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Abstract Temporomandibular disorders (TMDs) are among
the most common maxillofacial complaints and a major
cause of orofacial pain. Although current treatments provide
short- and long-term relief, alternative tissue engineering so-
lutions are in great demand. Particularly, the development of
strategies, providing long-term resolution of TMD to help
patients regain normal function, is a high priority. An abso-
lute prerequisite of tissue engineering is to understand nor-
mal structure and function. The current knowledge of ana-
tomical, mechanical, and biochemical characteristics of the
temporomandibular joint (TMJ) and associated tissues will
be discussed, followed by a brief description of current
TMD treatments. The main focus is on recent tissue engi-
neering developments for regenerating TMJ tissue compo-
nents, with or without a scaffold. The expectation for effec-
tively managing TMD is that tissue engineering will produce
biomimetic TMJ tissues that recapitulate the normal structure
and function of the TMJ.
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Introduction

Temporomandibular joint (TMJ) is a synovial joint that pro-
vides for mandibular motion relative to the cranial base and
distributes the normal stresses of function (chewing and
speaking) and parafunction (clenching and bruxism). It is of-
ten referred to as ginglymoarthrodial joint due to its hinging
and sliding function. The TMJ connects the mandibular con-
dyle (lower jaw) to the temporal bone of the skull. The
fibrocartilaginous disc, sandwiched between mandibular con-
dyle and the glenoid fossa-articular eminence of the temporal
bone, divides the joint space into superior and inferior com-
partments, both of which are filled with synovial fluid
(Fig. 1a).

The TMJ is affected by various disorders that are col-
lectively referred to as temporomandibular disorder (TMD).
TMD is a heterogeneous group of clinically important dys-
functions and pathologies involving the TMJ, the associat-
ed jaw muscles, or both. Symptoms of TMD include pain-
ful or pain-free joint sounds, reduced range of motion, and
joint and/or muscular pain. Interestingly, these symptoms
occur disproportionally between sexes, with much higher
incidence in females than in males [1, 2]. Importantly,
up to 70 % of TMD patients suffer from an abnormal
position of the TMJ disc during function, which is often
referred to as internal derangement (ID) [2]. Although the
pathogenesis and progression of TMD are not completely
understood, degenerative osteoarthropathy is the most
common outcome. TMJ degeneration is manifest by (1)
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displacement, thickening, and/or perforation of the disc; (2)
attenuation to complete loss of the articular fibrocartilage;
(3) sclerosis and remodeling of supporting bone; and (4)
periarticular osteophyte formation [3]. Studies show that
25-60 % of the US populations have experienced at least
one symptom of TMD, but only a small percentage of
these subjects seek treatment. Importantly, treatment of
TMD costs about $4 billion per annum in the USA [1,
2]. The patients’ ages range from 20 to 50 years old,
which represents a relatively early age range for onset of
osteoarthritis [4, 5].

The management options for TMD vary according to the
severity of the disease. Noninvasive and minimally invasive
treatments are preferred for patients in early stages of TMD,
while the more invasive approaches are reserved for advanced
stages of the disease. Unfortunately, no treatment consistently
offers permanent recovery, and many patents require repeat
therapy or follow-up surgeries [6]. The lack of consistently
successful treatment approaches necessitates development of
novel solutions such as those based in tissue engineering. This
review discusses the tissue structure and function of the TMJ
relative to current TMD treatment methods. Special focus then
turns to important advances in the field of tissue engineering
for producing the TMJ tissue components. Specifically,
scaffold-free and scaffold-based methods using cell-based ap-
proaches are discussed.
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TMJ Structure and Function

Because of the complex loading patterns that engineered tis-
sues will experience in the TMJ, acquisition of complete de-
sign parameters from the native tissue is critical. Particularly,
TMJ disc, condyle, and condylar fibrocartilage replacements
are in great demand due to these tissues’ poor regenerative
capacity and high rate of involvement in TMD. In response,
several studies characterizing the properties of these compo-
nents have been performed [7, 8]. Although glenoid fossa and
articular eminence are also involved in TMD, they have not
been fully characterized. In the following section, structural
characteristics of the TMJ tissues are summarized.

