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Abstract: Corrosion of titanium dental implants has been associated with implant failure
and is considered one of the triggering factors for-jpepiantitis. This corrosion is
concerningbecause a large amount of metal ions and debris are generated in this, process
the accumulation of which may lead to adverse tissue reactious/o. The goal of this

study is to investigate the mechanisms for implant degradation by evaluating the surface of
five titanium dental implants retrievedle to perimplantitis The reslis demonstrated

that all the implants were subjected to very acidic environments, whictombination

with normal implant loadingled to cases of severe implant discoloration, pitting attack,
cracking and frettingrevice corrosion. The results suggdéisat acidic environments
induced by bacterial biofilms and/or inflammatory processes may trigger oxidation of the
surface of titanium dental implants. The corrosive process can lead to permanent
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breakdown of thexide film, which besides releasing metains and debrign vivo, may
also hinder rantegration of the implant surface with surrounding bone.

Keywords: titanium dental implantscorrosion pertimplantitis

1. Introduction

Titanium (Ti) and its alloys are broadly used in the design of danthbrthopedic implantglue to
a combination of attractive properties that include high corrosion resistance, biocompatibility,
re-passivation and adequate mechanical properties. The corrosion resistance of Ti and its alloys is ¢
resul t of abilityego spoataneously doFndpsssive oxide films (Fi@hen in contact with
oxygen[1]. Ti oxide is a stable and dense layer, which acts as a protective barrier to continued metallic
oxidation. In the event of damage, TiDas the ability to spontanesly reform under normal
physiological conditions. However, evergsich as abnormalclic loads, implant micromotion, acidic
environments and their conjoint effectain result in permanent breakdown of the oxide film, which
may consequently lead to expos of the bulk metal to an electrolyte.

Becausethe oral environment will subject titanium to conditions of varying pH, due to
inflammatory or other processes that can turn the medium acidic, active dissolution of metal ions can
occur upon exposure of theilk metal[2i 4]. A few studies have reported cases of severe corrosion of
titanium dental implants as being the cause for implantation fdbjie one of the triggering factors
for pertimplantitis [6]. Corrosion of dental implants is concernibgcaise a large amount of metal
ions and debris are generated in this process, of which accumulation may lead to adverse tissue
reactions in the oral environmg®]. In summary, the main events linked to Ti implant degradation in
the oral environment seem lbe related to(1) electrochemical factors, acidity caused by the presence
of inflammatory processes, oral bacteria tbe use of solutions that can attack the surface of
the implant; (2) mechanical factors, induced by mechanical loads that can leacttimgfrand
excessive wear of the surfacand (3) synergistic action of electrocheral and mechaical
factors (tribocorrosion).

Cases of severe corrosion in Ti modular junctions of total hip implants have been reported in the
orthopedis literature, which illustrate the susceptibility of this material to degradatiomvo [7,8].

These cases have been often associated with mechanisms of -freftieg corrosion induced by
implant modularity[9]. This particular corrosion mechanismriggered by stagnant acidic body fluid
entrapped in crevices of mating connections that undergo micromotion during normal Ifgdding
Crevice corrosion is, therefore, a localized form of corrosion attack at contacting intestadess
metatlon-metal aml, potentially metaton-bone, with restricted ingress and egress of fluid and
depletion of oxygen. In these restricted contacting areas, physiological fluid will becomedigidio

