
Chapter 7
Biomaterials in Tooth Tissue Engineering

C. Pushpalatha, Shruthi Nagaraja, S. V. Sowmya and C. Kamala

1 Introduction

Tooth is a biological organ originating from ectomesenchymal cells composed of
enamel, dentin, and viable pulp tissue which is altogether called as tooth organ.
These tissues usually arise from the interaction of oral epithelium and mesenchyme
of cranial neural crest. Ameloblasts of ectodermal origin generally deposit enamel
and disappears once hard tissue formation completes. Odontoblast cells of ectomes-
enchymal origin secrete dentin and persist as dental pulp for thewhole life. Tooth loss
and dental diseases resultant of caries, trauma, periodontal disease, and genetically
inherited disease are considered as a major health issues. The traditional approach of
dental treatment uses non-biological substitutes which build up the structure, func-
tion, and esthetics component of the tooth but do not promote biological vitality in the
tissues. The resultant tooth will be non-vital which is devoid of physiological defense
mechanisms and nerves for pain transmission. In the case of immature teeth, the
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ability to undergo further root formation is hampered. These issues focused toward
the development of new biological approach is of concern in vital tissue regeneration.
The tissue engineering has focused significantly on the replacement and regenera-
tion of entire tooth or individual components of a tooth which is structurally and
functionally sound. The molecular signals associated with odontogenesis and tooth-
related phenotypes lead to concept of tooth tissue engineering. Tooth regeneration
through advanced and innovative approaches eliminates the pitfall of treatment out-
comes linked with traditional approaches. Significant progress toward successful
tooth regeneration has been achieved by utilizing a combination of tissue-specific
stem cells or progenitor cells, signaling molecules, and biomaterial scaffolds that are
the guiding principles in tooth tissue engineering.

2 Strategies for Tooth Regeneration

Forsyth Group in teamwork with Dr. Vacanti in 2002 first achieved tooth regenera-
tion through classical tissue engineering techniques. The dental tissue engineering
approaches generate bioengineered replacement teeth and dental tissues mimicking
natural tooth by understanding and applying the regulatorymechanismof tooth devel-
opmental processes. The formed functional bioengineered tooth has the capability to
occlude accurately in dentition with potential interproximal contacts, proprioceptive
function, efficient transmission of masticatory forces, and esthetics reestablishment.
To regenerate bioengineered teeth with predetermined morphology, it is mandatory
for systematic arrangement of epithelial–mesenchymal cell layers onto the scaffold
and its interaction with the extracellular matrix. Three variants of dental tissues are
essential for tooth regeneration such as dental epithelium, dental pulp, and dental
follicle which are associated with enamel, dentin, pulp, and periodontium formation.
A range of advanced tooth tissue engineering techniques can be accomplished using
these cells through its implantation and interaction with the extracellular matrix.
Tooth regeneration techniques involving regulatory processes of odontogenesis are
scaffold-based and scaffold-free approaches.

2.1 Scaffold-Based Approach

In this approach, the cells are seeded in an orderly manner on the scaffold in the lab-
oratory. The seeded scaffolds are precultured in vitro for few days and transplanted
in vivo into animal tissues such as renal capsule or omentum to obtain adequate
blood supply, oxygen, or nutrients (Fig. 1). To promote diffusion of metabolites
and its nutrients, the cells can be cultured under perfusion or flow perfusion bioreac-
tors. The desired recipient site can later be grafted with regenerated tissue or organ to
obtain an organ of specific shape and size to fulfill the mechanistic requirement at the
recipient site. The construct is implanted into the jaw and designed to overcome the
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Fig. 1 Scaffold-based approach for tooth regeneration
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mechanical and physiological stresses. This approach results in three-dimensional
scaffold that is rich in growth factors and aids in cell adhesion, proliferation, differen-
tiation, and migration thereby imparting mechanical support for extracellular matrix
tissue regeneration [1]. Young et al. [2] first successfully bioengineered tooth crowns
by seeding dissociated cells on poly (L-lactide-co-glycolide) (PLGA) biodegradable
polymer scaffolds. The histological, immunohistochemical, and molecular analyses
have shown that the bioengineered tooth contained morphologically similar enamel
organ, dentin, predentin, odontoblasts, pulp chamber, and Hertwig’s epithelial root
sheath with proper cellular and protein organization as observed in natural tooth.
Duailibi et al. [3] suggested that tooth tissue engineering methods can regenerate
tooth tissues in both pig and rat by culturing tooth bud cells of postnatal rat and by
seeding them on biodegradable scaffold such as PLGA or polyglycolic acid (PGA).
It was also demonstrated that during tooth morphogenesis, the tooth cusp number
could be controlled by cap stage dental mesenchyme and reaggregation of the mes-
enchymal and dental epithelium. However, the shortcoming of these studies was that
the regenerated tooth did not have morphological size and shape mimicking natural
tooth. Honda et al. [4] employed a novel technique wherein epithelial and mes-
enchymal cells were seeded sequentially such that there is a direct contact between
the epithelium and mesenchyme. It was proposed that the cell seeding technique can
be beneficial in regulating the tooth morphology. Duailibi et al. [5] cultured cells
from tooth bud and seeded them on tooth-like molds composed of PGA/PLGA/poly-
L-lactide (PLLA) in the jaw. Subsequently 12 weeks after, an organized tooth crown
similar to that of implants grown in the omentum was formed. The resultant tooth
displayed physical properties and functions similar to natural teeth. Seeding of dental
bud cells on gelatin chondroitin hyaluronan tri-copolymer scaffold regenerated tooth
structureswith a set of proteins necessary for odontogenesis.Although several studies
show that the bioengineered teeth with organized dental tissue in the seeded scaffold
are effective, the main disadvantage is that the regenerated tooth is repeatedly very
small and occasionally simulates the natural tooth in morphology. The translation of
this cell transplantation technique into therapeutics is quite challenging due to the
following reasons.

