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REGENERATION STRATEGYREGENERATION STRATEGY

••

••

••

““Tissue Engineering”Tissue Engineering”
–– Formation of tissueFormation of tissue in vitroin vitro for subsequentfor subsequent 

implantationimplantation

“Regenerative Medicine”“Regenerative Medicine”
–– RegenerationRegeneration in vivoin vivo

Coupled ApproachCoupled Approach
–– CellCell--seeded matrix grownseeded matrix grown in vitroin vitro to meetto meet 

certain design specifications, to facilitatecertain design specifications, to facilitate 
regenerationregeneration in vivoin vivo
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TISSUE ENGINEERINGTISSUE ENGINEERING

••

••

••

••

MATRIX (SCAFFOLD)MATRIX (SCAFFOLD)
–– Porous, absorbable synthetic and naturalPorous, absorbable synthetic and natural 

(collagen(collagen--GAG copolymers) biomaterialsGAG copolymers) biomaterials
CELLS (Autologous or Allogeneic)CELLS (Autologous or Allogeneic)

–– Differentiated cells of same type as tissueDifferentiated cells of same type as tissue
–– Stem cells (bone marrowStem cells (bone marrow--derived)derived) 
–– Other cell typesOther cell types

SOLUBLE REGULATORSSOLUBLE REGULATORS
–– Cytokines (growth factors) or their genesCytokines (growth factors) or their genes

ENVIRONMENTAL FACTORSENVIRONMENTAL FACTORS
–– Mechanical loadingMechanical loading
–– Static and “bioreactor”Static and “bioreactor”

ELEMENTS FOR TISSUEELEMENTS FOR TISSUE 
REGENERATION/ENGINEERINGREGENERATION/ENGINEERING

CELLSCELLS Autologous, AdultAutologous, Adult
(pulp and bone marrow(pulp and bone marrow 
stromal stem cell)stromal stem cell)

MATRIXMATRIX CollagenCollagen--GAGGAG
CYTOKINESCYTOKINES Regulation of phenotypeRegulation of phenotype

Matrix biosynthesisMatrix biosynthesis
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Tissue Engineering of Complex Tooth StructuresTissue Engineering of Complex Tooth Structures 
on Biodegradable Polymer Scaffoldson Biodegradable Polymer Scaffolds 

•• Cells dissociated from porcine third molar toothCells dissociated from porcine third molar tooth 
buds.buds.

•• Cells seeded onto PLA fiber mesh and implanted inCells seeded onto PLA fiber mesh and implanted in 
rats for 20 to 30 wks.rats for 20 to 30 wks.

•• Resulting tooth structures contained dentinResulting tooth structures contained dentin 
((odontoblastsodontoblasts), a well), a well--defined pulp chamber, putativedefined pulp chamber, putative 
cementoblastscementoblasts, and a morphologically correct enamel., and a morphologically correct enamel.

•• Results suggest the presence of epithelial andResults suggest the presence of epithelial and 
mesenchymal dental stem cells in porcine third molarmesenchymal dental stem cells in porcine third molar 
tissues.tissues. 

C.S. Young, et al.C.S. Young, et al. J DentJ Dent ResRes 81(10): 69581(10): 695--700, 2002700, 2002

Growth of Porcine EnamelGrowth of Porcine Enamel--, Dentin, Dentin--, and, and 
CementumCementum--Derived Cells in CollagenDerived Cells in Collagen--GAGGAG 

MatricesMatrices In VitroIn Vitro

••
••

••

Unerupted Porcine Premolars and MolarsUnerupted Porcine Premolars and Molars
Lower mandibles from 6Lower mandibles from 6--month old pigs.month old pigs.
In aseptic environment, mandibles were splitIn aseptic environment, mandibles were split 
in half, soft tissue removed, and overlyingin half, soft tissue removed, and overlying 
bone from lingual side chiseled away.bone from lingual side chiseled away.
Exposed teeth were excised and gingivaExposed teeth were excised and gingiva 
removed.removed.

