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Background: Peri-implantitis represents a disruption of the
biocompatible interface between the titanium dioxide layer of
the implant surface and the peri-implant tissues. Increasing
preclinical data suggest that peri-implantitis microbiota not
only triggers an inflammatory immune response but also
causes electrochemical alterations of the titanium surfaces,
i.e., corrosion, that aggravate this inflammatory response.
Thus, it was hypothesized that there is an association be-
tween dissolution of titanium from dental implants, which
suggests corrosion, and peri-implantitis in humans. The ob-
jective of this study is to compare levels of dissolved titanium
in submucosal plaque collected from healthy implants and
implants with peri-implantitis.

Methods: Submucosal plaque from 20 implants with peri-
implantitis and 20 healthy implants was collected with sterile
curets from 30 participants. Levels of titanium were quanti-
fied using inductively coupled plasma mass spectrometry
and normalized for mass of bacterial DNA per sample to
exclude confounding by varying amounts of plaque per
site. Statistical analysis was performed using generalized es-
timated equations to adjust for clustering of implants per
participant.

Results: Implants with peri-implantitis harbored signifi-
cantly higher mean levels of titanium (0.85 – 2.47) versus
healthy implants (0.07 – 0.19) after adjusting for amount
of plaque collected per site (P = 0.033).

Conclusions: Greater levels of dissolved titanium were de-
tected in submucosal plaque around implants with peri-
implantitis compared with healthy implants, indicating an
association between titanium dissolution and peri-implantitis.
Factors triggering titanium dissolution, as well as the role of
titanium corrosion in the peri-implant inflammatory process,
warrant further investigation. J Periodontol 2017;88:436-442.
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T
itanium dental implants are widely
used to replace missing teeth
due to their ability to form a direct

structural and functional connection with
host bone.1,2 Brånemark et al.3 coined
the term ‘‘osseointegration’’ in 1977 to
describe this biologic phenomenon and
paved the way for contemporary implant
practice. Titanium, ametal with excellent
biocompatibility, is the most frequently
used biomaterial for construction of den-
tal implants, primarily because of the
formation of a titanium dioxide (TiO2)
layer that yields high resistance to cor-
rosion.4,5 Nonetheless, despite high re-
sistance to corrosion and biocompatibility
properties attributable to titanium, corro-
sion of dental implants can still happen
under certain circumstances in the oral
environment.

Corrosion processes lead to physico-
chemical alterations on the implant sur-
face that include disruption of the TiO2

layer and facilitate titanium dissolution.6

A multitude of factors may lead to cor-
rosion. Corrosion-triggering factors in-
clude local acidificationdue to inflammation
of peri-implant tissues which may modify
the corrosion resistance of titanium,7 or
promotion of an acidic environment by
bacteria such as Streptococcus mutans,
due to the release of lactic acid, which
promotes a decreased corrosion resis-
tance of titanium in vitro.8 Interestingly,
S.mutans has been found in higher levels
around implants with peri-implantitis
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compared with healthy implants and teeth with peri-
odontitis.9 This finding implies that the specific bacterial
niche associated with peri-implant microenvironments
might have a role in addition to the interaction with host
immune responses that may also contribute to peri-
implantitis. In addition to bacteria, aggressive chemical
stimuli, such as acidic fluoride solutions, have been as-
sociated with corrosion.10,11 Furthermore, the electrical
conductivity of titanium in the presence of oral bacteria
has been shown to provide a closed circuit that may
enhance the bio-corrosive process.12

Irrespective of the etiologic factor for initiation of
titanium corrosion, the resulting corroded surfaces of
dental implants may offer amenable niches for colo-
nization by bacteria. Porphyromonas gingivalis has
shown increased attachment to corroded titanium
disks compared with non-corroded titanium disks,
indicating that a corroded surface may promote in-
creased bacterial colonization.13 In addition, lipo-
polysaccharides from Gram-negative bacterial cell
walls have demonstrated a high affinity to titanium,
while also promoting dissolution of the TiO2 layer in
pH 4.0 to 7.0 which is found in the oral environment.7

Thus, peri-implant bacteria and chemical factors work
in synergywith corrosion as the common denominator
to their deleterious effects on peri-implant health.

