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Regeneration using scaffolds, growth factors, and stem cells is being investigated world-

wide. Pubmed search for scaffolds for condyle resulted in 102 articles, of which 24 analyzed

Temporomandibular joint (TMJ) scaffolds and only 6 evaluated hydroxyapatite scaffolds. 17

articles report studies on TMJ disc regeneration.

The ideal bone construct for repair should be able to replicate the lost structure, restore

function, be harmless, reliable and biodegradable. Scaffolds act as carriers for mesen-

chymal stem cells and/or growth factors and are useful for cell adhesion, migration, pro-

liferation, and differentiation. Gene therapy has also led to the accelerated effective bone

regeneration. The major materials used as scaffolds are natural or synthetic polymers,

ceramics, composite materials, and electrospun nanofibers.

Mesenchymal stem cells are responsible for the formation of virtually all dental, oral,

and craniofacial structures. Tissue-engineered bone can possess the customized shape and

dimensions. It has the potential for the biological replacement of craniofacial bones.

Copyright ª 2013, Craniofacial Research Foundation. All rights reserved.
1. Introduction process of the conversion of non-osseous cells into bone-
The craniofacial structure consists of bone, cartilage, soft

tissue, nerves, and blood vessels. Acquired defects after can-

cer surgeries, trauma as well as congenital or developmental

deformities require a reconstructive procedure as the bones of

the craniofacial region support the rest of the elements. The

procedures used today for temporomandibular reconstruction

are mostly autologous, allogenic, or alloplastic, with variable

clinical outcomes and morbidities.1 Distraction histogenesis

has emerged as a possible alternative to regenerate ramus

condyle unit.2

Regeneration using osteo-conductive scaffolds, osteoin-

ductive growth factors, committed progenitor cells and stem

cells is being investigated by researchers and surgeons alike.3

Osteo-conduction and osteo-induction are very important

features for bone tissue scaffolds. Osteo-induction implies the
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forming cells, whereas osteo-conduction is the process by

which implanted scaffold supports the bone growth.4

Pubmed search for scaffolds for condyle resulted in 102

articles, of which 24 analyzed Temporomandibular joint (TMJ)

scaffolds and only 6 evaluated Hydroxyapatite (HA) scaffolds.

17 articles report studies on TMJ disc regeneration. The ideal

bone construct for repair should be able to replicate the lost

structure, restore function, be harmless, reliable and biode-

gradable i.e. should degrade during the process of tissue

regeneration and replaced with fully functional tissue.
2. Scaffolds

Scaffolds are themechanical constructs that act as carriers for

cells and/or growth factors. The main role of scaffolds is to
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simulate the extracellular matrix for cell adhesion, migration,

proliferation, and differentiation.5

2.1. Biomaterial for scaffolds

The major materials used in craniofacial tissue engineering

are natural and synthetic polymers, ceramics, composite

materials, and electrospun nanofibers.6 Biomaterial to be used

as a scaffold must possess sufficient mechanical strength,

large pore volumes and pore interconnectivity to allow

continuous tissue in growth, and transport properties to allow

the influx of nutrients and elimination of waste products.7

Randomly positioned pores contribute to better cell seeding

and better cell aggregation in the designed scaffolds.8 Natural

scaffolds like collagen type I, chitosan, calcium alginate, hy-

aluronic acid, and composites have been shown to be osteo-

conductive, but with problems like lack of mechanical

strength when implanted, risk of infection, immunogenicity,

and rapid degradation rate.9e14

Bone contains 85% calcium phosphate, hence ceramics

such as hydroxyapatite (HA), tricalcium phosphate (TCP), and

composites such as biphasic calcium phosphate (BCP), have

been widely investigated for bone scaffolds. The HA ceramics

are well suited as biomaterials because of their biocompati-

bility, not eliciting an inflammatory response, lack of immune

reaction, and easy radiographic assessment. TCP demon-

strates a too fast degradation rate in vivo, whereas HA de-

grades too slowly, is not resorbed, and resides in the defect for

several years after callus formation. BCP has more favorable

degradation rates compared with TCP and HA. However, the

problemwith use of ceramics is their brittleness whichmakes

them mechanically inadequate for load bearing.13,15

Polymers include polyethylene glycol (PEG), polyglycolic

acid (PGA), poly-L and poly-D, L-lactic acid (PLA), poly-DL-lactic-

co-glycolic acid (PLGA), polycaprolactone (PCL), poly-

urethanes, and composites. Polymers are flexible and biode-

gradable through their hydrolysis or by means of cellular or

enzymatic pathways when implanted. Polymers have low

mechanical strength and hence are often combined

with high-modulus micro or nanoscale ceramic constituents

like HA.