MartyMarty--RoixRoix R,R, et alet al.,., TissTiss.. EngrEngr. (In press). (In press) 
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COLLAGEN-GAG MATRICES 

Type I (bovine tendon) 
Type II (porcine) 
Chondroitin 6 sulfate 

Freeze dried 
Dehydrothermally cross linked 

IV Yannas, et al. PNAS, 1989 

DENTAL TISSUESDENTAL TISSUES

•• EnamelEnamel
•• DentinDentin
•• CementumCementum
•• PulpPulp
•• Periodontal LigamentPeriodontal Ligament
•• BoneBone



WOUND HEALINGWOUND HEALING
Roots of Tissue EngineeringRoots of Tissue Engineering 

InjuryInjury

InflammationInflammation
(Vascularized tissue)(Vascularized tissue)

ReparativeReparative
ProcessProcess

Regeneration*Regeneration* Repair (Scar)Repair (Scar)
CT: boneCT: bone CT: cartilageCT: cartilage

EpEp: epidermis: epidermis NerveNerve 
Muscle: smoothMuscle: smooth Muscle: cardiac,Muscle: cardiac, skelskel..

4 Tissue Categories4 Tissue Categories
Connective TissueConnective Tissue

EpitheliumEpithelium
NerveNerve
MuscleMuscle

*spontaneous*spontaneous

TISSUE ENGINEERING TRIADTISSUE ENGINEERING TRIAD

CELLSCELLS Autologous, AdultAutologous, Adult
(pulp and bone marrow(pulp and bone marrow 
stromal stem cell)stromal stem cell)

MATRIXMATRIX CollagenCollagen--GAGGAG
CYTOKINESCYTOKINES Regulation of phenotypeRegulation of phenotype

Matrix biosynthesisMatrix biosynthesis
Contractile actin expressionContractile actin expression



MATERIALS AND METHODSMATERIALS AND METHODS
Specimen Procurement and Tissue DissectionSpecimen Procurement and Tissue Dissection

Unerupted Porcine Premolars and MolarsUnerupted Porcine Premolars and Molars
•• Lower mandibles from 6Lower mandibles from 6--month old pigsmonth old pigs 
•• In aseptic environment, mandibles were splitIn aseptic environment, mandibles were split 

in half, soft tissue removed, and overlyingin half, soft tissue removed, and overlying 
bone from lingual side chiseled away.bone from lingual side chiseled away.

•• Exposed teeth were excised and gingivaExposed teeth were excised and gingiva 
removed.removed.

Figure removed due to copyright restrictions.



MATERIALS AND METHODSMATERIALS AND METHODS
Cell IsolationCell Isolation

DentinDentin -- from developing cusp tips.from developing cusp tips. MineralizedMineralized 
enamel removed and pulp cut away.enamel removed and pulp cut away.

EnamelEnamel -- Mineralized enamel removed from cuspMineralized enamel removed from cusp 
tips and chiseled into small pieces.tips and chiseled into small pieces.

CementumCementum -- from erupted 2nd molars andfrom erupted 2nd molars and 
unerupted premolars.unerupted premolars. Chiseled away from toothChiseled away from tooth 
and into smaller pieces.and into smaller pieces. Pulp removed withPulp removed with 
sterile gauze.sterile gauze.

PulpPulp -- from base of teeth and cut into small piecesfrom base of teeth and cut into small pieces 
with scalpel.with scalpel.

MATERIALS AND METHODSMATERIALS AND METHODS
Methods of Cell CultureMethods of Cell Culture

•• Cell Isolation from Digested TissueCell Isolation from Digested Tissue
–– Tissue digested for 12 hours in collagenase.Tissue digested for 12 hours in collagenase.
–– Suspension filtered, and cells plated into tissueSuspension filtered, and cells plated into tissue 

culture dishes.culture dishes.

•• Explants/Cell OutgrowthExplants/Cell Outgrowth
–– Small pieces of tissue plated onto tissue cultureSmall pieces of tissue plated onto tissue culture 

dishes.dishes.



DENTAL TISSUESDENTAL TISSUES
TissueTissue--Specific Matrix MoleculesSpecific Matrix Molecules

•• EnamelEnamel AmelogeninAmelogenin
•• DentinDentin Dentin Matrix ProteinDentin Matrix Protein--11
•• CementumCementum ??
•• Pulp CellsPulp Cells ??

Negative Control

Amelogenin Immunohistochemistry

Odontoblasts

Pre-ameloblasts

Dentin

Amelogenin

Photos removed due to copyright restrictions.



