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Abstract: The temporomandibular joint (TMJ) is an articulation formed between the temporal bone
and the mandibular condyle which is commonly affected. These affections are often so painful during
fundamental oral activities that patients have lower quality of life. Limitations of therapeutics for
severe TMJ diseases have led to increased interest in regenerative strategies combining stem cells,
implantable scaffolds and well-targeting bioactive molecules. To succeed in functional and structural
regeneration of TMJ is very challenging. Innovative strategies and biomaterials are absolutely crucial
because TMJ can be considered as one of the most difficult tissues to regenerate due to its limited
healing capacity, its unique histological and structural properties and the necessity for long-term
prevention of its ossified or fibrous adhesions. The ideal approach for TMJ regeneration is a unique
scaffold functionalized with an osteochondral molecular gradient containing a single stem cell
population able to undergo osteogenic and chondrogenic differentiation such as BMSCs, ADSCs or
DPSCs. The key for this complex regeneration is the functionalization with active molecules such as
IGF-1, TGF-β1 or bFGF. This regeneration can be optimized by nano/micro-assisted functionalization
and by spatiotemporal drug delivery systems orchestrating the 3D formation of TMJ tissues.

Keywords: temporomandibular joint; regenerative medicine; stem cells; scaffolds; growth factors;
functionalization; drug delivery systems; nanotechnology; osteochondral regeneration

1. Introduction

1.1. Temporomandibular Joint (TMJ)

The temporomandibular joint (TMJ) is an articulation covered by dense fibrocartilage formed
between the mandibular condyle and the temporal bone. The temporal articular surface is large and
consists of the mandibular fossa and the articular tubercle. Along this large articular temporal surface,
each mandibular condyle has a wide motion range, consisting of both rotation and translation.

Fibrocartilaginous disc cushions mechanical stresses that exist between the temporal and
mandibular articular surfaces. The high collagen content of this disc provides great rigidity and

Int. J. Mol. Sci. 2018, 19, 446; doi:10.3390/ijms19020446 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-7497-1200
http://dx.doi.org/10.3390/ijms19020446
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2018, 19, 446 2 of 22

durability. The TMJ disc has no direct vascularization or innervation by itself. However, its posterior
attachment, known as retrodiscal tissue, features many vessels and nerves which are crucial during
physio-pathological processes.

1.2. Temporomandibular Joint Disorders (TMJD)

TMJD (temporomandibular joint disorders) are very common, their prevalence being around
52% [1]. TMJD is a general term actually covering a large number of clinical occurrences affecting the
TMJ and masticatory-related structures. They cover in various etiologies: traumatic, inflammatory,
and congenital. TMJD are also characterized by deficient wound healing and fibrosis caused by
continuous and irreversible injuries.

Pain, malocclusion, limited range of motion, deviation, joint clicking and clenching are most of
time associated with TMJD. These disorders are often so painful during basic oral activities (eating
and speaking) that quality of life of patients is greatly impacted [2]. Pain is the primary symptom and
the main reason why patients are referred to practitioners to seek treatment.

Osteoarthritis-like degenerative joint disease belonging to TMJD is a destruction of bone and
cartilage with a consecutive inflammation which enhances tissue destruction [3]. TMJ degeneration
features are: displacement, thickening and/or disc perforation, whole destruction of articular
fibrocartilage and crucial modifications of bone remodeling such as sclerosis or periarticular osteophyte
formation [4,5]. The ultimate stage of degeneration can even result in the replacement of TMJ by
a block of fibrous and bony tissue, namely, ankylosis [6] (Figure 1).
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Preoperative intraoral photograph showing the absence of mouth opening (F). 

2. Current Status of Temporomandibular Treatments 

2.1. Current Therapies 

Once the primary factors of TMJD have been identified and eliminated, the treatment can vary 
according to the severity of the disorder: non-invasive, minimally invasive and invasive procedures. 
However, permanent recovery is rarely obtained and therefore, follow-up therapies are required [7]. 

Occlusal orthodontics, medications, physical therapy and acupuncture are the most common 
non-invasive treatments. Although occlusal orthodontics are widely used, their effectiveness remains 

Figure 1. Invasive treatment of a patient suffering from TMJ (temporomandibular joint) ankylosis:
Right lateral view of a 3D CT scan reconstruction of the head: the right TMJ is affected by joint space
narrowing (A) and the left TMJ space has completely disappeared and been replaced by an osseous
block (B). This replacement of the left TMJ by an osseous block of ankylosis is seen on transversal (C),
and on coronal (D) CT scan sections. Intraoperative view of invasive treatment: the osseous bloc of
ankylosis replacing the left TMJ space is approached through a pre-auricular incision (E). Preoperative
intraoral photograph showing the absence of mouth opening (F).

2. Current Status of Temporomandibular Treatments

2.1. Current Therapies

Once the primary factors of TMJD have been identified and eliminated, the treatment can vary
according to the severity of the disorder: non-invasive, minimally invasive and invasive procedures.
However, permanent recovery is rarely obtained and therefore, follow-up therapies are required [7].

Occlusal orthodontics, medications, physical therapy and acupuncture are the most common
non-invasive treatments. Although occlusal orthodontics are widely used, their effectiveness remains
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questionable [8,9]. Non-invasive medications consist anxiolytics, muscle relaxants, non-steroidal
anti-inflammatory drugs and opioids [4,10]. Similarly, there is no consensus regarding the long-term
effectiveness of such oral or topical medications [11].

Minimally invasive treatments can target either extrinsic masticatory muscles or TMJ itself.
Masticatory muscles (masseter, temporalis and lateral pterygoid) have been injected with botulinum
toxin type A (Botox) for thirty years [12,13]. The findings of a literature review conducted using The
Cochrane Controlled Trials Register between 1980 and 2012 suggest that there is level 1 evidence
supporting the efficacy of Botox in the treatment of TMJD [14].

Minimally invasive treatments of TMJ itself include intra-articular injections, arthrocentesis, and
arthroscopy. Intra-articular injections of corticosteroids into either one or both joint compartments
improve TMJD symptoms [15,16]. Arthrocentesis is a lavage of the superior TMJ space by a saline
solution. The pressure generated by irrigation may remove adhesions. Some authors proposed
morphine irrigation after arthrocentesis [17]. The short and long term efficacy of this minimally
invasive treatment is well-documented [17–19]. The miniaturization of endoscopes allowed TMJ
arthroscopy. It provides adequate visualization and manipulation of pathological intra-articular
tissues [20]. Small-diameter instruments permit their direct removal with a high rate of success [20,21].

Invasive treatment is the only option for patients suffering from ankylosis, neoplasia, dislocation,
and developmental disorders [22,23]. It consists of open joint surgery, namely arthrotomy, which aims
at either restoring joint tissues or completely replacing the TMJ with autogenous or alloplastic material
(Figure 1).

Regarding invasive treatment of the TMJ disc, both its surgical repositioning and the removal
of affected tissues have short-term efficacy [24]. The surgical removal of the entire affected TMJ disc
(discectomy) is most of the time prescribed [25]. Although discectomy has a significant long-term
efficacy, it does not prevent from osteoarthrosis [26]. Along with poor remodeling of the mandibular
condyle, destruction of its articular surface or osteophyte formation can occur [26]. It has been shown
in vivo also that a functional disc is crucial for mandibular condyle regeneration [27].

The many options proposed for disc replacement have not shown satisfactory clinical outcomes:
teflon-proplast or silicone synthetic implants [28,29], sear cartilage, autologous dermal graft [26],
full-thickness skin graft, or pedicled temporalis muscle flap [23,30,31]. For instance, the clinically
tested TMJ disc implants did not provide any significant advantage over discectomy, except for the
reduction of clicking [4].

For severe TMJ degeneration, the total surgical joint replacement is currently prescribed. The first
experiments on regeneration using alloplastic TMJ implants showed a tendency for premature failure.
Subsequent immune reactions were triggered, therefore resulting in catastrophic joint damage [32,33].
Thus, TMJ regeneration strategies have been reconsidered with more caution. At the moment,
the consensual strategy seems to recommend reconstruction of the TMJ using autologous tissues
for young patients, and TMJ replacement using metallic prostheses for adults. With conventional
alloplastic strategies, the articular surfaces can be affected by erosion or heterotopic bone formation [34].
Therefore, two-piece 3D custom-made prostheses include an ultra-high molecular weight polyethylene
(UHMWPE) implant for the replacement of the temporal articular surface (mandibular fossa).
Such prostheses seem to currently be the most satisfying solution available for total surgical joint
replacement [35,36].

Tissue engineering of TMJ has been a primary concern in scientific discussion and practice.
The limitations of current therapeutics for TMJD have led to an increased interest in regenerative
strategies combining cells, implantable scaffolds and well-targeting bioactive molecules. The recent
advances of regenerative medicine for orthopedics may contribute to meet the challenge of this specific
complex regeneration.
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2.2. Challenging Regeneration

Meeting the demands for anatomic, structural, and functional regeneration of TMJ is very
challenging. Innovative strategies and biomaterials are absolutely crucial because TMJ can be
considered as one of the most difficult tissues to regenerate.

The TMJ is an anatomic zone so narrow and dense that surgical access is not easy. Its limited
blood supply and hence its very limited healing capacity do not facilitate regenerative strategies either.

The mechanical and structural (three-dimensional) properties of the mandibular condyle
implant must match that of anatomic condyle for human clinical applications. Also, the implanted
tissue-engineered mandibular condyle must have rapid and adequate remodeling potential allowing
oral functions.

Histologically, the TMJ cartilage differs a lot from the other hyaline articular cartilages. Thus,
regenerating this unique articular cartilage with its complex structure and organization is very tricky.
TMJ regeneration means to be able to engineer a mandibular condyle implant with its unique cartilage
and its underlying bone in a single osteochondral construct. The challenge in TMJ regeneration is to
promote matrix synthesis and tissue maturation of chondrogenic and osteogenic cells in suitable
scaffolds containing active molecules which are able to separately orchestrate osteogenesis and
chondrogenesis (Figure 2).
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Figure 2. Histological organization of murine TMJ. TMJ is an articulation between the glenoid fossa
of temporal bone (G) and mandibular condyle (C). TMJ disc cushioning articular mechanical stresses
is fibrocartilaginous (D). TMJ condyle is made of a specific articular cartilage and a underlying bone
containing blood vessels in medullar spaces (BV). Alcian Blue/Nuclear Fast Red specifically staining of
mucopolysaccharides in blue (A,B) and Safranine O/Fast Green staining of cartilaginous proteoglycans
in orange/red (C,D) highlight the osteochondral interface.

The success of TMJ regenerative strategy is not only measured by the restoration of function but
also by the long-term prevention of ossified or fibrous adhesions which are the main complications of
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engineered TMJ replacements [37]. Thus, pro-regenerative active molecules incorporated in scaffolds
of engineered TMJ must also prevent any ossifications and any adhesions.

3. Histology and Macromolecular Biology of the TMJ

There is a continuous debate about the embryonic origin of mandibular articulating surface:
blastemal or periosteal origin [38,39]. The thickness of condylar fibrocartilage in humans can reach
0.48 mm as a maximum and is subject to variations caused by age and functional conditions [40,41].
The articular surface of most synovial joints is covered by hyaline cartilage. It is not the case of
the TMJ which has an articular surface covered by a layer of fibrous tissue [42]. This fibrous zone
contains abundant type I collagen, while collagen type II is minimally present. Underlying this
superficial fibrous zone, a fibrocartilage layer is described which can be subdivided schematically
into proliferative and hypertrophic zones [42,43]. The proliferative zone functioning as a cell
reservoir [44] is rich in type I collagen. In the fibrous and proliferative zones, the orientation
of collagen fibers was revealed as anisotropic with initiation of antero-posterior alignment of the
fibers [43,45]. A chondroitin sulfate-based proteoglycan resembling versican predominates in both
of these zones [46,47]. The hypertrophic zone is rich in chondrocytes, in aggrecan and in collagen
type II. Collagen types I and X are also detected [47]. TMJ condylar fibrocartilage contains less
glycosaminoglycans (GAGs) than hyaline articular cartilage [48] (Figures 3 and 4).
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macromolecular compositions differ of lot. An osteochondral molecular gradient of functionalization
able to orchestrate the 3D formation of different TMJ tissues is the key of its regeneration.
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Figure 4. Expression of different conjunctive macromolecules in murine TMJ detected by
immunofluorescence. TMJ observed by phase contrast microscope (A,B), Aggrecan expressed by
chondrocytes in hypertrophic layer of mandibular condyle (C,D), type I collagen in the disc and in
the fibrocartilage layer of mandibular condyle (E,F) and type II collagen in the fibrocartilage layer of
mandibular condyle (G,H). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Condyle
(C); Disc (D); Glenoid fossa (G).

