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Currently	regeneration	of	tooth	and	periodontal	damage	still	remains	great	challenge.	
Stem	cell-	based	tissue	engineering	raised	novel	therapeutic	strategies	for	tooth	and	
periodontal	repair.	Stem	cells	for	tooth	and	periodontal	regeneration	 include	dental	
pulp	stem	cells	(DPSCs),	periodontal	ligament	stem	cells	(PDLSCs),	stem	cells	from	the	
dental	apical	papilla	(SCAPs),	and	stem	cells	from	human	exfoliated	deciduous	teeth	
(SHEDs),	dental	follicle	stem	cells	(DFSCs),	dental	epithelial	stem	cells	(DESCs),	bone	
marrow	mesenchymal	stem	cells	(BMMSCs),	adipose-	derived	stem	cells	(ADSCs),	em-
bryonic	stem	cells	(ESCs)	and	induced	pluripotent	stem	cells	(iPSCs).	To	date,	substan-
tial	advances	have	been	made	in	stem	cell-	based	tooth	and	periodontal	regeneration,	
including	dentin–pulp,	whole	tooth,	bioroot	and	periodontal	regeneration.	Translational	
investigations	have	been	performed	such	as	dental	stem	cell	banking	and	clinical	trials.	
In	this	review,	we	present	strategies	for	stem	cell-	based	tissue	engineering	for	tooth	
and	periodontal	repair,	and	the	translational	studies.
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1  | INTRODUCTION

The	tooth	is	a	multistructure	organ	composed	of	the	highly	mineralized	
tissues	of	enamel,	dentin,	and	cementum,	as	well	as	the	soft	connective	
tissues	including	dental	pulp	and	the	associated	periodontium.	The	most	
common	diseases	associated	with	teeth	and	their	supporting	tissues	are	
periodontal	 disease,	 caries,	 and	 traumatic	 injuries.	 Due	 to	 its	 complex	
structure	and	limited	self-	healing	capability,	 it	 is	necessary	to	introduce	

external	interventions	to	promote	the	biological	repair	of	damaged	dental	
tissue.	The	current	restorations	for	tooth	loss	are	dentures,	including	re-
movable,	fixed	dentures,	and	dental	implants.	Resin-	based	composites,	in-
lays	or	onlays,	and	artificial	crowns	are	used	for	partial	restoration	of	hard	
tissue	defects.	Routine	periodontal	disease	treatments	include	basic	treat-
ment,	guided	 tissue	 regeneration	 (GTR),	 and	guided	bone	 regeneration	
(GBR).	The	outcomes	of	these	methods	are	limited	and	associated	with	
poor	clinical	predictability	(Needleman,	Worthington,	Giedrys-	Leeper,	&	
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Tucker,	2006).	The	concepts	in	restoring	damage	tissues	have	undergone	
significant	change,	from	substitution	to	restoration	or	replacement,	and	
finally	regeneration.	Since	stem	cell-	based	tissue	engineering	and	regen-
erative	medicine	emerged	two	decades	ago,	these	novel	therapeutic	strat-
egies	have	been	evaluated	for	their	potential	to	replace,	repair,	maintain,	
and	enhance	tissue	or	organ	function	(Mao	&	Mooney,	2015).	The	strat-
egy	encompasses	numerous	elements,	including	biomaterials,	stem	cells,	
tissue-	inducing	 substances,	 or	 biomimetic	 regenerative	 environments.	
Since	craniofacial	tissue	engineering	appeared	in	1990s,	substantial	ad-
vances	have	been	made	in	stem	cell-	based	tissue	engineering	(Alsberg,	
Hill,	&	Mooney,	2001;	Hollinger	&	Winn,	1999),	especially	in	tooth	and	
periodontal	regeneration.	Current	investigations	of	stem	cell-	based	tissue	
engineering	for	tooth	and	periodontal	tissue	include	regeneration	of	den-
tin–pulp,	tooth	root,	whole	tooth,	and	periodontal	tissue	(Figure	1).

2  | STEM CELLS

The	 stem	cells	used	 for	 tooth	and	periodontal	 regeneration	are	both	
dental	 and	 non-	dental	mesenchymal	 stem	 cells	 (MSCs).	 The	 features	
of	 these	 stem	 cells	 have	 been	 identified	 and	 characterized	 (Huang,	
Gronthos,	&	Shi,	 2009;	 Inanc	&	Elcin,	 2011;	Ullah,	 Subbarao,	&	Rho,	
2015;	 Table	1).	 MSCs,	 which	 were	 first	 found	 in	 bone	 marrow,	 are	
multipotential	 stromal	 cells	 that	 can	differentiate	 into	a	variety	 types	
of	cells,	such	as	osteoblasts,	chondrocytes,	myocytes,	and	adipocytes.	
Dental	 pulp	 stem	 cells	 (DPSCs),	 the	 first	 isolated	MSCs	 from	 human	
teeth,	have	the	potential	to	differentiate	into	odontoblasts,	osteoblasts,	
chondrocytes,	myocytes,	and	adipocytes,	and	neurocytes	in	vitro	and	in	
vivo	(Gronthos,	Mankani,	Brahim,	Robey,	&	Shi,	2000;	Gronthos	et	al.,	
2002;	Nuti,	Corallo,	Chan,	Ferrari,	&	Gerami-	Naini,	2016).	MSCs	were	
isolated	 from	human	exfoliated	deciduous	 teeth	 (SHEDs)	with	similar	
osteo/odontogenic,	 chondrogenic,	 adipogenic,	 and	 neurogenic	 differ-
entiation	patterns	as	DPSCs,	but	with	more	proliferative	activity	than	
bone	marrow	MSCs	or	DPSCs	 (Martinez,	Sasaki,	Neves,	&	Da,	2016;	
Miura	et	al.,	2003;	Wang	et	al.,	2010).	Stem	cells	from	the	dental	apical	
papilla	(SCAPs)	were	reported	in	apical	papillae	of	the	developing	tooth	