Titanium particles and ions leaked from dental
implants are not bio-inert; corrosion products possess
an immunogenic potential acting as secondary stimuli
for the inflammatory process in peri-implantitis and
may enhance bone resorption.14 Mice immune cells
stimulated by lipopolysaccharide (LPS) in the presence
of titanium ions show increased release of proin-
flammatory cytokines involved in bone resorption.15 In
addition, titanium particles have been shown to induce
release of tumor necrosis factor (TNF)-a when
phagocytized by macrophages,16 increase release of
interleukin (IL)-1b by macrophages,14 and induce
secretion of receptor activator of nuclear factor-
kappa B ligand (RANKL) upon entering T-cells17

stimulating bone resorption. This indicates corrosion
as a potential etiologic factor in the pathogenesis of
peri-implantitis. In vivo, titanium particles have been
found in soft and hard tissue biopsies retrieved from
sites with peri-implantitis,18,19 and in epithelial
cells surrounding implants with and without peri-
implantitis.20 However, the question remains whether
an association exists between the presence of tita-
nium dissolution and peri-implantitis. Therefore, the
objective of this study is to compare levels of titanium
dissolution in submucosal plaque samples col-
lected from healthy implants and implants with
peri-implantitis. It is hypothesized that submucosal
plaque around implants with peri-implantitis will
harbor higher levels of titanium particles compared
with healthy implants.

MATERIALS AND METHODS

This cross-sectional clinical study took place at the
Graduate Periodontics Clinic, School of Dentistry,
University of Washington, Seattle, Washington. Re-
cruitment and data collection were carried out from
May 2015 to February 2016.

Participants
Thirty patients (19 males and 11 females, aged 41 to
91 years; mean: 68 years) of the Graduate Peri-
odontics Clinic at the University of Washington were
recruited for the study. The protocol was approved by
the Institutional Review Board for human participants
at the University of Washington, Seattle, WA. All
participants signed and received a copy of the in-
formed consent.

Inclusion criteria consisted of one healthy implant
and/or one implant with peri-implantitis, implants
loaded with restorative components for at least 2
years, and presence of a baseline and/or current
radiograph of the implant restored. Various implant
brands were included in the study. Exclusion criteria
consisted of history of systemic or local antibiotics in
the last 3 months.

Peri-Implantitis Assessment
Clinical parameters recorded for each implant in-
cluded probing depth (PD) at six sites, bleeding on
probing (BOP) and/or suppuration, plaque index (PI)
score,21 gingival index (GI) score,21 and number
of years of implant in function after loading. Peri-
implantitis diagnosis was ascertained based on
clinical and radiologic criteria according to existing
recommendations.22,23 In detail, a diagnosis of peri-
implantitis was rendered for implants with PDs
‡5 mm, BOP and/or suppuration, and bone loss
‡2 mm (Fig. 1). In the absence of previous radio-
graphic records, a vertical distance of 2 mm from the
expected marginal bone level after post-surgical re-
modeling was used to depict radiographic bone loss.23

Implants with PDs <5 mm, no BOP, no suppuration,
and no evidence of radiographic bone loss were
considered healthy (Fig. 2). A consensus among three
independent reviewers (LMS, GAK, DMD) was re-
quired for assigning diagnoses. Additional variables
recorded included participant age, sex, and smoking
and diabetes status.

Assessment of Titanium Content in Submucosal
Plaque Samples
Prior to sample collection, supramucosal plaque was
removed. Submucosal plaque samples were col-
lected from the deepest probing sites at each dental
implant with sterile mini-five 1-2 Gracey curets with
the curet edge facing away from the implant surface.
Care was taken not to contact or scratch the implant
surface with the curet. Submucosal plaque samples
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were stored in 500 mL of sterile water in screw-cap
tubes and frozen at -80�C for future processing.

A 350 mL aliquot of the collected sample was used
for quantitation of titanium by inductively coupled
plasma mass spectrometry (ICP-MS).‡ A 150mL ali-
quot was used for DNA isolation and DNA quantifi-
cation to verify the amount of plaque in each sample.

ICP-MS
Samples were processed as previously described.12

They were transferred to digestion vessels (50 mL
polypropylene centrifuge tubes) with four 1-mL rin-
ses of digestion solution (50:50 V/V) concentrated
nitric acid trace-metal grade:§ deionized (DI) wateri

with a trace amount of hydrofluoric acid¶ and 10 ppm
terbium# as recovery standard. Each sample was

brought to 5 mL with the digestion solution. Open
vesselmicrowave** digestion was used (power 800W,
100%, ramp15minutes to 100�C, hold for 45minutes).
After the digestion, samples were brought to 25 mL
with DI water. Analysis for titanium was conducted by
ICP-MS with a detection limit of 0.5 ng.

DNA Isolation and Quantification
DNA from the plaque aliquots was isolated using a
styrene divinylbenzene copolymer containing paired
iminodiacetate ions,†† which act as chelating groups
in binding polyvalent metal ions. A 150 mL aliquot of
the plaque sample was placed into a tube containing
10mg of the copolymer followed by addition of 50 mL
of 120 mM Tris HCl pH 8.0 followed by addition of
10 mL of 10 mg/mL proteinase K. The mix was in-
cubated at 55�C for 30 minutes, followed by vor-
texing and incubation in a boiling water bath for
8 minutes. After the boiling water bath, the tubes were
centrifuged at 10,000 to 15,000 · g for 3 minutes and
the supernatant was transferred to a clean 1.5 mL
microcentrifuge tube.12

The amount of DNA per sample was quantified
with a device‡‡ set for analysis of DNA using 2 mL of
each sample for quantification of DNA present in the
sample. The quantity of DNA per microliter was used
to calculate the amount of titanium present adjusted
to the amount of bacterial DNA.