The TMJ disc attached to the condyle and temporal bone by fibrous connective tissue measures
14 mm antero-posteriorly and 23 mm medico-laterally in humans [49]. Its periphery is thicker than
the center, consequently its shape is biconcave. Populations of cells found in the TMJ disc differ from
those of hyaline cartilage and are heterogeneous: fibroblasts, fibrocytes and fibrochondrocytes [50].
The periphery and attachments of the disc are well-vascularized but its central heart is avascular [51].
Type I collagen predominates but other collagens are found: types II, III, VI, IX, and XII [52].
Collagens in the disc are mostly anisotropic [53]. Orientation of fibers is antero-posterior in
the center and more circumferential in the peripheral area [53]. Human disc mechanical tensile
properties in anteroposterior and mediolateral directions reflect this anisotropy of the collagen fiber
arrangement [49]. The particularity of these collagen fibers is to be crimped. It may improve
the mechanical properties of the disc, in particular under tension [54]. TMJ disc contains less
glycosaminoglycans (GAGS) than hyaline articular cartilage [55]: fraction of GAGS ranges from
1 to 10% by dry weight. Dermatan sulfate and chondroitin sulfate are the most abundant GAGS [56]
(Figures 3 and 4).
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4. TMJ Tissue Engineering

4.1. Cell Strategies

Two methods are possible in cartilage and bone engineering: (1) in situ tissue engineering,
which involves an incorporation of an acellular scaffold matrix attracting local cells (cell homing)
guiding the process of regeneration; (2) ex vivo cell seeding on the scaffold, which provides enough
competent cells to orchestrate the regenerative mechanism [57]. The second strategy appears better for
TMJ regeneration because of its limited capacities of self-repair and the rapid regeneration expected.
Whatever the cell origin, low-intensity pulsing ultrasound on mandibular condyle enhances its
regeneration [58]. In the same way, culture in spinner flasks, increases matrix production of TMJ disc
cells as compared to static conditions [59].

Autogenic cells are the ideal cell source for tissue regeneration. Fibrochondrocytes from
mandibular condyle seeded on polyglycolic acid (PGA) scaffolds showed weaker regenerative
capacities than chondrocytes from ankle joint. Notably, they produced less GAGS and collagens [44].
In the same way, TMJ disc cells as compared to costal chondrocytes have inferior biochemical qualities
and so produce less GAGs and collagens [60–62]. These limited capacities of TMJ fibrochondrocytes
and the fact that it would be very difficult to have enough competent cells from the diseased TMJ,
lead to find another sources of competent cells [63].

To regenerate TMJ condylar cartilage, primary costal-chondrocytes or hyaline cartilage cells
from all cartilages in the body can be used [44,62]. Stem cells from the synovial capsule surrounding
the joint can be extracted to generate new cartilage but their properties are reduced compared with
other stem cells [64]. Human umbilical cord-derived mesenchymal-like stem cells (HUCM) are also
proposed for TMJ regeneration [63]. Compared with the fibrochondrocytes from mandibular condyle,
they promoted higher collagen types I and II, GAGs and cell colonization inside PGA scaffolds [63].

Bone marrow mesenchymal stem cells (BMSCs) provide a high rate of cell growth and division.
Their advantage is the important volume of cells available and the numerous kind of possible
differentiation. They can promote bone and cartilage regeneration of TMJ. Their disadvantage is
their tendency to endochondral ossification [64–67].

Adipose stem cells (ADSCs) could be a potential cell source for TMJ engineering [65]. They are
pluripotent mesenchymal stem cells that present multilineage differentiation [68]. These stem cells
reaped from adipose tissue are easily obtainable whatever the quantity needed [67]. The implantation
site of TMJ having a low vascularization, the capacity of ADSCs to undergo a low oxygen environment
is very interesting. They can replicate the extracellular matrix environment of the implantation site,
with the different types of collagen [65].

Different tooth-derived stem cells are also potential competent cells for TMJ regeneration.
periodontal ligament stem cells (PDLSCs) and stem cells from apical papilla (SCAPs) similar
to mesenchymal stem cells (MSCs) [69,70] are able to differentiate into chondrocytes and
osteoblasts [71,72]. Dental follicle progenitor cells (DFPCs) which are stem cells from dental
follicles involved in early tooth formation phases [73] can also differentiate into chondrocytes and
osteoblasts [69,74].

Dental pulp stem cells (DPSCs) mesenchymal stem cells from dental pulp [75] are known to
differentiate into different kinds of cells, such as osteoblasts and chondrogenic cells [69]. They are
particularly adequate for regeneration of mineralized tissue [76]. Their multipotency, proliferation rate
and availability appear better than those of BMSCs.

The capacity of osteogenic differentiation of DPSCs is well-documented [77–79]. DPSCs and
collagen sponges showed excellent results inside human mandibular defects [71]. In a rabbit model of
alveolar bone defects, it has shown high expression of BMP-2 by DPSCs as well as a high amount of
bone formation [80]. This high expression of BMP-2 is the key for the differentiation of DPSCs [81–83].
The simple immobilization of DPSCs in scaffolds activates their osteogenic differentiation [84].
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For regeneration of discal fibrocartilage, dermal fibroblasts are promising. Easily available,
these autologous cells seeded in quantity and treated with IGF-1 showed a high chondrogenic
potential [85]. For disc regeneration, seeding density must be carefully controlled in order to not
decrease biomechanical properties. Increasing the cell number up to 1.2 × 108 cells/mL of scaffold
volume enhanced fibrocartilaginous deposition but modified mechanical properties. The lowest
seeding density that promotes functional properties close to in vivo conditions must be identified for
each cell source to regenerate TMJ disc [85].

These stem cells able to undergo both chondrogenic and osteogenic differentiation are crucial
for TMJ regeneration. The best strategy should be to use a unique stem cell type able to support in
a unique scaffold biphasic osteochondral regeneration orchestrated by active pro-chondrogenic and
pro-osteogenic molecules.

4.2. Scaffolds for TMJ Cartilage Regeneration

Hyaluronic acid (HA) is a polysaccharide abundant in cartilaginous matrices, which constitutes
an ideal chondrogenic microenvironment, ideal for cartilage regeneration [86]. HA hydrogels promote
the differentiation of stem cells into chondrocytes and their synthesis of cartilaginous matrix [87]
and support a level of chondrogenic protein expression required for cartilage regeneration [88].
Incorporation of other molecules improves mechanical properties of HA scaffolds to support cartilage
tissue regeneration.

Agarose is a polysaccharide extracted from seaweed, used as agar for cell culture. Its advantage
is its adaptable stiffness, which allows an easy variation of mechanical features of the scaffold [89].
Agarose scaffolds promote differentiation of different stem cells, such as MSCs and ADSCs into
chondrocytes [90–92].

Poly-vinyl alcohol (PVA) is a hydrophilic polymer which is also very appropriate for cartilage
regeneration due to its high water content and its elastic properties [93]. Its capacity to promote
repair of articular cartilage is well-documented [94–96]. Modifications of parameters in PVA hydrogel
synthesis allow suitable tensile strength [97] and elastic modulus [98] to sustain cartilage regeneration.
PVA scaffolds retain long enough their chondrogenic and mechanical properties in vivo. Indeed,
the rate of degradation of PVA is enough low enough to give time for cartilage to regenerate [99].

Poly-L-lactic-coglycolic acid (PLGA) is a synthetic polymer approved by the FDA for clinical
applications which is greatly interesting for cartilage regeneration. The versatility of its structure allows
also a modulation of mechanical properties of the scaffold. PLGA scaffolds promote colonization and
differentiation of MSCs in vivo [100]. PLGA interacts positively with chondrocytes and other resident
cells of the TMJ disc to regenerate. Nevertheless, it does not interact well with native collagens of the
TMJ disc [101]. Incorporation of other polymers in PLGA scaffolds improves theirs chondrogenesis
capacity and reduces the process of degeneration [102].

4.3. Scaffold for Fibrocartilage Regeneration

For the specific regeneration of TMJ disc, a variety of scaffolds have shown their efficacy
in vitro and in vivo [103,104]. An aporous scaffold of polyglycerol sebacate (PGS), an elastomer,
was used for regeneration of the TMJ disc. PGS scaffolds revealed to be favorable for culture of
goat fibrochondrocytes and therefore for TMJ disc regeneration [105]. Poly-glycolique acid (PGA) is
a biodegradable polyester. An engineered disc was proposed, made by PGA mesh scaffold-included
cells [106]. Scaffolds of PGA have shown their capacity to support the culture of stem cells from
human umbilical cord, their chondrogenic differentiation and expansion [63]. Poly-L-Lactic acid
(PLLA) is interesting for its slow degradation rate. PLLA scaffolds seeded with porcine TMJ cells
and treated with TGF β-1 improved mechanicals properties and showed higher collagen and GAGS
deposition as compared to PGA scaffolds [4,107]. A mixed scaffold made by polytetrafluorethylene
monofilaments, PLA monofilaments, polyamide monofilaments, and natural bone has been shown to
support human and porcine disc cells culture and expansion [108]. An acellular regenerative template
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for reconstruction of TMJ disc made of porcine-derived extracellular matrix was studied. Implantation
of this scaffold after six months showed attractive results [109].

4.4. Scaffold for Osteochondral Regeneration

Collagens are natural polymers very convenient for osteochondral regeneration and also for
total TMJ disc reconstruction [110]. Collagens can be used as a gel which gives the opportunity to be
injected into the narrow space of TMJ. Rigidity must be weak enough to allow intra-articular injection
and important enough to allow cell adhesion and proliferation. Composite scaffolds incorporating
collagens optimize the mechanical properties of osteochondral regenerative implants [111]. A collagen
scaffold associated with GAGs increased chondrogenic differentiation of mesenchymal stem cells
in a rat model [112]. Collagen scaffolds with hydroxyapatite and platelet-rich plasma promoted
regeneration of entire TMJ condyles in children and adolescents suffering of TMJ ankyloses. Other
clinical investigations are required to evidence the long-term efficiency of these scaffolds [113].

Gelatin, derived from the lysis of collagen is also appropriate for osteochondral regeneration.
Gelatin extracellular environment is favorable to the adhesion and colonization of chondrocytes [114].
Gelatin scaffolds with chitosan have shown their capacity to support chondrogenic differentiation
in vitro and in vivo [115,116].

Nanofibers constitute pro-regenerative biomimetic extracellular matrices very interesting
for tissue regeneration. The electrospinning technique makes it possible to obtain different
matrices made of synthetic and natural polymers whose nanofiber diameter is close to the size
of the collagen nanofibers (50–500 nm). The network of electrospun nanofibers as well as the
micropores formed (less than 100 µm in diameter) mimics the structure of the connective tissue
matrix [117,118]. Poly(ε-caprolactone) (PCL) is a biodegradable synthetic polymer, approved by the
FDA for clinical applications. Electrospun matrices of PCL show favorable results for osteochondral
regeneration [119–121] (Figure 5).
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Fibrin presents a great interest for osteochondral regeneration. Most of studies deal with fibrin
scaffolds for culture and differentiation of stem cells [89]. Fibrin-based scaffolds functionalized with
adequate active molecules sustain differentiation of mesenchymal stem cells for cartilage [122,123] or
bone [124,125] regeneration.
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These scaffolds, able to support both cartilage and bone regeneration are crucial for TMJ
regeneration. They give the opportunity to build an osteochondral construct in the same scaffold, i.e.,
a sole scaffold but biphasic due to its functionalization.

4.5. Growth Factors of Interest

Growth factors help tissue regeneration at different levels. They can promote the differentiation
and proliferation of cells. They can support extracellular matrix synthesis and its mineralization [126].
They can also biologically modulate the regeneration in order to be self-limited and prevent ossification
and fibrous adhesion [37].

The three key growth factors for TMJ regeneration are basic fibroblast growth factor (bFGF),
insulin-like growth factor 1 (IGF-1) and transforming growth factor-β1 (TGF-β1). They are able to
maintain disc-like tissue in culture [127,128] and to induce BMSCs differentiation into fibroblast-like
cells, synthesizing discal matrix of type I collagen and glycosaminoglycans (GAGS) [129,130].

The effect of IGF-1 on stimulating chondrogenesis is well-documented in vitro and in vivo.
In particular, it increases both GAG and collagen contents of the engineered cartilage [131,132].
The fibrochondrocytes from mandibular condyle are less responsive to IGF-1 than hyaline
chondrocytes [44].

TGF-β1 shows some positive effects on cellular proliferation and on the production of extracellular
matrix in TMJ disc implants [133]. It induces a significant increase in the total fraction of
collagen and matrix deposition inside the engineered cartilage [134]. TGF-β1 and IGF-1 promote
cellular proliferation and secretion of type I collagen and GAGs in vitro on engineered mandibular
condyle [130]. TGF-β1 increased collagen synthesis, Young’s modulus and compressive stiffness in
co-culture of articular chondrocytes and fibrochondrocytes [133].

The stimulating effect of bFGF on cell proliferation and production of collagen is well-known.
GAGS synthesis is also significantly stimulated by bFGF [7]. bFGF and IGF-1 synergistically better
promote the proliferation of disc cells [106] than the synthesis of the TMJ disc matrix [65]. In 2D culture,
10 ng/mL of bFGF increased the proliferation of fibrochondrocytes from mandibular condyle more
than the 10 ng/mL of TGF-β1 and IGF-1 [135].

Platelet derivative growth factor (PDGF) significantly increases the proliferation rate of the
TMJ-disc derived cells, collagen and hyaluronic acid synthesis in engineered TMJ disc. It upregulates
RNA levels of type I and II collagens, matrix metalloproteinases (MMPs), and their specific tissue
inhibitors (TIMPs) [136]. PDGF also significantly increases GAGs synthesis [7].

Over-expression of some interesting growth factors for tissue regeneration has been evidenced in
malignant tumors. The debate about their oncogenic capability still hounds their clinical employment
for tissue regeneration of the oral and maxillofacial region [137]. Finally, it is the drug delivery system
of the active molecule, which is crucial.

5. Drug Delivery Systems

Various technologies for incorporation of growth factors into scaffolds are possible. The release
of growth factors must match the rate of healing and regeneration [138,139]. The best drug delivery
system can be achieved by incorporating active molecules into the scaffold. Immersion of scaffold
in a solution of growth factors allows a snappy release in random distribution. Covalent binding of
growth factors to the scaffold improves the control of the release. The covalent linkage may be sluggish
and allows a more suitable release corresponding to cellular requests [140].

