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Abstract Dental disorders, including dental caries and peri-
odontal disease, can cause fundamental problems for oral func-
tions, such as enunciation, mastication and occlusion, as well as
general health issues. Tooth regenerative therapies for tissue
repair and whole tooth replacement are currently being devel-
oped as novel treatment approaches. As a form of
bioengineered organ replacement, whole tooth replacement
therapy is considered an important model system for next-
generation regenerative therapy. We recently reported
bioengineered tooth replacements after transplantation of a
bioengineered tooth germ or mature tooth unit comprising the
bioengineered tooth and periodontal tissues. Whole tooth re-
generative therapy has the potential to fully restore tooth func-
tion, including masticatory potential in response to mechanical
stress and perceptive potential for noxious stimulation. In this
review, we describe recent findings and technologies underpin-
ning tooth regenerative therapy.
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Introduction

Functions of teeth such as enunciation, mastication and oc-
clusion are important components of a healthy life [1]. The
tooth is of ectodermal origin, its development is regulated by
reciprocal epithelial-mesenchymal interactions [2, 3], and it
has distinctive hard tissues that include enamel, dentin, and
cementum. Teeth also contain a soft connective tissue such as
pulp and are surrounded by another soft connective tissue,
periodontal ligament. Both of these tissues contain nerve
fibres and blood vessels to maintain tooth homeostasis [4].
Dental disorders, including dental caries, periodontal disease
or trauma, cause fundamental problems for oral function and
are associated with oral and general health issues [1].
Conventionally, tooth restoration involves replacement with
artificial materials including dentures or dental implants [5, 6].
Although these artificial therapies are widely applied to the
rehabilitation for tooth loss, there have been recent improve-
ments that enhance the biological functions underlying tooth
movement through bone remodelling [7].

Current advances in future regenerative therapies have
been influenced by many previous studies of embryonic de-
velopment, stem cell biology and tissue engineering technol-
ogies [8, 9]. To restore partial loss of organ function and to
repair damaged tissues, attractive regenerative therapy con-
cepts include stem cell transplantation [10] and cytokine ther-
apy targeted to structural and functional diseases [11]. Tooth-
derived stem cells and the cytokine networks that regulate
tooth development have been well characterised at the molec-
ular level [7, 12]. Dental pulp stem cells (DPSCs) and stem
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cells from human exfoliated deciduous teeth (SHED) have
been isolated from the dental pulp of human permanent third
molars and exfoliated deciduous teeth, respectively [13, 14].
DPSCs and SHED are thought to be tooth tissue-derived stem
cells with high proliferative capacities and sufficient potency
to develop into odontoblasts, adipocytes and neural-like cells.
Apical papilla contain unique stem cells, known as stem cells
from apical papilla (SCAP), that have a high proliferative
potential, which is reflected by high levels of telomerase
activity and multi-potent differentiation capability that pro-
duces odontoblasts and adipocytes [15]. Furthermore, peri-
odontal ligament-derived stem cells (PDLSCs), which have
also been identified in adult human periodontal ligaments, can
be cultured as stem cells in vitro, and can differentiate into all
periodontal cell types after transplantation in vivo [16]. These
advances can be applied to the repair of the dentin-pulp
complex and periodontal tissues, including the alveolar bone,
by replacing enriched and purified stem cells [17–19].

The ultimate goal of regenerative therapy is to develop fully
functional bioengineered tissues that can replace lost or dam-
aged organs following disease, injury or aging [9, 20]. In the
dental field, tooth regenerative therapy involves the replacement
of a lost or damaged tooth with a bioengineered tooth recon-
structed from stem cells and with the potential to generate a
functional tooth unit, including the whole tooth and periodontal
tissue surrounding the alveolar bone [19]. The establishment of
tooth replacement regenerative therapy is anticipated in the near
future as a novel and successful biological treatment that will
provide essential functional recovery of lost teeth to satisfy
aesthetic and physiological requirements [21]. Many ap-
proaches to replace missing teeth have been evaluated over
the past three decades, including three-dimensionally
bioengineered teeth and tooth germ generation using biodegrad-
able materials and cell aggregation methods [19, 20, 22]. The
first reports of fully functioning bioengineered tooth replace-
ment with correct tissue structure, masticatory ability, respon-
siveness to mechanical stress and perceptive potential following
transplantation into tooth loss region were recently published
[23, 24•, 25••, 26•]. In this review, we describe the most recent
findings and technologies for whole tooth replacement, which
have the potential to provide functional recovery and entirely
replace the artificial materials currently used in dental
replacements.