2.2. Fabrication of scaffolds

There are a lot of conventional techniques used for scaffold

fabrication, such as solvent casting, particulate leaching, gas

foaming, fiber meshes/fiber bonding, phase separation, melt

molding, solution casting, and freeze drying. Conventional

techniques allow to control the pore size, geometry, and dis-

tribution. However, the scaffolds made with conventional

techniques have many imperfections that limit their role in

tissue regeneration.

The need to introduce new techniques for scaffold fabri-

cation led to the development of solid free-form fabrication

techniques that include 3-dimensional printing, stereo-

lithography fuse deposition modeling, 3D plotter, and phase-

change jet printing. These techniques are based on using

computer-aided design software which allows the fabrication

of scaffolds with more precise external shape and internal

morphology.
A recently developed technique, electrospinning, has

shown promising results in obtaining micro and nanofibers

from polymeric solutions or melts. Electrospinning systems

can adjust mechanical properties as well as the size of the

produced fibers. Nanofibers have a large surface area-to-vol-

ume ratio and can be processed so that they have high

porosity; to allow delivery of protein coatings, drugs, or spe-

cific signaling molecules, cell infiltration, nutrient diffusion,

and angiogenesis during the process of bone regeneration.

Electrospun polymeric scaffolds for bone tissue engineering

are most often made with PLA, PGA, PCL, silk fibroin, calcium

phosphates, bioactive glass, and glass ceramics.14 Recently,

rapid CADeCAMprototyping of pure hydroxyapatite was used

to replace temporomandibular joint condyles in sheep.15
3. Stem cells

A stem cell is self-renewable and capable of differentiating

into at least two distinctive cell types, then only it can be

defined as a stem cell. Self-renewal denotes that undifferen-

tiated daughter cells are a precise replica and can further

replicate many generations without losing their original

characteristics.16 Cells of an immortalized cell line can repli-

cate many generations, but are generally incapable of multi-

lineage differentiation. Thus, cell lines are not stem cells.

Selective isolation and differentiation of Human embry-

onic stem cell (hESC), when cultured in feeder-free conditions,

showed up-regulation of osteoblastic lineage markers and

production of in vitro mineralized matrix when cultured in

osteogenic differentiationmedium. The implantation of these

cells in critical-size calvarial defect in immune-deficient mice

for 10 weeks resulted in new bone formation and partial repair

of the calvarial defect.17

3.1. Mesenchymal stem cells (MSC)

MSCs are self-renewable and can differentiate into all cell

lineages that form mesenchymal and connective tissues.16

The first successful isolation of bone marrow MSCs was

described almost 4 decades ago.18 The isolation method was

based on the adherence of MSCs to the plastic substrate of the

cell culture plates. Homogenous populations of MSCs are

isolated using flow cytometry, based on differential cellular

features, are further purified and cloned. Size-dependent

sieving from human bone marrow aspirates through a

porous membrane also results in a homogenous cell popula-

tion with the capacity of self-renewal and multi-lineage dif-

ferentiation.19 Positive selection of MSCs with microbeads,

combined with fluorescence-activated cell-sorting20 or

magnetic-activated cell-sorting,21 is another effective tech-

nique for isolation and characterization of MSCs. STRO-1 and

CD146 (MUC18), are two early cell-surfacemarkers for MSCs.22

3.2. Dental pulp stem cells (DPSC)

DPSCs represent an adult stem cells population that is easily

recruitable with low invasivity. These multipotent cells are

able to differentiate in osteogenic, chondrogenic, myogenic,

adipogenic and neurogenic lineage. Osteogenic differentiated
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DPSCs express bone tissue specific proteins like Runx2,

Osterix (Osx osteopontin (OPN), osteocalcin (OCN), bone sia-

loprotein (BSP) alkaline phosphatase (ALP), matrix extracel-

lular phosphoglycoprotein (MEPE), DSPP and collagen type I.