• Autologous tooth germ cells are inaccessible for humans.
• Xenogenic tooth germ cells may induce immune rejection and dental abnormali-
ties.

• Limited availability of autologous postnatal tooth germ cells or dental pulp stem
cells and translational barriers.

• Difficulties in regulatory approval and excessive commercialization cost.

To overcome the limitations of cell-based therapy, an alternative approachwithout
the use of cell delivery system called stem cell homing was first introduced in 2010 to
regenerate anatomically shaped tooth-like structures [6]. This approach utilizes the
in vivo induction of mesenchymal stem cells with specific target localization which
will be circulating in the blood and differentiate into conforming tissues. This ther-
apeutic approach does not involve isolation and ex vivo manipulation of cells in the
laboratory, thereby enhancing clinical, commercialization, and regulatory processes.
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Cell homing bring about tissue regeneration in the injured site by chemotaxis through
biomolecular signals. Kim et al. [7] was the first to show that chemotaxis-induced
cell homing is suitable for pulp tissue regeneration in an endodontically treated tooth.
This method is commonly used in dental pulp and periodontal ligament regenera-
tion and forms a noticeable clinical translational approach. In pulp regeneration,
growth factors impregnated in bioactive scaffolds are injected into root canals of the
teeth to induce cell migration, proliferation, and differentiation of stem cells [8–10].
Growth factors like stromal-derived factor-1 (SDF1) and bone morphogenetic pro-
tein (BMP)-7 are delivered into the scaffold to recruit endogenous cells and promote
angiogenesis for periodontal ligament regeneration [11].

2.2 Scaffold-Free Approach

This approach involves encouraging embryonic tooth formation processes with
appropriate signaling molecules to produce tooth tissue that resembles natural tooth
anatomically. In 2002, Ohazama et al. [12] developed artificial embryonic tooth pri-
mordia after transplantation into adult jaw using recombinants such as non-dental-
derived mesenchymal cell and oral embryonic epithelium. They also showed that
non-dental stem cells such as embryonic stem cells, neural stem cells, and bone
marrow-derived stem cells can develop tooth structure by the expression of odon-
togenic genes. They also were the first to develop bioengineered tooth that mim-
icked natural tooth histologically by the implantation of E14.5 rat tooth primordia
into adult mice. Various studies report that epithelial–mesenchymal interactions are
important parameters for tooth development [13, 14]. In scaffold-free studies, inter-
action of epithelial–mesenchymal cells is permitted and tissue is developed through
cell aggregation without any external carrier material for cellular attachment [15,
16]. The main limitation associated with this approach is that large quantities of
mesenchymal cells are essential to develop morphologically distinct tooth struc-
tures. An improved bioengineered three-dimensional organ-germ culture method
was developed to generate ectodermal organs such as teeth and whisker follicles
by reciprocal interactions of epithelial and mesenchymal cells. After transplantation
of bioengineered tooth germ into subrenal capsules in mice, the tooth primordium
generated plural incisors composed of enamel, ameloblasts, odontoblasts, dentin,
dentinal tubules, pulp tissue, Tomes’ processes, root, periodontal ligaments, alveo-
lar bone, and blood vessels which were organized in similar way to natural tooth on
histological observation. The bioengineered tooth germs show an organized arrange-
ment of mineralized tissues, cell types, detectable blood vessels, and nerve fibers in
the pulp. This approach produces oral epithelium-like structures or bone but not
the whole tooth. Ikeda et al. [17] successfully demonstrated the development of
fully functional bioengineered tooth through regenerative therapy using 3D organ
culture method. The developed tooth had a similar hardness to the adult natural
tooth with normal colony-stimulating factor-1 and parathormone-1 gene expression
which could regulate osteoclastogenesis. The nerve fibers such as anti-neurofilament,
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Fig. 2 Scaffold-free approach for tooth regeneration
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neuropeptide Y, calcitonin-gene-related peptide, and galanin-immunoreactive neu-
rons effectively re-entered the pulp and periodontal regions which responded to nox-
ious stimuli such as pain and mechanical stress. This study also provided an insight
into the tooth eruption mechanisms and masticatory potential of a bioengineered
tooth. Oshima et al. [18] developed a bioengineered mature tooth unit possessing
physiological tooth functions in the subrenal capsule of the mouse using a size-
control device (Fig. 2).

3 Innovative Approaches for Enamel Regeneration

In addition to scaffold-based and scaffold-free approaches, enamel tissue regenera-
tion includes cell pellets culture system, recombination experiments, self-assembly
bioactive nanomaterials, and gene-based enamel formation [19, 20].

3.1 Cell Pellet Culture System

Pellet culture system is a beneficial model developed to trigger dental papilla mes-
enchymal cells (DPMCs) at the advanced bell stage to differentiate dentin–pulp
complexes with enamel-shaped cover to promote dentinogenesis on seeding into
the renal capsule [21]. Similar study by Iohara et al. [22] showed that cell pellet
culture system can provide a three-dimensional growth condition which is essential
for cell differentiation and produce a better yield of extracellular matrix which acts
as natural scaffolds in cell pellets. Matrigel composed of laminin which forms the
principal part of pellet culture system has been used as a substitute to biodegradable
scaffolds [23, 24]. Although Matrigel by itself does not promote biomineralization
and generate enamel tissue, it can accelerate the expression of adhesion molecules
and receptors for ameloblast lineage cells. Human embryonic stem cells along with
BMP-4 and retinoic acid, embedded in the Matrigel-coated culture will differentiate
into epithelium-like cells, without demonstrable amelogenin. However, ameloblast
differentiation demands more complex signals for increased expression of amelo-
genin, integrin α2, and integrin β7 with the absence of biomineralized enamel [25,
26].

