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ABSTRACT 

Introduction: The definitive tooth loss usually results from the failure of an uncontrolled tooth 

pathology. Nowadays, replacement therapy options are restrained to prosthesis (placement of 

implant through surgery, partial removable or fixed prosthesis). The drawbacks resulting from 

such treatment introduced the need to develop more advantageous alternatives.  The ambitious 

idea of regenerating dental tissues, either naturally or through bioengineering involves the 

association of stem cells, growth factors, bioactive molecules. 

Objectives: This study aims to analyze the possibilities to regrow a tooth and the potential 

procedures associated. The possibilities of using stem cells to induce the generation of every 

tissue of a dental tooth will be analyzed along with the concerns and differences that exist for 

the regrowth of each of these tissue categories. The implication of other tools like scaffold, 

growth factors and bioactive molecules will also be studied. The practical aspects such as the 

source, type and storage of the stem cells will be included in the review. 

Materials & Methods: Journal articles have been searched on the following websites: 

Science direct, Elsevier, Pubmed and Mendeley. Keywords: Tooth regrow, Regeneration, Stem 

cells, iPSC, MSC, ESC, DPSC, Odontogenesis, Growth factors, Tissue engineering, Dental 

scaffold. 46 articles from the last 20 years have been carefully selected. 

Results: Various methods have been studied to permit the regrowth of the tooth, mainly through 

the tooth bioengineering which permitted the whole regrowth of a tooth in vivo, followed by 

its implantation into a mice alveolus, or by the generation of tooth germ, which was also 

implanted and leaded to the tooth regrowth in situ.  

Conclusion: Further research regarding tooth development in addition to technological 

advances permits to potentially consider a positive outcome for the years to come and a 

promising alternative therapy for tooth loss in the future. 



 

RESUMEN 

Introducción: La pérdida definitiva de dientes suele ser el resultado del fracaso de una 

patología dental no controlada. Las opciones terapéuticas de sustitución se limitan a las prótesis 

(colocación de implantes mediante cirugía, prótesis parcial removible o fija). Los 

inconvenientes derivados de estos tratamientos introdujeron la necesidad de desarrollar 

alternativas más ventajosas.  

Objetivos: Este estudio pretende analizar las posibilidades de hacer crecer de nuevo un diente 

y los posibles procedimientos asociados. Se analizarán las posibilidades de utilizar células 

madre para inducir la generación de cada uno de los tejidos de un diente, así como las 

preocupaciones y diferencias que existen para el recrecimiento de cada una de estas categorías 

de tejidos. Se estudiará la implicación de otras herramientas como andamios, factores de 

crecimiento y moléculas bioactivas. Los aspectos prácticos como la fuente, el tipo y el 

almacenamiento de las células madre se incluirán en la revisión. 

Materiales y métodos: Se han buscado artículos de revistas en los siguientes sitios web: 

Science direct, Elsevier, Pubmed y Mendeley. Palabras clave: Regeneración de dientes, 

Regeneración, Células madre, iPSC, MSC, ESC, DPSC, Odontogénesis, Factores de 

crecimiento, Ingeniería de tejidos, Andamio dental.  

Resultados: Se han estudiado varios métodos para permitir el recrecimiento del diente, 

principalmente a través de la bioingeniería dental que permitía el recrecimiento completo de un 

diente in vivo, seguido de su implantación en el alvéolo de ratones, o mediante la generación 

de germen dental, que también se implanta dando lugar al recrecimiento del diente in situ. 

Conclusión: La continuación de la investigación sobre el desarrollo de los dientes, junto con 

los avances tecnológicos, permite considerar potencialmente un resultado positivo para los 

próximos años y una prometedora terapia alternativa para la pérdida de dientes en el futuro. 
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I. INTRODUCTION 

 

A. Causes and consequences of tooth loss 

Tooth loss is a frequent consequence of aging along with factors such as disease or poor dental 

hygiene. According to the FDI, in people aged from 65 to 74 years, 30% have lost the totality 

of their teeth and 15 to 20% of middle-aged adults present severe periodontal disease which 

may lead to tooth loss. In the United States, the percentage of adults over 65 years old with 

untreated caries was 19% in 2011-2012. (1) Periodontal disease and tooth decay are the two 

most prevalent diseases; both have great risk of leading to tooth loss if left untreated, which 

explains why a great percentage of the population suffer from the lack of one or several teeth. 

A patient that has lost the integrality of his natural teeth will be described as edentulous. In 

2010, the percentage of edentulous individuals was 2.3%, which corresponds to 158 million 

people worldwide. (2) The loss of a tooth could also occur due to a trauma, a failed endodontic 

treatment, or could be multifactorial. In the case of an agenesia, the patient suffers from a 

genetical anomaly resulting in the absence of one or several teeth, usually the lateral incisors. 

Nowadays, this condition can be solved through the use of prosthetics or orthodontics. In a 

study, it has been found that among these patients missing a tooth, the consequence that has 

been noticed the most was the difficulty of mastication. (3) Other consequences include the 

collapse of the face (especially in complete edentulous patients), drifting of the remaining teeth 

and supra-eruption. The implication of a missing tooth in the quality of life of the patient is 

significant, especially in the case of an anterior tooth loss.  (4)  The psychological effect of 

tooth loss could have major importance in the patient’s daily life. A relationship between 

dementia and tooth loss has been demonstrated in a meta-analysis and systematic review. The 
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cognitive function could be indirectly impacted by the masticatory dysfunction associated with 

the lack of a tooth. A poor nutrition could lead to the reduction of cerebral blood flow, therefore 

producing loss of memory and eventually a decline in cognition. (5)  

Nowadays, a limited amount of treatment options can be offered to the patient. 

