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Abstract

1.

Tissue engineering potentially offers new treatments for disorders of the temporomandibular joint
which frequently afflict patients. Damage or disease in this area adversely affects masticatory
function and speaking, reducing patients’ quality of life. Effective treatment options for patients
suffering from severe temporomandibular joint disorders are in high demand because surgical
options are restricted to removal of damaged tissue or complete replacement of the joint with
prosthetics. Tissue engineering approaches for the temporomandibular joint are a promising
alternative to the limited clinical treatment options. However, tissue engineering is still a
developing field and only in its formative years for the temporomandibular joint. This review
outlines the anatomical and physiological characteristics of the temporomandibular joint, clinical
management of temporomandibular joint disorder, and current perspectives in the tissue
engineering approach for the temporomandibular joint disorder. The tissue engineering
perspectives have been categorized according to the primary structures of the temporomandibular
joint: the disc, the mandibular condyle, and the glenoid fossa. In each section, contemporary
approaches in cellularization, growth factor selection, and scaffold fabrication strategies are
reviewed in detail along with their achievements and challenges.

Introduction

Tissue engineering of the temporomandibular joint (TMJ) focuses on regenerative solutions

when surgical management of temporomandibular joint disorder (TMD) is required. An
epidemiological study of TMD revealed that 60—70% of adults experience symptoms
relating to TMDB3]. Overall, the diagnosis and treatment of TMD costs four billion dollars

per year in the United States, affecting an estimated 20 million adults in 2006, according to

the NIH3!. Tissue engineering aims to improve the outcomes of patients suffering TMD by
providing an alternative to total joint replacement (TJR). A review of current approaches
used to treat TMD, alongside strategies applied to similar anatomical structures, may
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ultimately guide researchers to develop consistent TMD treatments when surgical
intervention is required.

Anatomical and physiological overview of the TMJ

The TMJ is a ginglymoarthrodial joint consisting of three primary structures listed inferior
to superiorly: the mandibular condyle, the articular disc, and the articular eminence and
glenoid fossa (Fig. 1)[4]. The function of the TMJ is to provide the pivot point for
mandibular motion during movements such as chewing and speaking[®!. During maximal
opening, the range of motion consists of condyle rotation in the glenoid fossa and
anteroposterior translation over the articular eminence. The mandible can also be translated
laterally and anterior-posteriorly such as in retrusion and protrusion during mastication.
Connective tissue surrounds the joint creating a capsule that is lubricated by synovial fluid.
The joint capsule is divided into two compartments by the anchor points of the articular disc.
The articular surfaces of the TMJ are covered by fibrocartilage instead of the typical hyaline
cartilage found on the articulating surfaces such as the knee and hip joints(®). The primary
nutrition source runs through the retrodiscal tissue termed the maxillary artery, but also,
branches from blood vessels within a 3 cm radius contribute to the TMJ discl”).

1-2. Etiology and diagnosis of TMD

The primary symptom of TMD is the presence of pain in the TMJ area, and additional
symptoms include popping, grinding, and locking in the joint!3- 8], These problems can
result in compromised joint function and reducing maximum mouth opening from 52 mm of
a normal adult to less than 20 mm!®). TMD includes disc dislocation, osteoarthritis,
degenerative joint disease, and muscle pain!19]. Also, there have been multiple studies that
focus on the link between TMD and depression, but whether mental disorders are a cause or
a result of TMD is still debatablel!!- 121, To diagnose TMD, researchers recently revised the
diagnosis criterion which consists of 81 questions which focus on the location of the pain,
joint function, and psychological distress. Joint disease can be confirmed by computed
tomography (CT) scans or magnetic resonance imaging (MRI), especially in the case of disc
displacement!13- 141,

The etiology of TMD has been associated with gender, parafunction, malocclusion, trauma,
and psychological factors, yet often the underlying cause is often unknown. Chisnoiu et al.
recently published a review that detailed the etiology of TMDH3]. Gender is the most
prominent risk factor for TMD with symptoms occurring four times as often in females as
compared to males. However, the reason for the discrepancy has not been linked to hormonal
or behavioral factors. It is worth noting in a rat model, elevated levels of testosterone do
decrease pain in the TMJ after formalin induction16]. A heavily debated topic is the
correlation between TMD and malocclusion. Many publications have concluded
malocclusion is not an underlying cause of TMD, but actually may result from TMD7-19],
Parafunctions such as bruxism and excessive gum chewing have also been linked to
increasing the risk of TMDI20: 211 This correlation is likely due to the increased loading of
the TMJ as evident by finite element analysis/?2]. Trauma due to fracture or whiplash has
also been evaluated as a contributing factor for TMD, and both of these injuries are
correlated with an increased risk of TMDI2!. 23. 24],
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1-3. Conservative treatment

TMD is often treated primarily with conservative options as the symptoms often
spontaneously disappear. Exercise consisting of stretching and manual movement of the
TMIJ has been demonstrated to improve maximal mouth opening and reduce pain; however,
these activities have not been shown to restore the morphology of the TMJI23]. Splints are
used to reduce muscle strain and temporarily correct mandible malalignment and come in a
variety of materials and styles/2%- 271, The use of stabilization splints has had inconsistent
results in treating TMD. There is controversy over patient whether the splints reduce pain,
and finite element analysis suggests these splints do not reduce pressure on TMJ
components!28- 291 In contrast, anterior repositioning splints consistently provide relief to
patients suffering from disc displacement and general TMD symptoms!2%- 391, Another
treatment is the use of pharmacological agents such as NSAIDs, muscle relaxers,
corticosteroids, and antidepressants to reduce TMD pain[311. Even though clinical studies of
medications to treat TMD are rare, most evidence suggests pharmaceuticals are effective in
lowering TMD symptoms but are often associated with side effects such nausea and
dizziness!31-32],

1-4. Minimally invasive treatment

If conservative treatments are ineffective, there are minor procedures that can be employed
to improve TMD symptoms such as arthrocentesis, arthroplasty, and hyaluronic acid
injections. Arthrocentesis is an office visit procedure performed by lavaging the joint
capsule with a solution that may contain steroids. A systematic review suggested
arthrocentesis improved symptoms in over 83% of TMD cases making arthrocentesis a
viable treatment option!33]. Another common treatment option is arthroscopy, which
involves the practitioner inserting a small camera into the joint along with other tools to
remove debris, lavage, and reposition the articular disc. Arthroscopy is considered a safe
procedure and is generally as effective in treating TMD as arthrocentesis with the added
advantage of visualization of the joint for more accurate diagnosis!3#- 331, Hyaluronic acid
injections are also being considered for use in treating TMD, but have remained outside of
routine clinical use. A recent study compared hyaluronic acid injections to stabilization
splints to address TMJ disc displacement with reduction and found both groups decreased
pain significantly, and the hyaluronic acid injections were significantly more effective than
the stabilization splints/37],

1-5. Major surgery

When more conservative treatments fail, or the symptoms are too severe, open surgery may
be required. Surgical procedures for TMD include discectomy, condylectomy, and in
extreme cases, TJR may be necessary. Discectomy, or the removal of the articular disc, has
consistently been demonstrated to reduce pain and improve joint function over at least five
years!38]. To further mitigate crepitus and degradation of the condyle, surgeons have used a
host of materials to cushion the joint after disc removal albeit with limited success[3 401,
Condylectomy is implemented to repair damage to the mandibular condyle including bony
erosion, and joint immobility, also called ankylosis [*11. The procedure often consists of
resecting the upper portion of the condyle and replacing it with a costochondral autograft
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that has been tissue harvested from a rib of the patient. Overall, publications suggest
condylectomy treats TMD in over 80% of cases when the patient presents with joint
ankylosis or with failure of conservative treatment!*2 431, TJR devices have been used with
reasonable outcomes with some achieving over 90% success. Patients reported decreased
pain and an increase in maximal opening as compared to pre-surgery immediately, as well as

3, 5, and 20 years post-surgeryl# 431,

1-6. The role of tissue engineering

Disc replacement materials, structural degradation, and alternatives to TJR are all areas
where tissue engineering may provide improved solutions. Concerning disc replacements,
the infamous Teflon-protoplastic implants of the 1960s provided patients with immediate
relief from the symptoms associated with TMDI40]. However, the implants ultimately
degraded leading to implant failure, osseous degeneration, foreign body granulomas, and
painl47]. Use of adipose tissue to cushion the joint is also hindered by the rapid reduction in
the volume of the graft. A tissue engineering approach may overcome these issues of limited
longevity by generating viable tissue capable of self-renewal with normal function. For bone
regeneration, tissue engineering may improve the restoration of complex structures such as
the condyle and fossa through anatomically accurate and osteoinductive scaffolds.
Eventually, tissue engineering devices may even reduce the need for TIR devices by giving
surgeons the tools to regenerate the damaged structures of the TMJ completely. Challenges
for this approach include an optimal selection of cells, scaffold materials, and growth factors
that work together. The purpose of this review is to provide a comprehensive description of
current strategies used in tissue engineering for each component of the TMJ and to provide
insight into which approaches show the most promise.

2. Articular Disc

2-1.

Anatomy

The primary function of the articular disc is to provide a cushion during locomotion because
the condyle and fossa are incongruent which would otherwise produce points of high
stress(#8]. The disc, housed in the joint capsule, is attached mediolaterally to the condylar
head through the collateral ligaments, anteriorly to the joint capsule and the lateral
pterygoid, and posteriorly to the glenoid fossal4?l. The posterior attachment is referred to as
the retrodiscal tissue. This region is where the disc blends into highly vascularized and
innervated ligaments inserting into the condyle and the tympanic platel>°l. The TMJ disc is
concave in the inferior portion in which the condyle rests and concavo-convex or saddle-like
in the superior portion for ease of movement across the articular eminence and glenoid
fossa.