DPSCs have demonstrated production of calcified extracel-

lular matrix and formation of nodular cell aggregates and

nodular bone in vitro.23

3.3. Stem cells from human exfoliated deciduous teeth
(SHED)

Pulp consists can be extracted from the exfoliated deciduous

tooth. Twelve to twenty cells from pulp of each exfoliated

incisor formed adherent colony clusters with extensive pro-

liferative capacity.23 After implantation into immunocom-

promised mice, with HA/TCP as a carrier, SHED differentiated

into odontoblast like cells that formed small dentin like

structures. These results suggest that SHEDs are distinctive

from DSPCs with respect to odontogenic differentiation and

osteogenic induction.24

3.4. Periodontal ligament stem cells (PDLSCs)

Stem cells have been identified in human periodontal liga-

ment (PDLSCs) and found to generate structures that resemble

the native tissue when implanted into nude mice.24 After a 3

week culture with an adipogenic-inductive cocktail, PDLSCs

differentiated into Oil-red-O-positive, lipid-laden adipo-

cytes.25 Upon 4 week osteo/odontogenic inductions, alizarin-

red-positive nodules formed in the PDLSC cultures, similar

to MSCs and DPSCs. Thus, the PDLSCs have the potential for

forming periodontal structures.
4. Cell seeding in scaffold

Although MSCs clone in the culture media, in the scaffold

their characteristics may change. Evidence shows that MSCs

seeded on PLA scaffolds when used for reconstruction of bony

defects in pig mandibles showed a uniform radio-density on

the radiographs, and interface between native bone and

constructs was indistinct.26

Furthermore, cultivation of bone marrow derived stem

cells (BMDSC) in an autogenous fibrin and platelet-rich clot

and membrane with a mineral base of bTCP and HA were able

to lead to callus formation and bone regeneration when

implanted in a maxillary bone after massive deficiency.27

It has been demonstrated that co-culture of human em-

bryonic stem cell (hESC) derived cells with osteo-conductive

material, such as HA/TCP, may increase their osteogenic po-

tential. Eagle medium with fetal bovine serum, dexametha-

sone, and ascorbate has shown to promote more frequent

bone formation, although a modified media was seen to pro-

mote teratoma formation in 12- to 20-week-old transplants.28
5. Osteochondral constructs

Simultaneous regeneration of cartilage and bone is a great

challenge. A hydrogel system was designed was constructed
as two layers to simultaneously induce the endogenous

regeneration of hyaline cartilage and subchondral bone.

Chondro-inductive transforming growth factor-b1 (TGF-b1)

was placed in one layer and the osteoinductive bone

morphogenetic protein-4 (BMP-4) in second layer, via affinity

binding to thematrix. HumanMSCswere seeded in the bilayer

system, which differentiated into chondrocytes and osteo-

blasts in the respective layers, confirming the activity of TGF-

b1 and BMP-4.29

Differentiation of MSCs into chondrocytes and osteoblasts

was also observed when a bilayered gene-activated HA/chi-

tosan-gelatin osteochondral scaffold seeded with MSCs, was

implanted in a rabbit knee osteochondral defect, where

plasmid transforming growth factor (TGF) b1-activated the

scaffold for chondrogenic layer and plasmid bone morpho-

genetic protein (BMP) 2-activated the scaffold for osteogenic

layer. Localized gene delivery can also influence the single-

type stem cells to differentiate into different lineages, which

is of great importance in regeneration of tissues that consist of

various cell types.30

Another study documented that after differentiation of

MSCs from rat bone marrow into osteogenic and chondro-

genic cells in vitro, the cells were seeded in PEG hydrogel in 2

stratified layers and implanted in the dorsum of immune-

deficient mice. 8 weeks after transplantation the results

showed that the condyles were formed de novo, with the

presence of both osteogenic and chondrogenic cells.31 After 12

weeks, the obtained condyles showed further tissue matura-

tion and phenotypic growth of both cartilage-like and bone-

like tissues.32

Yet another study was conducted to engineer an osteo-

chondral implant by promoting endochondral ossification

in one layer of a bilayered construct and stable cartilage in

the other, the top half of bilayered agarose hydrogel was

seeded with culture expanded chondrocytes and the bot-

tom half with MSCs. Constructs were cultured in chon-

drogenic medium for 21 days and thereafter were either

maintained in chondrogenic medium, transferred to hy-

pertrophic medium, or implanted subcutaneously. The

bilayered co-culture appeared to suppress hypertrophy and

mineralization in the osseous layer, as the hypertrophic

factors were found to induce mineralization of the osseous

layer in vitro as well as in vivo. This approach represented

a potential new strategy for the osteochondral

regeneration.33

Tissue formation and vascularization of anatomically

shaped human tibial condyles ectopically with a dimension

of 20 � 15 � 15 mm has been reported using a composite of

PCL & HA scaffold with an overlaying layer of 1 mm of PEG-

based hydrogel. hMSCs were seeded in both layers, other

group had hMSCs derived osteoblasts in lower part and

hMSC-derived chondrocytes in upper layer. After 6 weeks of

subcutaneous implantation, hMSC generated significantly

more blood vessels, larger-diameter vessels, but hMSC-

derived osteoblasts yielded mineralized tissue in micro-

channels. Significantly more cells were present in the carti-

lage layer seeded with hMSCs. However, chondrocytes were

present in safranin-O-positive glycosaminoglycan matrix in

the cartilage layer seeded with hMSC-derived chondrogenic

cells.34
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6. Gene therapy

Gene therapy is based on the transfer of geneticmaterial (non-

viral or viral) into living cells for regeneration of tissues. Non-

viral gene transfer, transfection, is done by chemical or physical

delivery of gene material. The methods include injection of

naked DNA, electroporation, particle bombardment, and

cationic liposomes. Transfection is dependent on cellular

transport systems and expression of the host cell. Non-viral

vectors have the advantage of being safe and have the ability

to introduce large segments of DNA.

