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Temporomandibular Joint Regenerative Medicine:

A Review.

Abstract:

The temporomandibular joint (TMJ) is an articulation formed between the temporal bone and the mandibular condyle which is commonly affected and course
with pain and dysfunctions of the temporomandibular joint. These affections are often so painful during fundamental oral activities that patients have lower
quality of life. The treatment of these disorders includes systematically administered drugs (especially non steroid anti-inflammatory drugs and corticoids),
physical therapies, and minimally invasive therapies that require intra articular injections. Limitations of therapeutics for severe TMJ diseases have led to
increased interest in regenerative strategies combining stem cells, implantable scaffolds and well-targeting bioactive molecules. Recent advances in tissue
engineering may provide an alternative to traditional strategies to repair and regenerate the TMJ. To succeed in functional and structural regeneration of TMJ is
very challenging. Innovative strategies and biomaterials are absolutely crucial because TMJ can be considered as one of the most difficult tissues to
regenerate due to its limited healing capacity, its unique histological and structural properties and the necessity for long-term prevention of its ossified or fibrous
adhesions. The ideal approach for TMJ regeneration is a unique scaffold functionalized with an osteochondral molecular gradient containing a single stem cell
population able to undergo osteogenic and chondrogenic differentiation such as BMSCs, ADSCs or DPSCs. The key for this complex regeneration is the
functionalization with active molecules such as IGF-1, TGF-beta 1 or bFGF. This regeneration can be optimized by nano/micro-assisted functionalization and
by spatiotemporal drug delivery systems orchestrating the 3D formation of TMJ tissues. Preceding the current trends in tissue engineering is an analysis of
native tissue characterization, toward identifying tissue engineering objectives and validation metrics for restoring healthy and functional structures of the TMJ.
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Introduction

Temporomandibular Joint (TMJ)

Thi t mporomandibular joint (TMJ) is an articulation covirild
by dinsl fibro cartilagl formld bltwlln thl mandibular
condyll and th timporal bonl. Thl D mporal articular surfacl
is largl and consists of thl mandibular fossa and thD articular
tublrcll. Along this largd articular timporal surfacl, Oach
mandibular condyll has a widl motion rangll, consisting of
both rotation and translation. Fibro cartilaginous disc cushions
michanical stlssls that Oxist bltwlln thl tImporal and
mandibular articular surfacls. Thl high collagin contInt of
this disc providls grilat rigidity and durability. Thl TMIJ disc
has no dirflct vascularization or innlrvations by itsOIf.
Howlvir, its postlrior attachmlnt, known as rltrodiscal
tissull, flaturls many vOssOls and ndrvis which arll crucial
during physio-pathological proclssls.[1]
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Temporomandibular Joint Disorders (TMD)

TMD (tl mporomandibular joint disordlrs) arl viry common,
thlir prl vallncl bling around 52%.[2] TMD is a ginlral thrm
actually coviring a largl numblr of clinical occurincls
afficting thl TMJ and masticatory-illatld structurlls. Thl'y
covlr in various Otiologills: traumatic, inflammatory, and
congllnital. TMD arll also charactlriz0d by dificilnt wound
hlaling and fibrosis causld by continuous and irrlvlrsibll

injurils.

Pain, malocclusion, limitld rangl of motion, dlviation, joint
clicking and clinching arl most of tim0 associatld with TMD.
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ThisD disordirs arl oftdln so painful during basic oral
activitil's (Dating and splaking) that quality of 1ifll of patillnts
is grilatly impactld.[3] Pain is th primary symptom and th0
main flason why patillnts arl fiflrdld to practitiondrs to s00k
trl atml nt.

