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Introduction
The tooth is a complex ectodermal organ consisting of various 
hard tissues as well as soft connective tissue. The hard tissues 
found in the tooth include: enamel, dentin, and cementum. Teeth 
also contain soft connective tissues like pulp and a periodontal 
ligament composed of fibrous connective tissue with both vas-
cular and neural sections. Whole tooth loss and oral diseases 
such as dental carries, oral trauma, periodontal disease create 
many problems that impact proper oral function. Issues with 
enunciation, mastication, occlusion and general health issues are 
known to be induced by tooth loss or the onset of oral disease. 
(Oshima et. al, 2014)

Currently, there are many procedures using artificial ma-
terials to replace missing or damaged teeth. Dental implants, 
bridges, dentures and crowns all help to replace missing teeth, 
however, many believe that the optimal replacement is to re-
grow tooth tissue or an even an entire tooth in place of the 
missing tooth. 

Due to extensive, active research in embryonic development, 
stem cell biology, and tissue engineering, regenerative therapy 
is a promising method for the restoration of function in miss-
ing or damaged organs including teeth. There are numerous 
tooth-tissue derived stem cells that have been found to aid 
in the development of new teeth allowing for the evoution of 
teeth regeneration techniques. Tooth-tissue regenerative ther-
apy involves transplanting a bioengineered tooth germ grown 
in vitro via stem cells. At the time of implantation, these bio-
engineered specimens must contain all the components of a 
naturally growing tooth in order to be able to function as one 
in the future. Whole tooth replacement transplants a complete, 
bioengineered tooth to replace the missing tooth. Many believe 
that tooth replacement via stem cell therapy will be the treat-
ment of choice for missing or severely damaged teeth. Several 
other methods have been proposed to replace missing teeth 
including three-dimensionally bio engineered teeth and the 
cell-aggregation method. Additional reports have been released 
regarding fully functional bioengineered teeth with correct tis-
sue orientation and the masticatory capabilities of regular teeth. 
This review will discuss the most recent findings on tooth tissue 
engineering and whole tooth regeneration, and will provide the 
most viable method for the near future.

Methods
This review is based on the analysis of scientific articles and original 
works found on the internet. Several different internet databases 
were used including Touro college’s online library and PubMed.

Discussion: Tooth Development
To ensure the success of tooth regeneration techniques, it is 
important to first understand how a biological tooth is formed 
and attempt to mimic those natural steps in the lab. As a tooth 
develops, it undergoes four distinct morphological phases; 
the initiation, bud, cap, and bell stages (Yildrim, 2013). During 
initiation, support structures such as the alveolar bone and 
periodontal ligament begin to develop. The tooth germ is first 
observed as a thickening and propagation of the cells of the 
oral epithelium and these cells form a bud that extends to the 
dental mesenchyme. The dental epithelium continues to under-
go extensive proliferative activity, eventually forming a cap-like 
structure and completing tooth development.

During tooth development, the cells differentiate into three 
different sections: the inner and upper layers and the central 
cell layer that forms the stratum intermedium and stellate re-
ticulum. As they do so, the enamel knot signaling center can 
be identified. At this point, ectomesenchymal cells of the dental 
papilla condense, giving rise to both the dentine and pulp of 
the tooth. The dental follicle forms around the dental papilla 
and enamel, giving rise to the periodontal tissues. The final bell 
stage is heavily defined by the continued proliferation and tissue 
differentiation. In this process, the inner epithelial cells adopt 
a cube shape and produce a considerable amount of glycogen, 
while the cells of the stratum intermedium produce alkaline 
phosphatase and the stellate reticulum adopts a star shape, en-
circled by the outer epithelial layer.

As the tooth continues to grow and differentiate, odonto-
blasts from dental mesenchyme differentiate and build up the 
dentin matrix, while ameloblasts from epithelial cells produce 
the enamel matrix. Once the crown of the tooth has formed, 
tooth root structures start to develop from Hertwig’s epithelial 
root sheath, creating periodontal ligament, dentin, cementum 
and alveolar bone.