3.2 Recombination Experiments

Recombination experiments were carried out by simulating epithelial–mesenchy-
mal cell interactions during morphogenesis using reciprocal signaling networks.
Recombination of epithelial and mesenchymal tissues from different animal species
has been attempted to form enamel suggesting that odontogenesis takes place on
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reactivation of genes by the mesenchyme of different species [27]. Recombination
of epithelial cells and mesenchymal tissue results in tooth-like morphology display-
ing normal cusp number and crown shape [28]. Similarly, epithelium layers obtained
from mandible primordia of E10 mice induced the development of dental tissue
including enamel with proper organization of a tooth. Recombination of mesenchy-
mal and epithelial cells has been effective in developing ameloblasts that could form
well-organized enamel in a bioengineered tooth. Epithelial and mesenchymal cells
dissociated from E14.5 mice seeded within a collagen gel drop and then transplanted
into subrenal capsules or cultured in vitro led to the formation of ameloblasts which
secreted organized enamel in a bioengineered tooth.

3.3 Artificial Bioactive Nanomaterials

Self-assembly peptide amphiphiles (PAs) molecules carrying Arg-Gly-Asp (RGD)
peptidewere developed for cellular receptor signaling. To induce biological adhesion,
the fibronectin RGD epitope is commonly displayed [29, 30]. Huang et al. [31]
showed the interaction between ameloblasts or their progenitor cells and PAs through
RGDpeptide signals. Peptidemotif RGDand PAsmolecules self-assembled together
into nanofiber-induced biomineralization by the ameloblast-like cell line. It showed
more mineral formation through increased expression of integrin α5 mRNA and
amelogenin upregulation.

3.4 Gene-Manipulated Enamel Regeneration

Borovjagin et al. [32] reported that gene-manipulated treatment was effective in the
treatment of amelogenesis imperfecta using vectors and modified delivery system.
The localized gene manipulation can re-establish the mineralization procedures by
temporally targeting important components in enamel development. It is proven
that gene therapy might be a feasible approach for enamel regeneration or repair
especially during permanent tooth development. In another study, oral epithelial and
odontoblast mesenchymal cells were reprogrammed using Pitx2 and miR-200a-3p
into a single type of cell for enamel regeneration. This preprogrammedapproach leads
to amelogenin expression, Sox2 upregulation, and decreased mesenchymal markers
expression, but still regeneration of enamel has not been reported [33]. The study
reports that thymosin beta-4was as an active gene during tooth germdevelopment and
TMSB4X-transfectedHaCaT cells havemineralizing ability [34, 35]. Several studies
have employed gene-manipulated treatment using Ad5-pK7/RGD, Pitx2, miR-200a-
3p, TMSB4X as vectors and part of the modified delivery system to regenerate and
repair enamel during tooth development. However, successful results could not be
achieved as the enamel protein expression was not concordant with that of normal
enamel secretion [36].
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4 Innovative Approaches for Dentin Regeneration

The inductive molecular signals associated with epithelium are essential for forma-
tion of dentin by inducing odontoblasts to produce dentin matrix proteins. Initially,
demineralized bone powder was placed on exposed pulp surface to induce mineral-
ization, but was found to be ineffective [37]. BMP present in the dentin is required
for stimulation of odontoblasts for formation of reparative dentin. It was found that
area of reparative dentin induced is proportionally dependent on the quantity of
BMP used, which predetermines the dentin mass formed. Dentin regeneration can
be induced using human recombinant proteins with collagen matrices, whereas in
case of inflamed pulp, the reparative dentin formation is not effective since active
recombinant protein possess short half-life and rapid protein degradation. Growth
factor 11 can also induce reparative dentin formation by placing them directly onto
the pulp cells. Additionally, bone sialoprotein aids information of reparative dentin
through laying down of extracellular matrix by the differentiating dental pulp cells.
The reparative dentin laid down by bone sialoprotein exhibits varied morphological
features. Isolated stem cells from pulp and periodontal ligament grafted into defects
show partial regeneration of dentin and periodontal-like tissue when appropriate
signals coexist [38, 39].

Dentin–enamel regeneration using scaffold and cell aggregate methods employs
dissociated cells. Shinmura et al. [40] showed that epithelial cell rests of Malassez
(ERM) have the capacity to regenerate dental tissues like enamel, stellate reticulum,
and ameloblast-like cells by transplanting culturedERMseededonto collagen sponge
scaffolds into the rat omentum. The complex dental tissue regenerationwas examined
by reassociation between human dental epithelial stem cells and human dental pulp
stem cells from mouse embryos which were cultured in vitro initially and later
implanted in vivo.

5 Innovative Approaches for Dentin–Pulp Complex
Regeneration

Pulpal regeneration includes three crucial steps: (1) Destructed pulpal tissues must
carefully be disinfected, and all microorganisms must be eradicated through antimi-
crobial therapy; (2) inflammation control at different levels of the tissue injury;
(3) successful regeneration of lost pulpal tissue. In the last step, the endodontic
regenerative biomaterials should encourage cell migration and proliferation of the
different components at the tissue injury [41–43]. Pulpal regeneration strategies rely
upon the state of the dental pulp, the stage of inflammation, and extent of tissue
infected and damaged. In initial lesion with pulp exposure leading to dentin loss
and less destruction of pulp, regeneration is performed using pulp capping biomate-
rials such as calcium hydroxide, mineral trioxide aggregates, and biodentin. These
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biomaterials encourage stem cells of the pulp to differentiate into odontoblast-like
cells or to secrete transforming growth factor (TGF)-b131.

The regenerative strategy can be applied successfully to induce apical closure
(apexification) in immature open apex with necrotic pulp tissue by placing biomate-
rials like calcium hydroxide and mineral trioxide aggregate in the coronal or in the
deeper portion of the pulp [44]. The same regenerative biomaterials can be used to
encourage physiological root development (apexogenesis) in the case of vital pulp
tissue. In the case of a significant lesion with pulpal infection and inflammation,
the revascularization method is employed to promote pulpal vitality. In immature
teeth with open apex, bleeding is induced that results in filling of the root canal
with a blood clot that acts as a scaffold for pulp and promotes root formation. The
major pitfall of this approach is that the regenerated pulp tissue is different from the
physiologic counterpart. To overcome this drawback, stem cell therapy is advocated
for dentin–pulp complex regeneration since dental tissues are abundant with stem
cells. To carry out pulp regeneration, different types of stem cells are used such
as postnatal dental pulp stem cells (DPSCs), stem cells from exfoliated deciduous
teeth (SHED), stem cells from apical papilla (SCAP), periodontal ligament stem
cells (PDLSCs), and dental follicle progenitor cells. As DPSCs, SHED, and SCAP
are derived from pulp or precursor of pulp, these stem cells are more suitable for
dentin–pulp regeneration.

