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Abstract: In the last years, several materials and design have been assessed in an attempt to improve
the mechanical performance of temporomandibular joint total joint replacement (TMJ TJR) prostheses.
However, the wear of the TMJ TJR condyle to the polymer-based fossa component during loading
and sliding movements. That promotes the release of debris and risks of toxicity to the surrounding
tissues. The purpose of this study was to perform a narrative literature review on the wear of TMJ TJR
sliding contacts and potential toxicity of metallic debris to the patients. Previous studies reported a
significant deterioration of the sliding contact surfaces of TMJ TJR prostheses. Material loss as a result
of wear can cause a TMJ TJR condyle/fossa mismatch and the modification of the contact pressure and
chewing loading. As a further consequence of wear, metal particles are released to the surrounding
tissues with a high risk of local tissue and systemic toxicity through the bloodstream. The presence
of particles induces the stimulation of inflammatory reactions depending on the concentration and
size of debris. Thus, CoCr-based condyle release metallic ions and sub-micron particles that can be
engulfed by macrophages or internalized by other tissue cells. The wear and material loss of TMJ
TJR could be decreased by design optimization and novel materials with low friction and contact
pressure. That consequently decrease the amount of metallic ions and particles to the surrounding
tissues, preventing peri-prosthetic inflammatory reactions.

Keywords: debris; temporomandibular joint total joint replacement; wear; toxicity

1. Introduction

Among the currently available biomedical materials, the long-term success rates of
titanium-based dental implants have supported the use of titanium and its alloys to man-
ufacture implants and prosthetic devices [1,2]. The human synovial temporomandibular
joint (TMJ) is formed by the mandible condyle, fibrous articular disc, and temporal bone
fossa. Essential human functions such as chewing, speaking, airway support, and swallow-
ing are supported by the function and shape of the TMJ. Indeed, the TMJ complex is often
under cyclic load, more than any other joint in the body throughout life. These physiologic
actions occur thanks to the rotation movement of the condyle over the articular disc and the
translation of the disc-condyle complex along the articular prominence [3,4]. Around 25%
world population is affected by some type of temporomandibular joint disorder (TMD)
such as muscular pain, opening mouth limitations, migraines, and bruxism, although
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surgical procedures are recommended in only 2–5% of TMD cases [3,5,6]. TMD disor-
ders is prevalent in females within a 1:3 ratio with males, ranging from 20 up to 40 years
old. In the USA, approximately 1 million people per year are diagnosed with a TMD,
although only around 3k patients need surgical procedures [7–10]. Common causes for
surgical procedures with TMJ total joint replacement (TJR) are related to severe trauma
or end-stage joint diseases such as ankylosis, degenerative diseases (i.e., osteoarthritis),
and tumors [3,5,6,11]. End-stage joint diseases are characterized by the degradation of
cartilage and bone tissue that cushions and smooths the joint movement followed by pain,
swelling, stiffness resulting in a loss of mobility and function [3,5,6,11,12].

The long-term performance of TMJ TJR prostheses is similar to that of the most used
orthopedic implant or prostheses (i.e., hip, knee TJR) ranging between 15 and 20 years,
that is not enough for most of the elderly population [7,13]. Nevertheless, young patients
can also need TMJ reconstruction and the number of TMJ TJR prostheses have arisen in
recent years [6,7,14–16]. A previous study reported data on an increasing demand for
the use of TMJ TJR devices until the year 2030 in the USA regarding the treatment of
terminal TMD [6]. The main factors that limit the long term performance of the alloplastic
prostheses are related to mechanical instability due to progressive bone resorption, material
degradation, and adverse reaction to metallic debris [16–20].