 

B. Implants: the treatment of choice 

A missing tooth due to a pathology or an agenesia affects many patients and the solution is not 

always evident. In the best of the cases, the patient has the financial resources to receive an 

implant. Nowadays, an implant is the most effective way to replace a tooth and presents a 

success rate of 90% with a great predictability. (6) However, it raises some conditions, apart 

from the expensiveness. The treatment planning includes bone measurement and choice of 

placement, taking into account the antagonist and adjacent teeth and the type of prosthesis that 

the implant will support. In addition to these conditions, we should also consider the limitations 

of the treatment. Once the implant is placed, a large number of factors must be taken into 

account to avoid its failure.  

Although the implant is considered the most effective way to replace a tooth, it does present an 

important number of disadvantages which must considered. For instance, the expensiveness, 

the bone availability and the risk of failure. The duration must also be taken into consideration, 

starting from the diagnostic and treatment planning until the end, when the artificial tooth is 

finally in mouth. All of these steps will take several months to a year to be achieved.  

According to a study, implant failure during the 1st year after its placement occurred in 2% of 

the cases, due to various factors like lack of primary stability or failed osseointegration.(6) This 

percentage is quite low, nevertheless it exists and therefore should be considered. The lowest 

failure rate must be sought. The negative outcome of this surgery is not only the patient 
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remaining without a tooth, but also that he/she will suffer from bone loss and possible infections 

such as suppuration, soft tissue hyperplasia and other more serious complications.  (7) The most 

prevalent disorders following implant surgery include peri-implantitis, peri-implant mucositis 

and failure of esthetic restoration. (6) The acceptation by the patient’s body and mind is of 

primary importance. The psychological impact is often forgotten, during treatment planning 

and after treatment. Therefore, the dentist must take special considerations when choosing the 

patient. Respecting the physiological aspect of the patient’s implant tolerance, the lack of 

proprioception due to the missing periodontal ligament, in addition with the absence of pulpal 

response to thermal stimuli impede the protective role of the natural tooth. (8) 

Some risk factors associated with implant failure could be considered as a contraindication for 

the placement of the implant. When treating a patient who is a smoker, suffering from diabetes 

mellitus or with a compromised immunity, a removable prosthesis could be more adequate. 

Absolute contraindications include patients with heart disorders, for instance, patients who 

underwent a heart valve surgery, a recent myocardial infarction and patients under intravenous 

bisphosphonates.  (6)  

 

C. Removable and fixed Prosthesis 

In some cases, a removable prosthesis will be the rehabilitation advised to the patient. For 

instance, the choice will be made according to possible financial limitation, hygiene difficulties 

or patient’s state of mind. This non-invasive option to replace one or multiple teeth while 

restoring function usually adapts well to the patient’s requirements. In 2020, a review from the 

Journal of Dentistry has estimated that one in five adults in the United Kingdom was wearing 

a removable prosthesis, either partial or complete. (9) However, it raises some disadvantages 

that the patient must be aware of. The design of the denture must be carefully planned to reduce 
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the risk of failure. Recent studies have proven the association between poor removable partial 

denture (RPDs) design and root caries, gingivitis, periodontal diseases and plaque retention. 

Considering that the main reason of tooth loss in the population is related with bad oral hygiene, 

practicians must consider the patient’s motivation when planning the RPD, as its risk of failure 

will significantly increase in the case of patients with poor oral hygiene. (10) Moreover, the 

prosthesis will need to be rebased after some time, as the oral cavity could suffer a lot of changes 

as time passes by. 

The outcome of the prosthesis treatment will hardly be entirely satisfying for every patient. 

Some of the patient’s expectations will be more easily achieved than others but it is very likely 

that one of them will not, for instance the esthetics. A dental health impairment “may have a 

detrimental effect on psychological and social measures, such as self-confidence, social 

avoidance, anxiety, and emotional distress”.(11) Some patients have presented high 

psychological disturbance even while adapting well to the denture because of their lack of  

adjustment to changes. The wellbeing, psychological and emotional state should be included 

when planning on the restorative procedure. (9)  

The satisfaction of the patient is an important factor in the success of the prosthesis. If the 

patient doesn’t feel comfortable while wearing it, the risk of reducing the time of wearing the 

implant during the day increases. A retrospective study has found that after 5 years, 39% of the 

RPDs were no longer used by the patient. (10) 

Although fixed prosthesis is much more convenient because of the minimal care needed, the 

possibility of intentionally damaging neighboring teeth represents a great disadvantage. 
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D. Challenges 

The imitation of the embryonic process of odontogenesis is the leading idea of several research 

projects, with the objective of regenerating dental tissues. Six main stages lead to the 

development of the tooth: Initial stage, Bud stage, Cap stage, Bell stage, Appositional stage and 

Root development. These different steps result from the interaction between the 

ectomesenchyme and the ectoderm, guided by growth factors and signal molecules. (12) As it 

is already used in tissue regeneration, the implication of stem cells is for now essential in the 

process of regrowing a tooth. Dental tissue engineering consists of the association of endothelial 

cells, growth factors, bioactive molecules and biomaterials in order to achieve the most natural 

dental tissue regeneration possible. (13) Recent successful research in the field of dental 

bioengineering have studied pulp regeneration as endodontic treatment. (14)  

The growth of a soft tissue like the pulp and a hard tissue like enamel contains different 

characteristics and presents the greatest challenge in the attempt of regrowing a tooth.  