root	apex,	with	the	characteristics	of	highly	proliferative,	migratory,	and	
regenerative	potential,	and	are	able	to	form	dentin	in	vivo	(Sonoyama	
et	al.,	2006,	2008).	Periodontal	ligament	stem	cells	(PDLSCs)	are	able	to	
differentiate	into	adipogenic	and	osteogenic	cells,	under	defined	culture	
conditions	in	vitro,	and	could	mediate	the	regeneration	of	the	periodon-
tium	in	vivo	(Seo	et	al.,	2004).	Stem	cells	from	the	dental	follicle	(DFSCs),	
which	were	first	isolated	from	dental	follicle	of	human	third	molar	teeth,	
and	reported	as	the	progenitor	cells	or	precursor	cells	(PCs)	of	cemento-
blasts,	 periodontal	 ligament	 cells,	 and	 osteoblasts,	 are	 able	 to	 differ-
entiate	into	osteoblasts/cementoblasts,	adipocytes,	and	neurons	(Yao,	
Pan,	Prpic,	&	Wise,	2008),	and	generate	cementum	and	bone	tissues	in	
vivo	(Morsczeck	et	al.,	2005;	Yokoi	et	al.,	2007).	Dental	epithelial	stem	
cells	(DESCs),	which	were	isolated	from	the	developing	third	molar	or	
epithelial	rests	of	Malassez,	were	also	studied	for	tooth	and	periodontal	
regeneration	(Harada	et	al.,	1999;	Nam	et	al.,	2011)	and	can	generate	
enamel–dentin-	like	 complex	 structures	 in	 vivo	 after	 being	 combined	
with	dental	mesenchymal	cells	(Honda,	Shinohara,	Hata,	&	Ueda,	2007).

The	non-	dental	stem	cells	used	for	tooth	and	periodontal	regener-
ation	are	primarily	bone	marrow	mesenchymal	 stem	cells	 (BMMSCs),	
adipose-	derived	stem	cells	 (ADSCs),	embryonic	stem	cells	 (ESCs),	and	
induced	pluripotent	stem	cells	 (iPSCs).	BMMSCs	were	the	first	MSCs	
discovered	 and	 have	 shown	 a	 capacity	 for	 osteogenic,	 adipogenic,	
chondrogenic,	and	myogenic	differentiation.	For	tooth	and	periodontal	
regeneration,	BMMSCs	can	upregulate	the	expression	of	odontogenic	
genes	 and	 contribute	 to	 tooth	 regeneration	 after	 being	 recombined	
with	embryonic	oral	epithelium	(Ohazama,	Modino,	Miletich,	&	Sharpe,	
2004).	 Moreover,	 c-	Kit	 (+)-	enriched	 BMMSCs	 can	 differentiate	 into	
ameloblast-	like	cells	(Hu,	Nadiri,	et	al.,	2006;	Hu,	Unda,	et	al.,	2006),	as	
well	as	differentiate	into	periodontal	tissue	cells,	and	enhance	periodon-
tal	regeneration	(Hasegawa	et	al.,	2006,	Yang,	Rossi,	&	Putnins,	2010).

Adipose-	derived	 stem	 cells	 are	 stem	 cells	 derived	 from	 adipose	
tissues	and	are,	thus,	abundant	and	have	been	widely	used	for	regen-
erative	medicine.	Transplanting	ADSCs	 in	periodontal	 tissue	defects	
can	promote	cementum	and	organize	periodontal	ligament	fibers	and	
periodontal	vessel	 regeneration	 (Lemaitre	et	al.,	2017;	Tobita,	Uysal,	
Ogawa,	Hyakusoku,	&	Mizuno,	2008).	The	gene	expression	patterns	
of	ADSCs	are	 similar	 to	DPSCs,	 and	 transplanting	ADSCs	 into	adult	
rabbit	extraction	sockets	can	regenerate	dentin,	periodontal	ligament,	
and	alveolar	bone	structure	(Hung	et	al.,	2011).

Embryonic	stem	cells	are	pluripotent	stem	cells	derived	from	the	un-
differentiated	inner	cell	mass	of	the	blastocyst	and	can	differentiate	into	
almost	all	cell	 lineages	 including	endoderm,	mesoderm,	and	ectoderm	
(Evans	&	Kaufman,	1981).	ESCs	can	differentiate	odontogenic	and	peri-
odontal	cell	lineages	in	conditioned	culture	medium	or	if	cocultured	with	
PDLSCs	or	embryonic	oral	epithelium	cells,	indicating	their	potential	for	
tooth	and	periodontal	regeneration	(Inanc	et	al.,	2009;	Ning	et	al.,	2010).