The disc can be divided into three sections: the anterior band, the intermediate region, and
the posterior band[4?]. The medial portion of the disc is the thinnest portion, yet it contains
the highest density of collagen fibers allowing it to handle high stress during loading[>!!.
The collagen fibers consist of both thick and thin strands that are orientated anteroposterior
in the center of the disc as seen in Fig. 2—A. In the distal portions of the disc, the fibers run
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parallel to the outer edge resulting in a ring formation following the periphery of the
discl51-531,

Collagen is the primary material of the disc comprising 37% of the weight of the hydrated
disc. Collagen I, II, and III are present in the disc with type I being the predominant 541,
Embedded within the collagen, elastin, and glycosaminoglycans (GAGs) make up 3—7% and
1-10% of the dry weight of the disc, respectively[>3]. The elastin fibers are generally
oriented parallel to the collagen and are thought to aid in restoring the shape of the disc after
loading!>!). The GAGs are located primarily in the intermediate zone and are believed to
improve the compressive strength of the disc since GAGs perform this role in hyaline
cartilage[>3]. The overall structure gives the human TMJ disc Young’s modulus of 11-16
MPa in the mediolateral direction and 9—15 MPa in the anteroposterior direction!>6].

The cells responsible for forming the structure of the disc, based on a porcine model, are
chondrocytes and fibroblasts with a ratio of 30% chondrocytes and 70% fibroblasts!>7]. The
cell density of TMJ disc is 681 % 197 cells/mm?, and slightly higher concentration of cells
can be found in medial-lateral portions of the disc. Of note, the native chondrocytes are
sometimes referred to as fibrochondrocytes as these cells do not exhibit the pericellular
matrix capsule similar to articular chondrocytes[8]. Also, there are sporadic blood vessels
throughout the disc, and perforation induces neovascularization in the disc[>®]. The
following sections describe tissue engineering strategies that have been applied to the
articular disc and a short summary can be viewed in Fig 1-B.

Many cell types can be utilized for seeding scaffolds for articular disc replacement or partial
regeneration including differentiated chondrocytes, stem cells, and induced pluripotent stem
cells (iPSCs). Seeding constructs with autologous chondrocytes improves tissue regeneration
rates while avoiding rejection concerns associated with allografting cells. However,
spontaneous dedifferentiation during expansion is a challenge associated with using
differentiated cells (601, Mesenchymal Stem cells (MSCs) are an attractive alternative
because they can be stably stored and differentiation into desired cell types can be controlled
with growth factor induction (1], Utilizing iPSCs in TMJ disc tissue engineering has yet to
occur, however, this is a promising approach for regeneration of the TMJ disc because iPSCs
can be readily generated and differentiated into cell types that form the TMJ such as rare
fibrochondrocytes that are present in the disc [62],

2-2-1. Stem cells—MSCs can be harvested from adult and embryonic tissues, and offer
low immunogenicity while retaining the ability to differentiate(®3]. MSCs have been
collected from a multitude of sites for TMJ disc bioengineering including adipose tissue[>0],
bone tissuel®], and synovial fluid!®3]. Bone marrow-derived stem cells (BMSCs) have been
used to regenerate the disc, but the harvesting procedure entails significant donor-site
morbidity!®]. In a rabbit TMJ disc perforation model, autologous BMSCs were collected
from the femur and were seeded into collagen scaffolds(®7]. After eight weeks, the rabbits
implanted with the seeded scaffolds exhibited dense connective tissue at the site of the initial
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perforation while the rabbits implanted with empty scaffolds merely demonstrated reduced
perforation diameters.

Adipose tissue provides a more readily available source of stem cells, however adipose-
derived MSCs (ADMSCs) require more growth factors than BMSCs for chondrocyte
differentiation!%8]. Gene expression of ADMSCs was assessed in vitro after culturing in
differentiation media supplemented with transforming growth factor beta-1 (TGF-p1); The
ADMSC:s expressed similar levels of collagen I, however collagen II, collagen X, and
aggrecan were significantly lower compared to the TMJ disc cellsl®]. For an in vivo
assessment, differentiated ADMSCs were embedded in a polymeric scaffold and sutured to
the zygomatic arch post-excision of the TMJ disc in a rabbit model!7%l. The condyle head
treated with the differentiated cells scaffold retained a more native cartilage surface as
compared to the control, but the displacement of the scaffold may have compromised the
outcome.

Less frequently studied stem cells that are suitable for disc regeneration are synovium-
derived stem cells (SDSCs) and dental pulp stem cells (DPSCs). SDSCs, harvested from the
knee of a mouse, were injected into a meniscus defect and demonstrated improved
regeneration of cartilaginous tissuel’!l. Also, Shirakawa et a/. compared BMSCs to SDSCs
cultured as cell pellets in chondrogenic media and found similar proliferation rates, and the
SDSCs produced more cartilage in the pellets!”2]. When TMJ-SDSC-seeded scaffolds were
implanted subcutaneously in a murine model, the seeded scaffold produced measurable
levels of GAG and collagen compared to the minimal levels provided by the scaffold
controll®5]. DPSCs were investigated as a potential stem cell source for the TMJ disc
because they are readily harvested and show promise for chondrogenic differentiation!’3.
The DPSCs were seeded on 3D construct and culture in chondrogenic media for upwards of
8 weeks. Real-time polymerase chain reaction (qQPCR) and histology demonstrated the
DPSCs had upregulated expression of chondrogenic markers and were capable of depositing
a cartilaginous extracellular matrix (ECM) (Fig. 3).

Other potential sources of stem cells include dermal derived stem cells (DDSCs) and iPCSs.
Due to their novelty, DDSCs have yet to be used in TMJ disc engineering. They are active
producers of cartilage when induced with aggrecan surfaces, bone morphogenetic protein 2
(BMP-2), TGF-B1, or hypoxic conditions!’* 731, Also, TGF-B1 can substantially increase
the mechanical properties of DDSC-seed scaffolds, which is often valuable in scaffolds for
the TMJ discl7>!. iPSCs are a renewable cell type with the potential to be used as
personalized cell therapy!7%. While iPSCs have not been used to regenerate fibrocartilage
directly, an effort to use iPSCs to regenerate articular cartilage has resulted in the formation
of fibrocartilage!’7l. Also, a new protocol for rapid chondrocyte induction has been
developed thereby increasing the attractiveness of using iPSCs in clinical work!78: 791,

2-2-2. Somatic Cells—Autologous chondrocytes can be harvested from the patient,
expanded, and reintroduced in association with the scaffold to the site of the defect.
However, donor site morbidity, dedifferentiation, and expansion all pose challenges for this
cell source. Cells from the native disc of the TMJ, dermal fibroblasts, and costal
chondrocytes were compared for collagen deposition and cell proliferation, and it was found
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that the costal chondrocytes outperformed the other cell types!39). To address the de-
differentiation issue of these cells, Johns et al. compared costal chondrocytes at passage
number five to freshly harvested cells, and the passaged cells demonstrated equivalent
capabilities of depositing collagen and GAGs!8%l. A direct comparison of costal to hyaline
chondrocytes in 3D agarose constructs was also performed, and costal chondrocytes
produced more GAGs but failed to produce more collagen!8!]. Furthermore, the collagen
produced by the costal chondrocytes contained a high concentration of type II collagen. Of
note, passaged costal chondrocytes produced more collagen and a more robust ECM pellet
than the initial harvest of chondrocytes suggesting more cells can be obtained through
multiple passages without loss of function. Recently, costal chondrocytes were used to
develop a cartilage sheet using an aggregate redifferentiation method to repair a TMJ disc
perforation in a minipig model!32 831, Once the self-assembled sheet demonstrated similar
mechanical properties to the native tissue, the sheet was implanted for eight weeks. The
repaired discs showed improved outcomes as determined by histology, percent closure,
mechanical testing, and osteoarthritis scoring (Fig. 4).

2-3. Growth factors

To supplement the few studies that have reported the impact of growth factors directly on
TMLI articular disc cells, also included here are studies that examine the effects of growth
factors on chondrocytes for fibrocartilage production. The prominent growth factors for the
TMI disc are fibroblast growth factor 2 (FGF-2), TGF-B1, and insulin growth factor (IGF);
others include platelet-derived growth factor (PDGF), epidermal growth factor (EGF),
interleukin 1 (IL-1), high mobility group 1 protein, and tumor necrosis factor alpha (TNF-a)
[57.84-89] Based on these publications, many of the proposed growth factors increased
parameters relevant to the TMJ disc such as proliferation, collagen production, and GAG
production. However, only TGF-B1 was demonstrated to enhance the mechanical properties
of the cell-embedded scaffold!86],

To improve TMIJ constructs, researchers have used growth factors in combinational
applications involving concomitant delivery, sequential delivery, or spatial delivery.
Controlled delivery of multiple growth factors can improve the healing process because
natural healing requires more than one growth factor to be upregulated, and often involves
concentrations of growth factors varying in a time-dependent manner[®l. Also of note, these
studies have only delivered growth factor proteins, thus gene-based growth factors remain
mostly uninvestigated in TMJ disc cells!®!.

In many of the experiments described in table 1, growth factors were incubated in the media
to allow for interaction with the cells. Addition of growth factors to a scaffold has been
achieved by embedding the TGF-P1 protein in poly-(lactic-co-glycolic acid) (PLGA)
microparticles and adding the particles to a polycaprolactone (PCL) powder for fused
deposition modeling fabrication[3]. PLGA undergoes bulk erosion which facilitates
extended drug release. In addition, PLGA is a thermal insulator, so PLGA can protect the
protein during the hot-melt extrusion process required by fused deposition modeling[4].
Fluorescent PLGA particles were embedded in the PCL scaffold, and confocal images
demonstrated spatial control of the particles was achieved!?!. This concept was also utilized
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to 3D print an entire TMJ disc where microparticles loaded with connective tissue growth
factor protein were incorporated throughout the scaffold and TGF-B3-microparticles were
distributed in the center of the scaffold. TGF- B3 induces aggrecan deposition, so by design,
the aggrecan deposition would mimic the native tissue of the disc.