the presence of free H ions in the medium. When H ions are free tacint@th electrons, the pH
drops significantlyand active metal dissolution can occur. Other eyentsh as pitting attack, surface
delamination and etching of Ti implant surfacgse indications of degradation induced by a very
acidic environment.
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It is known that normal oral bacteria and other inflammatory processes may induce oxide film
disruption and interrupt osseointegratid®]. Bacterial colonization on these dental implant surfaces
occurs almost immediately after implantation, and colonirabyp diverse microorganisnmgsults in
formation of dental biofilms[11i 13]. Although the rate of failure of dental implants caused by
corrosion associated with bacterial biofilm is unknown or less studied, it is hypothesized that the
adherenceof bacteriaand its sukproducts could disrupt the passivity of Ti surfaggls This is an
important observation given thatductionof Ti oxide layers will prevent incorporation of calcium
ions, which will hinder rantegration with the implant surface. Bactealonization on the surface of
a Ti implant may lead to two events: (Bacteria will significantly reduce the pH of the oral
environment by the production of organic acids during sugar catabolism, which will initiate metal
dissolution. This low pH may cate a favorable environment for corrosion to take place. It has been
shown in vitro that corrosion of Ti grade 2 was higher in saliva contairtisgherichia coli
lipopolysaccharide (LPS) and at low pH levi®$. Suitoet al. [14] demonstrated in an imméosa
study of Ti in simulated body fluid of varying pH that the lower the pH and the longer the immersion
time, the greater the amount of Ti ions released. The same behavior was observed in the presence «
mechanical stimulus during immersion and when intact with a dissimilar metal. Another study
demonstrated opposite results, with degradation peaking at near neutral pH values in the presence c
motion [2]. This controversy indicates that the mechanism betiiaetlution of Tiin vivo remains
unclear. Tlese corrosion products can induce inflammation and bongldasing to osseointegration
instability [15]; (2) anotherhypothesis is that the creation or deposition of biofdm the dental
implant surface leads to differential oxygen exposure on the implant surface. The less aerated zone:
will act as the anode and will undergo crevice corrgsieleasing metal ions into saliva. This will
further favor a corrosive environmefdr the dental implant, by the combination of metal ions
releasedtheend products of bacteria and chloride ions present in 4aliva

Therefore,a drop in pH due to the presence of bacteria, bacterial biofilmch may create a
crevice environment, andther inflammatory processes (e.gerrimplantitis, perdmucositis) may
create the ideal conditions for Ti oxidation. The goal of this study is to evaluate the surface of retrieved
titanium dental implantslue to perdimplantitis Five implants showingarticular corrosion features
were characterized using different microscopy techniques. CharacterizatiosedutHace can help
to clarify the mechanisms and dynamics behind the elution of Ti in the body, which remains unclear up
to this datg14].

2. Materials and Methods

Implants retrieved from five patients exhibiting signs of adverse tissue reaction were investigated.
All the specimens were obtained from patients attending a private periodontics Kileiqatients
with a history of perrimplantitis provided consentccording tothe guidelines of the Helsinki
Declaration to donate thenetrievedimplantsfor researchOnce the implants were retrieved and
stored they had no identifiers that could be linked to the patidm donatedthe implant. Therefore
informationlike time of servican vivowas not availablewith the exception of one implant, for which
longevity was knownImplant characteristic{type and sizeare summarized in Table 1. All the



Materials2013 6 5261

implants had different desigrend sizes. The specimens were subjected to cleaning followed by
autoclave sterilization prior to analysis.

Upon receipt of implants, a visual inspection was first performed to detect particular areas of
interest on the implants, g® features and to veyithe severity of corrosion presefatiscoloration,
cracking and metallic debrisppecimen conditioas receivedvas recorded for all the specimens. One
norrimplanted specimen was used as control for comparison with the surface of each of the five
specimens in analysis. The implants were then analyzed with kvb@) and high (108 1000x)
magnification digital microscopy (Keyence V000, Itasca, ILUSA) for identification of surface
features and failure mechanisms. The same microscopy techmapi@sed to verify the depth of
surface featuresuch as pitandscratches, using 3D depth features. Areas of interest were marked for
further analysis usingcanning electron microscog$EM, JEOL, JSM6010, Peabody, MAUSA).

The SEM was equipped withn energy dispersiv&-ray spectromete(EDS), which provided the
composition of the sampleds bulk and oxide fil
signs of corrosion or biological deposition.