Induced	 pluripotent	 stem	 cells	 (iPSCs)	 were	 firstly	 discovered	
in	 2006	 and	 then	 raised	 substantial	 interest	 in	 regenerative	medi-
cine	 (Takahashi	 &	 Yamanaka,	 2006).	 Recently,	 dental	 cells	 includ-
ing	 DPSCs,	 SHEDs,	 PDLSCs,	 and	 SCAPs	 have	 been	 successfully	
reprogrammed	 into	 iPS	 cells	 (Wada	 et	al.,	 2011;	 Yan	 et	al.,	 2010).	
In	 addition,	 iPS	 cells	 reprogrammed	 from	 non-	dental	 cells,	 can	
also	 result	 in	 alveolar	 bone	 formation,	 cementum,	 and	 periodontal	

F IGURE  1 Stem	cell-	based	tooth	and	periodontal	regeneration.	
Current	investigations	of	stem	cell-	based	tooth	and	periodontal	
regeneration	including	dentin–pulp,	tooth	root,	whole	tooth,	and	
periodontal	tissue	regeneration
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ligament	(PDL)	regeneration	in	mice,	and	demonstrated	the	ability	of	 
iPSCs	to	contribute	to	periodontal	regeneration	(Duan	et	al.,	2011).	
Tooth	formation	depends	on	multiple	cell	populations,	such	as	den-
tal	epithelium,	dental	mesenchyme,	and	neural	crest-	like	cells;	iPSCs	
could	differentiate	into	these	cells	that	promote	tooth	regeneration	
(Cai	et	al.,	2013;	Wen	et	al.,	2012).	 In	addition,	 iPSCs	can	differen-
tiate	 into	mesenchymal	stem	cells	and	osteoprogenitor	cells,	which	
have	potential	for	dental	tissue	regeneration	(Hynes	et	al.,	2015).

3  | THE DENTIN–PULP REGENERATION

Dental	pulp	is	a	complex	organized	tissue	with	various	types	of	cells	
and	structures,	providing	nutrition,	 sensation,	and	defense	against	
the	 various	 pathogens;	 additionally,	 it	 produces	 dentin	 and	main-
tains	the	biological	and	physiological	vitality	of	the	dentin.	Pulpitis,	
which	is	one	of	the	most	common	diseases	related	to	pulp,	usually	

TABLE  1 Comparison	of	stem	cell	features	between	dental	and	other	stem	cells	(Huang	et	al.,	2009;	Inanc	&	Elcin,	2011;	Ullah	et	al.,	2015)

Stem cell types Population doubling
Multipotential 
differentiation

De novo tissue 
formation

Application in tooth and 
periodontal regeneration

Dental	stem	cell DPSCs 60–120 Osteo/Dentinogenic
Adipogenic
Chondrogenic
Myogenic
Neurogenic

Dentin–pulp-	like	
tissue
Bone-	like	tissue
Blood	vessel
Neuronal	tissue

Dentin–pulp
Tooth	root
Periodontal	tissue	regeneration

SHEDs >140 Osteo/Dentinogenic	
Adipogenic
Chondrogenic
Myogenic
Neurogenic

Dentin–pulp-	like	
tissue
Bone-	like	tissue
Blood	vessel
Neuronal	tissue

Dentin–pulp
Tooth	root
Periodontal	tissue	regeneration

SCAPs >70 Osteo/Dentinogenic	
Adipogenic
Neurogenic

Dentin–pulp-	like	
tissue
Blood	vessel

Dentin–pulp
Tooth	root	regeneration

PDLSCs ND Osteo/Cementogenic
Adipogenic
Chondrogenic
Neurogenic

Cementum-	like	
tissue
PDL-	like	tissue

Periodontal	tissue	regeneration

DFSCs ND Cementogenic
Odontogenic
Adipogenic
Chondrogenic

PDL-	like	tissue
Cementum-	like	
tissue

Tooth	root
Periodontal	tissue	regeneration

Non-	dental	stem	cell BMMSCs 30–50 Osteogenic
Odontogenic
Adipogenic
Chondrogenic
Myogenic
Neurogenic

Bone-	like	tissue
Cartilage
Muscle
Neuronal	tissue
Tooth-	like	tissue

Whole	tooth
Periodontal	tissue	regeneration

ADSCs 30–50 Osteogenic
Adipogenic
Chondrogenic
Myogenic
Neurogenic

Bone-	like	tissue
Cartilage
Blood	vessel
Adipose	tissue

Periodontal	tissue	regeneration

ESCs ND Almost	all	cell	lineage	
including	endodermal,	
mesodermal,	and	
ectodermal

Bone-	like	tissue
Cartilage
Myocardium
Blood	vessel
Adipose	tissue
Neuronal	tissue

Whole	tooth
Periodontal	tissue	regeneration

iPSCs ND Almost	all	cell	lineage	
including	endodermal,	
mesodermal,	and	
ectodermal.

Bone-	like	tissue
Cartilage
Myocardium
Blood	vessel
Adipose	tissue
Neuronal	tissue