Several scientific research have considered different ways to regrow a tooth, either by creating 

a bioengineered tooth from a 3D biomimetic tooth bud model through the use of 

photopolymerizable gelatin methacrylamide (GelMA) hydrogel formulas (15), or by cell 

compartmentalization in vitro for further in vivo transplantation (16) or even by recovering the 

tooth replacement capability lost during mammalian evolution. The ultimate goal of tooth 

bioengineering would be to regrow a tooth in its socket, achieving adequate function and 

esthetic, outperforming the usual 2 or 3 years it takes for a tooth to grow. (17) Some experiments 

have been made using an alginate scaffold from a mold of a human tooth. Dental pulp cells 

were isolated from exfoliated temporal teeth and seeded into the scaffold. (18) This kind of cell 

is considered multipotent and therefore can generate pulp-like tissue in vivo. (19) 
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E. Stem cells 

The next promising approach to face the challenges mentioned above are focused on the use of 

stem cells. Due to its great ability to differentiate and proliferate into many different cell types, 

stem cells have been widely studied in the field of regenerative dentistry.  

The stem cell has the ability of self-renewal and differentiation into different cell types. They 

can be described according to a hierarchy established with respect to their origin (embryonic or 

adult) and their range of potential to give rise to different cell types (totipotent, pluripotent, 

multipotent, unipotent). (Fig. 1) 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The very first undifferentiated cell involved in embryonic development is the totipotent or 

omnipotent cell. The endoderm, mesoderm and ectoderm originate from pluripotent stem cells 

that are found in the blastocyst stage. According to their origin, we will distinguish two types 

of pluripotent cells. The embryonic stem cell (ESC) presents a great ability for differentiation 

and self-renewal, as they arise from the inner cell mass of the blastocyst.  In the presence of 

Figure 1. Stem cells hierarchy (20) 
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transcription factors (Nanog, Oct4) they can be maintained in their undifferentiated state, 

frozen, and used for further experimentation by removing an inhibitory factor. (20) 

Another type of pluripotent cell is the induced pluripotent stem cell (iPSC), which is derived 

from adult somatic cells. The pluripotency of these cells is regained through the expression of 

transcription factors (Oct3/4, Sox2, c-Myc and Klf4; or, Oct3/4, Sox2, Nanog, and Lin28) that 

are founds in ESCs. (21) Therefore, these cells have been able to differentiate into the three 

germ layers just like the ESCs do. (20) The use of the iPSC reduces the risks of immune 

rejection in comparison with allogenic cells. (22) 

Mesenchymal stem cells (MSCs) are adult stem cells presenting a large differentiation capacity, 

although not as extensive as the pluripotent stem cells, they differentiate into cells from a single 

germ layer. However, their use still presents a great advantage, considering the ability of 

mesenchymal stem cells to differentiate into different tissues like bone, cartilage, muscle and 

adipose tissue. (23) 

The oligopotent and unipotent stem cells are able to self-renew but present limited 

differentiation capacity compared to the cells that were previously described, as they have the 

ability to differentiate into only one or two lineages.  

Dental pulp stem cells (DSPCs) belong to the MSC type. It has been shown that the pulp could 

regenerate in necrotic teeth of children with open apex, thanks to the presence of stem cells 

through the opened root apices. (13) After an injury, the DPSCs will be able to repair dentin 

and bone by differentiating into osteoblast and chondrocytes, but it has been demonstrated that 

these cells could potentially develop also into odontoblasts, cardiomyocytes, corneal epithelial 

cells, adipocytes, neuron cells, insulin secreting Beta cells and melanoma cells. Some research 

have been made regarding their capacity to regenerate in vivo dentin and pulp-like tissues.  (24) 

(25)  
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Chondrogenic, neurogenic, adipogenic and odontoblast-like differentiation capabilities 

represent a great proof of the multipotency of the DPSCs. (26) The great interest for DPSCs 

depends on its location i.e., where it is derived from. Its accessibility represents a great 

advantage contrary to the MSC found in the bone marrow, placenta, umbilical cord and adipose 

tissue that are harder to obtain.(27) The easy accessibility of the MSCs isolated from dental 

tissue represents a significant advantage when compared to BMSCs, although both are great 

candidates for initiating the dentinogenesis with the help of growth factors. (28) Other sources 

of dental stem cells (DSC), apart from the DPSCs, have been found in human postnatal dental 

tissues: dental follicle stem cells (DFSCs), stem cells from human exfoliated dental tissues 

(SHEDs), stem cells from apical papilla (SCAPs), and periodontal ligament stem cells 

(PDLSCs). Although they share the capacity of self-renewal and differentiation into at least 3 

lineages, some differences can be found regarding their proliferation rate, gene expression and 

plasticity. (26) (Figure 2) 

 

 

 

 

 

 

 

 
 

 

 

Figure 2. Most relevant dental stem cells sources in the tissues of the tooth (26) 
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The isolation of DSCs is achieved through the disaggregation of the tissue, either mechanically, 

enzymatically or by explant. The cells can then be cultured and maintained in a plastic dish 

under specific laboratory incubation conditions.  

 

 

 

  

Figure 3. Isolation of dental stem cells (27) 

A: DSCs sources 

B: The tooth is brought to the lab right after the extraction/exfoliation 

C: The dental tissue must be separated as one tooth possess different sources of DSCs 

D: Enzymatic/mechanical dissociation or explant 

E: Culture of DSCs 
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The absence of a tooth represents a major problem in the population and a recurrent demand in 

the dental clinic, therefore the need of finding a solution to this problem keeps on increasing. 

Nowadays, the implant is considered as the gold standard in tooth replacement therapy. 

Although it presents great advantages and a reasonably low percentage of failure, it could be 

less appropriate for some patients. The same applies for the removable prosthesis, which 

presents as main drawback the foreign object sensation. Therefore, the study of the possibility 

of regrowing a tooth by alternative means has become more and more relevant. The most 

interesting tools that remain to be explored further in detail are stem cells in order to regrow 

dental tissues, with the help of a scaffold and growth factors.  