Unlike most synovial joints, the articular surface of which
is covered with hyaline cartilage, the TMJ articulation is cov-
ered by a layer of fibrous tissue resembling periosteum, also
referred to as a fibrous zone [9]. Continuous and underlying
this layer, there is fibrocartilage layer that can be in turn sche-
matically subdivided into proliferative and hypertrophic zones
[9]. Although the biochemical composition of extracellular
matrix (ECM) in each of the articulating layer zones has been
characterized in multiple species and man, there is an ongoing
debate on the embryonic origin of mandibular articulating
surface. One theory is supporting periosteal origin [10], while
other claims blastemal origin [11]. The fibrocartilage thick-
ness is highly dependent on the location, age, and loading
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conditions. The maximum thickness of condylar fibrocartilage
in humans reaches 0.48 mm [12, 13].

The biochemical properties of the condylar fibrocartilage
vary with respect to zones. It was shown that in pigs, the
primary ECM component is collagen mixed with a small
amount of proteoglycans [14]. The superficial fibrous zone
is rich in type I collagen, while collagen type II is minimally
present, unlike in hyaline articular cartilage. Inferior to the
fibrous zone is the proliferative zone [15] that functions as a
cell reservoir [16]. Similar to the fibrous zone, collagen type I
is more abundant in this layer [16]. The collagen fiber orien-
tation in these two zones was determined to be anisotropic,
with primarily anteroposterior alignment of the fibers [15, 17].
The predominate proteoglycan type in the fibrous and prolif-
erative zones was found to be a versican-like chondroitin sul-
fate [14, 18]. The mature and hypertrophic zones are populat-
ed by chondrocytes, and the ECM here is primarily composed
of collagen type II, but collagen types I and X are also present
[18]. The predominant proteoglycan type in these two layers is
aggrecan. Compared to hyaline articular cartilage, mandibular
condylar fibrocartilage contains much less glycosaminogly-
can (GAG) by weight. In the rat, for example, GAG per wet
weight of the mandibular condyle was significantly lower than
in the cartilage of the femoral head [19]. GAG and collagen
contents play important roles in compressive and tensile me-
chanical properties [20]. This is an important concept to mim-
ic the properties of the native tissue, with respect to tissue
engineering.

The mechanical properties of condylar fibrocartilage have
been characterized by a variety of methods for various species
[18]. Assays include creep indentation, atomic force micros-
copy, and uniaxial tension. In most studies, the highest com-
pressive properties (1.4-2.3 MPa) were detected in the anteri-
or or anteromedial regions of the condyle as compared to other
regions. In tension, the Young’s modulus values were higher
in the anteroposterior (9.0-21.4 MPa) than in mediolateral
direction (6.6-11.3 MPa) [15].

The TMJ disc is attached along its periphery to the condyle
and temporal bone via fibrous connective tissue. The anterior
portion of the disc is attached to the anterior aspect of the
condylar process inferiorly and to the articular eminence su-
periorly by blending with the joint capsule [21]. The posterior
portion of the disc transitions into fibrous tissue referred to as
the “bilaminar zone,” which, as the name suggests, splits and
attaches superiorly to the temporal bone and inferiorly to the
posterior aspect of the condylar neck (Fig. 1a). Laterally and
medially, the disc attachments blend with the joint capsule
near its attachment to the condylar process [22]. The bicon-
cave, elliptical shape of the disc and its motion reflect the
function of this structure, which is to compensate for the
incongruence of the articulating surfaces and to transmit
forces between them. The dimensions of the disc in humans
are approximately 23 mm mediolaterally and 14 mm

anteroposteriorly [8]. The periphery of the disc is thicker than
the center. The cells of the TMJ disc are distinctly different
from hyaline cartilage and composed of heterogeneously dis-
tributed populations of fibroblasts, fibrocytes, and
fibrochondrocytes [23]. The central portion of the disc is avas-
cular, but its periphery and attachments are vascularized [24].

The TMJ disc is composed primarily of type I collagen
with small percentages of collagen II, III, VI, IX, and XII
[25]. There is a significant degree of anisotropy present in
the disc [26]. In the central portion, the fibers are predomi-
nantly oriented anteroposteriorly, while a more circumferen-
tial arrangement is observed in the band region. Vertical and
intersectional patterns are also present occasionally [26].
Importantly, in both humans and animals, the collagen fibers
of the disc are crimped, which contributes to the mechanical
properties of the tissue, especially under tension [27]. GAG
comprises a much smaller fraction of the TMJ disc ECM. The
GAG fraction ranges from 1 to 10 % by dry weight, and
dermatan sulfate and chondroitin sulfate are its dominant com-
ponents [28]. This amount of GAG is lower than what is
reported of hyaline articular cartilage [29].