Ostl oarthritis-likl dlginOrativl joint disDasl bllonging to
TMD is a distruction of bonll and cartilagl with a conslcutivll
inflammation which Onhancls tissul dOstruction. TMJ
dignOration flaturlls arl: displacimint, thicklning and/or
disc plrforation, wholl dstruction of articular fibro cartilagl
and crucial modifications of bonl Mmodlling such as

sclirosis or plriarticular ostl ophytl formation.
Tissue Engineering:

Tissul OngindOring has applarld with thl purposl of
Mglnlrating damagld tissulls, rstoring thlir function
without thl n00d for placing thd dislasid tissul. This filld is
basld on thrl0 fundamintal principlls, namily: (I) thD cOlls,
I sponsibll for synthlsis of thl ndw tissul matrix; (I) growth
factors that promotl and facilitatl clll function; (III) and
scaffolds that act as an Oxtraclllular matrix, allowing cll
diffintiation, prolifiration and biosynthlsis. Thl basic
stratl gy of bonl tissull Inginl0ring is to corporat] into thl
targlit sitl onl or morl of thl fundamlntal 010 mints ndclssary
for bonll formation such as scaffolds, ostloproglnitor cllls
(mOsOnchymal stim cllls), bioactivll factors, or ginls to
stimulatl cOllular prolifiiration and diffirintiation, whill
guiding thl tissul-rlpairing function of thl living body. A
tissull DngindOring approach to thl craniomaxillofacial bonls
providds sOvlral potintial binOfits including thl lack of
donor-sitl morbidity, no limitation of availability, no risk of
immunorfl activity, and disl asl transmission.

Within thl TM]J, thD fibro cartilaginous disc has rlclivld thd
most attntion thus far, but 0fforts arl unddrway to Onginl0r
thl mandibular condyll cartilagl and bonl as willl.[1]

Current Status of Temporomandibular Treatments
Current Therapies:

Tho tdlatmdnt can vary according to thd sOvOrity of thl
disordlr: non-invasivl, minimally invasivl and invasivl
procldurds. Occlusal orthodontics, mldications, physical

thOrapy and acupuncturll arll thl most common non-invasivl
trflatmints. Non-invasivl midications consist anxiolytics,
muscll llaxants, non-stlroidal anti-inflammatory drugs and
opioids. Minimally invasivl trlatmOnts of TMJ itsOIf includld
intra-articular injlctions, arthrocntlsis, and arthroscopy.
Invasivl tddatmint is thl only option for patillnts suffiring
from ankylosis, nloplasia, dislocation, and divllopm0ntal
disordDrs.

Thi limitations of currnt thlraplutics for TMD havl 10d to an
incrlasld intlil st in A glnlrativl stratlgils combining cOlls,
implantabll scaffolds and wil lI-targlting bioactivl mollculls.
Curdintly, thl tpair and rlplacimint of TMJ tissull
componlnts constitutls an unm0t nd0d, highlighting thd
importancl of divlloping novll approachls toward tiflating
patillnts with TMD.

Challenging Regeneration:

Anatomic, structural, and functional fl gln0ration of TMJ is
viry challlnging. Innovativl stratlgils and biomatlrials arfl
absolutlly crucial blcausl TMJ can bl considirld as onl of
thD most difficult tissull's to gl ndratd.

Thi challingl in TMJ dlgln0ration is to promotl matrix
synthlsis and tissul maturation of chondroginic and
ostloglnic cllls in suitabll scaffolds containing activl
mollculls which arl abll to sOparatlly orchlstratl

ostloglnlsis and chondroglnlsis.

Thi succlss of TMJ rlglnlrativl stratlgy is not only
milasurlld by thl fIstoration of function but also by thl long-
t0rm prl vntion of ossifild or fibrous adhl sions which arll th
main complications of Ingini0ld TMJ rll plachm0nts.4 Thus,
pro-lgdnlrativil activl mollculls incorporatld in scaffolds
of Onginllrld TMJ must also prlvint any ossifications and
any adh0sions. 1

Histology and Macromolecular Biology of the TMJ:

There is a continuous debate about the embryonic
origin of mandibular articulating surface:

blastlmal or plriostlal origin.[5,6] ThQ thicknlss of condylar

fibro cartilagl in humans can ach 0.48 mm as a maximum
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and is subjlct to variations causld by agl and functional
conditions.[7,8] Thl articular surfacl of most synovial joints
is covlild by hyalinl cartilagl. It is not thd casl of thl TMJ
which has an articular surfacl coviilld by a laylr of fibrous
tissull. This fibrous zonll contains abundant typl I collagln,
whill collagln typl II is minimally pillsint. UndOrlying this
suplrficial fibrous zonl, a fibro cartilagl laylr is dOscribld

which can bl subdividld schlmatically into prolifirativl and
hyplrtrophic zonls. (Figurll 1 and 2)[1]

Figurll 1.Schim0D of thl composition of thd fivll compartmlnts
of TMJ to riginlratl. Thiir cOllular and macromollcular
compositions difflr of lot. An ostlochondral mollcular
gradilnt of functionalization abll to orchOstratl thl 3D
formation of diffildnt TMJ tissuls is thl kOy of its
lginlration.[1]

Figurl 2. ExprOssion of difflrInt conjunctivl

macromollculls in murinl TMJ dO0tlctld by
Immunofluolscincl. TMJ obslrvld by phasl contrast

microscopl (A,B), Aggilican 0xprlssid by chondrocytls in
hyplrtrophic laylr of mandibular condyll (C,D), typl I
collagn in thl disc and in thl fibrocartilagl laylr of
mandibular condyll (E,F) and typl II collagln in thi
fibrocartilagl laylr of mandibular condyll (G,H). Nuclli
wirl stainld with 4',6-diamidino-2-phInylindoll (DAPI).
Condyll (C); Disc (D); Glonoid fossa (G)[1].

TMJ Tissue Engineering:
Cell Strategies:

Two mOthods arll possibll in cartilagl and bonl Ingind0ring:
(1) in situ tissul ngin00ring, which involvl's an incorporation
of an aclllular scaffold matrix attracting local cOlls (cOll
homing) guiding thl proclss of ll glnlration; (2) 0x vivo clll
si0ding on thl scaffold, which providls Dnough compltInt
c1ls to orchOstratl thd gl nlrativl mdchanism.[9]

Autoglinic cllls arl thl iddal cOll sourcd for tissul
lgindration. Fibrochondrocytls from mandibular condyll
siiddd on polyglycolic acid (PGA) scaffolds showlld wlaklr
lgindrativl capacitils than chondrocytls from ankll joint.
Notably, thl'y produclld I0ss GAGS and collagns.[10, 11] In
thl saml way, TMJ disc cllls as comparld to costal
chondrocytlls havl inflrior biochImical qualitils and so
producl 10ss GAGs and collaglins.[10, 11]

To rdigindratl TMIJ condylar cartilagll, primary costal-
chondrocytlls or hyalin cartilagld cllls from all cartilagls in
thD body can bl usid.11, 12

Bonll marrow misinchymal stim cllls (BMSCs) providl a
high ratl of c01l growth and division. Thlir advantagl is thQ
important voluml of cl1lIs availabll and thl numOrous kind of
possibll diffiintiation. Thl'y can promotl bonl and cartilagll
ilgindration of TMJ. Thiir disadvantagl is thiir tind0ncy to
Ondochondral ossification.[13, 14]

Adiposl stim c01ls (ADSCs) could bl a potlintial cl1l sourcll
for TMJ OngindOring.13 Thiy arl pluripotint m0sInchymal
stim cOlls that prllsint multilinDagl diffirintiation. ThOs0
stim cOlls fapld from adiposl tissull arll Dasily obtainabll
whatl vl r thl quantity n00d0d.[14]
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Diffirlint tooth-dirivid stim cOlls arl also potlntial
compltint cllls for TMJ i gln0ration. POriodontal ligamOnt
stim cOlls (PDLSCs) and stlm cOlls from apical papilla
(SCAPs) similar to misInchymal stim c0lls (MSCs)15 arll
abll to diffirintiatl into chondrocytls and ostloblasts.16
Dintal follicll proglnitor cllls (DFPCs) which arll stim cl1ls
from dintal follicll s involvld in Darly tooth formation phasls

can also difflifntiatl into chondrocytls and ostl oblasts.[15]

