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Abstract

Tooth loss is a significant health issue that affects the physiological and social aspects of everyday 

life. Missing teeth impair simple tasks of chewing and speaking, and can also contribute to 

reduced self-confidence. An emerging and exciting area of regenerative medicine based dental 

research focuses on the formation of bioengineered whole tooth replacement therapies that can 

provide both the function and sensory responsiveness of natural teeth. This area of research aims 

to enhance the quality of dental and oral health for those suffering from tooth loss. Current 

approaches use a combination of dental progenitor cells, scaffolds and growth factors to create 

biologically based replacement teeth to serve as improved alternatives to currently used artificial 

dental prosthetics. This article is an overview of current progress, challenges, and future clinical 

applications of bioengineered whole teeth.
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Introduction

As a highly prevalent disease, tooth loss affects over 158 million people worldwide [1]. 

Craniofacial birth defects, poor dental hygiene, battlefield injuries, accidental and intentional 
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traumatic injuries all can contribute to tooth loss. Currently, artificial dental implants are the 

most commonly used tooth replacement therapy. Unfortunately, dental implants are prone to 

failures, and are associated with complications such as tissue and bone loss around the 

implant site, fracture, peri-implantitis, infections and inflammation. [2, 3]. All of these 

issues highlight the clinical need for dental implant alternatives, including biologically based 

replacement teeth as superior alternatives to artificial dental implants [4, 5].

Ideally, bioengineered teeth would be generated using autologous dental cells extracted from 

an individual patient, such as those harvested from an extracted wisdom tooth, which would 

then be expanded in in vitro tissue culture. Once sufficient numbers of cells are generated, 

they would then be incorporated within a scaffold, and implanted at the site of tooth loss, 

where it would be expected to develop, erupt and function like a natural tooth. This 

regenerative therapy approach will only become a reality in the clinic once extensive 

investigation identifies postnatal dental cells sources, appropriate scaffold materials and 

fabrication, and inductive factors that can be readily used for devising bioengineered teeth 

that resemble natural teeth (Figure 1).

Natural teeth are highly complex organs composed of hard mineralized tissues, including 

enamel, dentin, and cementum, and soft tissues including dental pulp and periodontal 

ligament [6]. All of these tissues originate from the ectoderm-derived dental epithelium and 

the neural crests derived dental mesenchyme, whose early interactions initiate and 

subsequently support reciprocal and reiterative signaling throughout tooth development [7, 

8]. The initiation of tooth development is defined by a thickening of the oral epithelium that 

then invaginates into the underlying dental mesenchyme. The surrounding dental 

mesenchyme then condenses, leading to morphogenesis of the dental epithelium and dental 

cell differentiation [6, 9, 10]. Dental epithelial derived ameloblasts are the differentiated 

cells that are responsible for enamel production, while differentiated dental mesenchymal 

derived odontoblasts produce dentin [5, 8, 11, 12]. The process of tooth development is 

regulated by the interactions of the dental tissues – dental epithelium and dental 

mesenchyme. It has been shown that if this interaction is prevented, tooth development will 

not progress [13–15]. It has also been demonstrated by classical tissue recombinant studies 

that the odontogenetic potential, or the instructional capability of the dental tissues and cells, 

is conserved even after tissue dissociation and in vitro culture [16]. These concepts that drive 

natural tooth development provide an instructive guide for optimal conditions that can be 

used to create bioengineered whole teeth.

Dental Cell Sources for Whole Tooth Bioengineering

Embryonic dental stem cells, harvested from mice and/or rats, have commonly been used in 

many historic and current tooth regeneration studies due to their significant odontogenic 

potential. However, human embryonic cells cannot be used as a clinically relevant human 

dental cell source due to unavoidable ethical issues, potential for immune reaction and 

rejection, and malignant potential. Current embryonic dental stem cell alternatives focus on 

using postnatal dental stem and progenitor cells isolated from adult dental epithelial and 

dental mesenchymal tissues. Prior published reports have demonstrated the odontogenic 

potential of postnatal (adult) dental epithelial and dental mesenchymal single cell 
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suspensions, including the ability to produce anatomically accurate tooth crowns consisting 

of dentin, pulp and enamel. [17–19].

