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What is known

There is increasing evidence that titanium-based dental implant complications are associated with the release of metallic elements. Many clini-

cians remain unconcerned about such issue, and there is currently no international standards for the evaluation of biological response to

implant wear particles.

What this study adds

This opinion article provides a concise summary of the current evidence and shortcomings in the field, with the aim to raise awareness among

dental implant providers.

Dental implants offer a widely accepted and viable long-term treat-

ment option for patients with missing teeth.1,2 Since the discovery of

its biocompatibility and capability of osseointegration, titanium

(Ti) and its alloys have become the gold standard and most widely

used in implant dentistry.3,4 There are implants made with other mate-

rials, this opinion paper will focus on titanium-based implants. While

such implants have proven to be highly reliable and have high success

rates, it is not without complications. Some implants fail due to a vari-

ety of reasons including peri-implantitis, lack of osseointegration,

material wear and corrosion, and hypersensitivity.5–7

For any implant system on the market, a series of complex and

stringent standards need to be met during various stages including

in vitro testing, in vivo and clinical trials, and manufacturing. Table 1

summarises the major standards dental implant companies follow.

Authors searched publicly available compliance documentations

published by major dental implant companies, including BioHorizons,

Dentsply Sirona, Nobel Biocare, Osstem, and Straumann. While all

companies demonstrated compliance with ISO 13485 (Medical device

quality management system) during the design, development, manu-

facture, and distribution of dental implants (and related components),

information on how tests were conducted in accordance to above-

mentioned ISO standards was not readily available to public. In addi-

tion, standards for biological evaluation of medical devices such as

ISO 10993 permits the use of whole implant, and thus the biological

implications of free Ti-based particles and metallic ions can be

overlooked.

In patients that had dental implants, Ti particles, as a product of

wear and/or degradation, have been detected in both intra- and

extra-oral tissues. Ti particles have been found in peri-implant bone

and/or soft tissues, submucosal plaque, and in distant lymph nodes in

human pilot studies.13–15 Ti particles have also been shown in bothFadi N. Barrak and Siwei Li contributed equally to this study.
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animal and human studies to be present in lungs, kidneys, livers,

spleen, and abdominal lymph nodes, with some suggesting that parti-

cles were transported in the bloodstream by phagocytic cells and

plasma proteins to these distal organs.16–18 Authors' own ex vivo

study has demonstrated that metallic nano- and micro-sized particles

were released from dental implants immediately after placement.19

They can be seen embedded in peri-implant bone tissue as well as

internalized by cells such as human gingival fibroblasts and macro-

phages. Another study involving human biopsies has also reported

localization of Ti particles in macrophages and epithelium cells.20 It

has been suggested that in cells with phagocytized Ti particles, alter-

ations to basic cell mechanism may occur and subsequently lead to

reactive lesions such as pyogenic and/or peripheral giant cell granulo-

mas.21,22 Peri-implantitis is a plaque-associated pathological condition

occurring in tissues around dental implants.23 It is characterized by

inflammation in the peri-implant mucosa and subsequent progressive

loss of surrounding supporting bone in which the implant is anchored.

Peri-implantitis sites had higher concentrations of Ti particles in com-

parison to healthy implant sites,24–28 while authors acknowledge that

there is no definitive evidence, and there is a strong association

between implant particle release and peri-implantitis.

The most common feasible causes of Ti particle release are fric-

tion during implant placement procedures, implant surface corrosion,

and fretting phenomena at the implant-abutment interphase.29 The

use of dental hygiene products and antiseptic agents such as fluoride

and chlorhexidine have been linked with alterations to the implant

surface topography and increased corrosion.30,31 In addition, implant

debridement procedures, for example, surface cleaning with mechani-

cal and/or chemical means, used during implant maintenances and

treatment of peri-implantitis, such as implantoplasty, were also

reported to be the causes of particle release.25,32 Authors' own

ex vivo study has found that the amount of metallic particle and ion

release during placement was dependent on both implant material

and design, where grade 5 titanium alloy (Ti-6AL-4V) implants

resulted in more release compared to commercial pure (grade 4) or

Roxolid® (Ti-15Zr, a Ti alloy composed of �15% zirconium)

implants.19 In an in vitro study that investigated particle release due

to frictional wear, it was also reported that wear signs were evident in

all implant-abutment couplings (grade 4 or Roxolid® implants paired

with Ti or Zr abutments).33 More interestingly, it was found that larger

particles were generated in Roxolid® with Ti or Zr abutment pairings

in comparison to grade 4 implants. These findings emphasize the need

of careful pre-manufacturing evaluations of the implant materials and

designs as there is increasing evidence of potential risks of these wear

particles.