Throughout the entire tooth development, the only portion 
that does not have regenerative properties is the dental enamel. 
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Enamel is the only mineralized tooth tissue sourced from the 
dental epithelium. All other mineralized tooth tissue, such as 
dentin, periodontal ligament, alveolar tissue and cementum have 
some form of regenerative properties. These tooth tissues orig-
inate from neural crest-derived dental ectomesenchyme. Dental 
stem cells are believed to play an important role in the regener-
ative properties of these tissues (Dannan 2009).

Dental Stem Cells
Unlike other cells found in the body, stem cells have unique 
capabilities. They are unspecialized, yet can produce specialized 
cell types, even after prolonged periods of inactivity. Stem cells 
are able to proliferate and can be isolated based on unique cell 
surface markers. It is important to note that in vitro culture con-
ditions may alter the cells, thus causing the cells to behave in a 
different manner than they would have in vivo. There are two 
categories of stem cells that can be used: embryonic or somatic 
stem cells. Being that the use of embryonic stem cell is ethically 
controversial, researchers work with strictly somatic, or adult 
human stem cells for clinical application. Somatic stem cells are 
easily accessible and without the controversy of their embryonic 
counterparts, making them the optimal choice for use in dentistry.

There are several types of stem cells that can be found in 
teeth. Dental stem cells are found in the periodontal ligament, 
apical papillae, and the pulp of both adult and children’s teeth. 
Although these stem cells differ in their growth rate in culture, 
cell differentiation and gene expression, they most likely share 
a common lineage. Dental stem cells are derived from neural 
crest cells and all have generic mesenchymal stem cell-like prop-
erties. (Volponi et. al, 2010)

Dental Pulp Stem Cells
Dental pulp stem cells (DPSCs) are a mesenchymal type of stem 
cell located in the center of the tooth. Dental pulp stem cells 
are considered a great candidate for stem cell therapy for many 
reasons. DPSCs are easily accessible for collection and have a 
low morbidity once extracted. They are also known to generate 
more dentin than other stem cells, being easily conserved via 
cryopreservation (Yan, et. al. 2010). There are various methods 
to isolate DPSCs from the dental pulp including size-sieved 
isolation, stem cell colony cultivation, magnetic activated cell 
sorting (MACS), and fluorescence activated cell sorting (FACS). 
In addition, DPSCs were found to generate a dentine structure 
in vivo and differentiate in vitro (Gronthos et.al, 2000). These 
features make DPSCs a prime source of stem cells for 3-dimen-
sional tooth regeneration.

Stem Cells from Human Exfoliated  
Deciduous Teeth 
Stem cells from the pulp of human baby teeth, also known as 
stem cells from human exfoliated deciduous teeth (SHED), 

were found to differentiate into non-dental mesenchymal cell 
derivatives in vitro, produce dentine, and induce bone forma-
tion. SHED differs from DPSCs with respect to their higher 
rate of proliferation, sphere-like cell clustering and, most impor-
tantly, their inability to produce a dentin-pulp-like complex. It is 
believed that the reason for these differences is due to SHED 
being a multipotent stem cell that is less mature than DPSCs. 
SHED were reported to not be able to differentiate into osteo-
blasts, yet managed to form an osteoinductive template, thus 
leading to new bone formation. Following transplantation, SHED 
were found to aid in bone formation and generate dentin. SHED 
were found to be a highly proliferative cell population, capable 
of differentiating into various cells such as neural and glial cells 
as well as odontoblasts. Although there are better types of stem 
cells for use in dentistry, due to its penchants for widespread 
differentiation there is still much potential for SHED stem cells 
in other areas of regenerative medicine, such as in the brain and 
nervous system. (Miura et. al, 2003).

Periodontal Ligament Stem Cells
The periodontal ligament (PDL) has been viewed as a potential 
source of stem cells for a long time. The PDL is a connective 
tissue that acts as a shock absorber during chewing and is 
found between the cementum and the inner wall of the alveo-
lar socket, anchoring both to each other. These stem cells have 
characteristics of mesenchymal stem cells and have potential 
to be used in periodontal regeneration. It is important to note 
that unlike other stem cells, PDLSCs do not have a unique cell 
marker that differentiates them from mesenchymal stem cells. 
Therefore, PDLSCs are not an optimal choice for stem cell re-
search and dental regeneration (Zhu and Liang, 2015).