Two categories of total TMJ TJR prosthesis have been studied: standard prostheses,
where the surgeon needs to adapt the patient’s anatomical features; and custom-made
prostheses for each clinical situation (Figure 1) [9,21–23]. On the manufacturing of pros-
theses, titanium alloys are used to promote osseointegration in the mandible ramus and
articular fossa. Cobalt-Chromium (CoCr)-based alloys are used to replace the condyle that
is placed in contact with a prosthetic articular fossa composed of a polymeric material
such as ultra-high-molecular-weight polyethylene (UHMWPE). That CoCr-UHMWPE pair
results in low friction that allows a free movement during physiologic movement of the
patient [4,9]. The preparation and surgical treatment with TMJ TJR prostheses must guar-
antee a functional occlusion to decrease stresses and the wear of the contacting materials.
The placement of the prosthesis requires a reference for the correct maxilla-mandibular
positioning of the components to gather stability during and after surgical intervention.
The prediction of a stable mandibular position in patients without occlusal stability or eden-
tulism becomes a hard challenge and therefore that can compromise the primary stability of
the TMJ TJR implants. In these cases, the use of myorelaxant occlusal device is indicated to
maintain a proper vertical occlusal dimension during and after surgery [24–26]. The post-
surgical period involves a physiotherapeutic treatment (i.e., passive, active, cryotherapy,
ultrasound, transcutaneous electrical nerve stimulation) to reduce musculoskeletal pain
and therefore promoting patient comfort [26–28].
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Considering the articular disc is absent, there is only a small contact area between
the condylar component and the temporal component [29]. Regardless of the material,
the loading is located at a small contact area that results in higher stresses and wear rate of
materials leading to the release of debris to the surrounding tissues [7,9,30,31]. The levels
of wear pathways depend on factors such as the roughness, materials, design, loading, and
contact area of the two surfaces [7,13,31]. The materials used to produce these devices have
acceptable biocompatibility, although there is a significant percentage of the population
(~10%) that reveals allergy to the CoCrMo alloy [16,30,32,33]. The release of debris such
wear particles (i.e., CoCrMo and UHMWPE) and metallic ions do affect the cells of the
surrounding tissues, including osteogenic cells, fibroblasts, mesenchymal cells and cells of
the immune system (lymphocytes, macrophages). As a result, the inflammatory reaction
takes place including various events, such as cytokine production, cell apoptosis, and
activation of osteoclasts [18,20,30,34].

Taking into account the degradation of TMJ TJR prostheses, the present work aims to
carry out a narrative review on the wear of TMJ TJR sliding contacts and toxic consequences
related to the release of metallic debris from wear and corrosion processes.

2. Standard and Custom-Made TMJ TJR Prostheses

The first functional system for standard TMJ TJR prostheses was created in the 60 s by
Christensen [10,35,36]. Currently, three TMJR TJR devices were approved by FDA: stock
(off-the-shelf) and custom patient-specific (Zimmer Biomet, Warsaw, IN, USA); custom
(patient-fitted) prosthesis (TMJ Concepts, Ventura, CA, USA); Christensen stock prosthesis
(TMJ implants Nexus CMF, Salt Lake City, UT, USA) [4]. Biomet/Lorenz (Zimmer Biomet,
Germany) is one of the most used standard system with FDA approval [10,35,36]. In a previ-
ous clinical and radiological study of 33 patients, the VAS scale for Biomet stock prostheses
between 2010 and 2016 improved for pain, diet, incisal opening, and quality of life before
and after surgery of the patients [37]. Clinical studies published between 2005 and 2012
suggested a success rate of standard TMJ TJR ranging from 84 up to 91% [38]. Total stock
or standard TMJ TJR includes a mandibular component available in three different sizes
(55, 50, and 45 mm) as well as a prosthetic articular fossa in different sizes (wide, medium,
small), as shown in Figure 1 [21,22,32,39]. These types of prostheses have a CoCrMo alloy
(ASTM type F799 or F1537) condyle coupled to the mandible ramus component composed
of titanium grade V to promote the osseointegration process [37,40,41]. On Zimmer Biomet
TMJ TJR, the fossa component consists of an ultra-high molecular density polyethylene
(UHMWPE) component, without metallic support [4,41–43]. Both components are fixed
using 2.0 mm self-tapping screws for the articular fossa and 2.7 mm for the mandibular
component [40–42,44]. Considering the manufacturing materials, the clinical performance
of TMJ TJR prostheses is similar to that of hip or knee TJR prostheses and therefore TMJ TJR
prostheses need periodic recall evaluation or grafting surgeries in some cases, increasing
the complexity of surgical interventions and the costs of treatments [7,45].