Statistical Analyses
Sample size estimation was performed based on
previously published results by Olmedo et al.20 who
assessed levels of titanium particles by ICP-MS in
pooled samples from epithelial cells around implants
with peri-implantitis compared with healthy implants.
Based on the effect size observed, twenty implants
per group were deemed adequate in the present study
to yield 90% power to detect a significant difference
between groups using a test of means at a = 0.05 and
accounting for 30% attrition due to sampling/assay
errors.

Summary statistics were reported for all variables,
non-parametric tests were used for continuous var-
iables, and Pearson x2 tests were used for categorical
data. To eliminate confounding by a higher amount
of submucosal plaque around implants with peri-
implantitis compared with healthy implants, titanium
levels were normalized to the amount of plaque/site
by using the quantity of bacterial DNA present in an
aliquot of the sample prior to statistical comparisons.

Figure 1.
Example of an implant with peri-implantitis used in the study.

Figure 2.
Example of a healthy implant used in the study.

‡ ICP-MS, 7500CE with ASX-510 autosampler, 1500W power, no-gas
mode, Agilent, Santa Clara, CA.

§ Trace-metal grade nitric acid, Thermo Fisher Scientific, Waltham, MA.
i Barnstead Nanopure, Thermo Fisher Scientific.
¶ Hydrofluoric acid, BDH Aristar Plus, Radnor, Pennsylvania.
# Terbium, BDH Aristar Plus.
** Mars Xpress, CEM, Berkeley, CA.
†† Chelex-100, BioRad, Hercules, CA.
‡‡ NanoDrop, Agilent.
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Generalized estimating equations (GEEs) were used
for comparison of log-transformed adjusted titanium
levels between groups to adjust for clustering of
implants within the same participant. Statistical signifi-
cance was set at P <0.05.

RESULTS

Thirty patients providing forty implants were re-
cruited: 20 healthy implants and 20 implants with
peri-implantitis. The mean patient age was 70.25 –
7.98 years in the healthy group and 67.1 – 9.37 years
in the peri-implantitis group. Fifty percent of implants
in the healthy group were placed in females, whereas
80% of implants in the peri-implantitis group were
placed in females. The number of years of implants in
function was 8.12 – 4.33 in the healthy group and
7.95 – 4.59 in the peri-implantitis group. Number
of smokers and persons with diabetes did not sig-
nificantly differ between groups (P = 0.69 and 0.65,
respectively). PDs, PI, and GI were significantly greater
in the peri-implantitis group (P = 0.001, 0.04, and
0.001, respectively) (Table 1). Various implant
systems were included in this study but no com-
parisons among brands have been conducted be-
cause there was insufficient power to perform such
comparisons.

Levels of Titanium
Amounts of plaque collected were significantly
higher in the peri-implantitis group (48.73 – 67.16)
than in the healthy group (23.87 – 14.06) (P = 0.01)
(Fig. 3); thus, titanium levels per group were adjusted
for nanogram per microliter of plaque collected as
discussed above. In implant-level analysis, mean
titanium levels were significantly higher in implants
with peri-implantitis (0.85 – 2.47) versus healthy
implants (0.07 – 0.19) after adjusting for amount of

plaque collected per site (P = 0.03) (Fig. 4). In
multilevel analysis with GEEs, results showed signif-
icantly greater titanium levels in the peri-implantitis
group compared with the healthy group (P = 0.03),
which remained consistent in multivariable GEE
analysis when further adjusting for smoking status
(adjusted P = 0.82) and years of implant in function
(adjusted P = 0.76).

DISCUSSION

To the best knowledge of the authors, this is the first
study to find a statistically significant higher quantity
of titanium dissolution in submucosal plaque around
implants with peri-implantitis compared with healthy
implants. Titanium dissolution suggests corrosion of
the dental implant surface. This significant association
between titanium dissolution and peri-implantitis
implicates corrosion as an important factor in peri-
implantitis research. Previous studies have shown the
presence of titanium particles in peri-implant tissues;
however, no statistical evidence of an association
between dissolved titanium and peri-implantitis has
been reported. Titanium particles have been found in
epithelial cells exfoliated from peri-implant tissues,20

foreign bodies consisting of titanium and cement
have been found in soft tissue of implants with peri-
implantitis,19 and titanium elements have been found
in bone and soft tissue biopsies retrieved from sites
with peri-implantitis.18

Olmedo et al.20 introduced exfoliative cytology to
assess presence of titanium particles in cells exfoli-
ated from the peri-implant mucosa and, using pooled
samples, found a higher concentration of titanium in
the peri-implantitis group compared with healthy
implants. The present results are well aligned with the
findings of Olmedo et al.20 and elucidate the role of

Table 1.