Multiple growth factors have been shown to independently increase cell proliferation,
collagen production, and GAG synthesis, but rarely an increase in mechanical strength was
observed. For future work, gene-based delivery and spatiotemporal parameters could be
investigated to improve further the efficacy of growth factor treatment for regenerating the
TMIJ disc.

2.4. Scaffolds

Scaffolding material for articular disc regeneration requires adequate mechanical strength,
biocompatibility, and long-term stability to ensure the new tissue can properly form. The
TMIJ disc is under high amounts of stress, often in motion, and is mostly avascular as
previously mentioned. These factors contribute to making a long-term replacement of the
disc problematic in clinical applications!®>). The first disc replacements were made from
Teflon bonded to carbon Proplast I in 19731961 however, the material proved to be an
unsatisfactory replacement due to fibrosis, large cell body reactions, and morphology
changes of the condyle[®7- 981, Furthermore, the failed implants warranted investigation into
treatment options for patients that received a failed Teflon implant®. Thus, development of
a scaffold suited to long-term replacement of the TMI is vital for an effective treatment of
TMD due to currently available disc replacement issues. Herein the types of materials used
for disc replacement will be divided into two categories; natural and synthetic.

2-4-1. Natural Materials—Natural materials for TMJ disc scaffolds include collagen,
fibrin, chitosan, and decellularized ECM sheets. Collagen is one of the main components of
native disc. Collagen naturally creates a porous structure for cell infiltration and GAGs are
readily deposited on its surfacel100], Generally, collagen is a weak, flexible material but can
be thermally crosslinked for more robust mechanical properties. When seeded with BMSCs,
a collagen scaffold successfully closed a perforation in the TMJ disc of a Japanese rabbit
model[1%9], Fibrin gel also has been used to regenerate soft tissues!!0!]. However, issues with
fibrin gels include poor mechanical strength, rapid degradation and shrinkage volume during
formation!192]. A composite scaffold of fibrin gel and lyophilized chitosan forms a stable
structure with enhanced cell proliferation and disc ECM deposition (Fig. 5)[%3]. Derived
from crustacean shells, chitosan is a biodegradable material that forms a gel that can be
modified based on pH. Although these techniques have yet to be applied to the TMJ, the
chitosan gel properties may be improved by the incorporation of small molecules for local
controlled release, and the B-glycerophosphate concentration in the chitosan can be altered
to control the gelation temperature[103- 1041 Decellularized ECM scaffolds are often derived
from either porcine bladder or decellularized TMJ discs. The advantages of using pre-
formed tissues are they possess mechanical stability and are biocompatible. The porcine
bladder based scaffold was constructed by sandwiching powdered porcine bladder between
two hydrated sheets of the bladder creating a pillow-like structurel19], After 24 weeks, the
implanted scaffold resembled the native disc based on morphological findings. A follow-up
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study found the post-implant scaffold also contained GAG and collagen in concentrations
similar to the native disc, along with possessing comparable mechanical propertiesH 9],
However, these scaffolds were anchored to the temporal fossa. Thus, the natural motion of
the TMJ would not be possible using this method. Porcine TMJ discs were decellularized
and subsequently made porous by laser-ablation to increase hydraulic conductivity[107- 108],
The goal of the microporation was to improve cell adhesion to the scaffold and increase cell
density throughout the core of the scaffold. The enhanced porosity facilitated elevated levels
of cell populations in the center of the core, likely due to increased diffusivity and cellular
adherence; however, this technique was limited to an in vitro study.

2-4-2. Synthetic materials—In contrast to natural products, synthetic materials lack
inherent differentiation properties but provide enhanced control over mechanical properties
while remaining biocompatible. Polymers that have been investigated for use in the articular
disc include polytetrafluoroethylene (PTFE), polyglycolic acid (PGA), polylactic acid
(PLA), PLGA and, more recently, PCL. As previously stated, Teflon was among the first
materials used for TMJ disc prosthetics because of its durability and non-porous naturel1991,
However, long-term use resulted in degradation of the prosthetic and condyle resulting in
continual pain experienced by the patients®7- 1101 After the failure of Teflon as a prosthetic
for the TMJ, research has been more focused on an integrative approach where the body will
replace the scaffold over time.

Biodegradable polymers offer high mechanical properties initially, and over time they are
designed to degrade at the same rate the new tissue is formed. PGA scaffolds have been used
to demonstrate the feasibility of seeding TMJ disc cells upon a polymeric scaffold to
regenerate native tissues/!11). Woven PGA scaffolds were placed in spinner flasks, and over
the course of six weeks, the seeded TMJ disc cells continually deposited collagen!! 2],
However, the tissue requires at least six weeks to form organized tissue constructs; therefore,
PLA was investigated because of its slower degradation ratel!13- 1141, Biphasic PLA discs
were fabricated with one side as a non-woven, porous mat for cell seeding and the other as a
solid PLA layer as articulating surface. The PLA scaffold was still visible after a 12 month
period; however, dislocation and osteoarthritis present in the joint suggested the scaffold did
not adequately protect the TMJH 141, Scaffolds were fabricated from PCL embedded with
PLGA microspheres to improve the generation of fibrocartilage. Due to the substantial
difference in melting temperatures between PCL and PLGA, PLGA can remain stable in
melted PCL, protecting the growth factor proteins encapsulated in the PLGAI2]. The
resulting microsphere embedded scaffolds demonstrated enhanced collagen production,
increased presence of deposited GAGs, and enhanced mechanical properties after six weeks
incubation in vitro compared to the scaffold alonel2l. A relatively unique polymer, poly
(glycerol sebacate) (PGS), demonstrated increased cellularity over initial seeding suggesting
high cellular adherence and compatibility. The scaffolds also showed minimal
decomposition over the course of four weeks!! 151, In contrast to polymers, titanium oxide
has also been investigated as a surface for the growth of fibrochondrocytes. When titanium
oxide was deposited as a surface coating, cell viability and protein deposition were

significantly increased over the control surface of hydrophilic glass!!16].

Adv Healthc Mater. Author manuscript; available in PMC 2020 March 16.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Acri et al.

Page 10

In addition to selecting the appropriate material, the structure of the scaffold must also be
optimized to maximize cell and nutrient infiltration while retaining the mechanical
properties necessary to facilitate the function of the TMJ. Important considerations to make
during scaffold design are pore size, porosity, overall shape, mechanical strength, flexibility,
and region-specific variations. To achieve a scaffold optimized for these parameters,
investigators have tried a wide variety of approaches ranging from conventional methods to
3-dimensional (3D) printing. Based on the available literature, the ideal properties for the
TMI disc scaffold will be described followed by a review of current fabrication techniques
applied to TMJ disc scaffolds.

The natural TMJ disc is a biconcave fibrocartilage disc that contains both chondrocytes and
fibrochondrocytes. Since, the regenerative scaffold needs to support nutrient and cellular
infiltration while maintaining adequate mechanical strength. There is generally a
compromise between porosity and mechanical integrity as an increase in porosity results in
decreased mechanical strengthl!17]. Also, pore interconnectivity should be maximized to
allow for uninterrupted diffusion of cells, nutrients, and wastel!17],

Scaffold pore size also impacts cellular function specific for cartilage regeneration. Unlike
bone tissue regeneration where 300 um or greater is required for integration with the native
tissue, seeded chondrocytes appear to have increased rates of proliferation and ECM
production when pore sizes are below 100 pm. The ranges of pore sizes examined using
collagen!!18: 1191 "gynthetic polymers!!29], gelatin!!2!], titanium!!22], and silk[!23] were 20—
500 pum, 200-1650 pm, 50-150 pm, 13—68 um, and 90-425 pm, respectively. In all of these
studies, barring the silk study, the smallest pore size resulted in the highest amount of GAG
deposited and greatest cellular density. It is worth noting that the smaller pore size also
resulted in decreased diffusion!!24], however, by combining macropores (> 400 um) with the
micropores (< 50 um), the best of both systems could be obtained! 1211,

Fabrication methods for TMIJ disc scaffolds include decellularized ECM lamination,
hydrogels, mold casting, and 3D printing. Lamination of decellularized porcine bladder
sheets was able to form a pillow-like structure when packed with powdered ECMH19I, The
lamination was performed by compressing two sheets of ECM in a mold with a void for the
addition of filling material. This technique allows for the formation of a biocompatible
anchor system that can be used to fix material into the TMJ disc space. Hydrogels containing
cells can be used to inject into a porous preformed scaffold for seeding and improvement of
the biocompatibility of the scaffold surface properties. This was achieved using a fibrin gel
loaded with SDSCs, and upon implantation, the scaffold demonstrated enhanced cellularity
compared to the scaffold control[©3]. 3D printing is a promising new technique for articular
disc scaffold fabrication because it enables rapid-prototyping and incorporation of
biomolecules in a spatially controlled manner. PLGA microspheres containing TGF, BMP-2,
or CTGF were incorporated into distinct regions of PCL scaffolds by blending the particles
in PCL powder that was printed by fuse-deposition modeling. The resulting scaffolds
released the growth factors in a sustained fashion for up to 42 days and were able to
differentiate SDSCs into chondrogenic, fibrogenic, and osteogenic cells in vitro (Fig. 6)12].
Furthermore, the seeded scaffolds were able to form fibrocartilaginous tissues with region-
specific tissue phenotypes and tensile properties, mimicking the native tissuel? 93], Another
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group reported 3D printed PCL scaffolds coated with poly(ethylene glycol) diacrylate
(PEGDA) hydrogels better mimic the mechanical properties of native articular discs as
compared to PCL disc alonel 1231,

3. Mandibular Condyle
3-1. Anatomy

Originating from the ramus of the mandible, the mandibular condyle widens into the
articulating surface of the TMJ. During mandibular movement, the condyle rotates in the
glenoid fossa and then transverses over the articular eminence as the jaw is maximally
opened. Also, the condyle provides anchoring points for the articular disc, the capsule, and
the lateral pterygoid[!26]. The overall size of the condylar head is 690 = 50 mm?3 with a
surface area of 400 + 60 mm?2, and in the mediolateral direction, the adult condyle is 19.0 £
3.0 mm, while in the anteroposterior direction it is 8.7 + 1.7 mm!127- 1281 The typical shape
of the condyle is convex with bilateral symmetry!12%]. Following is a review of the structure
of the bone and articular cartilage which constitute the mandibular condyle.