Functionalization can otherwise be accomplished by gene therapy. Gene transfer can also
be conducted by viral or non-viral transduction. For tissue regeneration, the most appropriate
method for gene transfer uses retroviruses, adenoviruses or adeno-associated viruses [141–143].
These functionalizations are optimized through nanotechnologies. Nanotechnologies could meet
the challenge of the regeneration of ATM. To build drug delivery systems at a nanoscale level increases
the quality of targeting and the control of distribution of the active molecules. It allows reduction of



Int. J. Mol. Sci. 2018, 19, 446 11 of 22

their quantity, thereby their side effects and their cost. Concentration of different active molecules
allowed by nanotechnologies is also very advantageous for orchestration of different stages of TMJ
regeneration and for synergetic action of growth factors.

Nanofunctionalization of scaffolds made of electrospun nanofibers is possible by different
techniques: plasma or wet chemical treatment, surface graft polymerization and co-axial
electrospinning [144]. The co-axial technique consists of incorporating active molecules into the
polymer solution to be electrospun and so of encapsulating them inside the nanofibers for a delayed
action [145]. Electrospinning can be associated with electrospraying in order to functionalize nanofibers
during their production [146]. The strategy of nanofibers functionalization by BMP-2 or BMP-7
nanoreservoirs is very effective for bone regeneration. This strategy also allows the differentiation of
MSCs, and accelerates the tissue regeneration in vivo [147–149]. Besides, co-functionalization allowed
by nanoreservoirs on nanofibers can promote regeneration but also normalization of inflammation at
the implantation site [150] (Figure 5B).

Intra-articular drug delivery methods applied to the TMJ seem very attractive for both pain
management and regenerative strategies. Benefits of current methods of intra-articular injection are
controversial. Some alarming reports describing post-injection complications have discouraged their
use for TMJ pain [151,152]. The risk of complications is correlated to the number of injections and
so reduced by increasing the half-life of the drug and by promoting slow-release of intra-articular
medications [151,152]. Hydrogels, polymeric microparticles and liposomes are suitable drug delivery
systems. They limit rapid degradation and clearance of injected active molecules and therefore
avoid frequent injections and high concentrations [153]. Intra-articular drug delivery can be
convenient to modify the joint environment prior to implantation or to deliver pro-regenerative
molecules in a surgically controlled fashion. It avoids systemic drug release, ectopic effects and other
complications [153]. Microparticles of PLGA have been revealed to be biocompatible and suitable for
intra-articular delivery to TMJ in rat and therefore can support regenerative strategies [154]. Controlled
release of anti-inflammatory siRNA from biodegradable microparticles of PLGA have been proposed
for intra-articular delivery to TMJ [155].

6. Osteochondral Regeneration

Bone and cartilage regeneration occur in very different competing conditions. To engineer a
biphasic osteochondral implant is therefore challenging. Ideal approaches for TMJ regeneration
are a single scaffold functionalized by an osteochondral molecular gradient and a unique stem
cell population associated using rapid and synchronized tissue engineering techniques [156].
Understanding molecular interactions between cells of the osteochondral interface is crucial for
engineering innovative osteochondral implants [157].

In large osteochondral defects of goat condyles, PLGA composite implants seeded with
Nel-related protein 1 (NRP1) modified-autologous BMSCs were able to regenerate bone and cartilage
tissue after transplantation. The fibrocartilage was regenerated six weeks after transplantation and the
subchondral bone native articular cartilage after 24 weeks [158].

Promising results in mandibular condyle tissue regeneration were obtained after subcutaneous
implantation of athymic mice with PGA and PLA scaffolds seeded with calf osteoblasts and
chondrocytes in athymic mice. Analysis after 12 weeks of implantation evidenced the condylar
shape of the neoformed bone and the formation of hyaline cartilage on the articular surface and of
trabecular bone [159].

Hyper-hydrated collagen gels seeded with MSCs preconditioned in two different media were
proposed with one osteogenic and one chondrogenic medium at each extremity. After seven days
of in vitro culture, distinct bone-like and cartilage-like areas were observed which resembled to
primordial joint-like structure [156].

The same strategy of gradient-based scaffolding was proposed with PLGA microspheres: implants
were functionalized with TGF-β1 at the cartilaginous end and BMP-2 at the bony end. It promoted



Int. J. Mol. Sci. 2018, 19, 446 12 of 22

neoformed osteochondral tissue after six weeks of implantation in mandibular condyle defects of New
Zealand rabbits [158,160].

A hybrid compartmented implant was proposed with cartilage-promoting alginate/HA hydrogel
at the cartilaginous end and bone-promoting nanofibrous collagen membrane at the bony end.
This biphasic scaffold promoted in vitro osteogenic and chondrogenic differentiation of a single
stem cell population (human MSCs). A gradient of mineralization for articular cartilage and a natural
‘glue’ at the osteochondral interface were obtained in vitro [161].

7. 3D Regeneration of TMJ

Whatever the strategies used, the regeneration of TMJ must match the anatomic, structural,
and functional particularities of the mandibular condyle and its disc.

A bone implant of biodegradable PLGA seeded with porcine bone marrow MSCs was designed
as mandibular condyle [162]. Similarly, implants of TMJ disc were engineered in the shape of TMJ
discs [58,163]. Rat MSCs seeded into condyle-shaped PEG hydrogel were able to differentiate into
chondrogenic and osteogenic cells [164]. Porcine derived extracellular matrix scaffolds were designed
to mimic the size and shape of the TMJ. Their implantation in a canine model of TMJ discectomy led to
regeneration of a functional TMJ disc [109].

The application of static uniaxial load on shape-specific TMJ disc engineered by co-culture of
articular chondrocytes and meniscal fibrochondrocytes increased its functional properties. It optimized
GAG synthesis and anisotropic properties resembling those of a TMJ disc [165].

Current TMJ replacement is made by prostheses. These alloplastic strategies are constantly
improving in order to obtain personalized 3D prosthesis. Personalized prostheses of TMJ fabricated
by 3D-printing were designed and implanted in patients. Compared with stock devices, these
personalized 3D prostheses present better biomechanical and clinical outcomes. This 3D-printing
technique also improves the surgery. Indeed, the positioning of an implant is easier, due to its optimal
shape and to the opportunity to have an optimal 3D surgical guide [166–170].

These crucial clinical advances of personalized 3D prosthesis benefit regenerative strategies.
Indeed, personalized 3D scaffolds can be considered. In that direction, the computer-designed
nanofibrous and microporous scaffolds proposed by Chen et al. are very attractive and lead the
way of a personalized 3D bone regenerative nanomedicine [171].

Currently, different techniques exist to produce 3D scaffolds such as phase separation,
self-assembly, electrospinning and bioprinting. As seen previously, two points are necessary for
the 3D scaffold to help and favor tissue regeneration: growth factors and living cells. Electrospinning
can combine these three parameters. It allows 3D and porous structures constituted of nanofibers
mimicking extracellular matrix. It can also be tuned to modulate biodegradability and resistance
depending of the type of tissue to regenerate. Living cells can be added on the 3D scaffold for
colonization of the matrix, or directly be included inside fibers using coaxial techniques [172,173].
3D bioprinting also brings together the three parameters necessary for tissue regeneration. Compared
to electrospinning, 3D bioprinting can reproduce structure and shape of tissues identical to those
found in vivo [174]. This technique works in a layer-by-layer fashion, in which cells and growth factors
can be included, allowing the control of the entire architecture of the tissues to be reproduced. These
technologies participate to significant advances in tissue engineering and are promising for future
clinical regenerative strategies.

A personalized 3D polyamide implant coated by nanoscale hydroxyapatite was rapidly designed
and manufactured by computer in replacement of mandibular condyle. Its implantation into a patient
showed positive clinical outcomes [175].

3D printed scaffolds were engineered with a spatiotemporal delivery of connective tissue
growth factor (CTGF) and TGF-β3 encapsulated in microparticles in order to build a rabbit TMJ disc.
Their implantation evidenced positive results. Significant improvement of regeneration was observed
with the spatiotemporal gradient of functionalization [176]. Same approaches were developed to
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engineer human 3D-printed TMJ discs. 3D-printed scaffolds mimicking anisotropic collagen alignment
of the human TMJ disc were functionalized by microparticles of CTGF and TGF-β3 and then colonized
by human MSCs over six weeks. Synthesis and remodeling of the matrix promoted by this 3D growth
factor delivery system allow the obtainment of an implant with heterogeneous fibrocartilaginous
matrix close to a human TMJ disc. This 3D reproduction of matrix heterogeneity gives to the implant
viscoelastic properties which are region-dependent and so crucial for its function in future clinical
applications [177].

8. Conclusions

Prevalence of affections of TMJ is important. Severe affections are preferentially concerned by
regeneration. Currently, they are treated by arthrotomy and implantation of prostheses. The recent
advances in regenerative medicine for orthopedics may provide solutions for TMJ regeneration.
However, anatomic, structural, and functional regeneration of TMJ is very challenging and specific.
The fibrocartilaginous property of the mandibular condyle and its tight link with its fibrocartilaginous
disk contribute to modifying issues. The difficulty is not to obtain a pure hyaline cartilage with an
underlying bone as for the other articulations. The main issue is to get a long-term fibrocartilage
well-separated from its underlying bone without ossifications or fibrous adhesions which are dramatic
for crucial oral functions of patients. At present, concrete progress of TMJ arthroscopy allows
adequate visualization and manipulation of pathological intra-articular tissues and motivate the
emergence of innovative and specific regenerative strategies of TMJ. Numerous proposals of interest
have been presented focusing on suitable cells, scaffolds or active molecules for TMJ regeneration.
Global strategies, able to support the entire mandibular condyle regeneration, are very attractive. So,
the desired approach is a unique scaffold inducing an osteochondral molecular gradient containing
a single stem cell population able to undergo osteogenic and chondrogenic differentiation such as
BMSCs, ADSCs or DPSCs. The key to this complex regeneration is the functionalization by active
molecules such as IGF-1, TGF-β1 or b-FGF. This regeneration can be optimized by nano/micro-assisted
functionalization and by spatiotemporal drug delivery systems orchestrating the 3D formation of
TMJ tissues.

Acknowledgments: We are indebted to Faculty of Dental Surgery (University of Strasbourg, UDS) for supporting
Laetitia Keller, Ysia Idoux-Gillet, Marion Pugliano and Pascale Schwinté.

Author Contributions: Xavier Van Bellinghen, Ysia Idoux-Gillet, Marion Pugliano, Nadia Benkirane-Jessel,
Jean Christophe Lutz and Florence Fioretti wrote the paper. Marion Strub, Fabien Bornert, Francois Clauss,
Laetitia Keller and Sabine Kuchler-Bopp provided their expertise and contributed to the figures. Pascale Schwinté
provided her expertise and contributed to revisions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gopal, S.K.; Shankar, R.; Vardhan, B.H. Prevalence of temporo-mandibular disorders in symptomatic and
asymptomatic patients: A cross-sectional study. Int. J. Adv. Health Sci. 2014, 1, 14–20.

2. Su, N.; Liu, Y.; Yang, X.; Shen, J.; Wang, H. Association of malocclusion, self-reported bruxism and
chewing-side preference with oral health-related quality of life in patients with temporomandibular joint
osteoarthritis. Int. Dent. J. 2017. [CrossRef] [PubMed]

3. Tanaka, E.; Detamore, M.S.; Mercuri, L.G. Degenerative disorders of the temporomandibular joint: Etiology,
diagnosis, and treatment. J. Dent. Res. 2008, 87, 296–307. [CrossRef] [PubMed]

4. Aryaei, A.; Vapniarsky, N.; Hu, J.C.; Athanasiou, K.A. Recent tissue engineering advances for the treatment
of temporomandibular joint disorders. Curr. Osteoporos. Rep. 2016, 14, 269–279. [CrossRef] [PubMed]

5. Zarb, G.A.; Carlsson, G.E. Temporomandibular disorders: Osteoarthritis. J. Orofac. Pain 1999, 13, 295–306.
[PubMed]

http://dx.doi.org/10.1111/idj.12344
http://www.ncbi.nlm.nih.gov/pubmed/29094335
http://dx.doi.org/10.1177/154405910808700406
http://www.ncbi.nlm.nih.gov/pubmed/18362309
http://dx.doi.org/10.1007/s11914-016-0327-y
http://www.ncbi.nlm.nih.gov/pubmed/27704395
http://www.ncbi.nlm.nih.gov/pubmed/10823044


Int. J. Mol. Sci. 2018, 19, 446 14 of 22

6. Sporniak-Tutak, K.; Janiszewska-Olszowska, J.; Kowalczyk, R. Management of temporomandibular
ankylosis—Compromise or individualization—A literature review. Med. Sci. Monit. 2011, 17, RA111–RA116.
[CrossRef] [PubMed]

7. Murphy, M.K.; MacBarb, R.F.; Wong, M.E.; Athanasiou, K.A. Temporomandibular disorders: A review of
etiology, clinical management, and tissue engineering strategies. Int. J. Oral Maxillofac. Implants 2013, 28,
e393–e414. [CrossRef] [PubMed]

8. Ingawalé, S.; Goswami, T. Temporomandibular joint: Disorders, treatments, and biomechanics. Ann. Biomed. Eng.
2009, 37, 976–996. [CrossRef] [PubMed]

9. Al-Ani, M.Z.; Davies, S.J.; Gray, R.J.; Sloan, P.; Glenny, A.M. Stabilisation splint therapy for temporomandibular
pain dysfunction syndrome. Cochrane Database Syst. Rev. 2004, CD002778. [CrossRef]

10. Liu, F.; Steinkeler, A. Epidemiology, diagnosis, and treatment of temporomandibular disorders. Dent. Clin.
N. Am. 2013, 57, 465–479. [CrossRef] [PubMed]