Stem cell-sheet-derived pellet and encapsulated form of stem cells have been
tried for dentin–pulp complex regeneration. The commonly tried cell encapsulated
materials are enzyme-cleavable, customized self-assembled peptide hydrogels, gly-
colide, polyethylene gylated fibrin hydrogels, or biodegradable lactide. Gelfoam-
encapsulated dental stem cells have been found to be effective in forming dentin–pulp
complex in case of non-vital root canals especially in young permanent incisors of
beagles. The dentin–pulp complex can be stimulated using Emdogain and platelet-
rich plasma combination. Scaffolds encompassed by growth factors such as endothe-
lial growth factor (EGF), basic fibroblast growth factor (bFGF), and TGF-b1 enhance
the stem cells function. Bioactive factors can be accumulated or encapsulated and
allowed to release from biomaterials in vivo. The adjacent and or systemic cells
present next to the root apices of root canal treated teeth migrate into the anatomic
part and allow neovascularization and reinnervation. In this case, the root canal of
the tooth acts as a scaffold. Single or multiple cytokines, platelet-derived growth
factor (PDGF), vascular endothelial growth factor (VEGF), or bFGF, alone or in
combination with nerve growth factor (NGF), and BMP-7 play a role as critical sig-
naling molecules in pulp regeneration. It is found that the implantation on calvarial
site is superior to the dorsum for pulp regeneration using cell homing approach.
Injectable scaffolds are excellent candidates for pulp and dentin regeneration since
the tooth root canals are small and of irregular shape. Collagen, fibrin, synthetic self-
assembled nanofibrous peptide hydrogel (PuraMatrixTM), self-assembling peptide
amphiphiles, RGD-modified PAs, and polyethylene glycol maleate citrate hydro-
gel were used as an injectable scaffold for dentin–pulp complex regeneration. As
a first step, a novel anatomically shaped human mandibular first molar scaffold
was fabricated with communicating microchannels, 3D layer-by-layer apposition for
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angiogenesis, and homing of host cells. Suzuki et al. [45] achieved regeneration of
dental pulp tissue by recruiting and subsequently differentiating by chemotaxis of
selective cytokines such as SDF1, bFGF, or BMP-7. Pan et al. [46] first documented
the expression of stemcell factor (SCF) and c-Kit receptorCD117 in dental pulp cells,
in the dental follicle, and in periodontal ligament progenitors. It was also observed
that application of SCF in regeneration induced chemotaxis, angiogenesis, tissue
remodeling, and synthesis of collagen matrix. Takeuchi et al. [47] showed that bFGF
is potentially useful in pulp regeneration as cell homing or migration factor is similar
to the influence of granulocyte colony-stimulating factor. Yang et al. [48] provided
novel in vivo ectopic transplantation model for pulp regeneration and showed that
SDF-1a-loaded silk fibroin scaffolds have a promising effect on pulp revascular-
ization by enhancing DPSCs migration, focal adhesion, and stress fiber assembly
through autophagy. Zhang et al. [49] observed that cell homing of systemic bone
marrow stromal cells to the root canal surface contributed to dental pulp-like tissue
regeneration. It was also analyzed that SDF-1 on intracanal application enhanced
the efficiency of bone marrow stromal cells homing and angiogenesis. It was also
found that stem cell factor in human immature teeth can accelerate cell homing and
maturation of the dentin–pulp complex. Li and Wang [50], in an in vivo study, used
a combined approach of PDGF-BB, nerve growth factor, and a brain-derived neu-
rotrophic factor for successful dental pulp-like tissue regeneration ectopically by cell
homing without using any exogenous cells (Fig. 3).

Fig. 3 Pulp regeneration using biomaterial
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6 Innovative Approaches for Periodontal Regeneration

In early 1980s to restore the lost periodontal tissues, demineralization of cementum
of the tooth was carried out to expose inserted collagen fibers for the integration of
new and exposed collagen fibers. The main disadvantage associated with this ther-
apy is ankylosis and root resorption [51]. Hence, utilization of bone grafts into the
periodontal defects was adopted, but these materials led to minimal osteoinductive
capacity enveloped by dense connective tissue of fibrous nature. Later guided tissue
regeneration procedure was employed by draping the biomaterial membrane into
the periodontal bony defect extending from the root to the adjacent bone surface.
This procedure allows regeneration of the bony defect by migration of cells located
in periodontal ligament. Researchers have improved this therapy by incorporating
growth factors and stem cells. The common growth factors used for regeneration of
periodontal tissues are BMPs, Emdogain, PDGFs, and recombinant amelogenin pro-
tein. Further successful demonstration of root periodontal tissue was achieved using
pelleted hydroxyapatite or tricalcium phosphate scaffold composed of dental stem
cells of the apical papilla. Transplanted cells seeded on multilayered polyglycolic
acid sheets when inserted into root surfaces generated new bone, root cementum,
and well-organized collagen fibers. In addition to periodontal ligament-derived den-
tal stem cells, other cells such as bone marrow-derived mesenchymal stem cells
and adipose-derived stem cells are shown to encourage periodontal regeneration.
The combination of transplanted mesenchymal stem cells and exogenous molecular
signals is found to be more effective in periodontal tissue regeneration.