DiOntal pulp stm cl1ls (DPSCs) ml sinchymal st m cl1ls from
dintal pulp[17] arl known to diffllintiat] into difflfint kinds
of cl1ls, such as ostl oblasts and chondroglinic cl1ls.[15] Thiy
arl particularly adlquatl for rginlration of min0ralizOd
tissull. Thlir multipotincy, prolifiration ratl and availability
applar blttlr than thosl of BMSCs. Thl capacity of
ostloglnic diffirintiation of DPSCs is wlll-documIntld.
DPSCs and collagln sponglls showld 0xcl I nt rsults insidd
human mandibular dificts.[16]

For 1l gdnlration of discal fibrocartilagl, dirmal fibroblasts
arll promising. Easily availablll, thi s autologous cl1ls s00d0d
in quantity and tlatld with IGF-1 showld a high
chondroglnic potntial.[18]

Scaffolds for TMJ Cartilage Regeneration:

Hyaluronic acid (HA) is a polysaccharidl abundant in
cartilaginous matricls, which constitutls an id0al
chondroglinic microlnvironmint, idlal for cartilagl
lglnlration.[18]

Agarosl is a polysaccharidl Oxtractld from slawlid, usid as
agar for c01l culturll. Its advantagll is its adaptabll stiffnlss,
which allows an Dasy variation of mlchanical flaturlls of thQ
scaffold.19 Agarosl scaffolds promotl diffirIntiation of
diffidint stim cOlls, such as MSCs and ADSCs into
chondrocytls.[20,21]

Poly-vinyl alcohol (PVA) is a hydrophilic polymlr which is
also vOry appropriatl for cartilagl rl gl nration dull to its high
watlr contint and its Olastic propOrtils.[22] Its capacity to
promotl il pair of articular cartilagll is wi ll-documintl d.[23]

Poly-L-lactic-co glycolic acid (PLGA) is a synthOtic polym0r
approvild by thl FDA for clinical applications which is
grllatly intlrlsting for cartilagl flgln0ration. ThD virsatility
of its structurl allows also a modulation of michanical
propirtils of thl scaffold. PLGA scaffolds promotl

colonization and diffll fintiation of MSCs in vivo.[24]

Scaffold for Fibrocartilage Regeneration:

An aporous scaffold of polyglyclrol sObacatl (PGS), an
Olastomlr, was usld for rlgindration of thl TMIJ disc. PGS
scaffolds 1ivlalld to bl favorabll for culturl of goat
fibrochondrocytls and thOrlforl for TMIJ disc
rlgOnlration.[25] A mix0d scaffold madl by
polytitrafluorl thyllnl monofilamnts, PLA monofilamlnts,
polyamidl monofilamlnts, and natural bonl has blIn shown
to support human and porcinl disc cOlls culturl and

Oxpansion.[26]

Scaffold for Osteochondral Regeneration:

Collaglins arl natural polymlrs viry convlnilnt for
ostlochondral rgindration and also for total TMJ disc
rlconstruction .[27] Collagins can bl usld as a gl which
givlls thl opportunity to bl injictld into thl narrow spacll of
TMI. Rigidity must bl wlak Onough to allow intra-articular
injlction and important Onough to allow cl1l adhlsion and

prolifliration.

GOlatin, d0rivid from thd lysis of collagln is also appropriatl
for ostlochondral rlgin0ration. GUlatin OxtracOllular
Onvironmlnt is favorabll to thl adhlsion and colonization of
chondrocytls.[28]

Nanofiblrs constitutl pro-rlgin0Orativl biomimItic
OxtracOllular matricls viry intlf sting for tissull 1 gl ndration.
Thi D10ctro spinning tlchniqul makds it possibll to obtain
diffirfint matricls madl of synthOtic and natural polym0rs
whosll nanofiblr diam0tr is closD to thd sizl of thD collagin
nanofiblrs (50-500 nm). Thl nOtwork of Ol0ctro spun
nanofiblrs as wil Il as th micro porl's formid (10ss than 100 Im
in diamdtdr) mimics thd structurl of thl connlctivl tissul
matrix.[29, 30] Poly (O- caprolactond) (PCL) is a
biodl gradabll synthltic polymir, approvild by thl FDA for
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clinical applications. Ellctro spun matricls of PCL show
favorabll risults for ostlochondral l glnlration[31] (Figurll