The condyle neck consists of periosteal and endosteal cortical bone and trabecular bone. The
two bone regions have been investigated through both nanoindentation and micro-CT, and
the mechanical properties can be seen in table 2[130-132] Based on these results, the cortical
bone provides stiffness whereas the trabecular bone provides energy dissipation. Also, the
cortical bone is in mediolateral aligned in the superior region and superior-inferior aligned in
the neck of the condyle, suggesting that each area of the condyle is under differing stresses
during movement!130],

On top of the condylar neck, articular cartilage coats the condyle. Unlike the majority of
joints where hyaline cartilage is present, the condyle articular cartilage is made up of
fibrocartilage. The regions of the condyle fibrocartilage are commonly divided into four
zones: fibrous, proliferative, mature, and the hypertrophic zone listed from superior to
inferior(!33]. The fibrous zone contains fibroblasts and organized collagen I primarily; the
proliferative zone houses the MSCs responsible for repopulating fibroblasts and
chondrocytes; and the mature and hypertrophic zones contain mature chondrocytes
embedded in loosely organized collagen II. The collagen network orientation is debated
among researchers, but the majority concur that the fibers are arranged in the anteroposterior
direction with some fibrils running parallel to the subchondral bone in a radial
orientation!!33-1351_ This contributes to the collagen network providing the tensile and shear
strength. For compression resistance, the proteoglycans can bind the interstitial fluid to
create a pressurized osmotic system to reduce this forcel133: 134],

The bone and the articular cartilage, which constitute the mandibular condyle, each contain
specialized components to handle stresses applied during regular motion. Tissue engineering
strategies must account for these localized variations within a single part to ensure adequate
regeneration of the functioning tissue. Exploring current attempts at regenerating the
condyle and the bone-cartilage interface by utilizing cells, growth factors, and scaffolds will
provide insight for future research.
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Cellularized scaffolds have been implemented to improve the efficacy of tissue regeneration
strategies for the mandibular condylel!36], Cells examined for mandibular condyle scaffolds
include stem cells and somatic cells. In particular, the osteochondral interface poses a unique
challenge because multiple cells types are required to form this tissue interface. Common
obstacles to using stem cells include harvesting, expansion, differentiation and uniform
seeding!137-1391, Somatic cells are already differentiated to a functioning cell but are unable
to undergo extensive subculturing due to dedifferentiation concerns. Here we will introduce
the types of cells used in mandibular condyle engineering and discuss the advantages and
disadvantages of each.

3-2-1. Stem cells—The source of stem cells can either be from adult or embryonic
tissue; however, due to ethical concerns, most research has focused on adult stem cells! 1401,
MSC:s are of particular interest in tissue engineering because they are readily extracted from
a multitude of sites such as adipose tissue, bone marrow, and cartilage. Also, these cells can
be differentiated into various lineages which makes them attractive for regeneration because
one source can be used to regenerate multiple types of tissues!!4!]. Pluripotency is especially
useful in the mandibular cartilage because of the osteochondral interface! 14!, However,
forming a continuous transition from bone tissue to cartilage remains difficult!142],

BMSCs have been used in both cartilage and bone tissue engineering for the mandibular
condyle. An in vitro study demonstrated the feasibility of regenerating bony tissue by
seeding BMSCs in decellularized trabecular bonel!43]. After five weeks of culture in a
bioreactor, increased mineral density and osteoid formation were present based on micro-CT
analysis and histological findings. In a separate investigation, BMSCs were differentiated in
osteogenic media before implantation and were demonstrated to promote bone and cartilage
formation throughout the pores of scaffolds when implanted in the dorsal side of nude
micel144], For the osteochondral interface, bladder-derived laminate structures were
embedded with differentiated BMSCs fixed to the heads of excised rabbit condyles!!43]. The
scaffold supported the growth of both bone and cartilage as determined by micro-CT and
histology results.

In the bony tissue of the condyle, ADMSCs have been demonstrated to improve healing
outcomes significantly. Harvested ADMSCs autogenously implanted into mandibular
fractures showed a 36% increase in ossification rate compared to the control after 12
weeks[140]. The implantation of ADMSCs in a mandibular bony defect leads to increased
bone formation through secretion of paracrine factors; the researchers concluded paracrine
factors are responsible because the original cells are no longer present after only 12
days[!47]. ADMSCs have yet to be used for the osteochondral interface in the mandibular
condyle but have been implanted in both animals and humans with successful
outcomes!148- 1491,

Although embryonic stem cells (ESCs) are capable of producing unlimited cells without
losing their pluripotency, legal and moral issues prevent widespread use in tissue therapies
and currently no research has investigated using ESCs in TMI tissue engineering. However,
these cells do hold promise in osteochondral defects as their chondrogenic, and osteogenic
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potential is significant[!130- 1511 In contrast to ESCs, umbilical cord MSCs (UCMSCs) are
not restricted by ethical issues and still offer multipotency. Furthermore, UCMSCs have
been directly compared to TMJ condyle chondrocytes in vitro and significantly outperform
the differentiated chondrocytes in GAG and collagen sythesis and proliferation when seeded
on a PGA scaffold(!32], Bone regeneration at the osteochondral interface are primary targets
for UCMSC:s due to their regenerative capacity; however, these cells have yet to be used in
scaffolds implanted into a TMJ condylel133-154],

Researchers identified a subset of stem cells that reside in the superficial layers of the TMJ
condyle: fibrocartilage stem cells (FCSCs). These cells were assessed through qPCR, flow
cytometry, and growth curves and compared to mandibular chondrocytes and BMSCs. The
FCSCs expressed less osteogenic markers such as osteocalcin and were more proliferative
than the condylar chondrocytes suggesting this was a unique cell population. It was also
demonstrated FCSCs were capable of cartilage and bone formation in a murine model (Fig.
8)141] Induction of FCSC homing using various chemoattractants without cell
transplantation is an attractive alternative for condyle cartilage regeneration.

3-2-2. Somatic cells—Somatic cells such as chondrocytes, osteoblasts, and
fibrochondrocytes are all of use in tissue engineering of the mandibular condyle. Autologous
cells reduce the risk of rejection when transplanted and can be cultured to increase cell
number albeit by a finite amount[!33]. So far hyaline chondrocytes, mandibular
chondrocytes, costal chondrocytes, and osteoblasts have been investigated for tissue
engineering the mandibular condyle. However, low availability and donor site morbidity
limit the usefulness of somatic cells.

Chondrocytes extracted from the mandibular condyle have been reseeded into both PGA
scaffolds and self-assembled agarose scaffolds. In both scaffolds, GAGs and collagen
production were minimall'3¢], Another study compared hyaline chondrocytes harvested
from the ankle to TMJ chondrocytes. The results indicated the hyaline chondrocytes
produced significantly more collagen and GAGs, but similar to the costal chondrocytes, type
IT collagen made up a large portion of the deposited collagen[!37]. A polymeric scaffold was
shaped to resemble the condyle[!98]. The articulating surface was coated with hyaline
chondrocytes, and the core of the scaffold was seeded with osteoblasts. The scaffolds were
implanted in the dorsum of nude mice and allowed to generate tissue for twelve weeks. The
histology analysis revealed a continuous transition from cartilage to bone occurred within
the constructs suggesting seeding with osteoblast and chondrocytes is a viable option for
engineering the interface.

3-3. Growth factors

Osteoinductivity is a major weakness of synthetic scaffolds because the synthetic materials
alone do not promote endogenous cells to differentiate. Even natural materials may require
additional growth factors to promote the differentiation of stem cells to the correct
phenotype [159], Thus, chemoattractants and growth factors are necessary to facilitate the
influx of stem cells to the injury site and the subsequent differentiation into functioning adult
cells. For the mandibular condyle, BMP-2, vascular endothelial growth factors (VEGF),
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TGE-p11136 1601 1GF[161] and FGFI!61] have been utilized to repair defects with some
success.

For bony tissue regeneration of the condyle, the primary growth factor investigated has been
BMP-2 as it is well-established in literature and approved by the FDAI162] A 15 mm
segmental defect in a monkey mandible model was bridged with a polymeric scaffold loaded
with BMP-2 and BMSCs. Although complete regeneration of bone was not present in any of
the specimens, the BMP-2 group performed significantly better than the controls in
mechanical testing and bone formation!193]. When BMP-2 was added to an osteochondral
scaffold in a rabbit condyle defect, the presence of new bone was apparent[!64]. However,
the results were not significantly different from the control as the model used was likely not
rigorous enough to produce a significant difference. The effects of FGF and VEGF on
mandibular condyle growth have also been investigated!!l. Plasmid DNA (pDNA) encoding
FGF was complexed with a lipopolymer. The complexes were injected into the condyle of
adult rats, and after 30 days, the condyle was harvested for micro-CT and histological
analysis. The induction of FGF significantly enhanced both bone formation, and the
proliferative layer cell counts in the condylel!65]. For VEGF treatment, an adenovirus was
used to deliver the pDNA encoding VEGF locally to the condyle and glenoid fossa of 35-
day-old rats. When exposed to VEGF, the proliferative layer of the condyle stained more
intensively for proliferating cell nuclear antigen suggesting overall proliferation was
increased. Also, significantly higher levels of osteocalcin and alkaline phosphatase
expression were observed in the VEGF treated group, albeit only at the 28-day time point,
(Fig. 9)I']. However, injections of protein-based VEGF into the TMJ of a mouse model has
been demonstrated to induce osteoarthritis, so regimented dosing may be necessary when
using VEGF in tissue engineering applications! 101, Overall, these results suggest that FGF
and VEGF are vital to increasing proliferation rates of the mandibular condyle stem cells,
whereas BMP-2 increases bone formation. A combination of these growth factors may
produce a synergistic effect on condyle growth, as this has been observed elsewhere in bone
tissue engineering(167].