  



 - 11 - 

II. OBJECTIVES 

 
PRIMARY OBJECTIVES 

• Study the possibilities of using stem cells as a tool in tooth tissue bioengineering, 

permitting the regrowth of a tooth. 

 

SECONDARY OBJECTIVES 

1. Review the source, type and storage of stem cells 

2. Analyze the implication of growth factors and bioactive molecules 

3. Study the use of scaffolds to overcome the morphological challenges 

4. Find the concerns and differences existing for the regrowth of each tissue constituting 

the tooth structure  

5. Establish the differences between regenerating dental tissue from stem cells in vitro and 

in vivo: is tooth implantation after regrowth a good solution? 
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III. MATERIAL & METHODS 

 
A literature review has been realized through the systematic research of electronic databases of 

different study designs. We have investigated the following websites: Science Direct, Elsevier, 

PubMed and Mendeley. 

 

KEYWORDS 

Teeth regrow, Regeneration, Stem cells, DPSCs, MSCs, ESCs, iPSCs, Odontogenesis, Growth 

factors, Tissue engineering, Dental scaffold, Tooth loss, Mesenchymal cells, Ectoderm, Implant 

failure, Removable prosthesis outcome.  

 

INCLUSION CRITERIA 

• Research articles, systematic reviews, meta-analysis, books, clinical trials 

• Selection among the last 20 years  

• Publications in English with complete text and free access 

 

EXCLUSION CRITERIA 

• Studies published more than 20 years ago 

• Articles describing the use of stem cells for other medical purposes (regenerative 

therapy of organs etc.) 
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Figure 4. Process of articles selection 
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IV. RESULTS 

 

A. Natural tooth regeneration 

Most mammalians, including humans have the capacity of regrowing their teeth only once, 

whereas the majority of vertebrates are able to regrow their teeth many times throughout their 

life making the difference between a polyphyodont and a diphyodont. The reason why humans 

are not able to regenerate their teeth continuously throughout their life seems to be related with 

evolution, during which unknown factors have inhibited the capacity of the successional dental 

lamina to regrow teeth. The dental lamina plays an essential role in the tooth morphogenesis as 

it contains the stem cells necessary for the development of the tooth. (17) Therefore, finding a 

way to prevent this inhibition could lead to recover the capacity of generating further dentitions, 

subsequently inducing natural tooth regeneration in situ. The study of the mechanisms behind 

the regeneration of teeth in polyphyodonts could represent a lead in the tooth replacement 

researches.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Diagram of tooth generation in a polyphyodont, 
diphyodont and monophyodont and its relationship with 
dental lamina (29) 
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While polyphyodonts possess a permanent continuous dental lamina, monophyodont do not 

replace their dental lamina once it has been involved in the tooth generation. Regarding 

diphyodonts, a sequence of mechanisms leading to the regression of the dental lamina only 

permits a second tooth development. The loss of the basement membrane by cell migration and 

apoptosis leads to the separation of the epithelial cells from the lamina. (29) In humans, if the 

degradation of the dental lamina is not achieved properly, the risk of developing epithelial 

pearls and, later, ameloblasts or tumors increases. This risk must be considered in the research 

for tooth regeneration from the dental lamina. (30) Since mouses are monophyodont, pigs have 

become the main model for studies about dental lamina, as they are diphyodonts and their 

dentition is similar to the own human’s dentition. The dental lamina regression could be 

initiated by signals from the tooth or the surrounding mesenchyme. Therefore, by controlling 

these signals sent in order to regress the dental lamina, the production of additional tooth 

generations could be considered as replacement of lost teeth. (29) By the study of 

polyphyodonts like snakes or alligators, it has been proved the importance of the Wnt pathway 

for the expression of Sox2 by stem cells in the successional dental lamina, which is de-activated 

in diphyodonts or monophyodonts. Therefore, finding a way to re-activate the Wnt pathway 

could be studied in order to permit the tooth regrowth in humans. (22) 

The inability of enamel regeneration once the tooth is erupted is explained by the apoptosis of 

the ameloblast and the loss of the epithelial stem cells. Regarding the periodontal ligament, its 

structure and cellular origin makes it the most challenging tissue to regenerate, in contrast to 

dentin whose repair capacity relies on the recruitment of mesenchymal stem cells through the 

vasculature. (31)  
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B. Tooth engineering 
 
Tissue engineering is the generation of bioartificial tissues from the isolation and culture of 

stem cells in an appropriate environment with a three-dimensional structure. This will permit 

the correct differentiation and proliferation of stem cells, mediated by growth factors in order 

to generate the tissue required.  

The National Institute of Health defines tissue engineering as: “the reconstruction of living 

tissues to be used for the replacement of damage or lost tissue/organs of living organisms, 

founded on principles of cell biology, developmental biology and biomaterial sciences”(32). 

Principles of developmental biology will therefore be copied in order to regenerate tissues. (33) 

A cascade of events leading to de novo formation of the lost tissue to be regenerated will be 

based on the teamwork of the stem cells specific to the tissue, the adapted scaffold and bioactive 

molecules.(33) While tissue engineering consists of the implantation of cells that have been 

seeded in vitro, guided tissue regeneration is the implantation of a matrix in the host once the 

implantation is completed. (32)  

The first experiment of tooth tissue regeneration in vivo was achieved in 1934 by Huggins 

through the autogenous transplantation of cells from the epithelial and mesenchymal layer of 

the developing tooth of a young dog in its abdominal wall. It resulted in the formation of enamel 

only when ameloblasts were in contact with odontoblasts, proving the necessity of the 

mesenchymal layer with respect to the production of enamel by the epithelial layer. (34) 

The experiments conducted in vivo aiming to regenerate a tooth often involve the autologous 

transplant of stem cells from the post-natal tooth buds of animals. 