Tooth Development

Organs such as hair, glands, kidneys and teeth arise from their
respective germs, which are induced by reciprocal interactions
between epithelial and mesenchymal tissues in the developing
embryo [2, 17]. The mechanisms of tooth organogenesis are
also regulated by reciprocal epithelial and mesenchymal in-
teractions, particularly those involved in stem cell, signalling

molecule and transcription factor pathways. In tooth germ
development, the dental lamina first thickens (lamina stage),
followed by epithelial thickening (placode stage) at the sites of
future teeth and subsequent epithelial budding to the neural
crest-derived ecto-mesenchyme. Tooth germ formation is ini-
tiated at embryonic days (ED) 10-11 in mice by epithelial
signals, e.g., FGF8, BMP4, Shh, TNF and Wnt10b. These
signals induce the expression of transcription factors, e.g.,
Barx1, Dlx1/2, Lhx6, Lhx7 Msx1, Pax9 and Gli, in the dental
mesenchyme, which then condense around the developing
epithelial bud (bud stage) [2, 3, 17]. At ED14 (cap stage), a
first enamel knot known as the transient epithelial signalling
centre, which expresses several signalling molecules includ-
ing Shh, BMPs, FGFs and Wnts, is thought to regulate the
epithelial-mesenchymal interactions. The terminal differenti-
ation of dental epithelial and dental mesenchymal cells into
ameloblasts and odontoblasts, respectively, occurs at ED16-
18 (bell stage). These progenitor cells secrete a collagenous
extracellular matrix that mineralises into the enamel and den-
tin matrix at the epithelium–mesenchyme interface. Tooth
morphogenesis, including tooth size and shape, are thought
to be regulated by signalling molecules such as the BMPs and
FGF4 emanating from the secondary enamel knots, which
regulate the cusp pattern of the mature natural tooth in the
early bell stage to form the tooth crown [17, 27]. The outer
mesenchymal cells of tooth germ form the dental follicle,
which can generate periodontal tissue, including cementum,
periodontal ligament and alveolar bone. After tooth crown
formation, tooth root formation is initiated, followed by tooth
eruption in the oral cavity.

Technological Developments for Whole Tooth
Regeneration

The current approach to generating ectodermal organs such as
teeth, hair follicles and salivary glands is to recreate organo-
genesis by mimicking the epithelial-mesenchymal interac-
tions that occur in the developing embryo, thereby developing
fully functional bioengineered organs from bioengineered
organ germ generated from immature stem cells via three-
dimensional cell manipulation in vitro [20, 21, 28–30]. For
tooth regeneration, a concept has been proposed in which a
bioengineered tooth germ is transplanted into the recipient
jawbone and subsequently develops into a functional mature
tooth (Fig. 1A, upper panel) [25••]. Transplantation of a
bioengineered mature organ would enable full function im-
mediately in vivo [3, 8, 26•]. Thus, it is also anticipated that it
will be possible to transplant a bioengineered tooth unit in-
cluding a mature tooth, periodontal ligament and alveolar
bone to achieve engraftment through physiological bone inte-
gration with the recipient’s alveolar bone (Fig. 1A, lower
panel) [26•]. To achieve whole tooth replacement, the first
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major issue is to develop a three-dimensional cell ma-
nipulation technology using completely dissociated epi-
thelial and mesenchymal cells in vitro. Two convention-
al approaches and a novel cell manipulation method are
currently being examined for the purpose of generating
bioengineered tooth germ or mature tooth and are described
below.