Whole	tooth
Periodontal	tissue	regeneration

ND,	not	determined;	DPSCs,	dental	pulp	stem	cells;	SHEDs,	stem	cells	from	human	exfoliated	deciduous	teeth;	SCAPs,	stem	cells	from	the	dental	apical	
papilla;	PDLSCs,	periodontal	 ligament	 stem	cells;	DFSCs,	dental	 follicle	 stem	cells;	BMMSCs,	bone	marrow	mesenchymal	 stem	cells;	ADSCs,	adipose-	
derived	stem	cells;	ESCs,	embryonic	stem	cells;	iPSCs,	induced	pluripotent	stem	cells.
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caused	by	dental	trauma	and	caries.	Due	to	the	complex	structure,	
small	volume,	and	insufficient	blood	supply	of	dental	pulp,	it	is	dif-
ficult	 to	eradicate	the	 infection	and	 initiate	self-	healing	 in	pulpitis.	
The	 traditional	 therapy	 for	 pulpitis	 is	 root	 canal	 therapy,	 by	 re-
moving	 the	 inflamed	pulp	and	 replacing	 it	with	 inorganic	material.	
However,	this	treatment	usually	leads	to	tooth	fragility	and	fracture	
(Ricketts,	2001).	As	a	result,	keeping	or	regenerating	vital	pulps	is	a	
better	 choice.	There	are	primarily	 two	approaches	 for	dental	pulp	
regeneration:	pulp	revascularization;	and	scaffold	and/or	stem	cell-	
based	pulp	 regeneration.	Dental	pulp	 revascularization	usually	de-
pends	on	inducing	host	cells	from	the	apical	region	to	migrate	into	
the	root	canal	and	differentiate	into	a	vascularized	pulp	tissue.	The	
root	canal	space	should	be	disinfected,	and	the	resulting	blood	clots	
induce	 cell	 migration	 and	 initiate	 pulp	 tissue	 formation.	 Another	
approach	 is	 scaffold	 and/or	 stem	 cell-	based	 pulp	 regeneration.	
Since	Mooney	 and	 colleagues’	 first	 study	of	 pulp	 tissue	 engineer-
ing	(Mooney,	Powell,	Piana,	&	Rutherford,	1996),	numerous	studies	
have	been	made	in	a	variety	of	animal	models	to	achieve	complete	
pulp	regeneration.

3.1 | Cell- transplanted approach for dentin–pulp 
regeneration

Dental	pulp	stem	cells	can	form	dentin-	like	structures	when	trans-
planted	 in	 combination	with	 hydroxyapatite/tricalcium	 phosphate	
(HA/TCP)	 in	 immunocompromised	 mice	 (Gronthos	 et	al.,	 2000).	
Dentin–pulp	 tissue	has	been	 regenerated	using	different	 kinds	of	
stem	cells	such	as	SHEDs	and	SCAPs	(Cordeiro	et	al.,	2008;	Huang,	

Al-	Habib,	&	Gauthier,	2013)	combined	with	scaffolds.	Not	only	the	
ectopic	dentin–pulp	tissue,	but	also	pulp-	like	tissue	can	be	regen-
erated	de	novo	 in	emptied	root	canal	space	by	SCAPs	and	DPSCs	
(Huang	 et	al.,	 2010).	 Preclinical	 studies	 about	 dentin–pulp	 regen-
eration	 in	 large	animal	models	have	also	been	performed.	Porcine	
deciduous	 pulp	 stem/progenitor	 cells	 transplanted	 with	 a	 beta-	
tricalcium	 phosphate	 (β-	TCP)	 scaffold	 could	 mediate	 dentin–pulp	
regeneration	 in	swine	 (Zheng	et	al.,	2012).	A	combination	of	den-
tal	 pulp	 cells	 and	 platelet-	rich	 plasma	 could	 increase	 dentin–pulp	
regeneration	within	 the	 root	 canals	 of	miniature	 dogs	 (Zhu	 et	al.,	
2013).

3.2 | Cell homing approach for dentin–pulp 
regeneration

Unlike	 the	 cell	 transplant	 approach,	 the	 basis	 of	 a	 cell	 homing	 ap-
proach	 is	 encouraging	 the	 recruitment	 of	 endogenous	 cells,	 includ-
ing	 stem/progenitor	 cells	 to	 repair	 or	 regenerate	 tissue	 (Laird,	 von	
Andrian,	&	Wagers,	2008;	Lee	et	al.,	2010).	Cell	homing	 induced	by	
a	 series	 of	 molecules	 (vascular	 endothelial	 growth	 factor,	 platelet-	
derived	 growth	 factor,	 or	 basic	 fibroblast	 growth	 factor	 combined	
with	nerve	growth	factor	and	bone	morphogenic	protein	7	[BMP7])	
is	 sufficient	 for	 the	 regeneration	of	 dental-	pulp-	like	 tissue	 in	 endo-
dontically	treated	human	teeth	(Kim,	Lee,	Kim,	&	Mao,	2010;	Kim,	Xin,	
et	al.,	2010).	A	cell	homing	approach	eliminates	the	cell	isolation,	cul-
ture,	and	transplantation	and	would	be	an	optional	therapy	for	dental	
dentin–pulp	 regeneration	 (Huang	&	Garcia-	Godoy,	2014;	Kim	et	al.,	
2013).

F IGURE  2 Regenerative	strategy	of	whole	tooth	and	bioroot.	Fully	functional	teeth	can	be	regenerated	in	vivo	by	transplanting	
bioengineered	tooth	germs	reconstituted	from	epithelial	and	mesenchymal	cells	via	the	organ	germ	method.	The	functional	regeneration	of	
bioroot	in	vivo	by	transplanting	bioroot	complex	reconstituted	from	scaffold,	mesenchymal	stem	cells,	and	mesenchymal	stem	cells	sheets
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4  | WHOLE TOOTH REGENERATION

Tooth	loss	is	one	of	the	most	common	diseases	and	can	be	caused	by	
periodontal	disease,	caries,	or	trauma.	Currently,	dental	implants	are	
considered	 as	 the	 best	 clinical	method	 for	 restoring	 tooth	 function	
and	have	achieved	long-	term	success.	With	the	advance	of	biomedical	
science,	 regenerative	medicine	has	become	a	promising	 therapeutic	
strategy	to	heal	or	replace	damaged	tissues	and	organs.	Thus,	it	is	not	
surprising	 that	 the	concept	of	 tooth	regeneration	 is	of	considerable	
interest	to	researchers.