To promote differentiation of cells into chondrocytes in the condylar cartilage, common
growth factors used include TGF-B1, FGF, IGF, and BMP-2. Wang et al. independently
examined the effects of FGF, TGF-pB1, and IGF growth factors on TMJ chondrocytes in
vitro, and found a concentration of 10 ng/mL of IGF-1 significantly improved the deposition
of collagen and increased proliferation of TMJ chondrocytes. FGF at 100 ng/mL increased
proliferation of mandibular condylar cartilage cells, but neither FGF nor TGF increased
collagen or GAG production!!l. As previously discussed, TMJ condyle chondrocytes were
compared to UCMSC:s for collagen production, GAG synthesis, and cell proliferation using
TMIJ chondrocytes that were placed in media containing TGF or control media. Similar to
the study of Wang et al., TGF-B1 did not enhance proliferation nor the synthesis of
biomolecules!!32]. However, TGF-B1 did significantly improve the histological scores when
loaded into PLGA microspheres as part of the osteochondral graft used in a rabbit condyle
model[164]. In addition to BMP-2 being used for osteogenesis, BMP-2 has also been used to
support the formation of articular cartilage in vivo. Sponges fabricated from BMP-2 mixed
with collagen were placed into a 2 mm defect in rabbit condyle cartilage and allowed to heal
for three weeks. Afterward, the condyles were extracted for histology demonstrating new
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cartilage formation in the BMP-2 groups and only soft fibrous tissue formation in the
controlst18]. Overall, these studies indicate that BMP-2 and IGF are the most promising
growth factors for promoting cartilage synthesis in the condyle while results with TGF-B1
were conflicting.

3-4. Scaffolds

In the pursuit of developing a successful tissue engineering approach to repair or replace the
mandibular condyle, both natural and synthetic materials have been investigated. The ideal
scaffold mimics the structural integrity of the native tissue and supports growth and
proliferation of cells ultimately resulting in the replacement of the scaffold with healthy
tissue. An evaluation of current research describing condyle scaffolds will help direct future
research towards the more promising approaches. Scaffold materials for each section of the
condyle, cartilaginous and bone, will be described followed by techniques to form the
osteochondral interface and scaffold fabrication methods.

Concerning the bony tissue of the condyle, synthetic scaffolds offer many advantages such
as high mechanical integrity, porosity, and the capacity for the incorporation of growth
factors. Materials used for bioengineered condyles include polymers such as PLGA[164],
PGAI1691 pCLI174] PLAI169] and mineral based scaffolds such as hydroxyapatite (HA)[172],
In general, polymeric structures are easy to mold, flexible, potentially bioabsorbable, and
can be integrated and coated with other materials, whereas, mineral-based scaffolds provide
high mechanical strength and are structurally similar to native bone. To develop the scaffold
model, a CT scanner took a series of images of the beagle condyle and was used to generate
a positive mold via 3D printing. The template was impressed into gypsum to make the
negative mold which was filled with PGA fibers and a PLA solution. The scaffold was
seeded with BMSCs, and after seven days in culture the BMSCs were adhering to the
scaffold, and ECM deposition was detected(!9]. A pure HA scaffold was constructed by
sintering foamed, aqueous HA scaffolds in molds at 1250 degrees celcius for 3 hours. With a
total porosity of 70%, the HA scaffolds maintained an adequate compressive strength of 5.6
+ 1.5 MPa. After four months of implantation in a rabbit model, the scaffold contained both
organized cartilage at the superior portion and new bone, and more impressively, the TMJ
disc adhered to the scaffold via dense connective tissuel!72].

In comparison to synthetic materials, natural materials offer the distinct advantage of being
naturally osteoinductive. Natural materials that have been explored for condylar bone
replacement include coralll44], chitosan[!74], and collagen!!73]. Natural coral (porosity of
150-220 um) was sculpted to resemble a condyle with a dental bur, and BMSCs were
seeded at 20 million cells per construct. Dorsal implantation in nude mice for 8 weeks
demonstrated endochondral bone formation had occurred in 6 of the 6 seeded scaffolds, but
in the empty scaffold, no osteogenesis occurred!!44]. In a separate study, a block of HA
mixed with collagen was prepared to fit the mandibular condyle using a bur and was then
implanted in seven patients presenting with TMJ ankylosis. A collagen sponge soaked with
bone marrow aspirate from the iliac crest was placed between the resected condyle and the
scaffold. Additionally, The temporalis fascia muscle was moved between the graft and the
glenoid fossa likely to further increase cushion in the joint!!7>]. At the one-year follow up
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the average mouth opening increased from 4.14+2.3 mm to 34.57+3.8 mm, however, one
patient did experience an infection that required removal surgery.

Scaffold material for the fibrocartilage of the condyle must support chondrogenesis and
protect the underlying osseous tissue. Studies investigating materials for regeneration of only
the articular cartilage are limited; thus both synthetic and natural materials will be described
here. A study seeded TMJ chondrocytes into a PEG hydrogel and tested the scaffolds under
dynamic loading!!71]. While the chondrocytes were viable when residing in the scaffold, the
dynamic loading significantly reduced the collagen I and II and aggrecan expression based
on qPCR results. To better mimic the ECM and improve integrity, fibers can be embedded
within the hydrogel[!7¢]. Electrospun PCL fibers were mixed with PEG hydrogel to form the
biomimetic scaffold, and BMSCs seeded on the scaffold had improved viability and GAG
deposition as compared to the hydrogel alone.

For regeneration of the osteochondral interface, researchers have developed biphasic
scaffolds that support the growth of bone and cartilage in distinct sections. Schek ef al.
created a ceramic-polymer based scaffold using HA and fibroblasts to promote bone growth
and PLA sponge and hyaline chondrocytes for cartilage regeneration. After four weeks of
dorsal implantation in a murine model, both novel bone and cartilage tissue were present
within the scaffold; however, this study was limited by the lack of characterization of the
collagen and implantation into a non-load bearing sitel!77]. A gradient growth factor-based
scaffold was synthesized by encapsulating protein growth factors, BMP-2 and TGF-B1, into
separate PLGA microspheres. The microspheres were loaded into a cylindrical mold where
the inferior portion contained only BMP-2 loaded microspheres and then gradually
transitioned to only TGF-f encapsulating microspheres in the superior portion. When loaded
into rabbits, the scaffold group did show recovery of the cartilage and bony tissue, but the
differences were not significantly different from the sham group!!®4l. A more recent study
investigated combining a PCL/HA ceramic phase with either a PGA/PLA mesh or a
cartilage cell sheet (Fig. 10). To cellularize the scaffold, BMSCs were implanted into the
ceramic phase, and auricular chondrocytes were seeded into the PGA/PLA mesh. Twelve
weeks after dorsal implantation in nude mice, both constructs exhibited novel bone and
cartilage formation with minimal irregularity, shrinkage of the scaffold, and cellular
attachment!78],

The mandibular condyle exhibits large variations in size and morphology between patients;
however, customized scaffolds produced by 3D printing in conjunction with CT scanning are
capable of matching the original structure of the patient’s condyle. In one approach
decellularized bovine trabecular bone blocks were milled with a 4-axis CNC milling
machine into the shape of anatomically correct TMJ condyles!!7?]. The resulting scaffold
was seeded with ADMSCs and cultured for six weeks in a bioreactorl!79], At the end of the
cultivation period, the ADMSCs had differentiated, depositing new mineralized tissue.
Another group seeded ADMSC:s in fibrin gel onto 3D printed PCL scaffolds and examined
differentiation in vitroll7%], Histological examination revealed the presence of
vascularization or mineralization depending on the differentiation media the cells were
exposed tol17?] In vivo implantation of the scaffolds resulted in vascular infiltration after
seven days; the ability to print porous PCL scaffolds representing the full mandible
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(including the mandibular condyle) was also demonstrated!!7°1. A biphasic condyle scaffold
was created by suturing cultured cartilage cell sheets onto a 3D-printed HA-PCL scaffold to
regenerate the articular cartilage and bone respectivelyl!78]. The scaffold was seeded with
chondrocytes and implanted in the dorsum of a mouse for 12 weeks; the surface of the sheet
was covered with a cartilage-like tissue, but there was minimal bone formation in the HA-
PCL section of the scaffolds!! 78], Interestingly, there is a case report describing a human
mandibular condyle being wholly replaced with a 3D-printed prosthetic made from
nanoscale HA-polyamide rather than an autologous graft[!80]. Despite the implant being
partly made from osteoconductive HA, the purpose of the case report was to describe the use
of a 3D printed implant in place of an autologous graft in a human and so long-term bone
regeneration in and around the implant was not reported here(!189]. Additionally, 3D printed
negative molds have been used during the fabrication of condyle scaffolds to generate
patient-specific scaffolds using more traditional techniques. A CT scan of a beagle
mandibular condyle was used as a template to 3D print a model for negative mold
fabrication. PGA and PLA fibers were cast into the mold to create a porous scaffold capable
of facilitating ECM deposition in vitrol169],