Today, the most common source of dental mesenchymal stem cells being used for tooth 

regeneration research is postnatal dental pulp stem cells (DPSCs). The dental pulp contains 

an enriched population of stem cells that can be easily isolated. In numerous studies, DPSC 

have been shown to differentiate into odontoblasts and osteoblasts, and to form pulp, dentin, 

and cementum tissues respectively [20–23]. Stem cells of human exfoliated deciduous teeth 

(SHED) can be isolated from the pulp of primary human teeth, and have demonstrated 

capacity to differentiate into odontoblasts, and to produce dentin-like and pulp-like tissues 

[24, 25]. SHED can be extracted from a very accessible source – human baby teeth - and 

have the ability to provide an adequate number of cells for regenerative dental applications 

[24]. Stem cells of the apical pallia (SCAP) are isolated from pulp tissue located within open 

roots of developing baby teeth [26], and have been shown to differentiate into odontoblasts 

and osteoblasts, and to form dentin-like structures. [27]. Dental follicle precursor cells 

(DFPCs) are mesenchymal cells that surround and enclose the developing tooth bud, and 

which will eventually contribute to the periodontal ligament and cementum tissues [28]. 

DFPCs are able to differentiate into cementoblasts that form cementum, and to periodontal 

ligament-like tissues [28], and have been found to be suitable for dentin regeneration [29]. 

Similarly, Periodontal Ligament Stem Cells (PDLSCs) have been shown to differentiate into 

cementum forming cementoblasts, as well as periodontal ligament-like tissues [30]. In 

addition, when PDLSCs were combined with DPSCs, root-like and dentin-like structures 

were formed [20].

Various tissue sources have also been investigated to successfully generate dental epithelial 

cells that can differentiate into enamel secreting ameloblasts. For example, dental epithelial 

cell rests of Malassez (ERM) have the ability to differentiate into ameloblast like cells and to 

produce enamel when combined with dental pulp cells [31]. Another study showed that 

when cells from the enamel organ were combined with dental mesenchymal cells, enamel-

dentin structures were formed [32]. It has also been shown that skin epithelial cells have the 

ability to express ameloblasts markers when cultured with dental pulp cells [33]. Finally, 

adult human gingival cells have the ability to form enamel structures when combined with 

dental mesenchymal cells [34]. Any or all of these dental epithelial cell sources may prove 

promising for effective whole tooth tissue engineering applications.

Recently, investigations using induced pluripotent stem cells (iPSCs) for tooth regeneration 

research have increased. These cells are pluripotent and therefore have the ability to develop 

into a variety of cells types [35–37]. It has been shown that gingival cells, SHED, SCAP, 

DSCPs, and periodontal ligament cells can all be used to create iPSCs [38–40]. In addition, 

iPSCs have been shown to exhibit the ability to differentiate into ameloblast-like and 

odontoblast-like cells [41, 42].

The field of tooth tissue engineering and regenerative dentistry has investigated this wide 

variety of cell types to identify sources that can easily be accessed and utilized for clinical 

dental applications. The knowledge gained from the use of the cells mentioned above has 

helped to further our understanding and appreciation of how they can be combined and 
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utilized to advance whole tooth bioengineering research. Also, it was recently reported that a 

scaffold free method can be used to examine the usefulness of various cell sources for the 

use in tooth regenerative studies [43]•• In addition, a recent study has demonstrated that 

recombination of post-natal dental epithelial and dental mesenchymal tissues have the ability 

to form tooth structures, offering an alternative to single cell suspension techniques in whole 

tooth regeneration [44].••

Scaffold Materials and Bioprinitng for Tooth Tissue Engineering

Appropriate selection of scaffold materials is very important for regenerative dental 

applications, as the microenvironment provides cellular support and mechanical cues that 

affect cell behavior. For example, it has been shown that hydrogel scaffold stiffness can 