The biomechanical properties of the TMJ disc are consis-
tent with models for viscoelastic materials, meaning that its
response to loading depends on its strain history. TMJ disc
mechanical properties vary with respect to species and region.
Several studies have focused on the disc’s mechanical proper-
ties and behavior under tension and compression using exper-
imental and modeling methods [30-32]. Correlations between
disc mechanical and biochemical properties have been report-
ed. For instance, human disc tensile properties in
anteroposterior and mediolateral directions reflect the anisot-
ropy of the collagen fiber arrangement; the tensile strength of
the central region is 13.8 and 4.2 MPa in anteroposterior and
mediolateral directions, respectively [8]. Mimicking this
unique structure is one of the challenges for engineering the
TMI disc.

TMJ Disease, Current Treatments, and Limitations

The etiology of TMD is multifactorial and complex [33], and
the pathogenesis of the disease is still poorly understood. The
factors that contribute to TMD development and progression
are best categorized as predisposing, initiating, and perpetuat-
ing [34, 35]. These factors may include trauma [36], maloc-
clusion [37], estrogen influence [38], bruxism [39], genetic
variations [40], and even psychological aspects [41].
Whatever the combination of factors contributing to the dis-
ease, they all lead to mechanical overload of the joint compo-
nents, which eventually results in development of degenera-
tive changes and osteoarthrosis [42, 43¢]. The best treatment
strategy, therefore, would be identifying and eliminating the
primary factor of TMD. Given that this option is seldom
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available, other treatment options have been devised. In the
following sections, the most common therapeutic options for
TMD are discussed.

The current management options of TMD include nonin-
vasive, minimally invasive, and invasive techniques (Table 1).
More often than not, a combination of these treatments is
applied in an attempt to address both the potential cause and
the resulting symptoms of TMD. Examples of noninvasive
treatments are occlusal splints (orthotics) [44], medications,
physical therapy, and acupuncture. Although the use of occlu-
sal orthotics has been practiced since the eighteenth century
and they are still widely used, the effectiveness of this method
remains questionable [45, 46]. Depending on the severity of
TMD, various classes of oral or topical medications can be
prescribed for TMD patients to relieve pain and discomfort
[47] (Table 1). While oral nonsteroidal anti-inflammatory
drugs (NSAIDs) are the most common, alternative options
such as muscle relaxants, anxiolytics [48], opioids, and even
topical medications are available [49]. Despite the ease of use
and popularity of these medications, the numbers of studies
that support or refute the long-term effectiveness of pharma-
cologic interventions are similar [50].

Minimally invasive treatment options include intra-
articular injections, arthrocentesis, and arthroscopy. Though
these options can be quite invasive, especially arthroscopy,
they are still classified as minimally invasive. Via intra-
articular injections, medications such as corticosteroids alone
or in combination with high-molecular-weight sodium
hyaluronate can be administered directly into the joint in either
or both joint compartments [49, 51]. The advantage of these
techniques is in the ability to get direct access to the joint
space. Although significant improvement in TMD symptoms
was reported by several studies, repeated injections and or
arthroscopies are not recommended, and thus, long-term effi-
cacy of these treatments remains questionable [51]. In

arthrocentesis, usually two needles are inserted into the supe-
rior TMJ space followed by irrigation of the space with saline.
The objective of arthrocentesis is to wash out the inflamma-
tory mediators responsible for inflammation in the joint. It is
also thought that irrigation and lavage under high pressures
can potentially remove adhesions to improve joint mobility. In
some reports, morphine was injected into joint space follow-
ing saline irrigation [52]. Arthrocentesis was reported to be
highly successful for the treatment of TMD over both the long
and short terms [52, 53] with an 83.5 % treatment success rate
[54]. Arthroscopy is similar but with the ability to visualize
and manipulate intra-articular space. It can now be performed
with extremely small-diameter endoscopes and permits direct
removal and treatment of pathologic intra-articular tissues
[55]. With proper patient selection, the success rate for ar-
throscopy can be 85-90 % [55, 56].