7 Challenges in Tooth Regeneration

The three main challenges associated with tooth regeneration are difficult accessibil-
ity of clinically applicable cell source, tough to induce odontogenic capacity in these
cells, and accelerate total developmental process by gene control. Sufficient quan-
tities of cell sources are essential for tooth regeneration especially DPSCs, SHED,
SCAP, and PDLSCs. These stem cells are deficient since dental cells of epithelial
origin go through apoptosis subsequently to enamel formation completion and den-
tal epithelial expansion is a difficult task in ex vivo. Hence, non-dental cells were
identified for regeneration. It is hard to obtain an applicable embryonic stem (ES)
cells source in particular to the patient along with ethical concern. The xenogenically
derived ES cells commonly show immune rejection upon clinical use. Autologous-
based postnatal stem cells from embryonic tooth germ are difficult to isolate and
expand which may not be clinically useful. In addition, these cells lose odontogenic
potency after in vitro expansion andmay not act as an appropriate source for regener-
ation of a precise tooth structure. The discovery of induced pluripotential stem cells
(iPSc) eliminated ethical concerns associated with ES cells and limited adult stem
cells pluripotency. However, the use of iPSC in host tissue has shown cancer-like
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growth. The molecular signaling networks have been tried for tooth development
through epithelial mesenchyme interactions but are minimally understood. Hence,
clinically tooth regeneration is not possible via stimulating signaling molecules.

8 Stem Cells in Dental Tissues

The existence of stem cells within the tooth has been reported for the first time in
2000 [52]. Epithelial stem cell niche in teeth was first isolated from apical end of
rodent incisor via organ culture. In humans, the stem cells include adult epithelial
and mesenchymal cells, which are essential for regeneration of human tooth. Shi
et al. isolated stem cells from adult dental pulp with high self-renewal and multiple
cell lineages potential. Dental mesenchymal stem cells and bone marrow-derived
mesenchymal stem cells are the two varieties of human adult mesenchymal stem
cells used for tooth regeneration. Both these cells have osteo/odontogenic cell lineage
capacity analyzed during the process of tooth engineering. Among them, dental
mesenchymal cells have been recognized for tooth regeneration because of more
odontogenic than osteogenic potential [53]. The dental mesenchymal stem cells in
tooth regeneration are stem cells from theDPSCs, SCAP, PDLSCs, SHED, and dental
follicle precursor cells (DFPCs). The other non-dental stem cell sources available
in oral cavity and used in regenerative dentistry are oral mucosa-derived stem cells,
salivary gland-derived stem cells, alveolar bone-derived mesenchymal stem cells,
and adipose tissue-derived stem cells with minimal available literature evidence.

8.1 Dental-Derived Stem Cells

8.1.1 Stem Cells from Dental Pulp

Tooth-related DPSCs were isolated first from the pulp of permanent third molars
in 2000 by Gronthos et al. [54]. These isolated cells were able to differentiate into
various derivates of mesenchymal cells like odontoblasts, adipocytes, chondrocytes,
and osteoblasts [55]. DPSCs can be isolated from normal and inflamed pulps with
differences in cellular characteristics. DPSCs can also be obtained from aged pulp
tissues, and its potency can be maintained using growth factors and nanostructured
hydroxylapatite scaffolds [56]. DPSCs exhibit favorable odontogenic potential and
generate tissues with morphological and functional features resembling human den-
tal pulp. Literature evidence supports the development of a three-dimensional model
representing early odontogenesis through human normal oral epithelial cells and
DPSCs [57]. DPSCs are considered to be ideal for tissue reconstruction since it can
be obtainedwith greater efficiency, considerable differentiation capacity, and demon-
strable interaction with biomaterials. Scaffold-free three-dimensional cell constructs
containing DPSCs reveal a vital part in dental pulp regeneration with increased vas-
cularity.
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8.1.2 Apical Papilla-Derived Stem Cells (Stem Cells from Apical
Papilla)

Stem cells from the apical papilla (SCAPs) were first reported by Abe et al. in the
apical papilla of the roots of developing teeth. The third molars and teeth with open
apices are an important source of SCAPs. These cells have high proliferation and
multilineage differentiation activity in vitro in comparison to DPSCs. These cells
have the ability to differentiate into other cells such as osteoblasts, odontoblasts, and
adipocytes. The differentiation of APDCs into dentinogenic cells has been estab-
lished using animal models. APDCs showed odontoblast-like cells differentiation
which secreted dentin in vivo and presented as a primary cell source for root dentin
formation [58]. The discovery of SCAP cells led to pulp tissue revascularization
concept wherein apical papilla is stimulated and regeneration of damaged or lost
pulp tissue through cell homing strategy was executed [59]. The SCAP holds the
upper hand in dentin pulpal regeneration compared to DPSCs and SHED. SCAP
brings dentin–pulp regeneration by migration of these cells onto the dentin surface
and releasing growth factors embedded in dentin which acts as molecular signals
for further differentiation of cells into odontoblast-like cells. The cell processes of
each differentiated cell spread into the dentinal tubules, and these differentiated cells
generate extracellular matrix onto the surface of dentin and into the dentinal tubu-
lar spaces. SCAP has been tested with dental bioceramics and showed favorable
results toward its differentiation potential [60]. SCAP showed a favorable response
to platelet concentrate, i.e., concentrated growth factor and platelet-rich fibrin and
showed increased proliferation and differentiation potential [61].

8.1.3 Periodontal Ligament Stem Cells

PDLSCs belong to MSCs subfamily residing in the perivascular space of the peri-
odontium. These cells were first isolated by Seo et al. [62] fromhuman impacted third
molars showing differentiation into periodontal ligaments, alveolar bone, cementum,
peripheral nerves, and blood vessels. It is found that orthodontic forces can act as
a positive modulator and increase the proliferation of PDLSCs and expression of
osteogenic and angiogenic factors [63]. It has also been observed that dental bio-
ceramics improve the osteogenic potential of PDLSCs [64]. Chitosan films have
shown to promote higher self-renewal, gene expression, osteogenic capacity, and
colony-forming units of PDLSCs [65].