Viral gene transfer, viral transfection or infection, despite

their higher transfection efficacy in transmitting the genetic

material to the host, is somewhat limited in gene therapy for

tissue regeneration due to the toxicity of the viral vector, their

control and gene expression. Viral vectors undergo genetic

modifications before use in gene therapy. The most used vi-

ruses as vectors are adenoviruses, adeno-associated viruses,

retroviruses, and herpes simplex virus.

The combined use of BMDSCs transfectedwith hBMP-2 and

vascular endothelial growth factor (VEGF) 165 gene and nat-

ural coral scaffolds has led to the effective bone regeneration

of orbital defects in rabbits.35 Other studies have shown that

gene delivery of the osteogenic BMP-2 via an adenoviral vector

in BMDSCs seeded in mandibular defects, revealed high

expression levels of BMP-2 protein, which induced osteogenic

differentiation of these cells in vitro and induced bone regen-

eration after transplantation.36

Basic fibroblast growth factor (bFGF) can increase the

mRNA expression levels of osteoblast differentiation factor,

activity of alkaline phosphatase (ALP) and induce differenti-

ation of MSCs in vitro as well as in vivo. However, bFGF has a

short half-life in vivo. BMDSCs with transfected bFGF gene

showed efficacy in forming bone in craniofacial defects in

New Zealand rabbits after distraction osteogenesis. The bone

mineral density and bonemineral content in the group treated

with transfected BMDSCs was higher than the control group.

Runx2 is a bone-specific transcription factor with the

ability to stimulate osteoblast differentiation. Runx2-

engineered MSCs displayed enhanced osteogenic potential

and osteoblast-specific gene expression in vitro and in vivo in

critical-size calvarial defects and increased both bone volume

fraction and bone mineral density.

SATB2 gene, which is expressed in branchial arches, is

responsible for preventing craniofacial abnormalities and

defects in osteoblast function. When transfected into murine

adult stem cells, SATB2 significantly increases expression

levels of bone matrix proteins, osteogenic transcription fac-

tors, and VEGF. The transplantation of SATB2-overexpressing

adult stem cells from calvarial bones in mandibular defects

showed excellent rates of osteogenic differentiation and bone

formation compared with adult stem cells that did not have

overexpression of SATB2.
7. TMJ Bioengineering

Ideal engineered constructs for mandibular condyle regener-

ation must have integrated bone and cartilage layers in a
single osteochondral construct to meet the demands for

anatomic, structural, and functional regeneration.

The challenge in TMJ Bioengineering is to promote matrix

synthesis and tissue maturation of stem-cell-derived chon-

drogenic and osteogenic cells in biocompatible and bioactive

scaffolds, which may be possible by incorporating an array of

growth factors and/or transcription factors separately for

chondrogenesis and osteogenesis. The mechanical properties

of the tissue-engineered mandibular condyle must match

with that of an anatomic condyle for in situ implantation into

the human TMJ. Also, the tissue-engineered mandibular

condyle must have a remodeling potential.37

Osteoblasts, obtained after differentiation of porcine bone

marrowMSCs in adequate medium, can lead to the formation

of the bone construct resembling mandibular condyle after

seeding on biodegradable PLGA scaffold.38 Calf osteoblasts

and chondrocytes seeded on PGA and PLA scaffolds and

implanted into subcutaneous pockets on the dorsum of

athymic mice, showed positive results in mandibular condyle

tissue regeneration. After 12 weeks of implantation, the

analyzed bone structure had a condylar shape, and micro-

scopic examination showed the formation of trabecular bone

and hyaline cartilage on the articulating surface.39

Stem cells from human umbilical cord when seeded onto

PGA, after 4 weeks of culture in growth medium containing

chondrogenic factors, showed their ability to produce compo-

nents of the extracellular matrix, such as collagen type I, II, gly-

cosaminoglycans, and to double their number.40 Recently, NEL-

like molecule 1-modified autogenous BMDSCs when seeded on

PLGAcomposite, showedthepotential to rapidly regeneratebone

and cartilage tissue after transplantation in large osteochondral

defects of goat condyles. 6 weeks after transplantation, the

fibrocartilage was regenerated, and the regeneration of sub-

chondral bone native articular cartilage occurred at 24 weeks.41

PLGA microspheres with a gradient transition between

cartilage-promotingandbone-promotinggrowthfactorsshowed

newlyformedboneinmandibularcondylardefects,6weeksafter

transplantation in New Zealand white rabbits.