Invasive treatments include open joint surgery
(arthrotomy), represented by either modification of joint com-
ponents or complete replacement of the entire joint with au-
togenous or alloplastic prostheses (arthroplasty). Examples of
cases where surgery may be the only option include ankylosis,
neoplasia, chronic or recurrent dislocation, and developmental
disorders [57, 58]. Comparison of benefits among surgical
procedures is difficult, because, unlike pharmacological treat-
ments, placebo control is not possible, due to ethical reasons
[59]. Disc repair and repositioning is not favored because of
the short-lived success of this procedure [60]. Discectomy
(complete removal of the TMJ disc), on the contrary, is still
widely used and can have a significant positive long-term
effect on the management of patients with advanced TMD
who fail to respond to noninvasive treatments [61].
However, this procedure cannot prevent osteoarthrosis, which
eventually is manifest as regressive remodeling of the man-
dibular condyles, destruction of condylar articular surface, and
osteophyte formation [61]. Implantation of synthetic disc

Table 1  Available clinical treatments for TMD patients. Advantages and disadvantages of these treatments need to be studied and elucidated further
Category Method Main advantage/disadvantage
Noninvasive Occlusal splints Stabilizes the joint and minimizes pain; not a long-term solution
Medication Reduces inflammation and pain; negative side effects such as nausea,
sedation, and psychomotor impairment
Physical therapy Increases mobility and reduces pain; should be applied with other treatments

Minimally invasive Intra-articular injection

Lasts longer than noninvasive methods, increases mobility, and decreases

pain; needs to be performed in early stages of degeneration

Arthrocentesis and arthroscopy

Invasive Discectomy

Deemed to be safe and quick; more research is needed to identify long-term effects

Improves mandibular range of motion and reduces orofacial pain; does not prevent

joint degradation

Arthroplasty

Successful results, especially in patients with unaffected condyle; surgical complications

such as nerve injury

Total joint replacement

Only treatment method for severely damaged joints with end-stage disease; secondary

surgery is often necessary
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alternatives such as Teflon-Proplast or silicone implants re-
sulted in disastrous outcomes [62, 63]. Substitution of the
TMJ disc with autologous dermal grafts [61] did not provide
significant advantage over discectomy either. The only benefit
that these grafts had over discectomy was in minimizing
crepitus in the TMJs with no disc [61]. No overwhelming
success was observed with other types of implants such as
ear cartilage, full-thickness skin graft, or use of pedicled
temporalis muscle [58, 64, 65].

Total joint replacement and reconstruction approaches,
using autologous tissues or metallic prostheses, have also been
explored [66]. In greatly simplified terms, the autologous re-
construction is favored in children, due to the ability of autol-
ogous implants to grow and remodel, while alloplasty is pre-
ferred for adults [67]. Although erosion and heterotopic bone
formation are described in cases where alloplastic devices are
used [68], newer, custom-made prostheses seem to offer fa-
vorable outcomes up to 15 years [67].

Currently, the repair and replacement of TMJ tissue com-
ponents constitute an unmet need, highlighting the importance
of developing novel approaches toward treating patients with
TMD. Tissue engineering approaches have emerged as prom-
ising treatment options for musculoskeletal disorders. Since
introducing these methods, significant effort was expended
to design and produce TMJ components that have the ability
to replicate the mechanical and biochemical properties of the
native tissues. In the following section, exciting advancements
in tissue engineering of TMJ components are reviewed.

Tissue Engineering Approaches for TMJ Tissues

Tissue engineering is emerging as a promising option to repair
or potentially replace the diseased tissues of the mechanically
demanding and biologically complex TMJ. Traditionally, the
principal elements of tissue engineering are cells, stimuli, and
scaffolds (Fig. 1b). Recently, a cell-based, scaffold-free meth-
od has also emerged [69]. This section discusses engineering
of TMJ disc and condylar fibrocartilaginous tissues, as orga-
nized by scaffold-based and scaffold-free methodologies; cells
and stimuli used for each tissue are also presented with respect
to the discussed technique.

Scaffold-Based Approaches

Scaffolds serve as a supportive structure to render shape and
volume to the engineered tissues, allowing for well-defined
geometries and ease of handling [70]. The scaffold diffusional
characteristics can be modulated by changing pore size and
porosity. The mechanical properties and surface characteris-
tics can also be tailored to the tissue being engineered. Ideally,
scaffold selection should match scaffold degradation with ma-
trix synthesis. Scaffold degradation rates depend on scaffold

chemistry and can be altered by manipulating, for example,
the molecular weight of synthetic polymers. To induce more
rapid matrix synthesis in vivo, scaffolds can be impregnated
with growth factors. Both synthetic and naturally derived scaf-
folding materials have been examined for engineering the
TMJ disc and condyle, but there is little progress with similar
methods for the mandibular fossa [6].