TMJ TJR surgical procedure issues involve the positioning and the use alloplastic
cements or bone graft materials [5,22]. On standard components, the articular fossa and
the mandibular ramus have to be changed, or the prosthesis itself needs to be fitted to
increase primary stability. In this way, there is a high probably of mechanical instability
such as micro-movements between different components due to the lack of positioning or
fitting [22,46]. Although the prosthetic articular fossa can be stabilized without the use of
bone graft materials, anatomic features (i.e., deep articular fossa) can limit the fitting of the
TMJ TJR prostheses [22,37]. Then, the use of bone graft materials can be an alternative when
there is lack of fitting in the surgical site. Thus, that procedure is a safe method to achieve
the required levels of mechanical stability and that avoids bone resorption of the joint
eminence, which causes micro-movements leading to implant failure [47]. In the treatment
of very asymmetric patients and with high mandibular angles, the placement of standard
TMJ TJR prostheses becomes more challenging due to the limited shape and design [48].
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Since the surface of the condylar component is relatively flat, an optimal fitting in
the surgical bed becomes a limitation. Thus, the frontal inclination of the ramus and
mandibular condyle must be meticulously evaluated. In a frontal view, the portion of
the condyle head of the standard TMJ TJR prosthesis can be positioned laterally whether
the lower margin of the ramus component in the area of the mandibular angle is located
medially to the glenoid fossa [49]. An opposite situation may occur if the lower margin of
the condyle components of the standard TMJ TJR prosthesis in the area of the mandibular
angle is located laterally to the glenoid fossa. Those issues can be solved by controlling the
insertion depth of the fixation screws [49]. The standard TMJ TJR system usually involves
a two-step protocol. On the first surgery, the ankylosed bone is removed to provide
a suitable bone space for placing a spacer component. Within the second surgery, the
spacer component is removed and the selected TMJ TJR prosthesis is placed [11,21,47,48].
The benefits of standard TMJ TJR involve low cost and immediate availability [21,49,50].
Several authors report an increase in the number of standard TMJ TJR with satisfactory
results of mouth opening within a period of 3 or 8 years [32,40,41,51].

Custom-made TMJ TJR are designed and engineered according to the patient’s anatomic
features, requiring little or no changes on the surgical procedure [23,42] (Figure 1B). Custom-
made TMJ TJR prostheses have a better performance when compared to standard TMJ TJR
prostheses due to several factors. One noteworthy benefit of custom-made TMJ TJR is related to
the fitting leading to a decrease in micro-movements of components and consequent high me-
chanical stability. The screws’ positioning in the prosthetic articular fossa and in the mandible
ramus also promotes a shorter surgical time once osteoplasty is not required [50]. The main
disadvantages of custom-made TMJ TJR prostheses are the costs, the manufacturing time,
and the bureaucratic process for government authorization in some countries [22,39,49,52,53].
Considering the customized TMJ TJR components are well-fitted to the anatomic features of
the patient, the temporomandibular recovery is enhanced, decreasing risks of failures, post-
surgical issues, and discomfort to the patient [43,54]. Thus, customized manufacturing by
using CAD-CAM or 3-D printing offers clear benefits over standard TMJ TJR [4,54,55].