8.1.4 Dental Follicle Progenitor Cells (DFPCs)

Dental follicle cells are ectomesenchymal cells surrounding developing tooth germ
which can be easily isolated from an impacted third molar. The presence of stem
cells in the dental follicle was first reported in 2002 [66]. It is believed that dental
follicle tissue contains progenitor cells for cementoblasts, periodontal ligament cells,
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and osteoblasts. DFPCs have been reported to exhibit better proliferation, colony-
forming ability, and differentiation compared to SHED and DPSCs [67].

8.1.5 Stem Cells from Exfoliated Deciduous Teeth (SHED)

Batouli et al. [68] isolated a distinctive population of multipotent stem cells from the
pulp remnants of exfoliated deciduous teeth. These cells have the capacity to pro-
mote bone formation and secretion of dentin and possess the ability to differentiate
into non-dental mesenchymal cells. Immature dental pulp stem cells (IDPSCs) are
kind of SHED cells which are isolated from primary teeth. SHED exhibits higher
proliferation rates compared to DPSCs and bone marrow-derived MSCs. SHED has
different odontogenic and osteogenic differentiation potential thanDPSCs. Although
SHED cells are incapable of osteoblastic or osteocytic differentiation, they induce
osteogenic differentiation thereby demonstrating its osteoinductive potential. There-
fore, SHED can be used in vivo in dental pulp tissue engineering, where stem cells
replace the infected pulp, resulting in architecturally and cellularly resembling nor-
mal dental pulp [69]. SHED shows high expression for genes involved in cell prolif-
eration and extracellular matrix formation like TGF-β and fibroblast growth factor
[70]. The exfoliated teeth are one of the sources for SHED cells that can be used
in regenerative dentistry by commercial banking of these stem cells. The preserved
SHED cells from exfoliated teeth can be used once the child becomes adult for
autologous and allogeneic cell replacement.

8.1.6 Tooth Germ Progenitor Cells (TGPCs)

These cells are novel stem cell population that was identified in the dental mes-
enchyme of the third molar tooth germ during the advanced bell stage. TGPCs
have adipogenic, chondrogenic, osteogenic/odontogenic, neurogenic differentiation
capacity and able to form tube-like structures, possibly an evidence of vasculariza-
tion.

9 Selection of Biomaterials for Tooth Regeneration

Biomaterial scaffold is most crucial for tooth regeneration and should satisfy definite
general requirements. To achieve significant regeneration of tooth, the biomaterial
scaffolds should possess following requirements:

• Easy to handle, biocompatible, non-toxic, and good physical and mechanical sta-
bility.

• Lesser immunogenicity and should enhance vascularity.
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• Biomaterial scaffold should have acceptable pore size, shape, and volume for cells
and/or growth factors diffusion and passage of nutrients and waste products in the
cells.

• Biologically safe biodegradability correlatingwith the rate of new tissue formation
without any noxious by-products.

• Biomaterial scaffold should exhibit cellular encapsulation or cellular surface adhe-
sion that regenerate single or multiple dental tissues.

• Permit functionality of at least few multiple cell types like ameloblasts, odonto-
blasts, fibroblasts, cementoblasts, vascular cells, and neural endings.

• As tooth organ exhibits diversity in structure and function, multiple polymeric
layers may be chosen for regeneration which may be either natural, synthetic or
hybrid polymers.

• Manifest clinical suitability which is readily sterilized and stored in clinical setting
with reasonable shelf life.

10 Biomaterials for Tooth Regeneration

The biomaterials are developed to contribute an ideal platform for cell adhe-
sion, proliferation, and differentiation. Biomaterials are basically involved in
osteo/odontoconduction, osteo/odontoinduction, and osteo/odontogenesis based on
their composition [71, 72]. Biomaterials can be classified into natural and synthetic
based on its derivatives. Based on chemical composition, biomaterials can be clas-
sified as metals, polymers, ceramics, and composites.

10.1 Natural Biomaterials

10.1.1 Bioceramics

Bioceramics derived from coral or marine sponges have unique interconnected
sponges which possess a significant amount of water and helps in the flow of fluid
mimicking ideal bone/dentin scaffold. The sponge in the organic component of hard
tissues is similar to that of vertebral column and is suitable for tissue regeneration.
Biosilica, another mineral component, is able to provide cell proliferation, mineral-
ization, and bone formation [73]. They are hard and brittle with excellent compres-
sive strength, high resistance to wear, and low frictional properties but poor tensile
strength. They possess better mechanical properties yet retain their porous structure
which benefits cell adhesion, infiltration, and improved vascularization. The natu-
rally derived ceramics have greater biocompatibility compared to synthetic. These
materials help in attachment, growth, and differentiation of osteoprogenitor cells.
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10.1.2 Natural Polymers

Proteins

Natural proteins derived from collagen, gelatin, silk fibroin, and fibrin are the types
of polymers used in bone/tooth tissue engineering. Collagen and gelatin are the most
commonly used natural proteins in tissue engineering because of their higher biocom-
patibility, lesser antigenicity, lesser cytotoxicity, and lesser inflammatory reaction.
Collagen promotes cellular adhesion, cellular migration, and cell growth. Although
collagen does not have high physical strength, it has high tensile strength and hence
can be used for pulp regeneration. The drawback with collagen-based scaffold when
used in the regeneration of pulp is high degradation rate by collagenase enzyme
and noticeable contraction of collagen. To overcome this disadvantage, it is usu-
ally coupled with other polymers or cross-linked with other chemicals. Chemical
cross-linking of collagen can be done with glutaraldehyde or diphenylphosphoryl
azide as it not only enhances the mechanical stiffness but also compromises cell sur-
vival and biocompatibility. The mechanical properties and bone conductivity can be
enhanced by hybrid scaffolds with β-tricalcium phosphate (TCP)/polyethylene and
HA. The pulp with hard tissue in organized manner can be induced by combining
DPSCs, collagen scaffold, and dentin matrix protein-1. The osteodent in formation
can be induced by combining collagenmatrix with BMP-2 or BMP-4. Collagen scaf-
folds loaded with growth factors such as bFGF, VEGF, PDGF on implantation into
endodontically treated root canals after 3 weeks formed re-cellularized and revascu-
larized pulp tissue with neodentin. Clinically, collagen sponge scaffold is effective
in tooth production with maximum success. To manage periodontal and peri-implant
defects, use of grafting material with collagen membranes is beneficial.