11. Mujakperuo, H.R.; Watson, M.; Morrison, R.; Macfarlane, T.V. Pharmacological interventions for pain in
patients with temporomandibular disorders. Cochrane Database Syst. Rev. 2010, CD004715. [CrossRef]
[PubMed]

12. Bakke, M.; Møller, E.; Werdelin, L.M.; Dalager, T.; Kitai, N.; Kreiborg, S. Treatment of severe
temporomandibular joint clicking with botulinum toxin in the lateral pterygoid muscle in two cases of
anterior disc displacement. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2005, 100, 693–700.
[CrossRef] [PubMed]

13. Sunil Dutt, C.; Ramnani, P.; Thakur, D.; Pandit, M. Botulinum toxin in the treatment of muscle specific
oro-facial pain: A literature review. J. Maxillofac. Oral Surg. 2015, 14, 171–175. [CrossRef] [PubMed]

14. Persaud, R.; Garas, G.; Silva, S.; Stamatoglou, C.; Chatrath, P.; Patel, K. An evidence-based review of
botulinum toxin (Botox) applications in non-cosmetic head and neck conditions. JRSM Short Rep. 2013, 4, 10.
[CrossRef] [PubMed]

15. Dym, H.; Bowler, D.; Zeidan, J. Pharmacologic treatment for temporomandibular disorders. Dent. Clin.
N. Am. 2016, 60, 367–379. [CrossRef] [PubMed]

16. Machado, E.; Bonotto, D.; Cunali, P.A. Intra-articular injections with corticosteroids and sodium hyaluronate
for treating temporomandibular joint disorders: A systematic review. Dent. Press J. Orthod. 2013, 18, 128–133.
[CrossRef]

17. Brennan, P.A.; Ilankovan, V. Arthrocentesis for temporomandibular joint pain dysfunction syndrome. J. Oral
Maxillofac. Surg. 2006, 64, 949–951. [CrossRef] [PubMed]

18. Carvajal, W.A.; Laskin, D.M. Long-term evaluation of arthrocentesis for the treatment of internal
derangements of the temporomandibular joint. J. Oral Maxillofac. Surg. 2000, 58, 852–855. [CrossRef]
[PubMed]

19. Monje-Gil, F.; Nitzan, D.; González-Garcia, R. Temporomandibular joint arthrocentesis. Review of the
literature. Med. Oral Patol. Oral Cir. Bucal. 2012, 17, e575–e581. [CrossRef] [PubMed]

20. Dym, H.; Israel, H. Diagnosis and treatment of temporomandibular disorders. Dent. Clin. N. Am. 2012, 56,
149–161. [CrossRef] [PubMed]

21. Rigon, M.; Pereira, L.M.; Bortoluzzi, M.C.; Loguercio, A.D.; Ramos, A.L.; Cardoso, J.R. Arthroscopy for
temporomandibular disorders. Cochrane Database Syst. Rev. 2011, CD006385. [CrossRef]

22. Elgazzar, R.F.; Abdelhady, A.I.; Saad, K.A.; Elshaal, M.A.; Hussain, M.M.; Abdelal, S.E.; Sadakah, A.A.
Treatment modalities of TMJ ankylosis: Experience in Delta Nile, Egypt. Int. J. Oral Maxillofac. Surg. 2010, 39,
333–342. [CrossRef] [PubMed]

23. Dimitroulis, G. Temporomandibular joint surgery: What does it mean to the dental practitioner? Aust. Dent. J.
2011, 56, 257–264. [CrossRef] [PubMed]

24. Dolwick, M.F. Disc preservation surgery for the treatment of internal derangements of the
temporomandibular joint. J. Oral Maxillofac. Surg. 2001, 59, 1047–1050. [CrossRef] [PubMed]

25. Miloro, M.; Henriksen, B. Discectomy as the primary surgical option for internal derangement of the
temporomandibular joint. J. Oral Maxillofac. Surg. 2010, 68, 782–789. [CrossRef] [PubMed]

26. Dimitroulis, G. Condylar morphology after temporomandibular joint discectomy with interpositional
abdominal dermis-fat graft. J. Oral Maxillofac. Surg. 2011, 69, 439–446. [CrossRef] [PubMed]

27. Hayashi, H.; Fujita, T.; Shirakura, M.; Tsuka, Y.; Fujii, E.; Terao, A.; Tanimoto, K. Role of articular disc in
condylar regeneration of the mandible. Exp. Anim. 2014, 63, 395–401. [CrossRef] [PubMed]

http://dx.doi.org/10.12659/MSM.881755
http://www.ncbi.nlm.nih.gov/pubmed/21525821
http://dx.doi.org/10.11607/jomi.te20
http://www.ncbi.nlm.nih.gov/pubmed/24278954
http://dx.doi.org/10.1007/s10439-009-9659-4
http://www.ncbi.nlm.nih.gov/pubmed/19252985
http://dx.doi.org/10.1002/14651858.CD002778.pub2
http://dx.doi.org/10.1016/j.cden.2013.04.006
http://www.ncbi.nlm.nih.gov/pubmed/23809304
http://dx.doi.org/10.1002/14651858.CD004715.pub2
http://www.ncbi.nlm.nih.gov/pubmed/20927737
http://dx.doi.org/10.1016/j.tripleo.2004.11.019
http://www.ncbi.nlm.nih.gov/pubmed/16301150
http://dx.doi.org/10.1007/s12663-014-0641-9
http://www.ncbi.nlm.nih.gov/pubmed/26028831
http://dx.doi.org/10.1177/2042533312472115
http://www.ncbi.nlm.nih.gov/pubmed/23476731
http://dx.doi.org/10.1016/j.cden.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/27040290
http://dx.doi.org/10.1590/S2176-94512013000500021
http://dx.doi.org/10.1016/j.joms.2006.02.010
http://www.ncbi.nlm.nih.gov/pubmed/16713811
http://dx.doi.org/10.1053/joms.2000.8201
http://www.ncbi.nlm.nih.gov/pubmed/10935583
http://dx.doi.org/10.4317/medoral.17670
http://www.ncbi.nlm.nih.gov/pubmed/22322493
http://dx.doi.org/10.1016/j.cden.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22117948
http://dx.doi.org/10.1002/14651858.CD006385.pub2
http://dx.doi.org/10.1016/j.ijom.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/20149597
http://dx.doi.org/10.1111/j.1834-7819.2011.01351.x
http://www.ncbi.nlm.nih.gov/pubmed/21884140
http://dx.doi.org/10.1053/joms.2001.26681
http://www.ncbi.nlm.nih.gov/pubmed/11526577
http://dx.doi.org/10.1016/j.joms.2009.09.091
http://www.ncbi.nlm.nih.gov/pubmed/20079960
http://dx.doi.org/10.1016/j.joms.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/21122973
http://dx.doi.org/10.1538/expanim.14-0015
http://www.ncbi.nlm.nih.gov/pubmed/25030880


Int. J. Mol. Sci. 2018, 19, 446 15 of 22

28. Kaplan, P.A.; Ruskin, J.D.; Tu, H.K.; Knibbe, M.A. Erosive arthritis of the temporomandibular joint caused by
Teflon-Proplast implants: Plain film features. Am. J. Roentgenol. 1988, 151, 337–339. [CrossRef] [PubMed]

29. Westesson, P.L.; Eriksson, L.; Lindström, C. Destructive lesions of the mandibular condyle following
diskectomy with temporary silicone implant. Oral Surg. Oral Med. Oral Pathol. 1987, 63, 143–150. [CrossRef]

30. Dimitroulis, G.; Slavin, J. Histological evaluation of full thickness skin as an interpositional graft in the rabbit
craniomandibular joint. J. Oral Maxillofac. Surg. 2006, 64, 1075–1080. [CrossRef] [PubMed]

31. Bradley, P.; Brockbank, J. The temporalis muscle flap in oral reconstruction. A cadaveric, animal and clinical
study. J. Maxillofac. Surg. 1981, 9, 139–145. [CrossRef]

32. Detamore, M.S.; Athanasiou, K.A.; Mao, J. A call to action for bioengineers and dental professionals:
Directives for the future of TMJ bioengineering. Ann. Biomed. Eng. 2007, 35, 1301–1311. [CrossRef] [PubMed]

33. Dimitroulis, G. The prevalence of osteoarthrosis in cases of advanced internal derangement of the
temporomandibular joint: A clinical, surgical and histological study. Int. J. Oral Maxillofac. Surg. 2005, 34,
345–349. [CrossRef] [PubMed]

34. Mercuri, L.G. Alloplastic temporomandibular joint replacement: Rationale for the use of custom devices.
Int. J. Oral Maxillofac. Surg. 2012, 41, 1033–1040. [CrossRef] [PubMed]

35. Sidebottom, A.J. Alloplastic or autogenous reconstruction of the TMJ. J. Oral Biol. Craniofac. Res. 2013, 3,
135–139. [CrossRef] [PubMed]

36. Gerbino, G.; Zavattero, E.; Bosco, G.; Berrone, S.; Ramieri, G. Temporomandibular joint reconstruction with
stock and custom-made devices: Indications and results of a 14-year experience. J. Craniomaxillofac. Surg.
2017, 45, 1710–1715. [CrossRef] [PubMed]

37. Mehrotra, D. TMJ bioengineering: A review. J. Oral Biol. Craniofac. Res. 2013, 3, 140–145. [CrossRef] [PubMed]
38. Symons, N.B. The development of the human mandibular joint. J. Anat. 1952, 86, 326–332. [PubMed]
39. Baume, L.J. Ontogenesis of the human temporomandibular joint. I. Development of the condyles. J. Dent. Res.

1962, 41, 1327–1339. [CrossRef] [PubMed]
40. Hansson, T.; Oberg, T.; Carlsson, G.E.; Kopp, S. Thickness of the soft tissue layers and the articular disk in

the temporomandibular joint. Acta Odontol. Scand. 1977, 35, 77–83. [CrossRef] [PubMed]
41. Bibb, C.A.; Pullinger, A.G.; Baldioceda, F. Serial variation in histological character of articular soft tissue in

young human adult temporomandibular joint condyles. Arch. Oral Biol. 1993, 38, 343–352. [CrossRef]
42. Ngan, P.W.; Deguchi, T.; Roberts, E.W. Orthodontic Treatment of Class III Malocclusion; Benthan Science:

Charjah, UAE, 2014; ISBN 978-1-60805-686-6.
43. Singh, M.; Detamore, M.S. Biomechanical properties of the mandibular condylar cartilage and their relevance

to the TMJ disc. J. Biomech. 2009, 42, 405–417. [CrossRef] [PubMed]
44. Wang, L.; Lazebnik, M.; Detamore, M.S. Hyaline cartilage cells outperform mandibular condylar cartilage

cells in a TMJ fibrocartilage tissue engineering application. Osteoarthr. Cartil. 2009, 17, 346–353. [CrossRef]
[PubMed]

45. Detamore, M.S.; Athanasiou, K.A. Tensile properties of the porcine temporomandibular joint disc. J. Biomech. Eng.
2003, 125, 558–565. [CrossRef] [PubMed]

46. Roth, S.; Müller, K.; Fischer, D.C.; Dannhauer, K.H. Specific properties of the extracellular chondroitin
sulphate proteoglycans in the mandibular condylar growth centre in pigs. Arch. Oral Biol. 1997, 42, 63–76.
[CrossRef]

47. Kuroda, S.; Tanimoto, K.; Izawa, T.; Fujihara, S.; Koolstra, J.H.; Tanaka, E. Biomechanical and biochemical
characteristics of the mandibular condylar cartilage. Osteoarthr. Cartil. 2009, 17, 1408–1415. [CrossRef]
[PubMed]

48. Delatte, M.; Von den Hoff, J.W.; van Rheden, R.E.; Kuijpers-Jagtman, A.M. Primary and secondary cartilages
of the neonatal rat: The femoral head and the mandibular condyle. Eur. J. Oral Sci. 2004, 112, 156–162.
[CrossRef] [PubMed]

49. Kalpakci, K.N.; Willard, V.P.; Wong, M.E.; Athanasiou, K.A. An interspecies comparison of the temporomandibular
joint disc. J. Dent. Res. 2011, 90, 193–198. [CrossRef] [PubMed]

50. Detamore, M.S.; Hegde, J.N.; Wagle, R.R.; Almarza, A.J.; Montufar-Solis, D.; Duke, P.J.; Athanasiou, K.A.
Cell type and distribution in the porcine temporomandibular joint disc. J. Oral Maxillofac. Surg. 2006, 64,
243–248. [CrossRef] [PubMed]