On the custom-made TMJ TJR, the articular fossa component can consist of a com-
mercially pure titanium (cp Ti) mesh or rough framework adhered to UHMWPE. Cp Ti
mesh or rough framework allow the integration of bone and soft tissues that promote the
mechanical stability of the TMJ TJR prosthesis. The condyle component is composed of
CoCrMo while the ramus is composed of titanium alloy (e.g., Ti6Al4V). Both components
are anchored with Ti6Al4V screws [4,42,43]. The length of the screws can be previously
designed, avoiding constant probing during surgery and then preventing the placement of
longer screws that can injure the medial pterygoid muscle [55]. In the case of the articular
fossa component, the sharp tips of the screws can reach the temporal muscle if they pene-
trate beyond the available functional space [55]. The component of the mandibular fossa is
screw-retained to the lateral edge of the glenoid cavity while the mandibular component is
screw-retained to the ramus [11]. The screw retaining must provide a maximum stability ac-
cording to the manufacturer’s guidelines [56]. However, the access to the uppermost holes,
close to the condyle, may not be possible without resorting to tissue retraction maneuvers,
that increases the risk of tissue damage. In that case, at least 5 screws (50% to 100%) are
recommended to avoid failures [56]. An alternative screw positioning approach can involve
the use of a hole just below the condylar head that allows the placement of the screw from
medial to lateral or anterior to posterior, depending on the surgeon’s preference [57]. This
allows a vertical suspension suture to maintain an upright position until the scar tissue
is remodeled to support the jaw. A PDS 2/0 suture is used, attached around one of the
screws holding the mandibular fossa component [57]. The high mechanical stability of
TMJ TJR prostheses reduces wear on contacting surfaces, decreasing the release of debris
to the surrounding tissues and consequent adverse inflammatory reactions, that also occur
on knee and hip prostheses [7,45,58]. Although the life expectancy of custom-made TMJ
TJR prostheses is undefined, Wolford et al. [11] published a 20-year follow-up study of
56 patients (52 women and 4 men) with an average age at 38.6 ± 10.0 years who received
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custom-made TMJ TJR prostheses. According to the findings, there was an improvement in
the function scores of incisal opening measurement, pain, and diet. None of the prostheses
failed, which indicates a high long-term performance of those devices [11]. There are
numerous published articles that validate the successful use of custom-made TMJ TJR pros-
theses with an indication of significant improvement in the incisal opening, mandibular
function, and in pain levels. Approximately 87% of patients reported improvement in their
quality of life [13,38,56,59].

3. Degradation of TMJ TJR Components

The degradation of TMJ TJR prostheses depends on a series of factors such as primary
stability level, surface conditions, loading, wear resistance, and properties of the materials.
Improvements of the mechanical properties of materials in contact with bone is still an
industrial challenge, that has limitations considering the current materials. For instance,
the elastic modulus of bone tissues ranges from 4 up to 30 GPa, depending on the type
and anatomic region of bone, while the elastic modulus of the titanium alloys used in the
screws varies from 130 up to 150 GPa [4,9]. The mismatch in elastic modulus leads to
abrupt loading transference and concentration at prosthetic interfaces. The transference of
loading through the TMJ TJR prosthesis can cause bone resorption or fibrosis if the TMJ TJR
is mechanically instable [60]. In fact, a high magnitude of loading at the base of the skull
has been recorded ranging from 60 up to 150 N in the anterior region and around 270 N in
the posterior region [9,13]. In patients with temporomandibular disorders (TMD) involving
bruxism, the load magnitude from the maxillo-mandibular relationship can be higher when
compared with a physiologic condition. In such TMD cases including TMJ TJR, the resultant
contact pressure (load vs. cross-sectioned area) between condyle and articular fossa leads to
high risks of fracture and wear of the related TMJ TJR materials [7,45]. Several studies have
shown findings from computational simulations associated or not with experimental tests
on TMJ TJR to predict the stress magnitude on their components [9,38,61–63]. Regarding
the positioning of the TMJ TJR condyle, high stresses were recorded when the condyle
was placed at the outer and posterior regions of the mandibular ramus [61,63]. However,
stresses were lower on custom-made TMJ TJR condyles when compared to standard TMJ
TJR ones [64]. Considering the fixation screws positioning, the stresses were higher on
the condyle-ramus component border fixation screws than on the central fixation screws.
The decrease in stresses occurred when the number of fixation screws increased [65]. In fact,
the decrease in stresses through the materials can improve the mechanical stability of the
TMJ TJR and the wear behavior of the contacting surfaces under normal and frictional
loading. The stability of the prosthesis also depends on the fitting of the components, which
can reveal limitations in patients with extensive bone defects or who have undergone
previous surgery [23,60,66].