4.1 | Epithelial–mesenchymal- based whole tooth 
regeneration

The	principle	of	epithelial–mesenchymal	interactions	is	used	to	guide	
the	 tooth	 regeneration	 as	 tooth	 regeneration	 strategy	 (Figure	2).	
According	 to	 the	 cell	 reconstruction	 way,	 epithelial–mesenchymal-	
based	tooth	regeneration	could	be	divided	into	two	categories,	scaf-
fold	dependent,	and	independent.

4.1.1 | Scaffold independent epithelial–
mesenchymal- based tooth regeneration

Dissociation–reassociation	 experiments	 showed	 that	 dental	 epithe-
lial	histogenesis	and	crown	morphogenesis	can	be	controlled	by	dental	
mesenchyme	(Hu	et	al.,	2005).	A	two-	step	implantation–transplantation	
strategy	was	proposed	for	a	clinically	feasible	approach	of	tooth	regen-
eration:	an	 initial	temporary	ectopic	 implantation	under	the	skin	of	the	
host	allows	further	development	of	the	crown	as	well	as	the	formation	of	
root	tissues,	the	periodontium	and	surrounding	bone;	then,	this	material	
might	be	transplanted	as	a	whole	to	the	host	site	(maxilla	or	mandible;	Hu,	
Nadiri,	et	al.,	2006;	Hu,	Unda,	et	al.,	2006).	This	strategy	was	also	known	
as	the	cell	aggregation	method.	The	dental	epithelial	and	mesenchymal	
tissues	 from	embryonic	 tooth	 germs	were	 isolated	by	using	 stereomi-
croscopic	guidance,	and	dissociating	such	tissues	with	surgical	and	en-
zymatic	treatments	to	obtain	single	stem	cells.	These	were	then	used	to	
reconstitute	bioengineered	tooth	germs	without	scaffolds	(Purnell,	2008).	
The	bioengineered	tooth	germ	was	transplanted	into	a	tooth	loss	region	
directly	and	then	would	develop	into	a	functioning	mature	tooth	(Ikeda	
et	al.,	2009).	Alternatively,	 the	bioengineered	 tooth	germ	was	cultured	
into	a	bioengineered	tooth	unit,	which	contained	a	mature	tooth,	peri-
odontal	ligament,	and	alveolar	bone,	and	then	transplanted	into	a	tooth	
loss	region	 (Oshima	et	al.,	2011).	Recently,	 iPSCs	were	used	for	whole	
tooth	regeneration.	When	combined	with	integration-	free	human	urine-	
induced	 pluripotent	 stem	 cells	 (ifhU-	iPSCs)-	derived	 epithelial	 sheets,	
mouse	dental	mesenchyme	stem	cells,	and	transplanted	into	mouse	sub-
renal	capsules	for	3	weeks,	a	tooth	could	be	regenerated	(Cai	et	al.,	2013).

4.1.2 | Scaffold- dependent epithelial–mesenchymal- 
based tooth regeneration

To	 regenerate	 a	 tooth,	 the	 most	 important	 is	 reconstructing	 the	
epithelial–mesenchymal	 complex	 and	 mimicking	 the	 reciprocal	

epithelial–mesenchymal	interactions	that	occur	during	the	tooth’s	de-
velopmental	process	(Ikeda	&	Tsuji,	2008).	Porcine	third	molar	tooth	
buds	were	dissociated	into	single-	cell	suspensions	and	seeded	them	
onto	biodegradable	polymers,	 and	 tooth-	like	 tissue	were	 generated	
after	transplantation	into	rat	hosts	(Young	et	al.,	2002).	Also,	rat	tooth	
bud	cells	were	isolated	and	seeded	on	polyglycolic	acid	(PGA)	or	poly-	
lactide	co-	glycolide	copolymer	(PLGA)	scaffolds,	and	the	results	have	
shown	potential	to	generate	tooth-	like	tissues	(Duailibi	et	al.,	2004).	A	
three-	dimensional	bioengineered	 incisor	tooth	germ	culture	method	
has	been	established	by	a	three-	dimensional	collagen	gel	(Nakao	et	al.,	
2007).

4.2 | Stem cell- based whole tooth regeneration

Due	 to	 the	 limited	 sources	 of	 autologous	 tooth	 germ	 cells,	 or	 po-
tential	 immunorejection	 of	 xenogenic	 tooth	 germ	 cells,	 epithelial–
mesenchymal-	based	 tooth	 regenerations	 are	 of	 limited	 application.	
Thus,	the	concept	of	stem	cell-	based	tooth	regeneration	has	emerged.	
This	strategy	of	tooth	regeneration	depends	on	the	multipotential	dif-
ferentiation	of	stem	cells,	rather	than	epithelial–mesenchymal	 inter-
actions.	A	tooth-	shaped	scaffold	constructed	by	poly-	ε-	caprolactone	
(PCL)	 and	 hydroxyapatite	 (HA),	 and	 combined	with	 stromal-	derived	
factor-	1	and	BMP7,	was	able	to	generate	a	whole	tooth-	like	structure	
by	recruiting	endogenous	cells	(Kim,	Lee,	Kim,	&	Mao,	2010;	Kim,	Xin,	
et	al.,	2010).