4. Glenoid Fossa/Articular Eminence

Although the glenoid fossa and the articular eminence are rarely studied, treatment options
have been studied. A possible reason for the lack of investigation is the low incident rate of
fossa fractures, making up only 1.4% of total condylar fractures!!311. Also, in most of cases
treatment through conservative means provides acceptable functionality. However, when
these treatments fail in cases such as bony erosion, significant trauma, and unsuccessful
discectomy, procedures involving surgical intervention may be required in the fossa
region!182], The most accepted surgical treatment is a prosthetic replacement. The first
implementations were all metal cups inserted into the glenoid fossa, but poor adaptability
and metal-on-metal grinding, in the case of TJR, resulted in poor fit and fibrotic tissue
formation!'821, To improve the compatibility and longevity, a prosthetic consisting of
titanium shell coated with ultra-high-molecular-weight polyethylene on the articulating
surface is now reported to have a 94% success rate and is FDA approved!!83. 1841,

In addition to prosthetics, autografts offer an alternative to replacing the damaged tissue of
the glenoid fossal'83]. In a case study, cranial bone was harvested and fixed in the place of
the glenoid fossa using a combination of wire and silk sutures!!86], Postoperative results
showed no significant deterioration of function and the patient had no complaints of pain at
the four-year follow-up!!80]. In another case study, the native fossa was removed due to a
giant cell tumor. The surgeon harvested a section of parietal bone, contoured the bone to
replace the glenoid fossa, and it was fixed with two mini plates. After ten months, the patient
did have minor deflection to the defect side with a maximal opening of 33.1 mm!871,

For tissue engineering of the articular eminence and glenoid fossa, morphology and the
bone-cartilage interface pose the most significant challenges to overcome. Furthermore, no
attempt at tissue engineering of these structures has been madel!88]. The scaffold must be
able to retain its shape during loading of the TMJ, otherwise undesirable flattening of the
articular eminence may occur. Adequate regeneration of the bone-cartilage interface has
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been a long-standing issue in tissue engineering as the cartilage is highly avascular and the
transition is difficult to integratel!8°]. The following sections will include anatomy and
recent studies relevant to the tissue engineering of glenoid fossa and articular eminence
including discussions of cells, growth factors and scaffolding materials (Fig. 11-B).

Anatomy

The glenoid fossa is located on the inferior most edge of the temporal bone. The fossa is a
concave structure in which the disc and condyle rotate during minimal opening of the jaw.
As the jaw continues to open, the articular disc and condyle slide down and over the anterior
portion of the fossa, the articular eminence. The fossa is bound posteriorly by the
petrotympanic fissure which houses nerves and blood vessell 1?01, The fossa measures 15.05
+ 1.79 mm in the anterior-posterior direction, and 22.03 + 2.08 mm medial-laterally in the
average adult and the fossa surrounds a 2,000 + 900 mm? spacel!°1]. The roof thickness of
the glenoid fossa is on average 0.9 + 0.4 mm based on cone beam computed tomography
imaging. These measurements appear to be independent of age or genderl!92].

The fossa is made up of bony tissue covered on the articulating surface by a thin layer of
articular cartilage (Fig. 11-A). The dense fibrocartilage of a porcine model was analyzed by
nanoindentation, and it was found that the aggregate modulus of the fossa was 41.9 + 16.8
kPal32l. The authors compared this value to the stiffness of the human hip and knee joint and
found the aggregate modulus to be 1/30 and 1/15, respectively. Because of the low modular
values, they postulated that the condyle fossa is a low weight bearing joint. Underneath the
articular cartilage are a few layers of flattened stem cells that appear to be pre-
osteoblasts!193]. These cells have been known to proliferate and begin forming new bone in
response to forward mandible positioning without formation of a callus as seen in long bone
wound fractures. This is possible because the bony tissue of the fossa is formed through
intramembranous ossification instead of endochondral ossification!193- 1941 The bone
structure is trabecular bone covered with a thin layer of cortical bone; however, at the
thinnest points of the fossa, the bone is primarily cortical.

In contrast to the fossa, the articular eminence is load bearing during translation of the
mandible and varies with gender!193]. The shape of the eminence can be classified into four
categories: box, sigmoid, flattened, and deformed and this categorization is based on how
pronounced the eminence appears!1%6]. Shallow articular eminences are associated more
with internal derangement without reduction than the more pronounced eminence
morphologies. Using rhesus monkeys as a model, the eminence was also found to be
covered with a thick layer of fibrocartilage consisting of three zones!!97). The first is a thin
layer of collagen and elastic fibers sparsely seeded with rounded cells suspected of
providing lubrication for the joint. The second layer contains a high cell density with
randomly oriented collagen fibrils, and the third zone is the bone-cartilage interface where
the dense cartilage is potentially replaced by bone as the chondrocytes undergoing pyknosis
are visible. This is further reinforced by the presence of chondroid bone during mandibular
advancement!198],
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Since the glenoid fossa and articular eminence are bony tissue covered by a fibrocartilage
layer: chondrocytes, osteoblasts, BMSCs, ADMSCs, and other stem cells are relevant cell
types for regenerating this tissuel19°]. The most suitable cell type for articular cartilage
regeneration are BMSCs due to their ability to migrate to the damage site, secrete
chemotactic factors, and differentiate into both chondrocytes and osteoblasts 2001, A calcium
phosphate cement scaffold loaded with platelet-rich plasma (PRP) and BMSCs was packed
into 8 mm femoral defects in a minipig model201]. The BMSC-PRP scaffold more than
doubled the amount of new bone regeneration and facilitated significantly more
angiogenesis throughout the defect site.

iPSCs are another source of multipotent cells that are of particular interest for tissue
engineering because readily available fibroblasts can be used to create a large pool of
patient-matched chondrocytes2021. One research group produced iPSCs and differentiated
them into cells that were very similar to adult chondrocytes and were capable of generating
cartilage both in vivo and in vitro without detectable tumorigenesis/203]. Another study
converted iPSCs to neural crest cells as a source of MSCs. In the presence of differentiating
factors in vitro the neural crest cells stained positive for collagen II and collagen I, but when
implanted into an osteochondral defect, there was no significant improvement over the
untreated control in regards to defect regeneration!294], iPSCs have the potential to be used
in the TMJ because high cell counts can be achieved with minimal harvesting.

4-3. Growth factors

Although tissue engineering strategies have not focused on the glenoid fossa and articular
eminence, some researchers have investigated growth factors upregulated during bone
formation due to forward mandibular position!198. 205. 2061 These studies have given some
insight into which growth factors are responsible for natural bone formation in the glenoid
fossa. VEGF and bone formation were found to be upregulated in the glenoid fossa when
rats were fitted with bite-jumping appliances29°]. A similar study found that SOX9 and type
II collagen were also increased in the fossa during forward mandible positioning!!?8]. This
reverse engineering approach is a useful tool for understanding which growth factors are
essential for osteogenesis in the fossa.

Extracellular vesicles (EVs) are another avenue to influence cell-to-cell communication and
improve tissue regeneration/207-2091 EVs are categorized by their size and can be loaded
with different paracrine signaling agents including amino acids, lipids, metabolites, DNAs,
mRNAs, miRNAs, and long non-coding RNAs[210-2131 Previous studies have shown the
therapeutic potential of the exosomes in wound and fracture healing, cancer therapy, and
intervertebral disc regeneration[214-217] Recent studies have shown that MSC- and ESC-
derived exosomes induced osteogenic and chondrogenic differentiation in the knee joint and
calvarial defect models(213- 2181 Exosome concentrations proportionally increased
chondrocyte migration and proliferation in a dose and time-dependent manner, and the
mRNA level of TGF-f1 and cartilage matrix protein were also similarly increased.
Likewise, significant bone regeneration was observed in rat calvarial defects when
osteogenic miRNA enriched BMSCs-derived EVs were delivered from a hydrogel.
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Regarding the mandibular fossa, it has not been extensively studied, but some recent studies
imply stem cell-derived exosomes induce progenitor cell migration, cartilage and bone
restoration, and pain attenuation!21%- 2201, Therefore, exosomes may be a potential, novel
strategy for osteochondral repair of the glenoid fossa and the articular eminence.

4-4. Scaffolds

Since there have not been any tissue engineering investigations of either the glenoid fossa or
the articular eminence, this section will focus on scaffolds that have been used recently in
similar fibrocartilage-bone applications. The goal is to provide insights into which materials
and fabrication techniques have shown promise in restoring the cartilage-bone interface.
Since the articular eminence is a non-load bearing joint and the articular cartilage is
fibrocartilage, the mechanical properties do not have to be as robust as joints such as the
knee. Also, an undesirable outcome of many tissue engineering attempts has been the
production of fibrocartilage. Thus, tissue engineering of the fossa may be easier to achieve
than typical hyaline cartilage covered joints. Many of the scaffolds already discussed for the
condyle will be applicable to the glenoid fossa; however, this section will focus on recent
publications of tissue engineering in fibrocartilage and osteochondral defects.

The shape of the glenoid fossa and the articular eminence are unique and are located along
the inferior edge of the skull; thus, the scaffold must mimic the anatomical shape and retain
its structure throughout the regeneration process. Materials such as collagen do not offer the
mechanical strength, nor the longevity required to facilitate guided regeneration. Instead,
materials such and calcium phosphates (CaP) and PCL are often used to develop
anatomically similar scaffolds!?21]. CaP have robust mechanical properties and possess
inherent osteoinductive properties, and the mechanical properties can be tailored based on
the mineral structure of the CaP[222-223] Additionally, CaP can be modified through ion
replacement or incorporation of growth factors within the lattice structure. Replacement of
the some of the calcium ions with strontium can increase osteoinduction, whereas
magnesium and silicon can induce angiogenesis. Also, growth factors can be embedded
within the CaP by co-precipitation using simulated body fluid!226], PCL, on the other hand,
is more malleable; however, it does not possess effective osteoconductive properties and
residence times that are associated with CaP. Blended materials offer the most promise, for
example, HA mechanical properties such as brittleness can be improved with a wide range
of synthetic and natural polymers!227]. These blends can be 3D printed to achieve
customized structures based on CT scans.