CoCr-based alloys have adequate mechanical properties to withstand the complex
loading from the occlusal contacts during the chewing process [4,9,61,66]. Among the
mechanical properties, the wear and fatigue resistance against polymeric surfaces has
been reported in the literature [4,7,13,29,66]. The prosthetic articular fossa component
composed of UHMWPE also has considerable resistance to fatigue and promotes a low
friction against metallic materials such as CoCr- or titanium-based alloys [4,29,31,42].
Nevertheless, the wear of TMJ TJR contact surfaces has also been reported in recent
studies [7,31,45]. For instance, surface damage to retrieved TMJ TJR condyle surfaces
was detected by optical light interferometry and scanning electron microscopy [7]. The
morphological aspect of the TMJ TJR condyle composed of CoCrMo were representative
of pitting corrosion, bi-directional scratches, plastic deformation, and corrosion products
(Figure 2C,D). The scratches and plastic deformation could also occur during the TMJ TJR
manufacturing and surgical placement [7]. Electrochemical tests (OCP and EIS) of the
retrieved TMJ TJR condyle surfaces corroborate the Raman spectroscopy on the corrosion
kinetics of the surfaces [7]. The previous findings revealed that the brunt of the functional
loading is a key factor on the TMJ devices as reported on orthopedic total joint replacement
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(TJR) [7]. The consequences of the wear of surfaces consist in the degradation and release
of metallic debris to the surrounding environment. Another previous study reported the
release of metallic ions from TMJ TJR components in a serum medium that indicated the
oxidation and corrosion of metallic surfaces [30].
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During the sliding of the TMJ TJR condyle onto the synthetic polymeric fossa, a two-
body abrasion takes place on the tribological pair (i.e., CoCr versus UHMWPE) [4,42].
Abrasion wear can occur on both surfaces since they are rubbing away from each other
by direct contact with their asperities (micro- and nano-scale peaks) under oscillatory
and complex loading [7,45,67,68]. The abrasion results in the plastic deformation of the
contacting surfaces depending on the normal (axial) loading magnitude and roughness
(micro/nano-scale peaks’ dimensions) of the components [7,45,67,68]. In a wear track, the
plastic deformation occurs by ploughing with the fracture (micro-cracks) regions and ejec-
tion of materials from both contacting surfaces [69–71]. In fact, fatigue also occurs within
the wear pathways since there is a rupture of intermolecular bonds followed by a subsur-
face damage caused by the movement of surface molecules under cyclic loads [71,72]. As a
result, there is a release of metallic and polymeric debris to the peri-prosthetic region [7,31].
Then, abrasive particles move along the surfaces in tribological contacts, scratching away
the antagonist surface. If the prosthetic contacts act as a closed tribological system, the
material loss will be higher when compared to the material loss in open environment where
the abrasive particles move away from the tribological contact zone [71,72]. Wear adhesion
is another related pathway once wear particles can also become attached like platelet
shapes to surfaces forming tribo-layers under friction. However, fracture of the micro-
welds resulting from adhesive wear can occur, leading to an increase in the wear rate [71].
Thus, hard debris such as CoCr-based particles act as third bodies in the wear pathways,
leading to an increased wear rate of the surfaces as illustrated in Figure 2. Surface wear
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and consequent loss of contacting volume is one of the main causes of degradation of TMJ
TJR prostheses [7,45].

The surrounding liquid medium also influence the wear behavior of the contacting
surfaces. In the presence of proteins, the liquid medium acts as a lubricant, decreasing the
friction and consequent wear rate [73]. The thin oxide film (passive oxide film) composed
of CrxOy onto CoCr-based surfaces or TixOy on titanium-based surfaces also remain
stable [68,70,71,74]. However, thin oxide films can be destroyed under increased friction
and sliding wear. On the other hand, an acidic medium can induce the corrosion of metallic
surfaces and speed up the degradation of materials by a synergistic effect of wear and
corrosion pathways, known as tribocorrosion [68,70,71,74]. In acidic medium, the thin
oxide film formed onto the CoCr- and titanium-based surfaces chemically interact with the
H+ and other ions (i.e., Cl−) leading to a partial dissolution (active oxide film) [72,74–76].
As a result, the release of metallic ions and debris such as nano-particles exposes a fresh
CoCr- or titanium-based surface that promptly reacts with the environment corresponding
to an anodic partial current [72,74–76]. It should be emphasized that the bare metal has a
high chemical reactivity to the medium once the thin protective oxide film was removed.
Thus, a galvanic coupling is established during the wear process in the electrolyte, since
the bare (worn area) may act as an anode or a cathode, while the peripheric area, composed
of a passive layer (unworn area), acts as a cathode or an anode [70–72]. The current flowing
between anodic and cathodic areas represents an increased corrosion rate of the metallic
material. Previous studies have reported the tribocorrosion of CoCr- and titanium-base
surfaces in different medium such as saline, artificial saliva, phosphate buffered solution
(PBS), biofilms, and protein-rich serum [31,70,72,73,75,77].