The reforming of the embryogenesis steps by using epithelial and mesenchymal cells and the 

interaction between them leads to tissue reconstitution. The dental epithelium derives from the 

ectoderm and the dental mesenchyme from cranial neural crest; both of them interact through 
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signaling molecules. (35) Many studies about tooth bioengineering have been executed in mice, 

as its tooth development is very similar to the human’s and the differences in the gene 

expression are minor. (17) (36) The presence of epithelia-derived signals (bone morphogenetic 

protein and fibroblast growth factor) permits the proliferation of mesenchymal cells and 

therefore the condensation around the thickened epithelium. This will permit a bud-like 

structure to be created. In 2018, research has successfully managed to recreate a tooth bud 

exhibiting the natural characteristics of a tooth, by recreating an odontogenic microenvironment 

using endothelial cells from human umbilical veins, cultured with post-natal dental cells. (37)  

To reach the cap-like enamel organ, the dental mesenchyme’s role will include the delivery of 

signaling molecules to the dental epithelium. The elongation of epithelial cells leads to its 

differentiation into pre-ameloblasts, while the odontoblasts will arise from the differentiation 

of the adjacent layer of the dental mesenchyme. The dentin matrix will be deposited by the 

odontoblasts which will be followed by the transition and maturation of ameloblasts.  

Once the eruption of the tooth is completed, the loss of enamel-forming ameloblasts 

complicates the process of tooth bioengineering, as the regenerative capacity of enamel is lost. 

It is however possible to regenerate the dentin-pulp complex through mesenchymal stem cells 

found in the dental pulp. This dental pulp can be removed from exfoliated deciduous teeth, 

extracted molars and also from root apical dental papilla. (35) The inductive ability of the 

mesenchyme to form enamel on epithelium has been proved to be maintained even on epithelia 

with non-oral sources. The epithelium alone does not possess the ability of generating a whole 

tooth, since a tooth arises from two different tissues and the cooperation of epithelial cells with 

mesenchymal cells is required.(Fig. 6) (38) The use of clonal cell lines to be incorporated into 

the bioengineered tooth prepared with dental mesenchymal tissues has been studied and can 

therefore regenerate teeth. In the study of Takahashi et al. in 2010, the clonal cell lines were 
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obtained from the oral epithelium of embryonic mice fetuses. With these cell lines and fetal 

dental mesenchyme, a tooth germ cell has been reconstructed and implanted under a kidney 

capsule for 2 to 3 weeks. This experience has led to the formation of developed teeth with 

calcified structures similar to the ones encountered in a natural tooth. Therefore, the ability of 

tooth regeneration from dental epithelia has been proven. (39) In 2009, Ikeda et al. 

reconstructed a tooth germ in vitro from separated epithelium and mesenchyme acquired from 

the tooth germ in cap stage of mouse embryo molars. This tooth germ was then reimplanted in 

the murine alveolar bone. Adequate results were reached as the presence around the tooth of 

odontoblasts, periodontal ligament, cementum, pulp, blood vessels, and alveolar bone has been 

demonstrated. However, the morphology and orientation of the tooth obtained can’t be 

controlled due to the lack of scaffold.   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Tooth formation achieved through the association of dissociated epithelial 
and mesenchymal cells. The tooth germ is generated in vitro for further implantation 
into the alveolar bone to complete the development of a fully functional tooth. (39) 
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So far, two conventional methods have been developed with respect to the regeneration of a 

tooth. While both use the complete dissociation of epithelial and mesenchymal cells in vitro, 

one is directed towards the method of biodegradable scaffold and the other towards cell 

aggregation.  

 

1. Scaffold 
 
To permit the differentiation and proliferation of the implanted cells, and therefore the 

formation of the dental tissues, a biomimetic scaffold combined with bioactive molecules will 

create the ideal environment. Regarding the material, the use of macro biomolecules such as 

collagen, alginate and hyaluronic acid derivatives has been studied. The function of the scaffold 

in the tooth bioengineering will be to provide support for the cells and growth factors to be 

properly delivered at the site where the tissue regeneration will take place.  (13) Therefore the 

type of scaffold must be wisely chosen, as it will have to present specific physical and 

mechanical properties due to its exposure to a challenging environment: the oral cavity. The 

scaffold will be subjected to strong mechanical forces through the mastication, and other 

conditions related with the presence of microorganisms, changes in temperature and pH. (22)  

An important physical property will be, for instance, the porosity and the factors influencing 

the cell adherence to the material. The matrix must be highly hydrated, allowing the transport 

of nutrients. This property will be encountered in polymeric materials, which counterbalance 

their potential lack of mechanical and biological properties. Inorganic materials will be more 

likely to possess great biological properties but could suffer from brittleness. Therefore, the 

material of choice to use as scaffold for tooth engineering will be composite materials, including 

organic and inorganic components. (22) Regarding the mechanical aspect, the scaffold material 

must present viscoelasticity. The biocompatibility of the material is imperative, and its 
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degradation process should follow the rate of tissue regeneration. The main objective of the 

scaffold will be to reproduce the processes executed by the extracellular matrix (ECM), 

involving the adhesion of the cell followed by its migration, differentiation and proliferation. 

(36)  

 
Regarding the scaffold-base technique, the stem cells will be seeded into a biodegradable 

scaffold which will then be transplanted in the renal capsule or omentum of the animal. 