TMJ Disc

Scaffolds used in TMJ disc tissue engineering include
alginate hydrogels [71], polylactic acid (PLA) [72],
polyglycolic acid (PGA) [20, 71, 73, 74], poly-L-lactic acid
(PLLA) [75], decellularized native ECM materials [76],
polytetrafluoroethylene (¢ePTFE) monofilaments [77],
poly(glycerol sebacate) (PGS) [78], and, recently,
polycaprolactone (PCL) polyester [79¢¢]. As noted above,
scaffold characteristics must be tailored to the cell types used
to engineer the tissue. For example, porcine TMJ disc cells
seeded on PGA scaffolds result in constructs that contract
severely because the PGA degrades much faster than the ma-
trix is produced. Although the addition of insulin-like growth
factor-1 (IGF-1), basic fibroblast growth factor (bFGF), and
transforming growth factor-31 (TGF-f31) improved matrix
synthesis [73, 74], the scaffold still degrades fast. As a result,
a different scaffold material, PLLA, was examined for its
much slower degradation rate [75]. Overall, PLLA scaffolds
seeded with porcine TMJ cells and treated with TGF-31 dem-
onstrated higher collagen and GAG contents and improved
mechanical properties (1.4 MPa Young’s modulus) when
compared to constructs seeded on PGA [75]. Maintaining
the desired shape and size during tissue engineering can be
challenging not only for the disc [20], but other tissues as well
[80], and scaffold optimization toward this parameter remains
an ongoing endeavor.

The advent of new manufacturing techniques may allow
for the production of scaffolds that more closely mimic the
unique structures of TMJ components, including tissue anisot-
ropy. Toward this end, additive manufacturing was used to 3D
print PCL scaffolds with an anisotropic internal structure
[79+]. Seeded with mesenchymal stem cells (MSCs), aniso-
tropic properties were observed. However, given the short-
time points examined in this study, it is unclear if the aniso-
tropic properties would be retained long term, since the ob-
served anisotropy was likely due to the scaffold as opposed to
the matrix produced. The goal of using scaffolds, to engineer
anisotropic TMJ tissues composed of only cell-generated ma-
trices, is yet to be realized.

Central to the efforts of tissue engineering are identifying a
suitable source of cells and seeding density. TMJ disc cells, as
well as articular chondrocytes derived from the condyle, fos-
sa-eminence, and shoulder, in addition to dermal fibroblasts
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have all been examined for engineering the TMJ disc [81]. For
example, dermal fibroblasts showed chondrogenic potential
when treated with IGF-1. These cells are particularly promis-
ing since they are clinically relevant for autologous therapy
without significant donor site morbidity. Cell seeding density
is another important factor that influences the composition of
the resultant construct [82]. Increasing cell seeding density
does not always improve functional or biomechanical proper-
ties, so seeding density must be carefully controlled. For ex-
ample, TMJ disc cells seeded from 15 to 120 M cells/ml of
scaffold volume onto PGA scaffolds show variable results.
Increasing the cell number up to 120 M cells/ml of scaffold
volume increased GAG and collagen content without signifi-
cant improvement in the compressive properties of the
engineered tissue. For each new cell source, identified for
engineering the TMJ disc, the lowest seeding density that
yields desirable functional properties must be determined.

Mechanical stimuli approximating physiological loading
profiles have been used to condition engineered TMJ discs
to improve their mechanical and biochemical properties. In
situ, the native TMJ disc is exposed to tension, compression,
shear, and hydrostatic pressure during joint movement. When
applying mechanical stimuli, a potential disadvantage in using
scaffolds is stress shielding. For example, applying tension
and compression onto cell-seeded scaffolds can result in the
scaffold bearing the load as opposed to having the load prop-
agate down to the cellular level [83]. Spinner flask and orbital
shaker cultures have both been used to apply fluid-induced
shear [71]. When cultured in spinner flasks, TMJ disc cells
seeded on PGA showed higher ECM production 4 weeks after
seeding compared to constructs in static culture. However, no
significant improvement was observed in mechanical proper-
ties in comparison with static conditions [84]. Hydrostatic
pressure at 10 MPa, applied either constantly or intermittently
for 4 h a day, using a duty cycle of 2 days on, 1 day off for
1 week, showed that the constantly applied load led to the
highest amount of collagen and number of cells per construct
[85]. The use of these bioreactors results in enhanced GAG
and collagen synthesis, but corresponding improvements in
mechanical properties must be demonstrated.