As the use of Ti and its alloy increases, concerns over their safety

are also increasing as the number of research and reports focusing on

Ti toxicity showed a rapid upward trend in recent years.34 Both

micro- and nano-sized particles can be generated during an implant's

life span.19,32,34 There is evidence that TiO2 nanoparticles are associ-

ated with cellular DNA damage and pro-inflammatory effects.35,36 It

has been reported that the TiO2 nanoparticles could adsorb CXCL8

(and IFN-γ), clinically relevant pro-inflammatory chemokines, thus

resulting in the disruption of neutrophil chemotaxis and local inflam-

matory mediator concentration and subsequently reduced inflamma-

tory response.36 Particle release as an inflammation catalyst

mechanism is an emerging concept in dental medicine that may help

explain the pathogenesis of peri-implantitis.27,28,37,38

Implant losses can be associated with inflammatory complications

due to Ti particles.15,39 Peri-implant diseases can be peri-implantitis or

TABLE 1 General overview of major standards dental implant companies follow.

Standard Summary description

ISO

109938
Biological evaluation of medical devices — A set of standards used for evaluating the biocompatibility of medical devices. Specific tests

and biological endpoints (e.g., cytotoxicity, system toxicity, degradation) will depend on each medical device and their nature of body

contact.

ISO 58329 Implants for surgery (Metallic materials) — A series of ISO standards specifies characteristics of, and corresponding test methods for

metallic materials used in the manufacture of surgical implants, for example, Part 2: Unalloyed titanium and Part 3: Wrought titanium

6-aluminum 4-vanadium alloy. Standards from other organization may be normatively referenced, for example, ASTM F67 (Standard

Specification for Unalloyed Titanium), ASTM F136 (Standard Specification for Wrought Titanium-6Aluminum-4Vanadium).

ISO

1480110
Dynamic loading test for endosseous dental implants — The standard specifies a method of dynamic testing of single post endosseous

dental implants of the transmucosal type in combination with their premanufactured prosthetic components. It should be noted the

standard is used for fatigue testing manufactured devices and not a test of fundamental properties of materials used. If the implant

has metallic coatings, static tensile and shear bonding strengths between the coating and implant surface need to be test, with

reference to other standards such as ASTM F1160 (Standard Test Method for Shear and Bending Fatigue Testing of Calcium

Phosphate and Metallic Medical and Composite Calcium Phosphate/ Metallic Coatings) and ASTM F1142 (Standard Test Method for

Tension Testing of Calcium Phosphate and Metallic Coatings).

ISO

1027111
Corrosion test methods for metallic materials (Dentistry) — The standard specifies test methods and procedures to determine the

corrosion behavior of metallic materials used in the oral cavity.

ISO

1348512
Quality management system (Medical devices) — The standard specifies requirements for a quality management system where an

organization needs to demonstrate its ability to provide medical devices and related services that consistently meet customer and

applicable regulatory requirements.

Note: It should be noted that this may not include all the tests performed by each company for each dental implant system.
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peri-implant mucositis, which are characterized by the presence or the

lack of peri-implant bone loss, respectively. The general consensus is

that peri-implant mucositis is inflammatory disease involving mucosa

only, whereas peri-implantitis sites extend to supporting bone.23

Souza and colleagues demonstrated that Ti particles affected biofilm

composition, increasing population of four bacterial species (Strepto-

coccus anginosus, Prevotella nigrescens, Capnocytophaga sputigena, and

Actinomyces israelli), while Ti ions resulted in a higher level of patho-

gens from disease-associated complex as well as a reduction of

health-associated complex.40 This suggests Ti particles and ions may

encourage the growth of peri-implant pathogenic species, resulting in

subsequent microbial dysbiosis and eventually peri-implantitis.

While many tests can be performed to determine parameters

such as implant surface topography, composition, and their effects on

adhesion, proliferation, and differentiation of various clinically rele-

vant cell populations, suffice it to say that the current setups in accor-

dance to ISO and regulatory bodies do not reflect the extremely

complex physiological microenvironment surrounding an implant.

More importantly, the effects of Ti particle and metallic ion released

from implants are often overlooked by implant companies and clini-

cians placing the implants. This clearly indicates a need of awareness

in the field of implant dentistry as well as a reliable testing protocol

that yields highly reproducible and translatable results with regards to

the biological response of patients after implantation.