Demographic and Clinical Variables in Healthy and Peri-Implantitis Groups

Variable Healthy Peri-Implantitis P Value

Mean age – SD (years) 70.25 – 7.98 67.10 – 9.37 0.48

Females (%) 50 80 0.09

Smokers (%) 15 25 0.69

Diabetes (%) 10 20 0.65

Mean years – SD of implant in function 8.12 – 4.33 7.95 – 4.59 0.82

PI – SD 0.80 – 0.70 1.30 – 0.80 0.04*

GI – SD 0.55 – 0.83 1.70 – 0.86 <0.001*

PD – SD 3.50 – 0.90 7.45 – 2.00 <0.001*

* Statistically significant at P <0.05.
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peri-implant plaque as an intermediary pool of tita-
nium particles that may subsequently be transferred
into the host tissue. The current study used sub-
mucosal plaque as a non-invasive and easily ac-
cessible media for collection and subsequent
quantification of relative amounts of dissolved tita-
nium. Curets were used for sampling because they

are considered superior to paper strips as a means of
collecting bacterial DNA for quantitative analysis.24

This approach was found to be robust for the ana-
lyses performed in the study because: 1) a signifi-
cantly higher quantity of submucosal plaque was
collected from sites with peri-implantitis than ex-
pected due to deeper PDs and disease activity at
those sites; and 2) titanium levels in the healthy
group were very close to zero, confirming the use of
the curets did not lead to interference with the implant
surface.

Previous work has recorded the immunogenic
effect on the participation of the products of titanium
corrosion in amplifying host inflammatory response
and enhancing bone loss in peri-implantitis lesions by
means of an increased release of proinflammatory
cytokines,15 TNF-a,11 IL-1b,14 and RANKL17 by host
cells in the presence of titanium products. Nonetheless,
the present work unveiled a previously unexplored
association between bacterial plaque, dissolved tita-
nium released into the peri-implant tissues and peri-
implantitis. A pathogenic cycle can be speculated
originating from the interaction between titanium and
bacterial plaque that leads to definitive alterations on
the titanium surface, whereas bacterial attachment
and growth is propagated on the corroded surface.
Pathogens such as S. mutans have the ability to
cause corrosion due to the creation of an acidoge-
nic environment, and LPS and pathogens such as
P. gingivalis have a high affinity for adsorption to those
corroded titanium surfaces. Titanium is not bacterio-
static for most bacterial species,25 therefore providing
a suitable environment for colonization. Furthermore,
it has been found that expression of TLR-4 (an LPS
receptor) in gingival epithelium exposed to titanium
ions was elevated compared with that of titanium-free
samples, indicating that titanium ions may increase
sensitivity of gingival epithelial cells to microorganisms
in the oral environment.26 The interaction and syn-
ergistic effects between the biofilm and dissolved
titanium deserve detailed investigation in an attempt
to understand its effects in the pathogenesis of
peri-implantitis.

Lastly, the implication of corrosion in peri-
implantitis raises awareness of the distinct differences
between peri-implantitis and periodontitis. Treat-
ments currently aimed at resolving or controlling peri-
implantitis include non-surgical and surgical therapy
using approaches identical to those targeted to the
treatment of periodontitis around teeth. However,
the evident association between peri-implantitis and
dissolved titanium raises the importance of devel-
oping therapies that aim to address not only the
control of biofilm, but also respect the titanium surface
material properties. Agents that may be protective for
teeth, such as fluoride, can be detrimental to titanium

Figure 3.
Mean quantities of plaque mass (nanogram per microliter) collected in
healthy and peri-implantitis groups.

Figure 4.
Mean adjusted titanium levels in healthy and peri-implantitis groups.
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leading to corrosion.10,27,28 Titanium from dental
implants can be exposed to fluoride ions from mouth
rinses, toothpastes, drinking water, or food,29 and
use of fluoride could be a potential confounding
factor to be considered in future confirmatory stud-
ies assessing the implication of titanium corrosion
and peri-implantitis. The importance of developing
implant-specific treatment protocols that factor in
titanium cytocompatibility has only recently been
realized,30 and the present findings corroborate the
need to consider titanium material properties and
its biocompatibility for establishing peri-implantitis
treatment strategies that will bode for long-term
success.

CONCLUSIONS

Significantly increased levels of dissolved titanium
were detected in submucosal plaque of implants with
peri-implantitis compared with healthy implants, thus
indicating an association between titanium dissolution
and peri-implantitis. The factors triggering titanium
dissolution, as well as the role of titanium corrosion
products in the peri-implant inflammatory process,
warrant further investigation.
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