Insulin-like growth factor (IGF) I and TGF-b1 have demon-

strated promotion of increased secretion of collagen I, gly-

cosaminoglycans, and cellular proliferation during

mandibular condyle regeneration, when applied on the self-

assembled constructs of TMJ disc in vitro.42 TGF-b1 also

showed some positive effects on the production of extracel-

lular matrix and cellular proliferation in studies with con-

structs of TMJ disc.43

Hydroxyapatite/collagen block has been successfully used

with platelet-rich plasma in temporomandibular joint anky-

losis in children and adolescents to regenerate a new func-

tioning condyle.44 However, a long-term evaluation is

required to prove its efficacy.

The positive effects of low-intensity pulsing ultrasound on

mandibular condyle regeneration demonstrated enhanced

formation of bone and cartilage tissue and their integration.45
8. TMJ disc Bioengineering

The earliest such study was performed in rabbit disc where

cultured cells were used in collagen I meshes.46 Later hyaline
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cartilage was engineered in the shape of a human TMJ disc.47

Four years later, Girdler harvested hyaline cartilage cells along

with chondroprogenitor cells and cultured them to form

disc.48 Recently, human and porcine disc cells have been

cultured in 2 dimensions on expanded polytetrafluorethylene

monofilaments, PLA monofilaments, polyamide mono-

filaments, and natural bone mineral blocks.49

Recent studies have identified that a scaffold of non-woven

PGA mesh in combination with cell seeding technologies,

could provide an engineered disc.50 Three growth factors:

insulin-like growth factor-I, basic fibroblast growth factor and

transforming growth factor-b1 have been assessed in main-

taining disc-like tissue in culture.51,52

In another study, a scaffold material composed of porcine-

derived extracellular matrix, configured to mimic the shape

and size of the TMJ, was implanted in a canine model of

bilateral TMJ discectomy. The results showed the formation of

site-appropriate, functional host tissue resembling native TMJ

disk.53

Polyglycerol sebacate (PGS), a biocompatible, biodegrad-

able elastomer, was used as a porous scaffold material for the

TMJ disc, where goat fibrochondrocytes were seeded at three

seeding densities (25, 50, 100 million cells/mL scaffold),

respectively, and cultured. The results showed that cell

seeding density and culture time, both effect the biochemical

and biomechanical properties of PGS scaffolds. The findings

demonstrated PGS as a favorable scaffoldmaterial for TMJ disc

engineering.54
9. Conclusion

Craniofacial tissue engineering is an emerging field where

researchers and clinicians together are in search of a possible

solution to regenerate the lost craniofacial structure. MSCs are

responsible for the formation of virtually all dental, oral, and

craniofacial structures. Tissue-engineered bone can possess

the customized shape and dimensions. It has the potential for

the biological replacement of craniofacial bones. The possi-

bility of regenerating a neocondyle is currently being investi-

gated. Several meritorious studies have been successful in

in vitro fabrication of a TMJ disc.
Conflicts of interest

The author has none to declare.
r e f e r e n c e s

1. Kaban LB, Bouchard C, Trellis MJ. A protocol for management
of TMJ ankylosis in children. J Oral Maxillofac Surg.
2009;67:1966e1978.

2. Mehrotra D, Chellappa AL, Gupta C, Passi D, Kumar S.
Reconstruction of ramus-condyle unit with transport
distraction osteogenesis: report of eight cases and review of
literature. J Oral Biol Craniofac Res. 2012;2(3):144e148.
3. Petrovic V, Zivkovic P, Petrovic D, Stefanovic V. Craniofacial
bone tissue engineering. Oral Surg Oral Med Oral Pathol Oral
Radiol. 2012;114:e1ee9.

4. Glowacki J, Mulliken JB. Enhanced healing of large cranial
defects by an osteoinductive protein in rabbits. Plast Reconstr
Surg. 1993;92:601.

5. Kleinman HK, Philp D, Hoffman MP. Role of the extracellular
matrix in morphogenesis. Curr Opin Biotechnol.
2003;14:526e532.

6. Ward BB, Brown SE, Krebsbach PH. Bioengineering strategies
for regeneration of craniofacial bone: a review of emerging
technologies. Oral Dis. 2010;16:709e716.

7. Jones AC, Arns CH, Hutmacher DW, Milthorpe BK,
Sheppard AP, Knackstedt MA. The correlation of pore
morphology, inter-connectivity and physical properties of 3D
ceramic scaffolds with bone ingrowth. Biomaterials.
2009;30:1440e1451.

8. Malda J, Woodfield TB, van der Vloodt F, et al. The effect of
PEGT/PBT scaffold archi-tecture on oxygen gradients in tissue
engineered cartilaginous constructs. Biomaterials.
2004;25:5773e5780.