Some manufacturers and independent organizations have already

taken steps to carry out additional standardized tests in addition to

those required by regulatory bodies such as the U.S. Food and Drug

Administration (FDA) and European health, safety, and environmental

protection standards (CE marking). CleanImplant Foundation, for exam-

ple, utilizes scanning electron microscope (SEM) and energy-dispersive

x-ray spectroscopy (EDS) in a clean room environment (according to

Class 100 US Federal Standard 209E, Class 5 DIN EN ISO 14644-1) to

assess surface homogeneity and contaminations of implants during

manufacturing and packaging process.41 While this is an important

development in the field of Implant Dentistry to acknowledge the risk

of adverse effects caused by “impurities” such as Ti particles as well as

organic particles originated from manufacturing and/or packaging, fur-

ther biological tests and a more stringent threshold should be applied.

CleanImplant argued that single organic particles smaller than 50 μm in

diameter were considered less damaging than numerous particles, with

a maximum of 30 particles along the circumference of the implant.41 In

addition, major plaque-like organic contaminants exceeding the size of

50 μm and PTFE particles, presumably originating from Teflon molds

used during implant production, were considered unacceptable.41 There

are studies reporting the density of Ti particles to be as high as 40 million

per mm3 of tissue.27 It should be noted however, that there may be dif-

ferences in the adverse effects of impurities from defective manufactur-

ing and particle release from appropriately manufactured implants.

Further studies are required.

While some clinical/human studies, for example, by Rakic and

colleagues,42 argued that there is no clear evidence of direct pathologi-

cal effects of implant particles, particles were identified in all peri-

implantitis samples in this study, while another reported presence of

particles in 90% peri-implant soft tissue biopsies from patients diag-

nosed with peri-implantitis.43 Authors believe the prevalence of the par-

ticles depicts a strong association between Ti particles and peri-implant

disease. As mentioned above that both nanometer- and micrometer-

sized Ti particles can be detected in peri-implant tissues.19,26,44 The size

of particles can vary depending on the implant size, design, and mate-

rial.19,33 Authors acknowledge that it is currently unclear which particle

configuration (e.g. size and surface chemistry) and location of distribu-

tion results in unfavorable biological response. It is therefore important

to apply a standardized set of testing methods to each variation of the

same implant system. The biological effects of wear particles, especially

nanometer-sized particles, remain unclear and debatable. Some have

observed positive antibiofilm properties with either Ti nanoparticles

alone, or in combination with other metal nanoparticles, leading to sug-

gestions that these nanoparticles can protect against peri-implantitis

pathogens.45,46 Ti nanoparticles have been proposed as a commercially

viable anti-plaque and anti-biofilm strategy in products such as tooth

pastes and mouthwashes.47 Others on the other hand, have reported

adverse effects such as induction of apoptosis, genotoxicity, collagen,

and lipid deformation as well as alveolar epithelial metaplasia.39,48,49 It

has been reported that nano- and micro-sized Ti particles are associated

with the activation of inflammatory response and the release of pro-

inflammatory cytokines such as TNF-α and IL-1β.50,51 In addition, Ti par-

ticles have been shown to induce M1 macrophage phenotype polariza-

tion and associated bone resorption.52 Ti nanoparticles have been

reported to initiate the TLR4 (toll-like receptor 4)-dependent pathway

and the subsequent overproduction of MUC5B (mucin 5B), which is

involved in the inflammatory response in human airways.53 Although

the body of evidence suggests that the biological effects of implant

(nano)particles is inflammatory, more specific toxological research is

needed and biomarker assays should be incorporated during the evalua-

tion process of an implant.

Another possible cause of implant failure can be attributed to

allergic reactions to titanium, albeit there is limited evidence. Hyper-

sensitivity reactions such as erythema, eczema, necrosis, and bone

loss due to Ti dental implants have been reported in some stud-

ies.7,54,55 Concerns of adverse effects of Ti and its alloys have led to

the research and development of alternative implant materials. One

example is zirconia and polyaryletherketone (PEEK), which have

gained increasing interest as a material in dental applications mainly

due to its good biocompatibility and biomechanical

characteristics.56–58 However, further investigations are required

before such material can become a viable commercial and clinical

alternative to Ti. This commentary focused exclusively on titanium-

based metal implants, and authors do acknowledge there is also pro-

pensity for particle release and accumulation from implants made with

alternative materials.27

FINAL REMARK

Ti-based dental implants currently have an undisputed high survival

rate clinically and will continue to be successful commercially.
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However, attention now must be placed on the potential adverse

effects associated with Ti implants, in particular, their wear particles.

A new set of standards for the evaluation of biological response to

implant wear particles and metallic ions needs to be developed with

the aim to increase the predictive power of preclinical assessment of

materials and dental implants. These testing data should be readily

available such that clinicians as well as patients are aware of the bio-

logical and mechanical implications of materials used in dental

implants. Dental implant providers, be it the manufacturers or the cli-

nicians placing the implants, need to be aware of these potential risks

and the need for additional testing standards as they inevitably bear

the responsibility of the products used and treatments provided to

the general public.
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