SUMMARYSUMMARY

••

••
••

••

Cells can be isolated from digested tissue andCells can be isolated from digested tissue and
grown from explants: enamel, dentin ,grown from explants: enamel, dentin ,
cementum, and pulp.cementum, and pulp.
Cells display distinctive characteristics.Cells display distinctive characteristics.
Ameloblasts expanded in monolayer and grownAmeloblasts expanded in monolayer and grown
in collagenin collagen--GAG matrices express amelogenin.GAG matrices express amelogenin.
Odontoblasts in collagenOdontoblasts in collagen--GAG matrices expressGAG matrices express
DMPDMP--11

DMP-1 Immunohistochemistry 
of Odontoblast-Seeded

Collagen-GAG Matrices

Photos removed due to copyright restrictions.



MUSCULOSKELETAL CELLS THAT CAN EXPRESSMUSCULOSKELETAL CELLS THAT CAN EXPRESS 
aa--SMOOTH MUSCLE ACTIN AND CAN CONTRACTSMOOTH MUSCLE ACTIN AND CAN CONTRACT

•• Articular chondrocyteArticular chondrocyte
•• OsteoblastOsteoblast
•• Meniscus fibroblast and fibrochondrocyteMeniscus fibroblast and fibrochondrocyte
•• Intervertebral disc fibroblast andIntervertebral disc fibroblast and 

fibrochondrocytefibrochondrocyte
•• Ligament fibroblastLigament fibroblast
•• Tendon fibroblastTendon fibroblast
•• Synovial cellSynovial cell
•• Mesenchymal stem cellMesenchymal stem cell M. Spector,M. Spector,

Wound RepairWound Repair RegenRegen..
9:119:11--18 (2001)18 (2001)

Figure removed due to copyright restrictions.

Matrix comparing smooth muscle cell controls with pulp cells.


Brock, et al., J Dent Res 
2002;81:203-208 

α-Smooth Muscle Actin Content
Western Blot Analysis



Porcine Pulp Cells in Monolayer
α-Smooth Muscle Actin (red)

Immunohistochemistry
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Brock, et al., J Dent Res
2002;81:203-208
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Porcine Pulp Cell-Seeded Collagen-GAG Matrices

Brock, et al., J Dent Res 2002;81:203-208

Photos removed due to copyright restrictions. 

Photos removed due to copyright restrictions. 



Contraction of Pulp Cell-Seeded

Collagen-GAG Matrices
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SMA Immunohistochemistry 

SMA Immunohistochemistry

Marty-Roix, et al.
Tiss. Engr. 2003;9:175-186
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Ameloblasts 
in Monolayer 

Culture

SMA

Marty-Roix, et al.
Tiss. Engr. 2003;9:175-186
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Marty-Roix, et al.
Tiss. Engr. 2003;9:175-186
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Marty-Roix, et al.
Tiss. Engr. 2003;9:175-186
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a-Smooth Muscle Actin: Western Blot Analysis


Photos removed due to copyright restrictions. 

Marty-Roix, et al. 
Tiss. Engr. 
2003;9:175-186 

0 

10 

20 

30 

40 

50 

60 

0 5 10 15 20 25 30 
Time in culture, days 

C
el

l-M
ed

ia
te

d 
C

on
tr

ac
tio

n,
 %

Ameloblasts 
Cementoblasts 
Odontoblasts 

Contraction of Collagen-GAG 
Matrices by Dental Tissue Cells 

Marty-Roix, et al. 
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Marty-Roix, et al.
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DENTAL TISSUE CELLS WITHDENTAL TISSUE CELLS WITH 
MUSCLEMUSCLE

•• Tissue formationTissue formation impart ECM architectureimpart ECM architecture
tooth eruptiontooth eruption

•• RemodelingRemodeling alter ECM architecturealter ECM architecture
•• Disease processesDisease processes contracturecontracture
•• HealingHealing wound closurewound closure
•• Tissue engineeringTissue engineering contraction of scaffoldscontraction of scaffolds

FINDINGS TO DATEFINDINGS TO DATE

••

••

••

EnamelEnamel--, dentin, dentin--, cementum, cementum--, and pulp, and pulp--derivedderived 
cells can be grown in monolayer culture andcells can be grown in monolayer culture and
seeded into collagenseeded into collagen--GAG matrices.GAG matrices.
EnamelEnamel-- and dentinand dentin--derived cells retain certainderived cells retain certain 
phenotypic traits.phenotypic traits.
Discovery that ameloblasts, odontoblasts,Discovery that ameloblasts, odontoblasts,
cementoblasts, and pulp cells can express SMAcementoblasts, and pulp cells can express SMA
and can contract a collagenand can contract a collagen--GAG analog ofGAG analog of
extracellular matrix.extracellular matrix.