9. Li X, Feng Q, Liu X, Dong W, Cui F. Collagen-based implants
reinforced by chitin fibres in a goat shank bone defect model.
Biomaterials. 2006;27:1917e1923.

10. Cruz DM, Gomes M, Reis RL, et al. Differentiation of
mesenchymal stem cells in chitosan scaffolds with double
micro and macroporosity. J Biomed Mater Res A.
2010;95:1182e1193.

11. Tanaka K, Goto T, Miyazaki T, Morita Y, Kobayashi S,
Takahashi T. Apatite-coated hyaluronan for bone
regeneration. J Dent Res. 2011;90:906e911.

12. Fuji T, Anada T, Honda Y, et al. Octacalcium
phosphateeprecipitated alginate scaffold for bone
regeneration. Tissue Eng Part A. 2009;15:3525e3535.

13. Porter JR, Ruckh TT, Popat KC. Bone tissue engineering: a
review in bone biomimetics and drug delivery strategies. Bio-
Technol Prog. 2009;25:1539e1560.

14. Yoshimoto H, Shin YM, Terai H, Vacanti JP. A biodegradable
nanofiber scaffold by electrospinning and its potential for
bone tissue engineering. Biomaterials. 2003;24:2077e2082.

15. Ciocca L, Donati D, Fantini M, et al. CAD-CAM-generated
hydroxyapatite scaffold to replace the mandibular condyle in
sheep: preliminary results. J Biomater Appl.
2012;28(2):207e218. PMID: 22492196.

16. Alhadlaq A, Mao JJ. Mesenchymal stem cells: isolation and
therapeutics. Stem Cells Dev. 2004;13:436e448.

17. Harkness L, Mahmood A, Ditzel N, Abdallah BM, Nygaard JV,
Kassem M. Selective isolation and differentiation of a stromal
population of human embryonic stem cells with osteogenic
potential. Bone. 2011;48:231e241.

18. Friedenstein AJ, Chailakhjan RK, Lalykina KS. The
development of fibroblast colonies in monolayer cultures of
guinea-pig bone marrow and spleen cells. Cell Tissue Kinet.
1970;3:393e403.

19. Hung SC, Chen NJ, Hsieh SL, Li H, Ma HL, Lo WH. Isolation and
characterization of size-sieved stem cells from human bone
marrow. Stem Cells. 2002;20:249e258.

20. Jones EA, Kinsey SE, English A, et al. Isolation and
characterization of bone marrow multipotential
mesenchymal progenitor cells. Arthritis Rheum.
2002;46:3349e3360.

21. Kinnaird T, Stabile E, Burnett MS, et al. Local delivery of
marrow-derived stromal cells augments collateral perfusion
through paracrine mechanisms. Circulation.
2004;109:1543e1549.

22. Shi S, Gronthos S. Perivascular niche of postnatal
mesenchymal stem cells in human bone marrow and dental
pulp. J Bone Miner Res. 2003;18:696e704.

http://refhub.elsevier.com/S2212-4268(13)00065-1/sref1
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref1
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref1
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref1
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref2
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref2
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref2
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref2
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref2
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref3
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref3
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref3
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref3
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref4
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref4
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref4
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref5
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref5
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref5
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref5
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref6
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref6
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref6
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref6
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref7
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref7
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref7
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref7
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref7
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref7
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref8
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref8
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref8
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref8
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref8
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref9
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref9
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref9
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref9
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref10
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref10
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref10
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref10
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref10
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref11
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref11
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref11
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref11
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref12
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref12
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref12
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref12
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref12
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref13
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref13
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref13
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref13
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref14
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref14
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref14
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref14
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref15
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref15
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref15
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref15
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref15
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref16
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref16
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref16
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref17
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref17
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref17
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref17
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref17
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref18
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref18
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref18
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref18
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref18
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref19
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref19
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref19
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref19
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref20
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref20
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref20
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref20
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref20
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref21
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref21
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref21
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref21
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref21
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref22
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref22
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref22
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref22
http://dx.doi.org/10.1016/j.jobcr.2013.07.007
http://dx.doi.org/10.1016/j.jobcr.2013.07.007


j o u r n a l o f o r a l b i o l o g y and c r a n i o f a c i a l r e s e a r c h 3 ( 2 0 1 3 ) 1 4 0e1 4 5 145
23. Riccio M, Resca E, Maraldi T, et al. Human dental pulp stem
cells produce mineralized matrix in 2D and 3D cultures. Eur J
Histochem. 2010;54:e46, 213e21.