51. Wong, G.B.; Weinberg, S.; Symington, J.M. Morphology of the developing articular disc of the human
temporomandibular joint. J. Oral Maxillofac. Surg. 1985, 43, 565–569. [CrossRef]

http://dx.doi.org/10.2214/ajr.151.2.337
http://www.ncbi.nlm.nih.gov/pubmed/3293378
http://dx.doi.org/10.1016/0030-4220(87)90302-1
http://dx.doi.org/10.1016/j.joms.2006.03.011
http://www.ncbi.nlm.nih.gov/pubmed/16781340
http://dx.doi.org/10.1016/S0301-0503(81)80034-3
http://dx.doi.org/10.1007/s10439-007-9298-6
http://www.ncbi.nlm.nih.gov/pubmed/17393335
http://dx.doi.org/10.1016/j.ijom.2004.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16053840
http://dx.doi.org/10.1016/j.ijom.2012.05.032
http://www.ncbi.nlm.nih.gov/pubmed/22771166
http://dx.doi.org/10.1016/j.jobcr.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25737902
http://dx.doi.org/10.1016/j.jcms.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/28843402
http://dx.doi.org/10.1016/j.jobcr.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25737903
http://www.ncbi.nlm.nih.gov/pubmed/12980883
http://dx.doi.org/10.1177/00220345620410060901
http://www.ncbi.nlm.nih.gov/pubmed/13966993
http://dx.doi.org/10.3109/00016357709055993
http://www.ncbi.nlm.nih.gov/pubmed/266827
http://dx.doi.org/10.1016/0003-9969(93)90142-9
http://dx.doi.org/10.1016/j.jbiomech.2008.12.012
http://www.ncbi.nlm.nih.gov/pubmed/19200995
http://dx.doi.org/10.1016/j.joca.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18760638
http://dx.doi.org/10.1115/1.1589778
http://www.ncbi.nlm.nih.gov/pubmed/12968581
http://dx.doi.org/10.1016/S0003-9969(97)83718-1
http://dx.doi.org/10.1016/j.joca.2009.04.025
http://www.ncbi.nlm.nih.gov/pubmed/19477310
http://dx.doi.org/10.1111/j.0909-8836.2004.00108.x
http://www.ncbi.nlm.nih.gov/pubmed/15056113
http://dx.doi.org/10.1177/0022034510381501
http://www.ncbi.nlm.nih.gov/pubmed/21118792
http://dx.doi.org/10.1016/j.joms.2005.10.009
http://www.ncbi.nlm.nih.gov/pubmed/16413896
http://dx.doi.org/10.1016/0278-2391(85)90121-1


Int. J. Mol. Sci. 2018, 19, 446 16 of 22

52. Detamore, M.S.; Orfanos, J.G.; Almarza, A.J.; French, M.M.; Wong, M.E.; Athanasiou, K.A. Quantitative
analysis and comparative regional investigation of the extracellular matrix of the porcine temporomandibular
joint disc. Matrix Biol. 2005, 24, 45–57. [CrossRef] [PubMed]

53. Scapino, R.P.; Obrez, A.; Greising, D. Organization and function of the collagen fiber system in the human
temporomandibular joint disk and its attachments. Cells Tissues Organs 2006, 182, 201–225. [CrossRef]
[PubMed]

54. Berkovitz, B.K. Collagen crimping in the intra-articular disc and articular surfaces of the human
temporomandibular joint. Arch. Oral Biol. 2000, 45, 749–756. [CrossRef]

55. Plumb, M.S.; Aspden, R.M. The response of elderly human articular cartilage to mechanical stimuli in vitro.
Osteoarthr. Cartil. 2005, 13, 1084–1091. [CrossRef] [PubMed]

56. Almarza, A.J.; Bean, A.C.; Baggett, L.S.; Athanasiou, K.A. Biochemical analysis of the porcine
temporomandibular joint disc. Br. J. Oral Maxillofac. Surg. 2006, 44, 124–128. [CrossRef] [PubMed]

57. Kinoshita, Y.; Maeda, H. Recent developments of functional scaffolds for craniomaxillofacial bone tissue
engineering applications. Sci. World J. 2013, 2013, 863157. [CrossRef] [PubMed]

58. El-Bialy, T.; Uludag, H.; Jomha, N.; Badylak, S.F. In vivo ultrasound-assisted tissue-engineered mandibular
condyle: A pilot study in rabbits. Tissue Eng. Part C Methods 2010, 16, 1315–1323. [CrossRef] [PubMed]

59. Detamore, M.S.; Athanasiou, K.A. Use of a rotating bioreactor toward tissue engineering the
temporomandibular joint disc. Tissue Eng. 2005, 11, 1188–1197. [CrossRef] [PubMed]

60. Anderson, D.E.; Athanasiou, K.A. Passaged goat costal chondrocytes provide a feasible cell source for
temporomandibular joint tissue engineering. Ann. Biomed. Eng. 2008, 36, 1992–2001. [CrossRef] [PubMed]

61. Johns, D.E.; Wong, M.E.; Athanasiou, K.A. Clinically relevant cell sources for TMJ disc engineering.
J. Dent. Res. 2008, 87, 548–552. [CrossRef] [PubMed]

62. Anderson, D.E.; Athanasiou, K.A. A comparison of primary and passaged chondrocytes for use in
engineering the temporomandibular joint. Arch. Oral Biol. 2009, 54, 138–145. [CrossRef] [PubMed]

63. Bailey, M.M.; Wang, L.; Bode, C.J.; Mitchell, K.E.; Detamore, M.S. A comparison of human umbilical
cord matrix stem cells and temporomandibular joint condylar chondrocytes for tissue engineering
temporomandibular joint condylar cartilage. Tissue Eng. 2007, 13, 2003–2010. [CrossRef] [PubMed]

64. Wu, Y.; Gong, Z.; Li, J.; Meng, Q.; Fang, W.; Long, X. The pilot study of fibrin with temporomandibular joint
derived synovial stem cells in repairing TMJ disc perforation. Biomed. Res. Int. 2014, 2014, 454021. [CrossRef]
[PubMed]

65. Mäenpää, K.; Ellä, V.; Mauno, J.; Kellomäki, M.; Suuronen, R.; Ylikomi, T.; Miettinen, S. Use of adipose stem
cells and polylactide discs for tissue engineering of the temporomandibular joint disc. J. R. Soc. Interface
2010, 7, 177–188. [CrossRef] [PubMed]

66. Costello, B.J.; Kumta, P.; Sfeir, C.S. Regenerative technologies for craniomaxillofacial surgery. J. Oral Maxillofac.
Surg. 2015, 73, S116–S125. [CrossRef] [PubMed]

67. Sunil, P.; Manikandhan, R.; Muthu, M.; Abraham, S. Stem cell therapy in oral and maxillofacial region:
An overview. J. Oral Maxillofac. Pathol. 2012, 16, 58–63. [CrossRef] [PubMed]

68. Zuk, P.A.; Zhu, M.; Mizuno, H.; Huang, J.; Futrell, J.W.; Katz, A.J.; Benhaim, P.; Lorenz, H.P.; Hedrick, M.H.
Multilineage cells from human adipose tissue: Implications for cell-based therapies. Tissue Eng. 2001, 7,
211–228. [CrossRef] [PubMed]

69. Saito, M.T.; Silvério, K.G.; Casati, M.Z.; Sallum, E.A.; Nociti, F.H. Tooth-derived stem cells: Update and
perspectives. World J. Stem Cells 2015, 7, 399–407. [CrossRef] [PubMed]

70. Guo, L.; Li, J.; Qiao, X.; Yu, M.; Tang, W.; Wang, H.; Guo, W.; Tian, W. Comparison of odontogenic
differentiation of human dental follicle cells and human dental papilla cells. PLoS ONE 2013, 8, e62332.
[CrossRef] [PubMed]

71. Park, Y.J.; Cha, S.; Park, Y.S. Regenerative applications using tooth derived stem cells in other than tooth
regeneration: A literature review. Stem Cells Int. 2016, 2016, 9305986. [CrossRef] [PubMed]

72. Sedgley, C.M.; Botero, T.M. Dental stem cells and their sources. Dent. Clin. N. Am. 2012, 56, 549–561. [CrossRef]
[PubMed]

73. Silvério, K.G.; Davidson, K.C.; James, R.G.; Adams, A.M.; Foster, B.L.; Nociti, F.; Somerman, M.J.; Moon, R.T.
Wnt/β-catenin pathway regulates bone morphogenetic protein (BMP2)-mediated differentiation of dental
follicle cells. J. Periodontal. Res. 2012, 47, 309–319. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.matbio.2004.11.006
http://www.ncbi.nlm.nih.gov/pubmed/15749001
http://dx.doi.org/10.1159/000093969
http://www.ncbi.nlm.nih.gov/pubmed/16914922
http://dx.doi.org/10.1016/S0003-9969(00)00045-5
http://dx.doi.org/10.1016/j.joca.2005.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16154770
http://dx.doi.org/10.1016/j.bjoms.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16011866
http://dx.doi.org/10.1155/2013/863157
http://www.ncbi.nlm.nih.gov/pubmed/24163634
http://dx.doi.org/10.1089/ten.tec.2009.0564
http://www.ncbi.nlm.nih.gov/pubmed/20233011
http://dx.doi.org/10.1089/ten.2005.11.1188
http://www.ncbi.nlm.nih.gov/pubmed/16144455
http://dx.doi.org/10.1007/s10439-008-9572-2
http://www.ncbi.nlm.nih.gov/pubmed/18830818
http://dx.doi.org/10.1177/154405910808700609
http://www.ncbi.nlm.nih.gov/pubmed/18502963
http://dx.doi.org/10.1016/j.archoralbio.2008.09.018
http://www.ncbi.nlm.nih.gov/pubmed/19013549
http://dx.doi.org/10.1089/ten.2006.0150
http://www.ncbi.nlm.nih.gov/pubmed/17518722
http://dx.doi.org/10.1155/2014/454021
http://www.ncbi.nlm.nih.gov/pubmed/24822210
http://dx.doi.org/10.1098/rsif.2009.0117
http://www.ncbi.nlm.nih.gov/pubmed/19474082
http://dx.doi.org/10.1016/j.joms.2015.04.036
http://www.ncbi.nlm.nih.gov/pubmed/26608139
http://dx.doi.org/10.4103/0973-029X.92975
http://www.ncbi.nlm.nih.gov/pubmed/22434942
http://dx.doi.org/10.1089/107632701300062859
http://www.ncbi.nlm.nih.gov/pubmed/11304456
http://dx.doi.org/10.4252/wjsc.v7.i2.399
http://www.ncbi.nlm.nih.gov/pubmed/25815123
http://dx.doi.org/10.1371/journal.pone.0062332
http://www.ncbi.nlm.nih.gov/pubmed/23620822
http://dx.doi.org/10.1155/2016/9305986
http://www.ncbi.nlm.nih.gov/pubmed/26798366
http://dx.doi.org/10.1016/j.cden.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22835537
http://dx.doi.org/10.1111/j.1600-0765.2011.01433.x
http://www.ncbi.nlm.nih.gov/pubmed/22150562


Int. J. Mol. Sci. 2018, 19, 446 17 of 22

74. d’Aquino, R.; de Rosa, A.; Lanza, V.; Tirino, V.; Laino, L.; Graziano, A.; Desiderio, V.; Laino, G.; Papaccio, G.
Human mandible bone defect repair by the grafting of dental pulp stem/progenitor cells and collagen
sponge biocomplexes. Eur. Cell Mater. 2009, 18, 75–83. [CrossRef] [PubMed]

75. Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs)
in vitro and in vivo. Proc. Natl. Acad. Sci. USA 2000, 97, 13625–13630. [CrossRef] [PubMed]

76. Alge, D.L.; Zhou, D.; Adams, L.L.; Wyss, B.K.; Shadday, M.D.; Woods, E.J.; Gabriel Chu, T.M.; Goebel, W.S.
Donor-matched comparison of dental pulp stem cells and bone marrow-derived mesenchymal stem cells in
a rat model. J. Tissue Eng. Regen. Med. 2010, 4, 73–81. [CrossRef] [PubMed]

77. Akkouch, A.; Zhang, Z.; Rouabhia, M. Engineering bone tissue using human dental pulp stem cells and an
osteogenic collagen-hydroxyapatite-poly (L-lactide-co-ε-caprolactone) scaffold. J. Biomater. Appl. 2014, 28,
922–936. [CrossRef] [PubMed]

78. Annibali, S.; Bellavia, D.; Ottolenghi, L.; Cicconetti, A.; Cristalli, M.P.; Quaranta, R.; Pilloni, A. Micro-CT and
PET analysis of bone regeneration induced by biodegradable scaffolds as carriers for dental pulp stem cells
in a rat model of calvarial “critical size” defect: Preliminary data. J. Biomed. Mater. Res. B Appl. Biomater.
2014, 102, 815–825. [CrossRef] [PubMed]

79. Mangano, C.; de Rosa, A.; Desiderio, V.; d’Aquino, R.; Piattelli, A.; de Francesco, F.; Tirino, V.; Mangano, F.;
Papaccio, G. The osteoblastic differentiation of dental pulp stem cells and bone formation on different
titanium surface textures. Biomaterials 2010, 31, 3543–3551. [CrossRef] [PubMed]

80. Liu, H.C.; E, L.L.; Wang, D.S.; Su, F.; Wu, X.; Shi, Z.P.; Lv, Y.; Wang, J.Z. Reconstruction of alveolar
bone defects using bone morphogenetic protein 2 mediated rabbit dental pulp stem cells seeded on
nano-hydroxyapatite/collagen/poly(L-lactide). Tissue Eng. Part A 2011, 17, 2417–2433. [CrossRef] [PubMed]

81. Ikeda, H.; Sumita, Y.; Ikeda, M.; Okumura, T.; Sakai, E.; Nishimura, M.; Asahina, I. Engineering bone
formation from human dental pulp- and periodontal ligament-derived cells. Ann. Biomed. Eng. 2011, 39,
26–34. [CrossRef] [PubMed]

82. Yang, X.; van der Kraan, P.M.; Bian, Z.; Fan, M.; Walboomers, X.F.; Jansen, J.A. Mineralized tissue formation
by BMP2-transfected pulp stem cells. J. Dent. Res. 2009, 88, 1020–2025. [CrossRef] [PubMed]

83. Yang, X.; Walboomers, X.F.; van den Dolder, J.; Yang, F.; Bian, Z.; Fan, M.; Jansen, J.A. Non-viral bone
morphogenetic protein 2 transfection of rat dental pulp stem cells using calcium phosphate nanoparticles as
carriers. Tissue Eng. Part A 2008, 14, 71–81. [CrossRef] [PubMed]