Fibrin has been used in bone/pulp tissue engineering because of biocompati-
bility, controlled biodegradability, and cells and biomolecules delivering capacity.
Injectable 3D-shaped mold fibrin hydrogel is found to be suitable for pulp regener-
ation since it promotes functional well-organized structures. In vivo transplantation
of polyethylene gylated fibrin hydrogel combined with DPSCs or PDLSCs revealed
vascularized connective tissue resembling pulp tissue. Platelet-rich fibrin (PRF) with
growth factors suggests complete regeneration of tooth with indiscriminate shape
with crown, root, enamel, dentin, cementum, odontoblasts, pulp, blood vessels, and
periodontal ligament. The PRF and HA graft material and PRF membrane are effec-
tive in management of large periapical lesion, whereas HA and PRF are effective
in treatment of three-wall intrabony defects, and bone graft composed of PRF and
β-tricalcium phosphate can be used to treat periapical cyst and for bone augmentation
in periapical defects. The combination of PRF and mineral trioxide is biocompatible
and favorable in managing pulpal floor perforation and in apexification. Investi-
gations suggest that PRF on human dental pulpal cells enhances dental pulp cell
proliferation, osteoprotegerin expression, and alkaline phosphatase activity. These
findings suggest that PRF has a role in reparative dentin formation and in managing
pulpitis.
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Silk is a natural fibrous protein used in periodontal and maxillofacial therapies
because of its biocompatibility, non-toxicity, physical characteristics, cell attach-
ment, and cell proliferation. It also creates three-dimensional soft tissue augmen-
tation. Hexafluoroisopropanol-based silk degrades slowly and supports soft dental
pulp formation better than aqueous-based silk. Tooth bud cells when seeded on these
scaffolds help in osteodentin formation. Micron-sized silk fibers when added pro-
duce high strength and serve as load-bearing bone grafts. They help in both human
bone marrow stem cell differentiation and formation of bone-like tissue. Electrospun
silkworm silk scaffolds allow gingival fibroblast attachment and proliferation of cells
on electrospun fibers, thus promoting gingival tissue regeneration.

Polysaccharides

The commonly used natural polysaccharides for tooth regeneration are alginate,
hyaluronic acid, agar, dextran, chitosan, and cellulose. Alginate is used as an alterna-
tive to proteins, polymers, and glass ceramics for bone/tooth regeneration. It is used in
different forms like porous scaffold, injectable hydrogels, and nanofibrous scaffolds.
RGD-modified alginate hydrogel helps in adhesion, proliferation, and differentiation
of the cells. Alginate hydrogels promote dentin–pulp and periodontal regeneration
by delivering TGF–β. Differentiation of odontoblast-like cells along with secretion
of tubular dentinmatrix is upregulated by TGF-β and acid-treated alginate hydrogels.
Fibroblast cells from human periodontal ligament proliferate tremendously on algi-
nate or bioglass scaffolds because nano-active bioglass ceramic has enhanced alkaline
phosphatase activity. Hyaluronic acid is biocompatible and has low immunogenic
activity so it offers as a preferable scaffold for dental pulp regeneration and blood
vessel proliferation. The main disadvantage associated with this hyaluronic acid is
in vivo rapid degradation and poor mechanical strength. Hyaluronic acid induces dif-
ferentiation of mesenchymal cells and reparative dentin formation. Hyaluronic acid
sponges and collagen sponges induce dental pulp proliferation with lesser inflamma-
tory response [74]. Agar is a linear polysaccharide agarose which helps dental mes-
enchymal cells to differentiate into functional odontoblast-like cell, thus promoting
tooth tissue formation [1]. Dextran is a complex polysaccharide, which is synthe-
sized by sucrose, and helps in bone formation through the differentiation of bone
forming cells. Hydrogel scaffold containing microspheres of dextran/gelatin loaded
with BMP enhance periodontal tissue regeneration during periodontal therapy. Chi-
tosan is usually processed into nanofibers, scaffolds, membranes, gels, beads, and
sponges. It is a natural biopolymer which is derived from chitin used in dental appli-
cations from restorative dentistry to tissue engineered scaffolds for the alveolar bone
to periodontal complex healing [75]. It shows high expression for BMP-2 osteoblast
gene and increased alkaline phosphatase activity. Chitosan gel combined with dem-
ineralized bone matrix and the collagenous membrane has been used for periodontal
regeneration, whereas HA chitosan scaffolds find application in bone tissue regen-
eration. The collagen tetracycline membrane also has beneficial effect on regenera-
tion of bone and cementum in intrabony defects in animal models. Chitosan-based
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trilayer scaffold and solidified chitosan hydrogel have promising effect in periodontal
regeneration by improving the functional ligament length [76]. Chitosan membranes
loaded with growth factors like bFGF and PDGF-BB can induce more tissue regen-
eration and improves guided tissue regeneration. The blending of chitosan with other
materials such as HA or silicone and preparation of chitosan nanofibers enhance the
mechanical properties and make them appropriate for clinical application in guided
tissue regeneration. Cellulose is a polysaccharide found in green plants, with excel-
lent biocompatibility and better mechanical properties. Cellulose scaffolds exhibit
angiogenic effect; hence, microfibrous cellulose acetate scaffolds improve the for-
mation of a capillary tube-like structure, thus enhancing pulp revascularization and
regeneration.