influence the fate of mesenchymal stem cells [45]. In addition, scaffold materials must allow 

cellular attachment, spreading, proliferation, and differentiation to allow the development of 

the desired tissues. Furthermore and ideally, scaffold degradation rate should match the rate 

of extracellular matrix (ECM) deposition by the cells, in order to ensure robust formation 

and durability of the bioengineered tissue [46]. An extensive variety of natural and synthetic 

scaffold materials have been investigated for tooth regeneration applications [46–48]. One 

group of materials that has been examined are poly-L-lactic acid (PLLA)/polylactic-co-

glycolic acid (PLGA) polymers [49–51]. PLLA, PLGA and their derivatives are synthetic 

polymers that can be readily prepared. Hydrogel based materials such as collagen, gelatin, 

and alginate are highly tunable, and have been used to successfully bioengineer various 

dental tissues [21, 22, 32, 52]. Silk-based materials have also shown promise in providing an 

environment that can support osteo-dentin like mineralized tissue formation, but further 

optimizations are needed to enhance bioengineered dental tissue formation [53, 54]. A 

combination of these and other novel materials may eventually be used to successfully 

engineer the wide variety of hard and soft tissues that comprise the natural tooth.

The size and shape of scaffold materials can be easily and meticulously generated with the 

use of 3D printing [55]. This fabrication method deposits material layer by layer until a 

desired 3D structure is produced [56]. Today, 3D printers are able to dispense plastic, 

ceramics, biomaterials, and even cells in a highly organized manner [56–58]. It has been 

suggested that 3D printing can be utilized in regenerative medicine to aide in the creation of 

complex bioengineered tissues and organs [58, 59]. In addition, 3D printing can offer 

customizations on a patient to patient basis [56, 60].

Incorporation of Growth Factors

Growth factors are soluble proteins that direct the development of various tissues and 

organs. Several important growth factors are involved in natural tooth development, 

including bone morphogenetic protein (BMP), fibroblastic growth factor (FGF), and 

transforming growth factor beta 1 (TGFβ1) [5, 8, 46, 61, 62]. The addition of these factors 

to bioengineered tooth constructs can therefore be used to enhance the successful generation 

of bioengineered whole teeth.
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BMP4 is thought to play an important role in tooth morphogenesis by activating 

transcription factors in the dental mesenchyme [63, 64]. BMP4, in combination with BMP2 

and BMP7, regulate cell proliferation, tooth patterning and crown shape [65–67]. 

Additionally, BMP4 is involved in ameloblast differentiation and tooth root formation [68, 

69]. Furthermore, it has been suggested that loss of bmp4 gene expression may account for 

the lack of teeth in birds [70]. Roles for Bmp signaling in both dental mesenchymal and 

dental epithelial cell differentiation was further demonstrated by the differentiation of iPSCs 

into both odontoblastic and ameloblastic lineages, respectively, by the addition of exogenous 

BMP4. FGF signaling has been shown to be required for tooth morphogenesis [71]. 

Decreased FGF signaling prevents tooth development [71, 72]. TGFβ1 can induce 

odontoblast differentiation, pulp and dentin formation [73–76], and has been used to 

enhance the differentiation DPSCs into odontoblasts in vitro [21]. These studies emphasize 

that selective incorporation of combinations of these growth factors into novel bioengineered 

tooth constructs could be used to enhance dental cell differentiation, and dental tissue and 

whole tooth formation.

Host Implant Models for Tooth Tissue Engineering

Small animals such as mice, rats, ferrets and rabbits are ideal for in vivo tooth regeneration 

studies that include a large number of samples, as their maintenance is more cost effective 

than large animals. Usual implantation sites in small animals, such as subcutaneous pockets 

and renal capsules, are selected based on their high vascular availability. Tooth extraction 

socket/implantation sites of smaller animals may be difficult to perform and analyze because 

the operation area is small and delicate and their dentition is not similar to humans. 

Normally larger animals are used for more advanced studies of tooth construct jaw implants. 