84. Kanafi, M.M.; Ramesh, A.; Gupta, P.K.; Bhonde, R.R. Dental pulp stem cells immobilized in alginate
microspheres for applications in bone tissue engineering. Int. Endod. J. 2014, 47, 687–697. [CrossRef]
[PubMed]

85. Almarza, A.J.; Athanasiou, K.A. Effects of initial cell seeding density for the tissue engineering of the
temporomandibular joint disc. Ann. Biomed. Eng. 2005, 33, 943–950. [CrossRef] [PubMed]

86. Park, H.; Choi, B.; Hu, J.; Lee, M. Injectable chitosan hyaluronic acid hydrogels for cartilage tissue engineering.
Acta Biomater. 2013, 9, 4779–4786. [CrossRef] [PubMed]

87. Kim, I.L.; Mauck, R.L.; Burdick, J.A. Hydrogel design for cartilage tissue engineering: A case study with
hyaluronic acid. Biomaterials 2011, 32, 8771–8782. [CrossRef] [PubMed]

88. Chung, C.; Burdick, J.A. Influence of three-dimensional hyaluronic acid microenvironments on mesenchymal
stem cell chondrogenesis. Tissue Eng. Part A 2009, 15, 243–254. [CrossRef] [PubMed]

89. Willerth, S.M.; Sakiyama-Elbert, S.E. Combining stem cells and biomaterial scaffolds for constructing
tissues and cell delivery. In The Stem Cell Research Community; StemBook, Ed.; Harvard Stem Cell Institute:
Cambridge, MA, USA, 2008. [CrossRef]

90. Awad, H.A.; Wickham, M.Q.; Leddy, H.A.; Gimble, J.M.; Guilak, F. Chondrogenic differentiation of
adipose-derived adult stem cells in agarose, alginate, and gelatin scaffolds. Biomaterials 2004, 25, 3211–3222.
[CrossRef] [PubMed]

91. Finger, A.R.; Sargent, C.Y.; Dulaney, K.O.; Bernacki, S.H.; Loboa, E.G. Differential effects on messenger
ribonucleic acid expression by bone marrow-derived human mesenchymal stem cells seeded in agarose
constructs due to ramped and steady applications of cyclic hydrostatic pressure. Tissue Eng. 2007, 13,
1151–1158. [CrossRef] [PubMed]

92. Huang, C.Y.; Reuben, P.M.; D’Ippolito, G.; Schiller, P.C.; Cheung, H.S. Chondrogenesis of human bone
marrow-derived mesenchymal stem cells in agarose culture. Anat. Rec. A Discov. Mol. Cell. Evol. Biol. 2004,
278, 428–436. [CrossRef] [PubMed]

http://dx.doi.org/10.22203/eCM.v018a07
http://www.ncbi.nlm.nih.gov/pubmed/19908196
http://dx.doi.org/10.1073/pnas.240309797
http://www.ncbi.nlm.nih.gov/pubmed/11087820
http://dx.doi.org/10.1002/term.220
http://www.ncbi.nlm.nih.gov/pubmed/19842108
http://dx.doi.org/10.1177/0885328213486705
http://www.ncbi.nlm.nih.gov/pubmed/23640860
http://dx.doi.org/10.1002/jbm.b.33064
http://www.ncbi.nlm.nih.gov/pubmed/24142538
http://dx.doi.org/10.1016/j.biomaterials.2010.01.056
http://www.ncbi.nlm.nih.gov/pubmed/20122719
http://dx.doi.org/10.1089/ten.tea.2010.0620
http://www.ncbi.nlm.nih.gov/pubmed/21563858
http://dx.doi.org/10.1007/s10439-010-0115-2
http://www.ncbi.nlm.nih.gov/pubmed/20614244
http://dx.doi.org/10.1177/0022034509346258
http://www.ncbi.nlm.nih.gov/pubmed/19828890
http://dx.doi.org/10.1089/ten.a.2007.0102
http://www.ncbi.nlm.nih.gov/pubmed/18333806
http://dx.doi.org/10.1111/iej.12205
http://www.ncbi.nlm.nih.gov/pubmed/24127887
http://dx.doi.org/10.1007/s10439-005-3311-8
http://www.ncbi.nlm.nih.gov/pubmed/16060535
http://dx.doi.org/10.1016/j.actbio.2012.08.033
http://www.ncbi.nlm.nih.gov/pubmed/22935326
http://dx.doi.org/10.1016/j.biomaterials.2011.08.073
http://www.ncbi.nlm.nih.gov/pubmed/21903262
http://dx.doi.org/10.1089/ten.tea.2008.0067
http://www.ncbi.nlm.nih.gov/pubmed/19193129
http://dx.doi.org/10.3824/stembook.1.1.1
http://dx.doi.org/10.1016/j.biomaterials.2003.10.045
http://www.ncbi.nlm.nih.gov/pubmed/14980416
http://dx.doi.org/10.1089/ten.2006.0290
http://www.ncbi.nlm.nih.gov/pubmed/17518710
http://dx.doi.org/10.1002/ar.a.20010
http://www.ncbi.nlm.nih.gov/pubmed/15103737


Int. J. Mol. Sci. 2018, 19, 446 18 of 22

93. Baker, M.I.; Walsh, S.P.; Schwartz, Z.; Boyan, B.D. A review of polyvinyl alcohol and its uses in cartilage and
orthopedic applications. J. Biomed. Mater. Res. B Appl. Biomater. 2012, 100, 1451–1457. [CrossRef] [PubMed]

94. Kobayashi, M.; Chang, Y.S.; Oka, M. A two year in vivo study of polyvinyl alcohol-hydrogel (PVA-H)
artificial meniscus. Biomaterials 2005, 26, 3243–3248. [CrossRef] [PubMed]

95. Kobayashi, M.; Toguchida, J.; Oka, M. Preliminary study of polyvinyl alcohol-hydrogel (PVA-H) artificial
meniscus. Biomaterials 2003, 24, 639–647. [CrossRef]

96. Bodugoz-Senturk, H.; Macias, C.E.; Kung, J.H.; Muratoglu, O.K. Poly(vinyl alcohol)-acrylamide hydrogels
as load-bearing cartilage substitute. Biomaterials 2009, 30, 589–596. [CrossRef] [PubMed]

97. Stammen, J.A.; Williams, S.; Ku, D.N.; Guldberg, R.E. Mechanical properties of a novel PVA hydrogel in
shear and unconfined compression. Biomaterials 2001, 22, 799–806. [CrossRef]

98. Holloway, J.L.; Spiller, K.L.; Lowman, A.M.; Palmese, G.R. Analysis of the in vitro swelling behavior of
poly(vinyl alcohol) hydrogels in osmotic pressure solution for soft tissue replacement. Acta Biomater. 2011, 7,
2477–2482. [CrossRef] [PubMed]

99. Shokrgozar, M.A.; Bonakdar, S.; Dehghan, M.M.; Emami, S.H.; Montazeri, L.; Azari, S.; Rabbani, M. Biological
evaluation of polyvinyl alcohol hydrogel crosslinked by polyurethane chain for cartilage tissue engineering
in rabbit model. J. Mater. Sci. Mater. Med. 2013, 24, 2449–2460. [CrossRef] [PubMed]

100. Uematsu, K.; Hattori, K.; Ishimoto, Y.; Yamauchi, J.; Habata, T.; Takakura, Y.; Ohgushi, H.; Fukuchi, T.;
Sato, M. Cartilage regeneration using mesenchymal stem cells and a three-dimensional poly-lactic-glycolic
acid (PLGA) scaffold. Biomaterials 2005, 26, 4273–4279. [CrossRef] [PubMed]

101. Kay, S.; Thapa, A.; Haberstroh, K.M.; Webster, T.J. Nanostructured polymer/nanophase ceramic composites
enhance osteoblast and chondrocyte adhesion. Tissue Eng. 2002, 8, 753–761. [CrossRef] [PubMed]

102. Fan, H.; Hu, Y.; Zhang, C.; Li, X.; Lv, R.; Qin, L.; Zhu, R. Cartilage regeneration using mesenchymal stem cells
and a PLGA-gelatin/chondroitin/hyaluronate hybrid scaffold. Biomaterials 2006, 27, 4573–4580. [CrossRef]
[PubMed]

103. Thomas, M.; Grande, D.; Haug, R.H. Development of an in vitro temporomandibular joint cartilage analog.
J. Oral Maxillofac. Surg. 1991, 49, 854–856. [CrossRef]

104. Puelacher, W.C.; Wisser, J.; Vacanti, C.A.; Ferraro, N.F.; Jaramillo, D.; Vacanti, J.P. Temporomandibular joint
disc replacement made by tissue-engineered growth of cartilage. J. Oral Maxillofac. Surg. 1994, 52, 1172–1177.
[CrossRef]

105. Hagandora, C.K.; Gao, J.; Wang, Y.; Almarza, A.J. Poly (glycerol sebacate): A novel scaffold material for
temporomandibular joint disc engineering. Tissue Eng. Part A 2013, 19, 729–737. [CrossRef] [PubMed]

106. Almarza, A.J.; Athanasiou, K.A. Seeding techniques and scaffolding choice for tissue engineering of the
temporomandibular joint disk. Tissue Eng. 2004, 10, 1787–1795. [CrossRef] [PubMed]

107. Allen, K.D.; Athanasiou, K.A. Scaffold and growth factor selection in temporomandibular joint disc
engineering. J. Dent. Res. 2008, 87, 180–185. [CrossRef] [PubMed]

108. Springer, I.N.; Fleiner, B.; Jepsen, S.; Açil, Y. Culture of cells gained from temporomandibular joint cartilage
on non-absorbable scaffolds. Biomaterials 2001, 22, 2569–2577. [CrossRef]

109. Brown, B.N.; Chung, W.L.; Almarza, A.J.; Pavlick, M.D.; Reppas, S.N.; Ochs, M.W.; Russell, A.J.; Badylak, S.F.
Inductive, scaffold-based, regenerative medicine approach to reconstruction of the temporomandibular joint
disk. J. Oral Maxillofac. Surg. 2012, 70, 2656–2668. [CrossRef] [PubMed]

110. Grande, D.A.; Halberstadt, C.; Naughton, G.; Schwartz, R.; Manji, R. Evaluation of matrix scaffolds for tissue
engineering of articular cartilage grafts. J. Biomed. Mater. Res. 1997, 34, 211–220. [CrossRef]

111. Levingstone, T.J.; Matsiko, A.; Dickson, G.R.; O’Brien, F.J.; Gleeson, J.P. A biomimetic multi-layered
collagen-based scaffold for osteochondral repair. Acta Biomater. 2014, 10, 1996–2004. [CrossRef] [PubMed]

112. Farrell, E.; O’Brien, F.J.; Doyle, P.; Fischer, J.; Yannas, I.; Harley, B.A.; O’Connell, B.; Prendergast, P.J.;
Campbell, V.A. A collagen-glycosaminoglycan scaffold supports adult rat mesenchymal stem cell differentiation
along osteogenic and chondrogenic routes. Tissue Eng. 2006, 12, 459–468. [CrossRef] [PubMed]

113. Mehrotra, D.; Kumar, S.; Dhasmana, S. Hydroxyapatite/collagen block with platelet rich plasma in
temporomandibular joint ankylosis: A pilot study in children and adolescents. Br. J. Oral Maxillofac. Surg.
2012, 50, 774–778. [CrossRef] [PubMed]

114. Balakrishnan, B.; Joshi, N.; Jayakrishnan, A.; Banerjee, R. Self-crosslinked oxidized alginate/gelatin hydrogel
as injectable, adhesive biomimetic scaffolds for cartilage regeneration. Acta Biomater. 2014, 10, 3650–3663.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/jbm.b.32694
http://www.ncbi.nlm.nih.gov/pubmed/22514196
http://dx.doi.org/10.1016/j.biomaterials.2004.08.028
http://www.ncbi.nlm.nih.gov/pubmed/15603819
http://dx.doi.org/10.1016/S0142-9612(02)00378-2
http://dx.doi.org/10.1016/j.biomaterials.2008.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18996584
http://dx.doi.org/10.1016/S0142-9612(00)00242-8
http://dx.doi.org/10.1016/j.actbio.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21329769
http://dx.doi.org/10.1007/s10856-013-4995-1
http://www.ncbi.nlm.nih.gov/pubmed/23807316
http://dx.doi.org/10.1016/j.biomaterials.2004.10.037
http://www.ncbi.nlm.nih.gov/pubmed/15683651
http://dx.doi.org/10.1089/10763270260424114
http://www.ncbi.nlm.nih.gov/pubmed/12459054
http://dx.doi.org/10.1016/j.biomaterials.2006.04.013
http://www.ncbi.nlm.nih.gov/pubmed/16720040
http://dx.doi.org/10.1016/0278-2391(91)90015-E
http://dx.doi.org/10.1016/0278-2391(94)90538-X
http://dx.doi.org/10.1089/ten.tea.2012.0304
http://www.ncbi.nlm.nih.gov/pubmed/23157344
http://dx.doi.org/10.1089/ten.2004.10.1787
http://www.ncbi.nlm.nih.gov/pubmed/15684687
http://dx.doi.org/10.1177/154405910808700205
http://www.ncbi.nlm.nih.gov/pubmed/18218847
http://dx.doi.org/10.1016/S0142-9612(01)00148-X
http://dx.doi.org/10.1016/j.joms.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22365981
http://dx.doi.org/10.1002/(SICI)1097-4636(199702)34:2&lt;211::AID-JBM10&gt;3.0.CO;2-L
http://dx.doi.org/10.1016/j.actbio.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24418437
http://dx.doi.org/10.1089/ten.2006.12.459
http://www.ncbi.nlm.nih.gov/pubmed/16579679
http://dx.doi.org/10.1016/j.bjoms.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/22293028
http://dx.doi.org/10.1016/j.actbio.2014.04.031
http://www.ncbi.nlm.nih.gov/pubmed/24811827


Int. J. Mol. Sci. 2018, 19, 446 19 of 22

115. Kuo, Y.-C.; Wang, C.-C. Effect of bovine pituitary extract on the formation of neocartilage in chitosan/gelatin
scaffolds. J. Taiwan Inst. Chem. Eng. 2010, 41, 150–156. [CrossRef]

116. Xia, W.; Liu, W.; Cui, L.; Liu, Y.; Zhong, W.; Liu, D.; Wu, J.; Chua, K.; Cao, Y. Tissue engineering of cartilage
with the use of chitosan-gelatin complex scaffolds. J. Biomed. Mater. Res. B Appl. Biomater. 2004, 71, 373–380.
[CrossRef] [PubMed]

117. Ma, P.X. Scaffolds for tissue fabrication. Mater. Today 2004, 7, 30–40. [CrossRef]
118. Beachley, V.; Wen, X. Polymer nanofibrous structures: Fabrication, biofunctionalization, and cell interactions.