Although this method has been proved to be able to mimic the odontogenesis regeneration 

pattern, the timing, shape and size of the tooth created can hardly be controlled, resulting in 

several small tooth-like structures. To avoid this phenomenon, Honda et al. in 2007 have 

developed a technique, seeding epithelial and mesenchymal cells sequentially from the tooth 

bud of a pig third molar, resulting in the formation of a single tooth structure. (8) 

Several scaffold-free techniques have been studied in order to overcome the disadvantages of 

the scaffold-base tooth regeneration. In 2007, Nakao et al. achieved the maturation of a tooth 

germ in a renal capsule through the co-culture of mesenchymal and epithelial cells in a collagen 

gel. This was later transplanted into the jaw, completing the formation of the tooth with 

adequate structure and growth of nerve fibers and blood vessels.   

 

2. Signaling molecules 
 
Signaling molecules participating in the process of tooth development must be included in the 

research in order to reach a whole-tooth regeneration similar to the natural growth of a tooth. 

In the dental mesenchyme, these molecules permit to regulate the macro-patterning of the size 

of the tooth. (40) By regulating the morphogenesis and development of the tooth, cytokines and 

other signaling molecules must be considered in the tooth regeneration. (40) Most of these 

molecules are tumor growth factor beta (TGF-), fibroblast growth factor (FGF), wingless 
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integrated (Wnt), platelet-derived growth factor (PDGF), bone morphogenetic protein (BMP) 

and hedgehog. (36) These growth factors can be included in the biomimetic scaffold with the 

objective of releasing them following the degradation rate of the scaffold, which must be similar 

to the cell´s growth rate as to not interfere with the growth of the tissue.  The size of the pores 

is also involved in the capacity of the scaffold to release the bioactive molecules. (36)  

 

C. Dental tissue regeneration 
 

1. Enamel regeneration 
 
The understanding of the enamel formation during the tooth generation plays an important role 

in the research of the enamel regrowth through the tooth bioengineering process. The interaction 

between the epithelium and the mesenchyme initiates the formation of enamel. While the 

epithelium is responsible for the enamel production, the mesenchyme will be the origin of the 

dentin-pulp complex and periodontal apparatus. (22) The amelogenesis depends on the 

signaling centers and growth factors such as Wingless/Int1 (Wnt) and Bone Morphogenetic 

Proteins (BMPs) which, for instance, will play a role in the differentiation phases post-natal.  

(22) Proteins such as amelogenin and ameloblastin serve as scaffold in order to guide the 

deposition of calcium and phosphorus ions. This will monitor the generation of enamel rods 

through the aggregation of hydroxyapatite crystals. Eventually, enamel will become an acellular 

tissue through the apoptosis of ameloblasts and degradation of the scaffold by matrix proteases, 

making a great challenge out of the enamel formation through bioengineering. (22) Moreover 

the attempt of ameloblast culture in vitro is, for now, vain. To overcome this issue, successful 

research was accomplished with the chemical synthesis of enamel, more precisely of 

hydroxyapatite nanorods. Fluorapatite acid paste was used in order to develop the growth of 

enamel-like structures on a human tooth. (36) The extreme conditions needed to produce 
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enamel (high temperature, high pressure, high pH) in addition to the use of some surfactants 

such as sodium hypochlorite make the direct synthesis in the oral cavity difficult. (33) With the 

use of an enamel protein matrix, the growth of elongated parallel apatite crystal has been 

achieved as a result of the interaction and combination of the elements involved in enamel 

engineering (enamel protein and calcium phosphate growth solutions). The protein amelogenin 

plays a big role in the production of enamel as it contributes to almost 90% of the development 

of the enamel layer. It has been possible to achieve the growth of enamel-like apatite in vitro 

(33).  

 

2. Dentin-pulp complex regeneration 
 
The odontoblasts are cells of mesenchymal origin which execute the dentin formation when 

migrating towards the pulp. The deposition of collagen, proteoglycans and other matrix proteins 

contributes to the formation of acellular calcified tissue constituting the dentin (70% 

hydroxyapatite, 20% organic materials, 10% water). Once the dentinogenesis is completed, the 

odontoblasts remain beneath the dentin, playing the main role in the dentin-pulp complex after 

an injury; the generation of tertiary or reparative dentin can be produced due to the activation 

and differentiation of DPSCs into odontoblasts. The dentin regeneration is triggered by changes 

in the environment, creating a stimuli (signaling molecules, pH, cytokines..). (22)(36) The 

odontoblasts possess the ability to secrete growth factors, especially TGF-, which will induce 

the regenerative events in the dentin-pulp complex either in vitro or in vivo. Regarding the 

scaffold and the inductive microenvironment, treated dentin matrix (TDM) could play an 

important role. (36) However, this repair system occurring after an injury is not beneficial for 

research in tooth tissue engineering as the process of mobilizing DPSCs to the site of injury and 

differentiating into odontoblast-like cells is still unknown. (31)  Moreover, the limited capacity 
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for regeneration of the dentin creates the need of choosing an appropriate source for the stem 

cell and differentiation strategy. The dentinogenic potential of DPSCs, SHEDs, iPSCs and 

BMSCs seem to be for now the most interesting information regarding dentinogenesis in the 

tooth bioengineering field. (22)  

 

3. Cementum 
 
Cementum is a calcified tissue produced by cementoblasts which is located between the 

periodontal ligament and the dentin. The cells involved in the cementogenesis could be DFSCs, 

PDLSCs, iPSCs. The cementum volume enlarges over time and its regeneration can be initiated 

by cementoblast precursors present in the periodontal ligament. In the case of a resorption due 

to a disease, cementum will not present any possibility of remodeling and regrowing, creating 

an issue regarding the whole-tooth regeneration objectives. (22)  

 