Designing contact surfaces is one way to reduce wear of TMJ TJR materials. A recent
approach has proposed the modification of the condyle surfaces with a deposition of
titanium nitride (TiN) or diamond-like carbon (DLC) layer, that can decrease friction and
wear of the condyle component. The same approach has been utilized in the case of the
condylar structure of hip TJR prostheses [16,42]. In fact, veneering metallic surfaces with
DLC or TiN could provide a protective barrier against corrosion and wear, increasing
the long-term performance of the contacting TMJ TJR surfaces. Also, the high-strength
ceramic condyles could be an alternative to avoid the corrosion issue [78]. However,
the microstructure integrity (i.e., absence of defects) and low roughness of the modified
surfaces should be controlled to promote such low friction effect. Defects such pores
or rough coating surface are quite common considering the manufacturing processes.
The detachment of coatings can also occur during normal and tangential loading during
cyclic sliding and normal loading. As a consequence, third bodies increase the wear of the
bearing surfaces.

UHMWPE is the major polymeric material for bearing surfaces of TMJ TJR, due to
its biocompatibility, low friction coefficient, resilience, strength, and corrosion resistance
properties [42,79]. Despite these properties, degradation by wear on UHMWPE is unavoid-
able, which requires the consideration of alternative polymers. Many UHMWPE structures
are sterilized by gamma irradiation at room environment. This has subsequently been
shown to cause oxidative degradation of the polymer both in vitro and in vivo leading to
an increased wear rate and release of polymeric debris [79,80]. Some studies have reported
a lower friction when a highly cross-linked polyethylene (XLPE) counter-body was used
instead of UHMWPE against CoCr-based surfaces [78,81]. Contrarily to hip and knee
prostheses, only a few studies are available that describe the tribocorrosion behavior and
biological response of novel advancements in TMJ TJR prostheses [4,19,45,82]. Further
studies are required to validate the effect of different pairs of bearing surfaces considering
variation of loading, geometrical models, coatings, roughness, and novel materials.

4. Adverse Biological Effects of Debris Released from TMJ TJR

Previous studies have reported that the failures of the TMJ TJR prostheses can be
related to a synergistic effect among friction, wear, and corrosion resulting in the release of
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metallic ions as well as metallic and polymeric debris [7,29,45]. The levels of metallic debris
and ions have been reported after TMJR TJR [30,83]. The particles (ceramic, metals, and
polymers) and ions can accumulate around the peri-prosthetic tissues, promoting adverse
local tissue reactions such as necrosis, osteolysis, and pseudo-tumors [30]. The presence
of ions and debris into the tissues activates endothelial cells at the peri-prosthetic region
causing the expression of molecules such as P-selectin, ICAM-1, CAM and CD44. In this
way, immune cells (granulocytes, macrophages, monocytes, and lymphocytes) are stim-
ulated by those molecules towards the tissue interfaces [30,84]. Then, the immune cells
induce the discharge of a variety of prostaglandins, degradative enzymes, growth factors,
reactive oxygen species (ROS), and pro-inflammatory cytokines including TNF-a, inter-
leukins (IL-1a, IL-1b, IL-6 and IL-8), as illustrated in Figure 3. Several studies report that
primary cytokines stimulate the release of other mediators. The consequent inflammatory
cascade results in the recruitment of other types of cells and the formation of a peri-implant
granuloma [84–86]. The fusion of macrophages results in multinucleated-giant cells and
osteoclasts that adsorb onto the metallic particles’ surfaces [86,87].