Root Apical Papilla Stem Cells
Stem cells of the apical papilla (SCAP) are found by the tips of 
growing tooth roots. These cells are only present during root 
development, prior to the eruption of the tooth. Stem cells of 
the apical papilla were reported to differentiate into both adi-
pocytes and odontoblasts. When compared to the proliferative 
potential of DPSCs in vitro, SCAP were noted to proliferate at 
a higher rate, making them a very promising source of stem cells 
for stem cell therapy. Current implant-based methods to re-
place whole teeth have failed to reproduce the necessary root 
structure, causing jaw-bone resorption around the implant due 
to the force of chewing (Volponi et. al, 2013).  When combined 
with periodontal ligament stem cells and transplanted into mini 
pigs, researchers noted formation of periodontal ligament and 
dentine. These results suggest that the necessary technology to 
implant a biological root and place an artificial dental crown on 
it has been attained.

Another point of advocacy is that SCAP can be harvested 
without the ethical issues of stem cell harvesting in embryos. 
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In addition, an important attribute of SCAP is that they are 
believed to be the source of root dentin, while DPSCs are 
the source of the replacement odontoblasts. SCAP could be 
distinguished from other mesenchymal stem cells in a number 
of ways. The most significant difference is that while all other 
mesenchymal stem cells test negatively for hTERT (human telo-
merase reverse transcriptions) activity, SCAP were found to 
test positive for it. This suggests that there is a difference in the 
genetic lineage of stem cells from the apical papilla compared 
to that of other dental stem cells. SCAP seem to come from an 
early population of progenitor cells and may be a better option 
for tissue regeneration (Huang et. al, 2008).

Using Dental Stem Cells for Tooth Tissue 
Regeneration
When stem cells isolated from the apical papilla of human teeth 
and human periodontal ligament were transplanted into mice 
and mini pigs, the successful regeneration of the root and peri-
odontal complex capable of supporting a crown was achieved. 
Being that pigs have an orofacial tissue organization similar to 
humans, the successful regeneration of a bio root and transplan-
tation into pigs shows the tremendous potential of this method 
for use in humans. Unlike other experiments to regenerate 
tooth tissue, this method used human stem cells and not stem 
cells from mice or pigs, proving that human stem cells were 
capable of producing the above mentioned successful results 
(Sonoyama et. al, 2006).

Whole Tooth Regeneration
Whole tooth regeneration is another approach to fix the is-
sues associated with irreversible tooth damage. This method of 
tooth regeneration attempts to grow a whole tooth in vitro 
and transplant it into the mouth. To successfully regenerate a 
whole tooth, the same process that the tooth undergoes when 
it is first formed in the developing embryo must be replicated. 
Organogenesis of the tooth takes place by the interaction of 
mesenchymal and epithelial progenitor stem cells. Once the 
bioengineered tooth germ is produced in vitro, it may be trans-
planted it into the area of tooth loss, thus regenerating a new 
tooth. The biggest challenge is to develop a technique that will 
allow for the mesenchymal-epithelial stem cell interaction while 
in vitro. So far, there are several suggested methods that will 
allow scientists to use dissociated stem cells to bioengineer a 
tooth germ (Oshima et. al, 2014).

The Scaffold Method
The first method which allows for the necessary mesenchy-
mal-epithelial stem cell reaction, is using a biodegradable scaffold. 
Scaffold technology has provided us the with a method to regen-
erate specific tissue by sowing cells on degradable materials. The 
scaffold method has been used to generate tissues in cartilage 

and bone regeneration therapies. Experiments using a collagen 
sponge as the scaffold material have reported successful forma-
tion of small teeth. These lab-grown teeth had all the characteris-
tics found in biological teeth including dentin, enamel and dental 
pulp as well as forming the correct shape and size (Young et. al, 
2002). Despite the scaffold method’s ability to regenerate teeth, 
there are some significant problems with this technique. It has a 
low frequency of tooth formation. This approach fails to provide 
the many precise intercellular reactions, causing irregularities in 
the created tooth tissues, such as in the enamel-dentine complex. 
For proper tooth structure, there needs to be many precise junc-
tions between the enamel, cementum and dentine for normal 
tooth development. These complex junctions are the result of 
very specific mesenchymal-epithelial stem cell tissue interactions, 
resulting in a very precise combination of ameloblasts, cemento-
blasts and odontoblasts, a process the scaffold method has yet to 
mimic perfectly (Thesleff, 2003).