After surface characterization, all the sjpeens were subjected to a secondary clegmiatpcol br
complete removal of biological deposits that could have been covering other impsutéate
features. The implants were first cleaned in an aqueous solution with soap powder, followed by
cleaningin distilled water andfinally, 70% ethanol. For cleaning, specimens were fully immersed in
each of the solutions and subjected to sonication for 1 hour. Microscopy and EDS was then repeatec
for confirmation ofthe observedeatures

Table 1.Implant identification.

Implant ID Size(diameter x length) Implantation length
«4.1 mmRN
Control SLA 12mmn¥* 0
tapered effect implant
Implant#1 4.8 mm unknown
6 mm
3.3 mm
Implant#2 10 mm unknown
4.1 mm
Implant#3 unknown
8 mm
4.8 mm
Implant#4 10 mm 4 weeks
4.8 mm
Implant#5 unknown
P 10 mm

*RN: regular neck; **SLA:sand blasted, large grit, acid etched surface.
3. Results

Analysis of the surface of the implants using the three microscopy techniques described revealed
several common features and failure mechanisms among the specimens. A few of the specimens sti
had bone integrated with the rough interfaces of the implahies.3D microscopic analysis showed



Materials2013 6 5262

evidence of severe corrosion and bulk exposure {geahing). SEM and EDS provided information
on the surface morphology and bulk structure.

Analysis of the control implant (Figure 1) demonstrated that the surfabe ohplant was clean of
deposits and no particular features or deformatierenoted in any of the components of the implant.
Compositional analysis demonstrated that the control specimen was rich in Ti, for which concentration
varied from 8% to 92% fromthe rough to the smooth interfaces of the implant, respectively. Low
concentrations of oxygen were detected with the control specin®n5¢8). This low oxygen
concentration is probably a result of the etching process employed on the implant surfaceawhich
lead to the replacement okygen bytitanium hydrideg16].

Figure 1. Control implant (a) Low magnification overview of the surface of the impjant
and(b) highermagnification showing surface condition of the smooth and rough interfaces
of the imphAnt.

Evaluation of the surface afplantl (Figure 2) revealed deformities both in the abutment and in
the rough interfaces of the specimen. A severe degree of scratching and pitting attack (Figure 2b) car
be appreciated in the abutment of the implant. Pitting attack was also predominantlyinfahied
smooth collar of the implant. The condition of the abutment surface points to a mechanism of
fretting-crevice corrosion. Analysis of the rough interfaces of the implant shtwegquaesence of pits
and deformities of the top surface (FiguredRdndicating a high degree of wear. The EDS results
indicate bulk exposure of titanium (Ti rich) with high concentration of corrosion and biological
products on the surfacsuch as carbon (C), nitrogen (Ahdphosphorous (P) (Table 2). EDS analysis
also showd evidence of zirconium (Zr), calcium (Ca) and trace concentrations of sulfon (B
surface of this implant
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Figure 2. Structure of implant 1(a) Low magnification showing overall features of the
implant (b) thesmooth interfaces of the abutmahibweda severe degree of pitting attack
and scratching. The red areas highlight the pits present on the sicjaioeplant rough
interface demonstratingitting attack and deformities; arfd) highermagnification of an
area with pitting attack andelamination of the top surface.

@ ST

100pm

Figure 3 shows the surface condition of implant 2. It is clear from microscopic analysis that this
implant was exposed to a very acidic environment, which triggered electrochemical corrosion. This is
evident from theviolet and yellow discoloration of the rough interfaces (Figure 3b). High
magnification analysis of the discolored interfaces revealed deformities with pitting attdck a
cracking of the bulk (Figure8b,c). Pitting was mostly apparent in areas with therattaeristic
discoloration. The cracking pattern seems to have been nucleated inside pits with little branching. The
top areas of the abutment showed delamination of the surface (Figure 3d, arrows), which exposed the
bulk to accelerated dissolution. EDStbé areas shown in Figure 3 demonstrated high concentrations
of Ti (up to 80%),which confirmed bulk exposure. These areas showed a depletmxygén (O)

Other elements characteristic of corrosion products were present (C, N, P) similar to implactel
concentrations of S were also detected with this specimen.
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Figure 3. Structure of implant 2(a) Low magnification showing the gross features of the
implant (b) discolorationis evidentat a higher magnification. The violet and yellow
discolorationindicates oxidation of Ti(c) implant rough interface demonstrating severe
cracking which probably led to bulk exposyrand(d) highermagnification with removal

of the top layers of the metal (arrows) in the top region of the implant.