Metals 2021, 11, x FOR PEER REVIEW 8 of 14 
 

 

4. Adverse Biological Effects of Debris Released from TMJ TJR 
Previous studies have reported that the failures of the TMJ TJR prostheses can be 

related to a synergistic effect among friction, wear, and corrosion resulting in the release 
of metallic ions as well as metallic and polymeric debris [7,29,45]. The levels of metallic 
debris and ions have been reported after TMJR TJR [30,83]. The particles (ceramic, metals, 
and polymers) and ions can accumulate around the peri-prosthetic tissues, promoting ad-
verse local tissue reactions such as necrosis, osteolysis, and pseudo-tumors [30]. The pres-
ence of ions and debris into the tissues activates endothelial cells at the peri-prosthetic 
region causing the expression of molecules such as P-selectin, ICAM-1, CAM and CD44. 
In this way, immune cells (granulocytes, macrophages, monocytes, and lymphocytes) are 
stimulated by those molecules towards the tissue interfaces [30,84]. Then, the immune 
cells induce the discharge of a variety of prostaglandins, degradative enzymes, growth 
factors, reactive oxygen species (ROS), and pro-inflammatory cytokines including TNF-a, 
interleukins (IL-1a, IL-1b, IL-6 and IL-8), as illustrated in Figure 3. Several studies report 
that primary cytokines stimulate the release of other mediators. The consequent inflam-
matory cascade results in the recruitment of other types of cells and the formation of a 
peri-implant granuloma [84–86]. The fusion of macrophages results in multinucleated-gi-
ant cells and osteoclasts that adsorb onto the metallic particles’ surfaces [86,87].  

 
Figure 3. Schematics of the toxic effects of metallics debris released from the degradation of TMJ TJR prostheses. 

On degradation, UHMWPE particles can be released like granules, splinters, or flakes 
instead of the needle-like shape that has noticed for Ti and CoCr-based materials. Imme-
diately on implant placement, synthetic materials spontaneously adsorb a layer of host 
proteins that mediate the interaction with immune cells (e.g., macrophages, neutrophils). 
For instance, macrophages interact with wear particles through the layer of adsorbed se-
rum proteins, including type I collagen, aggrecan proteoglycans, immunoglobulin, fibron-
ectin and albumin (Figure 3) [80,88]. It is well-known that UHMWPE particles in the 0.1–
1.0 µm size range have been shown to be more biologically reactive than larger particles. 
Submicron-scale particles have been involved in inflammatory reactions of late aseptic 
loosening of total joint replacements [89]. Regarding the differences in size, submicron- 
and nano-scale UHMWPE particles are engulfed by macrophages that attempt to degrade 
the polymeric particles, although without success. The macrophages become activated 
and release prostaglandins, cytokines (TNF-α, IL-6, IL-1, IL-8), metalloproteinases and ly-
sosomal enzymes [88,89]. 

Figure 3. Schematics of the toxic effects of metallics debris released from the degradation of TMJ TJR prostheses.

On degradation, UHMWPE particles can be released like granules, splinters, or flakes
instead of the needle-like shape that has noticed for Ti and CoCr-based materials. Imme-
diately on implant placement, synthetic materials spontaneously adsorb a layer of host
proteins that mediate the interaction with immune cells (e.g., macrophages, neutrophils).
For instance, macrophages interact with wear particles through the layer of adsorbed
serum proteins, including type I collagen, aggrecan proteoglycans, immunoglobulin, fi-
bronectin and albumin (Figure 3) [80,88]. It is well-known that UHMWPE particles in the
0.1–1.0 µm size range have been shown to be more biologically reactive than larger particles.
Submicron-scale particles have been involved in inflammatory reactions of late aseptic
loosening of total joint replacements [89]. Regarding the differences in size, submicron-
and nano-scale UHMWPE particles are engulfed by macrophages that attempt to degrade
the polymeric particles, although without success. The macrophages become activated
and release prostaglandins, cytokines (TNF-α, IL-6, IL-1, IL-8), metalloproteinases and
lysosomal enzymes [88,89].