The Cell Aggregation Method
A second approach is known as the cell aggregation method. 
This procedure is used to reconstruct bioengineered organ 
germ and has been able to produce the proper mesenchy-
mal-epithelial cell interaction during the developmental process 
that the scaffold method has failed to produce. Recent stud-
ies have reported that transplanted bioengineered mammary 
gland stem cells successfully caused organ regeneration in vivo 
with the proper structure and cellular arrangement (Zheng et. 
al, 2005). The cell aggregation method was also used to suc-
cessfully regenerate hair follicles (Zheng et. al, 2005). There has 
been much research done using the cell aggregation method to 
successfully regenerate teeth with correct structures. Currently, 
this technique has only been able to create teeth with the prop-
er structure, but to date, only at a low frequency. Although the 
cell aggregation method replicated the organogenesis of bio-
logical teeth partially, a method that has a higher frequency of 
success is being sought (Nakao and Tsuji, 2008).

The Organ Germ Method
The interaction between the epithelial and mesenchymal stem 
cells in the embryo gives rise to the organ germ. It can be con-
cluded from this that to properly reproduce organs, one needs 
to reproduce the steps and conditions that created them in the 
first place. Both tooth and whisker follicle germs were used as 
a source of the disassociated epithelial and mesenchymal stem 
cells. Although there has been successful regeneration of organs 
in the past, they were all produced in vitro. The organ germ meth-
od allows for the regeneration of teeth in vivo as well as in vitro. 

Self-reorganization of the mesenchymal and epithelial 
stem cells is the first step in multicellular aggregation. Self-
reorganization is accomplished by these stem cells moving and 
adhering themselves to select cells until there is the necessary 
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equilibrium. After the proper cell configuration has been accom-
plished through self-reorganization, the next step is the initiation 
of organogenesis by the mesenchymal and epithelial stem cells. 
These stem cells regulate the morphogenesis and differentiation 
as well. It is important to note that the frequency of successful 
self-reorganization and tissue regeneration is dependent on the 
source of the stem cells used in this procedure.

In research performed by Nakao, the organ germ method 
successfully produced tooth germ with the correct structure, 
resulting in transplantation that yielded tooth growth.  Similarly, 
when growing whole teeth in vitro and then transplanting them, 
the bioengineered teeth were able to attach themselves to the 
mouth and form both nerve fibers and blood vessels from the 
implanted stem cells. This method used completely disassociat-
ed mesenchymal and epithelial stem cells to generate the nec-
essary tooth germ resulting in successful tooth transplantation 
both in vivo and in vitro.

When the experiment was first conducted, single cells from 
the incisor tooth germ at cap stage from the lower jaws of 
mice were used. These explants failed to produce a complete 
tooth, yet managed to generate bone or keratinized oral ep-
ithelium-like structures. The explants that failed to form cell 
compartmentalization at high cell density, failed to produce 
the correct tooth structure as well. To form a tooth with the 
correct cell compartmentation of epithelial and mesenchymal 
stem cells, the cells that could compartmentalize at high den-
sity were then collected and injected into the adjacent areas 
via a collagen gel drop. After just one day, there was already 
evidence of tooth germ formation with the correct compart-
mentalization of stem cells. This bioengineered tooth germ 
was then transplanted into sub renal capsules in mice. After 
transplantation, the formed tissue was observed histologically 
and was found to contain odontoblasts, dentin, enamel, dental 
pulp, Tomes’ process, root analog, alveolar bone, periodontal 
ligaments and blood vessels in the same layout as natural teeth. 
This transplantation produced successful results 100% of the 
time in 50 different transplants. 

Analysis of the regenerated teeth showed mRNA for specific 
markers for periodontal ligaments and ameloblasts. To find out 
if tooth germ taken from bioengineered teeth would also pro-
duce the same successful results, the origin of the mesenchyme 
and epithelium cells from the tooth germ of GFP-transgenic 
mice were analyzed. The mesenchymal cells derived from GFP-
transgenic mice were found to contain dental pulp and odonto-
blasts as well as produce alveolar bone and periodontal follicles, 
which are normally derived from dental follicles. The epithelial 
cells from these mice produced ameloblasts. It was also deter-
mined that bio engineered tooth germ did not develop into 
teeth as frequently as natural tooth germ. This is a distinct indi-
cation that the developmental stage of the natural tooth germ 
is vital for successful regeneration of tooth germ.