To regenerate the fibrocartilage, materials such as alginate22%], PLA[Z30] and PCLI[Z3!] have
been used successfully, and Lowe et al. have summarized recent publications focused on this
area (2321 Lee et al. developed a growth factor embedded PCL scaffold to produce
fibrocartilage in a sheep meniscus model(231]. The scaffold consisted of 3D printed 300 um
PCL strands arranged following the natural collagen alignment and embedded with CTGF
and TGF-B3 loaded microspheres. The empty PCL scaffold demonstrated similar
mechanical properties to the native meniscus tissue after 12 weeks, and when combined with
the growth factors, the scaffold was not significantly different from the native tissue. Also,
3D printed PCL scaffolds were enhanced by the addition of BMSCs to the scaffold before
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implantation (Fig. 12). In New Zealand White rabbits, a menisectomy corrected with the
scaffolds was compared to a sham surgery[228]. After 24 weeks the seeded scaffolds
contained comparable levels of both collagen I and II to that of the sham group and reduced
inflammatory cytokines, whereas the empty scaffold followed a similar trend but to a lesser
extent.

Another challenge, in the case of degradation of the bone tissue, is integrating the bony
tissue to the fibrocartilage, as a continuous transition between bone and cartilage without
delamination is difficult to achievel233- 2341, The majority of efforts in this area have been
attempts at reconnecting ligaments. However, the strategies applied are useful for creating a
combinational scaffold. A review of polyphasic scaffolds demonstrated the success of both
triphasic and biphasic scaffolds in restoring osteochondral defects. In triphasic scaffolds,
there is a cartilage layer, a calcified cartilage layer, and a bony layer, while the biphasic
scaffolds are limited to cartilage and bone in separate layers!23>]. Triphasic scaffolds were
prepared with a collagen I/HA bone layer, a collagen I and II/HA interconnecting layer, and
a collagen I and II/hyaluronic acid cartilage layer. The scaffold, intended to repair hyaline
cartilage on a rabbit femoral head, produced significantly more bone than the empty defect
and fibrocartilage formation was present on the surface!23¢l. A similarly composed scaffold
was tested in condyles of horses[237]. Histology revealed defects were completely covered
with cartilage with no gaps between the native and newly formed cartilage. A pilot study
investigated a spatio-gene activated chitosan-PLGA scaffold for cartilage and bone
integration[238]. Two months after implantation, the scaffold reformed both tissues, however,
the extent of the regeneration was not assessed quantitatively.

Direct and indirect 3D printing fabrication methods are both able to create scaffolds for the
articular eminence and glenoid fossa with anatomical accuracy. Direct 3D printing
encompasses a broad range of techniques such as stereolithography, fused deposition
modeling, and bioplotting, and these techniques are described in detail by Do et al. in a
review of 3D printing for tissue regeneration[23°1. To directly print HA, the standard
technique is to blend the HA particles in a polymeric material(240], A blend of PCL and HA
was printed into a femoral condyle shape using fused deposition modeling based upon CT
images of the femur!24!). Another study combined a HA/alginate blotted scaffold with a
layer of methacrylated gelatin to promote tissue regeneration in osteochondral defects!242],
The photocrosslinking of the gelatin improved the mechanical properties and sustained
cellular proliferation and ECM deposition over 28 days!243]. Due to further developments in
3D printing, coaxial heads are available to incorporate more than one material which may be
necessary for the cartilage-bone interface. Negative mold fabrication is also capable of
forming the complicated structure of the articular eminence and glenoid fossa with added
versatility during the scaffold fabrication process!244],

In conclusion, 3D printing HA composite scaffolds that are capped with a polymeric or
alginate layer may be suitable for regenerating the articular eminence and glenoid fossa. HA
composites provide robust mechanical properties, and the polymeric layer provides a
suitable medium for fibrocartilage deposition. The scaffold could also be improved by the
addition of growth factors and vitamins. Current publications offer excellent insight into
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scaffold materials and fabrication processes that may overcome the challenges of tissue
engineering the articular eminence and glenoid fossa.

5. Animal Models for TMJ Tissue Engineering

Animal models for TMD have included a range of different mammals, and two recent
reviews that focus on preclinical animal models can be found herel243- 2461, Characterization
data of the TMJ has been published for rabbits247], canines!248], sheep!24°! and swine[230],
Rodents have been the primary model for studying TMD progression through chemical and
physical induction[231]. However, the limited joint space of the rat TMJ restricts in vivo
studies to distal implant sites such as subcutaneous pockets. The most common animal
model for 7n vivo studies in the TMJ are rabbits, but large animal models such as dogs and
goats have also been utilized243]. Rabbits have an advantage in TMD modeling because of
their low cost, ease of handling and anatomical similarities to the human TMJ. The
drawback of using a rabbit model is their TMJ loading patterns do not represent a human’s
likely due to their diet. Large animal models generally translate into clinical practice more
readily as the joints’ tissue and loading more closely resemble the human TMJ. Limited
work has been performed in minipigs, yet based an anatomical analysis, swine would be an
ideal tissue engineering model for the TMJ. The paucity of data is most likely due to the
high cost and difficulty in performing surgery on these animals[246]. A short list of
anatomical similarity and motion of the joint can be found in the table 3.

Even though the animal models for TMD have been reviewed, a widely accepted defect
model for the glenoid fossa and articular eminence has not been established263]. An
overview of the similarities of TMJs from different animals to the human TMJ will aid in the
selection of an appropriate model. Anatomical analysis of the TMJ has been performed in
ratsl2641 canines[2691, rabbits[2601, goats[267], and minipigs[267’ 2681 Both canines and rats do
not have an articular eminence as the jaw only rotates in the TMJ[264 2651 There is some
debate about the anatomy of rabbit as to whether or not the glenoid fossa is present or if it is
only a slit between the zygomatic root and temporal bonel293], Goats have both the articular
eminence and glenoid fossa and have been used as a model for TMJ ankylosis. However,
macroscopic analysis found that the glenoid fossa was concave-convex instead of just
concave as seen in humans [267], As herbivores, there are some slight differences in loading
throughout the TMJ of goats. The pig model contains highly similar features to that of a
human for loading, but similar to the goat, the fossa is concave-convex[267]. Based on these
finding, goats and minipigs offer the most similar glenoid fossa and articular eminence
loading and structure for an animal model.

6. Conclusion

Tissue engineering of the TMJ is, and will continue to be, an area of interest due to the
prevalence of TMD. Tissue engineering is a rapidly evolving field with the ongoing
development in scaffold fabrication, cellularization strategies, and growth factor delivery;
and many of these techniques have been applied to the TMJ. Based on this literature review,
there has been notable progress in fabricating scaffolds in the correct anatomical shape, and
the materials utilized have been shown to increase tissue regeneration in models for TMD.
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However, there are still challenging problems that remained unsolved. Remaining barriers in

tissue engineering of the TMJ include restoration and incorporation of the fibrocartilage on

the articulating surfaces, displacement of the implant material, and evaluation of long-term

outcomes from the use of regenerative approaches. Additionally, tissue engineering

strategies have yet to be applied directly to the glenoid fossa and articular eminence. Further

studies will elucidate a future when TMJ pathologies can be treated effectively and thus

improve patient outcomes.
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Figure 1.
Anatomic visualization of the TMJ.
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Figure 2.
Anatomy and tissue engineering strategies for the articular disc. Anatomy of the articular

disc (A), and attempted tissue engineering strategies specific for the disc (B).

Adv Healthc Mater. Author manuscript; available in PMC 2020 March 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Acri et al.

Page 38

qPCR for Chondrogenic Genes

Fold change
-

- Baseline

Aggrecan

a"a o 00»+ f o‘§

Figure 3.
Histology and gPCR data for DPSCs in chondrogenic media. Imaging for cartilage

deposition in the ECM was performed using hematoxylin and eosin stain, alcian blue, and
immunohistochemistry for aggrecan. DPSCs cultured in chondrogenic media for 14 days
were assess using qPCR for chondrogenic markers Sex determining region Y-box 9 [Sox9],
Collagen I [COL I], Collagen II [COL X], Aggrecan [ACAN], Cartilage Oligomeric Matrix
Protein [COMP] and compared to the baseline of day 7 gene expression. Scale bars are 50
um; error bars represent SD. Modified from “Fibro/chondrogenic differentiation of dental
stem cells into chitosan/alginate scaffolds towards temporomandibular joint disc
regeneration” by Bousnaki et al. with permission from Springer Nature, 20181731,
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Figure 4.

Self-assembled cartilage constructs implanted in a minipig TMJ disc perforation model
assessed after eight weeks. Histology (A), defect perimeter closure (B), mechanical testing
(C), and osteoarthritis [OA] score (D) all indicate the tissue engineer [TE] implant group
improved wound healing. Scale bar is 2 mm; error bars represent SD. Reproduced from
“Tissue engineering toward temporomandibular joint disc regeneration” by Vapniarsky et al.
with permission from AAAS, 2018[83],
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Figureb.
TMIJ-SDSCs seeded on fibrin/chitosan scaffolds implanted in a murine model for four
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weeks. Immunohistochemical staining for collagen I (Col I) and collagen II (Col II) was

performed demonstrating more collagen was deposited in the fibrin-coated scaffold (A).