Prog. Polym. Sci. 2010, 35, 868–892. [CrossRef] [PubMed]
119. Mendoza-Palomares, C.; Ferrand, A.; Facca, S.; Fioretti, F.; Ladam, G.; Kuchler-Bopp, S.; Regnier, T.;

Mainard, D.; Benkirane-Jessel, N. Smart hybrid materials equipped by nanoreservoirs of therapeutics.
ACS Nano 2012, 6, 483–490. [CrossRef] [PubMed]

120. Eap, S.; Morand, D.; Clauss, F.; Huck, O.; Stoltz, J.F.; Lutz, J.C.; Gottenberg, J.E.; Benkirane-Jessel, N.; Keller, L.;
Fioretti, F. Nanostructured thick 3D nanofibrous scaffold can induce bone. Biomed. Mater. Eng. 2015, 25,
79–85. [CrossRef] [PubMed]

121. Keller, L.; Wagner, Q.; Pugliano, M.; Breda, P.; Ehlinger, M.; Schwinté, P.; Benkirane-Jessel, N. Bi-layered
nano active implant with hybrid stem cell microtissues for tuned cartilage hypertrophy. J. Stem Cell Res. Ther.
2015, 1. [CrossRef]

122. Im, G.I.; Shin, Y.W.; Lee, K.B. Do adipose tissue-derived mesenchymal stem cells have the same osteogenic
and chondrogenic potential as bone marrow-derived cells? Osteoarthr. Cartil. 2005, 13, 845–853. [CrossRef]
[PubMed]

123. Worster, A.A.; Brower-Toland, B.D.; Fortier, L.A.; Bent, S.J.; Williams, J.; Nixon, A.J. Chondrocytic
differentiation of mesenchymal stem cells sequentially exposed to transforming growth factor-β1 in
monolayer and insulin-like growth factor-I in a three-dimensional matrix. J. Orthop. Res. 2001, 19, 738–749.
[CrossRef]

124. Catelas, I.; Sese, N.; Wu, B.M.; Dunn, J.C.; Helgerson, S.; Tawil, B. Human mesenchymal stem cell proliferation
and osteogenic differentiation in fibrin gels in vitro. Tissue Eng. 2006, 12, 2385–2396. [CrossRef] [PubMed]

125. Gurevich, O.; Vexler, A.; Marx, G.; Prigozhina, T.; Levdansky, L.; Slavin, S.; Shimeliovich, I.; Gorodetsky, R.
Fibrin microbeads for isolating and growing bone marrow-derived progenitor cells capable of forming bone
tissue. Tissue Eng. 2002, 8, 661–672. [CrossRef] [PubMed]

126. Detamore, M.S.; Athanasiou, K.A. Motivation, characterization, and strategy for tissue engineering the
temporomandibular joint disc. Tissue Eng. 2003, 9, 1065–1087. [CrossRef] [PubMed]

127. Almarza, A.J.; Athanasiou, K.A. Evaluation of three growth factors in combinations of two for
temporomandibular joint disc tissue engineering. Arch. Oral Biol. 2006, 51, 215–221. [CrossRef] [PubMed]

128. Detamore, M.S.; Athanasiou, K.A. Evaluation of three growth factors for TMJ disc tissue engineering.
Ann. Biomed. Eng. 2005, 33, 383–390. [CrossRef] [PubMed]

129. Su, X.; Bao, G.; Kang, H. Effects of basic fibroblast growth factor on bone marrow mesenchymal stem cell
differentiation into temporomandibular joint disc cells. Sheng Wu Yi Xue Gong Cheng Xue Za Zhi 2012, 29,
732–736. [PubMed]

130. Kang, H.; Bi, Y.D.; Li, Z.Q.; Qi, M.Y.; Peng, E.M. Effect of transforming growth factor β(1) and insulin-like
growth factor-I on extracelluar matrix synthesis of self-assembled constructs of goat temporomandibular
joint disc. Zhonghua Kou Qiang Yi Xue Za Zhi 2011, 46, 541–546. [CrossRef] [PubMed]

131. Fortier, L.A.; Lust, G.; Mohammed, H.O.; Nixon, A.J. Coordinate upregulation of cartilage matrix synthesis
in fibrin cultures supplemented with exogenous insulin-like growth factor-I. J. Orthop. Res. 1999, 17, 467–474.
[CrossRef] [PubMed]

132. Sah, R.L.; Chen, A.C.; Grodzinsky, A.J.; Trippel, S.B. Differential effects of bFGF and IGF-I on matrix
metabolism in calf and adult bovine cartilage explants. Arch. Biochem. Biophys. 1994, 308, 137–147. [CrossRef]
[PubMed]

133. Kalpakci, K.N.; Kim, E.J.; Athanasiou, K.A. Assessment of growth factor treatment on fibrochondrocyte and
chondrocyte co-cultures for TMJ fibrocartilage engineering. Acta Biomater. 2011, 7, 1710–1718. [CrossRef]
[PubMed]

134. Blunk, T.; Sieminski, A.L.; Gooch, K.J.; Courter, D.L.; Hollander, A.P.; Nahir, A.M.; Langer, R.;
Vunjak-Novakovic, G.; Freed, L.E. Differential effects of growth factors on tissue-engineered cartilage.
Tissue Eng. 2002, 8, 73–84. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jtice.2009.08.011
http://dx.doi.org/10.1002/jbm.b.30087
http://www.ncbi.nlm.nih.gov/pubmed/15386401
http://dx.doi.org/10.1016/S1369-7021(04)00233-0
http://dx.doi.org/10.1016/j.progpolymsci.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20582161
http://dx.doi.org/10.1021/nn203817t
http://www.ncbi.nlm.nih.gov/pubmed/22176534
http://dx.doi.org/10.3233/BME-141248
http://www.ncbi.nlm.nih.gov/pubmed/25538059
http://dx.doi.org/10.15406/jsrt.2015.01.00004
http://dx.doi.org/10.1016/j.joca.2005.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16129630
http://dx.doi.org/10.1016/S0736-0266(00)00054-1
http://dx.doi.org/10.1089/ten.2006.12.2385
http://www.ncbi.nlm.nih.gov/pubmed/16968177
http://dx.doi.org/10.1089/107632702760240571
http://www.ncbi.nlm.nih.gov/pubmed/12202005
http://dx.doi.org/10.1089/10763270360727991
http://www.ncbi.nlm.nih.gov/pubmed/14670096
http://dx.doi.org/10.1016/j.archoralbio.2005.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16105643
http://dx.doi.org/10.1007/s10439-005-1741-y
http://www.ncbi.nlm.nih.gov/pubmed/15868729
http://www.ncbi.nlm.nih.gov/pubmed/23016426
http://dx.doi.org/10.3760/cma.j.issn.1002-0098.2011.09.008
http://www.ncbi.nlm.nih.gov/pubmed/22177357
http://dx.doi.org/10.1002/jor.1100170403
http://www.ncbi.nlm.nih.gov/pubmed/10459751
http://dx.doi.org/10.1006/abbi.1994.1020
http://www.ncbi.nlm.nih.gov/pubmed/8311446
http://dx.doi.org/10.1016/j.actbio.2010.12.015
http://www.ncbi.nlm.nih.gov/pubmed/21185408
http://dx.doi.org/10.1089/107632702753503072
http://www.ncbi.nlm.nih.gov/pubmed/11886656


Int. J. Mol. Sci. 2018, 19, 446 20 of 22

135. Jiao, Y.; Wang, D.; Han, W.L. Effects of various growth factors on human mandibular condylar cartilage cell
proliferation. Zhonghua Kou Qiang Yi Xue Za Zhi 2000, 35, 346–349. [PubMed]

136. Hanaoka, K.; Tanaka, E.; Takata, T.; Miyauchi, M.; Aoyama, J.; Kawai, N.; Dalla-Bona, D.A.; Yamano, E.;
Tanne, K. Platelet-derived growth factor enhances proliferation and matrix synthesis of temporomandibular
joint disc-derived cells. Angle Orthod. 2006, 76, 486–492. [CrossRef] [PubMed]

137. Jazayeri, H.E.; Tahriri, M.; Razavi, M.; Khoshroo, K.; Fahimipour, F.; Dashtimoghadam, E.; Almeida, L.;
Tayebi, L. A current overview of materials and strategies for potential use in maxillofacial tissue regeneration.
Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 70, 913–929. [CrossRef] [PubMed]

138. Tollemar, V.; Collier, Z.J.; Mohammed, M.K.; Lee, M.J.; Ameer, G.A.; Reid, R.R. Stem cells, growth factors and
scaffolds in craniofacial regenerative medicine. Genes Dis. 2016, 3, 56–71. [CrossRef] [PubMed]

139. Amini, A.R.; Laurencin, C.T.; Nukavarapu, S.P. Bone tissue engineering: Recent advances and challenges.
Crit. Rev. Biomed. Eng. 2012, 40, 363–408. [CrossRef] [PubMed]

140. Zisch, A.H.; Lutolf, M.P.; Ehrbar, M.; Raeber, G.P.; Rizzi, S.C.; Davies, N.; Schmökel, H.; Bezuidenhout, D.;
Djonov, V.; Zilla, P.; et al. Cell-demanded release of VEGF from synthetic, biointeractive cell ingrowth
matrices for vascularized tissue growth. FASEB J. 2003, 17, 2260–2262. [CrossRef] [PubMed]

141. Scheller, E.L.; Krebsbach, P.H. Gene therapy: Design and prospects for craniofacial regeneration. J. Dent. Res.
2009, 88, 585–596. [CrossRef] [PubMed]

142. Scheller, E.L.; Villa-Diaz, L.G.; Krebsbach, P.H. Gene therapy: Implications for craniofacial regeneration.
J. Craniofac. Surg. 2012, 23, 333–337. [CrossRef] [PubMed]

143. Zhang, X.; Kovtun, A.; Mendoza-Palomares, C.; Oulad-Abdelghani, M.; Fioretti, F.; Rinckenbach, S.;
Mainard, D.; Epple, M.; Benkirane-Jessel, N. SiRNA-loaded multi-shell nanoparticles incorporated into a
multilayered film as a reservoir for gene silencing. Biomaterials 2010, 31, 6013–6028. [CrossRef] [PubMed]

144. Yoo, H.S.; Kim, T.G.; Park, T.G. Surface-functionalized electrospun nanofibers for tissue engineering and
drug delivery. Adv. Drug Deliv. Rev. 2009, 61, 1033–1042. [CrossRef] [PubMed]

145. Huang, Z.M.; He, C.L.; Yang, A.; Zhang, Y.; Han, X.J.; Yin, J.; Wu, Q. Encapsulating drugs in biodegradable
ultrafine fibers through co-axial electrospinning. J. Biomed. Mater. Res. A 2006, 77, 169–179. [CrossRef]
[PubMed]

146. Park, C.H.; Kim, K.H.; Lee, J.C.; Lee, J. In-situ nanofabrication via electrohydrodynamic jetting of
countercharged nozzles. Polym. Bull. 2008, 61, 521–528. [CrossRef]

147. Ferrand, A.; Eap, S.; Richert, L.; Lemoine, S.; Kalaskar, D.; Demoustier-Champagne, S.; Atmani, H.; Mély, Y.;
Fioretti, F.; Schlatter, G.; et al. Osteogenetic properties of electrospun nanofibrous PCL scaffolds equipped
with chitosan-based nanoreservoirs of growth factors. Macromol. Biosci. 2014, 14, 45–55. [CrossRef] [PubMed]

148. Li, G.; Zhang, T.; Li, M.; Fu, N.; Fu, Y.; Ba, K.; Deng, S.; Jiang, Y.; Hu, J.; Peng, Q.; et al. Electrospun fibers for
dental and craniofacial applications. Curr. Stem Cell Res. Ther. 2014, 9, 187–195. [CrossRef] [PubMed]

149. Eap, S.; Keller, L.; Schiavi, J.; Huck, O.; Jacomine, L.; Fioretti, F.; Gauthier, C.; Sebastian, V.; Schwinté, P.;
Benkirane-Jessel, N. A living thick nanofibrous implant bifunctionalized with active growth factor and stem
cells for bone regeneration. Int. J. Nanomed. 2015, 10, 1061–1075. [CrossRef]

150. Strub, M.; Van Bellinghen, X.; Idoux-Gillet, Y.; Fioretti, F.; Bornert, F.; Benkirane-Jessel, N.; Kuchler-Bopp, S.;
Clauss, F. Maxillary bone regeneration based on nanoreservoirs functionalized ε-polycaprolactone
biomembranes in a mouse model of jaw bone lesion. BioMed Res. Int. 2017, in press.