Mini-pigs are commonly used for tooth/alveolar bone implantation studies because they 

have a dentition similar to humans.[77, 78] It has been suggested that the implantation site is 

important as it may influence the morphology of the bioengineered tooth [21]. Therefore, 

knowing how, when and where to place the bioengineered tooth implant can greatly affect its 

outcome.

Current Progress and Challenges in Whole Tooth Regeneration

The ideal bioengineered whole tooth would mimic the development, function and 

appearance of a natural tooth. To date, only a handful of studies have demonstrated the 

successful generation of fully functional bioengineered teeth, by implanting bioengineered 

tooth constructs composed of embryonic dental cells that were implanted and grown in mice 

tooth extraction sites [79–81]. As already mentioned, the clinical relevance of these studies 

is hindered by the fact that embryonic stem cells, versus adult stem cells were used. 

Nevertheless, these studies can be used to guide strategies to generate bioengineered whole 

teeth for the use of human tooth replacement. One of the earliest successful whole tooth 

regeneration studies used single cell suspensions of postnatal dental cells to engineer whole 

tooth crowns consisting of dental pulp, dentin, enamel, and tooth root tissues [49]. These 

anatomically correct tooth crowns were imperfect, in that they were very small and did not 

conform to the size and shape of the scaffold. Since then, additional studies have focused on 

identifying appropriate sources of adult dental cells, on appropriate and optimal scaffold 

Smith and Yelick Page 5

Curr Oral Health Rep. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



materials, and on growth factor combinations that can properly direct the regeneration of 

functional bioengineered tooth. A recent report describes the use of a gelatin-chondroitin-

hyaluronan scaffold seeded with postnatal dental cells implanted into a healed mandibular 

tooth extraction site of an adult Lanyu miniature pig, to successfully generate enamel-like 

tissues, dentin, cementum, and developing tooth roots [21]••. Further improvements to this 

model, including validation that the purported bioengineered tooth was in fact not a natural 

pig replacement tooth, as well as functional analysis of these bioengineered teeth, would 

significantly improve the significance of this study.

Today, the major challenges facing the field of whole tooth bioengineering are identifying 

reliable sources of dental epithelial cells for clinical applications, and optimizing methods to 

fabricate scaffolds that can promote and accommodate the organized growth of all of the 

various hard and soft dental tissues, to form functional bioengineered teeth of specified size 

and shape. Additionally, bioengineered teeth must be sufficiently vascularized and integrated 

within the recipient anatomy. Overcoming these challenges may eventually contribute to 

emerging alternatives such as is bio-hybrid teeth, composed of both bioengineered living 

tissue and artificial materials [20, 82]•.

Conclusions and the Future of Whole Tooth Tissue Engineering

Whole tooth bioengineering is an exciting field that has emerged to provide an alternative to 

dental prosthesis currently used to treat the large numbers of people suffering from tooth 

loss. Although dental prosthetics historically have been the hallmark of tooth replacement 

therapy, associated complications reveal the need for significant improvements. The field of 

whole tooth bioengineering research has demonstrated distinct accomplishments during its 

relatively short life. However, current research efforts must be directed to focus on the 

challenges and limitations that currently block our ability to reliably create clinically 

relevant bioengineered replacement teeth. Still, recent accomplishments indicate that despite 

the fact that teeth are complex organs composed of a wide variety of soft and hard tissues, 

whole tooth bioengineering for human tooth replacement is indeed possible, and in fact is 

the future of dentistry.
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Figure 1. Models for whole tooth bioengineering
1) Research Objective. In order for whole tooth bioengineering to become a reality in a 

clinical setting, extensive research must be conducted. This research includes identifying 

suitable cell sources and scaffold materials that support the in vitro development of a 

bioengineered tooth bud for implantation into a tooth loss model. 2) Future Clinical 

Applications.. Once appropriate materials have been validated, they should be easily 

translatable for clinical application of using patients own cells to correct an area of tooth loss 

by regenerating a fully functional tooth.
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