10.2 Synthetic Biomaterials

10.2.1 Ceramic Scaffold/Bioactive Ceramics

Ceramic scaffolds are calcium/phosphatematerials (β-TCPorHA), bioactive glasses,
and glass ceramics. They have varied benefits like biocompatibility, lesser immuno-
genicity, better healing of large bone defects, bone regeneration, and osteoconductiv-
ity. β-TCP and HA are two different entities, where β-TCP is biodegradable ceramic,
whereas HA is non-biodegradable ceramic. β-TCP and biphasic calcium phosphate
scaffold have been used for pulp and dentin tissue regeneration. 3D calcium phospho-
rus porous granules are used in dental tissue engineering as it provides 3D substrate
conditions for the growth and differentiation of human dental pulp stem cell (hDP-
SCs). Mechanical strength and cellular proliferation can be increased by the addition
of silicon dioxide and zinc oxide. Calcium phosphate dissolution products increase
the osteoblastic activity of the material. Disadvantages include poor mechanical
strength, brittle nature, tough to shape, slower degradation rate, and high density.
Glass ceramics-based SiO2–Na2O–CaO–P2O5 helps in osteogenic differentiation of
pulp stem cells and provides good crystallization conditions. Ceramic scaffolds can
be modified to enhance cellular activity. The mechanical integrity and bioactivity
are enhanced during dental tissue regeneration by using Mg-based glass ceram-
ics. Attachment, proliferation, and differentiation of hDPSCs are excellent using
niobium-doped fluorapatite glass ceramics. Bioactive glass is considered as a good
alternative to HA as they are able to bind to bone and as well as soft tissues. It can
replace osseous defects and helps in developing new attachment on tooth surfaces.
Dental ceramic coated with bioactive glass accelerates HA formation. Nanobioac-
tive glass ceramic composite scaffold promotes maximum mineral deposition and
is considered as a potential candidate for alveolar bone regeneration. They can be
used as surface-reactive osteoconductive and osteoinductive biomaterials that pro-
mote osteogenesis and pro-angiogenesis and hence used in soft tissue engineering
because of its high mechanical strength [77].
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10.2.2 Synthetic Polymers

Polyesters

PGA, PLGA, PLLA, and polylactic acid (PLA) are commonly used synthetic
polyester polymers for dental pulp regeneration. Polycaprolactone (PCL) is less
commonly used because of limited bioactivity and extended degradation rate which
can alter the molecular weight, crystallinity, and can modify the structure. PGA was
first attempted in vitro for pulpal regeneration and revealed cellularity similar to the
normal pulp tissue. PGA has better cell proliferation, conduction, increased regen-
eration of blood vessels, and fibroblast differentiation. PGA and PCL composite
scaffolds seeded with genetically modified human cells lead to enhanced periodon-
tal regeneration. PGA and PLA scaffolds were used for seeding SHED, DPSCs,
and pulp fibroblasts to result into tissues similar to dentin and pulp by differentia-
tion of stem cells into odontoblast-like cells and endothelial cells. PLLA can also
show similar cellularity and pulp tissue formation. Combination of simvastatin and
nanofibrous PLLA scaffold promotes the odontogenic potential of dental pulp cells
in an inflammatory environment. A PGA/PLLA scaffold has shown to regenerate
tooth crown composed of enamel, dentin, and pulp using tooth bud-isolated cells on
transplanted rat omentum. The periodontal ligament tissues were also regenerated
when similar constructs were translated into rat jaws. Another promising polymer
named synthetic open-cell PLA was effective in dental pulp regeneration. Scaffold
with SHED was able to adhere to the dentin of the root canal after transplantation
into clean and shaped root canals of extracted human teeth.

Polyanhydrides

Polyanhydrides are surface-eroding polymers which contain two carbonyl groups
linked by ether group. Polysebacic acid, poly1, 3-bisp-carboxyphenoxypropane, and
poly1, 6-bis (p-carboxyphenoxy) hexane solely/blending with polymers (e.g., PCL)
were explored for bone regeneration and repair. In hard tissue engineering, their use
is restricted due to its unsatisfyingmechanical properties particularly in load-bearing
areas.Hence, to enhance themechanical properties, the polyanhydrides are combined
with polyimides as an alternative approach. In dentistry, polyanhydrides linked with
carboxylic acid, amine, thiol, alcohol, or phenol group have gained attention due to its
use in oral inflammatory pathologies [78, 79]. Similarly, Hasturk et al. [80] studied
the utilization of light/chemically set polymethylmethacrylate, polyhydroxyethyl-
methacrylate, and calcium hydroxide graft material alongwith polyanhydride around
dental implants and extraction sockets. The microscopic evaluations supported the
implant stability with good bone-to-implant contact and well-organized implan-
t–bone interface, effective in crestal augmentation throughout immediate implant
placement. A modified perishable polyanhydride into disks, coatings, microspheres,
and tubes was used for treatment for periodontal diseases, orthopedic injuries, nerve
regeneration, and biofilm formation.
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10.3 Composite Scaffold

Composite approach of combining natural or synthetic biomaterial (biopolymers
and/or bioceramic) is a method to reduce the disadvantage and combine the advan-
tages of each individual biomaterial. Composite materials often show excellent
equilibrium in strength and toughness and improved characteristics compared to
their individual components [81]. Hence, ceramic/polymer composite scaffolds have
emerged. These composite scaffolds enhance the mechanical properties and osteo-
conductivity. Polymer–bioglass composite shows improvement in cell adhesion and
growth of viable cells. Calcium phosphorus composite is more effective in tooth
tissue regeneration, and PGLA/TCP scaffold is preferable for dentin–pulp regenera-
tion. Bone reconstruction and regeneration can be done with zirconia hydroxyapatite
composite scaffold as it has cellular/tissue compatibility and excellent mechanical
properties.

11 Conclusions

The era of biomaterials and biomaterial engineering is focused toward improving
the treatment outcomes of the patient. However, immense research is going on to
regenerate dental tissues aiming for clinically appropriate structures and function.
The application of stem cells and biomaterial sciences for tooth regeneration needs to
be understood deeply. Since the current or emerging paradigms in tooth regeneration
are showing limited and variable outcome with no true biological tissue formation,
the translation of this tooth tissue engineering into clinical practices is still a question.
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