1) Bioengineering of tooth germ using a biodegradable
scaffold

Three-dimensional tissue engineering methods have pro-
vided the scaffold technology needed to regenerate suitably
shaped tissues by seeding potential cells onto degradable
materials fabricated from either natural ingredients or synthet-
ic polymers. This technique has shown high utility in three-
dimensional tissue engineering methods, and these prepara-
tions have been used in clinical applications such as bone and
cartilage regenerative therapies [9, 31, 32]. Studies using
polyglycolic acid and poly-L-lactate-co-glycolide copolymer
(PLA/PLGA) [33–35] or collagen/gelatine sponge as scaffold-
ing materials have reported that seeding epithelial and mesen-
chymal cells isolated from murine or porcine tooth bud onto a
tooth-shaped scaffold could generate small tooth structures,
including pulp, dentin and enamel, but not periodontal tissue
[19, 21, 35–39]. Although the scaffold method would be

practical for tooth shape and size control, it has critical limi-
tations, including tooth formation frequency and the
appropriate replication of tooth tissue structures such
as the enamel–dentin complex formation that underlies
proper arrangements of ameloblast and odontoblast cell
lineages, which are achieved through epithelial-mesenchymal
interactions as well as natural tooth development [4, 21].

2) Reconstruction of tooth germ using cell aggregation
methods

Cell aggregation is a typical bioengineering protocol that
aims to reconstitute a bioengineered organ germ that properly
reproduces epithelial-mesenchymal interactions and organo-
genesis [21, 38]. Transplantation of bioengineered cell aggre-
gates using hair follicles and mammary gland-derived stem
cells has shown promise for regenerating correct organ struc-
tures with proper arrangements of different cell types in vivo
[30, 40]. Tooth germs constructed from precipitates of dental
epithelial and mesenchymal cells by using cellular centrifuga-
tion can result in complete tooth formation [41, 42]. Mixed
cell aggregates of dissociated epithelial and mesenchymal
cells isolated from molar tooth germ can also develop into a
tooth with the correct structure, following epithelial cell
sorting and subsequent epithelial and mesenchymal cell self-
reorganisation [43]. Although this technique reconstructs

Figure 1 (A) Strategies for the whole tooth replacement regenerative
therapies. Functioning teeth can be regenerated in vivo by transplanting
bioengineered tooth germ reconstituted from epithelial and mesenchymal
cells via the organ germ method or by transplanting bioengineered tooth
units with periodontal ligament and alveolar bone developed from
bioengineered tooth germ. E: epithelium, M: mesenchyme. (B)
Coordination with the oral and maxillofacial regions. Functional teeth
should achieve sufficient masticatory performance with occlusion to the

opposing teeth. Tooth function is also responsive to mechanical stress and
noxious stimulations, in which it cooperates with both the oral and
maxillofacial regions. Noxious stimulations such as mechanical stress
and pain, which are detected by the sensory nerves in the pulp and by the
periodontal ligament of the tooth, are transduced by the corresponding
perceptions of the central nervous system via the trigeminal spinal nucle-
us in the medullary dorsal horn
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organogenesis, the frequency of tooth development and tissue
formation is insufficient.

3) Novel three-dimensional cell manipulation methods
for bioengineered tooth germ: the “Organ Germ
Method”

To achieve precise replication of the processes associated
with organogenesis, an in vitro three-dimensional novel cell
manipulation method designated as a bioengineered organ
germ method has been developed [23, 24•]. This method
involves cell compartmentalisation of epithelial and mesen-
chymal cells from mouse embryonic cap-stage tooth germs
at high cell density in a type I collagen gel to mimic
multicellular assembly and epithelial-mesenchymal interac-
tions as well as natural tooth development. The
bioengineered tooth germ generates a structurally correct
tooth after transplantation in an organ culture in vitro,
as well as following placement into a subrenal capsule
in vivo [23]. Tooth morphology is defined by the
macromorphological features of crown size and tooth
length, and the micromorphological features of the number
and position of the cusps. The crown size is based on the
reaction-diffusion model, and the regulation of the cusp
number and position is thought to be closely involved in
the formation of the secondary enamel knot [17].
Bioengineered tooth germs were reconstructed using vari-
ous contact lengths between the epithelial and mesenchy-
mal cell layers, and thereby the crown widths and cusp
numbers of these bioengineered teeth were dependent on
the contact length of the bioengineered tooth germs [44•].
These technologies have the potential to be adapted for suc-
cessful functional tooth replacement in vivo, and are expected
to represent an innovative advance in bioengineered organ
replacement regenerative therapies.