5  | THE BIOROOT REGENERATION

Although	great	progress	has	been	made	in	whole	tooth	regeneration,	
there	are	still	some	obstacles,	such	as	uncontrolled	morphology	and	
tooth	eruption.	The	tooth	root	provides	a	stable	anchor	for	a	natural	
or	postsupported	crown.	Compared	to	whole	tooth	regeneration,	re-
generating	the	root	may	be	more	feasible	in	the	near	future.	A	bioroot	
was	 regenerated	 by	 implanting	 preshaped	 root-	like	 scaffolds	 com-
bined	with	mesenchymal	stem	cells	into	the	alveolar	bone	to	form	a	
functional	root,	having	root-	like	structure,	similar	biomechanical	prop-
erties	and	elements	to	natural	teeth,	periodontal	ligament-	like	tissue	
and	dentin-	like	matrix	 structure,	 and	 is	 capable	of	 supporting	post-
crown	prostheses	(Figure	2).	In	the	first	attempt,	a	root	shape	of	HA/
TCP	as	a	carrier	covered	with	autologous	SCAPs	was	used	for	dentin	
regeneration,	and	autologous	PDLSCs	used	for	periodontal	 ligament	
regeneration,	 in	miniature	pigs.	A	 root/periodontal	 complex	 formed	
and	the	concept	of	a	bioroot	was	verified	(Sonoyama	et	al.,	2006).	A	
subsequent	 study	 transplanted	 a	 root	 shape	HA/TCP	 scaffold	 con-
taining	 allogeneic	 dental	 pulp	 stem	 cells	 and	 covered	 by	 a	 vitamin	
C-	induced	 allogeneic	 periodontal	 ligament	 stem	 cell	 sheet,	 into	 the	
jaw	bones	of	miniature	pigs.	Functional	bioroot	regeneration	was	also	
achieved	(Wei	et	al.,	2013).	Compared	to	a	dental	implant,	a	bioroot	
is	superior	in	biomechanical	properties,	such	as	compressive	strength,	
modulus	of	elasticity,	and	torsional	 force,	 that	 is,	all	more	similar	 to	
the	 properties	 of	 the	 natural	 tooth	 root	 (Gao	 et	al.,	 2016).	 In	 addi-
tion,	 treated	dentin	matrix	 (TDM)	 could	 be	 a	 biological	 scaffold	 for	
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dentinogenesis	 and	 tooth	 root	 construction	 (Luo	 et	al.,	 2015;	 Yang	
et	al.,	2012).

6  | PERIODONTAL TISSUE REGENERATION

Periodontitis	 is	a	chronic	infectious	disease	of	the	soft	and	hard	tis-
sues	supporting	the	teeth	and	is	a	major	cause	of	tooth	loss	in	adults	
(Pihlstrom,	Michalowicz,	&	Johnson,	2005).	Mesenchymal	stem	cells	
derived	 from	 inflamed	 periodontal	 ligaments	 exhibit	 impaired	 im-
munomodulation	(Liu	et	al.,	2012).	Conventional	periodontal	therapy	
involves	 debridement	 of	 the	 root	 surface	 to	 induce	healing,	 guided	
tissue	 regeneration	 (Needleman	 et	al.,	 2006),	 and	bone	 graft	 place-
ment.	 Indeed,	 the	 traditional	 treatment	 for	 periodontitis	 is	 associ-
ated	with	 a	 relatively	 high	 degree	 of	 variability	 in	 clinical	 outcome	

(Aichelmann-	Reidy	&	Reynolds,	2008),	and	the	curative	effect	remains	
unsatisfactory.	The	advances	 in	regenerative	medicine	have	made	it	
possible	for	periodontal	regeneration	based	on	MSC-	mediated	tissue	
engineering	(Bartold,	McCulloch,	Narayanan,	&	Pitaru,	2000).	Among	
all	the	mesenchymal	stem	cells,	PDLSCs	are	the	main	candidate	stem	
cells	in	periodontal	regeneration.	Transplanting	PDLSCs	directly	into	
periodontal	defect	areas	resulted	in	periodontal	regeneration	(Bartold,	
Shi,	 &	 Gronthos,	 2006).	When	 transplanted	 into	 surgically	 created	
periodontal	defect	areas	in	miniature	pigs,	autologous	and	allogeneic	
PDLSCs	also	were	capable	of	regenerating	periodontal	tissues	(Ding,	
Liu,	 et	al.,	 2010;	Ding,	Wang,	 et	al.,	 2010;	 Liu	 et	al.,	 2008),	 indicat-
ing	PDLSC-	mediated	tissue	engineering	could	be	a	useful	treatment	
for	 periodontitis.	 The	 potential	 mechanism	 has	 also	 been	 clarified	
and	 is	 largely	 dependent	 on	 the	 immunomodulatory	 properties	 of	
PDLSCs.	 These	 cells	 possess	 low	 immunogenicity	 and	 remarkable	

F IGURE  3 Regenerative	strategy	of	
periodontal	tissue.	Periodontal	tissue	
can	be	regenerated	in	periodontal	
diseases	with	bone	defects	by	injection	of	
mesenchymal	stem	cells	or	transplantation	
of	mesenchymal	stem	cells	sheets