106.47,m I8

(d)

Evaluation of the surface of implant 3 (Figure 4) showed similar patterns in comparison to
implant 2. Optical microscopy demonstrated similar discoloration (Figure 4b), indicating the presence
of a very acidic environment surrounding the implant. The mougerfaces of the implant also
exhibited pitting attack, deformation and scratches (Figure 4c). Analysis of the abutment showed
severe scratching and small pits (Figure 4d), indicating that this area of the implant was subjected to &
mechanism of frettig-crevice corrosion. EDS analysis of both the abutment and rough interfaces of
this implant provided the presence of a high percentage of titanium (-6809%) and considerable
percentage of aluminum (5%0%) and vanadium (204%). These percentages indicdlat this
implant in particular was made with Ti6AI4V alloy.
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Figure 4. Structure of implant 3(a) Low magnification showing the gross features of the
implant and bone attachment to the bottom part of the surfayeliscolorationis also
evident in ths example(c) severepitting attack on the top interface of the implant in the
abutment regionand(d) higher magnificatiorof an area of the abutment with scratching.

(C))

x1,100

Implant 4 also showed severe deformation of the rough interfaces (Figure 5), exhibiting the
characteristic discoloration surrounded by pits and areas with surface delamination (Figure 5b).
Analysis of the smooth collar areas surrounding the abutment aad aith exposure of the bulk
revealed the presencoé a high percentage ditanium (~65%i 70%) anda considerable percentage of
aluminum (5%i 10%) andniobium (~5%). Figure 5c shows the presence of a crack running through
the rough surface. Branching oktlerack can be observed in higher magnification. Coaakchingis
characteristic of stress corrosion cracking. Tracking the propagation of the branches was difécult
to the presence dfiological materials that resulted lomight/charged aresaFurthermore, theEDS of
this region showed very smallpercentage of Ti (~12%)\vhich resulted from biological matter filling
up the crack space, which can be confirmed in the EDS results from the increase in C, O and P levels
Similar to implants 2 and 3, ¢hsmooth collar area showed pitting attack and scratching. Because the
crown was still in place with this particular sample, it was not possible to evaluate the entire surface of
the abutment. This particular sample exhibited niobium in its compasitidicating that the implant
was made of TiNbAI alloy
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Figure 5. Structure of implant 4a) Low magnification showing the gross features of the
implant and bone attachment to the bottom part of the surfayeliscolorationis also
evident in this examplevith severely deformed area&) implant rough interface with
evidence of crack development, which wiled with biological material; andd) higher
magnification of an exposed area of the abutment with scratching.

Implant 5 had to be subjected tatensive cleaningdue to biological deposition, bone attachment
in the surface and cement surrounding the smooth collar §fégsre 6a).The typical surface
discoloration observed with the other specimens was also visible with this implant (Figure 6b)
postcleaning. High magnification microscopy of the rough interfaces revealed the presence of pitting
attack and branched cracks (Figure 6c¢), similar to the crack pattern observed with implant 4. A large
pit (diameter > 2@m) is highlighted in Figure 6dllustrating crack nucleating inside the feature. The
exposed areas of the abutment also revealed pitting attack and severe scratching. EDS analysis of bo
the smooth collar (areas not covered by cement) and rough interfaces of this implant provided the
presence of very high percentages of Ti @06B%%), with lower concentrations of treameelement
(~55%) in areas where biological deposits were not removed with cle@ngwgnmary of the events
observed on the surface of the implants is shown in Table 2.
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Table 2. Summary of events observed on the surface of the retrieved titanium
dental implants.