3]

Figurll 3.Scanning 010 ctron microscopy (SEM) obslrvations

of nanofibrous pro-rl gl nlrativll

Biomim0tic implants: Poly (I-caprolactonll) implant with an
0l0ctro spun nanofiblr nltwork mimicking thl pattlrn of thl
connlctivl tissul matrix (A); Poly (I-caprolactonl) implant
unctionalizld with nanorllsirvoirs of growth factors on thl
surfacl[1]

Growth Factors of Interest:

Growth factors hilp tissull flgdn0ration at diffirint 10vOls.
Thiy can promotl thl diffirintiation and prolifiration of
cllls. Thly can support 0 xtracOllular matrix synth0sis and its
mindralization.[32] Thly can also biologically modulatd thl
igindration in ordlr to bl sOlf-limitld and prdvint

ossification and fibrous adhl sion.[4]

Thi thl0 kOy growth factors for TMJ rlglnlration arl basic
fibroblast growth factor (bFGF), Insulin-lik growth factor 1
(IGF-1) and transforming growth factor-_1 (TGF-_1). Thiy
arll abll to maintain disc-likD tissull in culturll[33, 34] and to
inducl BMSCs diffifintiation into fibroblast-likl cOlls,
synthlsizing discal matrix of typl I collagln and
glycosaminoglycans (GAGS).[35,36,37]

Platll0t dOrivativi growth factor (PDGF) significantly
incrlasls thD prolifiration ratd of thl TMJ-disc d0rivid cOlls,
collagin and Hyaluronic acid synth0sis in Ongind0fld TMJ
disc. It uprlgulatls RNA 10v01s of typl I and II collaglins,

matrix m0talloprotlinasls (MMPs), and thlir splcific tissul
inhibitors (TIMPs).[38]

Drug Delivery Systems:

Tho bist drug doliviry systim can bl achilvld by
incorporating activl mollculls into thd scaffold. Immirsion
of scaffold in a solution of growth factors allows a snappy
l0asd in random distribution. Covallnt binding of growth

factors to thl scaffold improvls th control of thl rl10asl.

Functionalization can othIrwisl bl accomplishld by ginl
thlrapy. GOnl transflir can also bl conductld by viral or non-
viral transduction. For tissul rlgldnlration, thl most
appropriatl mithod for gnl transflr usls rltrovirusDs,
adlnovirusls or adl no-associatld viruss.[39, 40, 41]

Nano functionalization of scaffolds madl of Ol0ctro spun
nanofiblrs is possibll by difflint

t0chniquls: plasma or wit chlmical trflatmdnt, surfacl graft
polymirization and co-axial 010ctrospinning.[42] ThO co-
axial tichniqul consists of incorporating activl mollculls
into thl polymlr solution to bl Ollctro spun and so of
Oncapsulating thOm insidl thl nanofiblrs for a dilayld
action.43 Ellctro spinning can bl associatld with Ol0ctro
spraying in ordlr to functionalizl nanofiblrs during thlir
production.[44] ThD stratl gy of nanofiblrs functionalization
by BMP-2 or BMP-7 nanorfl sl rvoirs is viry 0 ffll ctivll for bonl
lgindration. This stratl gy also allows thl difflntiation of
MSCs, and accll0ratds thi tissull 1 gl ndration in vivo.[45, 46,
47]

Osteochondral Regeneration:

Bonll and cartilagl fglindration occur in viry diffirfint
complting conditions. To Dngindlr a biphasic ostl ochondral
implant is thirlforl challlnging. Idlal approachls for TMJ
Meglnlration arfl a singll scaffold functionalizld by an
ostlochondral mollcular gradilnt and a uniqul stim cOll
population associatld using rapid and synchronizid tissul
Ongind0ring tdchniquls.
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3 D Regeneration of TMJ:

Currint TMJ IplacDm0nt is madl by prosthdsds. This0
alloplastic stratlgils arl constantly improving in ordlr to
obtain plrsonalizid 3D prosth0sis. POrsonalizld prosthdsls of
TMI fabricatld by 3D-printing wil il disignld and implantld
in patilnts. Comparlld with stock dlvics, thisl pOrsonalizild
3D prosthisds prisint bittlr biomOchanical and clinical
outcomls. This 3D-printing tIchniqul also improvis thl
surglry. Indi0d, thD positioning of an implant is Dasilr, dull to
its optimal shapl and to thl opportunity to havll an optimal 3D
surgical guidd.[48,49] ThisO crucial clinical advancls of
plrsonalizld 3D prosthisis bindfit dlglnlrativl stratdgils.
Ind00d, pirsonalizid 3D scaffolds can bl considitld. In that
dirlction, thl computlr-disignld nanofibrous and micro
porous scaffolds proposid by Chin Ot al. arl viry attractivl
and 10ad thl way of a plrsonalizld 3D bonl rgln0rativl
nanom0dicini.[50]

Currntly, diffirint tDchniquls Oxist to producl 3D scaffolds
such as phasl sl paration, s If-asslmbly, 010ctro spinning and
bioprinting. 3D bioprinting can 1fl producll structurll and shapll
of tissull's iddntical to thosl found in vivo.[51] This tIchniqul
works in a laylr-by-laylr fashion, in which clls and growth
factors can bl includld, allowing thl control of thl Ontirll
architicturl of thl tissuls to bl tlproducld. ThisO
tichnologills participatl to significant advancls in tissull
OngindOring and arll promising for futurdl clinical I gln0rativQ
stratl gils. A plrsonalizld 3D polyamidl implant coatld by
nanoscall hydroxyapatitl was rapidly dOsignld and
manufacturld by computlr in fdplacimint of mandibular
condyll. Its implantation into a patilnt showlld positivl
clinical outcomls.[52]

Conclusions:

Plvallncd of affictions of TMJ is important. SOvIl
affictions arl prlfidintially conclrnld by rlglinlration.
Curtntly, thly arll tflatld by arthrotomy and implantation of
prosthisds. Thi flcOnt advancls in rl gl ndrativl midicind for
orthopldics may providl solutions for TMJ rlglnlration.
Howl vr, anatomic, structural, and functional fl gl n ration of
TM1J is viry challlnging and splcific. Thd fibro cartilaginous
proplrty of thl mandibular condyll and its tight link with its

fibro cartilaginous disk contributl to modifying issuls. Thl
difficulty is not to obtain a purll hyalinl cartilagl with an
undlrlying bonl as for thl othlr articulations. Thl main issull
is to gt a long-tIrm fibrocartilagl will-sOparatld from its
undlrlying bonl without ossifications or fibrous adhlsions
which arll dramatic for crucial oral functions of patilnts. At
prisint, concilitl progrllss of TMIJ arthroscopy allows
adiquatl visualization and manipulation of pathological
intra-articular tissuls and motivatls thl Omirgincl of
innovativl and spOcific dginlrativl stratlgils of TMIJ.
Numlrous proposals of intlrll st havll bl0n prlsintld focusing
on suitabll clOlls, scaffolds or activli mollculls for TMJ
i gindration.

Global stratlgills, abll to support thl Ontirl mandibular
condyll flginlration, arl viry attractivl. So, th0 dOsirld
approach is a uniqul scaffold inducing an ostlochondral
mollcular gradilnt containing a singll stim cl1l population
abll to undlrgo ostloglnic and chondroglinic difflfintiation
such as BMSCs, ADSCs or DPSCs. Thi kly to this compllx
il glndration is thD functionalization by activll moll culls such
as IGF-1, TGF-_1 or b-FGF. This rglinlration can bl
optimizld by nano/micro-assistld functionalization and by
spatiotimporal drug diliviiry systims orchlstrating thl 3D

formation of TMJ tissulls.
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