D. Organ germ method 
 
Also called the three-dimensional cell manipulation method, it aims to replicate the interactions 

between the epithelial and mesenchymal cells during organogenesis, by compartmentalizing 

these cells at high cell density. (40) In 2011, research by Oshama et al. obtained successful 

results through the generation of a tooth with correct structure in vitro, subsequently 

transplanted into the oral cavity. Between the bioengineered whole tooth and the alveolar bone, 

a bioengineered tooth unit constituted of periodontal ligament, mature tooth and alveolar bone 

have been grafted.  In addition, to replicate the developmental mechanism of the bioengineered 
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tooth accurately, the imitation of epithelial-mesenchymal interactions through transcription 

factor pathways have been supplemented.  (Figure 7) (41) 

Figure 7. Schema of the method for generation and transplantation of reconstituted tooth germ (41) 

 

Table 1. Summary of the most relevant studies on tooth bioengineering 

 

Year Author Source of cell Method Outcome 

1934 Huggins Young dogs 

developing tooth 

germ: epithelial & 

mesenchymal layer 

Recombined + transplanted into 

the abdominal wall 

Where there was no 

mesenchymal layer, the 

epithelial layer did not 

generate enamel. 

1970 Koller et al. Mouse embryo: dental 

epithelium + papilla 

Tissue recombination + 

transplant in the eye chamber 

(anterior part) 

Proof of the odontogenic 

capacity of mesenchymal 

cells 

1987 Mina et al. Non-odontogenic 

ectomesenchyme of 

second arch 

Combination with mandibular 

arch epithelium before 

embryonic day 12 

The epithelium already 

possesses the odontogenic 

capability before Bud 

stage of tooth 

morphogenesis. 

2004 Ohazama et 

al. 

Oral epithelium from 

mouse embryo 

Recombination technique at 

embryonic day 10 with non-

dental cell aggregates (embryonic 

stem cell…) 

Tooth primordia 

development. 

2007 

 

Nakao et al. Co-culture of 

epithelial and 

mesenchymal cells 

seeded into collagen 

gel drop 

3-dimensional organ-germ 

culture. 

Regeneration into renal capsule, 

implantation of tooth germ in 

jaw. 

Correct tooth structure, 

growth of blood vessels 

and nerve fibers. 

2009 Ikeda et al. Epithelial and 

mesenchymal cells of 

the tooth germ of the 

embryonic molar of a 

mice at embryonic day 

14 

3-dimensional organ-germ 

culture (5-7 days) reaching the 

early bell stage, transplant in 

upper alveolar bone (molar level) 

Correct tooth structure, 

size too small compared to 

the natural molar of mice.. 

2011 Oshima et al. Cells of the tooth germ 

of a mice molar at 

embryonic day 14 

3-dimensional organ-germ 

culture, size control method, 

mature tooth developed in sub-

renal capsule, transplantation in 

the jaw 

Development of single 

correctly structured tooth 

with periodontal tissue, 

alveolar bone 

regeneration, response to 

mechanical stimuli 
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V. DISCUSSION  

 
Research regarding whole tooth bioengineering have evolved starting from the simple 

production of dental tissues towards the full growth of a complete and functional tooth structure. 

The tooth generated by Ikeda et al. does not only contain a good structure but also achieves the 

connection with nerve fibers allowing the bioengineered tooth to respond to stimulus. (41) The 

recovery of the nervous system through the reintegration of nerve fibers allows the peripheral 

nervous system to complete its role in the regulation of organ functions and permits the 

perception of external stimuli. This sensory feature of the tooth is crucial for its own protection 

and function. (41) 

The lack of a functional periodontal ligament (PDL) represents a significant drawback of the 

implant as its essential roles in repair, tooth support and homeostasis cannot be imitated. In 

order to assess the reintegration of the PDL with the regenerated tooth, orthodontic tooth 

movements can be intended to verify the pathogenic and physiological response of the bone 

through extreme forces. (41) One disadvantage experienced in the tooth regeneration of Ikeda 

et al. is the small tooth size obtained. Oshima et al. developed the idea of transplanting the 

whole tooth unit in the alveoli instead of only the tooth germ. The tooth was grown inside the 

sub renal capsule of the mouth and was then implanted after reaching the adequate size and 

shape. (40) A functional occlusion must be reached through the development of cusps, fissures 

and grooves in order to fulfill the mastication purpose of the tooth. The low level of 

mineralization of enamel achieved through tissue bioengineering is, for now, not sufficient to 

succeed an adequate quality for the biomechanical loading of dental hard tissues. (22)  

The therapeutic capability of mesenchymal stem cells in many medical fields raises the need to 

extract them and store them. However, the ethical drawbacks of collecting them from bone 

marrow or umbilical cords resulted in the need for studies to find another source. Regarding 
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embryonic stem cell therapy, the ethical disadvantages remain and create strong societal 

limitations. (42) 

The availability of DPSCs and the non-invasiveness of their collection represent significant 

benefits in comparison with the other sources of MSCs. The use of autologous dental stem cells 

represents a meaningful advance in tooth tissue bioengineering and presents a great quantity of 

advantages in comparison with allogenic stem cells transplant. The main benefit relies in the 

guarantee of compatibility since the donor receives stem cells from its own body. However, in 

the case of DPSCs, the need for a tooth extraction could represent an ethical limitation. 