Functional Tooth Replacement Regenerative Therapy

Teeth have important oral functions such as mastication, pro-
nunciation, and facial aesthetics, which have an important
influence on quality of life [1]. These tooth-related functions
are achieved along with masticatory muscles and the tempo-
romandibular joint under the control of the central nervous
system (Fig. 1B) [45]. For successful tooth replacement re-
generative therapy, a tooth developed from a bioengineered
germ or a transplanted bioengineered mature tooth unit must
be capable of being successfully grafted into the lost tooth
region in an adult oral environment and achieve full function-
ality, including sufficient masticatory performance, biological
cooperation with the periodontal tissues and afferent
responsiveness to noxious stimulations in the maxillofacial
region [1].

1) Transplantation of bioengineered tooth germ or a
bioengineered mature tooth unit as a tooth replacement
therapy

Successful tooth regenerative therapy, via transplantation
of a bioengineered tooth germ into the lost tooth region,
requires that the transplanted germ erupt and occlude properly
with the opposing tooth in the adult jawbone. Tooth eruption
is a cooperative regulatory mechanism that involves the tooth
germ cell component and surrounding alveolar/jawbone [46].
Dental follicle cells migrate from near the surface of the
enamel organs and dental papillae to form the cementum,
periodontal ligament, and alveolar bone. These cells contrib-
ute to overlying bone resorption by enzymatic degeneration
during growth and the axial movement of the teeth during the
process of tooth eruption [47]. Bioengineered tooth germs can
develop the correct structure in a tooth cavity, and normal
tooth germs can develop and also erupt in a toothless diastema
region [48]. Furthermore, in animal models, bioengineered
tooth germs can form the correct tooth structure in the oral
cavity [23] and can successfully erupt 37 days after transplan-
tation. The bioengineered tooth subsequently reaches the oc-
clusal plane and maintains occlusion with the opposing tooth
from 49 days onwards [25••].

To produce a transplanted bioengineered tooth unit compris-
ing a mature tooth, periodontal ligament and alveolar bone, the
most critical consideration is whether the unit can be grafted into
the tooth loss region with subsequent bone integration, which
involves bone resorption of the alveolar bone of the
bioengineered tooth unit through natural bone remodelling at
the recipient site. Bioengineered teeth have been successfully
grafted at 40 days and subsequently maintained with a function-
al periodontal ligament originating from the bioengineered tooth
unit and traversing to the adjacent bone, implying successful
bone integration [26•]. Furthermore, the enamel and dentin
hardness of the bioengineered tooth components were in the
normal range when analysed by the Knoop hardness test [25••,
26•]. These approaches demonstrate the potential to restore
masticatory performance and natural tooth tissue through new
technologies.

2) The biological response of a bioengineered tooth to
mechanical stress

Tooth loss and functional disorders in periodontal liga-
ments cause fundamental problems for oral functions by af-
fecting pronunciation, mastication, occlusion, and associated
health issues [1]. The periodontal ligament plays an essential
role in the pathogenic and physiological responses of teeth to
extreme mechanical forces from bone remodelling accompa-
nied by orthodontic tooth movement (Fig. 1B) [47].
Autologous tooth transplantation following a traumatic dental
injury has demonstrated that teeth with healthy periodontal
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ligament cells can prevent ankylosis and attach successfully to
the surrounding alveolar bone tissue [49]. By contrast, the
absence of a periodontal ligament in osseo-integrated dental
implants is associated with deficiencies of the essential tooth
functions and in the natural structural relationship with the
root and alveolar bone [7, 50]. Biological regenerative therapy
using functional periodontal tissue has been shown to be
effective in restoring normal tooth functions as an alternative
to artificial therapy [51]. The periodontal ligaments of
bioengineered teeth that erupted following transplantation of
a bioengineered tooth germ resulted in the formation of ma-
ture tooth units with functional tooth movement equivalent to
that of natural teeth. Bone remodelling was successfully
reproduced via the proper localisation of osteoclasts and os-
teoblasts in response to mechanical stress. These findings
indicate that a bioengineered tooth can replicate critical dental
functions and subsequently lead to the restoration and
re-establishment of functional teeth within the maxillofacial
region [25••, 26•].