24. Miura M, Gronthos S, Zhao M, et al. SHED: stem cells from
human exfoliated deciduous teeth. Proc Natl Acad Sci USA.
2003;100:5807e5812.

25. Seo BM, Miura M, Gronthos S, et al. Investigation of
multipotent postnatal stem cells from human periodontal
ligament. Lancet. 2004;364:149e155.

26. Abukawa H, Michael S, Williams WB, Vacanti JP, Kaban LB,
Troulis MJ. Reconstruction of mandibular defects with
autologous tissue-engineered bone. J Oral Maxillofac Surg.
2004;62:601e606.

27. Mendonça JJ, Juiz-Lopez P. Regenerative facial reconstruction
of terminal stage osteoradionecrosis and other advanced
craniofacial diseases with adult cultured stem and progenitor
cells. Plast Reconstr Surg. 2010;126:1699e1709.

28. Kuznetsov SA, Cherman N, Robey PG. In vivo bone formation
by progeny of human embryonic stem cells. Stem Cells Dev.
2011;20:269e287.

29. Re’em T, Witte F, Willbold E, Ruvinov E, Cohen S.
Simultaneous regeneration of articular cartilage and
subchondral bone induced by spatially presented TGF-beta
and BMP-4 in a bilayer affinity binding system. Acta Biomater.
2012;8:3283e3293.

30. Chen J, Chen H, Li P, et al. Simultaneous regeneration of
articular cartilage and subchondral bone in vivo using MSCs
induced by a spatially controlled gene delivery system in
bilayered integrated scaffolds. Biomaterials.
2011;32:4793e4805.

31. Alhadlaq A, Mao JJ. Tissue-engineered neogenesis of human-
shaped mandibular condyle from rat mesenchymal stem
cells. J Dent Res. 2003;82:951e956.

32. Alhadlaq A, Mao JJ. Tissue-engineered osteochondral
constructs in the shape of an articular condyle. J Bone Joint
Surg Am. 2005;87:936e944.

33. Sheehy EJ, Vinardell T, Buckley CT, Kelly DJ. Engineering
osteochondral constructs through spatial regulation of
endochondral ossification. Acta Biomater. 2013;9:5484e5492.

34. Lee CH, Marion NW, Hollister S, Mao JJ. Tissue formation and
vascularization in anatomically shaped human joint condyle
ectopically in vivo. Tissue Eng. 2009;15(12):3923e3930.

35. Xiao C, Zhou H, Liu G, et al. Bone marrow stromal cells with a
combined expression of BMP-2 and VEGF-165 enhanced bone
regeneration. Biomed Mater. 2011;6:015013.

36. Steinhardt Y, Aslan H, Regev E, et al. Maxillofacial-derived
stem cells regenerate critical man-dibular bone defect. Tissue
Eng Part A. 2008;14:1763e1773.

37. Mao JJ, Giannobile WV, Helms JA, et al. Craniofacial tissue
engineering by stem cells. J Dent Res. 2006;85(11):966e979.

38. Abukawa H, Terai H, Hannouche D, Vacanti JP, Kaban LB,
Troulis MJ. Formation of a mandibular condyle in vitro by
tissue engineering. J Oral Maxillofac Surg. 2003;61:94e100.

39. Weng Y, Cao Y, Arevalo C, Vacanti MP, Vacanti CA. Tissue-
engineered composites of bone and cartilage for mandible
condylar reconstruction. J Oral Maxillofac Surg.
2001;59:185e190.
40. Bailey MM, Wand L, Bode CJ, Mitchell KE, Detamore MS. A
comparison of human umbilical cord matrix stem cells and
temporomandibular joint condylar chondrocytes for tissue
engineering temporomandibular joint condylar cartilage.
Tissue Eng. 2007;13:2003e2010.

41. Zhu S, Zhang B, Man C, Ma Y, Hu J. NEL-like molecule-1-
modified bone marrow mesenchymal stem cells/poly lactic-
co-gly-colic acid composite improves repair of large
osteochondral defects in mandibular condyle. Osteoarthr
Cartil. 2011;19:743e750.

42. Kang H, Bi YD, Li ZQ, Qi MY, Peng EM. Effect of transforming
growth factor b (1) and insulin-like growth factor-I on
extracellular matrix synthesis of self-assembled constructs of
goat temporomandibular joint disc. Zhonghua Kou Qiang Yi Xue
Za Zhi. 2011;46:541e546.

43. Kalpakci KN, Kim EJ, Athanasiou KA. Assessment of growth
factor treatment on fibrochondrocyte and chondrocyte co-
cultures for TMJ fibrocartilage engineering. Acta Biomater.
2011;7:1710e1718.

44. 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 Dec;50(8):774e778.