151. Haddad, I.K. Temporomandibular joint osteoarthrosis. Histopathological study of the effects of intra-articular
injection of triamcinolone acetonide. Saudi Med. J. 2000, 21, 675–679. [PubMed]

152. Iida, K.; Kurita, K.; Tange, K.; Yoshida, K. Necrosis of the articular tubercle after repeated injections of
sodium hyaluronate in the temporomandibular joint: A case report. Int. J. Oral Maxillofac. Surg. 1998, 27,
278–279. [CrossRef]

153. Mountziaris, P.M.; Kramer, P.R.; Mikos, A.G. Emerging intra-articular drug delivery systems for the
temporomandibular joint. Methods 2009, 47, 134–140. [CrossRef] [PubMed]

154. Mountziaris, P.M.; Sing, D.C.; Mikos, A.G.; Kramer, P.R. Intra-articular microparticles for drug delivery to
the TMJ. J. Dent. Res. 2010, 89, 1039–1044. [CrossRef] [PubMed]

155. Mountziaris, P.M.; Sing, D.C.; Chew, S.A.; Tzouanas, S.N.; Lehman, E.D.; Kasper, F.K.; Mikos, A.G. Controlled
release of anti-inflammatory siRNA from biodegradable polymeric microparticles intended for intra-articular
delivery to the temporomandibular joint. Pharm. Res. 2011, 28, 1370–1384. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/11780240
http://dx.doi.org/10.1043/0003-3219(2006)076[0486:PGFEPA]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/16637732
http://dx.doi.org/10.1016/j.msec.2016.08.055
http://www.ncbi.nlm.nih.gov/pubmed/27770969
http://dx.doi.org/10.1016/j.gendis.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27239485
http://dx.doi.org/10.1615/CritRevBiomedEng.v40.i5.10
http://www.ncbi.nlm.nih.gov/pubmed/23339648
http://dx.doi.org/10.1096/fj.02-1041fje
http://www.ncbi.nlm.nih.gov/pubmed/14563693
http://dx.doi.org/10.1177/0022034509337480
http://www.ncbi.nlm.nih.gov/pubmed/19641145
http://dx.doi.org/10.1097/SCS.0b013e318241dc11
http://www.ncbi.nlm.nih.gov/pubmed/22337437
http://dx.doi.org/10.1016/j.biomaterials.2010.04.024
http://www.ncbi.nlm.nih.gov/pubmed/20488536
http://dx.doi.org/10.1016/j.addr.2009.07.007
http://www.ncbi.nlm.nih.gov/pubmed/19643152
http://dx.doi.org/10.1002/jbm.a.30564
http://www.ncbi.nlm.nih.gov/pubmed/16392131
http://dx.doi.org/10.1007/s00289-008-0976-9
http://dx.doi.org/10.1002/mabi.201300283
http://www.ncbi.nlm.nih.gov/pubmed/23956214
http://dx.doi.org/10.2174/1574888X09666140213151717
http://www.ncbi.nlm.nih.gov/pubmed/24524795
http://dx.doi.org/10.2147/IJN.S72670
http://www.ncbi.nlm.nih.gov/pubmed/11500733
http://dx.doi.org/10.1016/S0901-5027(05)80614-9
http://dx.doi.org/10.1016/j.ymeth.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18835358
http://dx.doi.org/10.1177/0022034510375286
http://www.ncbi.nlm.nih.gov/pubmed/20660799
http://dx.doi.org/10.1007/s11095-010-0354-9
http://www.ncbi.nlm.nih.gov/pubmed/21184147


Int. J. Mol. Sci. 2018, 19, 446 21 of 22

156. Brady, M.A.; Sivananthan, S.; Mudera, V.; Liu, Q.; Wiltfang, J.; Warnke, P.H. The primordium of a biological
joint replacement: Coupling of two stem cell pathways in biphasic ultrarapid compressed gel niches.
J. Craniomaxillofac. Surg. 2011, 39, 380–386. [CrossRef] [PubMed]

157. Abou Neel, E.A.; Chrzanowski, W.; Salih, V.M.; Kim, H.W.; Knowles, J.C. Tissue engineering in dentistry.
J. Dent. 2014, 42, 915–928. [CrossRef] [PubMed]

158. Zhu, S.; Zhang, B.; Man, C.; Ma, Y.; Hu, J. NEL-like molecule-1-modified bone marrow mesenchymal stem
cells/poly lactic-co-glycolic acid composite improves repair of large osteochondral defects in mandibular
condyle. Osteoarthr. Cartil. 2011, 19, 743–750. [CrossRef] [PubMed]

159. Weng, Y.; Cao, Y.; Silva, C.A.; Vacanti, M.P.; Vacanti, C.A. Tissue-engineered composites of bone and cartilage
for mandible condylar reconstruction. J. Oral Maxillofac. Surg. 2001, 59, 185–190. [CrossRef] [PubMed]

160. Dormer, N.H.; Busaidy, K.; Berkland, C.J.; Detamore, M.S. Osteochondral interface regeneration of rabbit
mandibular condyle with bioactive signal gradients. J. Oral Maxillofac. Surg. 2011, 69, e50–e57. [CrossRef]
[PubMed]

161. Keller, L.; Wagner, Q.; Schwinté, P.; Benkirane-Jessel, N. Double compartmented and hybrid implant outfitted
with well-organized 3D stem cells for osteochondral regenerative nanomedicine. Nanomedicine 2015, 10,
2833–2845. [CrossRef] [PubMed]

162. Abukawa, H.; Terai, H.; Hannouche, D.; Vacanti, J.P.; Kaban, L.B.; Troulis, M.J. Formation of a mandibular
condyle in vitro by tissue engineering. J. Oral Maxillofac. Surg. 2003, 61, 94–100. [CrossRef] [PubMed]

163. Girdler, N.M. In vitro synthesis and characterization of a cartilaginous meniscus grown from isolated
temporomandibular chondroprogenitor cells. Scand. J. Rheumatol. 1998, 27, 446–453. [CrossRef] [PubMed]

164. Alhadlaq, A.; Elisseeff, J.H.; Hong, L.; Williams, C.G.; Caplan, A.I.; Sharma, B.; Kopher, R.A.; Tomkoria, S.;
Lennon, D.P.; Lopez, A.; et al. Adult stem cell driven genesis of human-shaped articular condyle. Ann. Biomed. Eng.
2004, 32, 911–923. [CrossRef] [PubMed]

165. Tarafder, S.; Koch, A.; Jun, Y.; Chou, C.; Awadallah, M.R.; Lee, C.H. Micro-precise spatiotemporal delivery
system embedded in 3D printing for complex tissue regeneration. Biofabrication 2016, 8, 025003. [CrossRef]
[PubMed]

166. Ackland, D.C.; Robinson, D.; Redhead, M.; Lee, P.V.S.; Moskaljuk, A.; Dimitroulis, G. A personalized
3D-printed prosthetic joint replacement for the human temporomandibular joint: From implant design to
implantation. J. Mech. Behav. Biomed. Mater. 2017, 69, 404–411. [CrossRef] [PubMed]

167. Wang, Y.; Zhang, Y.; Zhang, Z.; Li, X.; Pan, J.; Li, J. reconstruction of mandibular contour using individualized
high-density porous polyethylene (Medpor®) implants under the guidance of virtual surgical planning and
3D-printed surgical templates. Aesthet. Plast. Surg. 2017. [CrossRef] [PubMed]

168. Ryu, J.; Cho, J.; Kim, H.M. Bilateral temporomandibular joint replacement using computer-assisted surgical
simulation and three-dimensional printing. J. Craniofac. Surg. 2016, 27, e450–e452. [CrossRef] [PubMed]

169. Green, J.M.; Lawson, S.T.; Liacouras, P.C.; Wise, E.M.; Gentile, M.A.; Grant, G.T. Custom anatomical 3D
spacer for temporomandibular joint resection and reconstruction. Craniomaxillofac. Trauma Reconstr. 2016, 9,
82–87. [CrossRef] [PubMed]

170. Levine, J.P.; Patel, A.; Saadeh, P.B.; Hirsch, D.L. Computer-aided design and manufacturing in craniomaxillofacial
surgery: The new state of the art. J. Craniofac. Surg. 2012, 23, 288–293. [CrossRef] [PubMed]

171. Chen, V.J.; Smith, L.A.; Ma, P.X. Bone regeneration on computer-designed nano-fibrous scaffolds. Biomaterials
2006, 27, 3973–3979. [CrossRef] [PubMed]

172. Townsend-Nicholson, A.; Jayasinghe, S.N. Cell electrospinning: A unique biotechnique for encapsulating
living organisms for generating active biological microthreads/scaffolds. Biomacromolecules 2006, 7,
3364–3369. [CrossRef] [PubMed]

173. Jayasinghe, S.N. Cell electrospinning: A novel tool for functionalising fibres, scaffolds and membranes
with living cells and other advanced materials for regenerative biology and medicine. Analyst 2013, 138,
2215–2223. [CrossRef] [PubMed]

174. Jessop, Z.M.; Javed, M.; Otto, I.A.; Combellack, E.J.; Morgan, S.; Breugem, C.C.; Archer, C.W.; Khan, I.M.;
Lineaweaver, W.C.; Kon, M.; et al. Combining regenerative medicine strategies to provide durable
reconstructive options: Auricular cartilage tissue engineering. Stem Cell Res Ther. 2016, 7, 19. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.jcms.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20810288
http://dx.doi.org/10.1016/j.jdent.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24880036
http://dx.doi.org/10.1016/j.joca.2011.02.015
http://www.ncbi.nlm.nih.gov/pubmed/21362490
http://dx.doi.org/10.1053/joms.2001.20491
http://www.ncbi.nlm.nih.gov/pubmed/11213987
http://dx.doi.org/10.1016/j.joms.2010.12.049
http://www.ncbi.nlm.nih.gov/pubmed/21470747
http://dx.doi.org/10.2217/nnm.15.113
http://www.ncbi.nlm.nih.gov/pubmed/26377156
http://dx.doi.org/10.1053/joms.2003.50015
http://www.ncbi.nlm.nih.gov/pubmed/12524615
http://dx.doi.org/10.1080/030097498442280
http://www.ncbi.nlm.nih.gov/pubmed/9855216
http://dx.doi.org/10.1023/B:ABME.0000032454.53116.ee
http://www.ncbi.nlm.nih.gov/pubmed/15298429
http://dx.doi.org/10.1088/1758-5090/8/2/025003
http://www.ncbi.nlm.nih.gov/pubmed/27108484
http://dx.doi.org/10.1016/j.jmbbm.2017.01.048
http://www.ncbi.nlm.nih.gov/pubmed/28199931
http://dx.doi.org/10.1007/s00266-017-1029-2
http://www.ncbi.nlm.nih.gov/pubmed/29260271
http://dx.doi.org/10.1097/SCS.0000000000002766
http://www.ncbi.nlm.nih.gov/pubmed/27315318
http://dx.doi.org/10.1055/s-0035-1546814
http://www.ncbi.nlm.nih.gov/pubmed/26889353
http://dx.doi.org/10.1097/SCS.0b013e318241ba92
http://www.ncbi.nlm.nih.gov/pubmed/22337427
http://dx.doi.org/10.1016/j.biomaterials.2006.02.043
http://www.ncbi.nlm.nih.gov/pubmed/16564086
http://dx.doi.org/10.1021/bm060649h
http://www.ncbi.nlm.nih.gov/pubmed/17154464
http://dx.doi.org/10.1039/c3an36599a
http://www.ncbi.nlm.nih.gov/pubmed/23457706
http://dx.doi.org/10.1186/s13287-015-0273-0
http://www.ncbi.nlm.nih.gov/pubmed/26822227


Int. J. Mol. Sci. 2018, 19, 446 22 of 22

175. Li, J.; Hsu, Y.; Luo, E.; Khadka, A.; Hu, J. Computer-aided design and manufacturing and rapid prototyped
nanoscale hydroxyapatite/polyamide (n-HA/PA) construction for condylar defect caused by mandibular
angle ostectomy. Aesthet. Plast. Surg. 2011, 35, 636–640. [CrossRef] [PubMed]

176. MacBarb, R.F.; Paschos, N.K.; Abeug, R.; Makris, E.A.; Hu, J.C.; Athanasiou, K.A. Passive strain-induced
matrix synthesis and organization in shape-specific, cartilaginous neotissues. Tissue Eng. Part A 2014, 20,
3290–3302. [CrossRef] [PubMed]

177. Legemate, K.; Tarafder, S.; Jun, Y.; Lee, C.H. Engineering human TMJ discs with protein-releasing 3D-printed
scaffolds. J. Dent. Res. 2016, 95, 800–807. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00266-010-9602-y
http://www.ncbi.nlm.nih.gov/pubmed/20972567
http://dx.doi.org/10.1089/ten.tea.2013.0694
http://www.ncbi.nlm.nih.gov/pubmed/24918268
http://dx.doi.org/10.1177/0022034516642404
http://www.ncbi.nlm.nih.gov/pubmed/27053116
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Temporomandibular Joint (TMJ) 
	Temporomandibular Joint Disorders (TMJD) 

	Current Status of Temporomandibular Treatments 
	Current Therapies 
	Challenging Regeneration 

	Histology and Macromolecular Biology of the TMJ 
	TMJ Tissue Engineering 
	Cell Strategies 
	Scaffolds for TMJ Cartilage Regeneration 
	Scaffold for Fibrocartilage Regeneration 
	Scaffold for Osteochondral Regeneration 
	Growth Factors of Interest 

	Drug Delivery Systems 
	Osteochondral Regeneration 
	3D Regeneration of TMJ 
	Conclusions 
	References