Additionally, cell viability testing (B) and qPCR for collage I and collagen II (C) were

performed. Error bars represent SD and asterisks indicate P < 0.05. Reproduced from “The

Pilot Study of Fibrin with Temporomandibular Joint Derived Synovial Stem Cells in
Repairing TMJ Disc Perforation” by Wu et al. under the CC BY 2.0, 201461,
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Figure 6.
3D printed PCL scaffold embedded with protein-loaded microspheres for TMJ disc

regeneration. Laser scan and 3D print of the TMJ disc (A, B). The tensile modulus of the 3D
printed scaffolds compared to the native TMJ disc (C). Fluorescently labeled particles
embedded in a scaffold to demonstrate spatiocontrol (D). The release of the growth factors
from the scaffold (E). Reproduced from “Engineering human TMJ discs with protein-
releasing 3D-printed scaffolds” by Legemate et al. with permission from SAGE
Publications, 2016!2].
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Figure7.
Anatomy and tissue engineering strategies for the mandibular condyle. Anatomy of the

mandibular condyle (A), and attempted tissue engineering strategies specific for each tissue
type present in the mandibular condyle (B).
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Figure8.
Single FCSC expanded, seeded on a collagen sponge, and implanted in the dorsum of nude

mice (A). After three weeks H&E staining and immunohistochemistry staining for aggrecan
(ACAN) revealed cartilage formation (B). Six weeks post-implantation, H&E staining and
immunohistochemistry staining for osteocalcin (OCN) revealed bone formation (C) Scale
bars are 50 um. Reproduced from “Exploiting endogenous fibrocartilage stem cells to
regenerate cartilage and repair joint injury” by Embree et al. under CC BY 4.0, 201611411,
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Figure.
Injection of VEGF adenovirus gene therapy into the TMIJ. Protein expression for alkaline

phosphatase (A) and osteocalcin (B) were upregulated in the treated group at 28 days
Asterisks represent *P < 0.05 and **P < 001 Reproduced from ‘“Recombinant AAV-
mediated VEGF gene therapy induces mandibular condylar growth” by Rabie et al. with
permission from Springer Nature and Copyright Clearance Center, 2007(!1.

Adv Healthc Mater. Author manuscript; available in PMC 2020 March 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Acri et al.

Page 45

PLG/PLA Scaffold HA/PCL Scaffold Combined Scaffold

PCL/HA
4 week implantation H&E Staining Sarfin O Staining

Figure 10.
Biphasic scaffold for osteochondral integration. The PLG/PLA cartilage scaffold (A) was

sutured to the superior surface of the 3D printed HA/PCL scaffold (B) to form the biphasic
scaffold (C). After 12 weeks of implantation, gross morphology (D), H&E staining (E), and
safranin staining (F) were performed. The cartilaginous area [C] and the cartilage-bone
interface [i] are indicated in panel E&F. Reproduced from ‘“Regeneration of subcutaneous
tissue-engineered mandibular condyle in nude mice” by Wang et al. with permission from
Elsevier and Copyright Clearance Center, 201711781,
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Figure 11.
Anatomy and potential tissue engineering strategies for the glenoid fossa and articular

eminence. Anatomy of the glenoid fossa and articular eminence (A), and attempted tissue
engineering strategies specific for each tissue type present in the glenoid fossa and articular

eminence (B).
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Figure 12.

3D printed PCL scaffolds seeded with BMSCs for knee meniscus repair in a rabbit model.
The scaffolds were implanted for 24 weeks, and gross morphology (upper row; scale bar is
10 mm) and toluidine blue staining (low row; scale bar is 100 um) were performed (A). The
native tissue and the implanted scaffolds are indicated as [N] and [S] respectively.
Immunohistochemical staining was performed and quantified demonstrating collagen I (Col
I) (B) was upregulated at 24 weeks whereas collagen II (Col II) (C) was significantly
upregulated at 12 and 24 weeks in the cell-seeded scaffolds. Error bars represent SD;
asterisks represent *** P < 0.001. Reproduced from “3D-printed poly(epsilon-caprolactone)
scaffold augmented with mesenchymal stem cells for total meniscal substitution: a 12- and
24-week animal study in a rabbit model” by Zhang et al. with permission from SAGE
Publications, 201712281,
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List of growth factors that have been used in TMJ disc engineering.

Table 1.

Page 48

Growth Amount; Time Structure Result Cite
Factors
FGF-2 10 ng/mL, 100 ng/mL; 2 weeks ~ Porcine TMIJ disc cells, cell culture Greatly increased cell proliferation and (84]
wells increased GAG and collagen production
10 ng/mL, 100 ng/mL; 3, 6 Porcine TMJ disc cells, PGA mesh No increase in mechanical strength, high [92]
weeks collagen production with 10 ng
10 ng/mL; 3, 6 weeks Costal Chondrocytes, Agarose Gel Increased cell proliferation, Decrease in [85]
GAG, collagen, and mechanical strength
3 ng/mL; 5, 20, 60, 120 minutes ~ Bovine TMIJ disc cells, cell culture 4 and 8 fold increase in Erk1/Erk2 and p38 [88]
wells phosphorylation
TGF-B1 5/ 30 ng/mL; 3, 6 weeks Porcine TMJ disc cells, PGA mesh No increase in mechanical strength, [92]
increase in collagen and GAG
1 ng/mL; 3, 6 weeks Costal Chondrocytes, Agarose Gel Decrease in GAG, collagen, and [85]
mechanical strength
1 ng/mL; 5, 20, 60, 120 minutes ~ Bovine TMJ disc cells, cell culture No increase in Erk1/Erk2 or p38 [88]
wells phosphorylation
0.00-3.00 ng/mL; 24 hours Bovine TMJ disc cells, cell culture Increase in cell proliferation [87]
wells
10 ng/ml; 4 weeks Bovine chondrocytes and Increase in collagen production and [86]
fibrochondrocytes, agarose gels mechanical strength, but no increase in
GAG production
IGF 10 ng/mL, 100 ng/mL; 2 weeks Porcine TMJ disc cells, cell culture Increased cell proliferation, increased [84]
wells collagen production
10 ng/mL, 100 ng/mL; 3, 6 Porcine TMJ disc cells, PGA mesh No increase in mechanical strength, [92]
weeks increased collagen production
100 ng/mL; 3, 6 weeks Costal Chondrocytes, Agarose Gel Increased cell proliferation [85]
5 ng/ml; 4 weeks Bovine chondrocytes and No increase in mechanical strength, [86]
fibrochondrocytes, agarose gels collagen production, or GAG production
PDGF 10 ng/mL, 100 ng/mL; 2 weeks Porcine TMJ disc cells, cell culture Increased cell proliferation, increased GAG [84]
wells production
10 ng/mL; 3, 6 weeks Costal Chondrocytes, Agarose Gel Decrease in GAG and collagen production, (85]
and mechanical strength
20 ng/ml; 5, 20, 60, 120 Bovine TMJ disc cells, cell culture 6- and 4- fold increase in Erk1/Erk2 and [88]
minutes wells P38 phosphorylation at 20 minutes
IL-1 5 ng/ml; 5, 20, 60, 120 minutes ~ Bovine TMJ disc cells, cell culture 2 fold increase in p38 phosphorylation [88]
wells
TNF-a 30 ng/ml; 5, 20, 60, 120 Bovine TMI disc cells, cell culture 6- and 4- fold increase in Erk1/Erk2 and [88]
minutes wells p38 phosphorylation
EGF 30 ng/ml; 3, 6 weeks Costal Chondrocytes, Agarose Gel Decrease in GAG, collagen, and [85]

mechanical strength, increase in cell
proliferation
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Table 2.

Properties of cortical and trabecular bone of the mandibular condyle.

Characteristic Cortical Bone Trabecular Bone
Thickness (mm) 1.49 £0.14 -

Porosity (%) 3.53+1.19 793 +£5.1
Mineralization (mg HA/mL) 1045 + 57 857 +41

Elastic modulus and Plastic hardness (E/H) (GPa) 7.5+£3.0/03+0.2 42+3/0.14+£0.12

Viscosity (GPa * S)

16,000 + 16000 7500 + 7500
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Table 3.

Scaffolds and fabrication techniques used for TMJ condyle regeneration.

Page 50

Scaffold Fabrication technique Experimental model Result(s) Cite
Material
PLA, PGA, PGA fibers coated with PLA In vitro, BMSCs Demonstrated cellular [169]
PLGA solution, Negative mold compatibility
EtOH sintered PLGA particles, Rabbit condyle defect, 6 Slight increase in cartilage formed  [164]
Freeze dried weeks over empty defect
. PCL PCL surface treated with NaOH, Dorsum of rats, 7 days Supported blood vessel formation;  [170]
?&?[Eerhlaall(s: 3D printed printed entire mandible
PEG PEG hydrogel, Photocrosslinked  In vitro, TMJ Mechanical strain reduced 17
chondrocytes collagen I and II
HA Gas foamed HA sintered at Sheep condyle Supported cartilage and bone 172
1200°C, Milled replacement, 16 weeks formation; attachment of the TMJ
disc
Coral Coral cleaned with NaClO, Dorsum of mice, 8 weeks  Cell seeding resulted in new hard [144]
Milled tissue and osteocytes
Collagen HA-collagen composite and Clinical trial, 1 year Greatly increased mandible range ~ [173]
Natural . ! . :
! collagen sponge, Milled of motion and patient quality of
materials life
Chitosan PCL-HA-chitosan composite, Mechanical and chemical =~ Mechanical properties were [174]

Freeze dried

assessment

similar to the native condyle
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Table 4.

Overview of animal models used in TMJ tissue engineering.
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Species Cog® TMJmotion Models Pros Cons
Rodent $ Rotation Disease and subcutaneous Cost-effective Genetic Limited surgical site
implants control
Rabbit $$ Translation Preclinical, disc and Cost-effective Spontaneous healing,
condyle clinical translation
Minipig $$$$$  Rotation and Preclinical, disc Human-like model, easy to ~ Expensive
translation handle
Dog $$$$  Rotation Preclinical, disc - Ethical concerns
Goat/Sheep $3$ Translation Preclinical, disc and Cost effective, obtainability =~ Non-human TMJ
condyle movement
Pig $$$$  Rotation and None published Human-like model Rearing time, housing
translation requirements
Monkey $$$$$  Rotation and Preclinical, disc Human-like model Expensive, ethical concerns
(Rhesus) translation

*
Cost based on animal purchase price and 90 days of housing ($ = <$500; $$ = <$1,000; $$$ = <$1,500; $$$$ = <$3,000; $$$$$ = >$5,000)

[252-262],
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