45. El-Bialy T, Uludag H, Jomha N, Badylak SE. In vivo ultrasound-
assisted tissue-engineered mandibular condyle: a pilot study
in rabbits. Tissue Eng Part C Methods. 2010;16:1315e1323.

46. Thomas M, Grande D, Haug RH. Development of an in vitro
temporomandibular joint cartilage analog. J Oral Maxillofac
Surg. 1991;49:854.

47. Puelacher WC, Wisser J, Vacanti CA, et al.
Temporomandibular joint disc replacement made by tissue-
engineered growth of cartilage. J Oral Maxillofac Surg.
1994;52:1172.

48. Girdler NM. In vitro synthesis and characterization of a
cartilaginous meniscus grown from isolated
temporomandibular chondroprogenitor cells. Scand J
Rheumatol. 1998;27:446.

49. Springer IN, Fleiner B, Jepsen S, et al. Culture of cells gained
from temporomandibular joint cartilage on non-absorbable
scaffolds. Biomaterials. 2001;22:2569.

50. Almarza AJ, Athanasiou KA. Seeding techniques and
scaffolding choice for the tissue engineering of the
temporomandibular joint disc. Tissue Eng. 2004;10:1787e1795.

51. Almarza AJ, Athanasiou KA. Evaluation of three growth
factors in combinations of two for temporomandibular joint
disc tissue engineering. Arch Oral Biol. 2006;51:215e221.

52. Detamore MS, Athanasiou KA. Evaluation of three growth
factors for the TMJ disc tissue engineering. Ann Biomed Eng.
2005;3:383e390.

53. Brown BN, Chung WL, Almarza AJ, et al. Inductive, scaffold-
based, regenerative medicine approach to reconstruction of
the temporomandibular joint disk. J Oral Maxillofac Surg.
2012;70(11):2656e2668.

54. Hagandora CK, Gao J, Wang Y, Almarza AJ. Poly (glycerol
sebacate): a novel scaffold material for temporomandibular
joint disc engineering. Tissue Eng Part A.
2013;19(5e6):729e737.

http://refhub.elsevier.com/S2212-4268(13)00065-1/sref23
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref23
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref23
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref23
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref24
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref24
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref24
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref24
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref25
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref25
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref25
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref25
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref26
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref26
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref26
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref26
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref26
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref27
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref27
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref27
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref27
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref27
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref28
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref28
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref28
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref28
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref29
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref29
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref29
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref29
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref29
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref29
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref30
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref30
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref30
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref30
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref30
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref30
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref31
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref31
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref31
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref31
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref32
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref32
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref32
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref32
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref33
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref33
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref33
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref33
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref34
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref34
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref34
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref34
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref35
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref35
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref35
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref36
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref36
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref36
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref36
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref37
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref37
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref37
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref38
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref38
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref38
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref38
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref39
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref39
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref39
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref39
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref39
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref40
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref40
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref40
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref40
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref40
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref40
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref41
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref41
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref41
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref41
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref41
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref41
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref42
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref42
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref42
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref42
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref42
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref42
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref43
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref43
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref43
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref43
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref43
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref44
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref44
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref44
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref44
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref44
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref45
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref45
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref45
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref45
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref46
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref46
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref46
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref47
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref47
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref47
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref47
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref48
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref48
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref48
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref48
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref49
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref49
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref49
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref50
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref50
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref50
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref50
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref51
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref51
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref51
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref51
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref52
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref52
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref52
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref52
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref53
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref53
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref53
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref53
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref53
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref54
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref54
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref54
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref54
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref54
http://refhub.elsevier.com/S2212-4268(13)00065-1/sref54
http://dx.doi.org/10.1016/j.jobcr.2013.07.007
http://dx.doi.org/10.1016/j.jobcr.2013.07.007

	TMJ Bioengineering: A review
	1 Introduction
	2 Scaffolds
	2.1 Biomaterial for scaffolds
	2.2 Fabrication of scaffolds

	3 Stem cells
	3.1 Mesenchymal stem cells (MSC)
	3.2 Dental pulp stem cells (DPSC)
	3.3 Stem cells from human exfoliated deciduous teeth (SHED)
	3.4 Periodontal ligament stem cells (PDLSCs)

	4 Cell seeding in scaffold
	5 Osteochondral constructs
	6 Gene therapy
	7 TMJ Bioengineering
	8 TMJ disc Bioengineering
	9 Conclusion
	Conflicts of interest
	References