TABLE  2 Clinical	trials	of	stem	cell-	based	tooth	and	periodontal	regeneration

Study Conditions Intervention
NIH clinical trial 
registration number

1 Revitalization	of	Immature	Permanent	Teeth	
With	Necrotic	Pulps	Using	SHED	Cells

Dental	pulp	necrosis;	permanent	
incisor	avulsed	by	trauma

Scaffold-	free	SHED-	
derived	pellet

NCT01814436

2 Feasibility	of	the	Preparation	of	an	Advanced	
Therapy	Medicinal	Product	for	Dental	Pulp	
Regeneration

Dental	pulp	regeneration Teeth	avulsion NCT02842515

3 Clinical	Trials	of	Regeneration	for	Periodontal	
Tissue

Adult	periodontitis Surgical	operation	of	cell	
transplantation

NCT00221130

4 Periodontal	Tissue	Regeneration	Using	
Autologous	Periodontal	Ligament	Stem	Cells

Periodontal	pocket Cell	therapy NCT01357785

5 Periodontal	Ligament	Stem	Cell	Implantation	in	
the	Treatment	of	Periodontitis

Chronic	periodontitis Cell	sheet	pellets	and	cell	
sheet	fragment

NCT01082822

6 Periodontal	Regeneration	of	Chronic	Periodontal	
Disease	Patients	Receiving	allogeneic	Stem	
Cells	Injection	Therapy

Periodontal	diseases DPSC	injection NCT02523651

7 Autologous	Alveolar	Bone	Marrow	
Mesenchymal	Stem	Cells	for	the	
Reconstruction	of	Infrabony	Periodontal	
Defects

Chronic	periodontitis BMMSCs/fibrin	glue/
collagen	fleece

NCT02449005



     |  7HU et al.

immunosuppression	via	secreting	prostaglandin	E2	(PGE2),	leading	to	
PGE2-	induced	T-	cell	anergy	(Ding,	Liu,	et	al.,	2010;	Ding,	Wang,	et	al.,	
2010).	In	addition,	PDLSCs	suppressed	B-	cell	activation	through	cell-	
to-	cell	contact	mostly	mediated	by	programmed	cell	death	protein	1	
(PD1)	and	programmed	cell	death	1	ligand	1	(PDL1;	Liu	et	al.,	2013).

Previous	studies	mainly	combined	 the	stem	cells	with	a	 scaffold	
for	 periodontal	 regeneration,	 for	 example,	 collagen,	 fibrin,	 hydrogel,	
gelatin.	However,	major	concerns	are	the	complicated	transplantation	
process	and	the	potential	for	host	rejection.	Recently,	non-	scaffold	tis-
sue	engineering	has	been	of	increasing	interest	to	researchers.	There	
are	primarily	two	non-	scaffold	strategies,	cell	injection	and	cell	sheets	
(Figure	3).

Cell	injection	has	been	the	common	treatment	in	stem	cell-	based	
tissue	engineering	(Kinnaird	et	al.,	2004).	Local	injection	of	DPSCs	or	
PDLSCs	has	also	been	 shown	effective	 for	 treating	periodontal	dis-
eases	(Baik,	Park,	Lee,	&	Chung,	2014).	Periodontal	regeneration	was	
observed	in	a	rat	periodontitis	model	after	local	injection	of	a	BMMSC	
suspension	(Du,	Shan,	Ma,	Wang,	&	Fan,	2014).

Cell	sheet	engineering	has	been	developed	as	a	unique,	scaffold-	
free	 method	 of	 cell	 processing	 by	 culturing	 in	 ascorbic	 acid	 (Wei	
et	al.,	2012;	Du	et	al.,	2014)	or	utilizing	temperature-	responsive	cell	
culture	vessels	(Owaki,	Shimizu,	Yamato,	&	Okano,	2014).	Cell	sheets	
can	maintain	extracellular	matrix	and	cell–cell	junctions,	which	would	
be	degraded	by	proteolytic	enzymes	such	as	trypsin	and/or	dispase,	
and	has	shown	positive	outcomes	in	treating	many	diseases	(Nishida	
et	al.,	2004;	Ohashi	et	al.,	2007;	Owaki	et	al.,	2014).	Transplantation	
of	periodontal	 ligament	cell	 (PDL)	cell	sheets	 in	an	athymic	rat	me-
sial	 dehiscence	 model	 led	 to	 identifiable	 periodontal	 ligament-	like	
tissues	 that	 included	 an	 acellular	 cementum-	like	 layer	 and	 fibrils	
anchoring	 into	 this	 layer	 (Hasegawa,	 Yamato,	 Kikuchi,	 Okano,	 &	
Ishikawa,	2005).	Periodontal	ligament	cell	sheets	were	used	for	peri-
odontal	 regeneration	 in	studies	of	dogs	 (Akizuki	et	al.,	2005;	 Iwata	
et	al.,	 2009).	 Besides	 PDLSCs	 (Ding,	 Liu,	 et	al.,	 2010;	Ding,	Wang,	
et	al.,	2010;	Liu	et	al.,	2008),	DPSCs	(Hu	et	al.,	2016;	Khorsand	et	al.,	
2013),	SHEDs	(Fu,	Jin,	Ma,	Fan,	&	Wang,	2014),	BMMSCs	(Du	et	al.,	
2014),	ADSCs	also	have	 the	potential	 for	periodontal	 regeneration	
(Tobita	&	Mizuno,	2013).