3) Proprioception potential of neuronal response in
bioengineered teeth

Teeth are a peripheral target organ for the sensory trigem-
inal and sympathetic nerves, both of which play important
roles in homeostasis and protection [50]. The perceptive po-
tential for noxious stimulation, including mechanical stress
and pain, are important for proper tooth function. Trigeminal
ganglional neurons, which innervate the pulp and PDL, can
respond to these stimulations and transduce the perceptions to
the central nervous system (Fig. 1B). It is anticipated that
tooth regenerative therapies will be able to recover the neuro-
nal perceptive ability of mechanical forces, which are lacking
in implant patients [52]. Recently, nerve fibres, such as the
sensory and sympathetic nerves, have been shown to inner-
vate both the pulp and PDL of a regenerated tooth that had
successfully erupted following the transplantation of not only
bioengineered tooth germ, but also a bioengineered tooth unit
[25••, 26•]. These bioengineered teeth have the appropriate
perceptive potential for noxious stimulations, such as pulp
injury and orthodontic force, and can also properly transduce
these stimulations to the central nervous system through c-Fos
immunoreactive neurons [25••, 26•]. These findings indicate
that bioengineered teeth can indeed restore the proprioceptive
potential to identify and respond to noxious stimulation within
the maxillofacial region.

Future Perspectives for Tooth Regeneration

There are several problems that must be solved before
bioengineered teeth become feasible. To fully realise the prac-
tical clinical application of tooth regeneration, suitable cell

sources must be identified. Ideally, tooth regenerative therapy
should employ the patient’s own cells to avoid immunological
rejection [20]. Recent studies of stem cell biology and embry-
onic development have led to considerable advances in the
potential of cell sources for tissue repair and organ regenera-
tion, including tooth regenerative therapy [10, 18]. Tooth
tissue-derived stem cells such as DPSCs, SHED, SCAP and
PDLSCs [13–16, 53] can differentiate into dental cell lineages
and contribute to the turnover and supply of various cell
populations. These lineages will be useful cell sources for
stem cell transplantation therapy for dental tissue repair [12,
20], but there is no evidence that these stem cells have the
potential to form whole teeth.

Current whole tooth regenerative therapy research is
attempting to induce bioengineered tooth germ to develop a
fully functioning tooth using embryonic tooth germ-derived
epithelial and mesenchymal cells via the organ germ method
[23, 24•, 25••, 26•]. In the future, cell sources that have the
tooth-forming ability to reproduce the epithelial and mesen-
chymal interactions for tooth organogenesis will need to be
identified from the various tissue-derived stem cell popula-
tions isolated from patients. Other candidate cell sources for
whole tooth regeneration include embryonic stem (ES) cells
and induced pluripotent stem (iPS) cells, which are capable of
differentiating into endoderm, ectoderm and mesoderm [54].
iPS cells have recently been generated from various oral
tissues [55–57], but their application will require the estab-
lishment of reprogramming procedures for dental epithelium
and mesenchyme fates. Although there are multiple candi-
dates for tooth developmental genes that promote significant
expression of dental epithelial and mesenchymal cells, the
master genes responsible for tooth development remain to be
discovered. An important issue for identifying a future tooth
regenerative cell source is the identification of specific com-
binations of factors capable of reprogramming non-dental
cells to dental epithelium and mesenchyme.

Tooth types such as incisors, canines, premolars and molars
have unique morphological features that are programmed at
predetermined sites in the oral cavity during tooth develop-
ment. Several studies have proposed molecular mechanisms
for tooth morphology regulation [30, 44•, 58]. Tooth size,
crown and root shape are important considerations when
generating a bioengineered regenerated tooth with proper
functional occlusion and aesthetics.

Conclusions

The progress of regenerative technology is remarkable, and
many patients and clinicians are anticipating the implementa-
tion of whole tooth regenerative therapy. Further studies are
required to establish bioengineering technologies that can
control tooth morphology, including tissue engineering using
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scaffolds, and the identification of morphogenesis-related
genes and appropriate cytokines. Tooth regenerative therapy
is now regarded as a crucial study model for future replace-
ment regenerative therapies that can be applied to more com-
plex organs, and will contribute substantially to the knowl-
edge and technology required to regenerate organs [20, 21].
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