Bioactive signals have been used to promote collagen and
GAG synthesis in engineered TMJ discs, with the expectation
that this approach would lead to improved mechanical prop-
erties of the engineered tissues. Effects elicited by bioactive
signals depend greatly on conditions of the experiment. For
example, in a study that compared platelet-derived growth
factor-AB (PDGF), bFGF, and IGF-1 at various concentra-
tions in monolayer, bFGF was shown to result in the greatest
improvements in GAG and collagen production (~2- and 4.5-
fold increases, respectively, compared to control) [86].
However, when examining IGF-1, bFGF, and TGF-31 on
cell-seeded PGA scaffolds in spinner flasks, the results sug-
gested that IGF-1 elicited the greatest collagen production
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[73]. Both studies used porcine TMJ disc cells, but the condi-
tions varied, the former was a two-dimensional, static culture,
while the latter was a three-dimensional culture subjected to
fluid-induced shear. Due to the limited number of studies on
the efficacy of growth factors for scaffold-based engineering
of TMJ discs, additional work is needed to optimize relevant
growth factors, doses, and regimens. However, a comprehen-
sive picture will not emerge until this characterization is per-
formed for each scaffold and culture condition.

TMJ Condylar Fibrocartilage

Numerous types of scaffolds for engineering the TMJ condy-
lar fibrocartilage have been examined and reviewed elsewhere
[6]; the most common of these include poly(lactic-co-glycolic
acid) (PLGA), PGA, PCL, and poly(ethylene glycol) (PEG).
Rat bone marrow MSCs, induced to differentiate into
chondrogenic and osteogenic lineages, were seeded into a
condyle-shaped PEG hydrogel [87]. Unfortunately, the func-
tional properties of the engineered tissue were not confirmed
by mechanical testing, but there was histological and immu-
nohistochemical evidence for both cartilage and bone. In gen-
eral, engineering the condyle may require generating both
cartilage and osseous tissue, and studies that attempt to do
so should characterize the mechanical properties of each
component.

Various cell types, from chondrocytes to stem cells, have
been compared to TMJ condylar cells with respect to engi-
neering condyle fibrocartilage using scaffolds [88].
Chondrocytes from the ankle were compared to
fibrochondrocytes from the mandibular condyle seeded on
PGA and treated with IGF-1; the ankle chondrocytes
outperformed condylar fibrochondrocytes and produced 10-
and 6-fold more GAG and collagen, respectively [16]. When
human umbilical cord matrix stem cells were compared to
TMJ condyle fibrochondrocytes, PGA constructs seeded
with the stem cells contained significantly higher GAG and
cell number, but there was no increase in collagen content
[89]. Notably, collagen types I and II were observed for the
stem cell-seeded constructs, but not for the cultures seeded
with condylar fibrochondrocytes. From these studies, it is
clear that more work is needed to optimize the culture of
condylar fibrochondrocytes. As presently reviewed, various
cell types have demonstrated greater promise than TMJ con-
dylar cells for the tissue engineering of condylar
fibrocartilage.

Bioreactors for engineering condylar fibrocartilage have
been reviewed elsewhere [88]. A few studies have also looked
at the effects of biomechanical stimuli on other cell types, but
not all the results are positive. For example, applying sinusoi-
dal, dynamic loading at 0.3 Hz and a 15 % amplitude strain to
condyle fibrochondrocytes in PEG hydrogels resulted in
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inhibition of cell proliferation and proteoglycan synthesis
[90]. In another study, applying hydrostatic pressure up to
90 kPa for 720 min to rabbit mandibular fibrochondrocytes
in monolayer increased cell proliferation; however, alkaline
phosphatase activity was also elevated, which might induce
an undesirable mineralization effect when engineering
fibrocartilage [91]. Bioreactors have also been used for engi-
neering bone in a condylar shape [92]. In this respect, rota-
tional [93] and perfusion [94] bioreactors were used to culture
porcine MSCs in PLGA and human MSCs in acellular bone,
respectively. The rotational bioreactor experiment was a pilot
study that did not compare the tissues generated with other
bioreactors or static controls, so the utility of a rotational bio-
reactor remains unclear for engineering bone constructs for
the condyle. A perfusion bioreactor was shown to improve
cell attachment by 2-fold compared to static culture [94].
Bioreactors that have shown efficacy in cartilage and bone
tissue engineering may also be beneficial for condyle
fibrocartilage tissue engineering [88], though this has yet to
be confirmed. Due to the limited studies on engineering the
condyle, a robust conclusion on the effectiveness of bioreac-
tors is premature.