Therefore, the banking of stem cells throughout one’s life by cryopreservation of young and 

proliferative stem cells could result in a major advance for the future of bioengineering. This 

technique of banking stem cells for later use could solve some of the ethical problems arising 

from the source of mesenchymal stem cells. The exfoliated deciduous teeth of children around 

6 to 12 years old are of great interest since the tooth extraction is no longer needed and the 

population of SHEDs becomes easily available. (42) The stem cells from human exfoliated 

deciduous tooth appears to be more proliferative and have a higher survival rate while having 

the same functional ability as stem cells from the pulp of a permanent tooth. Their capacity of 

differentiating into specialized tissues remains comparable as both are able to create dentin-

pulplike tissues.(26) Considering the small quantity of stem cells contained in the pulp, the 

possibility of expanding their quantity in order to reach a therapeutical amount of stem cells 

reflects the great benefit of SHEDs. (42) Regarding the state of the tooth selected for stem cell 

banking, it is unclear whether it must be healthy or if the presence of carious lesion prevents 

the tooth from being manipulated. (42) This lack of information causes some uncertainty 

regarding stem cell banking from extracted or exfoliated teeth.   
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Although some researchers managed to regenerate a tooth in vivo, in every cases it has been 

achieved in ectopic places rather than in situ, and some crucial elements where lacking, for 

instance the periodontal tissue which is essential to anchor the unit into the alveolar bone. (43) 

The research made on tooth morphogenesis are mainly carried out on mice as its dentition is 

very similar to the human. As mice are monophyodont, the comparison regarding the signaling 

molecules pathway can be made with polyphyodonts, for example during the analysis of the 

Wnt pathway or to study the modulation of stem cell homeostasis. (30)  

Creating the perfect “bio-tooth” is for now utopian. Although researchers have managed to 

develop a functional bioengineered tooth in situ, many questions remain unanswered regarding 

its viability. For now, it is still unclear the influence of the type of bone on the success of the 

regeneration, as well as the impact of potential systemic diseases, infections and aging of the 

patient.  

Stem cells could potentially be considered as candidates for malignant transformation since 

many similarities can be found with cancer cells (e.g., relative apoptosis resistance, long life 

span, replication ability extended in time, growth regulators, independent growth). (44) The 

tumorigenic potential of stem cells also depends on other factors such as the site of 

administration, the culture in vitro, and the manipulation of these cells. The risk increases when 

culturing pluripotent stem cells such as ESC and iPSC.(45) When cultured in vitro, some 

mechanisms (cell cycle arrest or DNA repair) supposedly preventing the tumor formation could 

be defective. The tumorigenicity has been proved to increase proportionally with the length of 

the culture in vitro of stem cells.  Therefore, the culture in vivo of these cells is favored but does 

not eliminate completely the tumorigenic potential of the procedure. The direct link between 

pluripotent stem cells and tumorigenesis has been confirmed in many research. (44) 
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Nevertheless, somatic stem cells (SSC) can and have been safely used for decades.  Still, a lack 

of long-term follow-up impedes to exclude with safety the harmfulness of SSCs.  

The different methods used to generate iPSCs could induce the growth of tumors, for instance 

through genetic modification by means of retroviruses and lentiviruses or by transgene 

reactivation. However, almost non-harmful methods have been found to reduce the risk of 

tumor formation, such as the replacement of viral integration by adenoviral vectors to encode 

reprogramming factors. (44) By introducing the transcription factor Nanog-iPSC which permits 

to silence four factors (Klf4, Oct3/4, cMyc, Sox2) after de-differentiation, the retroviral-based 

expression system becomes cancer-free through switching towards an adenovirus-based 

system. (46)  

Apart from the risk of tumorigenesis, the response of the host immune system could present a 

complication in the stem cell therapy. Initially, ESCs present a low immunogenic potential and 

therefore almost doesn’t require the immunosuppression of the host. Nevertheless, when these 

cells are used for a different function or in a different physiology, their differentiation increases 

the immunogenic potential, thus potentially creating an immune response from the host. The 

rejection of the graft could lead to losing the functions of the stem cells and should therefore be 

prevented by the intake of immune suppressants, which should be nonetheless taken carefully 

considering the side effects associated with the medication. As mentioned previously, an 

interesting option to avoid the immunological risk could be the banking of autologous stem 

cells from the dental pulp. (44)  
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VI. CONCLUSIONS 

 
The increasing life expectancy plays a role in the society’s growing need to find an alternative 

to existing tooth replacement therapy. Furthermore, several limitations associated with the wear 

of prosthesis favors the investigation for an option more natural, eliminating the potential 

drawbacks: risk of failure, sensation of wearing a foreign object, possible harm to surrounding 

tissues etc. The study of polyphyodonts has permitted to understand the operation by which 

these animals were able to generate teeth naturally. The re-activation of the Wnt pathway in the 

successional lamina, mimicking the mechanism of tooth regrowth in polyphyodonts could be 

the key to natural whole tooth regeneration as tooth replacement therapy. Further research will 

be necessary in order to reproduce this operation in humans.  

The bioengineering of a tooth represents the ultimate goal of regenerative dentistry, attempting 

the recovery of a whole tooth complying with all masticatory and sensory functions, associated 

with an adapted size and morphology. According to MacArthur and Oreffo in 2005, tissue 

engineering aims at “understanding the principles of tissue growth, and applying this to produce 

the functional replacement tissue for clinical use.”(43) For now, the regrowth of a tooth is still 

studied as possible therapy for tooth replacement but has not been fully achieved. While the 

clinical results are promising, the achievement of whole tooth regeneration in the everyday 

dental clinic for now is not conceivable. It consists most frequently in the culture of stem cells 

in vitro, which will then be seeded in the scaffold and then implanted in vivo, into the tooth 

socket. (36) The increasing knowledge in matter of tooth morphogenesis, stem cells and 

biomaterials plays an essential role in the whole tooth regeneration project. Further research 

regarding tooth development in addition to technological advances permit to potentially 

consider a positive outcome for the years to come and a promising alternative therapy for tooth 

loss in the future. 
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