental study in animals demonstrated highest concentra-
tion of titanium particles in lungs and lower concentrations in
kidneys and livers.®” Also during the implant placement, tita-
nium particles were deposited on the bone bed as a result of
abrasion during placement; which were missing five months
after the placement of implants.%

A study evaluated the genotoxic potential of the corrosion
products of dental implants on osteoblasts and fibroblasts in
vitro and concluded that they do not cause any damage to
the DNA of these cells.%® However, in some reports, the dis-
seminated titanium particles have been demonstrated to be
associated with neoplasia such as squamous cell carcinoma,
osteosarcoma and plasmacytoma of mandible.”®”"72 Titanium
dioxide (TiO2) has now categorized as a possible carcinogenic
agent to humans (Group 2B of carcinogens) by the Interna-
tional Agency for Research on Cancer (IARC).” The literature
on the carcinogenic potential of titanium is limited to weak
and largely uncorroborated evidence such as case reports.
The evidence they provide is of association type and not caus-
al. Considering the widespread use of dental implants, it is im-
probable that such sequelae, if frequent, remain unreported.
The actual carcinogenic potential of dental implants remains
questionable, if at all.

PREVENTION OF CORROSION:

With the development of the concepts of titanium corrosion
and dissemination, research is now being conducted to de-
velop methods of minimizing the titanium corrosion. Surface
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Figure: Diverse pathways of corrosion and its consequences in the oral cavity
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characteristics of implants are one of the important factors
in their successful osseointegration. Surface modifications in-
cluding acid etching, sandblasting, machining, electropolish-
ing, anodic oxidation, plasma-spraying and biocompatible/
biodegradable coatings have been suggested to affect the
properties of osseointegration and may improve the corro-
sion resistance of metals.* Detailed discussion of the newer
alloys and surface modifocations has been done elsewhere.”
One of the first modalities to be assessed to minimize tita-
nium corrosion was glow-discharge treatment of the surface
of implants. Improved corrosion resistance by formation of
oxide layer which has greater passivity was observed.”

Currently, the methods of preventing titanium corrosion are
broadly divided into introduction of newer alloys with chemi-
cal modifications or surface modifications to prevent corro-
sion or enhance resistance to corrosion. One of the methods

to reduce corrosion of titanium is the introduction of B phase
Titanium alloys. This occurs when titanium is alloyed with
stabilizing elements which include copper, vanadium, nickel,
molybdenum, niobium, chromium, vanadium, tantalum etc.
Several such modifications have been studied and varying cor-
rosion resistance resistance have been found. Also, the corro-
sion resistance appeared to be affected by the manufacturing
process. Several novel titanium alloy compositions are being
assessed for decreased corrosion resistance. Among them
Ti-24Nb-4Zr-7.9Sn and Ti-24Nb-4Zr-8Sn are the most recent
ones.” The modicication of titanium with bulk metallic gases
(BMG) is another method used to produce titanium resistant
to corrosion. For biomedical applications, the most commonly
assessed modifications are those of Ti-Zr-Cu-Pd. In various in
vitro studies it has been seen that these Ti based BMG alloys
have superior corrosion resistance.”””
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Also, several surface modifications have been assessed in
the same context. A study assessing the effect of titanium
surface coated with diamond-like carbon (DLC) showed bet-
ter and stable electrochemical properties and concluded that
it acts as a barrier for galvanic corrosion.’® Lasers have also
been successfully used in surface modification of implants
which improved the hardness and corrosion resistance of the
material.”® Yue et al. in their study on the effect of excimer
laser on titanium found a seven fold increase in corrosion re-
sistance.®

Another study by Ye & Tang in 2002 assessed the coupling
asynchronous acoustoelectric effects (CAAE) of the high-ener-
gy electropulsing treatment (EPT) on titanium alloys, and dem-
onstrated that it is high-efficiency and energy-saving method
to obtain superior anti-corrosion performance, micro-hard-
ness and biocompatibility.®' Bio-inspired citrate-functional-
ized apatite films coated on Ti-6Al-4V implants have shown
to minimize corrosion of titanium.®2 It has also been shown
that self-assembled monolayers (SAM) on titanium alloys are
superior in their surface properties and also exhibit better
corrosion resistance by obstruction of electron transfer.® Jin-
dal et al. in 2014 proposed that the process of ultrasonic shot
peening and stress relieving may result in increased prolifera-
tion of osteoblasts and enhance the resistance of titanium to
corrosion.®* These alloys have shown to have more corrosion
resistance than titanium. However, the research in this area
is still in its infancy. Recently, the effect of a natural plant ex-
tract, Myricetin, on titanium particle-induced osteolysis was
assessed and was found that it inhibits periprosthetic osteoly-
sis and osteoclastogenesis.®

The above mentioned surface treatments need to be sub-
stantiated with further research with long term follow up.
More controlled studies are required to create a clinically ef-
fective solution for the issue of titanium corrosion.

CLINICAL IMPLICATIONS

Even though the literature on the occurrence of titanium
corrosion and leaching is increasing, the clinical implications
are not clear. The oral cavity is an open cavity with constant
communication from the environment. Several factors like
routine oral hygiene procedures such as use of mouthwash,
tooth brushing, fluoride application, changes in pH and sys-
temically compromised patients like diabetics affect the cor-
rosion of titanium.’322363 A lack of knowledge and under-
standing of titanium corrosion related implant complications
or failures might have led to a gross under-reporting of such
cases. Hence, it is safe to assume that all titanium implants
undergo corrosion after being placed in the oral cavity. The
question that can be raised here is that whether the corro-
sion products participate in any potentially harmful immune
response. Unfortunately, the answer is not clear. The implica-
tions of the leaching of Ti into the peri-implant tissues and
other compartments of the body may be immense. A sum-
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mary of current concepts in relation to titanium corrosion are
demonstrated in Figure 1.

The role of titanium corrosion in implant survival or failure
is not clear. The mere presence of titanium particles in peri-
implant tissues is not sufficient to implicate it as a factor in
peri-implant disease. It may just be an inert phenomenon
with no major implications in the progression of peri-implant
diseases. However, the mounting evidence indicates other-
wise. Until recently, the corrosion aspects of dental implants
were not given much importance and the studies done just
revealed the presence of metal particles in the peri-implant
tissues. Of late, the researchers have thrown light on molecu-
lar aspects of host tissue response to the metal particles re-
leased from implants. The evidence for osteoclast formation
in response to titanium corrosion products points towards
the possible role of titanium corrosion in inducing or exag-
gerating pre-existing peri-implant disease. Also, by increasing
the cytokine production, it may indirectly contribute to peri-
implant inflammation and bone loss.

Several surface modification techniques and alterations in
titanium alloy composition have been used to improve cor-
rosion resistance of titanium. However, most of them are in
research stage. More controlled studies should be carried out
to evaluate the clinical feasibility of these modifications.

CONCLUSION

Corrosion of titanium implants when placed in the oral cav-
ity, at-least in microscopic amount, currently, seems inevita-
ble. To improve the understanding of the host response to the
corrosion at molecular level & its clinical implications more
long term studies are required. This will help to lay a foun-
dation on which relevant biomaterial research & therapeutic
interventions can be established to avoid the corrosion and
its consequences.
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