Growth factors have been studied for increasing cell
proliferation and biosynthesis in condylar fibrochondrocytes,
both in a monolayer and seeded in scaffolds. In monolayer,
10 ng/mL basic fibroblast growth factor (bFGF) resulted in
the highest increase (65 %) in proliferation of human man-
dibular condylar fibrochondrocytes, compared to increases
due to 10 ng/mL TGF-31 (13 %) and 10 ng/mL IGF-1
(24 %) [95]. When comparing hyaline chondrocytes to con-
dylar fibrochondrocytes, only the chondrocytes were respon-
sive to IGF-1, forming a fibrocartilage-like tissue with types
I and II collagen, with about an 8-fold increase in both GAG
and collagen contents over unstimulated controls [16].
Although the data on the use of growth factors in engineer-
ing the condyle are scarce, bFGF and IGF-1 have emerged
as effective stimuli for cell proliferation and biosynthesis,
respectively.

Scaffold-Free Approach

As reviewed elsewhere [96], limitations of scaffold-based
methods include (1) potential mismatches between the rates
of scaffold degradation and matrix production, (2) induction
of foreign body responses, (3) limited mechanical strength
after scaffold degradation, (4) phenotypic alterations due to
the scaffold, and (5) stress shielding. In response, scaffold-
free techniques have emerged that produce new tissues by
mimicking the developmental process. Thermodynamically
driven modalities, known as self-organization and self-
assembling process, have both been used to engineer the
TM1J disc, but not yet the condyle [97¢].

TMJ Disc

TMJ disc cells, dermal fibroblasts, and costal chondrocytes,
among other cell types, have been used to engineer the TMJ
disc in a scaffold-free manner. A study comparing TMJ disc
cells and costal chondrocytes at passage numbers 0, 1, 3, and 5
showed that costal chondrocytes outperform TMJ disc cells
[98]. More GAG was observed in constructs formed from
passaged, versus primary, costal chondrocytes, but collagen
content remained unaffected. Another study compared con-
structs derived from costal chondrocytes, dermal fibroblasts,
and a mixture of the two to constructs formed by TMJ disc
cells [99]. It was found that constructs derived either from
costal chondrocytes or from the mixture of costal
chondrocytes and dermal fibroblasts had superior morpholog-
ical and biochemical qualities compared to constructs formed
using TMJ cells. Compared to constructs formed using TMJ
disc cells, the diameter of costal chondrocyte-derived con-
structs was 3 times larger, and the collagen content was 40
times greater [99]. When compared with passaged articular
chondrocytes, passaged costal chondrocytes resulted in con-
structs with greater GAG content, but functional properties
and collagen content did not show significant improvement
[100]. Costal cartilage can be harvested relatively easily, and it
is currently used for mandibular reconstructions. By exten-
sion, costal chondrocytes may serve as an autologous cell
source that eliminates complications such as rejection. To
date, passaged costal chondrocytes appear to be the most
promising cell source for scaffold-free tissue engineering of
the TM1J disc.

Compression loading of TMJ discs engineered with the
scaffold-free method has yielded not only increased mechan-
ical properties but also induced anisotropy. The application of
a static load on shape-specific TMJ disc constructs, formed
using a coculture of bovine articular chondrocytes and
meniscal fibrochondrocytes, improved both functional prop-
erties and biosynthesis [101]. With a 0.1-N load application,
significant increases were reported in the compression relax-
ation modulus and tensile Young’s modulus by 96 and 255 %,
respectively, compared to controls. In addition, results found
the 0.1-N load to significantly increase both collagen and
GAG synthesis by 27 and 67 %, respectively [101].
Interestingly, the 0.1-N load induced anisotropy and increased
fiber alignment by 202 % as compared to controls. Due to the
shape of the engineered construct, static uniaxial load results
in both compressive and tensile stresses. The scaffold-based
approach does not usually yield anisotropic matrices, but
scaffold-free constructs, under the influence of mechanical
forces, do produce anisotropic properties akin to those found
in the native TM1J.