7  | TRANSLATIONAL STUDIES IN 
STEM CELL- BASED TOOTH AND 
PERIODONTAL REGENERATION

7.1 | Tooth stem cell banking

Compared	to	other	stem	cells’	banking,	tooth	stem	cell	banking	is	just	
at	the	initial	stage,	but	is	catching	up	quickly.	Cryopreservation	does	
not	affect	the	biological	and	immunological	properties	of	SCAPs,	sup-
porting	 the	 feasibility	 of	 SCAP	 cryopreservation	 in	 nitrogen	 (Ding,	
Liu,	et	al.,	2010;	Ding,	Wang,	et	al.,	2010).	In	the	USA,	there	are	sev-
eral	companies	or	 institutions	(BioEden,	StemSave,	The	Tooth	Bank,	
National	Dental	Pulp	Laboratory,	Store-	A-	Tooth)	involved	in	banking	
tooth	stem	cells.	 In	Japan,	Hiroshima	University	established	a	 tooth	
bank	named	“Three	Brackets,”	and	Nagoya	University	also	developed	

a	tooth	bank	in	2007.	Taipei	Medical	University	(TMU)	in	collabora-
tion	with	Hiroshima	University	also	opened	a	 similar	 tooth	bank.	 In	
Norway,	the	Norwegian	Tooth	Bank	was	set	up	for	collecting	exfoli-
ated	primary	teeth	from	children	 (Arora,	Arora,	&	Munshi,	2009).	 In	
India,	tooth	banks	(Stemade	and	Storeyourcells)	have	also	been	estab-
lished	for	dental	stem	cell	banking.	In	China,	tooth	stem	cell	banking	
has	been	established	for	years	in	Beijing	and	dental	stem	cell	products,	
such	as	human	dental	pulp	mesenchymal	stem	cell	injection,	are	now	
being	used	in	routine	clinical	practice.

7.2 | Human studies and clinical trials

Periodontal	 regeneration	 was	 achieved	 in	 human	 studies	 using	
PDLSCs,	 BMMSCs,	 and	 cells	 derived	 from	 gingiva	 or	 periosteum	
(Monsarrat	et	al.,	2014).	 In	addition,	several	clinical	 trials	have	been	
registered	 for	dental	pulp	and	periodontal	 regeneration	 (Table	2).	A	
clinical	trial	was	conducted	for	revitalization	of	immature	permanent	
teeth	 with	 necrotic	 pulps	 using	 autologous	 SHEDs,	 which	 is	 cur-
rently	 recruiting	 participants	 (NIH	 clinical	 trial	 registration	 number:	
NCT01814436).	 Another	 clinical	 trial	 was	 directed	 at	 transplanting	
autologous	DPSCs	for	dental	pulp	regeneration	(NIH	clinical	trial	reg-
istration	number:	NCT02842515).	This	study	is	now	finished,	but	the	
outcome	is	still	unpublished.	Additional	clinical	trials	are	targeted	for	
periodontal	regeneration.	There	were	two	trials	for	periodontal	regen-
eration	using	PDLSCs,	one	for	the	safety	and	efficacy	of	autologous	
PDLSCs	 for	 the	 regeneration	of	deep	periodontal	 infrabony	defects	
in	35	patients	(NIH	clinical	trial	registration	number:	NCT01357785),	
and	 another	 for	 safety	 and	 efficacy	 of	 periodontal	 regeneration	 by	
allogeneic	PDLSC	cell	sheet	in	80	patients	(NIH	clinical	trial	registra-
tion	number:	NCT01082822).	No	clinical	safety	problems	were	found	
during	these	clinical	trials.	However,	no	statistically	significant	differ-
ences	between	 the	group	 treated	with	PDLSC	 sheets	 and	 the	 con-
trol	 group	were	 seen	 (Chen	 et	al.,	 2016).	 In	 addition,	 two	 trials	 are	
currently	recruiting	patients.	One	aims	to	study	local	periodontal	re-
generation	 of	 chronic	 periodontal	 disease	 patients	 receiving	 alloge-
neic	human	DPSCs	via	injection	therapy	(NIH	clinical	trial	registration	
number:	NCT02523651).	Another	 is	a	 randomized	trial,	 focusing	on	
the	safety	and	efficacy	of	regenerative	treatment	of	 infrabony	peri-
odontal	defects	using	autologous	BMMSCs	combined	with	collagen	
scaffolds	enriched	with	fibrin	glue	(NIH	clinical	trial	registration	num-
ber:	NCT02449005).

8  | SUMMARY

Several	kinds	of	stem	cells	have	been	isolated	from	human	adult	teeth	
and	 have	 been	 used	 for	 tooth	 and	 periodontal	 regeneration.	 Non-	
dental	 stem	cells,	 like	BMMSCs,	ADSCs,	 and	 iPSCs,	have	also	been	
used	for	these	studies.	Different	strategies	were	investigated	for	tooth	
and	periodontal	regeneration,	such	as	epithelial–mesenchymal-	based	
whole	 tooth	 regeneration	 or	 cell	 homing	 strategies,	 bioroot	 regen-
eration,	 cell	 injection,	 or	 cell	 sheet-	based	 periodontal	 regeneration.	
However,	the	fates	and	functions	of	stem	cells	after	transplantation	
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need	to	be	clarified.	Although	tooth	stem	cell	banking	and	clinical	tri-
als	have	been	organized,	their	beneficial	results	for	patients	need	to	
be	determined.	With	improved	efficacy	of	tooth	and	periodontal	re-
generation,	stem	cell-	based	tooth	and	periodontal	regeneration	may	
become	widely	used	for	clinical	applications	in	the	future.
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