i , Morphology Composition Corrosion
Implant ID  Visual Inspection ) i
(Optical/SEM) (Mass %) Mechanisms
1 Ti: 87%i 92%
Control . 91 No defects 1 O: 3%i5% O
Clean interfaces i None
sample i Few scratches oabutment  § C: 4%i 6%
T N: 1%i 2%
9 Ti: 50%i 60%
1 Etching T O: 1346 32%
I Microstructural attack T C: 2341 48% Tribocorosion
1 Rust i Pitting attack mostly inthe  N: 3%i 6% ,
Implant #1 _ _ . (fretting and
9 Discoloration smooth surfaces of the 1 P: 26i 5% electrochemistry)
abutment 1 Ca: i 11% y
1 Scratching of the abutment  Zr: 0.®%i 3%
T S:0.2610.3%
) 1 Ti: 60%i 80%
1 Etching .
. T O: 126 28%
1 Microstructural attack .
- . . 1 C: P06 22%
 Rust i Pitting attack in areas with . . .
Implant #2 . . . ) T N: 2%i 6% Tribocorrosion
9 Discoloration discoloration B
. 1 P:1%i 2%
1 Cracking .
- T Ca: 0.4614%
1 Delamination B
1 S:0.0%6i0.3%
1 Ti: 50%i 60%
1 Etching 1 O: 4%i21%
1 Bone attached 9 Microstructural attack 1 C:1P6i 25%
Implant #3 Dents 1 Severe pitting attack inthe  N: 5% Tribocorrosion
1 Scratches abutment and rough surface J Ca: 36 10%
1 Scratching 1 Al 5%i10%
T V:2%i 4%
) T Ti: 12%i 70%
1 Etching "
) T O: ™6i 30%
1 Severe scratching B
- : 1 C:13%6i41%
1 Rust i Pitting attack in the rough 1 N: 3%
. 0
Implant #4  q Discoloration interfaces and abutment O Ca: 26 10% Tribocorrosion
. (0] 0
9 Biological deposits areas
. T Nb: 7%
1 Deformation
T Al:5%
1 Bulk exposure
T P:6%
T Ti: 60%i 85%
9 Pitting attack on the smoott | O: 4%i 14%
1 Bone and cement and rough interfaces 1 C: 4%i 22% ) )
Implant #5 . ; . Tribocorrosion
deposition 1 Scratching T N:3%i 12%
9 Discoloration 1 Ca: 20 2%

1 V:1%i 1.5%
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Figure 6. Structure of implant 5.a) Low magnification showing the gross features of the
implant with bone attachment throughout the surface of the implant and cement
surrounding the crown edge®) (discoloration is also evident in this example; the smooth
surface was covered by cement) {mplant rough interface with evidence of crack
development. The arrows highlight a large pit with crack nucleation insidegdahégber
magnification of an exposed area of the abutment with scratching.

4. Discussion

The analysis of the five retrieved (Tdgntal implants revealed cases of severe surface damage that
appeared to bethe result of a synergistic mechanism between chemical attack and
mechanicallyinduced degradation (tribocorrosion). Typical and common features observed among the
implantsevaluated included surface etching, pitting attack of the smooth collar areas of the implant
and rough interfaces, severe scratching of the abutimentn interfaces and cracking of the implant
rough surface. These observations led to the hypothesishthathemical attack was produced by
significant drops in pH and that the synergy between these chemical and mechanical mechanisms le
to a process of frettingrevicecorrosion.

Bacteria present in the oral environment and/or forming biofilm on the imglafasiceareexpected
to reduce the pH surrounding a dental implant to the levels required to trigger oxidation and Ti
dissolution[2i 4]. Inflammatory processes can also contribute to emh@nieacidity of the medium.

The analysis of implant 4 (Figurg,3or example, demonstrated a case of severe bulk attack with signs