Metallic ions and submicron- and nano-scale particles released from surface degrada-
tion are chemically active and can interact at the level of cellular organelles with potential
risks of mutagenic reactions [86,90]. The biological response of cells depends on the chemi-
cal composition, size, and amount of the particles and ions [85,86]. The main CoCr-based
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alloys used to manufacture the condyle have approximately 68% Co, 28% Cr, and 7%
Mo, while titanium alloys (Ti grade V) have around 89% Ti, 6% Al, and 4% V. Metallic
particles can be found from micro- (below 1–50 µm) up to nano-scale (1–100 nm) size after
tribocorrosion of a CoCr- or titanium-based condyle against a UHMWPE [86,87,91,92].
CoCr micro- and nano-scale particles and Co2+, Cr3+, Cr6+ ions are the main degradation
products from CoCr-based alloys [7,92]. CoCr nano-particles and Cr3+ ions can trespass
the cell membrane by diffusion or endocytosis, generating reactive oxygen and nitrogen
species and disturbing the respiratory function of the cells. Submicron- (0.1–0.99 µm) and
nano-scale particles are internalized by the cells via pinocytosis and phagocytosis processes
of macrophages [93]. Also, the nano-scale debris and ions can reach the cell DNA inducing
mutagenic reactions, as illustrated in Figure 3. The saturation of metallic debris has a
negative consequence in the antioxidant mechanism of the cells causing cell wall damage
and metabolism disorders [18,86]. Studies have reported apoptosis and inflammatory
responses in macrophages and pneumocytes when in contact with Co2+ and Cr3+ [86].
Additionally, Co2+ can influence iron metabolism by interaction with apo-transferrin that
might affect the physiologic hematopoietic tissue metabolism. A previous study reported
toxic concentrations for Co2+ at 8–10 ppm and 250–500 ppm for Cr3+ [94].

Furthermore, systemic toxicity cold take place when the debris and ions get into the
bloodstream and reach lymph nodes, liver, spleen, and bone marrow [30,86]. A relation-
ship between wear debris accumulation and upregulation of metalloprotein I/II has been
reported that can result in the alteration of xenobiotic metabolism by liver [95]. Erytrocytes
containing metal circulate throughout the body tissues and amplify the risks of genotoxic-
ity and immunological effects [86,87]. The metallic debris can trespass different cells and
tissues and can also be transferred among organs. An in vivo study reported metal accu-
mulation in liver and kidney tissues after intramuscular placement of a CoCrMo implant
for 9 months [96]. Such finding suggested that metal particles and ions are released from
CoCr-based implants even under non-functional conditions. In fact, TMJR TJR components
(condyle, screws, fossa mesh, and ramus) are sources of release of metallic debris and ions.
Regarding the titanium-based ramus and screws, many manufacturers use Ti6Al4V alloys
due their high strength and capability of osseointegration. Nevertheless, inflammatory re-
actions were also reported for Ti, TiO2 particles and Ti ions as found for CoCr-based debris.
Additionally, the presence of V and Al ions has been associated with potential mutagenic
and carcinogenic response [86,87,93]. The development of biocompatible titanium alloys,
without potentially toxic elements like Al or V and the surface modification methods have
been the targets for recent research. Nowadays, TiZr and TiZrNbTa alloys are alternative
materials to replace Ti6Al4V.

5. Concluding Remarks

The temporomandibular joint total joint replacement (TMJ TJR) involves the use of
different of materials, design, and surgical techniques. TMJ TJR prostheses have clinical
limitations as they only allow translational movements and therefore the mandibular
movements in unilateral prostheses are performed with deflection towards the prosthetic
side. The anatomical shape of the custom-made prostheses reveals a better mechanical
behavior considering the distribution of stresses and mechanical stability when compared to
standard prostheses. As a consequence of high loads and friction, the sliding of the bearing
components of the prosthesis causes wear of the materials and, consequently, the release
of metallic debris to the surrounding tissues. Metallic particles and ions released from
the materials’ degradation can induce inflammatory response and also the internalization
through cell membranes with high risks to alter cellular metabolic functions. Inflammatory
reactions induced by metallic debris can cause a series of toxic effects with mutagenic risks
to the patients. The use of materials with high wear resistance and less release of toxic
debris is one of the main goals of current research on TMJ TJR. Thus, TMJ TJR prostheses
are still the focus of development concerning pre- and post-surgical situations, taking into
account technological advancements on orthopedic prostheses (i.e., hip, knee prostheses).
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Despite the limitations, the use of TMJ TJR prostheses has increased over the years due to
technological developments in materials, design, and surgical procedures.
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