To prove that bioengineered tooth germ successfully pro-
duces teeth in vitro with the correct cell types, time-course 
images were observed. These images proved that the tooth 
germ successfully produced the necessary cell types in proper 
fashion. After successfully growing a tooth in the renal capsule, 
the next step was to check if it can be successfully transplanted 
and develop into a fully functioning tooth.  Bioengineered teeth 
were allowed to grow in the sub renal capsule for a duration of 
two weeks. After transplanting the tooth into the oral cavity of 
a mouse, there were successful results. There was formation of 
a correct tooth structure with all the components that natural 
teeth have including dental pulp, dental root, enamel, dentin, and 
periodontal ligaments. The size of these regenerated teeth was 
found to be within a 1.1-fold increase, thus ensuring that we 
have attained a method for successful whole tooth replication 
with the proper proportions as well as with the necessary com-
ponents. (Nakao et. al, 20007) 

Although these results provide us with a viable method to 
regenerate teeth successfully in mice, there are still many things 
that need to be investigated before this method can be consid-
ered for successful whole-tooth regeneration in humans. There 
are a few more things that this experiment did not determine, 
such as the hardness of the regenerated tooth and its response 
to mechanical stress (Ikeda et. al, 2008).

Although there have been no reported cases of transplant-
ing a tooth grown with the organ germ method into a human, 
there have been studies that prove that teeth grown in this 
manner and implanted in mice exhibit the appropriate hardness 
and normal function. To determine whether the regenerated 
teeth were as hard as natural teeth, the Knoop hardness test 
was performed. It is used to determine the hardness of brittle 
materials. By testing multiple times throughout the growth of 
the bioengineered teeth, the result values showed the same 
significant increase in dentin and enamel hardness as is found in 
natural teeth between three and nine weeks, proving that they 
can successfully take the place of missing teeth.

In order to determine if the regenerated tooth successfully 
replaces the missing tooth, the regenerated tooth’s response 
to mechanical stress must be examined. It is believed that in 
order to regrow a fully functioning tooth, the tooth must in-
teract with the oral and maxofacial regions by means of the 
periodontal ligament. This is because the periodontal ligament 
is known to induce alveolar bone remodeling when under me-
chanical stress (Ikeda et. al, 2008). Histochemical analysis of 
the periodontal ligament revealed a connection between the 
tooth and alveolar bone, showing the successful interaction 
between the tooth and the oral and maxofacial regions via the 
PDL. When the regenerated tooth was subjected to mechani-
cal stress, localization of osteoblasts and osteoclasts occurred. 
These cells have been found when the PDL of normal teeth 
was subjected to mechanical stress as well, proving that the 
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regenerated tooth is able to properly respond to mechanical 
stress. (Ikeda et. al, 2008)

There are those that believe the successful regeneration of 
teeth in mice does not translate into successful results in regen-
erating human teeth.  Unlike humans, mice are known to only 
grow molars and incisors separated by a toothless region known 
as the diastema. Mice also only possess one set of teeth that grow 
continuously throughout their life. Thus, mice may not be the best 
model for tooth regeneration in humans (Huysseune and Thesleff, 
2004). Being that whole teeth were successfully regenerated in 
the diastema as well as in the lower jaw-bone of mice there is 
evidence to suggest that despite notable differences between 
human and mouse mouths, the regeneration of teeth in mice is 
not exclusive to mice and may be done in humans as well.

Conclusion
Although there have been no reports of successful whole tooth 
regeneration in humans, scientists appear to be on the right track. The 
research presented above indicate that although the cell aggregation 
method is a promising technique to regenerate whole teeth, there is 
still much work to be done before this will be the treatment of choice 
to replace missing teeth. Being that a bio root composed of human 
stem cells has been reported to be successfully transplanted into 
mini pigs, there is strong reason to believe that this method may be 
applied to humans in the near future. This review highlights differences 
between mice and humans that may affect the success of regeneration 
in humans. Despite there being extensive research and roadblocks 
ahead in the development of tooth regeneration techniques, progress 
and success with model organisms has introduced an element of hope 
for science to provide cures and resolutions to damaging oral diseases 
and encourage improved overall dental health.
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