The use of soluble factors is emerging as a central player
in scaffold-free tissue engineering of the TMIJ disc.
Scaffold-free constructs formed using a coculture of bovine
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articular chondrocytes and fibrochondrocytes showed posi-
tive responses to continuous application of TGF-f31.
Furthermore, collagen synthesis, compressive stiffness, and
Young’s modulus increased by 20, 130, and 170 %, respec-
tively, compared to unstimulated controls [102]. In contrast,
scaffold-free TMJ disc constructs derived from goat costal
chondrocyte cultures showed no significant response to
TGF-31, IGF-1, EGF, PDGF, or bFGF at the concentrations
and dosing regimens examined [103]. In contrast, soluble
factors whose mechanisms involve direct action on synthe-
sized matrices appear to have broad effects across multiple
culture platforms. For example, the catabolic enzyme
chondroitinase ABC (C-ABC), which removes GAGs to
collapse the collagen network, has been applied both to
cocultures of articular chondrocytes and fibrochondrocytes
and to costal chondrocytes to elicit improved tensile prop-
erties [104, 105, 106]. Lysyl oxidase-like protein 2
(LOXL2) is an enzyme that crosslinks collagen. Applied
either to cocultures of chondrocytes and fibrochondrocytes
or to costal chondrocytes, LOXL2 improved integration of
scaffold-free constructs to native TMJ discs [106, 107].
Combining the soluble factors discussed above has yielded
synergistic effects; TGF-31, C-ABC, and LOXL2 treat-
ments synergistically enhanced Young’s modulus and ulti-
mate tensile strength of scaffold-free constructs by 245 and
185 %, respectively [108e+]. Thus far, the soluble factors
discussed above that act directly on the ECM have only
been applied to scaffold-free cultures. Those interesting re-
sults warrant examination of the same factors in scaffold-
based systems.

TMJ Condylar Fibrocartilage

For engineering condylar fibrocartilage, scaffold-based stud-
ies greatly outnumber those employing scaffold-free tech-
niques. The few attempts at generating scaffold-free condy-
lar tissue are limited to forming only one phase (e.g., carti-
lage) using scaffold-free techniques. For example, an
osteochondral, condyle-shaped construct was formed by ad-
hering scaffold-free cartilage on top of MSC-seeded alginate
in the shape of a condyle using fibrin glue. After being
subcutaneously implanted into nude mice for 8 weeks, en-
dochondral ossification was observed with vascularized
bone formation in the alginate scaffold, while the cartilage
phase retained its phenotype [109]. The mechanical integrity
of the interface was not tested, though histological analysis
showed that the integration between the two phases was
retained. It is expected that, for a condylar implant to sur-
vive the mechanically stressful environment of the TMJ, a
mechanically robust interface between the engineered carti-
lage and bone must first be achieved, and future condyle
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tissue engineering attempts should take integration into
consideration.

Conclusion

Engineering of tissue replacements for TMD patients is
emerging as a promising approach toward providing biologi-
cal solutions to these as-of-yet intractable problems. Although
there is no commercial, tissue-engineered product currently on
the market for treating TMD, several studies have been per-
formed toward the development of appropriate tools for engi-
neering TMIJ tissues. Ideally, the goal is to employ a biomi-
metic approach to produce new tissues de novo (neotissues)
with qualities similar to the native TM1J.

In addition to the tissue engineering issues reviewed, an
important future challenge is the engineering of shape-
specific constructs that are of similar dimensions to the spe-
cific TMJ tissues to be replaced. Most tissue engineering stud-
ies examine flat and relatively small neotissues. However,
since both TMJ disc and condyle have complex geometries,
from a translational perspective, a scale-up approach is needed
that also considers shape fidelity.

Even if large biomimetic constructs are engineered, a
looming challenge is that of surgically accessing the ailing
TMI tissues and integrating the neotissues within the native
milieu. Indeed, it is important to develop appropriate surgical
approaches for the TMJ, especially with regard to implanta-
tion of tissue-engineered constructs. Concomitant to surgical
approaches, achieving neotissue integration into the TMJ is of
paramount importance. As discussed above, LOXL2 appears
to exhibit integrative efficacy in vitro, but its effects have not
been examined in vivo. Attempts should be made to identify
factors that can enhance interfacial strength between
neotissues and native tissues.

As new tissue engineering approaches for the TMJ evolve,
establishment of suitable animal model is needed to standardize
the translational pathway, similar to what has been achieved in
other joints, such as the knee. Although the minipig or the
domestic pig is emerging as suitable models, appropriate stud-
ies are needed to confirm their application to the TMJ.

As the tissue engineering field is poised to move from the
bench to the bedside treatment of TMD, it is important that
appropriate FDA guidelines be developed to allow for the
efficacious development of suitable clinical solutions.
Despite the many challenges, there is a great opportunity to
use tissue engineering as the vehicle to provide cogent solu-
tions for TMD, one of the most notoriously complex muscu-
loskeletal problems.
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